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Abstract

Background. L-carnitine is synthesized mainly in the liver
and kidneys from lysine and methionine from dietary
sources. Many reports have shown that L-carnitine can
protect certain cells against the toxicity of several anti-
cancer and toxic agents, although the detailed mechanism
is poorly understood. In this study, we investigated the
protective effect of L-carnitine and its molecular mecha-
nism in renal tubular cells undergoing gentamicin-induced
apoptosis.

Methods. Rat tubular cell line (NRK-52E) and mice were
used as the model system. Gentamicin-induced apoptosis in
renal tubular cells was examined using terminal deoxynu-
cleotidyl transferase-mediated deoxyuridine triphosphate
nick end labelling. We introduced short interfering RNA
transfection and gene-deficient mice to investigate the pro-
tective mechanism of L-carnitine.

Results. We found that L-carnitine inhibited gentamicin-
induced reactive oxygen species generation and correlative
apoptotic pathways, resulting in the protection of NRK-
52E cells from gentamicin-induced apoptosis. The treat-
ment of L-carnitine also lessened gentamicin-induced renal
tubular cell apoptosis in mice. L-carnitine was found to
increase the prostacyclin (PGI) generation in NRK-52E
cells. The siRNA transfection for PGI, synthase signifi-
cantly reduced L-carnitine-induced PGI, and L-carnitine’s
protective effect. We found that the activity of the potential
PGI, nuclear receptor, peroxisome proliferator-activated re-
ceptor alpha (PPARa), was elevated by L-carnitine treat-
ment. The siRNA-mediated blockage of PPARa consid-
erably reduced the anti-apoptotic effect of L-carnitine.
In PPARa-deficient mice, L-carnitine treatment also lost
the inhibitory effect on gentamicin-induced apoptosis in
kidneys.

Conclusions. Based on these findings, we suggest that
L-carnitine protects renal tubular cells from gentamicin-
induced apoptosis through PGI,-mediated PPAR« activa-
tion.

Keywords: apoptosis; gentamicin; L-carnitine; peroxisome
proliferator-activated receptor alpha (PPAR«); prostacyclin (PGl,)

Introduction

L-carnitine (L-trimethyl-3-hydroxy-ammoniabutanoate) is
a vitamin-like substance that is a quaternary ammonium
compound biosynthesized from the amino acids lysine and
methionine. Carnitine is required for the transfer of long-
chain fatty acids into the mitochondrial matrix before they
can undergo B-oxidation, resulting in ATP formation [1].
In addition, L-carnitine modulates the intramitochondrial
acyl-CoA/CoA ratio to remove toxic compounds before
they have a chance to accumulate in the mitochondria.
Many reports have shown that L-carnitine can improve the
toxic effects of various substances on the ear, heart, brain
and kidney [2—6]. Many reports about possible protective
mechanisms of L-carnitine suggest that it inhibits mito-
chondrial membrane permeability transition, decreases ox-
idative stress and prevents the expression of a proapop-
totic protein [4,7,8]. However, the detailed mechanisms are
not conclusive. In early 1970s, Johnson ef al. [9] showed
that prostaglandins (PGs) exert the common carnitine-
dependent system for the B-oxidation of long-chain fatty
acids. Prostacyclin (PGI,), a major PG, originates from
arachidonic acid by the cyclooxygenase (COX) system cou-
pled with the action of PGI, synthase (PGIS) [10]. PGI; acts
on platelets and blood vessels through cell surface prosta-
cyclin receptor (IP receptor), to inhibit platelet function and
to dilate blood vessels [11]. PGI; is also supposed to be a
ligand of the peroxisome proliferator-activated receptors al-
pha and delta (PPARa and PPARSY), belonging to a family of
ligand-activated transcription factors [12]. Ingrid e al. [13]
reported that the production of PGI, has the most signifi-
cant increase after short-term (4 days) feeding of L-carnitine
in the rat. Recent studies also revealed that L-carnitine can
induce the vasodilatation of subcutaneous human arteries
involving the endothelium through the effect related to the
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synthesis of PGs, especially PGI, [14,15]. But the role of
PGI, in the protective mechanisms of L-carnitine is still
unknown.

