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Chemical inducers of heat shock proteins derived from medicinal plants
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Abstract

Environmental stress induces damage that activates an adaptive response in any organism. The cellular stress response is
based on the induction of cytoprotective proteins, the so-called stress or heat shock proteins (HSPs). HSPs are known to
function as molecular chaperones which are involved in the therapeutic approach of many diseases. Therefore in the current
study we searched nontoxic chaperone inducers in chemical compounds isolated from medicinal plants. Screening of 80
compounds for their Hsp70-inducing activity in human lymphoma U937 cells was performed by western blotting. Five
compounds showed significant Hsp70 up-regulation among them shikonin was most potent. Shikonin was able to induce
Hsp70 at 0.1 uM after 3 h without activation of heat shock transcription factor 1 (HSF-1). It also induces significant reactive
oxygen species generation. The expression level of genes responsive to shikonin was studied using global-scale microarrays
and computational gene expression analysis tools. Significant increase in the nuclear factor erythroid 2-related factor 2
(Nrf2, NFEL21.2) mediated oxidative stress response was observed that leads to the activation of HSP. The results of gene
chip analysis were further confirmed by real-time qPCR assay. In short, the detailed mechanisms of Hsp70 induction by
shikonin is not fully understood, Nrf2 and its target genes might be involved in the Hsp70 up-regulation of U937 cells.

Keywords: Hear shock proteins, Nrf2, oxidative stress, shikonin

Introduction activation of pro-survival pathways and the produc-
tion of molecules with antioxidant, antiapoptotic and
proapoptotic activities [2]. Among the cellular path-

ways conferring protection against oxidative stress, a

Human exposure to environmental toxicants has
been associated with etiology of many diseases
including inflammation, cancer, cardiovascular and

neurodegenerative disorders. To counteract the det-
rimental effects of environmental insults, mamma-
lian cells have evolved a hierarchy of sophisticated
sensing and signalling mechanisms to turn on or off
endogenous antioxidant responses accordingly [1].
The ability of cells to counteract stressful conditions,
known as cellular adaptive response, requires the

key role is played by vitagenes, which include heat
shock proteins (HSPs) such as heme oxygenase-1
(HMOX1) and Hsp70, as well as thioredoxin/
thioredoxin reductase system [3]. Heat shock or
stress response is a cellular adaptive response, which
contributes to establishing a cytoprotective state in a
wide variety of human diseases. When appropriately

Correspondence: Professor Takashi Kondo, Department of Radiological Sciences, Graduate School of Medicine and Pharmaceutical Sciences, University of
Toyama, Toyama, 930-0197, Japan. Tel: 81-76-434-7265. Fax: 81-76-434-5190. E-mail: kondot@med.u-toyama.ac.jp

ISSN 0265-6736 print/ISSN 1464-5157 online © 2011 Informa UK Lid.
DOI: 10.3109/02656736.2011.627408

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114



XML Template (2011)

K:/THTR/TRIH_A_627408.3¢

115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
2 132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

3 158

159

161
162
163
164
165
166
167
168
169
170
171

[22.10.2011-6:129m] [t-8]
(THTH) [PREFRINTER stage]

2 K. Ahmed et al.

activated, cellular stress response has the capability to
restore cellular homeostasis and rebalance redox
equilibrium [4].

Among the many changes in cellular activity and
physiology, the most remarkable event in stressed
cells is the production of a highly conserved set of
proteins, the heat shock or stress proteins
(HSPs) [5]. HSPs are also expressed constitutively
at normal growth temperatures and play an essential
role as molecular chaperones by assisting the correct
folding of nascent and stressed accumulated mis-
folded proteins, preventing their aggregation [6],
assembly/disassembly of multi-subunit oligomers,
translocation of proteins across intracellular
membranes, process of endocytosis, regulation of
apoptosis and cytoskeletal organisation [7]. A
number of studies have reported that molecular
chaperones can confer cellular and tissue stress
tolerance and provide beneficial effects on various
pathological states, such as stress ulcers and ischae~
mia-induced injuries, as well as on diseases associ-
ated with protein misfolding and aggregation [8-10].

