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Renoprotective effect of red ginseng in
gentamicin-induced acute kidney injury

Hyun-Soo Shin', Mina Yu', Mijin Kim, Hack Sun Choi and Duk-Hee Kang

Aminoglycoside-induced nephrotoxicity is one of the prevalent causes of acute kidney injury (AKI). Oxidative stress-
mediated apoptosis of renal tubular cells is known to be a major mechanism of renal injury. Red ginseng extract (RGE) has
been reported to possess antioxidant and immune-modulatory activities. We investigated the effect of RGE on genta-
micin (GM)-induced apoptosis and oxidative stress in cultured renal tubular cells and animal model of GM-induced AKI.
GM induced the generation of reactive oxygen species (ROS) with an increase in NADPH oxidase (NOX) activity and
mitochondrial oxidation in NRK-52E cells that were ameliorated with RGE. GM-induced apoptosis of NRK-52E cells, which
was associated with an increased expression of mitochondrial Bax, cytosolic cytochrome ¢, and cleaved caspase-9 and -3,
along with a decrease in bcl-2 expression, was also blocked by RGE. In an animal model of GM-induced AKI, RGE
treatment significantly attenuated renal dysfunction, cell apoptosis, and tubular damage. RGE ameliorated ROS pro-
duction in rats with GM-induced AKI, as demonstrated by an increase in the reduced form of glutathione in renal cortex
and a decrease in urinary excretion of 8-hydroxy-2’-deoxyguanosine. Our results suggest that RGE protects the kidney

from GM-induced AKI via the mechanism of modulation of oxidative stress.
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Aminoglycoside antibiotics are widely used for the treatment
of Gram-negative bacterial infection, and are also effective
against Staphylococcus and Enterococcus.?  Although
aminoglycoside remains the first-line antibiotic for many
severe infections because of several advantages including low
rate of resistance and inexpensive cost, the prescription of
aminoglycoside is limited because of its nephrotoxicity.®*
Gentamicin (GM)-induced acute kidney injury (AKI) occurs
in 10-20% of treated patients, and even more in populations
at risk.” The drug is accumulated in renal epithelial cells, and
causes the loss of the brush border, apoptosis, massive
proteolysis, and overt necrosis of renal tubules.® The pro-
posed mechanism of GM-induced renal damage includes the
generation of free radicals, phospholipidosis, a decrease of
renal blood flow, and an induction of local inflammation.”!°
Reactive oxygen species (ROS) have been reported as one of
the key mediators of GM-induced nephrotoxicity as shown
by an increased production of ROS by GM and the protective
effect of ROS scavengers on GM-induced necrosis of renal
tubules.” 1112

Ginseng, the root of Panax ginseng C.A. Meyer (family
Araliaceae), is one of the most widely prescribed and intensely

studied herbal medicines. Ginseng or its active metabolite,
ginsenoside, is reported to be effective in treatment of various
immune, endocrine, cardiovascular, and neurodegenerative
diseases.!>"1® Ginsenoside protected the kidneys from cisplatin-
induced renal injury via an amelioration of oxidative stress
and an inhibition of DNA fragmentation.!” Ginseng extracts
also inhibited the generation of ROS and apoptosis of
auditory cell in cisplatin-induced ototoxicity.!® In this study,
we investigated the effect of red ginseng extract (RGE, the
steamed root of Panax ginseng C.A.) on renal function and
pathology in animal model of GM-induced AKI with an
elucidation of mechanisms for its renoprotective effect.

