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ABSTRACT: Neuroinflammation and pro-inflammatory mediators play key
roles in the pathogenesis of neurodegenerative diseases including stroke, which
account for a significant burden of morbidity and mortality worldwide. Recently,
the unsatisfactory pharmacotherapy and side effects of the drugs led to the
development of alternative medicine for treating these diseases. Du Zhong (DZ),
Eucommia ulmoides Oliver leaves, is a commonly used herb in the therapy of
stroke in China. We hypothesize that the components from DZ inhibit
neuroinflammation. In this study, DZ was extracted and the bioactive fractions
with inhibitory effect on lipopolysaccharide (LPS)-stimulated nitric oxide (NO)
production in BV-2 microglial cells were further separated using chromatography.
Two purified bioactive compounds, genipin (compound C) and 4-(1,2-
dimethoxyethyl)benzene-1,2-diol (compound F), were isolated and identified
after spectroscopic analysis. The results showed that they inhibited LPS-
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stimulated NO and tumor necrosis factor-alpha (TNF-a) production. Genipin exerted its anti-inflammatory effects through
PI3K/Akt signaling pathway, whereas compound F inhibited phosphorylation of p38 mitogen-activated protein kinase (MAPK).
In conclusion, genipin and compound F have potential for developing into new drugs for treating neurodegenerative diseases.
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4-(1,2-dimethoxyethyl)benzene-1,2-diol

Neuroinﬂammation has been considered as one of the
pathological factors in neurodegenerative diseases
including Alzheimer’s disease (AD), Parkinson’s disease
(PD), stroke, dementia, and amyotrophic lateral sclerosis
(ALS)." It refers to the reaction of the endogenous central
nervous system (CNS) in response to various pathological
stimuli including endotoxins and neurotoxins.” Microglia, the
brain resident macrophages, are first activated to represent the
first line of defense in the CNS, in which they are
morphologically transformed into phagocytes and phagocytose
the infectious microbes and dead or dying cells in the CNS.?
However, overactivation of microglia leads to the secretion of
various proinflammatory mediators including tumor necrosis
factor-alpha (TNF-a), interleukin-1 beta (IL-1f), interleukin-6
(IL-6), nitric oxide (NO), and reactive oxygen species (ROS),
resulting in neuronal cell death.*® Therefore, inhibition of
microglia activation and subsequent neuroinflammation may be
a potential therapeutic target for neurodegenerative diseases.
NO is regarded as one of the main pathological mediators in
neuroinflammation.® It is synthesized from L-arginine by the
enzyme nitric oxide synthase (NOS)’ isoforms including
neuronal NOS (nNOS), endothelial NOS (eNOS), and
inducible NOS (iNOS). iNOS is the most relevant to
neuroinflammation, and it generates a micromolar amount of
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NO when induced.® In addition, NO and superoxide lead to the
formation of peroxynitrite, which results in numerous oxidation
and potential destruction of host cellular constituents causing
dysfunctional critical cellular processes, cell signaling pathway
disruptio9nl,0 and brain cell death via cell apoptosis and
necrosis.”

TNF-a is another proinflammatory mediator known to be
implicated in neurodegenerative diseases.'' Upon CNS
damage/infection, elevated levels of TNF-a had been shown
to be synthesized by astrocytes, neurons, and rnicroglia.12 The
resulting TNF-ar can induce IL-1 and IL-6 production, which
aggravates neuroinflammatory related neurodegenerative dis-
eases.”> By inhibiting TNF-a production, the brain injury in
mice model was reduced and intercellular adhesion molecule-1
expression was attenuated during transient cerebral ischemia.'*

Microglial activation triggers the production of inflammatory
mediators through various signaling pathways including
mitogen-activated protein kinase (MAPKs: c-Jun N-terminal
kinase (JNK), p38 kinase, and extracellular signal-regulated
kinase (ERK)) and PI3K/Akt. They transduce the extracellular
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Figure 1. Extraction and separation scheme of compounds C and F from Eucommia ulmoides Oliver (DZ). An amount of 15 g of DZ powder was
macerated in Milli-Q water for 2 h and then refluxed for another 2.5 h. After drying, the aqueous extract was dissolved in 100 mL of methanol
(MeOH) and then partitioned sequentially with 100 mL of hexane (n-C¢H,,), 100 mL of ethyl acetate (EtOAc), and 100 mL of butanol (n-BuOH).
The fractions with the most potent inhibition on LPS-stimulated NO production were selected and then subjected to silica gel chromatography and
C18 solid phase extraction, and further purified by reversed-phase high-performance liquid chromatography (HPLC) using gradient elution until two
single compounds (compound C and F) with anti-inflammatory effects were obtained. *Fractions showed potent NO inhibition in LPS-induced BV-