Given the broad cytoprotective properties of the
heat shock response, there is now strong interest in
discovering and developing pharmacological agents
capable of inducing stress responses. Therefore, in
the current study we screened some phyto-medicinal
compounds for their HSP-inducing activity.

Materials and methods
Chemical compounds

Chemical compounds used in this study were
obtained from the Institute of Natural Medicine,
University of Toyama, Japan.

Cell culture

A human lymphoma cell line, U937 was obtained
from the Human Sciences Research Resource Bank
(Japan Human Sciences Foundation, Tokyo, Japan).
The cells were maintained in Roswell Park Memorial
Intitute (RPMI) 1640 medium (Sigma, St Louis,
MO, USA) with 10% heat-inactivated fetal bovine
serum (FBS) (JRH Biosciences Lenexa, KS, USA)
and incubated in a CO, incubator with 5% CO; and
95% air at 37°C.

Hyperthermia treatment

Hyperthermia (HT) treatment was used as a positive
control for induction of HSPs. Cells were collected
and suspended in 2mL fresh medium in plastic
culture tubes, and were exposed to 44°C (£0.05°C)
for 15min in a water bath (NTT-1200, Egyela,
Tokyo, Japan). After HT treatment, cells were

incubated for desired time at 37°C in humidified
air with 5% CO,.

Assessment of apoptosis

For the detection of early apoptosis and secondary
necrosis, Annexin V-FITC kit, purchased from
Immunotech (Marseille, France), was utilised
according to the manufacturer’s recommendations.
Briefly, cells were stained simultaneously with
propidium iodide (PI) and fluorescein isothiocyanate
(FITC)-labelled annexin V and assessed with a flow
cytometer (Beckman-Coulter EPICS XL™™).

Determunation of cell survival by WST-8 assay

Cell survival was determined using a Cell Counting
Kit-8. The cells (2 x 10* /well) in 96-well plates were
incubated with various concentrations of shikonin for
6 h. After incubation, WST-8 reagents were added to
each well. Absorbance at 450nm was measured
using a microplate reader (BioRad, Hercules, CA)
after 2h of incubation with WST-8 reagents.
Absorbance is proportionally related to the number
of live cells.

Western blot analyses for proteins

Western blot analysis was performed for Hsp70,
HSF-1, NRF2 and B-actin by using specific poly-
clonal or monoclonal antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) as described in
previous papers [11, 12]. For the detection of these
specific antibodies the chemiluminescence ECL
detection reagents were used following the manu-
facturer’s instructions (Amersham Biosciences,
Buckinghamshire, UK).

RNA isolation

Total RNA was extracted from cells using an
RNAeasy Total RNA Extraction kit (Qiagen,
Valencia, CA) and treated with Dnase I (RNase-~
free Dnase kit, Qiagen) for 15 min at room temper-
ature to remove genomic DNA.

Assessment of intracellular reactive oxygen species
(ROS)

To measure intracellular superoxide (O3) we used
2uM  hydroethidine (HE) (Molecular Probes,
Eugene, OR) a dye that is oxidized within the cell
and fluoresces when it intercalates into DNA. To
measure intracellular peroxides including H,0,
5uM dichlorofluorescein diacetate (DCFH-DA)
(Molecular Probes) was utilised. DCFH-DA upon
entering into the cells de-esterified and then oxidized
to dichlorofluorescein (DCF). The fluorescence
emission was analysed by flow cytometry [13].
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High-density oligonucleotide microarray and compu-
tational gene expression analysis

