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Protective effects of probucol on Ox-LDL-induced
epithelial-mesenchymal transition in human renal proximal
tubular epithelial cells via LOX-1/ROS/MAPK signaling
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Abstract. Oxidized low-density lipoprotein (Ox-LDL), as a
strong oxidant, results in renal injury through multiple mecha-
nisms. The aim of the present study was to determine the
injury effects of Ox-LDL and the potential protective effects
of the antioxidant reagent probucol on epithelial-mesenchymal
transition (EMT) in human renal proximal tubular epithelial
cells (HK-2) and to further explore the role and interrelation of
lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1),
reactive oxygen species (ROS) and mitogen-activated protein
kinase (MAPK) pathway. In the present study, concentrations
of 0-100 pg/ml Ox-LDL were used to induce HK-2 cell EMT.
Then, probucol (20 ymol/l) and the LOX-1 inhibitor, polyino-
sinic acid (250 pg/ml), were also used to pretreat HK-2 cells.
Intracellular ROS activity was evaluated using the specific
probe 2'7'-dichlorodihydrofluorescein diacetate (DCFH-DA).
Concentration of nitric oxide (NO) was determined using a
biochemical colorimetric method. Expression of E-cadherin,
a-smooth muscle actin (SMA), LOX-1, NADPH oxidase 4
(NOX4), cytochrome b-245 o chain (p22phox), extracellular
signal-regulated kinase (ERK), and p38 MAPK protein levels
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were examined by western blotting. The results revealed that
Ox-LDL induced the expression of LOX-1 and a-SMA and
reduced the expression of E-cadherin in a dose-dependent
manner, and these effects were inhibited by polyinosinic acid
or probucol pretreatment. Stimulation with 50 yg/ml Ox-LDL
induced the expression of NOX4 and p22phox and increased
intracellular ROS activity, but NO production in the cell super-
natants was not affected. The Ox-LDL-mediated increases
in Nox4 and p22phox expression and in ROS activity were
inhibited by probucol pretreatment. Further investigations into
the underlying molecular pathways demonstrated that ERK
and p38 MAPK were activated by Ox-LDL stimulation and
then inhibited by probucol pretreatment. The findings of the
present study therefore suggest that Ox-LDL induced EMT in
HK-2 cells, the mechanism of which may be associated with
LOX-1-related oxidative stress via the ERK and p38 MAPK
pathways. Notably, pretreatment with probucol inhibited the
Ox-LDL-induced oxidative stress by reducing the expression
of LOX-1, and blocked the progression of EMT.

Introduction

Epithelial-mesenchymal transition (EMT) of renal proximal
tubular epithelial cells in adult kidneys is one of the key
events that occurs during the development of renal tubu-
lointerstitial fibrosis (1-5), contributing to renal fibrogenesis.
Previous research has demonstrated that various injury factors
(including high blood glucose, proteinuria, hypertension, high
blood cholesterol, high protein intake and uremic toxins) can
all lead to renal tubular injury, which then aggravates the
progression of renal fibrosis (6-9). Recently, dysregulation of
lipid metabolism in the occurrence and development of renal
interstitial fibrosis, has received increasingly widespread
awareness by international kidney disease experts. Oxidized
low-density lipoprotein (Ox-LDL), the most widely studied
of all lipoproteins, has been reported to cause renal injuries
through multiple mechanisms. Ox-LDL, a LDL oxidation
product with potent cell cytotoxic properties, is considered an
indicator of oxidative stress levels in mesangial cells, which can
trigger intracellular lipid oxidation, release of reactive nitrogen
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and reactive oxygen species (ROS), and deteriorative oxida-
tive stress, thus further promoting cell injury (10). However,
previous studies have focused on renal intraglomerular mesan-
gial cells, endothelial cells and monocyte/macrophage cells,
and explored the roles of Ox-LDL in promoting glomerular
injuries and sclerosis (10-12). Few research results have been
reported on the injury effects and mechanisms of Ox-LDL in
human renal proximal tubular epithelial cells and on whether
antioxidant therapy could alleviate the injury.

Lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1), a receptor of Ox-LDL that was first discovered and
identified in bovine aortic endothelial cells (13), is expressed in
endothelial cells, macrophages, vascular smooth muscle cells,
platelets, and adipocytes, but also in epithelial cells (14,15).
As LOX-1 can bind to multiple ligands, it has diverse physi-
ological functions and critical roles in signal transduction.

Oxidative stress, a major cause of cell damage, aging and
cell death, has recently received increasing attention regarding
its role in renal tubule injury. Kidney tissues require a higher
oxygen consumption to complete the active transport and reab-
sorption of water and electrolytes. Therefore, renal tubules are
more susceptible to oxidative damage. As a second messenger
in a variety of signaling pathways, ROS participates in
numerous physiological and pathological processes, including
proliferation, differentiation and apoptosis (16-19). It is gener-
ally accepted that damage of ROS to the kidney is normally in
the deposition of glomerular extracellular matrix (ECM) and
renal tubular EMT (20-22). Probucol, as an antioxidant and
anti-inflammatory drug, reduces ROS production. It has been
reported that probucol could ameliorate renal tubular EMT in
a diabetic nephropathy rat model (23).

Previous studies have suggested that the dysregulation of
lipid metabolism may also be involved in the renal tubular
transdifferentiation process, and ultimately may lead to the
occurrence of renal interstitial fibrosis (24). However, there is
little evidence supporting this hypothesis and the mechanism
remains unclear. For that purpose, the present study exam-
ined the EMT status and the LOX-1 and ROS production in
cultured renal proximal tubular cells induced with Ox-LDL. In
addition, the molecular mechanism and downstream signaling
pathways of LOX-1 and ROS were investigated, as well as the
potential protective effects of the antioxidant reagent probucol
on the above processes.

Materials and methods

Cell culture. Human HK-2 renal proximal tubule epithelial
cells (American Type Culture Collection, Manassas, VA,
USA) were cultured in Dulbecco's modified Eagle's medium
(DMEM)-F12 medium (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (Biochrom, Ltd., Cambridge, UK), L-glutamine
(2 mM), penicillin (100 U/ml), and streptomycin (100 pg/ml)
(all from Thermo Fisher Scientific, Inc.) in a humidified incu-
bator containing 5% CO, at 37°C. Cells were pretreated with
20 pmol/l probucol or 250 ug/ml LOX-1 inhibitor polyinosinic
acid (both from Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) for 2 h in advance, and stimulated with Ox-LDL
(0-100 pg/ml; Peking Union-Biology Co., Ltd., Beijing, China)
for 24 h.
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MTT assay. Cells plated in 96-well plates (2x10%/well) in
200 pl medium were treated with 50 yg/ml Ox-LDL for 0-72 h
or 0-200 ug/ml Ox-LDL for 24 h. Cells were incubated with
20 ul 5 g/l MTT solution (Sigma-Aldrich; Merck KGaA) for
4 h. The supernatant was then removed, and 100 ul of DMSO
was added to each well. The absorbance at 570 nm was
measured using a spectrophotometric plate reader (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Results were quanti-
fied from four independent experiments.

Nitric oxide (NO) measurement. NO was determined using
the Total NO assay kit (Beyotime Institute of Biotechnology,
Shanghai, China). HK-2 cells were seeded in 96-well culture
plates (8x10* cells/well), pretreated with 20 gmol/l probucol
or 250 ug/ml LOX-1 inhibitor polyinosinic acid as mentioned
above, and then stimulated with 50 yg/m1 Ox-LDL for 24 h at
37°C. Then, the culture supernatants were used to determine
the concentration of NO. The standard provided in the kit was
diluted with DMEM-F12 medium to a variety of concentra-
tions, as indicated: 0, 1, 2, 5, 10, 20, 40, 60 and 100 pg/ml.
Afterwards, the supernatant of each sample or 50 ul of the
above standard were added in a 96-well plate together with
50 ul Griess Reagent I and Griess Reagent II. The absorbance
at 550 nm was measured using a spectrophotometric plate
reader (Bio-Rad Laboratories, Inc.). Results were quantified
from four independent experiments.