Gentamicin, an antibiotic of aminoglycoside, is widely
used to treat Gram-negative bacterial infection because of
its low cost. But gentamicin can cause acute renal failure
with acute tubular necrosis in ~20% of patients [16]. This
potential nephrotoxicity seriously limits the use of gentam-
icin. A major cytotoxic mechanism of gentamicin is the
induction of apoptosis, which has been reported in both re-
nal proximal tubular and mesangial cells [17-19]. In both
in vitro and in vivo studies, gentamicin has been shown to
enhance the generation of reactive oxygen species (ROS)
through the mitochondria-mediated signalling pathway
[20-22]. ROS-mediated apoptosis signalling results in the
permanent formation of toxic lipid peroxidation, which can
destroy cell membranes to cause gentamicin-induced cyto-
toxicity [20,23]. Recently, our study showed that augmented
PGI, production through adenovirus-mediated transfer of
genes for COX-1 and PGIS protects renal tubular cells from
doxorubicin- and gentamicin-induced apoptosis [24,25].
Based on these results, we hypothesize that PGI, may play
a role in the protective effect of L-carnitine.

In this study, we intended to evaluate the protective effect
of L-carnitine on gentamicin-induced renal injury, and to
explore its mechanism involving PGI,.

Subjects and methods

Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum and tis-
sue culture reagents were purchased from Invitrogen Corporation (Carls-
bad, CA, USA). All other chemicals of reagent grade were obtained
from Sigma-Aldrich chemical Co. (St. Louis, MO, USA). We pur-
chased antibodies used in this research from LabFrontier Co. Ltd, Seoul,
Korea (anti-GAPDH), Cell Signalling Technology, Inc. (Danvers, MA,
USA) (anti-caspase-3) and Santa Cruz Biotechnology (Santa Cruz,
CA, USA) (anti-cytochrome c, anti-Bcl-xy , anti-PPAR-a, anti-PPAR-8, IP
receptor-neutralizing antibody). L-carnitine was purchased from Sigma-
Tau Industrie Farmaceutiche Riunite s.p.a (Roma, Italy).

Cell culture

Rat proximal renal tubular cells (NRK-52E) were purchased from Biore-
source Collection and Research Center (Taiwan), and cultured in the
DMEM culture medium supplemented with antibiotic/antifungal solution
and 10% fetal calf serum. They were grown until the monolayer became
confluent. Then, the medium of the cultured cells was changed into the
serum-free medium and the cells were incubated overnight.

Terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end-labelling (TUNEL) stain

We detected gentamicin-mediated apoptosis in NRK-52E cells with enzy-
matic labelling of DNA strand breaks that were identified using TUNEL
stain. As previously described [26], we performed TUNEL staining with a
Cell Death Detection kit (Roche, Mannheim, Germany). To reveal total nu-
clei, we stained the same slides with DAPI (4’-6-diamidino-2-phenyindole)
(1 pg/ml) in phosphate-buffered saline (PBS) plus 0.5% 1,4-diazabicyclo
[2,2,2] octane. Additionally, we also processed kidney slides with an Apop-
Tag Fluorescein in situ apoptosis detection kit (CHEMICON International,
Inc., CA, USA) according to the manufacturer’s instructions. We mounted
TUNEL-stained kidney tissue slides with DAPI solution and observed
them under a fluorescent microscope.
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Western blot analysis

A total of 30 pg of NRK-52E lysate proteins were applied to each lane
in western blot analysis. We also used peroxidase-conjugated anti-rabbit,
anti-mouse and anti-goat IgG (1:5000 dilution) antibodies as the second
antibody to detect PPAR-a,, PPAR-3, caspase-3, Bel-xp , cytochrome ¢ and
GAPDH bands by enhanced chemiluminescence (Amersham Biosciences
Corp., NJ, USA).

