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Non-cytotoxic doses of shikonin inhibit
lipopolysaccharide-induced TNF-a expression
via activation of the AMP-activated protein
kinase signaling pathway
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Abstract. Shikonin has been reported to exhibit a wide variety
of medical functions. However, the strong non-selective cyto-
toxicity of shikonin can restrict its clinical application. The aim
of the present study was to investigate the effects of shikonin
at non-cytotoxic doses on the pro-inflammation functions of
monocytes and macrophages. The present results suggested
that the non-cytotoxic doses of shikonin effectively inhibited
lipopolysaccharide (LPS)-induced reactive oxygen species
production, NF-«kB activation and TNF-a expression in RAW
264.7 mouse macrophages via AMP-activated protein kinase
(AMPK) signaling pathway. In addition, the non-cytotoxic
doses of shikonin downregulated LPS-induced TNF-a expres-
sion via AMPK signaling activation in primary murine bone
marrow-derived macrophages, and also in monocytes cultured
ex vivo from patients with chronic obstructive pulmonary disease
(COPD). The present in vivo results indicated that the low-toxic
dose of shikonin suppressed LPS-induced endotoxin shock and
TNF-a expression in mice. Collectively, the present results may
provide clinical and translational relevance for treating COPD
and other TNF-a-related inflammatory disorders.
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Introduction

Chronic obstructive pulmonary disease (COPD) occurs in
>380 million individuals globally, especially amongst adults
aged >30 years (1). The global prevalence of COPD is expected
to increase continuously during the next few decades due to an
ageing population, uncontrolled smoking prevalence in devel-
oping countries and additional environmental exposures such
as air pollution and biomass fuel exposure (2). It is estimated
that in 2030, more than 4.5 million deaths annually will be
attributable to COPD and related conditions worldwide (2),
and by 2060 there may be over 5.4 million deaths annually
from COPD and related conditions globally (3). COPD is a
progressive lung disease characterized by persistent airway
inflammation, accompanied by irreversible airflow obstruc-
tion, including chronic bronchitis and emphysema (4,5).
Despite the rising the incidence of COPD, there are currently
no specific drugs to treat and protect against COPD (5-7).
Therefore, the identification of novel agents for targeting this
disease is urgently needed.

Elevated levels of pathogen-associated molecular patterns
(PAMPs) are often associated with progressive inflammation
in COPD (8.,9). Lipopolysaccharide (LPS) is one of the most
common PAMPs, which is produced from the cell walls of
Gram-negative bacteria (4). LPS has been recognized as an
essential contributor to lung inflammation and injury in
COPD (10,11). Moreover, LPS can activate inflammatory
cells, such as monocytes and macrophages, to produce tumor
necrosis factor-o (TNF-0) and other related inflamma-
tory cytokines (8,9). The levels of TNF-a are significantly
increased in the sputum, bronchoalveolar lavage fluid, plasma
and lung tissue of patients with COPD, which may serve as a
therapeutic target for chronic lung inflammation (4). Strategies
to reduce the secretion of TNF-a may effectively alleviate the
inflammation in patients with COPD (11-13).

AMP-activated protein kinase (AMPK) plays a vital role
in maintaining cellular energy homeostasis (14). Studies have



2 ZHANG et al: SHIKONIN INHIBITS TNF-o PRODUCTION VIA AMPK ACTIVATION

suggested that AMPK also exerts potent anti-inflammatory
effects (15-18). A plethora of studies have demonstrated that
AMPK inhibits the inflammatory response by indirect inhibi-
tion of NF-kB activation (19-22). In addition, a study suggested
that AMPK exerted anti-inflammatory effects in immune
cells by switching metabolic activity from a glycolysis driven
process to a mitochondrial oxidative metabolic process, such as
fatty acid oxidation (FAO) (23,24). Furthermore, an additional
study indicated that transformation of pro-inflammatory M1
macrophages to anti-inflammatory M2 macrophages is depen-
dent on AMPK and FAO (25). This evidence indicates that
AMPK has a functional role in attenuating the inflammatory
response (15,24,26). The well-established AMPK activators
5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR)
and A769662 have been reported to suppress LPS-induced cyto-
kine production and NF-kB activation (27,28). An additional
classic AMPK activator and widely used antidiabetic agent,
metformin, has been indicated to decrease the expression levels
of pro-inflammation and adhesion molecules by activating
the AMPK signaling pathway (29). Furthermore, it has been
reported that perifosine and cordycepin activate the AMPK
signaling pathway, and subsequently inhibit LPS-induced
TNF-a expression (27,30). Therefore, AMPK activation may
serve as an effective and novel therapeutic strategy for inhib-
iting LPS-induced inflammatory responses (31).

Zicao is a commonly used herbal medicine in China (32).
Zicao is believed to possess detoxification properties and has
been used for the treatment of macular eruptions, measles,
sore-throat, carbuncles and burns (33). Shikonin, a naph-
thoquinone compound, is the primary active constituent
of Zicao, which can be produced from the dried root of
Lithospermum erythrorhizon (34). Shikonin has been reported
to exert multiple pharmacological effects, including both
anti-cancer and anti-inflammatory properties (35,36). However,
the strong non-selective cytotoxicity of shikonin restricts its
clinical application (36). Thus, it is essential to investigate the
pharmacological effects of shikonin at low cytotoxic doses.
The aims of the present study were to examine the effects of
shikonin at non-cytotoxic doses on the pro-inflammation func-
tions of monocytes and macrophages, as well as identifying
the underlying molecular mechanisms.