Intracellular ROS measurement. The intracellular ROS levels
were measured using the specific probe 2'7'-dichlorodihy-
drofluorescein diacetate (DCFH-DA; Beyotime Institute of
Biotechnology) kit. HK-2 cells seeded (8x10° cells/well) in
6-well cell culture plates were pretreated by probucol or poly-
inosinic acid as mentioned above, and then stimulated with
50 pg/ml Ox-LDL for 24 h at 37°C. Afterwards, serum-free
medium containing 10 xM DCFH-DA was added to each well
for 20 min at 37°C in the dark. In order to fully remove the
remaining DCFH-DA, the cells were washed with serum-free
medium three times, then detached from the plates with 0.25%
trypsin, and collected by centrifugation at 300 x g for 5 min
at 4°C. Positive control cells were simultaneously treated with
Rosup (a ROS positive control provided by the kit). FACScan
flow cytometric and CellQuest Pro software v5.1 (both from
BD Biosciences, San Jose, CA, USA) analyses were conducted
on the various cell treatment groups to detect the average
fluorescence intensity of dichlorofluorescein (DCF), at an exci-
tation wavelength of 488 nm and at an emission wavelength
of 525 nm. Results were quantified from four independent
experiments.

Western blotting. Proteins were extracted using aradioimmuno-
precipitation lysis buffer (Beyotime Institute of Biotechnology)
that contains the protease inhibitor cocktail (Sigma-Aldrich;
Merck KGaA) and protein concentrations were calculated
by using the Pierce bicinchoninic protein assay kit (Thermo
Fisher Scientific, Inc.). An equal amount of protein (40 pg) was
taken from each group. The samples were mixed with 5X SDS
sample buffer and heated at 100°C for 5 min, then loaded onto
10 or 12% Tris-glycine SDS-PAGE gel and separated at 100 V
for 1.5 to 2 h. Primary antibodies against E-cadherin (cat
no. 14472; 1:1,000), extracellular signal-regulated kinase (ERK;
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cat no. 4696; 1:2,000), phosphorylated (p-) ERK (cat no. 4094;
1:1,000), p38 (cat no. 9218; 1:1,000) and p-p38 (cat no. 9216;
1:2,000) were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). Primary antibodies against LOX-1
(cat no. sc-20753; 1:300), NADPH oxidase 4 (NOX4; cat
no. sc-30141; 1:300), and p22phox (cat no. sc-271968; 1:200)
were purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA). Primary antibodies against a-SMA (cat no. A2547,
1:500) and B-actin (cat no. A5441; 1:1,000) were purchased
from Sigma-Aldrich (Merck KGaA). Following transferring of
proteins to a polyvinylidene fluoride membrane, nonspecific
binding to the membrane was blocked with 5% non-fat dry
milk for 2 h at room temperature. The membranes were then
incubated overnight at 4°C with primary antibodies against
LOX-1, a-SMA, E-cadherin, NOX4, p22phox, ERK, p-ERK,
ERK, p-p38, and p38. Following washing, membranes were
incubated with goat anti-mouse (cat no. BA1051; 1:2,000)
or anti-rabbit (cat no. BA1055; 1:2,000) (both from Wuhan
Boster Biological Technology, Ltd., Wuhan, China) horse-
radish peroxidase-conjugated secondary antibodies for 1 h at
room temperature. The signals were visualized by enhanced
chemiluminescence (Pierce; Thermo Fisher Scientific, Inc.).
ImagelJ 1.37 (National Institute of health, Bethesda, MD, USA)
analysis system was used to analyze the signal absorbance.