Animals and treatments

All animal studies were conducted in conformity with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals. Male
BALB/c mice weighing 20-25 g and aged 8 weeks were obtained from the
Animal Center, National Taiwan University, Taipei, Taiwan. The PPARa-
deficient mice were purchased from Charles River Laboratories Interna-
tional, Inc. (Wilmington, MA, USA). The animals were housed in a central
facility in a 12-h light—dark cycle, and given regular rat chow and tap wa-
ter. First the animals (» = 6) for the gentamicin and L-carnitine treatment
group received intraperitoneal (IP) injection of L-carnitine (50 mg/kg/day)
for 2 days. Then they were injected with L-carnitine (50 mg/kg/day) and
gentamicin (20 mg/kg/day) for 7 days. The mice in the group (n = 6) for
gentamicin treatment received IP injection of 0.9% (w/v) saline for 2 days,
and were then injected with saline and gentamicin for 7 days. In this group,
the volume of injected saline was identical to that of injected L-carnitine
in the L-carnitine and gentamicin treatment group. The control group mice
received IP injection of saline in the same volume as the L-carnitine in-
jected first in the L-carnitine and gentamicin treatment group for 2 days,
and in the same volume as the L-carnitine and gentamicin injected for
7 days. We killed treated and control mice 24 h after the last drug injec-
tion, and collected their blood samples from the stump to measure serum
creatinine and blood urea nitrogen (BUN). Both kidneys were harvested
by laparotomy and the renal cortex tissue was snap-frozen in dry ice and
stored at —80°C until in situ TUNEL assays. For histological analysis, the
harvested kidneys were fixed in 10% formalin and embedded in paraffin,
then sectioned at 4-pm thickness and stained with haematoxylin and eosin
(HE staining).

Determinating cellular uptake of gentamicin

We cultured the NRK-52E cells in 6-cm plates with 3-mM gentamicin
for different time periods, washed them three times with a PBS buffer
and then lysed them in a lysis buffer (50 mM Tris, pH 7.5, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 150 mM NaCl, protease inhibitors). We
detected the concentration of gentamicin in each sample with Gentamicin
EIA kits according to the manufacturer’s instructions (Euro-Diagnostica
B.V,, Arnhem, The Netherlands).

Detecting intracellular reactive oxygen species

Before the chemical treatment, we incubated NRK-52E cells in a culture
medium containing a fluorescent dye, 30 uM of 2’,7'-dichlorofluorescein
(DCF), for 30 min to stabilize an intracellular level of the probe. We
determined the DCF fluorescence intensity of the cells with a fluorescence
spectrophotometer with excitation and emission wavelengths at 475 and
525 nm, respectively. To provide a valid comparison, we used the same
acquisition parameters and cell numbers for all observations.

Short interfering RNA (siRNA) transfection

‘We purchased PPARa siRNA and PPARS siRNA from Santa Cruz Biotech-
nology. Cells were grown to 70% confluence, and PPAR siRNAs and mock
control oligonucleotides were transfected using the lipofectamine reagent
according to the manufacturer’s instructions. The final concentration of
PPAR siRNAs for transfection was 100 nM. We washed the transfected
cells and resuspended them in new culture media for an additional 24 h
for gentamicin treatment and western blot assays.

Measuring PGI, by enzyme immunoassay

Cells were sonicated in 1 ml of an ice-cold buffer (0.05M Tris at pH 7.0,
0.IM NaCl, and 0.02M EDTA) and centrifuged at 55 000 x g for 1 h.
We analysed the supernatant with 6-keto-PGF1, ELISA kits from R&D
Systems, Inc. (Minneapolis, MN, USA) for PGI, detection.
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PPAR« activity assay

PPARa transcriptional activity was measured using the rat malonyl-CoA
decarboxylase (MCD)-Luc reporter construct as described in a previous
report [24]. Luciferase activity of cell lysates was determined using a
luciferase assay system (Promega, Madison, WI, USA) according to the
protocol recommended by the manufacturer. Transfection efficiency was
normalized to B-gal activity and expressed as fold induction of vehicle-
transfected control cells.

Statistical analysis

Data were presented as mean+ standard deviation (SD), and groups were
compared using t-tests. The differences were considered significant if the
P-values were < 0.05.

Results

To determine the safe dosage of L-carnitine in rat renal tubu-
lar cell NRK-52E, we detected the lactate dehydrogenase
(LDH) released from the cytosol of damaged cells. NRK-
52E cells were cultured with L-carnitine at a concentration
of 1, 5, 10, 20 and 40 mM for 24 h. As shown in Figure 1A,
there was no significant increase in LDH leakage along with
the L-carnitine increase in NRK-52E cells; even exposure
to 40 mM of L-carnitine gave no significant change from
the controls. The protective effect of L-carnitine against the
gentamicin-induced apoptosis in NRK-52E cells was exam-
ined using TUNEL stain. NRK-52E cells were pretreated
with L-carnitine (110 mM) for 24 h, and then additionally
treated with 3 mM of gentimicin for 24 h. The results re-
vealed that the 24 h pretreatment of L-carnitine significantly
reduced gentamicin-induced apoptosis in a dose-dependent
manner (Figure 1B). The influence of pretreatment time
on the protective effect of L-carnitine was also monitored
in NRK-52E cells. As shown in Figure 1C, 10 mM of
L-carnitine was not able to significantly reduce gentamicin-
induced apoptosis in NRK-52E cells with the pretreatment
periods from 1 to 8 h, whereas the reduction of apoptosis
was significant with L-carnitine pretreatment for 16 h or
more.

