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Abstract:

Background: The ubiquitin proteasome pathway plays a pivotal role in controlling cell proliferation, apoptosis and differentiation

in a variety of normal and tumor cells. This study aimed to investigate the role of a proteasome inhibitor on proliferation, apoptosis

and related proteins in renal interstitial fibroblasts (NRK-49F).

Methods: NRK-49F cells were induced using transforming growth factor-b1 (TGF-b1) and pretreated with the proteasome inhibitor

MG-132. Cell proliferation was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). The cell cy-

cle and apoptosis were analyzed using flow cytometry. Apoptosis was also analyzed using a DNA ladder. The protein expression of

p53, p27, p21, caspase-3, Bcl-2 and Bax was examined using western blots.

Results: The results showed that TGF-b1 (5 ng/ml) can stimulate the proliferation of NRK-49F cells. MG-132 (0.25–5 µM) inhibited

TGF-b1-induced proliferation in a dose-dependent manner through G1-arrest; TGF-b1 alone did not induce apoptosis (3.8 ± 0.4% vs.

4.7 ± 1.6%). However, pretreatment with MG-132 significantly induced apoptosis in TGF-b1-stimulated NRK-49F cells in a dose-

dependent manner. A typical DNAladder was also confirmed in these two groups. Western blot analysis showed that MG-132 activated

p53, p21, caspase-3 and Bax, and inhibited Bcl-2 in a dose-dependent manner, while p27 expression remained unchanged.

Conclusions: A proteasome inhibitor inhibited proliferation and induced apoptosis in renal interstitial fibroblasts stimulated by

TGF-b1. The mechanism may relate to the p53, p21, caspase-3, Bcl-2 and Bax pathways. Our results suggest that a proteasome in-

hibitor could be a new strategy to treat renal interstitial fibrosis.
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Introduction

Renal interstitial fibrosisis is the final manifestation

of end stage renal disease (ESRD). The proliferation

and activation of renal interstitial fibroblasts play an

important role in tubulointerstitial fibrosis [33].

Transforming growth factor-b1 (TGF-b1) is one of

the most important mediators of renal tubulointersti-

tial fibrosis and inhibition of TGF-b1 synthesis may

lead to new therapeutic treatments in renal interstitial

fibrosis [10, 27]. Our previous studies have found that

TGF-b1 can significantly induce the proliferation of

renal interstitial fibroblasts [32].

The ubiquitin proteasome pathway (UPP) is the

major proteolytic pathway in eukaryotic cells and
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plays a critical role in many cellular processes and

diseases through the regulation and selective degrada-

tion of proteins in cells via a series of enzyme-linked

reactions.

Proteasome inhibition has been associated with

suppression of proliferation and induction of apopto-

sis, especially in rapidly proliferating cells. Both in

vivo and in vitro studies have proven that a protea-

some inhibitor can activate the apoptosis-related pro-

teins p53, p21, p27 and Bax, and inhibit the activation

of the survivor factor NF-kB by down-regulating

ubiquitin-proteasome-mediated degradation of IkB

[5, 12]. Consistent with a greater requirement for pro-

teasomal function in cancer cells and other rapidly

proliferating cells, proteasomal inhibition causes in-

creased cell death in lymphoma cell lines compared to

normal lymphoblasts [26]. Furthermore, rapidly pro-

liferating cells, such as embryonic endothelial cells,

are extremely sensitive to apoptosis induced by pro-

teasomal inhibition [9].

However, most of these observations have focused

on the treatment of cancers, such as multiple mye-

loma and leukemia, and whether a proteasome inhibi-

tor really has effect on proliferation and apoptosis in

renal interstitial fibroblasts is currently unknown. Our

study aimed to examine the role and mechanism of

MG-132, a specific dipeptide proteasome inhibitor

that inhibits 26S proteasome activity, on cell prolif-

eration, apoptosis and related proteins and factors in

renal interstitial fibroblasts.