Statistical analysis. Statistical analyses were performed
using SPSS software (version 21.0; IBM SPSS, Armonk, NY,
USA). All the data represent at least three independent experi-
ments and are expressed as the means =+ standard deviation
unless otherwise indicated. Differences between groups were
determined using an unpaired Student's t-test or a one-way
analysis of variance (anova; S-N-K post hoc test was used
after the anova) when multiple comparisons were required.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Effect of Ox-LDL on the viability of HK-2 cells. The effect of
Ox-LDL stimulation on the viability of HK-2 cells was exam-
ined using the MTT assay. The results demonstrated that there
was a slight decrease in the total numbers of viable cells in
the Ox-LDL-stimulated groups in different times (24-72 h) but
over the range of different dosages (12.5-200 pg/ml) after 24 h
there was only a small change in cell viability, compared with
the control untreated group (Fig. 1). However, the differences
were not significant (P>0.05), suggesting that Ox-LDL had no
effect on the viability of HK-2 cells at the doses and times
tested.

Effect of Ox-LDL on a-SMA, E-cadherin and LOX-1 protein
expression in HK-2 cells. To investigate the effects of Ox-LDL
stimulation on EMT in HK-2cells, the protein expression
levels of the mesenchymal marker a-SMA and of the epithe-
lial marker E-cadherin, as well as LOX-1 expression, were
determined by western blotting. The results demonstrated
that stimulation with Ox-LDL (25-100 pg/ml) resulted in a
significant increase in the expression of LOX-1 and a-SMA
in HK-2 cells in a dose-dependent manner, while E-cadherin
expression was significantly decreased (Fig. 2).

1291

150~
"3
< 1004
2
¥
S
> 50-
°
o
0
- T T T T T T
B 0 12 24 36 48 72
Time (h)
150+
9
S I S S
o
3
L.
Z 504
7}
o
0

0 125 25 50 100 200
Concentration of Ox-LDL ( pg/ml)

Figure 1. Effect of Ox-LDL on the viability of HK-2 cells. HK-2 cells were
induced with (A) 50 yg/ml Ox-LDL for different times (0, 12, 24, 36, 48 and
72 h) or (B) different dosages of Ox-LDL (0-200 pg/ml) for 24 h, and then
cell viability was measured by MTT assay. Four samples were used for each
group, and the experiments were repeated four independent times. Data are
presented as the means + standard deviation. Ox-LDL, oxidized low density
lipoprotein.

Effect of probucol on a-SMA, E-cadherin, and LOX-1 protein
expression in Ox-LDL-stimulated HK-2 cells. According to
the above results, the dose of 50 pg/ml Ox-LDL was selected to
stimulate HK-2 cells in the following experiments. Cells were
pretreated with probucol (20 pmol/l) or the LOX-1 inhibitor
polyinosinic acid (250 pg/ml), stimulated with Ox-LDL and
then analyzed by western blotting. The results demonstrated
a significant increase in a-SMA and LOX-1 protein expres-
sion levels in HK-2 cells stimulated with 50 yg/ml Ox-LDL,
and this effect was significantly inhibited by probucol or
polyinosinic acid pretreatment (Fig. 3). Of note, the inhibi-
tion of LOX-1 expression by probucol was weaker than by
polyinosinic acid (Fig. 3). E-cadherin protein expression levels
exhibited the opposite effect, with decreasing levels following
Ox-LDL stimulation and increasing levels following probucol
or polyinosinic acid pretreatment (Fig. 3).