2 cells.

stimuli through a cascade of protein phosphorylations, which
leads to the activation of transcription factor nuclear factor
(NF)-xB."> Previous studies indicated that p38 kinase, ERK,
and JNK were phosphorylated in the LPS/IFN-y activated mice
or human microglia.'~"® By suppressing p38 kinase as well as
ERK signaling pathways, the areas of brain injury were reduced
in ischemia—reperfusion mouse/rat models.'”*° The PI3K/Akt
pathway was activated by LPS-stimulated peripheral blood
mononuclear cells (PBMCs), whereas inhibition of the PI3K/
Akt pathway resulted in significant reduction of inflammatory
cytokines.”' NE-B is a transcription factor, and it is believed to
play an essential role in activating inflammatory related genes in
response to immunostimulation.”” Upon stimulation, the NF-
kB p65 subunit is activated, leading to IkB degradation and NF-
kB nuclear translocation, which is responsible for the
transcriptional activation of the inflammation-related genes
including TNF-a and iNOS.>>** Therefore, transcriptional
regulation can be the important therapeutic target for
neuroinflammation therapy.

Du Zhong (DZ), Eucommia ulmoides Oliver leaves, is a
commonly used herb for the treatment of stroke and
hypertension related symptoms including hemiplegia, dizziness,
vertigo, and neurasthenia in China. These symptoms also can
be observed in patients with AD and PD.*® Studies
demonstrated the effect of DZ on decreasing blood pressure
in spontaneous hypertensive rats.”**” Besides, it also showed
antiobesity and antioxidative effects in mice models.***’
Previous studies of DZ were mainly focused on the vascular-
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related hypertension and diabetes related diseases, whereas its
effect on neuroinflammation is largely unknown.

Here, we determine the anti-inflammatory effect of the herb
DZ on LPS-activated microglial cells. We use a bioactivity-
guided fractionation scheme involving the sequential use of
partitioning extraction and high performance liquid chromatog-
raphy (HPLC) to isolate and identify the potent compounds
that can inhibit NO production from DZ. The purified
compounds were analyzed by using gas chromatographymass
spectrometry (GC/MS) and nuclear magnetic resonance
(NMR). We further delineated the underlying mechanisms of
the anti-inflammatory effect of the identified compounds. Our
findings may be useful for the development of adjunctive
therapeutic agents for treating neurodegenerative diseases.

B RESULTS AND DISCUSSION

Isolation and Identification of Anti-Inflammatory
Compounds from DZ. Neurodegenerative diseases, sharing
the same pathological mechanism of neuroinflammation,
account for an increase of morbidity and mortality in patients,
and the population is estimated to be over 60 million by
2050.%° Recently, the unsatisfactory pharmacotherapy and side
effects of the drugs led to the development of alternative
medicine for treating these diseases.>'

DZ leaf contains different groups of compounds including
polyphenolics (pyrogallol, protocatechuic acid, coumaric acid,
and chlorogenic acid), flavonoids (quercetin, kaempherol, and
astragarin), and triterpines.”> In this study, we aimed to isolate

dx.doi.org/10.1021/cn5001205 | ACS Chem. Neurosci. 2014, 5, 855—866



ACS Chemical Neuroscience

Research Article

(a)

220 240 260 280 300 320 340 360 380 mm

mAU

1000 -

= GADT . 51g=27108 Rer T T3 AND B\0Z 5130,

(b)

T3 GADT, 5742 (@23 WA, 3 o1 TFRGT0T 6

SEEEEERERE

30 3% 200 280 300 30 3w 360 %0 o

mAU TAGT T, ST 08

s00

400

TTTRGTTE)