Materials and methods

Reagents. Shikonin was obtained from Yuanye Biotechnology
Co., Ltd. (cat. no. B21682). LPS (cat. no. L6143), compound C
(an AMPK inhibitor; cat. no. 171261) and D-galactosamine
(cat. no. GO500-5G) were obtained from Sigma-Aldrich
(Merck KGaA). MTT was purchased from Beyotime Institute
of Biotechnology (cat. no. C0009). Cell culture reagents,
including: DMEM (Dulbecco's modified Eagle's medium,;
cat.no. 11965084), FBS (fetal bovine serum; cat. no. 16140071),
glutamine (cat. no. 25030081) and penicillin-streptomycin
(cat. no. 15070063) were supplied by Gibco (Thermo Fisher
Scientific, Inc.).

Culture of RAW 264.7 cells. The mouse macrophage cell
line RAW 264.7 was obtained from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences
(cat. no. TCM13). The cells were cultured in DMEM with

10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin,
and 2 mM glutamine at 37°C in a 5% CO, humidified incu-
bator as described previously (30).

Preparation of bone marrow-derived macrophages (BMDMs).
All animal experiments were approved by the Animal Ethics
Committee of The Fourth Military Medical University (Xi'an,
Shaanxi, China). The present study used 2-month-old male
C57BL/6J mice (supplied by Beijing Vital River Laboratory,
Beijing, China; n=10; 20-25 g). Mice were maintained under
specific pathogen-free conditions. All mice were provided free
access to food and water and were maintained at a temperature
of 23+2°C, humidity of 40-80% and on a 12 h light/dark cycle.
Mice were euthanized with sodium pentobarbital (250 mg/kg;
cat. no. P3761; Sigma-Aldrich; Merck KGaA), and their femurs
and tibias wereisolated and rinsed in 75% (vol/vol) ethanol. Bone
marrow cells were flushed out with PBS and passed through
40 uM filters, then centrifuged at 450 x g for 5 min at room
temperature. Cell pellets were suspended in ammonium-chlo-
ride-potassium (ACK) hypotonic buffer (cat. no. C3702;
Beyotime Institute of Biotechnology) at a volume ratio of cell
pellet to ACK hypotonic buffer of 1:5 at room temperature for
1 min, then washed with serum-free DMEM. After centrifuga-
tion at 450 x g for 10 min at room temperature, the isolated
bone marrow cells were resuspended and cultured in DMEM
containing 10% FBS and 30% 1.929-conditioned media at
37°C in a 5% CO, incubator to allow for differentiation. The
L929-conditioned media was obtained from L929 fibroblasts
(cat. no. GNM28; Cell Bank of Type Culture Collection
of the Chinese Academy of Sciences) that were grown in
DMEM (cat. no. 11965084; Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS (cat. no. 16140071; Gibco;
Thermo Fisher Scientific, Inc.) at 37°C in a 5% CO, incubator
for 3 days following confluency. The medium was filtered
through a 0.22-um filter (cat. no. FF362-100pcs; Beyotime
Institute of Biotechnology) and kept at 4°C for the subsequent
applications, as previously described (37). After culturing
for 7 days, the adherent macrophages were trypsinized and
sub-cultured in DMEM supplemented with 10% FBS and
15% 1.929-conditioned media, 2 mM glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin at 37°C in a 5% CO,
incubator for subsequent experiments. The animal experi-
mental procedures were carried out strictly in accordance with
the guidelines approved by The Animal Ethics Committee of
The Fourth Military Medical University.

Ex vivo culture of human peripheral blood mononuclear cells
(PBMCs). After obtaining their written informed consent,
PBMCs were collected from patients with COPD. A total of 10
COPD patients were recruited at the Xijing Hospital of Fourth
Military Medical University between October 2017 and March
2018. The patients were male, and aged 52-65 years old (mean
age,61.1; median age, 62.5). Cells were collected using lympho-
cyte separation medium (cat. no. 10771; Sigma-Aldrich; Merck
KGaA) as previously described (4,28). The collected PBMCs
were cultured in DMEM containing 10% FBS and other
essential nutrients (38). The study protocol involving clinical
specimens was approved by The Institutional Review Board
of Xijing Hospital Affiliated to The Fourth Military Medical
University.
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Assessment of cytotoxicity. The survival rates of RAW 264.7
cells, BMDMs and PBMCs were assessed by MTT assay. Cells
were cultured in 96-well plates at a density of 1x10* cells/well
and incubated with 5% CO, at 37°C for 24 h, Subsequently, the
cells were treated with gradually increasing doses of shikonin
0,0.5, 1.0, 1.5, and 2.0 uM) at 37°C for a further 24 h. After
shikonin treatment, 20 pl/well of MTT (5 mg/ml) was added
into each well, and then incubated at 37°C for 4 h. Then, the
culture supernatant was removed from each well, and DMSO
(150 pl/well) was added to dissolve the formazan crystals (30).
The optical density (OD) values were determined at 570 nm
using a microplate reader (ELX 800; BioTek Instruments, Inc.).

The percentage of cell death was determined by trypan
blue staining (4,39). After shikonin treatment, the cells were
collected, centrifuged at 1,000 x g for 1 min at room tempera-
ture and resuspended in 0.4% trypan blue (cat. no. 15250061,
Gibco; Thermo Fisher Scientific, Inc.), stained for 3 min at
room temperature and then manually counted using a hemo-
cytometer. The numbers of stained cells were presented as a
ratio of the total (stained and unstained) cells.

