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ABSTRACT

The use of colistin in the treatment of multidrug-resistant Gram-negative bacterial infections is
restricted due to nephrotoxicity. We investigated the effects of aged black garlic extract (ABGE)
on colistin-induced kidney injury in rats. Rats were assigned to four groups. Normal saline was
intraperitoneally and intragastrically injected for control group. ABGE was intragastrically injected
for garlic group. Ten mg/kg of colistin was intraperitoneally injected for 6 consecutive days for
colistin group. One percent of ABGE was done 30min prior to colistin injection for treatment
group. Rats were sacrificed on the next day after last colistin injection. Colistin injection increased
the serum levels of blood urea nitrogen and creatinine; however, ABGE prevented deterioration
of these serum levels. ABGE also alleviated tubular damage, including vacuolation and necrosis.
TUNEL-positive cells were observed less frequently for the ABGE-treated groups. CD68 positive
cells were significantly decreased by pretreatment with ABGE. Levels of oxidative stress bio-
markers such as 8-hydroxydeoxyguanosine and malondialdehyde were lower in the ABGE-treated
groups. Levels of NF-«B, inducible NO synthase, COX-2, and TGF-f1 were lower in rats that had
been treated with ABGE injection. Renal levels of IL-18 and TNF-a were increased by colistin
administration whereas renal SOD, catalase, and GSH levels were restored by ABGE administra-
tion. These results suggest that ABGE, which has antioxidant and anti-inflammatory properties,
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might be a potential therapeutic agent to prevent renal toxicity of colistin.

Introduction

Colistin recently has been an integral antibiotics after
the appearance of gram-negative bacteria such as
Pseudomonas aeruginosa, Acinetobacter baumannii, and
Klebsiella pneumoniae which are resistant to all classes
of available antibiotics [1-3]. However, nephrotoxicity is
the most frequent and grave side effect resulting in
either early discontinuation of administration or worse
prognosis [3,4]. The rates of nephrotoxicity were various
from 45% to 55% according to currently recommended
colistin regimens [5-8] although a recent clinical popu-
lation pharmacokinetic study revealed these dosage
regimens are not sufficient in many patients [9]. Even if
the mechanism of colistin-induced nephrotoxicity has
not been accurately known, it seems to be correlated
with total dose and/or duration of colistin administra-
tion [6,10].

Garlic (Allium sativum) has been known as a medi-
cinal food because of various biological effects such as
antioxidant, anti-inflammatory, antimicrobial, antith-
rombotic, and antitumor effects [11-16]. Recently, aged
black garlic extract (ABGE) which is produced through
aging procedures at high temperature and humidity
over a long time resulting in containing high levels of
organosulfur compounds has also antioxidant and anti-
inflammatory effects [17-19]. Under the unique process,
raw garlic possessing a strong flavor and pungent odor
is turned into sweet and odorless form which is good
to eat. Some reno-protective effect of garlic or certain
constituents from garlic has been studied [20-25].
However, there have no studies for reno-protective
effect of ABGE, especially colistin renal toxicity
animal model. Therefore, this study was designed to
determine whether ABGE has reno-protective effect
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against toxicity of colistin to kidney by determining
laboratory parameters and performing histological
examinations.

Materials and methods
Preparation of aged black garlic extract (ABGE)

For BG preparation, fresh garlic bulb was incubated for
48-60h at 80-90°C followed by 48-60h at 70-80°C,
then 72-120h at 60-70°C, and finally 72-120h at
55-65°C. ABG was suspended with 10 volumes of dis-
tilled water. The suspended ABG was extracted for 5h
at 95+3°C. The water extract was filtered twice
through four pieces of Cheesecloth (Kavon Filter
Products Co., Farmingdale, NJ), freeze-dried, powdered,
and stored at 15 £+ 3 °C until further analysis.