2 K

] 8 10 min

Figure 2. (a) HPLC chromatogram and UV absorbance spectrum of compound C. Compound C was purified using HPLC (Eclipse XDB-C18, S
pum 4.6 X 250 mm, Agilent) at a flow rate of 1 mL/min with a gradient elution from 20% to 90% ACN. The detection wavelength was set at 210 nm.
The compound was eluted at approximately 5.7S min with UV absorbance maximized at 240 nm. (b) HPLC chromatogram and UV absorbance
spectrum of compound F. Compound F was purified using HPLC (Eclipse XDB-C18, 5 ym 4.6 X 250 mm, Agilent) at a flow rate of 1 mL/min with
a gradient elution from 40% to 50% ACN. The detection wavelength was set at 210 nm. The compound was eluted at approximately 5.16 min with

UV absorbance maximized at 230 and 280 nm.

compounds that inhibited NO production in LPS-stimulated
BV-2 cells. The extraction scheme is summarized in Figure 1.
The chemicals in the aqueous extract of DZ (DZ-RF-H,0)
were separated by solvent partition. As only small amount of n-
C¢H,, fraction (DZ-Hexane) was obtained, we focused on the
EtOAc fraction (DZ-EA), BuOH fraction (DZ-BU), and
aqueous fraction (DZ-H,0). Among the fractions, DZ-EA at
the concentration up to 50 ug/mL did not show cytotoxicity to
BV-2 cells and it showed the potent inhibitory effect on NO
production in LPS-stimulated BV-2 cells (p < 0.05)
(Supporting Information Figure S1). After silica gel column
chromatography, DZ-EA was separated into seven fractions.
The result showed that DZ-EA-S1 had the strongest
suppressive effect among the fractions (p < 0.01) (Figure
$2). Using C18 solid phase extraction, DZ-EA-S1-3 and DZ-
EA-S1-4 without showing cytotoxicity were obtained, and they
significantly inhibited NO production (p < 0.01) (Figure S3).
Thus, they were combined as DZ-EA-S1-(3 + 4) and then
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further separated by HPLC. The results showed that the
nontoxic fractions including DZ-EA-S1-(3 + 4)-3 and DZ-EA-
S1-(3 + 4)-6 had the most potent inhibitory effect on LPS-
stimulated NO production (data not shown). After purification,
one single compound (compound C) with 95% chemical purity
was eluted at approximately 5.75 min with UV absorbance
maximized at 240 nm (Figure 2a). Another single compound
(compound F) was eluted at approximately 5.16 min with UV
absorbance maximized at 230 and 280 nm (Figure 2b).
Compound C is white crystals with UV absorbance
maximized at 240 nm, which is a characteristic of an iridoid
compound. The *C NMR and 'H NMR spectra of compound
C are shown in Figure S4. The *C NMR (CD,0D) spectrum
showed signals at §170.0 (—CO,—), 97.8 (C-1), 154.4 (C-3),
111.8 (C-4), 51.8 (C-5), 40.1 (C-6), 128.3 (C-7), 145.7 (C-8),
48.5 (C-9), 61.8 (C-10), and 37.7 (C-11). The carbon signals
indicated that the compound contained two cyclic ethylene
groups (C-3 and C-4) and (C-7 and C-8), one carbonyl group
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Figure 3. (a) *C NMR and (b) Dept 135 NMR spectra of compound F. The structure of compound F was elucidated using a Bruker 600-MH, PRX
NMR spectrometer. Methanol-d was used as the solvent. The >C NMR spectrum showed signals at 5 149.3 (C-1), 147.5 (C-2), 120.2 (C-3), 134.0
(C-4), 111.2 (C-5), 116.3 (C-6), 87.7 (C-7), 72.7 (C-8), 56.6 (C-9), and 55.5 (C-10). From Dept 135, compound F contains two methyls (C-9, C-
10), one methylene (C-8), three methines (C-3, C-5, C-6), three quaternary carbons (C-1, C-2, C-4), and one secondary carbon (C-7). Therefore,

compound F is identified as 4-(1,2-dimethoxyethyl)benzene-1,2-diol.

