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Abstract

Aim: Apoptosis plays a critical role in the pathogenesis of gentamicin (Gen)-induced nephrotoxicity. However, the under-
lying molecular mechanisms still remain unclear. In this study, we addressed the role of p38 mitogen-activated protein
kinase (MAPK)/inducible nitric oxide synthase (iNOS) signaling pathway in Gen-induced nephrotoxicity and evaluated
the protective effect of the free-radical scavenger N-acetylcysteine amide (NACA). Methods: Pig kidney epithelial cells
(LLC-PK1) cells were exposed to Gen for variable times and doses. Cytotoxicity was assessed by morphology and by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Protein expression was assessed by
Western blotting. Results: Exposure to Gen-induced apoptosis in a dose-dependent and time-dependent manner was
assessed by DNA content analysis and poly ADP ribose polymerase (PARP) cleavage. Gen caused increased phospho-
rylation of p38 MAPK and induction of iNOS. This was accompanied by a significant upregulation of Bax and nuclear
factor kB (NF-kB) and a downregulation of Bcl-2 expression. Pretreatment with SB203580, aminoguanidine (AG), and
NACA inhibited apoptosis. Furthermore, pretreatment with SB203580 and NACA not only attenuated the pro-apoptotic
effect of Gen, but also significantly reversed its effects on p38 MAPK phosphorylation and iNOS induction. The Gen-
induced effects on Bcl-2, Bax, and NF-kB expression were also reversed by SB203580, AG, and NACA. Conclusion:
In conclusion, NACA can attenuate Gen-induced apoptotic injury in LLC-PK1 cells through inhibiting p38 MAPK/iINOS
signaling pathway.

Keywords: apoptosis, gentamicin-induced nephrotoxicity, N-acetylcysteine amide, p38 mitogen-activated protein

kinase, inducible nitric oxide synthase

INTRODUCTION

The use of the aminoglycoside antibiotic gentamicin
(Gen) in the treatment of Gram-negative bacterial infec-
tions can be significantly limited by its nephrotoxicity,
which can cause acute renal failure even at the low-
est therapeutic doses. One identified cytotoxic mecha-
nism of Gen is the induction of apoptosis in proximal
renal tubular cells and mesangial cells,! which can be
reproduced in cultured renal cells at high extracellu-
lar concentrations (1-3 mM).# Although these findings
suggest that apoptosis may be an important mecha-
nism in Gen-induced nephrotoxicity, the underlying
molecular mechanisms still remain unclear.’

Oxidative stress in the form of accumulation of reac-
tive oxygen species has been suggested to mediate
Gen-induced apoptosis through activation of cysteine-
dependent aspartate-directed protease, caspase.®’ We
have recently demonstrated an apoptotic cascade medi-
ated by p38 mitogen-activated protein kinase (MAPK)
and inducible nitric oxide synthase (iNOS) in iohexol-
induced apoptosis in renal proximal tubular epithelial
cells and that this cascade can be blocked by the
thiol-containing free-radical scavenger N-acetylcysteine
amide (NACA or AD4).

However, little is known about p38 MAPK/iNOS sig-
naling pathway in Gen-induced apoptosis. In this study,
we investigate the role of p38 MAPK/INOS signaling
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pathway in Gen-induced apoptosis and evaluate the pro-
tective effect of NACA on Gen-induced apoptosis in pig
kidney epithelial cells (LLC-PK1) cells.

MATERIALS AND METHODS

Reagents

All chemicals were purchased from Sigma (St. Louis,
MO, USA) unless indicated otherwise. Cell culture
medium and plastic ware were purchased from Invit-
rogen Life Technologies (Carlsbad, CA, USA). NACA
was provided by Dr. Glenn Goldstein (David Pharma-
ceuticals, New York, NY, USA).

Cell Culture and Treatments

LLC-PK1 cell line from porcine proximal tubule
(European Collection of Animal Cell Cultures, Porton
Down, Wiltshire, UK) was cultured in Dubelcco’s mod-
ified Eagle’s medium supplemented with 10% fetal calf
serum, penicillin (100 U/mL), and streptomycin (100
pg/mL) in an atmosphere of 5% CO; in air at 37°C.
Experiments were performed on cells of passages 5-12.
The cells were plated at a density of 5 x 10% cells per
cm? and only confluent cell monolayers with “dome
formation” were studied.

The selective iNOS inhibitor aminoguanidine [AG,
10 mM, freshly dissolved in phosphate buffered solution
(PBS)] and p38 MAPK inhibitor SB203580 [5 nM,
freshly dissolved in dimethyl sulfoxide (DMSO)] were
added 30 min before cells were exposed to 3 mM Gen.
NACA (5 mM, freshly dissolved in culturing media) was
added to the cell culture at the same time of adding Gen.