The influence of L-carnitine on apoptotic signalling path-
ways was further evaluated by western blotting analysis. As
shown in Figure 2, the cleaved caspase-3 and cytosol cy-
tochrome ¢ were greatly elevated in the cells treated with
3 mM of gentamicin for 24 h. Pretreatment with L-carnitine
at 5 or 10 mM for 24 h significantly reduced the quantity
of cleaved caspase-3 and cytosol cytochrome ¢, as com-
pared with cells treated with gentamicin alone. In contrast,
the expression of Bcl-x;, was reduced by gentamicin treat-
ment, which was also recovered by L-carnitine pretreatment.
These results reveal that the pretreatment of L-carnitine in-
hibited gentamicin-induced variations of apoptotic markers
in a dose-dependent manner.

The protective effect of L-carnitine on gentamicin-
induced apoptosis was also proven in a mouse animal
model. In normal mice, gentamicin caused swollen and
vacuolated epithelial cell degeneration with tubular dilata-
tion and intraluminal cell debris, which was reduced by
L-carnitine treatment (Figure 3A). The renal function of
experimental mice was monitored by measuring the con-
centrations of BUN and serum creatinine. As shown in
Figure 3B, the concentrations of BUN and serum creatinine
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Fig. 1. The influence of L-carnitine on the apoptoxicity of gentamicin
in NRK-52E cells. (A) Cytotoxicity induced by L-carnitine in NRK-52E
cells. NRK-52E cells were treated with L-carnitine for 24 h in different
concentrations as indicated. The lactate dehydrogenase (LDH) released
from the cytosol of damaged cells was measured to determine the cyto-
toxicity of L-carnitine. Results of L-carnitine in mM of three experiments
are shown in mean £ S.D. (B) The dose-dependent inhibition effect of
L-carnitine on gentamicin-induced apoptosis in NRK-52E cells. The cells
were pretreated with L-carnitine (1-10 mM) for 24 h (left), and then fur-
ther treated by adding 3 mM of gentamicin for 24 h (right). The cells
were stained with DAPI and TUNEL, and the results of the percentage of
TUNEL-positive cells are shown in mean £ S.D. (n = 3). *Significantly
different (P < 0.05) versus those treated only with gentamicin. (C) The
pretreatment time dependence of the anti-apoptosis effect of L-carnitine.
NRK-52E cells were pretreated with L-carnitine (10 mM) for different
time periods, then treated with 3 mM of gentamicin for 24 h, and the
results of % TUNEL-positive cells are shown in mean + S.D. (n = 3).
*Significantly different (P < 0.05) versus the group not treated with
L-carnitine.

were not influenced by L-carnitine treatment alone, but ele-
vated in the gentamicin-treated groups, and this gentamicin-
induced elevation was significantly inhibited by L-carnitine
treatment.

To analyse the gentamicin-induced apoptosis in vivo, we
next examined kidney sections with the in situ TUNEL
assay. As shown in Figure 4, the scattered and bright nu-
clei stained by TUNEL staining could easily be detected
over the entire cortex from gentamicin-treated animals,
yet they were rarely detected in the specimens of the con-
trols and gentamicin-L-carnitine-treated animals (Figure 4).
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Fig. 2. Effects of L-carnitine on apoptotic markers (cleaved caspase-3,
released cytochrome ¢ and BcL-x7 ) in gentamicin-treated NRK-52E cells.
The cells were pretreated with L-carnitine for 24 h, and then treated with
3 mM of gentamicin for 12 h. Western blotting was carried out with the
specific antibody against cleaved caspase-3, cytochrome ¢ and Bel-xp .
GAPDH was used as a loading control.