(—CO,—), one methoxy group (C-11), and three methine
groups (C-1, S, 9). Electron ionization mass spectra showed
that compound C had a mass to charge ratio at [M]* 226, 208,
190, 176, 148, 120, 91, 78, 67, and S51. The ion at 226
corresponds to the molecular formula C;;H;,O;. In comparison
to the spectroscopic data with the data reported in the
literature, compound C was identified as genipin and its
molecular weight is 226.1 (Figure 4a) 3> Genipin is a well
characterized constituent of Eucommia plants whose biological
activities have been well characterized. Compound F is yellow
crystals. The *C NMR spectra of compound F (Figure 3a)
showed signals at § 149.3 (C-1), 147.5 (C-2), 120.2 (C-3),
134.0 (C-4), 1112 (C-5), 116.3 (C-6), 87.7 (C-7), 72.7 (C-8),
56.6 (C-9), and 55.5 (C-10). From Dept 135 experiment
(Figure 3b), compound F contained two methyls (C-9, C-10),
one methylene (C-8), three methines (C-3, C-S, C-6), three
quaternary carbons (C-1, C-2, C-4), and one secondary carbon
(C-7). Therefore, compound F was identified as 4-(1,2-
dimethoxyethyl)benzene-1,2-diol, and its molecular weight is
198.1 (Figure 4b).

The Effects of Genipin and Compound F on NO,
mRNA, and Protein Levels of iNOS and TNF-« in LPS-
Stimulated BV-2 Cells. We examined the effect of genipin
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Figure 4. Chemical structures of (a) genipin (compound C) and (b)
4-(1,2-dimethoxyethyl)benzene-1,2-diol (compound F).

and compound F on LPS-stimulated NO production in BV-2
microglial cells. Our results showed that BV-2 cells stimulated
with LPS (100 ng/mL) markedly increased NO production
when compared with the control group not treated with LPS.
With the pretreatment of genipin or compound F, NO
production was inhibited in a dose-dependent manner (Figure
5). The NO production was significantly reduced by 90% and
45% after treating the cells with 25 yg/mL genipin and 50 pug/
mL compound F, respectively (p < 0.01). To exclude the
possibility that the reduction of NO production was attributed
to the cytotoxicity of genipin and compound F, BV-2 cell
viability was evaluated using MTT assays. Cells were treated
with genipin or compound F at indicated concentrations (5, 10,
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Figure 5. (a) Effect of genipin on NO production in LPS-stimulated
BV-2 cells. BV-2 cells were pretreated with 0.025% DMSO or genipin
(5, 10, and 2S5 pg/mL) for 2 h, followed by the stimulation of LPS
(100 ng/mL) for another 24 h. The supernatants were collected for
the nitrite measurement using Griess reagent. All data are presented as
mean + SD of three independent experiments. *p < 0.01, compared
with DMSO group. *p < 0.0S, **p < 0.01, compared with DMSO +
LPS group. (b) Effect of compound F on NO production in LPS-
stimulated BV-2 cells. BV-2 cells were pretreated with 0.025% DMSO
or compound F (5, 10, 25, and SO ug/mL) for 2 h, followed by the
stimulation of LPS (100 ng/mL) for another 24 h. The supernatants
were collected for the nitrite measurement using Griess reagent. All
data are presented as mean + SD of three independent experiments.
#p < 0.01, compared with DMSO group. *p < 0.05, *¥p < 0.01,
compared with DMSO + LPS group.

25, and SO pg/mL) for 48 h. It was found that genipin and
compound F did not affect BV-2 cell viability (data not shown),
which revealed that they were not toxic to microglial cells up to
the concentration of 50 yg/mL.

From the above results, genipin and compound F showed
potent inhibition on LPS-stimulated NO production in BV-2
microglial cells. We then investigated whether they could
inhibit mRNA levels of LPS-stimulated iNOS at the transcrip-
tional level. Cells were pretreated with genipin or compound F
for 2 h prior to 100 ng/mL LPS stimulation for 3 h. The result
showed that LPS induced the mRNA level of iNOS in BV-2
cells. With the pretreatment of genipin or compound F, the
mRNA level of iINOS was reduced in a dose-dependent manner
(Figures 6a and 7a). Moreover, Quantitative RT-PCR was
performed to confirm their inhibitory effects. When compared
with the control (DMSO + LPS) group, genipin at a
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Figure 6. (a) Effect of genipin on iINOS mRNA level in LPS-
stimulated BV-2 cells. BV-2 cells were pretreated with genipin (S, 10,
and 25 pg/mlL) for 2 h, followed by the stimulation of LPS (100 ng/
mL) for another 3 h. Total RNA was then extracted and subjected to
quantitative-PCR. The mRNA levels were normalized with actin. All
data are presented as mean + SD of three independent experiments.
#p < 0.01, compared with DMSO group. *p < 0.05, compared with
DMSO + LPS group. (b) Effect of genipin on iNOS protein
expression in LPS-stimulated BV-2 cells. BV-2 cells were pretreated
with genipin (10 and 25 pg/mL) for 2 h, followed by the stimulation
of LPS (100 ng/mL) for another 24 h. The protein expression of
iNOS was then determined by Western blot. Actin was used to
confirm equal loading of samples. The figures shown are representative
of three independent experiments. *p < 0.01, compared with DMSO
group. **p < 0.01, compared with DMSO + LPS group.

