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Abstract

Down-regulation of microglial activation represents a practical strategy for combating diverse
brain disorderssuch as stroke and neur odegener ative diseases. |n the present study, we showed evidence
that isopropyl 3-(3, 4-dihydroxyphenyl)-2-hydroxypropanoate (IDHP), a new bioactive metabolite of
Danshen (Salvia miltiorrhiza Bunge), exerted an anti-inflammatory effect in lipopolysaccharide (L PS)-
induced microglia. Our data showed that IDHP significantly reduced the production of nitric oxide
(NO), tumor necrosis factor-o. (TNF-a) and interleukin-1f (IL-18) in LPS-induced BV-2 cells and rat
primary microglia in a dose-dependent manner. IDHP also suppressed mRNA expression of L PS-
induced inducible nitric oxide synthase (iNOS), TNF-o. and IL-1f3. Moreover, IDHP significantly sup-
pressed the production of reactive oxygen species (ROS), nuclear factor kB (NF-kB) translocation and
DNA binding activity induced by L PStreatment in BV-2 cells. Thesefindingsindicated that IDHP might
be of value in the treatment of various microglia-mediated neuroinflammatory diseases.

Key Words: isopropyl 3-(3, 4-dihydroxyphenyl)-2-hydroxypropanoate, microglia, neuroprotection,
inflammation

Introduction damage in diverse brain diseases such as stroke,

Parkinson'’s disease (PD), Alzheimer’s disease (AD)

Microglia are resident innate immune cellsin the and multiple sclerosis (reviewed in 5, 10). Under
central nervous system (CNS). Microglia-mediated pathological processes, microglia become readily
inflammation is an important contributor to neuronal activated in response to brain injuries and activated
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Fig. 1. Chemical structure of Salvianolic acid B (A) and IDHP
(B).

microglia are capable of releasing a variety of pro-
inflammatory factors, such as nitric oxide (NO), tumor
necrosis factor-o. (TNF-o) and interleukin-1f (IL-1B)
which are potentially cytotoxic to neurons. Thus,
down-regulation of microglial activation represents a
practical strategy for combating these brain disorders
(5, 10).

Danshen (Salvia miltiorrhiza Bunge), one of the
most famous traditional Chinese medicines, iswidely
used for the treatment of cardiovascular and cere-
brovascular diseases in the oriental. A lot of studies
have been done to elucidate its chemical constituents
and pharmacological activities and dozens of bioactive
constituents of danshen have been identified, as
reviewed by Zhou et al. (17). Our previous study has
demonstrated that Salvianolic acid B (Fig. 1A), a
major active component of Danshen, exerts an anti-
inflammatory effect in lipopolysaccharide (LPS)-
induced microglia and provides neuroprotection by
regulating microglial activation in vitro (12). Inthe
present study, we explored the role of isopropyl 3-(3,
4-dihydroxyphenyl)-2-hydroxypropanoate (IDHP,
Fig. 1B), a new bioactive metabolite of Salvianolic
acid B in rat brain after oral administration reported
in ametabolomics study (16), in modulating microglial
activation. The results showed that IDHP also exhib-
ited a strong anti-inflammatory effect in rat primary
microglia and in the BV-2 mouse microglial cell line
induced by LPS.

Materials and M ethods
Reagents

IDHP (purity > 99.0%) was synthesized and

verified by elemental analysis, mass spectrometry,
infrared spectroscopy and nuclear magnetic resonance
spectroscopy as previously described (11). IDHP was
dissolved in dimethyl sulfoxide (DM SO). Escherichia
coli 0111:B4 endotoxin (LPS) and DCFH-DA were
obtained from Sigma (St. Louis, MO, USA). All cell
culture reagents and Trizol reagent were obtained
from Invitrogen (Carlsbad, CA, USA). Cytokine
enzyme-linked immunosorbent assay (ELISA) kits
were obtained from R&D Systems (Minneapolis, MN,
USA). Rabbit anti-NF-kB p65 and goat anti-mouse
IgG antibodies were purchased from Cell Signaling
(Beverly, MA, USA). TagMan Reverse Transcription
Reagents and SYBR Green PCR Master Mix reagent
kit were obtained from Applied Biosystems (Foster
City, CA, USA). Nuclear Extraction kit and NF-xB
p65 EZ-TFA transcription factor assay kit were the
products of Millipore (Billerica, MA, USA).