MATERIALS AND METHODS

Reagents

All chemicals and tissue culture plates were obtained from
Sigma-Aldrich (St Louis, MO, USA) and Nunc Labware
(Waltham, MA, USA), unless otherwise stated. RGE was
manufactured from the roots of a fresh Panax ginseng C.A.
Meyer plant (Korean Ginseng and Tobacco Research Institute,
Daejeon, Korea). In detail, red ginseng was made by steaming
6-year-old fresh ginseng roots at 90—100 °C for 3 h and then
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drying at 50-80 °C. RGE was prepared from red ginseng
water extract that was extracted at 87 °C for 8 h of circulating
hot water six times. A voucher specimen (201-E7024) was
deposited at Korea Ginseng Corporation. Active component
of RGE was analyzed by high-performance liquid chroma-
tography.”” RGE used in this experiment contains major
ginsenoside-Rb1: 13.9%, -Rb2: 14.4%, -Rc: 6.1%, -Rd: 13.9%,
-Re: 4.7%, -Rf: 11.5%, -Rgl: 2.6%, -Rg2: 0.69%, -Rg3: 2.8%,
and other minor ginsenosides. Mitochondria-target ubiqui-
none (MitoQ) is a kind gift from Dr Michael P Murphy
(Medical Research Council Dunn Human Nutrition Unit,
UK). NAPDH oxidase inhibitor (NOXi) is a gift from
Professor Bae YS (Center for Cell Signaling Research, Division
of Molecular Life Sciences, Ewha Womans University, Seoul,
Korea).

Cell Culture

Rat renal tubular epithelial cells (NRK-52E cells) were ob-
tained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). NRK-52E cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 5% fetal bovine serum (FBS). Cells were maintained
at 37°C in a humidified 5% CO,/95% air atmosphere
incubator. A fresh medium was added to the cells every
2 days until cells reached an adequate confluency for each
experiment.

Cytotoxicity Assay

Cytotoxicity of GM in NRK-52E cells was determined by the
amount of lactate dehydrogenase (LDH) leaking into the
medium after 48 h of treatment using the LDH cytotoxicity
detection kit (Roche, Mannheim, Germany) according to the
manufacturer’s direction. Each series of data was determined
in triplicate.

Cell Proliferation Assay: [*H]-Thymidine Incorporation
NRK-52E cells were cultured at a concentration of 5 x 10*
cells/ml in 6-well culture plates in DMEM containing 5%
FBS. Cells were incubated with GM at 37 °C for 48 h, and
then [3H]—thymidine (1 uCi/ml) was added. After washing
with trichloroacetic acid and phosphate-buffered saline
(PBS), cells were solubilized with 2% SDS before quantitation
of [’H] by scintillation counting (Beckman Coulter). Data
from each experimental condition were determined in tri-
plicate.

Determination of the Cellular Uptake of GM

To determine whether RGE affects intracellular uptake of
GM, we quantitated intracellular GM content. NRK-52E cells
were seeded at a concentration of 5 x 10* cells/ml in 6-well
culture plates with 3 mm GM for different time periods with
or without RGE (100 ug/ml), washed three times with PBS,
and then lysed with lysis buffer. The concentration of GM in
each sample was detected using GM ELISA kits according to
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instructions provided by the manufacturers (Euro-Diag-
nostica B.V., Arnhem, The Netherlands).

ROS Generation by DCF-DA Fluorescence Measurement
NRK-52E cells were incubated with 10 um of 2/,7'-dichloro-
fluororescein diacetate (DCF-DA) (Invitrogen, Carlsbad, CA,
USA) before an exposure to GM (3 mm), RGE (100 pug/ml) or
H,0, (100 um). A serial fluorescence was measured using
fluorescent plate reader at excitation 485nm and emission
535 nm (Molecular Device).

Mitochondrial ROS production

Mitochondrial-associated ROS levels were measured by
exposure of cells to 2.5 um of MitoSOX® red (Invitrogen) for
30 min at 37 °C. The cells were visualized under the Axiovert
200 fluorescence microscope (Carl Zeiss, Oberkochen,
Germany). Number of ROS-positive cells was counted in 10
random fields at x 100 magnification.

Measurement of NADPH Oxidase (NOX) Activity

NOX activity was measured by a luminescence assay of
superoxide production in a 50 mm phosphate buffer con-
taining 1 mm EGTA, 150 mm sucrose, 5 um lucigenin as the
electron acceptor, and 100 um NADPH as the donor with an
addition of 100 ul of cell homogenate (100 ug proteins). NOX
activity was expressed as the rate of relative chemilumines-
cence units per mg of protein. Protein content was measured
using the Bio-Rad protein assay reagent (Bio-Rad Labora-
tories, CA, USA).