Gene expression was analysed using a GeneChip®
system with a Human Genome U133-plus 2.0 array
(Affymetrix, Santa Clara, CA) spotted with 54,675
probe sets, more than twice the molecular probes
used in our previous studies [14, 15]. Samples for
array hybridisation were prepared as described in the
Affymetrix = GeneChip® Expression Technical
Manual. Briefly, 5g of total RNA was used to
synthesise  double-stranded ¢DNA with a
GeneChip® Expression 30-Amplification Reagents
One-Cycle cDNA Synthesis kit (Affymetrix). Biotin-
labelled cRNA was then synthesised from the cDNA
using GeneChip® Expression 3'-Amplification
Reagents for IVT labelling (Affymetrix). After frag-
mentation, the biotinylated cRNA was hybridised to
the GeneChip array at 45°C for 16 h. The arrays were
washed, stained with streptavidin-phycoerythrin, and
scanned using a probe array scanner. The scanned
chip was analysed using GeneChip Analysis Suite
Software (Affymetrix). The obtained hybridisation
intensity data were converted into a presence or an
absence call for each gene, and changes in gene
expression level between experiments were detected
by comparative analysis. The data were further
analysed using Gene-Spring software (Silicon
Genetics, Redwood City, CA) to extract the signif-
icant genes [16, 17]. To examine gene ontology,
including biological processes, cellular components,
molecular functions, and genetic networks, the
obtained data were analysed using Ingenuity
Pathways Analysis tools (Ingenuity Systems,
Mountain View, CA), a web-delivered application
that enables the identification, visualisation and
exploration of molecular interaction networks in
gene expression data. The gene lists identified by
GeneSpring containing Affymetrix gene ID and the
natural logarithm of normalised expression signal

ratios from GeneChip CEL files were uploaded into
the Ingenuity Pathways Analysis system. Each gene
identifier was mapped to its corresponding gene
object in the Ingenuity Pathways Knowledge
Base. These so-called focus genes were then used
as a starting point for generating biological net-
works [16, 17].

Real-time quantitative PCR assay

Real-time quantitative PCR (qPCR) assay was per-
formed on a real-time PCR system (Mx3000P,
Stratagene, Tokyo, Japan) using SYBR PreMix
ExTaq (Takara Bio, Shiga, Japan) or Premix
ExTagq (for the use of TagMan probes; Takara Bio)
in accordance with the manufacturer’s protocols.
Reverse transcriptase reaction (Omniscript Reverse
Transcriptase, Qiagen) was carried out with DNase-
treated total RNA using an oligo (dT) 16 primer.
Real-time qPCR assay was performed using the
specific primers listed in Table I. Each mRNA
expression level was normalized to the mRNA
expression level of GAPDH.

Results

Screening of medicinal compounds for Hsp70 up-
regulation

Eighty medicinal compounds shown in Table 1 were
examined for their ability to induce Hsp70 up-
regulation. The screening procedure was accom-
plished by treating U937 cells with the compounds 1
to 10 at 0.1 mM for 24h followed by western blot
analysis. Among the tested samples no band of
Hsp70 was observed with compounds 3-5 suggesting
the toxicity of the dose (data not shown). Therefore,
we selected compounds 3-5 and did concentration-
dependent screening for Hsp70 up-regulation. U937
cells were treated with 0.1 pM, 1 pM and 10puM for

Table 1. List of 80 chemical compounds that were examined for their Hsp70 inducing ability.

1. Aconitine 17. Bufotalin 33.
2. Albiflorin 18. Capillarisin 34
3. Alisol A 19. Capsaicin 35
4. Alisol B 20. Catalpol 36
5. Alkannin 21. (E)-Cinnamic acid 37
6. Amygdalin 22. Cinobufagin 38
7. Arbutin 23. Cinobufotalin 39
8. Astragaloside IV 24. Coptisine chloride 40
9. Atractylenolide ITIT 25. Corydaline 41
10. Aucubin 26. Curcumin 42
11. Baicalein 27. Dehydrocorydaline nitrate 43
12, Baicalin 28. Dehydrocostuslactone 44
13. Barbaloin 29. Dihydrocapsaicin 45
14. Berberine chloride 30. Dimethylesculetin 46
15. Bergenin 31. Eleutheroside B 47
16. Bufalin 32. (-)-Epigallocatechin gallate 48