Cell Culture

Primary microglial cell cultures were prepared
from 1-day-old Wistar rats as previously described
(12). The purity of microgliawas >95% as determined
by Iba-1 immunocytochemical staining (data not
shown). BV-2 mouse microglial cells were cultured
in a Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS)
and antibiotics.

Cell Viability

BV-2 cells and primary microglial cells were
incubated with IDHP at various concentrations for 24
h in serum-free DMEM. Cell viability was measured
by the MTT assay.

Determination of Nitrite and Cytokine Levels

To determine nitrite and cytokine levels, BV-2
cells and primary microglial cells were pre-incubated
with or without IDHP at various concentrations for
30 min before being stimulated by LPS (BV-2, 0.1
wg/ml; primary microglia, 1 ug/ml) for 24 h in serum-
free DMEM. Nitrite levelsin the supernatants were
determined using the Griess method and the absor-
bance was read at 550 nm on a fluorescence plate
reader (Molecular Device, Flaxstation 3; Sunnyvale,
CA, USA). Levelsof TNF-o and IL-1f in the super-
natants were determined using ELISA kits according
to the manufacturer’ s instructions.

Real-Time Quantitative PCR

For real-time quantitative PCR, BV-2 cellswere
pretreated with IDHP at 25 uM and were then stim-
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ulated by LPSat 0.1 ug/ml for 8 h. Total RNA was ex-
tracted from BV -2 cells using Trizol reagent. Reverse
transcription (RT) was performed with TagMan Re-
verse Transcription Reagents. To quantify inducible
nitric oxide synthase (iNOS), TNF-o. and IL-1 mRNA
expression levels in BV-2 cells, a real-time PCR
assay was done using SYBR Green PCR Master Mix
reagent kits and the specific primers as follows:
GAPDH forward: CTTCACCACCATGGAGA
AGGC, reverse: GGCATGGACTGTGGTCATGAG,;
iNOS forward: GGCAGCCTGTGAGACCTTTG,
reverse: GCATTGGAAGTGAAGCGTTTC; TNF-a
forward: CGGGGTGATCGGTCCCCAAAG, reverse:
GGAGGGCGTTGGCGCGCTGG; IL-1B forward:
CGCAGCAGCACATCAACAAGAGC, reverse:
TGTCCTCATCCTGGAAGGTCCACG.

Intracellular Reactive Oxygen Species (ROS) Detection

The production of intracellular ROS was mea-
sured by DCFH oxidation. BV-2 cellswere stimulated
by 0.1 ug/ml LPS and/or IDHP at 0.25, 2.5 or 25 uM
for 4 h. Following treatment, cells were rinsed with
HBSS and 10 uM DCF-DA fluorescent probe was
loaded. After 30 min of incubation followed by
washing, DCF fluorescence was monitored using a
fluorescence plate reader with an excitation wave-
length of 492 nm and an emission wavelength of
535 nm.

Immunofluorescence

To determine the effect of IDHP on nuclear
translocation of NF-kB from the cytoplasm, immuno-
labeling of the NF-kB p65 subunit was performed.
BV-2 cells were pretreated with 25 uM IDHP and
stimulated by 0.1 pug/ml LPS for 45 min. Immunof-
luorescence was performed with a rabbit anti-NF-kxB
p65 subunit antibody and goat anti-mouse 1gG con-
jugated with FITC. Sampleswere also counterstained
with the nuclear dye DAPI. The cells were visualized
with a laser scanning confocal microscope (Zeiss
LSM710; Germany).

NF-xB DNA-Binding Assay

BV-2 cellsweretreated with LPS in the presence
or absence of 25 uM IDHP for 1 h. Nuclear proteins
were then extracted and nuclear NF-kB p65 binding
to a consensus oligonucleotide was analyzed with a
NF-xB p65 EZ-TFA transcription factor assay kit
according to the manufacturer’s guidelines.

Data Analysis

Data are expressed as means + SD. Statistical
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Fig. 2. IDHP does not affect cell viability in both BV-2 cells
and primary microglia. BV-2 cellsand primary micro-
glia cells were incubated with IDHP at various con-
centrationsfor 24 hin serum-free DMEM. Cell viability
was measured by MTT assay. The dataare expressed as
means + SD, n=6. Similar results were obtained in at
least 3 independent experiments.

significance was estimated using the non-parametric
Mann-Whitney test with SPSS software. In all cases,
differences were considered significant at P < 0.05.