Animals and experimental designs

Animal studies were conducted according to the guide-
lines for the care and handling of animals prepared by
the Gyeongsang National University Institutional
Animal Care & ethics committee (GNU-120615-R0024)
and followed the NIH publication ‘Principles of
Laboratory Animal Care’. Ten-week-old male Sprague
Dawley rats were purchased from Koatech Inc.
(Peongtaek, South Korea). JH Shin affiliated to Namhae
Garlic Research Institute (Namhae, South Korea) kindly
donated ABGE. Rats were divided randomly into four
different groups; Control group (n=7), normal saline
was intraperitoneally injected for 6 consecutive days
like colistin injection and also was intragastrically
injected prior to 30 min colistin injection for 6 consecu-
tive days like ABGE injection. Garlic group (n=7), 1% of
ABGE (100pL per individual) was intragastrically
injected. Colistin group (n=7), 10mg/kg of colistin
(STERIMAX INC., Ontarino, Canada) was intraperitoneally
injected for 6 consecutive days. Garlic plus colistin
group (n=7); ABGE injection was intragastrically done
prior to 30 min colistin injection for 6 consecutive days.
On the 24 h after last colistin injection, all rats were sac-
rificed, blood samples were collected for renal function,
and the kidney tissues were fixed for histological
examination including Masson'’s trichrome, TUNEL, and
immunohistochemical staining and were frozen
for ELISA.

Protein preparation and measurement of
inflammatory cytokines and antioxidants

The previously removed kidneys were extracted by
homogenization in lysis buffer [1x PBS (pH 7.4) with
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1% Triton X-100 and 1 mM EDTA] containing 10 uM leu-
peptin and 200 uM PMSF. The lysates were sonicated
several times for 3-5min each and centrifuged at
12,000rpm for 20 min at 4°C. The supernatants were
collected and the protein concentration of each lysate
was determined using a bicinchoninic acid protein
assay kit (Pierce, Rockford IL) according to the manufac-
turer’s protocol. Bovine serum albumin was used as a
standard. Levels of IL-18 (Elabscience, Houston, TX),
TNF-o. (Elabscience), superoxide dismutase (SOD, Cell
Biolabs Inc. San Diego, CA), catalase (Cell Biolabs Inc.),
and glutathione (GSH; Cell Biolabs Inc.) in the kidneys
were measured by using a specific ELISA kit and per-
formed according to the manufacturer’s instructions.

Biochemical tests

Renal function was assessed by measuring serum blood
urea nitrogen (BUN) and creatinine levels using stand-
ard diagnostic kits in an automatic analyzer (ADIVA
1650, Bayer, Japan).

Histological analyses

Tubular injury was assessed in periodic Masson'’s tri-
chrome-stained kidney sections. Tubular injury score
was previously described [26]. As briefly, tubular injury
was defined as tubular vacuolation and tubular epithe-
lial necrosis. Tubular injury has been scored by grading
the percentage of affected tubules under x400 magni-
fication; 0, 0%; 0.5, <10%; 1, 10-25%; 2, 26-50%; 3,
51-75%; 4, 75-100%. To score injured tubules, whole
tubular numbers per field were considered as standard
under x400 magnification. The grading percentage was
calculated in each field as follows: injury score (%) =
(numbers of injured tubules/number of whole tubules)
x 100. At least 10 areas in the cortex per slide were ran-
domly selected.

Renal apoptosis

The degree of renal apoptosis was examined by TUNEL
assay. Detection of DNA fragmentation was performed
using a kit (Roche Applied Sciences, Indianapolis, IN).
TUNEL-positive cells were identified through the
nucleus, which was stained brown. The signals were
analyzed by a blinded observer using NIS Elements
BR3.2 (Nikon, Japan) software in 10 randomly
selected fields.
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Immunohistochemical staining for renal
inflammation and oxidative stress

Immunohistochemical detection was conducted on the
Avidin-Biotinylated-HRP complex kits (ABC; Vector
Laboratories, Burlingame, CA). The sections were
incubated with 1% normal serum and then treated suc-
cessively with each primary antibody; anti-8-hydroxy-
deoxyguanosine (8-OHdG) (Abcam, Dawinbio Inc.,
Korea), anti-malondialdehyde (MDA) (Abcam), anti-ED-1
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-trans-
forming growth factor TGF-$1 (Abcam), anti-phospho-
nuclear factor kappa beta (NF-xB) (Santa Cruz
Biotechnology), anti-COX-2 (Cell Signaling Technology,
Danvers, MA), and anti-inducible NO synthase (Santa
Cruz Biotechnology) at 4°C for 16 h. After the sections
were washed in, they were incubated with secondary
antibody at room temperature for 90 min. Finally, the
sections were incubated with ABC for 60 min at room
temperature, rinsed in PBS, counterstained with hema-
toxylin, and developed by 3,3-diaminobenzidine tetra-
hydrochloride with H,0,. Stained kidney sections were
captured using the virtual microscopy system (Nikon
eclipse 80i, Tokyo, Japan).

