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This study investigated the protective effects of diallyl disulfide (DADS) against acetaminophen (AAP)-
induced acute renal injury in male rats. We also investigated the effects of DADS on kidney injury
molecule-1 (KIM-1) and neutrophil gelatinase-associated lipocalin (NGAL), which are novel biomarkers of
nephrotoxicity in renal tissues, in response to AAP treatment. The following four experimental groups
were evaluated: (1) vehicle control, (2) AAP (1,000 mg/kg), (3) AAP&DADS, and (4) DADS (50 mg/kg/day).
AAP treatment caused acute kidney injury evidenced by increased serum blood urea nitrogen (BUN)
levels and histopathological alterations. Additionally, Western blot and immunohistochemistry analysis
showed increased expression of KIM-1 and NGAL proteins in renal tissues of AAP-treated rats. In contrast,
DADS pretreatment significantly attenuated the AAP-induced nephrotoxic effects, including serum BUN
level and expression of KIM-1 and NGAL proteins. Histopathological studies confirmed the renoprotective
effect of DADS. The results suggest that DADS prevents AAP-induced acute nephrotoxicity, and that KIM-1
and NGAL may be useful biomarkers for the detection and monitoring of acute kidney injury associated
with AAP exposure.
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Acetaminophen (N-acetyl-p-aminophenol; AAP), also

known as paracetamol, is a popular analgesic and

antipyretic medication that is safe at therapeutic dosages

[1]. However, its overdose can result in renal tubular

damage and acute renal failure in both humans and

animals [2,3]. The kidney is one of the primary sites of

xenobiotic-induced toxicity [4]. Nephrotoxicity has been

traditionally evaluated by the elevated serum biochemical

markers, blood urea nitrogen (BUN) and creatinine.

However, these biomarkers are rather insensitive and

only indicate damage on 70-80% loss of the renal

epithelial mass [5]. Therefore, there is an urgent demand

for identification of more sensitive and reliable biomarkers,

which may better predict minor kidney injury during

drug development and chemical safety testing. Recently,

it has been reported that tests for measuring levels of

new biomarkers of acute kidney injury, such as kidney

injury molecule-1 (KIM-1), neutrophil gelatinase-associated

lipocalin (NGAL), cystatin-C, and interleukin-18, are

more favorable than tests for BUN and creatinine levels

in several experimental and clinical systems [6,7].

KIM-1, a type 1 membrane protein, is below detectable

levels in a healthy kidney, but is strongly up-regulated in

dedifferentiated proximal tubule epithelial cells in

kidney after a toxic injury [8,9]. NGAL, also known as

Lipocalin-2, is a protein belonging to the lipocalin

#These authors contributed equally to this work.

*Corresponding author: Jong-Choon Kim, College of Veterinary Medicine, Chonnam National University, Gwangju 61186, Korea
Tel: +82-62-5330-3837; Fax: +82-62-530-3809; E-mail: toxkim@jnu.ac.kr

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://crossmark.crossref.org/dialog/?doi=10.5625/lar.2016.32.4.200&domain=pdf&date_stamp=2016-12-30


Effects of diallyl disulfide on acetaminophen-induced nephrotoxicity 201

Lab Anim Res | December, 2016 | Vol. 32, No. 4

superfamily that is initially found in activated neutrophils,

in accordance with its role as an innate antibacterial

factor [10]. However, other cells, like kidney tubular

cells, may also produce NGAL in response to various

insults [11,12]. It has been demonstrated that KIM-1 and

NGAL may be the most promising new biomarkers, and

are specifically induced at the target site of toxicity in

both animal and human studies involving acute injury of

the proximal tubule epithelium [8,11,13-15].

Diallyl disulfide (DADS), which is an organosulfur

component of garlic, is a potent compound that prevents

toxicant-induced oxidative injury [16,17]. Recently, we

have reported anti-oxidative, anti-inflammatory, and

anti-apoptotic effects of DADS in various experimental

systems [18,19]. There are also some reports on the

ameliorating effect of DADS against nephrotoxicant-

induced renal injury [16,17]. However, the protective

capacity of DADS against the nephrotoxicity of AAP

has not been explored. The aim of the present study was

to evaluate the protective effects of DADS on AAP-

induced nephrotoxicity and the possible application of

KIM-1 and NGAL as newly identified biomarkers of

AAP-induced acute kidney injury.

Materials and Methods

Animals handling and environmental conditions

Male Sprague-Dawley rats (aged 9 weeks) were obtained

from a specific pathogen-free colony at Samtako Co.