Cell Apoptosis Assay: Flow Cytometric Analysis for
Propidium lodide Staining and Annexin V-FITC Binding
After exposure of NRK-52E cells to GM for 48h, cell sus-
pensions were prepared by treating cells with trypsin/EDTA
mixture in DMEM. Cells were washed twice in cold PBS, and
then resuspended in 1 x Annexin V binding buffer at a
concentration of 1 x 10° cells/ml. After incubation of 100 ul
cell suspension with 5 ul FITC Annexin V and 5 ul propidium
iodide (PI) at room temperature in the dark for 15min,
400 pl of 1 x binding buffer was added to each tube. Samples
were then analyzed on a FACS Calibur flow cytometer
(Beckton Dickinson, San Jose, CA, USA) and CellQuest
software (Beckton Dickinson). The 10000 events per sample
were collected with an exclusion of cell debris by scatter
gating (forward vs side). The data were displayed as two-color
dot plot with FITC-Annexin V (green fluorescence, X axis) vs
PI (red fluorescence, Y axis). The Annexin V + /PI— cells
were counted as early apoptotic cells and Annexin V + /PI +
cells were late apoptotic cells.

Western Blot Analysis

After incubation of NRK-52E cells with GM for 48 h, protein
samples isolated from cell lysates were mixed in reducing bulffer,
boiled, resolved on 10% SDS-PAGE gels, and transferred to a
polyvinylidene difluoride membrane by electroblotting as
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described previously.”” Membranes were blocked in 5% wt/vol
nonfat milk powder in Tris-buffered saline for 30 min at
room temperature. Blots were then incubated overnight in
blocking solution with primary antibody at 4 °C. Mouse mAb
to Bax (Abcam, UK) and rabbit mAbs to Bcl-2, cytochrome c,
cleaved caspase-9, and cleaved caspase-3 (Cell Signaling,
Danvers, MA, USA) were used. After washing the blot with
Tris-buffered saline with Tween-20, the blots were incubated
with horseradish peroxidase-conjugated secondary anti-
bodies corresponding to each primary antibody, followed
by enhanced chemiluminescence detection (Santa Cruz
Biotechnology). Positive immunoreactive bands were quanti-
fied by densitometry and compared with the expression of
p-actin.

Isolation of Mitochondrial and Cytosolic Protein Fraction
Mitochondrial and cytosolic proteins were isolated using the
Mitochondria Isolation Kit (Thermo Scientific, Rockford, IL,
USA) according to the manufacturer’s instructions.

In Vivo Experimental Model of GM-Induced AKI

Figure 1 shows the protocol for animal model of gentamicin-
induced AKI. A total of 52 male Sprague-Dawley rats (200—
240 g; Central Lab. Animal, Seoul, Korea) were randomized
into four groups (Control, RGE, GM, and GM + RGE) after
measuring blood urea nitrogen (BUN), creatinine, and
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proteinuria: control group with vehicle injection (n=10),
RGE group with oral administration of RGE (100 mg/kg/day
for 30 days before GM injection and 10 days with GM,
n=10), GM group with intraperitoneal GM injection
(100 mg/kg/day) for 10 days (n=16), and GM + RGE group
that received RGE 30 days before and together with GM
injection for 10 days (n=16). Rats were killed at days 3 and
10 for evaluation of renal function and histology. BUN
(QuantiChrom urea nitrogen assay kit; Bioassay Systems,
Hayward, CA, USA), creatinine (QuantiChrom creatinine
assay kit), and urinary protein excretion (BCA protein assay
kit; Pierce Biotechnology, Rockford, IL, USA) were measured
according to the standard protocol. All animal procedures
were approved by the Animal Care Committees of Ewha
Womans University School of Medicine. Tissue for light
microscopy was fixed in Methyl Carnoy’s solution and
embedded in paraffin. Then, 4 um sections were stained with
the periodic acid-Schiff (PAS) reagent and counterstained
with hematoxylin. Tubular necrosis score (0—4) was assessed
on the basis of PAS staining as described previously.?! All
analyses were performed blinded.