Epihesperidin 49. Gomisin N 65. Paconiflorin
. Ergosterol 50. Hesperidin 66. Paeonol
. beta-Eudesmol 51. Hirsutine 67. Palmatine chloride
. (B)-Ferulic acid 52. Honokiol 68. (S)-Perillaldehyde
. Geniposide 53. Hypaconitine 69. Puerarin
. Geniposidic acid 54. Icariin 70. Rhynchophylline
. Gentiopicroside 55. Isofraxidine 71. Saikosaponin a
. [6]-Gingerol 56. (Z)-Ligustilide 72. Saikosaponin b2
. Ginsenoside Rbl 57. Limonin 73. Saikosaponin ¢
. Ginsenoside Re 58. Loganin 74. Schizandrin
. Ginsenoside Rd 59. Magnolol 75. Sennoside A
. Ginsenoside Re 60. Mesaconitine 76. Shikonin
. Ginsenoside Rgl 61. Naringin 77. {6]-Shogaol
. Glabridin 62. Nodakenin 78. Sinomenine
. Glycyrrhizic acid 63. Osthole 79. Swertiamarin
. Gomisin A 64. Oxymatrine 80. Wogonin
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Figure 1. (A) Chemical structure of shikonin. (B) Bands

of Hsp70 induced by five active compounds at 1pM
concentration were quantified by densitometry and nor-
malised with B-actin. Hyperthermia (HT) 44°C for 15 min
was used as a positive control. Bars indicate standard
deviation (p=3).

24h followed by western blot analysis. Significant
Hsp70 up-regulation was observed with compound 5
at 1puM (densitometric ratio: control: 1.040.08,
0.1uM: 1.25+0.12, 1pM: 1.5040.14, 10pM:
1.124+0.13, mean =+ SD, n=3) while compounds 3
and 4 did not show any significant increase at all
concentrations as compared to control. From these
results we selected 1pM concentration for the
screening of medicinal compounds.

Out of the 80 compounds, five (5, 63, 64, 67 and
76) showed significant Hsp70 up-regulation. Among
them compound 76 (shikonin) was the most potent
(Figure 1A, 1B).

Effects of shikonin on apoptosis induction in U937 cells

To determine the non-toxic concentration of
shikonin, cells were exposed to the drug concentra-
tion-dependently for 6h. This was followed by
measurement of early apoptosis and secondary
necrosis by annexin V FITC/PI staining using flow
cytometry. No apoptosis was observed at 0.01 uM
and 0.1 uM, significant apoptosis was observed at
1 uM concentration (Figure 2A).

Effects of shikonin on cell survival

To further confirm the non-toxic concentration, cell
survival assay was performed with 0.01, 0.1 and 1 uM
concentrations after 6 h incubation. The results also
showed the toxicity at 1puM while no toxicity was
observed with 0.01 and 0.1 uM concentrations.
(Figure 2B).

X 70 aSecondry necrosis
60- aFarly apoptosis

Control ~0.01 0.1 T
Concentration (M)

0.01

—

0.1
Concentration (M)

Figure 2. (A) U937 cells were treated with shikonin
concentration-dependently for 6h followed by assessment
of early apoptosis (black bar) and secondary necrosis (grey
bar) by flow cytometry. Bars indicate standard deviation
(n=3). (B) Cell survival assay was performed with 0.01,
0.1 and 1pM concentrations of shikonin. After 6h
incubation WST-8 reagent was added to each well. Bars
indicate standard deviation (n=3).

Effects of shikonin on ROS formation

Previously it has been reported that shikonin can
induce ROS formation [18]. Therefore, in the
current study we investigated that whether at non-
toxic concentration shikonin can induce ROS. Cells
were exposed to 0.1 M shikonin and the levels of
DCF and HE fluorescence were monitored time
dependently via flow cytometry. Intracellular perox-
ide level was increased as early as 30min after
treatment (Figure 3A), while no intracellular O3 was
observed (data not shown).

Time-dependent effects of shikonin on Hsp70 induction

U937 cells were treated with 0.01 pM and 0.1 uM
shikonin time-dependently, followed by western blot
analysis. Up-regulation of Hsp70 was observed with
0.1pM after 3h incubation and continued to
increase time-dependently, while no up-regulation
of Hsp70 was observed at 0.01uM shikonin
(Figure 3B, 3C)

The transcription of HSP genes is regulated by
transcription factor HSF, which senses cellular
exposure to stress and turns on rapid induction of
HSPs [19]. Therefore we examined the effects of
shikonin on the activation of HSF1. U937 cells were
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HSF1
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(A) U937 cells were first incubated with DCFH-DA for 30 min and then treated with shikonin in a time-

dependent manner. Intracellular peroxide level was measured by flow cytometry. (B) Concentration and time-dependent
induction of Hsp70 was measured by western blotting. Hyperthermia (HT) 44°C for 15 min was used as a positive control.
(C) Bands were quantified by densitometry and normalised with S-actin. Bars indicate standard deviation (= 3). (D) HSF1
phosphorylation was measured time-dependently by western blotting. Hyperthermia (HT) 44°C for 15min was used as a

positive control.

treated with 0.1 pM shikonin in a time-dependent
manner followed by western blot analysis.

