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Abstract
Background:
The
present
study
explored
the
nephropreventive effect of shikonin, a naturally occurring
herbal medicine, possessing proteasome inhibitory and
antioxidant effects via activation of nuclear factor-erythroid
2-related factor 2 (Nrf2) against lipopolysaccharide (LPS)induced septic acute kidney injury (AKI) using a murine
model.
Methods: Septic AKI was induced in C57BL mice by
intraperitoneal administration of LPS (20 mg/kg). Shikonin
(5 mg/kg) was administered intraperitoneally to mice 1 hr
before the LPS treatment. Development of renal injury, Nrf2
activation and antioxidative responses (heme oxygenase-1;
HO-1 and NAD(P)H: quinone oxidoreductase; NQO1) in the
kidney of LPS-treated mice with or without shikonin were
compared.
Results: Serum levels of Interleukin (IL)-6 and tumor
necrosis factor (TNF)-α were markedly elevated in LPStreated mice. However, shikonin administration resulted in a
significant decrease in the normally elevated levels of these
cytokines. Survival rates of LPS-treated mice and LPS- and
shikonin-treated mice were 36 and 82%, respectively.
Serum creatinine and blood urea nitrogen (BUN) markedly
increased in LPS-treated mice, whereas shikonin improved
these renal function markers. Histochemical examination
revealed that glomerular and tubular injuries of LPS-treated
mice were reduced by shikonin. Serum hydroperoxide and
renal malondialdehyde levels were markedly increased by
LPS treatment, whereas shikonin significantly suppressed
these oxidative stress markers. Shikonin administration
induced a marked expression of Nrf2 in the renal nuclear
fraction, which was associated with significant increases in
mRNA expression of HO-1 and NQO1.

Conclusion: These results suggest that shikonin could be a
potential nephropreventive agent against septic AKI, at least
in part, through the transient activation of renal Nrf2
followed by induction of its downstream antioxidant
molecules.
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Introduction
Lipopolysaccharide (LPS) is an endotoxin produced after
infection by Gram negative bacteria, which can cause sepsis. The
presence of LPS in the body stimulates the production of various
cytokines and reactive oxygen species. As a result, there is a
cascade of events including overproduction of inducible nitric
oxide synthase (iNOS), low blood pressure with systemic
vasodilatation, decreased endothelial wall-dependent NO
synthesis, renal tubular injury and damage to the glomerulus,
resulting in severe acute kidney injury (AKI) [1-3]. Sepsis-induced
AKI
often
develops
in
patients
with
decreased
immunocompetence, resulting in severe renal failure and
exacerbated mortality. Septic AKI is treated by infusion therapy
and/or anti-inflammatory treatments. However, the efficacy of
these treatments is insufficient to improve survival rates [1-3].
Acute renal failure is associated with elevated serum levels of
malondialdehyde (MDA), an oxidative stress marker, whereas
the serum level of selenium, an antioxidant metal, is significantly
lowered [4]. In experiments using an animal model, it was
reported that expression of superoxide dismutase (SOD), an
antioxidant enzyme, decreases as a result of kidney dysfunction
[5]. It has been suggested that the increase in oxidative stress
can mediate the onset of sepsis-induced AKI associated with an
elevation of inflammatory cytokines [1]. Therefore, in order to
improve mortality rates in sepsis-induced AKI, it is important to
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consider treatment with a therapeutic drug having an
antioxidant effect in addition to an anti-inflammatory effect.
Shikonin, a naturally occurring herbal medicine extracted
from the red-root gromwell, displays potent proteasome
inhibitory and antioxidant effects [6,7]. It has been proposed
that shikonin may exert its anti-inflammatory potency in LPSmediated acute lung injury by inhibiting the NF-κB signaling
pathway, which mediates the expression of pro-inflammatory
cytokines [8]. In addition, it was reported that the
neuroprotective effects of shikonin against cerebral ischemia/
reperfusion injury could be attributed to its antioxidant effect
[9]. By contrast, shikonin has been shown to induce apoptotic
death of some cancer cell lines in culture through increasing the
intracellular levels of reactive oxygen species (ROS) [10,11]. ROS
production by shikonin resulted in the inhibition of nuclear
translocation or activation of nuclear factor-erythroid 2-related
factor 2 (Nrf2) [10]. Thus, the pharmaco-toxicological properties
of shikonin and its molecular effect on Nrf2 expression have not
yet been fully elucidated.
In the present study, the pharmacological effect of shikonin
on development of septic AKI in an LPS-treated murine model
was examined from the viewpoint of its anti-inflammatory and
oxidative potencies.