Materials and Methods

Chemicals

The proteasome inhibitor MG-132 was purchased

from Calbiochem Co. Ltd. (USA), dissolved in di-

methyl sulfoxide (DMSO) as a 40 µM stock solution

and stored at –20°C. Recombinant human TGF-b1

was purchased from R&D Co. Ltd. (USA). DMEM/

F12 cell culture medium and trypsin-EDTA were pur-

chased from GIBCO Co. Ltd. (USA). The DNA lad-

der extraction kit was purchased from the Beyotime

Institute of Biotechnology (Jiangsu, China). The an-

nexin V/PI kit was purchased from BioVision Co.

Ltd. (UK). Mouse anti-human b-actin monoclonal an-

tibody was bought from Sigma Co. (USA), the rabbit

anti-rat p21 and p53 polyclonal antibodies were ob-

tained from Santa Cruz Biotechnology Co. (USA),

rabbit anti-rat p27, caspase-3 and Bax polyclonal anti-

body and rabbit anti-rat Bcl-2 monoclonal antibody

were purchased from Cell Signaling Co. (USA),

HRP-labeled goat anti-rabbit IgG and goat anti-mouse

IgG were obtained from KPL Co. (USA). Enhanced

chemiluminescence (ECL) reagent and PVDF mem-

brane were purchased from Millipore Co. (USA), and

30% polyacrylamide and TEMED were obtained

from Bio-Rad Co. (USA).

Methods

Cell culture

NRK-49F cells (purchased from ATCC) were cul-

tured in DMEM/F12 medium supplemented with 10%

fetal calf serum (FCS) (PAA, Austria) in a humidified

incubator containing 5% CO2 at 37°C.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide assays

Cells plated in 96-well plates (2 × 104 per well) in

200 µl of medium were treated with the proteasome

inhibitor MG-132 at specific concentrations (0–5 µM)

with or without TGF-b1 (5 ng/ml). After 24 h, the

cells were incubated with an MTT (Promega, USA)

mixture for 4 h. The amount of formazan dye was

quantified using a spectrophotometric plate reader

(Bio-Rad Co, USA) to measure the absorbance at

570 nm.

Flow cytometric cell cycle analysis

NRK-49F cells were treated with MG-132 at specific

concentrations (0–1 µM) with or without TGF-b1

(5 ng/ml) for 24 h. The collected cells were then fixed

using cold 75% ethanol at –4°C overnight, washed in

PBS and incubated with 50 µg/ml propidium iodide

and 5 µg/ml of RNAase at room temperature for

30 min. After being supplemented with propidium io-

dide at 50 ml/l and kept in the dark for 10 min, cycle

cell analysis was performed using FACSort flow

cytometry (provided by the Department of Cell Biol-

ogy, Shanghai Jiao Tong University, School of Medi-

cine, China).
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Apoptosis detection using annexin V and

propidium iodide staining

To confirm the results of the morphological analysis

and evaluate apoptosis, annexin V-FITC staining and

flow cytometry were performed as recommended by

the manufacturer (BD Biosciences, San Diego, CA,

USA). The samples were analyzed using a flow

cytometer after 24 h of incubation with MG-132

(0–2.5 µM) with or without TGF-b1 (5 ng/ml) to

determine the percentage of cells with annexin V

+ propidium iodide (early apoptosis) or annexin V

+ propidium iodide + staining (late apoptosis).

Determination of DNA fragmentation

The DNA fragmentation analysis was performed as

described using DNA ladder kit. NRK-49F cells (1 ×

106) were harvested after 24 h of incubation with

2.5 µM of MG-132 by centrifugation and lysed in ly-

sis buffer. After centrifugation, the soluble DNA frag-

ments were dissolved in TE and loaded onto a 1.5%

agarose gel and separated at 60 V for 90 min. The

DNA fragments were visualized by transillumination

under UV light.

Western blot

Western blot analysis was performed as described

previously [18]. The proteins were extracted, and an

equal amount of protein was taken from each group.