Effects of probucol on ROS and NO production in
Ox-LDL-stimulated HK-2 cells. To specify whether oxidative
stress was involved in the process of EMT in HK-2 cells induced
by Ox-LDL, the production of ROS was examined using the
specific probe DCFH-DA and the concentration of NO was
detected using a biochemical colorimetric method. The results
revealed that the basic activity of ROS in HK-2 cells was
451.5 pg/ml. Following stimulation with 50 yg/ml Ox-LDL,
ROS activity increased to 839.8 ug/ml (P<0.05; Fig. 4A),
however, this increase was inhibited by probucol or polyino-
sinic acid pretreatment (P<0.05; Fig. 4A). The concentration
of NO in the culture supernatant of the control unstimulated
HK-2 cells was 46.0 ymol/l (Fig. 4B). Following stimulation
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Figure 2. Effect of Ox-LDL on the EMT status of HK-2 cells. Cells were stimulated with Ox-LDL (0-100 zg/ml) for 24 h and the protein expression levels
of LOX-1, E-cadherin and a-SMA were analyzed by western blotting. Representative images and quantification, with f-actin used as a loading control.
"P<0.05 vs. control. Ox-LDL, oxidized low density lipoprotein; EMT, epithelial-mesenchymal transition; LOX-1, lectin-like oxidized low-density lipoprotein
receptor-1; SMA, smooth muscle actin.
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Figure 3. Effect of probucol on Ox-LDL-induced EMT in HK-2 cells. Cells were pretreated with probucol or with the LOX-1 inhibitor polyinosinic acid,
stimulated with Ox-LDL for 24 h, and then analyzed by western blotting. Representative images and quantification, with B-actin used as a loading control.
“P<0.05 vs. control; “P<0.05 vs. Ox-LDL alone; and ¥P<0.05 as indicated by bracket. Ox-LDL, oxidized low density lipoprotein; EMT, epithelial-mesenchymal
transition; LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; SMA, smooth muscle actin; Con, control.
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Figure 4. Effect of probucol on Ox-LDL-induced ROS generation and NOX4 and p22phox expression in HK-2 cells. Cells were pretreated with probucol or
with the LOX-1 inhibitor polyinosinic acid, and then stimulated with Ox-LDL. (A) ROS production was measured with a specific probe and flow cytometry.
(B) NO concentration was measured with a biochemical colorimetric method. (C) Protein expression levels of NOX4 and p22phox were examined by western
blot analysis. Representative images and quantification, with B-actin used as a loading control. "P<0.05 vs. control; and “P<0.05 vs. Ox-LDL alone. Ox-LDL,
oxidized low density lipoprotein; ROS, reactive oxygen species; NOX4, NADPH oxidase 4; p22phox, cytochrome b-245 o chain; LOX-1, lectin-like oxidized

low-density lipoprotein receptor-1; NO, nitric oxide; Con, control.

with 50 xg/ml Ox-LDL, NO concentration was 46.2 ymol/l,
which was not significantly different compared with control
(P>0.05; Fig. 4B). Similarly, pretreatment with probucol or
polyinosinic acid did not have any effect on NO concentration
(P>0.05; Fig. 4B).

Effects of probucol on NOX4 and p22phox expression in
Ox-LDL-stimulated HK-2 cells. Because NADPH oxidase
activation is a major source of ROS in cells, the effect of
probucol on the oxidative stress-related proteins NOX4 and
p22phox was examined in HK-2 cells induced by Ox-LDL.
Western blot analysis demonstrated an obvious increase in
the protein expression levels of NOX4 and p22phox following
OX- LDL stimulation (Fig. 4C). However, pretreatment with
probucol or polyinosinic acid significantly suppressed these
increases (P<0.05; Fig. 4C).

Effect of probucol on ERK1/2 and p38 MAPK signaling path-
ways in Ox-LDL-induced HK-2 cells. To further understand
the mechanism responsible for the Ox-LDL-induced EMT
in renal tubular epithelial cells, the activation status of the
ERK1/2 and p38 MAPK signaling pathways was investigated.
Following Ox-LDL stimulation in HK-2 cells, an increase in
both ERK1/2 and p38 phosphorylation was observed at 5 min of

stimulation, and peaking at 30 min (Fig. 5A). ERK1/2 and p38
phosphorylation was significantly inhibited by pretreatment
with probucol or polyinosinic acid (Fig. 5B).