Materials and Methods
Shikonin was obtained from Enzo Life Sciences, Inc.
(Farmingdale, NY). Lipopolysaccharide (LPS) was purchased from
Sigma Aldrich, Co. (St. Louis, USA). All other chemicals used in
this study were of analytical grade.
All methods and procedures for animal studies were approved
by Kumamoto University Ethical Committee concerning animal
experiments. Animals were treated in conformity to the
Guidelines of the United States National Institutes of Health
regarding the care and use of experimental animals, and the
Guidelines of Kumamoto University for the care and use of
laboratory animals. C57BL/6J male mice at 7 weeks of age were
kept in a standard animal maintenance facility at a constant
temperature (22 ± 2°C), humidity (50-70%) and a 12/12 hr light/
dark cycle for about a week before the day of the experiment,
with food and water available ad libitum. Mice were divided into
three different groups as follows: sham-operated mice (control
mice), mice treated with LPS (20 mg/kg, intraperitoneal (i.p.)
injection), and shikonin (5 mg/kg, i.p. injection)-administered
mice treated with LPS (20 mg/kg, i.p. injection). Shikonin was
administered to mice 1 hr before LPS treatment, and blood was
collected 4 hr, 24 hr and 48 hr after LPS treatment. Kidney was
harvested 48 hr after LPS treatment. All administrations,
sacrifices and sample collections were performed under surgical
anesthesia using diethyl ether. Blood was collected from the
abdominal aorta and centrifuged at 3,000g for 10 min to obtain
a serum sample. Levels of serum creatinine (SCr) (enzymatic
method) and blood urea nitrogen (BUN) (uricase ultraviolet (UV)
method) were determined. Kidneys were harvested 48 hr after
LPS treatment and homogenized in phosphate-buffered saline
(PBS, pH 7.4) using a Polytron PT3000 homogenizer (Kinematica
AG, Lucerne, Switzerland). Serum levels of interleukin-6 (IL-6)
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and tumor necrosis factor (TNF)-α were determined using
Mouse IL-6 Quantikine ELISA Kit and Mouse TNF-α Quantikine
ELISA Kit (R&D Systems, Inc., Minneapolis, MN), respectively.
Paraffin-embedded 4 µm-thick sections of kidney were used
for hematoxylin-eosin (HE) staining and immunoblot analysis.
Immunoblot analysis for Nrf2 was performed with extracted
nuclear fractions of kidneys using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific,
Rockford, IL). The nuclear fractions were combined with loading
buffer (2% w/v SDS, 125 mM Tris-HCl, 20% v/v glycerol and 5%
v/v 2 mercaptoethanol) and heated at 95°C for 2 min. Samples
were subjected to SDS-PAGE and transferred onto a PVDF
membrane. The blots were incubated with a primary antibody
specific for Nrf2 (Santa Cruz Biotechnology, Inc., TX) and then
washed with Tris-buffered saline containing 0.3 v/v% Tween 20
before incubation with the secondary antibody (horseradish
peroxidase-linked anti-rabbit immunoglobulin F(ab)2 or
horseradish peroxidase-linked anti-mouse immunoglobulin
F(ab)2 (GE Healthcare) for 1 hr at room temperature.
Immunoblots were visualized with an ECL system (ECL Advance
Western Blotting Detection Kit; GE Healthcare, Little Chalfont,
UK).
The extraction of mRNA from kidney tissue samples was
performed by a phenol-chloroform extraction method using
Trizol (Thermo Fisher Scientific). After adding Trizol, kidney
sample was homogenized in FastPrep (Funakoshi, Co., Ltd.,
Tokyo) and centrifuged (12,000 rpm, 3 min) to obtain a
supernatant. 200 μl of chloroform was added to the supernatant
and the mixture was vortexed. After incubation at room
temperature for 10 min the mixture was centrifuged at 4°C
(12,000 rpm, 12 min) to obtain a supernatant. Upon addition of
250 μl of isopropanol to the aqueous layer, the supernatant was
incubated at room temperature for 5 minutes. After
centrifugation at 4°C (12,000 rpm for 10 min) the supernatant
was discarded and 500 μl of 70% ethanol was added to the
precipitate. The sample was then centrifuged again at 4°C (7,500
rpm for 5 min) before removing the ethanol and allowing the
pellet to air-dry. The obtained pellet was dissolved in RNase-free
water. cDNA was prepared from the purified mRNA by reversetranscription using PrimeScript reagent kit (TAKARA BIO Inc.,
Osaka, Japan). Real-time PCR reaction was performed using
cDNA in 100 µL of mixture containing 5 µL SYBR® premix
DimerEraserTM, 0.3 µL of PCR forward primer (10 μM), 0.3 µL
PCR reverse primer (10 μM), 1 µL of cDNA and 3.4 µL of distilled
water under the following conditions: 95°C for 10 min, followed
by 50 cycles of 95°C for 5 s, 72°C for 30 s and 55°C for 30 s. The
primers were purchased from Nihon Gene Research Laboratories
Inc. (Miyagi, Japan). The primer sequences for each gene were
as follows: heme oxygenase (HO)-1, forward 5’AACAAGCAGAACCCAGTCTATGC-3’
and
reverse
5’AGGTAGCGGGTATATGCGTGGGCC-3’;
NAD(P)H:quinone
oxidoreductase
(NQO)-1,
forward
5’AGGGTTCGGTATTACGATCC-3’
and
reverse
5’AGTACAATCAGGGCTCTTCTCG-3’. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal references for
normalization of relative mRNA amounts.