concentration of 25 pg/mL and compound F at a
concentration of S0 pg/mL inhibited 90% and 68% of
mRNA level of INOS, respectively (p < 0.05) (Figures 6a
and 7a). In addition, it was also found that the protein
expression of INOS was significantly reduced after the
pretreatment of 25 pg/mL genipin or 50 pg/mL compound
F in LPS-stimulated BV-2 cells (p < 0.01) (Figures 6b and 7b).
The results revealed that genipin and compound F both
possessed an anti-inflammatory effect by suppressing the gene
and protein expressions of iNOS.
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Figure 7. (a) Effect of compound F on iNOS mRNA level in LPS-
stimulated BV-2 cells. BV-2 cells were pretreated with compound F
(10, 25, and SO pug/mL) for 2 h, followed by the stimulation of LPS
(100 ng/mL) for another 3 h. Total RNA was then extracted and
subjected to quantitative-PCR. The mRNA levels were normalized
with actin. All data are presented as mean + SD of three independent
experiments. p < 0.01, compared with DMSO group. *p < 0.05,
compared with DMSO + LPS group. (b) Effect of compound F on
iNOS protein expression in LPS-stimulated BV-2 cells. BV-2 cells were
pretreated with compound F (25 and SO yg/mL) for 2 h, followed by
the stimulation of LPS (100 ng/mL) for another 24 h. The protein
expression of INOS was then determined by Western blot. Actin was
used to confirm the equal loading of samples. The figures shown are
representative of three independent experiments. *p < 0.035, compared
with DMSO group. *p < 0.0S, compared with DMSO + LPS group.

To investigate whether genipin and compound F can inhibit
mRNA level of LPS-stimulated TNF-a, we pretreated BV-2
cells with genipin or compound F for 2 h prior to the
stimulation of 100 ng/mL LPS for another 3 h. The result
showed that the mRNA level of TNF-a was increased in LPS-
stimulated BV-2 cells. With the pretreatment of genipin or
compound F, the mRNA level of TNF-a was dose-dependently
reduced as measured by both semiquantitative and quantitative
RT-PCR (Figures 8 and 9). Moreover, genipin (25 pg/mL)
and compound F (50 pg/mL) suppressed 35% and 64.7% of
mRNA level of TNF-a when compared with the control
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Figure 8. (a) Effect of genipin on TNF-& mRNA level in LPS-
stimulated BV-2 cells. BV-2 cells were pretreated with genipin (S, 10,
and 25 pug/mL) for 2 h, followed by the stimulation of LPS (100 ng/
mL) for another 3 h. Total RNA was then extracted and subjected to
quantitative-PCR. The mRNA levels were normalized with actin. All
data are presented as mean + SD of three independent experiments.
#p < 0.01, compared with DMSO group. *p < 0.05, compared with
DMSO + LPS group. (b) Effect of genipin on TNF-a production in
LPS-stimulated BV-2 cells. BV-2 cells were pretreated with genipin (5,
10, and 25 pg/mL) for 2 h, followed by the stimulation of LPS (100
ng/mL) for another 24 h. TNF-a production was then determined by
ELISA. All data are presented as mean + SD of three independent
experiments. *p < 0.01, compared with DMSO group. **p < 0.01,
compared with DMSO + LPS group.