MTT Assay of Cell Viability
Cell viability was assessed and quantified using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) cytotoxicity assay as described previously.®
Cells were harvested in log-phase growth using
trypsin:EDTA, then seeded on 96-well plates at a den-
sity of 1 x 10% cells per well, and cultured at 37°C for
20 h. In brief, cells were exposed to different concentra-
tions of Gen at 37°C. After treatment with Gen, 15 pLL
of dye solution was added to each well, and the plates
were incubated for 4 h at 37°C. Then, 100 nL of solu-
bilization solution/stop mix was added to each well, and
the plates were left overnight in a sealed container with a
humidified atmosphere to completely solubilize the for-
mazan crystals. The absorbance was measured at 570
nm against 650 nm as the reference.

MTT conversion rate (MTT%) was calculated as
follows:

A570 nmgample

MTT% =
’ ( A570 nmpank

) x 100%

Morphology

Morphological changes were routinely checked under
phase contrast microscope. To compare the concentra-
tion dependency and time dependency of Gen-induced
cell injury, a broad range of Gen concentration (1-12
mM) and exposure time (12-72 h) were investigated.

Analyses of Cell Apoptosis (Pl Staining) by
Fluorescence-Activated Cell Sorter (FACS)

Apoptotic cells show diminished DNA content below
the GO/G1 population of normal diploid cells.® In
order to count the cells in sub-diploid, flow cytometry
was used by the method of cell staining with propid-
ium iodide (PI). Briefly, cell pellets were fixed in 70%
ethanol at —20°C for at least 24 h. After being washed
twice with ice-cold PBS, cells were incubated in RNase
A/PBS (1 mg/mL) at 37°C for 30 min. DNA was stained
with PI for 15 min at room temperature and analyzed by
flow cytometry on a linear scale using a Becton Dick-
inson fluorescence-activated cell sorter (FACS) Caliber
apparatus (Becton Dickinson and Co., San Jose, CA,
USA).

Cells within a distinct sub-G0/G1 peak were consid-
ered apoptotic, due to DNA condensation and fragmen-
tation, which resulted in reduced PI staining. Approxi-
mately 1 x 10* counts were performed for each sample.
Apoptosis rate was calculated by evaluating the percent-
age of events accumulated in the pre-G0/G1 position
with ModFit LT for Mac 3.0 software (Becton Dick-
inson and Company). Experiments were performed in
triplicates and repeated 3 times.

Protein Extraction and Western Blotting Analysis

Western blotting analysis was performed as described.?
In brief, cells were lysed for 15 min in lysis buffer
[62.5 mmol/LL Tris—-HCl (pH 6.8), 6 mol/LL urea,
10% glycerol, 2% sodium dodecyl sulfate, and 5%
B-mercaptoethanol] and then sonicated 3 times for 3 s
each. The protein concentration of the extracts was
estimated with the Bio-Rad DC protein assay (Bio-
Rad Laboratories, Hercules, CA, USA) using bovine
serum albumin (BSA) as standard. Total proteins
(30 pg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis using a 6—12% poly-
acrylamide gel. The proteins in the gel were trans-
ferred to a polyvinylidene fluoride (PVDF) membrane.
The membrane was blocked with 5% skim milk in
Tris-buffered saline with Tween-20 [0.05% v/v Tween-
20 in tris-buffered saline (TBS), pH 7.2] for 1 h.
Membranes were incubated with primary antibody at
4°C overnight, followed by the addition of horseradish
peroxidase-labeled secondary antibody for 1 h. The
primary antibodies were diluted in tris-buffered saline
Tween-20 (TBST) with 5% w/v nonfat dry milk or 5%
w/v BSA. Membranes were washed 3 times in TBST
for 10 min between each step. Antibody labeling was
detected using an enhanced chemiluminescence reagent
(NENTM Life Science, Boston, MA, USA) according to
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the manufacturer’s instructions. Protein expression was
quantified by Image] 1.45 software (Wayne Rasband,
NIH, Bethesda, MD, USA) after scanning the film.

The specific primary antibodies included the follow-
ing: anti-INOS (Sigma, 1:5000); anti-poly ADP ribose
polymerase (anti-PARP) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA, 1:1000); anti-phospho-p38
MAPK (Santa Cruz Biotechnology, 1:1000); anti-Bcl-
2 (Santa Cruz Biotechnology, 1:1000); anti-Bax (Santa
Cruz Biotechnology, 1:1000); anti-nuclear factor «B
(NF-kB) (Santa Cruz Biotechnology, 1:1000); and anti-
B-actin (Santa Cruz Biotechnology, 1:1000). All the
experiments were performed at least 3 times under the
same conditions.