TUNEL Staining

Apoptosis of renal cells was identified by TdT-mediated
dUTP nick-end labeling (TUNEL) staining. End labeling of
exposed 3’ OH ends of DNA fragments was undertaken with
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Figure 1 Animal model of GM-induced AKI. Numbers in parenthesis refer to the numbers of rats killed on day 3 (D3) and day 10 (D10).
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the TUNEL in situ cell death detection kit (Roche Diag-
nostics, Laval, Quebec, Canada) as described by the manu-
facturer. After the deparaffinization and dehydration of tissue
section, nuclear proteins were stripped from the DNA by
incubating in proteinase K for 20 min and endogenous per-
oxidase was blocked with hydrogen peroxide. Sections were
incubated in a buffer containing TdT and digoxigenin-labeled
dUTP, followed by digoxigenin-conjugated peroxidase treat-
ment. TUNEL signal was observed using the DAB substrate
kit (Vector Labs, Burlingame, CA, USA), and TUNEL-posi-
tive cells were counted in more than 10 high-power fields
(% 200) in each stained section using a light microscope
(BX51; Olympus, Tokyo, Japan).

Measurement of Urinary 8-OH-dG and Reduced GSH in
Renal Cortex

To evaluate the oxidative/antioxidative status in rats, urinary
8-hydroxy-2'-deoxyguanosine (8-OH-dG) and reduced glu-
tathione (GSH) content in renal cortical tissue were mea-
sured using Oxidative DNA Damage ELISA Kit (Cell Biolabs,
San Diego, CA, USA) and Glutathione Assay Kit (Cell Biolabs),
respectively. Urine samples were centrifuged at 13 000 r.p.m.
for 10 min after thawing, and the supernatants were added to
an 8-OH-dG/BSA conjugate preabsorbed plate. After a brief
incubation at 37 °C, 8-OH-dG content was determined by a
competitive ELISA. For GSH measurement, renal cortical
tissues were homogenized in a volume of ice-cold buffer
containing Tris (10 mm), diethylenetriamine pentaacetic acid
(DTPA, 1mum), and phenylmethanesulphonyl fluoride
(PMSF, 1 mm; adjusted to pH 7.4). The whole homogenate
was diluted (5:1) with ice-cold 5% metaphosphoric acid, and
reduced/oxidized GSH contents were measured in super-
natant after centrifugation at 800¢ for 10 min at 4 °C. GSH
was normalized by total protein contents.

Statistical Analysis

All data are presented as mean *s.d. Differences in para-
meters at each time point and the concentration of GM or
RGE were compared by paired -test and one-way ANOVA.
Differences in the various parameters among groups were
evaluated by one-way ANOVA followed by Turkey’s multiple
comparison. Significance was defined as P <0.05.

RESULTS

Effect of GM and RGE on Proliferation and Cytotoxicity
of Renal Tubular Cells

GM did not impose a significant effect on cell proliferation
and LDH release in NRK-52E cells up to 3mm at 48h,
whereas 10mm of GM inhibited the proliferation and in-
duced LDH release in NRK-52E cells (Figure 2a and b). RGE
at a concentration of >100 ug/ml ameliorated GM-induced
cytotoxicity and inhibition of cell proliferation at 48 h. There
was no significant effect of 10 or 50 ug/ml of RGE on
GM-induced changes in cell proliferation and LDH release in
NRK-52E cells (Figure 2¢ and d).
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Effect of RGE on GM-Induced ROS Production and NOX
Activation

GM (3mwm) significantly increased the ROS generation
(Figure 3a and b) and NOX activity (Figure 3c) in NRK-52E
cells from 30 min. RGE (100 pg/ml) significantly inhibited
both ROS generation and NOX activity in GM-treated renal
tubular cells. Importantly, RGE also ameliorated H,0,-in-
duced increase in DCF-DA staining (Figure 3a and b), sug-
gesting the role of RGE as an antioxidant.

Effect of RGE on GM-Induced Mitochondrial ROS
Production

In addition to an increase in NOX activity, GM also increased
mitochondrial ROS production in NRK-52E cells. Mito-
chondrial ROS generation assessed by MitoSox staining was
evident from 6h of GM exposure that was ameliorated by
RGE (Figure 4). NOXi (1 um) also decreased mitochondrial
ROS production in GM-treated renal tubular cells.