Most of the TUNEL-labelled nuclei were seen in the prox-
imal tubule epithelium. This result reveals that L-carnitine
inhibits the gentamicin-induced cell apoptosis in the renal
cortex in mice.

To evaluate the mechanism of the protective effect of
L-carnitine on gentamicin-induced apoptosis, the influence
of L-carnitine on the cellular uptake of gentamicin was
first monitored. As shown in Figure 5A, the concentration
of cytosol gentamicin reached a maximum within 30 min.
Compared with control groups, L-carnitine did not influ-
ence the concentration of cytosol gentamicin. This result
reveals that L-carnitine did not influence the cellular up-
take of gentamicin. We next examined whether L-carnitine
prevents gentamicin-induced ROS formation because ROS
are important mediators in gentamicin-induced apoptosis.
Gentamicin-induced increases in intracellular ROS were re-
vealed by fluorescent intensities of 2’,7’-dichlorofluorescin
(DCF). As shown in Figure 5B, L-carnitin pretreatment sig-
nificantly inhibited gentamicin-induced ROS formation.

The production of PGI, was typically monitored by
using measurement of 6-keto-prostaglandin F, (6-keto-
PGF,,) because 6-keto-PGF,, is a stable product of the
non-enzymatic hydration of PGI,. L-carnitine at 5 mM sig-
nificantly elevated PGI, levels in NRK-52E cells at 24 h
(Figure 6A). Although 3 mM of gentamicin reduced the ex-
pression of PGI, in NRK-52E cells, L-carnitine still signif-
icantly elevated PGI, expression. This PGI, elevation was
increased along with the increase of L-carnitine. In the time
course analysis, the PGI, elevation induced by 10 mM of
L-carnitine was significant at 8 h, and reached a maximum
at 24 h (Figure 6B). The siRNA for prostacyclin synthase
(PGIS) was applied to block PGI, synthesis, and we found
that PGIS siRNA transfection obviously reduced PGI, gen-
eration in L-carnitine-treated NRK-52E cells (Figure 6C).
In PGIS siRNA-transfected cells, gentamicin alone induced
more serious apoptosis than that in mock control cells, as
revealed by TUNEL staining (Figure 6D). The pretreatment
of 10 mM L-carnitine significantly alleviated gentamicin-
induced apoptosis in mock control cells, whereas there is a
very minor influence of L-carnitine on gentamicin-induced
apoptosis in PGIS siRNA-transfected cells (Figure 6D). To
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Fig. 3. The influence of L-carnitine on gentamicin-induced renal injury
in vivo. Mice were injected with saline, gentamicin or gentanicin and
L-carnitine as described in the ‘Subjects and methods’ section. (A) Repre-
sentative photomicrographs of HE stain. (B) The concentration of BUN in
treated mice (n = 6). (C) The concentration of serum creatinine in treated
mice (n = 6). Results are shown in mean £ S.D. *Significantly different
(P < 0.05) versus the gentamicin alone group.

further confirm the role of PGI,, we added iloprost (a stable
analogue of PGI,) and PGE,; to siRNA-transfected NRK-
52E cells with gentamicin and L-carnitine treatment. The
results show that the blockage of L-carnitine anti-apoptosis
functions by PGIS siRNA transfection was reversed by ilo-
prost but not by PGE, (Figure 6D).

PGI, has been reported to be a potential ligand for the IP
receptors, PPARa and PPARS [12]. To identify the sig-
nalling pathways involved in the protective function of
L-carnitine, the neutralizing antibody for IP receptor and
the siRNA for PPARa and PPARS were applied to NRK-
52E cells. The PPARa and PPARS protein levels were
obviously reduced by PPAR«a and PPARS siRNA transfec-
tion, respectively, as shown in Figure 7A. The gentamicin-
induced apoptotic cells were increased ~5% by PPAR«a
siRNA transfection and were not affected by IP recep-
tor neutralization and PPARS siRNA transfection (Figure
7B). The inhibitory effect of L-carnitine on the gentamicin-
induced apoptosis was reduced ~80% by PPARa siRNA
transfection and ~25% by IP receptor neutralizing, and
not affected significantly by PPARS siRNA transfection
(Figure 7B). Further, we found that L-carnitine increased
PPAR« activity more than 5-fold (Figure 7C). These results
reveal the crucial role of PPARa activation in the L-carnitine
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Fig. 4. The influence of L-carnitine on gentamicin-induced renal tubular
cell apoptosis in vivo. Mice were injected with saline, gentamicin or gen-
tanicin and L-carnitine as described in the ‘Subjects and methods’ section.
Apoptotic cells in kidneys of experimental animals were detected using
in situ TUNEL staining. (A) Representative photomicrographs of in situ
TUNEL stain. TUNEL-labelled nuclei were revealed as bright spots in cor-
tex sections from untreated and treated mice. The identical fields stained
for TUNEL were also stained using DAPI to show the positions of cell
nuclei. (B) The numbers of TUNEL-labelled cells per millimetre-square
cortex area in each sample (n = 6). Results are shown in mean + S.D.
*Significantly different (P < 0.05) versus the gentamicin alone group.