The samples were mixed with 5×SDS sample buffer

and heated at 100°C for 5 min before loading onto

a gel to perform SDS-PAGE electrophoresis. After the

proteins were electrotransferred to a PVDF mem-

brane, nonspecific binding to the membrane was

blocked. The membranes were incubated overnight at

4°C with various primary antibodies against cas-

pase-3, Bcl-2, Bax, p27, p21 and p53. After the mem-

branes were washed, the binding of the primary anti-

bodies to cleaved caspase-3, Bcl-2, Bax, p27, p21 and

p53 was followed by incubation with the secondary

antibodies for 2 h at room temperature. The signals

were visualized by ECL. An image analysis system

was used to analyze the hybrid signal absorbance.

Statistical analysis

All of the data represent at least 3 independent experi-

ments and are expressed as the mean ± SD unless oth-

erwise indicated. The differences between the groups

were determined using an unpaired Student’s t-test or

a one-way ANOVA when multiple comparisons

against the control were required, with a value of p <

0.05 considered significant.

Results

Effect of MG-132 on the proliferation in

NRK-49F cells induced by TGF-b1

We have examined the effect of MG-132 on the pro-

liferation of NRK-49F cells induced by TGF-b1 using

the MTT assay. TGF-b1 (5 ng/ml) stimulated NRK-

49F proliferation and cellular viability were much

higher compared to the control group (p < 0.05),

which is consistent with our previous results (Fig. 1)

[32]. MG-132 (0.25–5 µM) could significantly inhibit

the effect of TGF-b1 in a dose-dependent manner.

This result infers that MG-132 at such concentration

can suppress the proliferation of NRK-49F cells in-

duced by TGF-b1.

Effect of MG-132 on the cell cycle in NRK-49F

cells induced by TGF-b1

To detect the effect of MG-132 on the cell cycle, flow

cytometric cell cycle analysis was used. Compared to
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Fig. 1. MG-132 inhibited the proliferation of NRK-49F cells induced
by TGF-b1 using the MTT method. NRK-49F cells were treated with
MG-132 at specific concentrations (0–5 µM) with or without TGF-b1
(5 ng/ml) for 24 h. Five samples were used for each group, and the
experiments were repeated 3 times. Data from 3 independent experi-
ments are shown as the mean ± SD.MG-132 (0.25–5 µM) inhibited
TGF-b1-inducedproliferation in a dose-dependent manner. D p < 0.05
vs. control, # p < 0.01 vs. 5 ng/ml TGF-b1



1360 Pharmacological Reports, 2013, 65, 1357�1365

Tab. 1. Cell cycle analysis of the effect of MG-132’s on TGF-b1-stimulated NRK-49F cells (x ± s)

Group S (%) G1 (%) G2-M (%)

Control 21.100 ± 2.941 75.150 ± 1.135 3.750 ± 1.923

5 ng/ml TGF-b1 31.215 ± 1.633$ 62.835 ± 2.001$ 5.955 ± 0.375D

TGF-b1 + 0.10 µM MG-132 16.637 ± 1.640#$ 78.867 ± 2.232#$ 4.500 ± 0.692

TGF-b1 + 0.25 µM MG-132 9.567 ± 1.337#$ 84.747 ± 1.801#$ 5.690 ± 0.510D

TGF-b1 + 0.50 µM MG-132 8.307 ± 0.535#$ 84.447 ± 0.475#$ 7.250 ± 0.990$

TGF-b1 + 0.75 µM MG-132 8.067 ± 2.081#$ 85.097 ± 0.982#$ 6.837 ± 1.227$

TGF-b1 + 1.00 µM MG-132 7.383 ± 1.440#$ 85.890 ± 2.345#$ 6.730 ± 0.908$

D p < 0.05 vs. control, $ p < 0.01 vs. control, # p < 0.01 vs. 5 ng/ml TGF-b1

Fig. 2. Effect of MG-132 on the cellular apoptosis ratios in NRK-49F cells induced by TGF-b1 assessed using annexin V/PI staining. NRK-49F
cells were treated with MG-132 at specific concentrations (0-2.5 µM) with or without TGF-b1 (5 ng/ml) for 24 h. Data from 3 independent experi-
ments are shown as the mean ± SD. D p < 0.05 vs. control, * p < 0.05 vs. 5 ng/ml TGF-b1, # p < 0.01 vs. 5 ng/ml TGF-b1