Effect of RGE on Apoptosis and Apoptosis-Related
Protein Expression

GM induced both an early and late apoptosis of NRK-52E
cells at 48h of stimulation (2.7 vs 47.6%, control vs GM,
P<0.05). RGE significantly ameliorated GM-induced apop-
tosis of NRK-52E cells (Figure 5a and b).

To understand the mechanism of GM-induced apoptosis,
we examined the changes in apoptosis-associated proteins
including mitochondrial Bax, cytosolic cytochrome ¢, cleaved
caspase-9 and -3, and Bcl-2. GM increased the expression of
pro-apoptotic proteins, mitochondrial Bax, cytosolic cyto-
chrome ¢, and cleaved caspase-9 and -3, whereas it decreased
the expression of anti-apoptotic protein Bcl-2 from 6h
(P<0.05 vs control). Importantly, treatment with RGE
(100 pg/ml) significantly blocked the GM-induced alteration
in expression of Bax, cytochrome ¢ and cleaved caspase, and
Bcl-2 (P<0.05 vs GM-treated cell), suggesting that the pro-
tective effect of RGE on GM-induced apoptosis in NRK-52E
cells was associated with an altered expression of apoptosis-
associated proteins (Figure 6).

Effect of RGE on Intracellular Uptake of GM

To evaluate the mechanism of the protective effect of RGE on
GM-induced ROS and apoptosis, the influence of RGE on the
cellular uptake of GM was monitored. After GM treatment,
cytosolic GM concentration reached a maximum level within
30 min. RGE (100 ug/ml) did not influence the concentration
of cytosolic GM (Figure 7). This finding suggests that the
effect of RGE on GM-induced changes in renal tubular cells is
not related to the interference in cellular uptake of GM.

Effect of Antioxidants on GM-Induced Apoptosis

We also evaluated the effect of antioxidants N-acetyl cysteine
(NAC, 5mm), NOXi (1 um), and MitoQ (1 um) on apoptosis
and the changes in apoptosis-associated genes induced by
GM. Treatment with antioxidants significantly blocked the
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Figure 2 Effect of RGE on GM-induced changes in cell proliferation and cytotoxicity in renal tubular cells. GM (10 mm) decreases [°H]-thymidine uptake
of NRK-52E cells with an induction of LDH release at 48 h (a, b), whereas GM at concentrations of <3 mm does not impose a significant effect on cell
proliferation and cytotoxicity. RGE (100 and 300 ug/ml) ameliorates the inhibition of cell proliferation and cytotoxicity induced by GM at 48 h (c, d).
Statistical analysis is performed using one-way ANOVA. Data are derived from four independent experiments and presented as the mean + s.d. *P<0.05
vs others.
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Figure 3 Effect of RGE on GM-induced ROS production and NOX activity. GM at concentration of 3 mwm significantly increases the generation of
intracellular ROS in NRK-52E cell from 30 min that is blocked by cotreatment with RGE (100 ug/ml) (a). Representative DCF-DA staining at 30 min of GM
treatment is shown in (b). RGE also blocks H,0,-induced increase in oxidative stress (a, b). An enhanced NOX activity by GM at 30 min is ameliorated
by RGE (c). Statistical analysis is performed using one-way ANOVA Data are derived from four independent experiments and presented as the

mean * s.d. *P<0.05 vs other time points at each experimental condition and other experimental condition at each time point, *P<0.05 vs others.

GM-induced alteration in the expression of mitochondrial apoptosis of NRK-52E cells (Figures 8 and 9). These findings
Bax, cytosolic cytochrome ¢, cleaved caspase-9 and -3, and  suggested the role of ROS generation via both NOX activa-
Bcl-2 in NRK-52E cells (P<0.05 vs GM-treated cells; tion and mitochondrial dysfunction in GM-induced apop-
Figure 9). NAC, NOXi, and MitoQ ameliorated GM-induced  tosis of renal tubular cells.
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Figure 5 Effect of RGE on apoptosis of renal tubular cells. GM (3 mm) induces apoptosis in NRK-52E cells. Representative histogram (a) and dot blots
(b) depict the shift in fluorescence intensity of Annexin V binding at 48 h. Annexin V and propidium iodide (PI) double staining reveals a significant
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analysis is performed using one-way ANOVA. Data are derived from five ind
conditions.