Discussion

Renal fibrosis, characterized by glomerulosclerosis and
tubulointerstitial fibrosis, is the final common pathway of a
wide variety of chronic kidney disease (CKD) leading to the
complete destruction of kidney parenchyma and end-stage
renal disease, requiring dialysis or kidney transplant (25).
Studies have demonstrated that in renal fibrosis, the correlation
of renal tubulointerstitial fibrosis with renal function is much
closer than of glomerulosclerosis (26). The renal proximal
tubular epithelial cells, which are susceptible to injuries by
a wide variety of factors, are generally considered to have a
pivotal role in fibrogenesis. The proximal tubular epithelial
cells undergo EMT, resulting in matrix-producing fibroblasts,
and thereby contributing to the pathogenesis of renal interstitial
fibrosis and end-stage renal failure.

In the present study, the lipoprotein Ox-LDL was
demonstrated to induce EMT in tubular epithelial cells. A small
amount of LOX-1 expression was observed in control HK-2
cells, which was then upregulated by Ox-LDL stimulation in
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Figure 5. Effect of probucol on ERK and p38 MAPK signaling in Ox-LDL-induced HK-2 cells. (A) Cells were stimulated with Ox-LDL (50 pg/ml) for 5, 15
and 30 min and then analyzed by western blotting, in order to determine the effect of Ox-LDL on ERK and p38 MAPK pathway activation. (B) Cells were
pretreated with probucol (20 gmol/I) or with the LOX-1 inhibitor polyinosinic acid (250 pg/ml) for 2 h, stimulated with Ox-LDL (50 pg/ml) for 30 min, and then
analyzed by western blotting. Representative images and quantification, with B-actin used as a loading control. “P<0.05 vs. control; and “P<0.05 vs. Ox-LDL
alone. ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; Ox-LDL, oxidized low density lipoprotein; LOX-1, lectin-like

oxidized low-density lipoprotein receptor-1; p, phosphorylated; Con, control.

a dose-dependent manner, indicating that LOX-1 may have
contributed to the EMT of proximal tubular epithelial cells. In
order to determine the mechanism of LOX-1 in the injury of
HK-2 cells, the LOX-1 inhibitor polyinosinic acid and the anti-
oxidant probucol were used to pretreat the cells. The results
indicated that pretreatment suppressed both LOX-1 expression
and EMT. In addition, Ox-LDL was demonstrated to induce
oxidative stress, with expression of p22phox and NOX4 and
production of ROS significantly increased in HK-2 cells
following Ox-LDL stimulation. However, these increases were
inhibited by pretreatment with the LOX-1 inhibitor or probucol.
No significant differences were observed in NO concentra-
tion in any of the treatment groups. Of note, the inhibition of

LOX-1 by probucol was weaker than by the LOX-1 inhibitor,
suggesting that Ox-LDL induced LOX-1 expression, which
may have activated NADPH oxidase-mediated ROS genera-
tion and LOX-1 upregulation. These observations provide
evidence for a positive feedback loop involving Ox-LDL,
NADPH oxidase-mediated ROS generation and LOX-1.
Recently, there has been increasing interest in the role of
LOX-1 in the progression of renal diseases. A previous study
has reported that high glucose levels can induce the expression
of LOX-1 at the gene promoter/transcription level via a p38
MAPK-dependent mechanism, leading to Ox-LDL-induced
apoptosis in renal tubular epithelial cells (27). It has also been
reported that LOX-1 and NADPH oxidase are upregulated in
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human renal proximal tubular epithelial cells induced with
angiotensin II (Ang II), and that the activation of the MAPK
pathway occurs downstream of the Ang II/ROS/LOX-1
cascade (28). A study in LDLr-null mice has demonstrated
that high fat diet induced renal fibrosis through activation
of the LOX-1/p38, p44/42/nuclear factor-xB pathway by
Ox-LDL (29). The above studies suggest that an increase in
LOX-1 expression is observed in renal tubular epithelial cells,
and this is associated with the pathogenesis and progression
of chronic renal tubular and interstitial diseases. The present
results demonstrated that LOX-1 expression was increased
following Ox-LDL stimulation and EMT induction in HK-2
cells, which is consistent with previous studies.