Detection of apoptosis. The level of apoptosis in RAW 264.7
cells was evaluated using a TUNEL assay kit (cat. no. C1088;
Beyotime Institute of Biotechnology) according to the manu-
facturer's protocol. Briefly, RAW 264.7 cells were cultured in
24-well plates at a density of 1.5x10° cells/well and incubated
with 5% CO, at 37°C for 24 h, subsequently, the cells were
treated with gradually increasing doses of shikonin (0, 0.5, 1.0,
1.5 and 2.0 uM) at 37°C for a further 24 h. After treatment,
the cells were fixed in 4% paraformaldehyde for 20 min at
room temperature. Subsequently, the cells were washed with
PBS three times and permeabilized with 0.3% Triton X-100
for 5 min at room temperature before the cells were incubated
with TUNEL working solution for 60 min in a humidified
atmosphere at 37°C in the dark. The cells were then counter-
stained with 5 pg/ml DAPI (cat. no. D8417; Sigma-Aldrich;
Merck KGaA) for 5 min at room temperature and mounted
using antifade mounting medium (cat. no. PO126; Beyotime
Institute of Biotechnology). The cells were observed using a
fluorescence microscope (magnification, x100), in which five
fields were randomly selected, and the TUNEL and DAPI
stained nuclei in the cells were counted manually (40). The
percentage of positive cells was calculated using the following
equation: TUNEL-positive cells (%)=(number of TUNEL
positive cells/total number of cells) x 100%, as previously
described (41). The apoptosis of RAW 264.7 cells was also
assessed using a Dead Cell Annexin-V-FITC Propidium
iodide (PI) apoptosis detection kit (cat. no. V13242; Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. The rate of apoptotic cells was evaluated using a
standard EPICS Elite flow cytometer (Beckman Coulter, Inc.)
as previously described (42), and data were analyzed using
CXP Analysis Software version 1.0 (Beckman Coulter, Inc.).

ELISA assay. Cells (RAW 264.7 cells, BMDMs and PBMCs)
were cultured in 6-well plates at a density of 1x10° cells/well
and incubated with 5% CO, at 37°C for 24 h. Subsequently,
the cells were treated with LPS alone (100 ng/ml) or
10-250 ng/ml in combination with different doses of shikonin
(0.5 and 1.0 uM) at 37°C for 24 h, with or without 1 h

pretreatment with 10 uM compound C. After treatment, the
extracellular levels of TNF-a in DMEM were detected using
commercial ELISA kits (RAW 264.7 cells, cat. no. MTAOOB,
R&D Systems, Inc.; BMDMs, cat. no. PT512; Beyotime
Institute of Biotechnology; PBMCs, cat. no. PT518; Beyotime
Institute of Biotechnology) following each manufacturer's
protocol. The general procedure was as follows: The culture
medium was collected by centrifuging at 500 x g for 10 min
at room temperature. The culture supernatant was added into
anti-TNF-a antibody-coated wells (in the corresponding kit)
and incubated for 2 h at room temperature. Then, the corre-
sponding biotinylated antibody was added into each well and
incubated for a further 1 h at room temperature. Horseradish
peroxidase (HRP)-streptavidin was added and incubated in
the dark for 20 min at room temperature, then TMB substrate
was added into each well and incubated in the dark for another
20 min at room temperature. Stop solution was added and
gently mixed in the dark for 2 min at room temperature. The
absorbance values at 450 nm were detected using a microplate
reader (ELX 800; BioTek Instruments, Inc.), and the concen-
tration of TNF-a was calculated by referring to the standard
curve.

Reverse transcription-quantitative PCR (RT-qPCR). The
cells (RAW 264.7 cells, BMDMs and PBMCs) were cultured
in 6-well plates at a density of 1x10° cells/well and incubated
with 5% CO, at 37°C for 24 h. Subsequently, the cells were
treated with LPS (100 ng/ml alone or 10-250 ng/ml), or in
combination with different doses of shikonin (0.5 and 1.0 xM)
at 37°C for 24 h, with or without 1 h pretreatment of 10 uM
compound C. After treatment, RNA isolation and RT-qPCR
assay were carried out according to previously published
methods (4,43). Briefly, total RNA was extracted from the
cells using TRIzol® reagent (cat. no. 15596018; Invitrogen;
Thermo Fisher Scientific, Inc.). Then, the extracted RNA
(2 pg; 10 ul) was reverse transcribed using AMV reverse
transcriptase (cat. no. M5101; Promega Corporation) in a 25 ul
final reaction volume containing AMV Reverse Transcriptase
(3 ul), AMV Reverse Transcriptase 5X Reaction Buffer (5 ul;
cat. no. M5101; Promega Corporation), 10 mM dNTP (2.5 ul;
cat. no. U1330; Promega Corporation), RNasin® Ribonuclease
Inhibitor (1 pl; cat. no. N2511; Promega Corporation),
500 pg/ml oligo(dT),s primer (2 ul; cat. no. C1101; Promega
Corporation) and nuclease-free water (1.5 ul; cat. no. P1193;
Promega Corporation), which were incubated at 42°C for
60 min. gPCR reactions were carried out on an ABI Prism
7500 RT PCR instrument (Applied Biosystems; Thermo Fisher
Scientific, Inc.) in triplicate using SYBR Premix Ex Taq
(cat. no. RR420A; Takara Bio Inc.). The thermocycling condi-
tions were as follows: 95°C for 5 min, followed by 40 cycles
of 95°C for 15 sec and 60°C for 1 min. The relative changes
in TNF-o mRNA expression levels were calculated using
the 2°24€4 method after normalization to GAPDH (44). The
primer sequences for TNF-a and GAPDH were as follows:
Mouse TNF-a (forward, 5'-CATCTTCTCAAAATTCGA
GTGAC-3' and reverse, 5"-TGGGAGTAGACAAGGTACAAC
CC-3"), Mouse GAPDH (forward, 5-GGCCTTCCGTGTTCC
TAC-3' and reverse, 5S"-TGTCATCATATCTGGCAGGTT-3"),
Human TNF-a (forward, 5'-CGAGTGACAAGCCTGTAG
CC-3' and reverse, 5"TTGAAGAGGACCTGGGAGTAG-3"),
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Human GAPDH (forward, 5'-~AACGGATTTGGTCGTATT
G-3" and reverse, 5'-GGAAGATGGTGATGGGATT-3"). All
the primers were synthesized by Sangon Biotech (Shanghai)
Co., Ltd.