(Osan, Korea) and were subjected to 1 week of quarantine

and acclimatization before the experiments. Two rats per

stainless wire mesh cage were housed in a room

maintained under the following conditions: temperature

of 23±3oC, relative humidity of 50±10%, artificial

lighting from 08:00 to 20:00, and 13 to 18 air changes

per hour. Rats were provided with tap water that had

been sterilized by ultraviolet irradiation, and commercial

rodent chow (Samyang Feed, Wonju, Korea) ad libitum.

The Institutional Animal Care and Use Committee of

Chonnam National University approved the protocols

for animal study, and the animals were cared for in

accordance with the Guidelines for Animal Experiments

of Chonnam National University.

Test chemicals and treatment

AAP was purchased from Sigma Aldrich Co. (St.

Louis, MO, USA). DADS was purchased from Tokyo

Kasei Chemical Co. (Tokyo, Japan). All other chemicals

were of the highest grade that is commercially available.

DADS was dissolved in corn oil. AAP was dissolved in

a saline solution kept in warm boiling water bath, and

was used after cooling to 37oC. These chemicals were

prepared freshly before treatment. The daily application

volumes of AAP (20 mL/kg body weight) and DADS (5

mL/kg body weight) were calculated in advance, based

on the most recently recorded body weight of the

individual animal. DADS (50 mg/kg/day) was gavaged

to rats once daily for a period of 5 days. One hour after

the final DADS treatment, the rats were injected with a

single intraperitoneal dose of AAP (1,000 mg/kg).

Experimental groups and dose selection

Twenty-four healthy male rats were randomly divided

into four experimental groups (n=6 per group): (1)

vehicle control, (2) AAP, (3) AAP&DADS, and (4)

DADS. The selected AAP dose was based on a previous

study that demonstrated significant acute renal injury in

rats [3]. The effective dose of DADS was also based on

a previous study [19].

Body weight changes and clinical signs

All animals were observed daily for any clinical signs

of toxicity and mortality throughout the test period.

Abnormal signs were recorded individually for type,

observation day and time, and duration. The body

weight of each rat was measured on test days 0 and 1.

Necropsy, organ weight, and serum biochemistry

After 24 h of acute kidney injury induction, all male

rats were euthanized by carbon dioxide for blood serum

collection and exsanguination from the aorta. Serum

samples were collected by centrifugation at 3,000 rpm

for 10 min and stored in the −80°C freezer before they

were analyzed. Serum creatinine and BUN were evaluated

using a serum biochemical autoanalyzer (Dri-chem

4000i, Fujifilm Co., Japan). The absolute and relative

(organ-to-body weight ratio) weights of the kidneys of

all rats were also measured.

Histopathological examination

The left kidney was fixed in 10% neutral buffered

formalin solution for 1 week. The tissues were routinely

processed, embedded in paraffin, sectioned at 4 µm

thickness, deparaffinized, and rehydrated using standard

techniques. The sections were stained with a hematoxylin-

eosin (H&E) stain for microscopic examination. All
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sections were examined with a light microscope by a

pathologist, who was blinded to the sample treatments.

Immunohistochemistry (IHC)

The paraffin-embedded sections were deparaffinized

and rehydrated. After incubation with a protein block

(Rabbit Specific HRP/DAB Detection IHC Kit; Abcam,

Cambridge, MA, USA), the sections were incubated

overnight with anti-KIM-1antibodies (1:200; LifeSpan

Biosciences, Seattle, WA, USA) and anti-NGAL antibodies

(1:500; Abcam) at 4oC. The expression of KIM-1 and

NGAL was visualized using Rabbit Specific HRP/DAB

Detection IHC Kit (Abcam), according to the manufacturer’s

protocol. The sections were counterstained with Harris’s

hematoxylin before mounting. The number of KIM-1

and NGAL positive cells was counted in 10 different

fields in each section under 100× magnification.