Renal tubules are known to be susceptible to injury from
oxidative stress, in which ROS are crucial cell-damaging
molecules. Studies reveal that ROS induces apoptosis and
EMT in renal tubular epithelial cells through the MAPK
pathway (20,30,31). High glucose induces EMT by decreasing
intracellular ROS levels via the downregulation of NADPH
oxidase subunits NOX1 and NOX4, and activation of ERK1/2
is associated with high glucose-induced EMT in HK-2
cells (21). The present results demonstrated that Ox-LDL
stimulation triggered oxidative stress and NOX4 and p22phox
upregulation, but NO was not involved in this process.

The MAPK pathway, which includes ERK, c-Jun
N-terminal kinase (JNK) and p38 MAPKs (32-34), can be
activated by ROS. Previous studies have demonstrated that
ERK and p38 MAPK signaling pathways have a vital role
in EMT, inflammation of renal proximal tubule epithelial
cells and renal injury (33,35-39). Zhou et al (38) reported
that the knockdown of thioredoxin-interacting protein
antagonized the high glucose-induced EMT by inhibiting
ROS production and by activation of p38 MAPK and
ERK1/2 (40). ROS is also important in transforming growth
factor-pl-induced EMT, primarily through activation of p38,
ERK MAPKSs, and the subsequent ERK-directed activation
of the Smad pathway in proximal tubular epithelial cells (20).
Consistent with previous studies, probucol and polyino-
sinic acid pretreatments were demonstrated to prevent the
Ox-LDL-mediated activation of ERK and p38 MAPKs in
HK-2 cells, indicating that probucol may protect HK-2 cells
against Ox-LDL-induced EMT by modulating the ERK and
p38 MAPK signaling pathways.

Probucol is a phenolic lipid-lowering prototype agent with
anti-inflammatory and antioxidant properties, and has a long
history of clinical application for the treatment and prevention
of cardiovascular diseases. Its ability to consume oxidation
substances, such as oxygen free radicals, serves an important
role in its antioxidant, anti-inflammatory and antiapoptotic
functions. In a rat model of diabetic nephropathy, probucol
inhibited EMT in renal tubular epithelial cells by downregu-
lating specificity protein 1 expression in kidney (23). It has
also been reported to attenuate podocytes injury in type 2
diabetic nephropathy of db/db mice through the suppression
of NADPH oxidase NOX2 (41). The present data revealed that
probucol may have a protective role on the injury of HK-2 cells
by modulating LOX-1 and oxidative stress.

There is controversy regarding the use of probucol
in cardiovascular diseases and some western countries
have stopped its use because of the reduction in serum
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HDL-cholesterol (HDL-C). However the HDL-C reduc-
tion may not be a ‘side effect’ but may reflect a mechanism
of action of probucol as it causes a decrease in HDL-C by
enhancing plasma cholesteryl ester transfer protein activity
and hepatic scavenger receptor class B type 1. Probucol also
accelerates the antioxidant function of HDL via increasing
paraoxonase 1 activity (42). In particular, a significant coro-
nary artery disease risk reduction has been demonstrated in
the long-term treatment of patients with heterozygous familial
hypercholesterolemia (FH) in Japan with probucol (43). And
there is also evidence for the pleiotropic and beneficial thera-
peutic effects of probucol on the cardiovascular system and in
chronic kidney disease (42,44). As a result of these studies it
is clear that probucol may have beneficial therapeutic effects
in certain suitable CKD patients. In conclusion, probucol may
postpone renal interstitial fibrosis through the suppression of
Ox-LDL-induced EMT in HK-2 cells via the downregulation
of LOX-1, NADPH oxidase, and ROS production and the
inhibition of MAPK signaling activation. The present findings
suggest that probucol may serve as a useful antioxidant agent
for postponing the progression of renal interstitial diseases.
However, further in vivo and in vitro studies are needed to
elucidate the mechanism involved.
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