Western blotting analysis. Total protein was extracted
from the cells with RIPA buffer (cat. no. P0013; Beyotime
Institute of Biotechnology), followed by quantification
using a bicinchoninic acid protein assay kit (cat. no. P0012;
Beyotime Institute of Biotechnology). Equal amounts of
protein (30 ug protein per lane) from each sample were
separated by 10% SDS-PAGE and transferred to nitrocel-
lulose filter membrane at 100 mV for 75 min. After blocking
with 5% non-fat skim milk [diluted with Tris-buffered
saline containing 0.1% Tween-20 (TBST)] for 1 h at room
temperature, the membrane was incubated overnight with
primary antibody [diluted with 2% bovine serum albumin
(cat. no. ST023; Beyotime Institute of Biotechnology)
in TBST] at 4°C (45). The following primary antibodies
were used: Anti-acetyl-CoA carboxylase (ACC; 1:1,000;
cat. no. AF1867), anti-phosphorylated (p)-ACC (1:1,000;
cat. no. AA110), anti-AMPK (1:2,000; cat. no. AF1627),
anti-p-AMPK (1:1,000; cat. no. AA393), anti-p-IxB
kinase a/f (1:1,000; IKKa/p; cat. no. AI139), anti-IKKa/p
(1:1,000; cat. no. AF2221), and anti-B-actin (1:1,000;
cat. no. AF0003), all of the above primary antibodies were
purchased from Beyotime Institute of Biotechnology. On the
next day, blots were washed and incubated with anti-rabbit
(1:5,000; cat. no. SA00001-2; ProteinTech Group) or
anti-mouse (1:5,000; cat. no. SAO0001-1, ProteinTech Group)
horseradish-peroxidase-conjugated secondary antibody for
1 h at room temperature. The protein bands were visualized
with an enhanced chemiluminescence western blot detection
kit (Pierce; Thermo Fisher Scientific, Inc.), and the protein
expression levels were semi quantified by densitometry using
ImagelJ version 1.46r (National Institutes of Health) (45).

Reactive oxygen species (ROS) determination. The levels
of ROS in RAW 264.7 cells, BMDMs and PBMCs were
assessed using a ROS detection kit (cat. no. SO033; Beyotime
Institute of Biotechnology) as described previously (43).
Cells were harvested by trypsinization and then resuspended
into serum-free DMEM. The cell suspension was incubated
with 10 yM Dichloro-dihydro-fluorescein diacetate solution
at 37°C for 20 min in the dark, and mixed by repeatedly
inverting the tube for 5 min. After being washed three times
with serum-free culture medium, the cell samples were
analyzed by a flow cytometry (FACScan; Becton, Dickinson
and Company). Fluorescence intensity values of the treatment
group were normalized as fold changes relative to the control

group.

Thiobarbituric acid reactive substances (TBARS) assay.
TBARS assay was used for the assessment of lipid peroxida-
tion (28,46). RAW 264.7 cells were treated with 100 ng/ml
of LPS, or in combination with different doses of shikonin
(0.5 and 1.0 uM) for 2 h, with or without 1 h pretreatment of
10 M compound C. After treatment, the cells were harvested
by trypsinization, and the cell extracts were prepared by
sonication (at 200 W four times, for 5 sec each time, with a

2 sec interval between pulses) at 4°C in ice-cold RIPA buffer
(cat. no. PO0O13; Beyotime Institute of Biotechnology). To
remove debris, the lysed cells were centrifuged at 10,000 x g,
at 4°C for 20 min. After centrifugation, the malondialdehyde
(MDA) levels in the supernatant were measured following the
manufacturer's protocol of the TBARS assay kit (cat. no. S0131;
Beyotime Institute of Biotechnology) (47). A protein assay kit
(cat. no. PO012; Beyotime Institute of Biotechnology) was used
to quantify the total protein concentration, and the MDA levels
were then normalized to mg protein. The values of MDA in
treatment groups were presented as fold changes relative to the
control group.

Measurement of NF-xkB p65 subunit DNA binding activity.
The DNA binding activity of NF-xB p65 subunit in RAW
264.7 cells, BMDMs and PBMCs was assessed as described
previously (4,31). The cells were treated with 100 ng/ml of
LPS, or in combination with different doses of shikonin
(0.5 and 1.0 M) for 2vh, with or without 1 h pretreatment
of 10 uM compound C. After treatment, 1 ug of nuclear
extracts per treatment was analyzed by the TransAM
ELISA kit (cat. no. 40098; Active Motif, Inc.) according to
the manufacturer's instructions. To determine the relative
changes in NF-kB p65 subunit DNA binding activities, the
OD values of the treatment group were compared with the
untreated group.