(DMSO+LPS) group, respectively (p < 0.05) (Figures 8a and
9a). Moreover, the results were confirmed by ELISA that
genipin and compound F suppressed the production of TNF-a
by 57% and 60.1%, respectively (p < 0.01) (Figures 8b and 9b).
Genipin is a natural iridoid compound and the aglycone of
geniposide. Various studies demonstrated that genipin
possessed pharmacological effects including anticancer,
antithrombosis,36 neuroprotective,37 choleretic,®® antiviral
effects, antiangiogenic, and anti-inflammatory agents.40
Studies showed that genipin could inhibit TNF-a-stimulated
expression of vascular cell adhesion molecule-1 (VCAM-1) in
human umbilical vein endothelial cells (HUVEC) for treating
cardiovascular diseases.*’ Besides, it inhibited nitric oxide
production in activated RAW 264.7 murine macrophage cells
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Figure 9. (a) Effect of compound F on TNF-a mRNA level in LPS-
stimulated BV-2 cells. BV-2 cells were pretreated with compound F
(10, 25, and SO ug/mL) for 2 h, followed by the stimulation of LPS
(100 ng/mL) for another 3 h. Total RNA was then extracted and
subjected to quantitative-PCR. The mRNA levels were normalized
with actin. All data are presented as mean + SD of three independent
experiments. *p < 0.05, compared with DMSO group. *p < 0.05,
compared with DMSO + LPS group. (b) Effect of compound F on
TNF-a production in LPS-stimulated BV-2 cells. BV-2 cells were
pretreated with compound F (10, 25, and 50 pg/mL) for 2 h, followed
by the stimulation of LPS (100 ng/mL) for another 24 h. TNF-a
production was then determined by ELISA. All data are presented as
mean + SD of three independent experiments. *p < 0.01, compared
with DMSO group. **p < 0.01, compared with DMSO + LPS group.

and LPS-stimulated rat microglia.42 It also decreased LPS-
stimulated TNF-q, IL-1, prostaglandin E2, and intracellular
reactive oxygen species production.*” Our results showed that
genipin inhibited nitric oxide, mRNA, and protein levels of
iNOS (Figures Sa and 6) as well as TNF-a production in LPS-
stimulated BV-2 cells (Figure 8b), which is in agreement with
the previous study.*

4-(1,2-Dimethoxyethyl)benzene-1,2-diol (compound F), a
novel structure of catechol derivative, was also isolated from
DZ extract. Previous studies found that the catechol and its
derivatives showed potent anti-inflammatory effects by
inhibiting LPS-induced NO and TNF-a production as well as
the mRNA and protein levels of iNOS and TNF-a in BV-2
cells.* Norepinephrine (NE) and epinephrine (EPI) are well-
known catechol derivatives, which show strong anti-inflamma-
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tory effects.** NE suppressed Af-induced mouse microglial
cytokine and chemokine production as well as proinflammatory
genes at the transcriptional level when it released diffusely in
the brain from locus ceruleus (LC).** At the same time, it
increased microglial migration and phagocytosis of Af. In vivo
studies also reported that NE deficiency triggered neuro-
inflammatory conditions and reduced Af clearance in animal
models of AD.* Besides, NE suppressed the enhanced mRNA
and protein levels of TNF-a@ in the LPS-induced primary
cultured microglia.46 EPI was reported to inhibit the production
of superoxide in N-formyl-methionyl-leucyl-phenylalanine
(FMLP) activated human neutrophils.*’ It is also demonstrated
to reduce proinflammatory cytokines as measured by decreased
TNEF-a, IL-6, and IL-8 production in response to LPS induction
in blood plasma of healthy volunteers.*® In this study, we found
that compound F (Figure 4b), with similar structure to NE and
EPI dose-dependently inhibited LPS-induced iNOS protein
expression and mRNA levels of iNOS and TNF-a in BV-2
microglial cells (Figures 7 and 9). Therefore, compound F may
have potential to be used as an anti-neuroinflammatory agent.