Statistical analysis

All results are presented as mean = SE (n =7). Statistical
analyses were conducted using the GraphPad Prism
(GraphPad Software, La Jolla, CA). Statistical differences
between the groups were tested by One-way analysis
of variance followed by Tukey’s Multiple Comparison
Test. Statistical significance was defined as p < 0.05.

Results
Renal function

The administration of colistin led to a rise in BUN
from 5.4 mmol/L (baseline) to 7.5mmol/L, and a rise in
serum creatinine (Cr) from 26.5umol/L (baseline) to
44.2 umol/L at 7 days after colistin injection, compared
with controls and the ABGE-only treatment group. In
contrast, garlic-pretreated rats showed significant
attenuation in BUN and serum Cr elevation (7.5 mmol/L
vs. 54mmol/L, p<0.001 for BUN; 44.2 umol/L vs.
26.5 umol/L, p < 0.001 for Cr) (Figure 1) at 7 days, com-
pared with colistin alone. The results indicated that
garlic pretreatment protected against colistin-induced
nephrotoxicity.
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Figure 1. The levels of BUN and Cr in the serum of rats.
Blood was collected on the seventh day after colistin adminis-
tration. Twenty-eight rats were randomly assigned into four
different groups: Ctrl: 1 ml/kg intraperitoneal (i.p.) injection of
sterile normal saline; G: intragastric administration of saline
solution with 1% ABGE (100 pL per individual); CO: 10 mg/kg
i.p. injection of colistin; G+ CO; intragastric saline solution
with 1% ABGE (uL per individual) and 10 mg/kg i.p. injection
of colistin for 6 consecutive days. Data are expressed as the
mean + SE (n=7). *p < 0.05.

G+CO

Renal histology

Rats that received colistin alone, had extensive tubular
damage including tubular epithelial necrosis and vacu-
olation whereas ABGE-pretreated rats had significantly
reduced tubular injury (Figure 2). Masson’s trichrome
staining, the reliable method to present renal fibrosis,
demonstrated that high signal was detected on colistin
only group whereas this signal was attenuated by ABGE
pretreatment. These results show that renal tissue injury
after colistin administration could be prevented by ABG.

Renal apoptosis

It is known that apoptosis-mediated tubular damage
has been implicated in nephrotoxic drug-induced kid-
ney injury [20-22]. We also examined the effects of gar-
lic on colistin-induced tubular cell apoptosis by TUNEL
staining (Figure 3). There was no change in the control
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Figure 2. Decreased tubular damages and renal fibrosis by ABGE in the kidney with colistin administration. Masson’s trichrome
staining was performed in the sections of rat kidneys 7days after colistin administration (original magnification x 200). The
method of tubular injury scoring and grading were described in the ‘Materials and Methods’ section. Figure shown is representa-
tive of four groups. Values are expressed as means = SE (*p < 0.05). Scale bar, 100 pm.

and garlic groups. Clearly, colistin administration
resulted in the increase of TUNEL positive cells, how-
ever, ABGE pretreatment significantly decreased the
numbers of TUNEL-positive cells (Figure 3). This result
presents that apoptosis plays a key role in renal toxicity
of colistin injection.

Oxidative stress

Immunohistochemical staining of 8-OHdG, a reactive
oxygen species (ROS)-induced DNA damage marker,
and MDA, a representative marker of lipid peroxidation,
were performed to investigate the effect of ABGE on

colistin-induced oxidative stress. 8-OHdG-positive sig-
nals were highly detected in the nuclei of the damaged
tubular epithelial cells. This signal was decreased by
ABGE treatment (Figure 4). MDA-positive signals were
also highly observed in the cytoplasm of the damaged
tubular epithelial cells. This signal was also decreased
by ABGE treatment as like 8-OHdG-positive signals
(Figure 4).

Renal macrophage

Garlic has anti-inflammatory effect. Macrophages, repre-
sentative of inflammatory cells, highly express ED1
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Figure 3. Effects of ABGE on tubular apoptotic renal injury by colistin. Colistin-induced apoptosis was illustrated by the TUNEL
assay. TUNEL-positive cells were stained brown (arrow). To distinguish the nucleus, TUNEL-stained tissue sections were stained
with hematoxylin (x400 original magnification). Rats were treated with sterile saline (Control), ABG (Garlic), colistin (Colistin), and
ABGE plus colistin (Garlic 4 Colistin). TUNEL-positive cells were counted as described in ‘Material and Methods'. Figure shown is

representative of four groups. Scale bar, 50 um.

when activated, which is the rat homolog of human
CD68, as a surface protein. Therefore, ED1-positive cells
are considered as monocytes or macrophages in rats.
Colistin increased infiltration of ED1-positive cells into
the kidney. ABGE administration significantly decreased
the infiltration of these cells (Figure 5).