This article is available from: http://dx.doi.org/10.21767/2472-5056.100019

Journal of Clinical & Experimental Nephrology

2016

ISSN 2472-5056

Vol.1 No.3:19

Renal accumulation of MDA, a marker of lipid peroxidation,
was determined as thiobarbituric acid-reactive substances
(TBARS). Kidney tissues were homogenized in ice-cold lysis
buffer containing 50 mM Tris pH 7.4, 150 mM EDTA, 1% Triton
X-100, 1% sodium deoxy cholate and 0.1% SDS. TBARS content
was determined according to the manufacturer’s instructions
(TBARS Assay Kit; Cayman Chemical, Ann Arbor, MI).
Serum hydroperoxide concentration was determined as
reactive oxygen molecules using a Free Radical Analytical System
according to the manufacturer’s instructions (Wismerll Co. Ltd.,
Tokyo, Japan).

The survival rate of mice after LPS treatment was 35.7% (5/14
mice), but increased to 81.8% (9/11 mice) in the LPS treatment
with shikonin administration group. This observation suggested
that shikonin improves the survival rate of mice treated with
LPS. After LPS treatment, BUN and SCr were significantly
elevated at 24 hr and 48 hr in a time-dependent manner (Figure
2). By contrast, although LPS-treated mice with shikonin
administration also showed an initial increase in both BUN and
SCr compared to those of the control (sham) mice, the level of
these markers were significantly reduced to that seen in the
control within 48 hr (Figure 2).

Statistical analysis
Data were analyzed statistically by analysis of variance,
followed by Scheffé’s multiple comparison tests. A P value of <
0.05 was considered statistically significant. All data were
represented as the mean ± SD.