the control group, 24 h after TGF-b1 (5 ng/ml) stimu-

lation, the percentage of S phase cells clearly in-

creased (31.2 ± 1.6 vs. 21.1 ± 2.9% p < 0.05), and the

percentage of G2/S and G1 phase cells decreased sig-

nificantly (p < 0.05). After being supplemented with

MG-132 (0, 0.1, 0.25, 0.5, 0.75 or 1 µM), the percent-

age of S phase cells dramatically decreased in a dose-

dependent manner (31.2, 16.6, 9.6, 8.3, 8.1 and 7.4%,

respectively) and the percentage of G1 phase in-

creased. This result suggests that MG-132 can inhibit

the G1 phase transition of the cell cycle in NRK-49F

cells induced by TGF-b1 (Tab. 1).

Effect of MG-132 on the cellular apoptosis

ratios in NRK-49F cells induced by TGF-b1

After 24 h, TGF-b1 alone could not induce apoptosis

(3.8 ± 0.4 vs. 4.7 ± 1.6%), while pretreatment with

MG-132 (0, 0.1, 0.25, 0.5, 0.75, 1 or 2.5 µM) signi-

ficantly induced apoptosis in TGF-b1-stimulated

NRK-49F cells in a dose-dependent manner (Fig. 2).

Effect of MG-132 on apoptosis in NRK-49F cells

induced by TGF-b1

Twenty-four hours after the NRK-49F cells were

treated with 2.5 µM of MG-132 with or without

5 ng/ml TGF-b1, the typical DNA ladder was ob-

served, while the control and TGF-b1 alone groups

had no such ladder (Fig. 3).
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Fig. 3. MG-132 induced apoptosis in NRK-49F cells induced by
TGF-b1. A typical DNA ladder in NRK-49F cells was observed after
being treated with 2.5 µM MG-132 with or without 5 ng/ml TGF-b1 for
24 h. Lanes: 1) control group; 2) 5 ng/ml TGF-b1; 3) 2.5 µM MG-132;
4) 2.5 µM MG-132 + 5 ng/ml TGF-b1

Fig. 4. The effect of MG-132 on p21, p27 and p53 protein expression
in NRK-49F cells induced by TGF-b1. NRK-49F cells were treated
with a specific concentration of MG-132 (0–10 µM) in the presence or
absence of TGF-b1 (5 ng/ml) for 24 h. The western blots were re-
peated 3 times. MG-132 induced p21 and p53 in a dose-dependent
manner, while p27 expression remained unchanged. D p < 0.05, * p <
0.05 vs. 5 ng/ml TGF-b1



Effects of MG-132 on p53, p21 and p27 protein

expression in NRK-49F cells

We treated NRK-49F cells with specific concentra-

tions (0–10 µM) of MG-132 for 24 h and analyzed

them using immunoblotting. Treatment with MG-132

led to a marked increase in the level of p53 in

NRK-49F cells stimulated by TGF-b1 in a dose-

dependent manner (Fig. 4). MG-132 treatment could

also up-regulate the expression of p21, a cyclin-

dependent kinase inhibitor known to induce growth

arrest by inhibiting cyclin-dependent kinases, which

could promote progression through the cell cycle.

However, p27 expression remained unchanged.

Effects of MG-132 on Bcl-2, Bax and caspase-3

protein expression in NRK-49F cells

To determine whether MG-132 could induce apoptosis

in NRK-49F cells via the down-regulation of Bcl-2,

caspase-3 and Bax, known targets of the ubiquitin-

proteasome pathway, we examined their expression

using western blot analysis. Significant Bcl-2 expres-

sion was detected in NRK-49F cells, which was

down-regulated by treatment with MG-132 in a dose-

dependent manner after 24 h, while Bax and caspase-3

protein expression were up-regulated (Fig. 5).