Western blot analysis

The frozen right kidney tissues were lysed in a RIPA

lysis buffer (Cell Signaling Technology, Lexington, KY,

USA), and centrifuged at 12,000×g at 4oC for 10 min to

isolate the cellular proteins in the supernatant. The

kidney tissues supernatants were separated by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis, trans-

ferred to a polyvinylidene difluoride membrane (Millipore,

Bedford, MA, USA), and blocked in blocking buffer

(150 mM NaCl in 10 mM Tris, pH 7.5 containing 5%

non-fat dry milk) for 1 h at room temperature. The

membranes were incubated with primary antibodies

against KIM-1 (1:1,000; LifeSpan Biosciences) and

NGAL (1:1,000; Abcam) for 18 h at 4oC, washed three

times (20 mM Tris-HCl, pH 7.5, 137 mM NaCl, and

0.1% Tween 20), incubated with horseradish peroxidase-

conjugated secondary antibody (1:5,000, Thermo Scientific,

Rockford, IL, USA) for 1 h at room temperature, washed

three times, and then detected with an enhanced

chemiluminescence method (Supersignal West Pico,

Pierce, IL, USA). The protein concentration was determined

using the BCA Protein Assay Kit (Pierce).

Statistical analyses

The data are expressed as means±SD, and all statistical

comparisons were made by means of one-way analysis

of variance, followed by Tukey’s multiple comparison

test. Statistical analyses were performed by comparisons

of the treatment groups with the control group, using the

GraphPad InStat v. 3.0 (GraphPad Software, La Jolla,

CA, USA). Differences with a P-value of 0.05 or lower

were considered to be statistically significant.

Results

Effects of DADS on clinical sign, body weight, and

kidney weight

No treatment-related mortality was observed in rats

that were treated with AAP and/or DADS during the

study period. However, the incidence and severity of

clinical signs, such as decreased locomotor activity

(n=4) and dull fur (n=3), increased in the AAP group, as

compared with those in the control group. There were no

significant differences in the body weights and kidney

weights between the groups (data not shown).

Effects of DADS on renal function

As shown in Figure 1A, the rats treated with 1,000 mg/

Figure 1. Serum blood urea nitrogen (A) and creatinine (B) in male rats treated with AAP and/or DADS. Values are presented as
means±SD (n=6). *P<0.05 compared with the control group. †P<0.05 compared with the AAP group.
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kg of AAP showed significantly increased serum BUN

level, as compared with that in the control group. In

contrast, the serum BUN level in the AAP&DADS

group decreased significantly, as compared with that in

the AAP group. There were no statistically significant

differences in the serum creatinine levels between the

groups (Figure 1B).

Effects of DADS on renal histopathology

The results of the histopathological examination are

presented in Figure 2. The control (Figure 2A) and

DADS (Figure 2D) groups showed kidneys with normal

morphology. However, kidney tissues from rats treated

with AAP showed extensive injuries, characterized by

cast, tubular dilation, tubular necrosis, and tubular

degeneration (Figure 2B). Although these changes were

also observed in the AAP&DADS group (Figure 2C),

the incidence and severity of histopathologic lesions

were significantly lower than those in the AAP group.

Effects of DADS on KIM-1 and NGAL expression

To assess a possible contribution of KIM-1 (Figure 3)

and NGAL (Figure 4) in the kidneys, IHC for KIM-1

and NGAL was conducted. KIM-1 and NGAL positive

cells were seldom observed in the control and DADS

groups (Figures 3A, 3D, 4A, and 4D). However, rats

treated with AAP manifested many KIM-1 and NGAL

positive cells, which were mainly distributed in proximal

tubular epithelial cells (Figures 3B and 4B). This

increase was attenuated in rats treated with DADS

(Figures 3C and 4C). Accordingly, the number of KIM-

1 and NGAL positive cells in the AAP group was

significantly higher than that in the control group

(Figures 3E and 4E). The number of KIM-1 and NGAL

positive cells in the AAP&DADS group decreased

significantly compared with that in the AAP group.

The protein expression levels of KIM-1 and NGAL

are shown in Figure 5. The expression levels of KIM-1

and NGAL in the AAP group increased significantly, as

compared with those in the control group. In contrast,

the expression levels of KIM-1 and NGAL in the

AAP&DADS group decreased significantly, as compared

with those in the AAP group.

Figure 2. Representative photographs of kidney sections treated AAP and/or DADS. Kidney from vehicle control (A) and DADS (D)
treated rats showed a normal morphology. However, kidney from an AAP-treated rat (B) showed cast (black arrow), tubular dilation
(white arrow), tubular necrosis (black arrow head), and tubular degeneration (white arrow head). Kidney from an AAP&DADS-
treated rat (C) showed nearly normal appearance. H&E stain. Bar=50 μm.
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Discussion

It has been demonstrated that DADS has renoprotective

effects in models of renal injury induced by gentamicin

and cisplatin [16,17]. The results of the present study

showed that DADS has a protective effect against acute

kidney injury induced by AAP treatment in male rats.