Phosphorylation of HSF1 is usually detected as an
upward band shift [20]. No upward band shift was
observed after shikonin treatment till 3 h, while very
clear upward shift was observed in HT-treated cells.
This result indicates that HSF1 is not playing a
role in shikonin-induced HSP up-regulation
(Figure 3D).

Identification of genes responsive to shikomin trearment

As shikonin treatment did not show the activation of
HSF1, we carried out gene chip analysis of cells
treated with or without shikonin after 3 h incubation.
Many probe sets were differentially expressed by
>2-fold in cells treated with the compound, 277 up-
regulated and 262 down-regulated in comparison to
control. The complete list of genes from all
samples is available on the Gene Expression
Omnibus  (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE24743). The biologically relevant
functions and networks of the up-regulated probe
sets obtained from the gene chip analysis were
identified using Ingenuity Pathways Knowledge
Base. Of 277 up-regulated probe sets analysed, 77
genes were functionally annotated. On the basis of
significance, the top three molecular functions were
cellular compromise (p value: 3.73E-12 to 2.68E-
02), cellular function and maintenance (3.73E-12 to
4.65E-02), and post-transcriptional modification
(1.36E-7 to 3.34E-02). As shown in Figure 4, a
significant gene network contained HSP-related

genes such as HSPA1A (heat shock 70kDa protein
1A), HSPA6 (heat shock 70kDa protein 6) and
DNAJA1 (DnaJ (Hsp40) homologue, subfamily A,
member 1) and Nrf2(NFE21.2)-target genes such as
HMOX1 (heme oxygenase (decycling) 1), NQOI1
(NAD@)H dehydrogenase, quinone 1) and
SQSTM1 (sequestosome 1). To confirm the results
of gene chip analysis, a real-time qPCR assay was
performed for four selected genes in the network.
As we expected, the expression levels of these
genes were significantly increased by the treatment
(Figure 5).

Discussion

Toward the goal of developing novel cytoprotective
agents we did screening of 80 chemical compounds
isolated from medicinal plants for their HSP-indu-
cing activities. Among the five active Hsp70 indu-
cers, shikonin was most potent. Shikonin is a
chemical compound isolated from the root of a
plant Lithospermum erythrorhizon. It is known to have
antibacterial [21], antfungal [21], anti-human
immunodeficiency virus [22], anticancer [23] and
anti-inflammatory activity [23]. But to our knowl-
edge there is no report on its ability to induce HSP
up-regulation.

Several chemical compounds are known to induce
HSP through the activation of HSF1 [11]. In this
study, after shikonin treatment significant Hsp70
up-regulation was observed without the activation
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Figure 4. A gene network including up-regulated genes. Cells were treated with the compound and cultured at 37°C
for 3h. Gene chip analysis was performed. Genes that were up-regulated were analysed using Ingenuity Pathways
Analysis tools. The network is displayed graphically as nodes (genes or protein group) and edges (the biological relationships
between the nodes). The node colour of genes indicated the expression level of genes. Nodes and edges are displayed in
various shapes and labels that present the functional class of genes and the nature of the relationship between the nodes,

respectively.

of HSF1. With the high-density oligonucleotide
microarrays and computational gene expression
tools we identified a unique gene network containing
HSPs and Nrf2-target genes. Nrf2 is an antioxidant
transcription master regulator and belongs to the cap
‘n’ collar family of transcription factors. Small Maf
proteins (MafF, MafG and MafK) possess the
region-leucine zipper (I-Zip) domain that is required
for homodimer or heterodimer complex formation
with other basic L-Zip transcription factors such as
Nrf2 [24]. Nrf2 is sequestered in cytoplasm by its
repressor Keapl, released and translocated into the
nucleus under oxidative stress [25]. In the nucleus,
the heterodimer complex of Nrf2 and small Maf
proteins binds to the antioxidant-responsive element
(ARE) sequence leading to transcriptional activation
of downstream genes encoding phase II detoxifying

enzymes, antioxidants and
proteins [27].