protective function on gentamicin-induced apoptosis in
NRK-52E cells.

The crucial role of PPAR«a in the L-carnitine protective
function was further proven in PPARa-deficient mice. In
PPARa-deficient mice, gentamicin caused serious degen-
eration of epithelial cells with granular and proteinaceous
casts in the tubular lumen, without respect to L-carnitine
treatment (Figure 8A). The gentamicin-induced apoptosis
in the kidneys of PPARa-deficient mice was revealed by
using the in situ TUNEL assay. There were many apop-
totic cells found in the entire renal cortex from gentamicin-
treated mice (Figure 8B and C), and these apoptotic cells
were rarely reduced by L-carnitine treatment in PPAR«-
deficient mice. It is obvious that PPARa plays an important
role for kidneys against gentamicin-induced apoptotic in-
jury in vivo.

Discussion

The results of this study showed that L-carnitine, with
proper pretreatment time, protected renal tubular cells
from gentamicin-induced apoptosis in vitro and in vivo.
In the study of the protective mechanism of L-carnitine, we
found that L-carnitine induced the endogenous PGI, pro-
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Fig. 5. Effects of L-carnitine on the gentamicin uptake and ROS gen-
eration in NRK-52E cells. (A) The concentration of cytosol gentamicin
in NRK-52E cells. The cells were treated with 3 mM gentamicin for
different time periods with (solid bars) or without (blank bars) 10 mM
L-carnitine pretreatment for 24 h. Data are shown in mean + S.D. (n = 6).
(B) Effects of L-carnitine on gentamicin-induced ROS generation. NRK-
52E cells were pretreated with L-carnitine for 24 h, and then treated with
3 mM gentamicin for 1 h. Gentamicin-induced increases in intracellular
ROS were revealed by fluorescent intensities of 2’,7’-dichlorofluorescin
(DCF). Fluorescence intensities of cells are shown as the relative intensity
of experimental groups compared with untreated control cells. Data are
shown in mean £ S.D. (n = 6). *Significantly different (P < 0.05) versus
the gentamicin alone group.

duction in NRK-52E cells in a dose- and time-dependent
manner (Figure 6). With the reduction of PGI, genera-
tion by PGIS siRNA transfection, the protective effect of
L-carnitine against gentamicin-induced apoptosis was sig-
nificantly decreased in NRK-52E cells. This result shows
that L-carnitine achieved the anti-apoptosis effect by induc-
ing PGI, generation. Although the 1 IP receptors, PPAR«a
and PPARS are supposed to be involved in PGI, signalling
pathways, our results reveal that PPAR«a plays a major part
in L-carnitine protection on gentamicin-induced apoptosis
in NRK-52E cells (Figure 7). Even in PPARa-deficient
mice, gentamicin-induced renal injury and apoptotic cells
were rarely reduced by L-carnitine treatment (Figure 8).
Taken together, we suggest that L-carnitine can protect renal
tubular cells from gentamicin-induced apoptosis through
PPAR« activation by PGI,.