The Underlying Mechanisms of the Anti-Inflamma-
tory Effect of Genipin and Compound F. To investigate
the underlying mechanisms of the anti-inflammatory effect of
genipin and compound F, we examined their effects on the
phosphorylation of LPS-stimulated MAPKs (p38 kinase, JNK,
and ERK). Cells were pretreated with genipin or compound F
for 2 h prior to the addition of LPS for 30 min. The results
showed that genipin did not affect the activation of MAPKs
(Figurel0a), whereas compound F at SO ug/mL significantly
suppressed LPS-stimulated phosphorylation of p38 kinase
when compared with the control (DMSO + LPS) group (p <
0.05) (Figure 10b). However, compound F did not exert any
inhibitory effect on LPS-stimulated JNK and ERK activation
(Figure 10b). These results indicated that the suppressive effect
of genipin on iNOS and TNF-a production was not via MAPK
activation, whereas compound F was through p38 kinase
signaling pathway. In addition, the effect of genipin and
compound F on NF-kB p65 nuclear translocation was further
investigated. Our results revealed that the inhibitory effects of
genipin (Figure SS) and compound F (Figure 12) were both
independent of NF-kB signaling pathway. NF-kB and MAPKs
pathways have been regarded as the key targets for
inflammatory diseases, as they regulate proinflammatory gene
expressions.”’ p38 kinase has been implicated in the signal
transduction pathways by increasing iNOS and TNF-a gene
expression in glial cells or macrophages.®® From our study, the
effect of compound F on LPS-stimulated translocation of NF-
kB p6S of BV-2 cells is examined. The results indicated that
compound F did not affect the translocation of NF-kB p6S into
the nucleus (Figure 12). Previous studies have also investigated
the underlying mechanisms of anti-inflammatory effect of
catechol derivatives.*> Catechol and its derivatives including 3-
methylcatechol, 4-methylcatechol, and 4-tert-butylcatechol were
demonstrated to inhibit the phosphorylation of p38 kinase,
nuclear translocation of NF-kB p65, and degradation of IkB in
BV-2 cells.®® Therefore, the results revealed that catechol
derivatives including compound F inhibited iNOS and TNF-a
gene expression in microglia through p38 kinase signaling
pathway.

Besides MAPKs, the PI3K/Akt signaling pathway is also
involved in the microglial activation. The effect of genipin on
LPS-stimulated phosphorylation of PI3K/Akt was then
determined. As shown in Figure 11, genipin suppressed LPS-
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Figure 10. (a) Effect of genipin on p38 kinase, ERK, and JNK
phosphorylation in LPS-stimulated BV-2 cells. BV-2 cells were
pretreated with 25 ug/mL genipin for 2 h prior to the induction of
LPS (100 ng/ mL) for another 30 min. Cells were lysed for Western
blotting. The figures are representative of three independent
experiments. (b) Effect of compound F on p38 kinase, JNK, and
ERK phosphorylation in LPS-stimulated BV-2 cells. BV-2 cells were
pretreated with 50 pg/mL compound F for 2 h prior to the induction
of LPS (100 ng/mL) for another 30 min. Cells were lysed for Western
blotting using phosphorylated or total p38 kinase, JNK, and ERK
antibodies. The figures are representative of three independent
experiments. All data are presented as mean =+ SD of three
independent experiments. *p < 0.01, compared with DMSO group.*p
< 0.0S, compared with DMSO + LPS group.

stimulated phosphorylation of PI3K and Akt in a dose-
dependent manner (p < 0.05). These results suggested that
the suppressive effect of genipin on inducing TNF-a and iNOS
is dependent on the PI3K/Akt signaling pathway, but not on
the MAPK pathway. The PI3K/Akt pathway has been
described to be involved in neurodegenerative diseases.”' >
It could positively regulate pro-inflammatory gene expression in
microglia and macrophages.’* >’ Several compounds had been
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Figure 11. (a) Effect of genipin on PI3K phosphorylation in LPS-
stimulated BV-2 cells. BV-2 cells were pretreated with genipin (10 and
25 pg/mL) for 2 h, followed by the stimulation of LPS (100 ng/mL)
for another 3 h. Cells were lysed for Western blotting using
phosphorylated or total PI3K antibodies. The figures are representa-
tive of three independent experiments. All data are presented as mean
+ SD of three independent experiments. *p < 0.05, compared with
DMSO group. *p < 0.0S, compared with DMSO + LPS group. (b)
Effect of genipin on Akt phosphorylation in LPS-stimulated BV-2 cells.
BV-2 cells were pretreated with genipin (10 and 25 pg/mL) for 2 h,
followed by the stimulation of LPS (100 ng/mL) for another 3 h. Cells
were lysed for Western blotting using phosphorylated or total Akt
antibodies. The figures are representative of three independent
experiments. All data are presented as mean =+ SD of three
independent experiments. *p < 0.05, compared with DMSO group.
*p < 0.05, compared with DMSO + LPS group.