Almeida et al. [28] recently indicated that Hsp70
expression is regulated by an ARE/EpRE sequence in
a Zebrafish model. In many studies, Nrf2 have been
reported to induce different Hsps [27, 29-31] and in
one study, Hsp70 was specifically up-regulated in
mouse liver in wild-type but not knockout mice [29].
Furthermore, it has also been reported that activation
of Nrf2 increases expression of Hsp40 [27]. In
addition, several studies reported a concomitant
induction of Hsp70 and Nrf2-regulated gene
HMOXI1 by electrophiles [32].

Although the detailed mechanisms by which
shikonin induces protein expression of Hsp70 are
not fully understood, Nrf2 and its target genes may
have participated in the up-regulation of Hsp70 in

[26] chaperone
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Figure 5. Verification of microarray results by gPCR assay. Cells were treated with 0.1 uM shikonin time-dependently and
then real-time qPCR assay was performed. (A) HMOZXI! (heme oxygenase (decycling) 1) (B) NQO1 (NAD®)H
dehydrogenase, quinone 1) (C) HSPA6 (heat shock 70 kDa protein 6) (D) DNAJA1(Dna] (Hsp40) homologue, subfamily
A, member 1). Each mRNA expression level was normalised with GADPH. Data are presented as mean £ SD (n=3).

U937 cells. The elucidation of the molecular mech-
anism to induce Hsp70 by shikonin remains for
further investigation in the future.
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Four novel peptides were isolated from the venoms of the solitary eumenine wasps Eumenes
rubrofemoratus and Eumenes fraterculus. Their sequences were determined by MALDI-TOF/
TOF (matrix assisted laser desorption/ionization time-of-flight mass spectrometry)
analysis, Edman degradation and solid-phase synthesis. Two of them, eumenitin-R
(LNLKGLIKKVASLLN) and eumenitin-F (LNLKGLFKKVASLLT), are highly homologous to
eumenitin, an antimicrobial peptide from a solitary eumenine wasp, whereas the other two,
EMP-ER (FDIMGLIKKVAGAL-NH;) and EMP-EF (FDVMGIIKKIAGAL-NH;), are similar to
eumenine mastoparan-AF (EMP-AF), a mast cell degranulating peptide from a solitary
eumenine wasp. These sequences have the characteristic features of linear cationic cytolytic
peptides; rich in hydrophobic and basic amino acids with no disulfide bond, and accordingly,
they can be predicted to adopt an amphipathic a-helix secondary structure. In fact, the CD
(circular dichroism) spectra of these peptides showed significant «-helical conformation
content in the presence of TFE (trifluoroethanol), SDS (sodium dodecylsulfate) and asolectin
vesicles. In the biological evaluation, all the peptides exhibited a significant broad-spectrum
antimicrobial activity, and moderate mast cell degranulation and leishmanicidal activities,
but showed virtually no hemolytic activity.
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Abbreviations: MALDI-TOF MS, matrix assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry; CD, circular dichroism; TFE, tri-
fluoroethanol; SDS, sodium dodecylsulfate; PC, L- -phosphatidylcholine;
PG, L- -phosphatidyl-DL-glycerol; HEPES, (N-[2-hydroxyethyl]pipera-
zine-N -[2-ethanesulfdonic acid]; PBS, phosphate buffered saline.

* Corresponding author. Tel.: +81 76 434 7605; fax: +81 76 434 5055.

E-mail address: kkgon@inm.u-toyama.ac.jp (K. Konno).

0041-0101/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.toxicon.2011.04.014

1. Introduction

Solitary wasps are known to inject their venoms into
insects or spiders, paralyzing the prey in order to feed their
larvae. Therefore, the solitary wasp venoms should contain
a variety of neurotoxins acting on nervous systems. In fact,