To achieve the protective effect of L-carnitine in vivo,
we designed the animal study with L-carnitine pretreat-
ment for 2 days. In fact, we have tried to inject L-carnitine
and gentamicin simultaneously in the animal study with-
out any pretreatment, but the result was not significant
(data not shown). A longer pretreatment period (4 days)
was also adopted from the study of Kopple et al. [5]
to reveal L-canitine protective effects on renal cortical
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Fig. 6. The connection between prostacyclin and L-carnitine treatment
in NRK-52E cells. (A) The levels of 6-keto-PGF | in L-carnitine-treated
NRK-52E cells. The cells were treated with L-carnitine in indicated con-
centrations with or without 3 mM of gentamicin for 24 h. Results are shown
in mean + S.D. (n = 6). *Significantly different (P < 0.05) versus the
6-keto-PGF | level in the cells without treatment. **Significantly differ-
ent (P < 0.05) versus the 6-keto-PGF |, level in the cells with gentamicin
treatment. (B) A time course of 6-keto-PGF, levels in L-carnitine-treated
NRK-52E cells. Cells were treated with L-carnitine at 10 mM for different
time periods. Results are shown in mean £+ S.D. (n = 6). *Significantly
different (P < 0.05) versus the 6-keto-PGF 1 level in the cells at 0 h. (C)
The effect of PGIS siRNA transfection on the levels of 6-keto-PGF, in
L-carnitine-treated NRK-52E cells. The cells were either transfected with
control siRNA as mock controls or transfected with PGIS siRNA to obtain
PGIS knockdown cells. The transfected cells were treated with L-carnitine
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proximal tubular necrosis in gentamicin-treated rats. The
L-carnitine injections, initiated some days before gentam-
icin treatment, provide some assurance that the kidney
tissue was exposed to gentamicin with adequate tissue
L-carnitine levels.Interestingly, more than 16 h of pretreat-
ment is also necessary for L-carnitine to protect NRK-
52E cells from gentamicin-induced apoptosis in vitro
(Figure 1). This requirement for relatively long pretreatment
periods may result from L-carnitine-induced PGI, genera-
tion. We have found that PGI, can protect the kidney from
gentamicin-induced apoptosis in rat renal tubular cells [25].
The results of the present study showed that PGI, genera-
tion was essential for the anti-apoptotic effect of L-carnitine
and was significantly induced by L-carnitine treatment for
8 h or above (Figure 6). We suggest that a long pretreat-
ment period is helpful to reach a maximum of L-carnitine-
induced PGI, in renal tubular cells to protect kidneys from
gentamicin-induced acute renal injury in vivo.

Since ROS are important apoptotic stimulators in
gentamicin-induced apoptosis, the inhibition of ROS gen-
eration is supposed to be one of the anti-apoptotic mecha-
nisms of L-carnitine. L-carnitine has been reported to have
an inhibitory effect on free radical production [27,28]. But
the detailed mechanism of free radical scavenging is still
unclear. In our previous study, the selective PGI, augmen-
tation with adenovirus-COX-1/PGIS transfection has been
found to inhibit adriamycin-induced ROS generation and to
protect NRK-52E cells from adriamycin-induced apoptosis
[26]. This ROS inhibition resulted largely from elevated ac-
tivation of catalase and superoxide dismutase caused by cel-
lular PGI, augmentation. In our recent study, cellular PGI,
augmentation can activate PPARa in NEK-52E cells [24].
In addition, the overexpression of PPARa can also induce
the activity of catalase and superoxide dismutase, and re-
duce adriamycin-induced ROS concentration in NRK-52E
cells [24]. Based on these data, we suggest that the anti-
oxidant ability of PGI, is highly associated with activating
PPARa. In the present study, inducing PGI, and activat-
ing PPARa were shown to be necessary for L-carnitine’s
anti-apoptotic effect (Figures 7 and 8). Therefore, we sug-
gest that L-carnitine induces PGI, generation to inhibit
gentamicin-induced ROS generation through PPAR« ac-
tivation in renal tubular cells, and that L-carnitine is useful
in reducing gentamicin-induced nephropathy.

Based on our data, L-carnitine reduced the severity of
the kidney disorder but did not prevent gentamicin-induced
nephrotoxicity (Figures 3 and 4). Even in NRK-52E cells,
10 mM of L-carnitine only reduced gentamicin-induced
apoptosis ~40% (1). This phenomenon may result from
the moderate PGI, induction of L-carnitine in renal tubular