Statistical Analysis

All data are presented as mean + SD. Statistical signif-
icance was assessed with one-way analysis of variance
(ANOVA) (SPSS statistical analysis software, version
15.0, SPSS Inc., Chicago, IL, USA). In some cases,
a t-test was performed between two groups. Differ-
ences were considered significant if p < 0.05 and highly
significant if p < 0.01.

RESULTS

Gen Induces Apoptosis in Cultured LLC-PK1 Cells

LLC-PKI1 cells exhibited a time-dependent and dose-
dependent reduction in viability after 12-72 h of
exposure to 1, 2, 3, 6, and 12 mM Gen as ana-
lyzed by a MTT assay (Figure 1A). Microscopically,

(A)
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this was accompanied by cell shrinkage, membrane
blebbing, and brightly rounded bodies under phase
contrast microscopy, indicating the occurrence of apop-
tosis (Figure 1B). In subsequent experiments, cells were
exposed to 3 mM Gen for 24 h.

Induction of apoptosis was also indicated by cleav-
age of caspase substrate PARP by Western blotting,
a biochemical hallmark of apoptosis (Figure 2A). To
quantify the apoptosis, the sub-G0/G1 DNA contents
of Pl-stained fixed cells were analyzed by FACS. The
percentage of apoptotic cells was increased from 4.29 +
0.44% to 19.10 £ 0.69% (p < 0.01 vs. control)
(Figure 2B).

Gen-Induced Apoptosis Is Mediated by iNOS

Western blotting revealed an induction of iINOS expres-
sion following exposure to Gen (Figure 3A). The selec-
tive iNOS inhibitor AG was used to explore the potential
role of iNOS activation in Gen-induced cell apoptosis.
This demonstrated that AG significantly reduced Gen-
induced apoptosis as assayed by morphological changes
(Figure 4A), PARP cleavage (Figure 4B), and FACS
analysis (Figure 4C). In addition, the rise in iNOS pro-
tein following Gen exposure was completely blocked by
the addition of AG (Figure 5A).

Gen Induces iNOS by Activation of p38 MAPK

We examined the activation of p38 MAPK by West-
ern blotting using phospho-specific antibody. Western
blotting showed an activation of p38 MAPK following
exposure to Gen (Figure 3B).

——12h
—8—24h
36h
72h

MTT (%) (percentage of control)

0 : 2
(®)

Control

3 6 12
Concentration of gentamicin (mM)

3 mM Gen 24 h

=

3 mM Gen 48 h

Figure 1. Exposure to Gen induces apoptosis in a time-dependent and dose-dependent manner. LL.C-PK1 cells were incubated with Gen
at different concentrations for 12, 24, 36, or 72 h. Cell viability was determined by the MTT assay (A), and morphology was examined
by phase contrast microscopy at x 100 magnification (B). The values are mean + SD (z = 3).

Notes: *p < 0.05 versus control. **p < 0.01 versus control.

© 2012 Informa Healthcare USA, Inc.
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Figure 2. Exposure to Gen induces PARP cleavage and apoptosis. PARP cleavage was examined by Western blotting (A) and apoptosis
rate by FACS (B) in cells treated with 3 mM Gen for 24 h. The values are mean + SD (n = 5).

Note: *p < 0.01 versus control.

To further investigate this, a specific p38 MAPK
inhibitor (SB203580) was used. Inhibition of p38
MAPK attenuated apoptosis as assayed by morpholog-
ical changes (Figure 4), PARP cleavage (Figure 4B),
and FACS (Figure 4C). Furthermore, SB203580 also
attenuated the Gen-induced increase in iNOS protein
expression, indicating that p38 MAPK activation is
upstream of the iNOS activation in the signaling cascade
induced by Gen (Figure 5A).

Gen-Induced Apoptosis Is Associated with Activation

of the Redox-Sensitive Transcription Factor NF-<B and
Altered Expression of the Anti-apoptotic Protein Bcl-2
and the Pro-apoptotic Protein Bax

An activation of NF-«B following exposure to Gen
was demonstrated by increased nuclear levels of NF-«B
p65 (Figure 3C). This activation could be inhibited by
blocking the signal at the p38 MAPK activation (Figure
7B) or iNOS activation (Figure 6A).

Gen exposure also decreased the expression of
the anti-apoptotic protein Bcl-2 (Figure 3D) and
increased the expression of the pro-apoptotic protein
Bax (Figure 3E). Again, these effects could be blocked
at the p38 MAPK activation (Figure 8A and B) or iNOS
activation (Figures 6B and 7A).