Effect of RGE in Animal Model of GM Nephrotoxicity

Animal model of GM-induced AKI was generated by intra-
peritoneal injection of GM with or without RGE adminis-
tration (Figure 1). An increase in urinary protein excretion
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ependent experiments and presented as the mean £ s.d. *P<0.05 vs other

was observed on day 3 of GM injection. BUN and creatinine
were increased at 10 days of GM injection with substantial
histologic changes such as tubular necrosis and dilatation
(Figures 10 and 11). Rats in GM 4 RGE group showed an
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Figure 7 Effect of RGE on cellular uptake of GM. Intracellular uptake of
GM is significantly increased at 30 min in NRK cells, and is not altered by
RGE treatment up to 12 h of exposure. Statistical analysis is performed
using one-way ANOVA. Data are derived from three independent
experiments and presented as the mean £ s.d. ¥*P<0.05 vs intracellular
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amelioration of functional and histologic damage compared
with the rats of GM group (Figures 10 and 11). An increase in
tubular cell apoptosis assessed by TUNEL staining at 3 and 10
days of GM administration was alleviated in GM + RGE
group (Figure 12). Rats in GM group demonstrated an in-
crease in the expression of pro-apoptotic proteins, Bax, cy-
tochrome ¢, and cleaved caspase-9 and -3, with a decrease in
anti-apoptotic protein, Bcl-2. In GM + RGE group, there was
a partial reversal of altered expression of apoptosis-related
protein induced by GM (Figure 13).
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Effect of RGE on ROS Generation in Rats of GM
Nephrotoxicity

The GM group demonstrated an increased urinary excretion
of oxidative stress marker 8-OH-dG from 3 days with a decrease
in renal expression of reduced GSH, an important cellular
defense against oxidative stress (Figure 14). Consistent with the
in vitro effect of red ginseng, GM + RGE group demonstrated
an amelioration of oxidative stress induced by GM, as evidenced
by a decrease in urinary 8-OH-dG with an increase in renal
GSH contents, as compared with GM group (Figure 14).

DISCUSSION
In this study, we demonstrated that GM induced oxidative
stress in both in vitro and in vivo experimental models and
red ginseng significantly ameliorated GM-induced ROS
production. This antioxidant effect of red ginseng was asso-
ciated with the protection of renal tubular cells from
apoptosis that resulted in a significant amelioration of
GM-induced AKI

GM is a widely prescribed aminoglycoside for the treat-
ment of Gram-negative bacteria.! However, the clinical utility
of GM is limited by the risk of ototoxicity and nephro-
toxicity.%?> Among several explanations proposed as the
mechanism of GM-induced nephrotoxicity, GM-induced
oxidative stress and apoptosis of renal tubular cells are
regarded as major mechanisms.?»?* Panax ginseng C.A.
Meyer has been used for more than 2000 years in Asia as a
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traditional medicine. Ginseng saponin is a major component
of ginseng extract, and a glycoside of ginseng saponin known
specifically as ginsenoid is regarded as an active component

responsible for various beneficial effects of ginseng.?>~28 Red
ginseng is produced by steaming and drying fresh ginseng,
which results in chemical changes of ginsenoids are reported
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Figure 10 Effect of RGE on proteinuria, renal function, and tubular necrosis in GM-induced AKI. Increased proteinuria is noted in 3 days of GM
administration (a). Blood urea nitrogen (BUN) (b) and creatinine (c) are increased in GM group on day 10. Tubular necrosis (d) is also evident on day
10. In GM + RGE group, renal function and tubular integrity are significantly preserved compared with GM group. Statistical analysis is performed using
one-way ANOVA followed by multiple comparison. *P<0.05 vs other groups at each day, *P<0.05 vs GM group on day 10.