Results

IDHP Suppresses LPS-Induced Pro-Inflammatory
Factors Production without Cytotoxicity

First, the effects of IDHP on microglial cell via-
bility were measured. The results showed that IDHP
alone did not affect cell viability in both BV-2 cells
and rat primary microglia as measured by MTT assay
(Fig. 2). The effects of IDHP on the production of
pro-inflammatory factors (NO, TNF-o and IL-1f) in
L PS-stimulated microglia were then examined. LPS
dramatically increased NO, TNF-o and IL-1P levels
in BV-2 cells compared with the vehicle group with
a final concentration of 0.1% DMSO (Fig. 3A). In
contrast, IDHP treatment significantly reduced the
production of these proinflammatory factors in a
concentration-dependent manner (Fig. 3A). In rat
primary microglia cultures, a similar pattern of NO
and cytokine production and IDHP inhibition was
observed (Fig. 3B), confirming the results obtained
with the BV-2 cells.

IDHP Suppresses mRNA Expression of LPS-Induced
Pro-Inflammatory Factors

To determine whether the decrease in LPS-
induced NO, TNF-o and IL-1 measured in super-
natants was associated with a decrease in transcription
levels, the mRNA expression levels of iINOS, TNF-o
and IL-1B were determined. Results showed that
pretreatment of BV-2 cells for 30 min with IDHP sig-
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Fig. 3. IDHP suppresses LPS-induced pro-inflammatory factors production in BV-2 cells (A) and primary microglial cells (B).
BV-2 cells and primary microglial cells were pre-incubated with or without IDHP at various concentrations for 30 min before
being stimulated by LPS (BV-2, 0.1 ug/ml; primary microglia, 1 pug/ml) for 24 h in serum-free DMEM. NO, TNF-ao and
IL-1p levelsin the supernatants were determined using the Griess method or ELISA. The data are expressed as means+ SD,
n=6. *P < 0.05, significantly different from the vehicle group. *P < 0.05, significantly different from the L PS-treated
alone. Similar results were obtained in at least 3 independent experiments.

nificantly suppressed the LPS-induced increase of
TNF-o and IL-1B mRNA (Fig. 4).

IDHP Reduces LPS-Induced ROS Production

Intracellular ROS are critical for LPS-induced
neurotoxicity and are components of a signaling
pathway regulating proinflammatory gene expression
in microglia (7). Theresults showed that L PS signif-
icantly increased ROS in BV-2 cells compared with
the vehicle group (Fig. 5). In contrast, pretreatment
with IDHP decreased LPS-induced ROS production
in a dose-dependent manner.

IDHP Inhibits LPS-Induced NF-xB Translocation and
DNA Binding Activity

Asthe NF-kB isamajor regulator of expression

of proinflammatory mediators in LPS-stimulated
microglia, the effects of IDHP in NF-xB nuclear
translocation and DNA binding activity were in-
vestigated. Pretreatment of cells with IDHP clearly
decreased L PS-induced translocation of NF-kB p65
subunit to the nucleus (Fig. 6A). DNA binding activity
of NF-kB was determined in the nuclear extract by
an ELISA-based kit. The results showed that L PS-
induced DNA binding activity was significantly
inhibited by preincubating cells with IDHP prior to
LPS stimulation (Fig. 6B).

Discussion

IDHP, a new metabolite from Danshen, has
noticeable biological activities. Previous studies con-
ducted by our group have shown that IDHP can exert
a vasorelaxant effect by inhibiting both Ca®" release
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Fig. 4. IDHP decreases mRNA levels of LPS-induced iNOS,
TNF-o and IL-1B. BV-2 cells were pretreated with 25
uM IDHP and werethen stimulated by 0.1 ug/ml LPSfor
8h. mRNA levelsof INOS, TNF-a, IL-13 wereanalyzed
by RT-PCR. Thedataare expressed asmeans+ SD, n=
3. *P < 0.05, significantly different from the vehicle
group. *P < 0.05, significantly different from the LPS-
treated alone. Similar results were obtained in at least
3 independent experiments.