NACA Protects against Gen-Induced Apoptosis
Pretreatment with 0.5-5 mM NACA resulted in a
dose-dependent inhibition in Gen-induced apoptosis
with maximal inhibition at 5 mM as assayed by mor-
phological changes (Figure 4A) and PARP cleavage
(Figure 4B). In all subsequent experiments 5 mM
NACA was used. The protective effect of NACA was
further evidenced by the significant decrease in apop-
totic DNA fragmentation (Figure 4C).

Western blotting revealed that NACA inhibited the
p38 MAPK activation triggered by Gen (Figure 5B),
as well as the downstream events in the signal pathway:
iNOS induction (Figure 5A), NF-kB activation (Figure
6A), and alteration in the expression of Bax and Bcl-2
(Figures 6B and 7A).

DISCUSSION

In this study, we investigated the molecular mechanisms
of Gen-induced nephrotoxicity in cultured LLC-PK1
cells. The characteristic apoptotic morphological fea-
tures were elicited by a significantly higher Gen concen-
tration than the target plasma concentration aimed for
in antibiotic therapy.'®!! This phenomenon has been
reported previously>1%13 and may reflect low uptake of
Gen in vitro.®13

p38 MAPK plays an important role in inflam-
matory responses and apoptosis.'* Here we report

Renal Failure
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Figure 3. Exposure to Gen induces activations of iNOS, p38 MAPK, NF-«kB, and Bax, as well as inhibition of Bcl-2. Alteration in iNOS
(A), phospho-p38 MAPK (B), NF-«B (C), Bcl-2 (D), and Bax (E) after exposure to Gen for 24 h was detected by Western blotting. The
values are mean + SD (n = 3).

Note: *p < 0.01 versus Gen treatment.
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Figure 4. Protection against Gen-induced apoptosis by iNOS inhibitor AG, p38 inhibitor SB203580, and NACA. (A) Phase contrast
microscopy at x 100 magnification. (B) PARP cleavage by Western blotting. (C) Apoptosis rate by FACS. The values are mean + SD
(n=5).

Notes: **p < 0.01 versus Gen treatment. #p < 0.05 versus control. ##p < 0.01 versus control.
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Figure 6. Effects of AG and NACA on NF-«kB and Bcl-2 protein expression. The values are mean £+ SD (n = 3).
Notes: **p < 0.01 versus Gen treatment. #p < 0.05 versus control. ¥ p < 0.01 versus control.

that Gen causes p38 MAPK phosphorylation and
iNOS induction and that the specific p38 MAPK
inhibitor SB203580 and the selective iNOS inhibitor
AG reduce Gen-induced apoptosis. This confirms a
previous report that p38 MAPK is involved in Gen-
induced apoptosis.!”> Since iNOS induction by Gen
was inhibited by the p38-MAPK inhibitor SB203580,
we suggest that p38 MAPK acts upstream of iNOS
in the cascade of Gen-induced apoptosis. Induction
of iINOS by p38 MAPK has been demonstrated
previously,'0718 and iNOS-derived NO is a key
molecule in tubular epithelial apoptosis induced by
different toxic agents.'®2! One mechanism by which

NO can induce apoptosis is through increased expres-
sion or translocation of the pro-apoptotic protein
Bax from cytosol to mitochondria.?>»??> In agree-
ment with this, we observed Gen-induced increased
expression of the pro-apoptotic protein Bax and
decreased expression of the anti-apoptotic protein
Bcl-2.

A number of signal paths have been identified down-
stream of p38 MAPK activation in regulating diverse
cellular functions.!®2425 This study demonstrates that
Gen induces a p38 MAPK-mediated signal leading to
the activation of the NF-kB and that the p38 MAPK
inhibitor SB203580 could block this.

Renal Failure
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We have previously reported that the antioxidant
NACA can block contrast-mediated nephrotoxicity.®
Therefore, we investigated whether NACA could inhibit
Gen-induced apoptosis. Our results demonstrate that
NACA blocks Gen-induced apoptosis by suppression
of p38 MAPK activation and iNOS protein expression
and by reversing the effects of Gen on Bcl-2, Bax, and
NF-kB expression. However, we found that neither
NACA nor SB203580 could completely block Gen-
induced apoptosis. This suggests the presence of addi-
tional pathways contributing to Gen-induced apoptosis.

In summary, we have demonstrated an apoptotic
cascade triggered by p38 MAPK-mediated iNOS and
NF-kB in renal tubular proximal epithelial cells exposed
to Gen. Moreover, the antioxidant NACA prevents
Gen-induced apoptosis by blocking this signal pathway.
NACA may thus prevent Gen-induced nephropathy and
other complications associated with the induction of
p38 MAPK and iNOS.

© 2012 Informa Healthcare USA, Inc.
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