Figure 11 Effect of RGE on renal pathology in GM-induced AKI. Periodic acid-Schiff staining demonstrates focal tubular dilatation at day 3 of GM
administration (b) and marked tubular damage at day 10 (d) compared with control rats (a). Rats in GM + RGE group on day 3 (c) and day 10 (e) show
a significant amelioration of tubular damage compared with GM group (b, d).

to show diverse clinical activities including anticancer, hypo- Recent studies demonstrated the renoprotective effect of
glycemic, vasodilatory, and anti-inflammatory effect.!>?*!  ginseng in GM-induced renal injury.>*¢ However, all of
Interestingly, many of these are known to be mediated by the  those studies examined the effect of RGE only in animal
antioxidant effect of red ginseng.3>%3 model of GM-induced AKI without an extensive mechanistic
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Figure 12 Effect of RGE on tubular apoptosis in GM-induced AKI. GM induces apoptosis of renal tubular cells as assessed by TUNEL staining at day 3
(b) and day 10 (d) that is ameliorated in GM + RGE group at day 3 (c) and day 10 (e). TUNEL-positive cells are counted under a high-power-field (HPF)
light microscope ( x 200) in more than 10 fields and averaged. Quantitation bar of apoptotic cells is shown (f). Statistical analysis is performed using

one-way ANOVA. *P<0.05 vs others at each day.

analysis in in vitro model using cultured renal tubular cell
that is the most important target of GM-induced damage by
drug accumulation. In addition, none of previous studies
investigated the antioxidant effect of RGE as a potential
mechanism for renoprotection in GM-induced AKI.

One of the most important findings of this study is the
antioxidative effect of RGE that inhibits both NOX-derived
and mitochondrial ROS generation by GM. RGE blocked
NOX activity that was enhanced in renal tubular cells ex-
posed to GM. There were several reports demonstrating the
antioxidant effect of red ginseng in cancer cells, pancreatic
p cells, auditory cells, and gastric epithelial cells, 18323738 3nd
recent studies showed the attenuation of mitochondrial
dysfunction by red ginseng.>**" Ginsenoid restored respi-
ratory chain complex activities and aconitase activity in an
animal model of focal cerebral ischemia with a decrease in
mitochondrial ROS production,*’ suggesting the neuropro-
tective effect of red ginseng via an integrated process of
mitochondrial protection. In this study, one of the earliest
changes in GM-treated renal tubular cells was ROS gene-
ration by NOX activation that was seen as early as at 30 min,
whereas mitochondrial ROS production by GM became
evident at 6h of stimulation. Interestingly, NOX inhibitors
significantly ameliorated GM-induced ROS production by

mitochondrial pathway (Figure 4), suggesting initial ROS
generated by NOX also induced mitochondrial ROS pro-
duction. The antioxidant effect of RGE was also confirmed in
animal model of GM-induced AKI in this study. RGE
restored the balance of oxidative stress shown as an increase
of GSH level in the kidney with a reduction in urinary
8-OH-dG, a key biomarker of cellular oxidative stress.*!*?
Importantly, RGE also alleviated H,0,-induced oxidative
stress in renal tubular cells (Figure 3), suggesting the role of
RGE as an antioxidant.

Another important finding of this study is the effect of
RGE on GM-induced apoptosis. Apoptosis in NRK-52E cells
exposed to GM was associated with an activation of mi-
tochondrial Bax and cytosolic release of cytochrome ¢ that
was evident from 6 h of GM treatment. Cytochrome c release
is known to be essential for the generation of the apopto-
some-containing procaspase-9 that initiates the effector
caspase cascade including caspase-3.*> Increased cytosolic
cytochrome ¢ in our study indicated that GM-induced apop-
tosis of renal tubular cells occurred through mitochondrial
pathway. Anti-apoptotic multidomain Bcl-2 family protein is
known to regulate cytochrome c release by binding the outer
membrane of mitochondria and blocking the efflux of
cytochrome ¢.** RGE ameliorated GM-induced apoptosis of
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Figure 13 Effect of RGE on apoptosis in GM-induced AKI. Western blots and quantitation graph are shown (a, b). f-Actin is used as control. Statistical
analysis is performed using one-way ANOVA. *P<0.05 vs others at each protein.
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Figure 14 Effect of RGE on oxidative stress status in GM nephrotoxicity. Urinary excretion of 8-OH-dG is increased in GM group on day 3s and 10, and
is alleviated in GM + RGE group (a). Decreased GSH level in renal cortex in GM group is also ameliorated by RGE treatment (b). Statistical analysis is
performed using one-way ANOVA followed by multiple comparison. *P<0.05 vs control at each day, *P<0.05 vs GM on day 3, **P<0.05 vs GM on

day 10.