Discussion

Renal interstitial fibrosis (RIF) is the final common

pathway of end stage renal disease (ESRD), and the

correlation of renal tubulointerstitial fibrosis with re-

nal function is much closer than with glomeruloscle-

rosis [16]. The proliferation and activation of fibro-

blasts is generally considered to play a pivotal role in

fibrogenesis [33].

The ubiquitin-proteasome system is responsible for

the degradation of intracellular proteins. In this pro-

cess, proteins targeted for degradation are tagged by

multimers of an evolutionarily conserved protein,

known as ubiquitin, and are degraded by the 26S pro-

teasome, a large multiprotein complex. Rapid and ir-

reversible proteasomal protein degradation is pivotal

to the regulation of many cellular processes, including

cellular proliferation and apoptosis. Inhibition of the

proteasome leads to an inappropriate accumulation of

a large number of proteins, which leads to conflicting

1362 Pharmacological Reports, 2013, 65, 1357�1365

Fig. 5. The effect of MG-132 on Bcl-2, Bax and caspase-3 protein ex-
pression in NRK-49F cells induced by TGF-b1. NRK-49F cells were
treated with specific concentrations of MG-132 (0–10 µM) in the pres-
ence or absence of TGF-b1 (5 ng/ml) for 24 h.The western blots were
repeated 3 times. MG-132 activated caspase-3 and Bax and inhib-
ited Bcl-2 in a dose-dependent manner. D p < 0.05 vs. control, * p <
0.05 vs. 5 ng/ml TGF-b1, # p < 0.01 vs. 5 ng/ml TGF-b1



cellular signals and cell death, and the anti-tumor ef-

fects of a proteasome inhibitor have been extensively

studied in multiple myeloma (MM) cells and other

cancer cells [1, 3, 4, 14, 15, 23–25]. A proteasome in-

hibitor can inhibit the growth and proliferation of can-

cer cells and activate apoptosis [20].

MG-132 is one of the most important proteasome

inhibitors. MG-132 is the specific inhibitor of the

ubiquitin proteasome pathway (UPP) and can re-

versely inhibit the activity of proteasomal chymotryp-

sin-like enzyme and inhibit the action of kathepsin

and calpains. Recent studies have suggested that

MG-132 can effectively inhibit the growth of diges-

tive tumor cells and leukemia cells and induce apop-

tosis in cancer cells. As a result, MG-132 is consid-

ered to be a potential anti-tumor drug [8, 11, 22, 30].

However, the anti-renal interstitial fibrosis effects of

this proteasome inhibitor have rarely been reported

[28, 29].

In our study, TGF-b1 was used to stimulate NRK-

49F cells, and the percentage of proliferation is 110%

compared to the control group, which means that

TGF-b1 (5 ng/ml) can induce NRK-49F proliferation

within 24 h. We have found that MG-132 can dramati-

cally inhibit the proliferation of NRK-49F cells in-

duced by TGF-b1 in a dose-dependent manner. The

analysis of the cell cycle shows that MG-132 can dose

dependently increase the percentage of G1 phase

NRK-49F cells induced by TGF-b1 and decrease the

percentage of cells in S phase. As a result, the cells

are prevented from entering the mitotic phase.

The analysis for apoptosis demonstrates that

TGF-b1 (5 ng/ml) alone cannot induce apoptosis in

NRK-49F cells, but MG-132 pretreatment can pro-

mote cell apoptosis in a dose-dependent manner, and

the DNA ladder results also confirm the pro-apoptotic

effect of MG-132. We have found that TGF-b1 alone

cannot affect Bcl-2 and Bax expression and can

slightly down-regulate the expression of p21 and ac-

tive fragments of caspase-3. Treatment with MG-132

led to up-regulation of p53, p21, caspase-3 and Bax

expression and down-regulation of Bcl-2 protein ex-

pression, which is known to induce growth arrest and

apoptosis. However, p27 expression remained un-

changed. These results infer that MG-132, an ubiq-

uitin proteasome inhibitor, may induce apoptosis and

inhibit the proliferation of NRK-49F cells induced by

TGF-b1, and these effects may be performed by acti-

vating p53 and caspase-3 and up-regulating Bax/

Bcl-2. Furthermore, p21 may affect the MG-132-

mediated inhibition of NRK-49F cell proliferation by

halting the G1 phase transition.