LPS-induced endotoxin shock. The animal experiments
were approved by the Animal Ethics Committee of The
Fourth Military Medical University (Xi'an, Shaanxi, China).
BALB/c mice (supplied by Beijing Vital River Laboratory;
male; 4-6 weeks old; weighing 18-20 g; n=30) had ad libitum
access to food and water, and were maintained under a
12 h light/ dark cycle at 24+1°C with 40-80% relative
humidity. The experiment was divided into three groups
(n=10 per group): Control group, D-galactosamine/LPS group,
and D-galactosamine/LPS + Shikonin group. The mice were
intraperitoneally injected with 30 mg/kg body weight (BW)
LPS, and 300 mg/kg BW D-galactosamine or 2.5 mg/kg BW
shikonin as described previously (4,28). Blood samples of
~50-150 ul were collected from the tail vein of mice 8 h after
LPS induction. The blood samples were incubated at 4°C for
2 h to allow clotting and then centrifuged at 8,000 x g to obtain
serum (~15-50 pl/per mouse), as previously described (48).
The levels of TNF-a in serum (diluted with the dilution
buffer of the corresponding kit) were detected using ELISA
(mouse TNF-a ELISA kit; cat. no. PT512; Beyotime Institute
of Biotechnology) following the manufacturer's protocol (38).
The survival of mice was recorded within 72 h after LPS
injection, and the animal suffering was minimized based on
the humane endpoints. Clinical signs of the humane endpoints
included a significant decrease in locomotion, severe diar-
rhea, piloerection and a 20% reduction in body weight (4).
Animals were weighed and monitored every hour after the
initial administration of LPS/D-galactosamine. Once the
animals reached the endpoints, they were euthanized with
sodium pentobarbital (50 mg/kg BW, i.p; cat. no. P3761;
Sigma-Aldrich; Merck KGaA), followed by cervical disloca-
tion. The procedures of animal experimentation were carried
out strictly in accordance with the guidelines approved by The
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Figure 1. Cytotoxic profile of shikonin in RAW 264.7 mouse macrophages. (A) Chemical structure of shikonin. RAW 264.7 cells were treated with the
indicated doses of shikonin for 24 h, the survival rates of cells were evaluated by (B) MTT assay and the death rates of cells were assessed using a (C) trypan
blue exclusion assay. Cell apoptosis was assessed by (D) flow cytometry analysis and (E) TUNEL staining. Magnification, x100. (F) Contents of TNF-a in
culture medium were examined by ELISA assay. "P<0.05 vs. control group. C, control; TNF-a, tumor necrosis factor a.

Animal Ethics Committee of The Fourth Military Medical
University.

Statistical analysis. Data were obtained from =3 indepen-
dent experiments. Statistical analyses were carried out using
SPSS ver. 16.0 software (SPSS, Inc.). Data are presented as
the mean + SD. Statistical differences between groups were
compared using Student's t-test or one-way ANOVA with
Bonferroni's post hoc test. Intergroup survival rates were
analyzed using Kaplan-Meier curves with log-rank test. P<0.05
was considered to indicate a statistically significant difference.

Results

Cytotoxic effects of shikonin on RAW 264.7 mouse macro-
phages. Shikonin, a naphthoquinone compound, is the
primary active constituent of Zicao (32). Shikonin (Fig. 1A)
has been reported to have a wide variety of medical func-
tions, but its non-selectivity and strong cytotoxicity limits its
clinical use (36). The present study investigated the cytotoxic
profile of shikonin in RAW 264.7 macrophages. The cultured
macrophages were treated with gradually increasing doses
of shikonin for 24 h. Then, MTT (Fig. 1B) and trypan blue



6 ZHANG et al: SHIKONIN INHIBITS TNF-o PRODUCTION VIA AMPK ACTIVATION

>

ONo LPS
@ Plus LPS {100 ng/ml)
*

1400 ™
1200
1000

800

400
200

TNF-a (pg/ml})

C 0.50 1.00
Shikonin (uM), 24 h

@]

O No Shikonin

1600 . . *
1400 @ Plus Shikonin (1 pM) _—

z 1200

& 1000 *

< 800 T

] *

uw 600

Z 400

[+ 10 50
LPS (ng/ml), 24h

250

B

ONo LPS
@ Plus LPS (100ng/ml)

(%]
o

o w

TNF-a mRNA (fold vs. C)
w

o

*
— * @
c 0.50 1.00
Shikonin (uM), 8h

O

O No Shikonin
G B Plus Shikonin (1 pM)
S 15 =
= *
2
= 10
2 o
o
E 5
q}
w
=z
=

[+ 10 50
LPS (ng/ml),8h

250

Figure 2. Non-cytotoxic doses of shikonin inhibit LPS-induced TNF-a expression in RAW 264.7 mouse macrophages. RAW 264.7 cells were treated with
10-250 ng/ml of LPS and/or the indicated doses of shikonin. (A) Contents of TNF-a in culture medium were examined using ELISA assay after 24 h of
LPS treatment and shikonin. (B) After 8 h of LPS and shikonin treatment, the relative mRNA expression levels of TNF-a were detected using RT-qPCR.
(C) Contents of TNF-a in culture medium were examined using ELISA assay after 24 h of varying LPS treatment and shikonin. (D) Relative mRNA
expression levels of TNF-a were assessed using RT-qPCR. ‘P<0.05 vs. LPS alone group. Reverse transcription-quantitative PCR, RT-qPCR; C, control; LPS,

lipopolysaccharide; TNF-o, tumor necrosis factor a.

exclusion (Fig. 1C) assays were performed to assess the
viability of cells. It was found that shikonin (1.5-2.0 uM)
was cytotoxic to RAW 264.7 macrophages, however, there
was no obvious cytotoxicity with 0.5 and 1.0 xM shikonin.
The flow cytometry analysis (Fig. 1D) and TUNEL staining
(Fig. 1E) results suggested that shikonin induced apoptosis at
the concentrations of 1.5 and 2.0 uM, but did not have these
effects at 0.5 and 1.0 M. In addition, at non-cytotoxic concen-
trations (0.5 and 1.0 gM), shikonin did not affect the levels
of TNF-a in RAW 264.7 macrophages (Fig. 1F). However, at
1.5 and 2.0 uM, shikonin significantly inhibited the production
of TNF-a (Fig. 1F), which may attribute to shikonin-induced
apoptosis (Fig. 1D and E).