from intracellular stores and Ca?" influx through
voltage-dependent calcium channels and receptor-
operated calcium channelsin vascular smooth muscle
cells (13). IDHP also has the protective potential
against cerebral ischemiainjury due to the ameliora-
tion of cerebral energy metabolism and its antioxidant
property (11). In the present study, our data further
showed that IDHP significantly reduced the production
of NO, TNF-o and IL-1B in LPS-induced BV-2 cells
and rat primary microgliain a dose-dependent manner.
IDHP also suppressed mRNA expression of LPS-
induced inducibleiNOS, TNF-o. and IL-1B. Moreover,
IDHP significantly suppressed the production of ROS
and NF-kB activation induced by LPS treatment in
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Fig. 5. IDHPreducesL PS-induced ROS production. BV-2 cells
were stimulated by 0.1 ug/ml LPS and/or 25 uM IDHP
for 4 h. Following treatment, cells were rinsed with
HBSS and 10 uM DCF-DA fluorescent probe was
loaded. After 30 min incubation followed by washing,
DCF fluorescence was monitored using a fluorescence
plate reader with an excitation wavelength of 492 nm
and an emission wavelength of 535 nm. The data are
expressed asmeans+ SD, n=6. *P <0.05, significantly
different from the vehicle group. P < 0.05, significantly
different from LPS treatment alone. Similar results
were obtained in at least 3 independent experiments.

BV-2 cells.

NO has complicated pathophysiological func-
tions. NO could induce vasorelaxation (14) and
increased NO level could inhibit neutrophilendot-
helium interactions (4). It also could elicit intestinal
low vascular reactivity (1). And NO from activated
microglia plays an important role in neuroinflamma-
tion (5). Other proinflammatory and neurotoxic factors
secreted by activated microglia include the cytok-
ines TNF-o. and IL-18, superoxide, Matrix Metallop-
eptidase 9, prostaglandin E2, chemokines Monocyte
Chemotactic Protein 1 and Macrophage Inflammatory
Protein 1o Individual factors often work in concert
to induce neurodegeneration, damages to blood-brain
barrier (BBB) integrity and leukocytesinfiltration (5,
10). There has been some successin clinical studies
investigating the effects of anti-inflammatory ther-
apy against cognitive decline in AD patients (6).
Researches in several animal models on stroke (3,
15), AD (8) and PD (2) also showed that inhibition
of the microglial over-reaction and the inflammatory
processes represent a therapeutic target to alleviate
these diseases. Inhibition of LPS-activated BV-2
mouse microglial cellsaswell asrat primary microglia
cultures demonstrated in this study suggested that the
anti-inflammatory activity of IDHP in microglia, at
least in part, contributed to neuroprotection against
cerebral ischemia (11), and IDHP may be a hew po-
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Fig. 6. IDHPinhibitsLPS-induced NF-kB translocation (A) and DNA binding activity (B). (A) BV-2 cellswere pretreated with 25 uM
IDHP and stimulated by 0.1 pg/ml LPSfor 45 min. Immunolabeling was performed with arabbit anti-NF-xB p65 subunit anti-
body and goat anti-mouse 1gG conjugated with FITC. Samples were also counterstained with the nuclear dye DAPI. The
cells were visualized with alaser scanning confocal microscope. Bar = 10 um. (B) BV-2 cells were treated with LPSin the
presence or absence of 25 uM IDHP for 60 min, then nuclear proteins were extracted and nuclear NF-xB p65 binding to
a consensus oligonucl eotide was analyzed with the NF-xB p65 EZ-TFA transcription factor assay kit. The data are expressed
asmeans* SD, n = 3. *P < 0.01, significantly different from the vehicle group. *P < 0.01, significantly different from the
LPS-treated alone. Similar results were obtained in at least 3 independent experiments.

tential drug for treatment of other microglia-related
neurodegenerative diseases.

The precursors of IDHP include Danshensu,
Salvianolic acid A and Salvianolic acid B (16). The
results that both IDHP and Salvianolic acid B (12)
had anti-inflammatory activitiesin activated microglia
remind us that if Danshensu and Salvianolic acid A
have similar activity and the structure-activity rela-
tionship of these components should be further studied.
Furthermore, it remains obscure whether IDHP could
exert the similar anti-inflammatory effects in other
CNScells, for example, the endothelial cells. And the
underlying anti-inflammatory mechanisms IDHP in
microglial cells, such as NF-xB and its upstream
mitogen activated protein kinase signal transduction
pathways, are far from clear, and needs further in-
vestigation.

When compared with its precursors, IDHP has a
smaller molecular mass and less number of hydrogen
bonding donors and acceptors, consistent with the
criteria of CNS compounds (9). It has also been
proved that IDHP could protect against cerebral
ischemia injury in vivo (11). These observations
suggest that IDPH may penetrate the BBB.

In conclusion, we present evidence that IDHP,
a new metabolite of Danshen, exerted an anti-
inflammatory effect in LPS-induced microglia. These
findings indicated that IDHP might be of value in the
treatment of various microglia-mediated neuroin-
flammatory diseases.
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