Renal inflammation

The NF-xB signaling pathway is a major source of
inflammation. We examined the activation of the NF-xB

signaling pathway and TGF-f31 expression as a target
of the NF-kB signaling. Marked induction of pNF-xB
and TGF-fi1 protein was detected on colistin group
(Figure 6.). Garlic reduced expression of these proteins.
The major effector pathway of inflammatory macro-
phages is mediated by nitric oxide (NO) synthesized by
inducible NO synthase (iNOS). iNOS expression was not
detected in untreated rat kidneys by immunohisto-
chemical staining. Notably, in kidneys of colistin rat,
iNOS staining intensity was increased and localized
mainly to the apical membranes of tubular epithelial
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Figure 4. Reduced colistin-induced renal oxidative stress by ABGE. Immunohistochemical staining was performed with a specific
antibody against 8-hydroxydeoxyguanosine (8-OHdG) and malondialdehyde (MDA). Rats were treated with sterile saline (Control),
ABGE (Garlic), colistin (Colistin), and ABGE plus colistin (Garlic + Colistin). Figure shown are representative of the experiments.
Scale bar, 50 um and 100 um for 8-OHdG and MDA, respectively.

Figure 5. Reduced CD68 positive cells infiltration in the kidneys by ABGE after colistin injection. Immunohistochemical staining
was performed with a specific antibody against CD68. Rats were treated with sterile saline (Control), ABGE (Garlic), colistin
(Colistin), and ABGE plus colistin (Garlic + Colistin). Figure shown are representative of the experiments. Scale bar, 100 pm.

cells. In contrast, ABGE treated rats exhibited less iNOS macrophages and other cells at sites of inflammation.
staining in tubular epithelial cells compared with colis-  Expression of COX-2 was also decreased in ABGE
tin rats (Figure 6). Cyclooxygenase-2 (COX-2) is an indu- treated rats, compared to only colistin injected rats
cible enzyme, becoming abundant in activated (Figure 6).
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Figure 6. Decreased colistin-induced renal inflammations by ABGE. Immunohistochemical staining was performed with a specific
antibody against NF-kB, TGF-£1, iNOS, and COX-2. Rats were treated with sterile saline (Control), ABGE (Garlic), colistin (Colistin),
and ABGE plus colistin (Garlic + Colistin). Figure shown are representative of the experiments. Scale bar, 100 pm.

Renal inflammatory factors and antioxidants
measured by ELISA

Renal levels of IL-18 and TNF-¢, quantified by ELISA,
were increased by colistin administration compared to
the levels in the control and garlic groups. Kidney in
the rat given garlic and colistin showed the decreased
these levels (Figure 7(A,B)). In addition, renal SOD, cata-
lase, and GSH levels decreased significantly, while the
levels increased with garlic treatment (Figure 7(C-E)).

Discussions

Our study revealed that colistin-induced acute deterior-
ation of renal function in rat kidney was associated with
histopathological changes in renal tubule, increase in
apoptotic cells, an increase of oxidative stress bio-
markers such as 8-OHdG and MDA, and an increase of

inflammation such as macrophage infiltration, NF-kB,
TGF-f31, iNOS, and COX-2. Intragastric ABGE administra-
tion prevented renal dysfunction and its associated
structural changes. These beneficial effects of ABGE
might be originated from antioxidant and anti-inflam-
matory one represented by decrease of above markers.

Oxidative stress also has been presented to play a
key role in the nephrotoxicity caused by other drugs
such as gentamicin, vancomycin, and cisplatin.
Mitochondrial ROS can damage many cellular macro-
molecules as like nucleic acid and proteins which can
lead to cell death [27]. Practically, some studies in rats
suggest that oxidative stress plays a significant role in
colistin-induced nephrotoxicity. The administration of
melatonin, N-acetylcysteine, and ascorbic acid, a series
of antioxidant, had protective effect against colistin-
induced nephrotoxicity [28-30]. Our study also proved
that ABGE reduced colistin-induced kidney injury
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Figure 7. Anti-inflammatory and antioxidant effects of ABGE on the colistin-induced kidney injury. (A-E) renal IL-1f3, TNF-f1,
SOD, catalase, and GSH were measured by ELISA. The fold changes are calculated as the ratio of the final value in the other
groups to the control group. Average value of each control individual is set as ‘1. G: intragastric administration of saline solution
with 1% ABGE (100 pL per individual); CO: 10 mg/kg i.p. injection of colistin; G+ CO: intragastric saline solution with 1% ABGE
(100 puL per individual) and 10 mg/kg i.p. injection of colistin for 6 consecutive days. Three independent experiments were per-

formed, and the data are presented as mean + SE (*p < 0.05).

through inhibition of apoptotic cell death by suppress-
ing the oxidative stress represented by reduction of 8-
OHdG and MDA and restored antioxidant level such as
renal SOD catalase and GSH.