Non-cytotoxic doses of shikonin suppress LPS-induced TNF-a
expression in RAW 264.7 mouse macrophages. Therefore,
based on the present results the non-cytotoxic doses (0.5 and
1.0 uM) of shikonin were chosen for subsequent experimenta-
tion. In line with previous studies (4,28), 100 ng/ml of LPS
treatment significantly increased TNF-a expression in RAW
264.7 macrophages at both the protein (Fig. 2A) and mRNA
(Fig. 2B) levels. However, co-treatment with 0.5 and 1.0 xM
of shikonin significantly attenuated LPS-induced TNF-a
expression levels (Fig. 2A and B). Furthermore, 1.0 uM
shikonin-mediated inhibition of TNF-a expression was iden-
tified in RAW 264.7 macrophages in response to different
concentrations of LPS (Fig. 2C and D). Collectively, the present
results suggested that non-cytotoxic doses of shikonin inhibit
LPS-induced TNF-a expression in RAW 264.7 macrophages.

Shikonin suppresses LPS-induced TNF-a expression via
AMPK activation. AMPK activation is involved in the

suppression of inflammatory responses (31). Previous studies
showed that the activation of AMPK inhibits LPS-induced
TNF-a expression in mouse macrophages (28,30). However,
it remains unknown whether the AMPK signaling pathway
is activated in shikonin-treated RAW 264.7 macrophages.
The present results indicated that the phosphorylation levels
of ACC and AMPKa were significantly increased after treat-
ment with non-cytotoxic doses of shikonin (0.5 and 1.0 uM;
Fig. 3A). However, pretreatment with compound C, an AMPK
inhibitor, not only reversed the AMPK activation induced by
shikonin (Fig. 3A), but also attenuated the inhibitory effects of
shikonin on LPS-induced TNF-a expression at both protein
and mRNA levels (Fig. 3B and C). Consistent with previous
results (49), in the present study compound C alone showed
no obvious effect on TNF-a expression under LPS stimula-
tion (Fig. 3D and E). Therefore, the present results suggested
that the AMPK signaling pathway may play a key role in the
inhibition of LPS-induced TNF-a expression after treatment
with shikonin at non-cytotoxic doses.

Previous studies have reported that LPS-induced ROS is
required for subsequent TNF-a expression and NF-kB activa-
tion (28,30). AMPK activation suppresses ROS production
under different stress conditions (14,43). The present results
indicated that shikonin treatment at non-cytotoxic doses
(0.5 and 1.0 uM) significantly attenuated LPS-induced ROS
generation (Fig. 3F), lipid peroxidation (TBARs production;
Fig. 3G) and NF-kB activation (Fig. 3H and I) in RAW 264.7
macrophages. Moreover, pretreatment with compound C
reversed the effects of shikonin (Fig. 3F-I). However, the
non-cytotoxic doses of shikonin exerted no significant effects
on both NF-«B activation and ROS generation in the absence
of LPS stimulation (data not shown). Therefore, shikonin,
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Figure 3. Non-cytotoxic doses of shikonin suppress LPS-induced TNF-a expression via activating AMPK pathway. RAW 264.7 cells were treated with
100 ng/ml of LPS, or in combination with the indicated doses of shikonin with and without 1 h pretreatment of 10 yM compound C. (A) Protein expression
levels of ACC, p-ACC, AMPKa and p-AMPKoa were determined by western blotting and then semi-quantified by densitometric analysis. (B) Extracellular
contents of TNF-a were examined using ELISA assay. (C) Relative mRNA levels of TNF-a were examined using RT-qPCR assay. RAW 264.7 cells were
treated with 100 ng/ml of LPS with or without 1 h pretreatment of 10 M compound C for (D) 24 h or (E) 8 h. Extracellular concentration of TNF-a was exam-
ined using ELISA assay. Relative mRNA levels of TNF-a were examined using RT-qPCR assay. RAW 264.7 cells were treated with 100 ng/ml of LPS for 2 h,
or in combination with the indicated doses of shikonin with or without 1 h pretreatment with 10 #M compound C. (F) Relative ROS intensity and (G) TBARs
content were detected by flow cytometry and TBARs production assay, respectively. Activation of NF-kB was evaluated by detecting (H) p-IKKa/p and
IKKa/p levels, (I) and p65 DNA-binding activity. "P<0.05 vs. LPS alone group. “P<0.05 vs. corresponding shikonin combined with LPS group. C, control; LPS,
lipopolysaccharide; TNF-o, tumor necrosis factor a; p-, phosphorylated; ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; IKKa/p, IkB
kinase a/f; CC, Compound C; ROS, reactive oxygen species; TBARs, thiobarbituric acid reactive substances.