Also, p53 has been established to play a key role in

apoptosis and is a substrate of UPP. Consequently,

p53 has been considered to be the first candidate fac-

tor to link UPP with apoptosis. Moreover, p53 acts as

a transcription factor and mediates its effect by modu-

lating the expression of its downstream target genes

[19]. Some of these genes encode proteins that control

the integrity and permeability of mitochondria, such

as the proteins of the Bcl-2 family (Bax, Bcl-2, Bcl-

Xl, FAS, DR5 and DcR1/TRlD). Another important

protein, p21, can, in low concentrations, function as

an activator of the cyclin dependent kinases (CDK) to

promote cell-cycle progression. A high concentration

of p21, however, can inhibit kinase activity to halt

cell-cycle progression and decrease cell growth [31].

In a breast cancer study, Maclaren et al. have found

that MG-132 treatment can induce apoptosis in

KIM-2 cells in a p53-dependent manner [19].

P21 and p27, as widespread cyclin-dependent kinase

inhibitors (CKI), are important inhibitors that partici-

pate in regulating G1 phase transition, and p21 regula-

tion by p53 mainly takes place at the transcriptional

level. P21 can also be degraded by ubiquitinylation.

The regulation of p27 is at the protein level, and p27 is

degraded by the ubiquitin proteasome pathway, in

which Skp2 is a rate-limiting component. Thus, a pro-

teasome inhibitor can block the degradation of p21 and

p27 and result in the accumulation of these proteins,

consequently halting the cell cycle [7, 17].

Proteins from the caspase and Bcl-2 families are

central regulators of apoptosis. Hideshima et al. has

reported that bortezomib, another important protea-

some inhibitor, induced apoptosis in multiple mye-

loma cells by activating JNK, followed by caspase-3

activation [13]. Bax could be degraded by ubiquitin-

proteasome pathway directly. The Bcl-2 family is also

known to be a target of p53 and inhibition of the

ubiquitin-proteasome pathway can induce the protein

degradation of Bcl-2 in many cell lines. However, the

mechanism by which the Bcl-2 family affects the

ubiquitin-proteasome pathway still remains unknown.

The Bcl-2 protein family plays a central role in regu-

lating apoptosis [6], and within this family, Baz, Bak,

Bcl-Xs and Bad have proapoptotic activity, while

Bcl-2, Bcl-X1, and Bcl-w have anti-apoptotic activity.

Regulation of the proapoptotic/ anti-apoptotic ratio is

crucial. The proapoptotic effect of a proteasome in-

hibitor has a close relationship with the Bcl-2 family
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[1, 2, 21], and Bid, Bax, Bak, Bik and Bim can be di-

rectly degraded by UPP. Bcl-2 can be regulated in

a transcriptional and posttranscriptional manner; p53

can positively regulate Bax and negatively regulate

Bcl-2. The mechanism by which the Bcl-2 family af-

fects the ubiquitin-proteasome pathway still remains

unknown. However, inhibiting the ubiquitin pathway

can result in the specific degradation of all kinds of

Bcl-2 proteins by caspase-3, which infers that the

ubiquitin pathway regulates Bcl-2 by some unknown

mechanism.

In summary, the present results indicate that treat-

ment with MG-132 potentiates apoptosis and inhibits

proliferation in NRK-49F cells stimulated with TGF-b1.

Our findings seem to indicate that this response may be

due to the activation of p53, p21 and caspase-3, and the

up-regulation of Bax/Bcl-2. These signal pathways can

affect each other through cross-talk. Our results suggest

that a proteasome inhibitor could be a new strategy to

treat renal interstitial fibrosis.
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