in different concentrations for 24 h. Results are shown inmean + S.D. (n =
6). (D) The influence of PGIS siRNA transfection on the protection effect
of L-carnitine in gentamicin-treated NRK-52E cells. The transfected cells
were pretreated with L-carnitine (10 mM) for 24 h, and then treated with
3 mM of gentamicin for 24 h. Iloprost (1 wM) or PGE, (1 uM) was added
back to check the influence of PGIS knockdown. The cells were stained
with DAPI and TUNEL, and the percentage of TUNEL positive cells were
calculated. Results are shown in mean + S.D. (n = 3). *Significantly
different (P < 0.05) versus the mock control with gentamicin treatment.
Ps, PGIS siRNA transfection.
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Fig. 7. Effects of the blockage of the PGI,-signalling pathway on the
protective effect of L-carnitine in NRK-52E cells. (A) The effect of PPARa
and PPARS siRNA transfection on PPARs protein levels in NRK-52E
cells. The cells were either transfected with PPARa siRNA or PPARS
siRNA to get PPARa and PPARS knockdown cells. Control siRNA was
also applied as mock controls. Western blotting was carried out with the
specific antibody against PPARa or PPARS. GAPDH was used as a loading
control. (B) The influence of an IP-neutralizing antibody, PPARa siRNA
and PPARS siRNA on the protective effect of L-carnitine in NRK-52E cells.
Transfected cells were pretreated with or without L-carnitine (10 mM) for
24 h, and then treated with 3 mM of gentimicin for 24 h. For blocking the
function of PGI; IP receptor, the cells were pretreated with the IP receptor-
neutralizing antibody for 30 min. The percentage of TUNEL-positive cells
is shown in mean + S.D. (n = 3). *Significantly different (P < 0.05)
versus the mock control with L-carnitine and gentamicin treatment. C,
untransfected control; M, mock control; sPa, PPARa siRNA transfection;
sP3, PPARS siRNA transfection; IP_Ab, IP receptor neutralizing antibody
treatment. (C) Effects of L-carnitine treatment on PPAR« activation in
NRK-52E cells. NRK-52E cells were transfected with luciferase reporters
for PPARa and a B-galactosidase expression vector (as an internal control).
Transfected cells were treated with or without L-carnitine at 10 mM for
24 h. Luciferase activity was reported as relative luciferase activity after
correction for transfection efficiency using p-galactosidase activity, and is
shown in mean £ S.D. (n = 3).

cells. In our previous study, high PGI, expression (1200—
1400 pg/g protein) reduced gentamicin-induced apoptosis
>80% in NRK-52E cells [25]. L-carnitine at 20 mM dose
only induced ~450 pg/ig PGI, in NRK-52E cells; more-
over, gentamicin partially inhibited the expression of PGI,
(Figure 6). Based on our results, more L-carnitine could
induce more PGI, expression. Therefore, it is possible that
a high dosage of L-carnitine blocks gentamicin-induced
apoptosis in NRK-52E cells and prevents gentamicin-
induced nephrotoxicity in vivo. However, to assess the side
effects of L-carnitine in a high dosage, further in vivo studies
are needed.

Because the renal protective effect of L-carnitine re-
sults mostly from the PGI, induction and PPARa activa-
tion, as revealed in this study (Figures 6,7 and 8), we also

H.-H. Chen et al.
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Fig. 8. The influence of PPARa deficiency on the protective effect of
L-carnitine against gentamicin-induced renal injury in vivo. (A) Repre-
sentative photomicrographs of HE stain. (B) Representative photomicro-
graphs of in situ TUNEL stain. TUNEL-labelled nuclei were shown as
bright spots in cortex sections from untreated and treated mice. The iden-
tical fields stained for TUNEL were also stained using DAPI to show the
positions of cell nuclei. (C) The numbers of TUNEL-labelled cells per
millimetre-square cortex area in each sample. Data are shown in mean +
S.D. (n = 6).

suggest that PGI, and PPAR« are potential therapeutic can-
didates for gentamicin-induced nephropathy. But admin-
istering PGI, and its analogues systematically can cause
undesirable side effects. Administrating PGI, and its more
stable analogues locally is also a challenge because of the
relatively short half-life of these drugs. In fact, certain fatty
acids, such as docosahexaenoic acid (DHA), can also acti-
vate PPARa and protect renal tubular cells from adriamycin-
induced apoptosis in vivo, and recover the kidney function
[24]. However, relatively high dosages of these fatty acids
would be needed, and they are rather costly. L-carnitine is a
natural neuroprotective agent that can be safely used in hu-
mans. Therefore, we suggest that L-carnitine be developed
as a future clinical remedy to prevent gentamicin-induced
nephropathy in human.
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