Several investigators have reported that AAP treatment

leads to nephrotoxicity, characterized by poor renal

function and increased serum creatinine and BUN levels

[3,20]. In the present study, the nephrotoxicity observed

in the AAP group included elevated BUN levels. These

alterations correlated well with histopathological findings:

increased incidence of cast, tubular dilation, tubular

necrosis, and tubular degeneration. These findings observed

in the AAP group may represent impaired renal function.

However, DADS pretreatment effectively prevented the

AAP-induced elevation in serum BUN levels, indicating

the renoprotective activity of DADS against acute renal

injury of AAP. This phenomenon was also confirmed by

histopathological examination, which showed a decrease

in the incidence and severity of renal histopathological

lesions.

Animal models are commonly used for toxicity

evaluation of new therapeutics and assessment of

potential chemical hazards in industry and environment.

Figure 3. Representative photographs of immunohistochemical analysis of KIM-1 in kidney sections of (A) controls and rats treated
with (B) AAP, (C) AAP&DADS, and (D) DADS. Arrows indicate KIM-1 positive cells (brownish-stained cells). Bar=50 μm. (E) The
number of KIM-1 positive cells was counted in ten different fields in each section under 100× magnification. Results are presented
as means±SD (n=6). **P<0.01 compared with the control group. ††P<0.01 compared with the AAP group.
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Therefore, KIM-1 and NGAL may serve as useful

biomarkers for drug safety and chemical hazard-related

renal injury tests. Previous studies have shown that

KIM-1 may function as an extracellular sensor or a

receptor for adhesion/signaling in a variety cell-cell or

cell-pathogen interactions [21,22]. The protein structure

of this molecule suggests that KIM-1 may be an adhesion

and/or protective molecule for the cell surface [23].

Therefore, it is considered that KIM-1 might alter

cellular adhesion and/or modulate interactions between

the injured epithelial cell and the luminal contents, and

enhance mobility and proliferation of surviving epithelial

cells [24]. The NGAL protein is expressed by neutrophils

and various epithelial cells, and is found at very low

concentrations in various human tissues: kidney, trachea,

lungs, stomach, and colon [12,25]. It has also been found

to play a role in kidney development and tubular

regeneration and repair after injury [12]. Many factors

leading to tubular epithelial cell injury result in an

increased expression of KIM-1 and NGAL proteins.

Thus, reduction of KIM-1 and NGAL expression is a

major target for renoprotective therapy.

Although it is clear that expression of KIM-1 and

NGAL protein is up-regulated by renal injury of ischemia-

reperfusion, ochratoxin A, and gentamicin in animal

models [26-28], the response to AAP-induced nephrotoxicity

was not clear. Therefore, we investigated the role of

DADS on the expression of KIM-1 and NGAL induced

Figure 4. Representative photographs of immunohistochemical analysis of NGAL in kidney sections of (A) controls and rats treated
with (B) AAP, (C) AAP&DADS, and (D) DADS. Arrows indicate NGAL positive cells (brownish-stained cells). Bar=50 μm. (E) The
number of KIM-1 positive cells was counted in ten different fields in each section under 100× magnification. Results are presented
as means±SD (n=6). **P<0.01 compared with the control group. ††P<0.01 compared with the AAP group.
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by AAP treatment. In the present study, AAP caused a

significant increase in KIM-1 and NGAL protein expression

without a significant increase in serum creatinine level.

Ichimura et al. [8] also reported that nephrotoxicants

treatment increased the expression of KIM-1 and

NGAL, before causing a measurable increase in serum

creatinine level. Although the specific functions of KIM-

1 and NGAL are still unknown, up-regulation of these

proteins is associated with proliferation/regeneration and

repair in response to toxicity or disease [9,12,14]. Changes

in the expression of marker proteins were confirmed by

immunohistochemistry. In accordance with other studies

[8,13-15], KIM-1 and NGAL occurred in proximal

tubular epithelial cells. However, DADS pretreatment

effectively inhibited AAP-induced KIM-1 and NGAL

protein expression, suggesting that DADS-mediated

improvement in nephrotoxicity might be mediated, at

least in part, by its ability to reduce the KIM-1 and

NGAL expression in the kidney. These results are in

accordance with the decreased histopathological changes

in the kidney.

In conclusion, DADS has protective effects against

AAP-induced nephrotoxicity in male rats. KIM-1 and

NGAL could be useful in preclinical and clinical studies

vital to drug development and evaluation. They may also

serve in the monitoring of disease states that manifest as

injury to the proximal tubule and be useful in guiding

interventional strategies.
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