Results
The influence of LPS treatment with or without shikonin
administration on serum IL-6 and TNF-α levels 4 hr after
treatment was examined. In the LPS-treated mice, serum IL-6
levels significantly increased, although this increase was much
reduced in shikonin administered mice. In addition, serum TNF-α
levels significantly increased in LPS-treated mice but this was
substantially reduced in shikonin-administered mice (Figure 1).

Figure 2: Effect of shikonin administration on the renal
function of LPS-treated mice. SCr (A) and BUN (B) were
determined 4, 24 and 48 hr after LPS treatment. Each point
represents the mean ± S.D. for 3-10 mice in each group.
*P<0.05, **P<0.01 versus sham (control, CTL); ##P<0.01
versus LPS-treated mice.
Histological analyses revealed partial glomerular atrophy and
debris formation in tubules, renal tubular expansion and partial
erosion of the apical membrane of the renal tubules in LPS
treated mice. However, these injuries were partly improved in
the mice with shikonin administration, suggesting that shikonin
displays a nephroprotective effect on the development of LPSinduced AKI (Figure 3).

Figure 1: Effect of shikonin administration on serum IL-6 and
TNF-α levels in LPS treated mice. Shikonin (A) (5 mg/kg) was
intraperitoneally administered to mice 1 hr before LPS
treatment, and serum IL-6 (B) and TNF-α (C) levels were
determined 48 hr after the treatment. Each bar represents
the mean ± S.D. for 3-9 mice in each group. **P<0.01 versus
sham (control, CTL); ##P<0.01 versus LPS-treated mice.
These results suggested that shikonin indeed exhibited its
anti-inflammatory effect by suppressing the LPS-induced
generation of inflammatory cytokines, IL-6 and TNF-α.

© Under License of Creative Commons Attribution 3.0 License

In addition to inflammatory response, endotoxins produced
after bacterial infection leads to the generation of ROS in
association with various oxidation stress markers. To elucidate
whether shikonin also shows antioxidative effect on LPS-induced
kidney injury, we next measured the level of a lipid peroxidation
marker, MDA, in renal tissue as well as the serum hydroperoxide
level in LPS-treated mice with or without shikonin
administration. LPS-treated mice showed a marked increase in
the level of serum hydroperoxide, and the MDA level in the
kidney also tended to increase (Figure 4).

Discussion
We investigated the molecular and cellular mechanisms of the
nephropreventive effect of shikonin using an LPS-treated sepsisinduced AKI mouse model. Based on the experimental method
described in previous reports [12,13], shikonin was administered
intraperitoneally 1 hr before LPS treatment. Serum and renal
tissue were then collected or harvested for chemical and
pathological analyses 4 hr, 24 hr and 48 hr after LPS treatment
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with or without shikonin administration. Our results suggested,
in addition to its anti-inflammatory effect, shikonin may also
exhibit oxidative stress suppressive effects through activation of
the antioxidant defensive transcription factor Nrf2 in renal
tissue. These findings help explain the nephropreventive effect
of shikonin.

increase in Nrf2 expression in both the cytosolic and nucleus
fractions of the kidney (Figure 5). In contrast, Nrf2 expression
was markedly elevated in the kidney of LPS-treated mice with
shikonin administration compared with those of LPS-treated
mice (Figure 5).

Figure 4: Effect of shikonin administration on the levels of
serum hydroperoxide (A) and MDA (B) in the kidney of LPStreated mice. Serum hydroperoxide and renal MDA levels
were determined 48 hr after LPS treatment. Each bar
represents the mean ± S.D. for 3-6 mice in each group.
**P<0.01 versus sham (control, CTL); ##P<0.01 versus LPS
treated mice.