cultured renal tubular cells with a reversal of the alteration in
apoptosis-related protein expression induced by GM. This
in vitro finding was also confirmed in animal model of GM-
induced AKI, showing an increased apoptosis in renal tubular
cells of kidney tissue (Figure 12) that was ameliorated in
GM + RGE group. The beneficial effect of RGE on GM-in-
duced apoptosis seems to be mediated by the antioxidant
effect of RGE as altered expressions of apoptosis-related
proteins were preceded by ROS production, and antioxidant
treatment blocked the changes in these (Figure 9). There are
several reports demonstrating the effects of antioxidants on
GM-induced apoptosis.!®® In our study, ROS scavenger,
NOX inhibitor, and mitochondria-targeted antioxidant all
reduced GM-induced apoptosis of NRK-52E cells (Figure 8).

The protective effect of RGE on GM-induced renal injury
observed in our study seems not to be related to an inhibition
of intracellular uptake of GM in NRK cells. Lee et al*
previously reported that RGE treatment decreased the
accumulation of GM in the kidney. However, in our study,
an increase in GM accumulation, which peaked at 30 min of
GM exposure in cultured renal tubular cells, was not changed
with cotreatment of RGE. The reason for the discrepancy
between in vivo and in vitro studies is not certain; however,
low GM concentration in ginseng-treated rat kidney can be
a secondary consequence of preserved renal function in
RGE-treated rats.

An amelioration of GM-induced cytotoxicity by RGE was
dose dependent in renal tubular cells. RGE at 10 or 50 ug/ml
did not provide a significant protection from an inhibition of
cell growth, cytotoxicity, ROS release, and apoptosis of
NRK-52E cells by GM. In our in vitro experiment, 100 yug/ml
was a minimum concentration for the protective effect of
RGE on GM-treated renal tubular cells. In addition, our
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preliminary in vivo experiment showed cotreatment of RGE
for 10 days during daily GM injection resulted in less
remarkable renoprotection (data not shown). These findings
suggest that dose and duration of RGE treatment can be one
of the determinants for effective prevention or treatment of
GM-induced AKI

In this study, renoprotective effect of RGE was not inve-
stigated with each active component of RGE. Extensive
studies have provided that the molecular components
responsible for the antioxidant property of ginseng are
saponins, namely ginsenoids. Currently, different ginsenoids
identified and isolated from ginseng have been reported to
impose a unique effect on different cells.*6~*® Ginsenoids
showed different efficacy of cellular uptake according to their
unique structural characters.*’ For example, the uptake of
ginsenoid Rh2, Rg3, and Rbl into breast cancer cell was
higher than Rh1, Re, and Rg1 that resulted in an apoptosis of
breast cancer cell.”

Although a large body of in vitro and in vivo experimental
evidence indicates ROS as major mediator of aminoglyco-
side-induced nephrotoxicity, effective antioxidant therapy
including free radical scavengers available in the clinic has
not been well established yet. Recent interesting attempts to
use the extract from medicinal plants with antioxidant
property such as diallyl sulfide or Ginko biloba demonstrated
an amelioration of GM-induced AKIL>'= These natural
antioxidants may offer comparably safer alternatives to other
chemical antioxidants, although they still have the problems
related to nonspecificity, impurity, or potential side effect
undetected yet. Nonetheless, strategies for unearthing the
therapy especially using antioxidants with safety and clinical
efficacy to prevent GM-induced nephrotoxicity are of great
clinical interests.
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In conclusion, our data clearly demonstrated that red
ginseng protected the kidney from GM-induced AKI via an
amelioration of oxidative stress and apoptosis of renal tub-
ular cells, providing another therapeutic option to prevent
GM-induced nephrotoxicity.
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