via AMPK signaling activation, inhibited LPS-induced ROS  Non-cytotoxic doses shikonin inhibit LPS-induced TNF-a
generation and NF-kB activation, which suppressed TNF-a  expression in murine BMDMs via AMPK activation. The
expression. potential role of shikonin in LPS-induced TNF-a production
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Figure 4. Non-cytotoxic doses of shikonin suppress LPS-induced TNF-a expression in primary murine BMDMs via AMPK activation. After treating with the
indicated doses of shikonin for 24 h, the survival and death rates of primary murine BMDMs were evaluated by (A) MTT and (B) trypan blue exclusion assays,
respectively. (C) Expression levels of ACC, p-ACC, AMPKa and p-AMPKoa were detected by western blotting. Relative ROS intensity and NF-«xB activation
were examined by (D) flow cytometry and (E) p65 DNA-binding activity assay, respectively. Extracellular contents and relative mRNA levels of TNF-a
were examined by (F) ELISA and (G) reverse transcription-quantitative PCR, respectively. "P<0.05 vs. LPS alone group. “P<0.05 vs. corresponding shikonin
combined with LPS group. C, control; LPS, lipopolysaccharide; TNF-a, tumor necrosis factor a; p-, phosphorylated; ACC, acetyl-CoA carboxylase; AMPK,
AMP-activated protein kinase; IKKa/p, IxkB kinase a/f; CC, Compound C; ROS, reactive oxygen species; BMDMs, bone marrow-derived macrophages.

was investigated using the primary murine BMDMs. Similar to
the results from RAW 264.7 macrophages, the indicated doses of
shikonin (0.5 and 1.0 M) were also non-cytotoxic to BMDMs
(Fig. 4A and B). Moreover, the non-cytotoxic concentrations
of shikonin activated AMPK signaling (Fig. 4C), suppressed
LPS-induced ROS generation (Fig. 4D) and NF-xB activation

(Fig. 4E), whilst downregulating TNF-a expression at both the
protein (Fig. 4F) and mRNA (Fig. 4G) levels. However, pretreat-
ment with compound C significantly attenuated such effects of
shikonin (Fig. 4C-G). Collectively, the present results suggested
that the non-cytotoxic doses of shikonin suppressed LPS-induced
TNF-a expression in murine BMDMs via AMPK activation.
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Figure 5. Non-cytotoxic dose of shikonin suppresses LPS-induced TNF-a expression via AMPK activation in the ex vivo cultured PBMCs from patients with
COPD. After treating with the indicated doses of shikonin for 24 h, the survival and death rates of the ex vivo cultured PBMCs from patients with COPD were
evaluated by (A) MTT and (B) trypan blue exclusion assays, respectively. (C) Protein expression levels of ACC, p-ACC, AMPKa and p-AMPKa were detected
by western blotting. Relative ROS intensity and NF-«B activation were examined by (D) flow cytometry and (E) p65 DNA-binding activity assay, respectively.
Extracellular contents and relative mRNA levels of TNF-a were examined using (F) ELISA and (G) reverse transcription-quantitative PCR, respectively.
“P<0.05 vs. LPS alone group. "P<0.05 vs. corresponding shikonin combined with LPS group. C, control; LPS, lipopolysaccharide; TNF-a, tumor necrosis
factor a; p-, phosphorylated; ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; IKKa/f, IxB kinase a/p; CC, Compound C; ROS, reactive
oxygen species; COPD, Chronic obstructive pulmonary disease; PBMCs, peripheral blood mononuclear cells.

Non-cytotoxic doses of shikonin inhibit LPS-induced TNF-a
expression in PBMCs from patients with COPD via AMPK
activation. The potential role of shikonin in LPS-induced
TNF-a production was assessed using ex vivo cultured primary
human PBMCs collected from patients with COPD. Based on
the MTT (Fig. 5A) and trypan blue exclusion (Fig. 5B) assay
results, 0.5 yuM was selected as the non-cytotoxic dose for

shikonin. Consistent with the data of murine macrophages, the
non-cytotxoic concentration of shikonin (0.5 #M) activated the
AMPK signaling pathway (Fig. 5C), suppressed LPS-induced
ROS generation (Fig. 5D) and NF-«B activation (Fig. 5E) in
PBMCs. Moreover, 0.5 M shikonin downregulated TNF-a
expression at both protein (Fig. 5F) and mRNA (Fig. 5G)
levels in the monocytes derived from patients with COPD.
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Figure 6. Low-toxic dose of shikonin suppresses LPS-induced endotoxin shock and TNF-a production in mice. (A) Within 72 h of initial LPS and
D-galactosamine administration, the survival of mice was recorded every 4 h. (B) After 8 h of LPS injection, serum samples were collected from tail vein
and the levels of TNF-o were tested by ELISA. "P<0.05 vs. control group; “P<0.05 vs. D-galactosamine and LPS group. C, control; LPS, lipopolysaccharide;

TNF-a, tumor necrosis factor a.

Low-toxic dose of shikonin suppresses LPS-induced endo-
toxin shock and TNF-o. expression in mice. The present study
investigated the protective role of shikonin in LPS-induced
inflammation in vivo in mice; D-galactosamine and LPS were
intraperitoneally injected into the mice. D-galactosamine is
a hepatotoxic transcriptional inhibitor that strengthens the
toxicity of TNF-a (50). Consistent with a previous study (28),
LPS and D-galactosamine co-treatment triggered septic
shock and led to mortality of mice (Fig. 6A). In addition,
co-administration of shikonin (2.5 mg/kg BW) significantly
protected mice against endotoxin shock (Fig. 6A). The
low-toxic dose of shikonin (2.5 mg/kg BW) for in vivo appli-
cation was determined based on our previous work (data
not published) and results from previous study (51), wherein
no obvious toxicities were observed when administered to
tested mice alone. Furthermore, the present ELISA results of
TNF-a in serum samples indicated that shikonin (2.5 mg/kg
BW) significantly suppressed LPS/D-galactosamine-induced
TNF-a expression in vivo (Fig. 6B). Collectively, the present
results suggested that shikonin suppresses LPS-induced
TNF-a production and protects mice against endotoxin shock.