Figure 3: Histological changes in the kidney of sham (control,
CTL) (A), LPS treated mice (B) and LPS- and shikonin-treated
mice (C). LPS treatment resulted in partial glomerular atrophy
(thick solid arrows), debris formation in the proximal tubules
(thin solid arrows), tubular expansion (white thick arrows),
and partial erosion of the brushborder membrane of proximal
tubules (asterisks) (B). By comparison to the LPS-treated
group, the kidney damage in the LPS-treated mice
administered with shikonin was much less severe (C). Yellow
bar represents 20 µm.
By contrast, mice given shikonin displayed significantly lower
levels of serum hydroperoxide and renal tissue MDA in
comparison with LPS-treated mice. These findings suggested
that shikonin administration suppressed the oxidative stress
evoked by LPS treatment in serum and renal tissue.
The activity of Nrf2 is primarily regulated through its
interaction with keap1 in the cytoplasm, which acts as a
repressor in the normal oxidative stress-free environment and is
degraded by the proteasome. However, when tissues are
subjected to stress by oxidation and/or inflammatory reaction,
Nrf2 dissociates from keap1 and shifts into the nucleus, thereby
promoting the expression of antioxidant proteins and
detoxification enzyme genes through an antioxidative response
element (ARE) and an electrophile responsive element (EpRE).
Thus, we examined the influence of LPS treatment and shikonin
administration on protein expression/activation of Nrf2 in
kidney. LPS treatment caused a slight, but not significant,

4

Figure 5: Effect of shikonin administration on Nrf2 expression
in the kidney of LPS treated mice. Nrf2 expression in the renal
nuclear fraction was determined by Western blotting 48 hr
after LPS treatment. Each bar represents the relative
densitometric unit of Nrf2 expression corrected by the band
intensity of β-actin and the mean ± S.D. for 3 mice in each
group. **P<0.01 versus sham (control, CTL); ##P<0.01 versus
LPS-treated mice.
These findings suggest that shikonin stimulates not only
cytosolic Nrf2 protein expression but its activation through a
transient shift into the nucleus.
The presence of Nrf2 in the nucleus is known to upregulate
the expression of various antioxidant proteins and detoxification
enzymes, including HO-1 and NQO1 located downstream of the
ARE/EpRE region. The kidney of LPS-treated mice given shikonin
showed a significant upregulation of both HO-1 and NQO-1
This article is available from: http://dx.doi.org/10.21767/2472-5056.100019
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mRNA compared with those of control mice (sham) and mice
treated with LPS alone (Figure 6). These findings are consistent
with shikonin induced activation / expression of Nrf2.

Figure 6: Effect of shikonin administration on mRNA
expression of HO-1 and NQO1 in the kidney of LPS-treated
mice. mRNA expression of HO-1 and NQO1 in renal tissue was
determined by semiquantitative PCR analysis 48 hr after LPS
treatment. Each bar represents the mean ± S.D. for 4-8 mice
in each group. **P<0.01 versus sham (control, CTL); ##P<0.01
versus LPS-treated mice.
Sepsis is an infection that has evoked systemic inflammatory
response syndrome, which is caused by endogenous
inflammatory mediators being released into the blood.
Specifically, sepsis induces production of inflammatory
cytokines, including IL-6 and TNF-α, by stimulation from a
number of factors including the bacterial toxin LPS [14]. In the
present study, levels of serum IL-6 and TNF-α were significantly
elevated in sepsis-induced AKI model mice 4 hr after LPS
treatment, indicating that the inflammatory response had been
evoked (Figure 1). However, administration of shikonin to LPStreated mice significantly decreased the levels of IL-6 and TNF-α,
suggesting this compound displays a systemic anti-inflammatory
effect. Renal function levels were normal at 4 hr in the early
onset stage of inflammation evoked by septic response (Figure
2). However, analysis of renal function markers at 24 hr and 48
hr after LPS treatment showed BUN and SCr levels had
significantly increased (Figure 2). Nonetheless, this increase in
BUN and SCr at 48 hr was markedly suppressed by
administration of shikonin. Evaluation of renal function in the
LPS group and LPS with shikonin group showed that the kidney
injury caused by LPS treatment was significantly reduced by
administration of shikonin. Moreover, shikonin also markedly
improved the survival rate. Taken together these results
suggested that shikonin displays a renal preventive effect in
sepsis-related AKI induced by LPS treatment.
Next, we examined the likely mechanism for the
nephropreventive effect of shikonin. ROS are generated during
oxygen metabolism and are important in terms of the systemic
defensive and supportive processes. However, excessive
production of ROS is a pathological condition of oxidative stress,
which can bring about the onset of various disease states.
Therefore, antioxidative functions normally act to remove ROS
generated in the body. Under normal conditions, ROS is
© Under License of Creative Commons Attribution 3.0 License