Several studies have reported that garlic, garlic
extracts, and constituents, in the fresh or aged forms,
prevented renal dysfunction in gentamicin animal mod-
els, representative of nephrotoxic models [20,31-34].
Aged garlic extract prevented the GM-induced increase
in the oxidative stress markers and decrease in antioxi-
dant enzymes; manganese superoxide dismutase, gluta-
thione peroxidase, and glutathione reductase activities
[20]. The constituents of garlic, diallyl sulfide, and S-
allylcysteine (SAC), also prevented gentamicin-induced
nephrotoxicity by reducing oxidative stress [31,32].
However, there was no study for prevention of ABGE
with antioxidant and anti-inflammatory effect to
nephrotoxic drugs. We firstly demonstrated that ABGE
prevented colistin-induced nephrotoxicity.

Garlic has been known as a food with antioxidant
and anti-inflammatory effects [11-13]. It is known that
ROS induce inflammation and antioxidants have anti-
inflammatory effects [19]. ABGE is a type of fermented
garlic used as food ingredient in Korea, Thailand, and
Japan. It is made through aging procedures at high
temperature and humidity during a long time. Because
of aging processes, it has strong antioxidant activities,

compared with fresh raw garlic [18,35]. Some reports
demonstrated that aged garlic also has anti-inflamma-
tory potency [11,19]. Inflammation is an important
response to harmful stimuli and directly related with
various diseases. Activated macrophages emit various
pro-inflammatory molecules such as cytokines and NO
which is produced by NOS [36]. INOS is highly
expressed in response to various inflammatory stimuli.
Therefore, excessive NO production has been a target
to control the inflammatory disease

Previous studies showed that garlic extracts modu-
lated NO production by inhibiting inflammation-related
transcription factors, such as NF-«xB or from induction of
heme-oxygenase-1 (HO-1) [37-39]. Our study demon-
strated that ABG administration was accompanied with
reduction of CD68, iNOS, and COX-2 expression up-
regulated by colistin injection. Intragastric ABGE admin-
istration also did significantly reduce colistin-induced
NF-xB activation although not increase HO-1 expression
(data not shown) and renal IL-1/8 and TNF-« level. These
results represented that the beneficial effect of ABGE
on colistin-induced nephrotoxicity model in rats was
derived from anti-inflammatory properties. This result is
consistent with previous reports that ABGE had anti-
inflammatory potency [11,19].

It is known that phytochemical compounds such as
phenolic compounds, flavonoids, pyruvate and
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thiosulfate and the major organosulfur compounds
such as SAC and S-allylmercaptocysteine are the main
components of ABG which have antioxidant capacity
although the overall composition of ABGE has not yet
been analyzed [18,40]. It has not been known as a
standard marker of ABGE. ABGE is produced by aging
whole garlic at high temperature and high humidity.
During the aging process, unstable compounds of fresh
garlic including alliin are converted into stable com-
pounds including SAC, the water-soluble compound
with potent antioxidant effect. It is known that an
increase in SAC during aging could be responsible for
the stronger antioxidant activity of aged black garlic
than that of garlic [41-43]. To measure SAC compounds
or its metabolites in blood and/or urine might be used
as a biomarker of ABGE [44].

In summary, to our knowledge, this is the first study
demonstrating that ABGE had beneficial effects on pro-
tecting colistin-induced acute kidney injury. Our results
suggest that administration of colistin might induce the
production of ROS, which causes oxidative stress and
protein oxidation, is mainly involved in the inflamma-
tion resulting in functional and structural renal dam-
ages. ABGE use with potent antioxidant effects might
reduce the oxidative stress and protein oxidation indir-
ectly leading to reduction of inflammation or have dir-
ectly anti-inflammatory capacities. These results provide
that ABGE might have therapeutic potentials in patients
which colistin be used to prevent nephrotoxicity and
get good clinical outcomes. Further study remains to
be established.
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