Discussion

This study showed that the non-cytotoxic doses of shikonin
remarkably suppressed LPS-induced TNF-a expression in
mouse macrophages (RAW 264.7 and primary cells). In addi-
tion, the expression of TNF-a was downregulated by shikonin
in LPS-stimulated PBMC:s isolated from patients with COPD.
Furthermore, the underlying molecular mechanisms of
shikonin-mediated anti-TNF-a activities may be regulated via
activation of AMPK signaling pathway.

As a key sensor of intracellular energy status, AMPK
is able to regulate vital metabolic pathways in cells (14).
It was been shown that AMPK plays an important role in
modulating inflammatory responses (24). A series of AMPK
activators such as AICAR, A769662, GSK621 and cordy-
cepin have been reported to suppress LPS-induced TNF-a
production and NF-kB activation via AMPK activation (31).
As an extract of traditional Chinese medicine, shikonin
affects several important transcription factors and signaling

pathways, some of which are closely related to the production
of inflammatory cytokines (32,36,52). However, the present
results suggested that shikonin at non-cytotoxic doses
suppressed LPS-induced TNF-a production in macrophages,
mainly via the activation of AMPK signaling pathway.
AMPK can be activated by the upstream AMPK kinases
liver kinase B1 or Ca®*/calmodulin-dependent protein kinase
kinase f in cells (53). Several anti-inflammatory compounds,
such as metformin, AICAR and hydrogen sulfide can activate
AMPK via these two upstream kinases (54-56). A previous
study speculated that the mechanism of shikonin activating
AMPK is similar to that of metformin (35). However, the
detailed underlying mechanisms require further investiga-
tion.

Numerous studies have suggested a vital function of AMPK
for preventing oxidative stress (14,43). AMPK activation can
scavenge ROS production by maintaining NADPH levels
during energy stresses (14,43). AMPK activation also inhibits
H,0,-induced oxidative stress by regulating the NADPH
signaling pathway (57). In addition, previous studies have
reported that AMPK attenuates LPS-induced ROS genera-
tion and subsequently inhibits NF-xB activation (28,30,31).
Consistent with these studies, the present results indicated that
shikonin-activated AMPK could scavenge LPS-induced ROS
generation. Previous studies have also shown that shikonin
can increase the intracellular ROS level via various mecha-
nisms, leading to oxidative stress and cytotoxicity (34,58,59).
However, the present results are inconsistent with these
existing studies. These different between results may be due
to the various doses used; the high doses of shikonin promote
intracellular ROS production, while the non-cytotoxicity
doses of shikonin scavenge ROS via activating AMPK
signaling. Additionally, the present results may have valu-
able implications for investigating the antioxidant effects of
shikonin at non-cytotoxicity doses. Moreover, AMPK and
ROS production may be involve in mitochondrial function.
Gasparrini et al (60) found that strawberry extract (a mixture
containing 0.58 mg vitamin C per g fresh weight, 2.52 mg
of polyphenol gallic acid equivalent per g fresh weight,
0.66 mg flavonoid catechin equivalent per g fresh weight and
a variety of other trace ingredients) can efficiently counteract
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LPS-induced oxidative stress, reduce the amount of ROS and
nitrite production, stimulate endogenous antioxidant enzyme
activities, enhance protection against lipid, protein and DNA
damage, and improve mitochondria functionality by activating
the AMPK pathway. Moreover, Jung et al (61) reported that
liquiritigenin, an AMPK activator, can protect hepatocytes
against oxidative hepatic injury and mitochondrial dysfunc-
tion induced by nutrition deprivation. Kajiwara et al (62)
demonstrated that the commonly used AMPK activator,
metformin, can suppress the growth of L. pneumophila
in macrophages by inducing mitochondrial ROS, but not
phagosomal NADPH oxidase-derived ROS, in a time- and
concentration-dependent manner. However, whether shikonin
affects mitochondrial function via activating AMPK pathway
requires further study.

COPD is a major health threat worldwide, affecting over
10% of the adult population and contributing to 3.2 million
deaths annually (63). In patients with COPD, the content of
TNF-a is significantly elevated in the bronchoalveolar lavage
fluids, sputum, plasma and lung tissues, which can serve as a
main cause for lung damages (11-13,28). Strategies to reduce
the secretion of TNF-a can effectively prevent the inflamma-
tory damage in patients with COPD (11-13). Shikonin has been
reported to exert multiple pharmacological effects, including
anti-inflammation properties (35,36). However, to the best
of our knowledge, there no previous studies have investi-
gated the potential use of shikonin in treating patients with
COPD. The present results suggested that shikonin inhibited
LPS-induced TNF-a production via activation of the AMPK
pathway, suggesting that this herbal extract may facilitate
the treatment of COPD. Several other AMPK activators have
been demonstrated to exert potential therapeutic effects on
COPD (28,31). However, whether shikonin has advantages
over these compounds for the treatment of COPD requires
more investigation.

In conclusion, shikonin has been reported to have a variety
of medical functions, but the strong non-selective cytotoxicity
limits its use in clinic (36). The present results suggested that
the non-cytotoxic doses of shikonin inhibit LPS-induced
TNF-a expression in macrophages cell line, primary murine
BMDMs and ex vivo cultured PBMCs from patients with
COPD. Moreover, the low-toxic dose of shikonin suppressed
LPS-induced endotoxin shock and TNF-a production in mice.
The present results may facilitate the clinical application of
shikonin as an anti-inflammatory agent in treating COPD and
other TNF-a-related inflammatory disorders.
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