removed immediately by an antioxidant mechanism. However,
when excess ROS builds up in vivo, functional disorder of organs
occurs by modification of nucleic acids, proteins and lipids,
which changes the structure and function of various tissues
including kidney [15]. Recent studies examining the participation
of ROS in AKI reported that the cytotoxic agent peroxynitrite
(ONOO-) increases when ROS or MDA reacts with NO in renal
tissues [16]. Furthermore, symptoms of AKI have been reported
to improve upon administration of agents that eliminate ROS,
suggesting that ROS plays an important pathological role in the
development and progress of AKI [17,18]. In the present study,
we measured MDA in the kidney of sepsis-induced AKI mice as
well as the serum levels of hydroperoxide. We found that the
level of serum hydroperoxide increased significantly in LPStreated mice, and MDA showed a slight elevation in renal tissue
(Figure 4). However, shikonin administration significantly
reduced the levels of both serum hydroperoxide and MDA in the
kidney (Figure 4). These results suggested that ROS participates
in the development of sepsis-induced AKI and that shikonin had
an antioxidative action in the circulatory system and kidney.
Nrf2 is known as a master transcription factor that regulates
the expression of various enzymes and transporters with an
antioxidative function to remove ROS and related compounds in
tissues, including kidney [19,20]. It is reported that Nrf2
contributes to cellular protection in septic model mice [21], and
that Nrf2-knockout mice are more sensitive to LPS-induced
inflammation [22]. Furthermore, activation of Nrf2 was found to
suppress inflammatory cytokine-producing reactions, thereby
leading to cytoprotective effects [23]. In the present study, we
evaluated the level of Nrf2 in the cytoplasm and nucleus
fractions of kidney 48 hr after LPS treatment (Figure 5). Our
findings confirmed that expression of Nrf2 was increased in
kidney of the LPS-treated group, and was significantly enhanced
by shikonin administration. These observations suggested that
the antioxidative mechanism involves Nrf2, which counteracts
the excessive buildup of ROS caused by LPS-induced sepsis.
Furthermore, we investigated the possibility that the protective
effect on the kidney was provided by the antioxidant action of
shikonin acting synergistically, which contributed to Nrf2 action.
Nrf2 shifts into the nucleus when activated by ROS and
upregulates expression of downstream genes HO-1 and NQO1
with an antioxidant function by interacting with the antioxidant
responsive element (ARE) and electrophile responsive element
(EpRE) [24]. In addition, it is reported that LPS-treated animals
show upregulation of HO-1 expression, which helps protect
against organ dysfunction [25]. Examination of the changes of
HO-1 and NQO1 gene expression in the kidney 48 hr after LPS
treatment showed both genes were upregulated in shikonin
administered mice, but not in the LPS-treated group. Therefore,
shikonin appears to stimulate the expression of HO-1 and NQO1
by directly activating Nrf2, resulting in a potential
nephropreventive effect against AKI evoked by LPS-induced
oxidative stress.
In conclusion, in addition to endogenous antioxidative
mechanisms, shikonin could have an anti-inflammatory effect
and antioxidative action via Nrf2 activation, leading to a
nephropreventive effect against LPS-induced septic AKI. These
findings could be useful in elucidating the molecular mechanism
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for the development and progress of sepsis-induced AKI.
Furthermore, this study provides useful basic information for
establishing a new therapeutic strategy to prevent sepsisinduced AKI.
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