demonstrated to inhibit PI3K/Akt phosphorylation. Cordyce-
pin, isolated from Cordyceps militaris, inhibited the production
of nitric oxide by down-regulation of iNOS gene expression
through the suppression of Akt phosphorylation.*® Acacetin, a
flavonoid compound, inhibited the induction of NOS in LPS-
stimulated RAW 264.7 cells by interfering with the activation of
the PI3K/Akt pathway.>® We further investigate its underlying
mechanisms. The results suggested that genipin exerted its anti-
inflammatory effects through the PI3K/Akt signaling pathway
(Figure 11). Therefore, the PI3K/Akt pathway is a common
target for the therapies of many inflammatory associated
diseases.*’
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Figure 12. (a) Effect of compound F on NF-kB p6S in nuclear fraction
in LPS-stimulated BV-2 cells. BV-2 cells were pretreated with
compound F (50 ug/mL) for 2 h, followed by the stimulation of
LPS (100 ng/mL) for another 30 min. Nuclear proteins were then
extracted and immunoblotted with NF-kB p6S antibody. Lamin B was
used to confirm the equal loading of samples. All data are presented as
mean + SD of three independent experiments. *p < 0.05, compared
with DMSO group. (b) Effect of compound F on NF-kB p6S in
cytosol fraction in LPS-stimulated BV-2 cells. BV-2 cells were
pretreated with compound F (50 ug/mL) for 2 h, followed by the
stimulation of LPS (100 ng/mL) for another 30 min. Cytoplasm
proteins were then extracted and immunoblotted with NF-«B p65
antibody. Actin was used to confirm the equal loading of samples. All
data are presented as mean + SD of three independent experiments. *p
< 0.05, compared with DMSO group.

In summary, genipin and compound F were isolated from
DZ using a bioassay-guided fractionation scheme. Both genipin
and compound F dose-dependently inhibited the production of
NO and TNF-a in LPS-stimulated BV-2 cells. Moreover, they
inhibited both mRNA levels and gene expression of iNOS.
Genipin exerted its anti-inflammatory effect through suppress-
ing PI3K/AKkt activation, but not the MAPK signaling pathway.
The suppressive effect of compound F was due to the inhibition
of p38 kinase activation, whereas it did not exert any inhibitory
effect on the translocation of NF-kB. Taken together, genipin
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and compound F can be considered as potential drug
candidates for treating neurodegenerative diseases.

B METHODS

Preparation of Eucommia ulmoides Oliver (DZ) Extract. Herb
Eucommia ulmoides Oliver (DZ) was authenticated and obtained from
PuraPharm International (H.K.) Ltd. The herbal powder was
macerated in Milli-Q water (w/v: 1:8) for 2 h at room temperature
and then boiled under reflux for another 2.5 h. After centrifugation at
10 000 rpm for 10 min, the supernatant was concentrated to dryness
using a Rota-vap (Buchi, Germany).

Isolation of Anti-Inflammatory Compounds from DZ. We
used a bioactivity-guided fractionation approach to isolate molecules
with anti-inflammatory effects from herb DZ.®* As NO is involved in
neuroinflammation during pathological process of neurodegenerative
diseases, we test the NO suppression effect of the extracts and
compounds in LPS-induced BV-2 cells.

The extraction scheme of anti-inflammatory compound from DZ is
summarized in Figure 1. First, the aqueous extract of DZ obtained
under reflux was redissolved in methanol (MeOH) and then
fractionated by partitioning with hexane (n-C4H,,) (1:1). Then, the
MeOH fraction was concentrated and redissolved in Milli-Q water and
then sequentially partitioned with ethyl acetate (EtOAc) (1:1) and
butanol (n-BuOH) (1:1) to yield four fractions including n-C¢H,,,
EtOAc, BuOH and H,O fractions. The EtOAc fraction (DZ-EA) with
the strongest suppressive effect on LPS-stimulated NO production was
further separated by silica gel column chromatography (pore size: 35—
75 pm) using a series of solvent mixtures containing n-C4H,,, EtOAc,
and MeOH. A total of seven subfractions were obtained. The bioactive
subfraction (DZ-EA-S1) was subjected to additional purification by
C18 solid phase extraction (Sep-Pak Vac 6 cc/1 g, Waters) using
acetonitrile (ACN) and water as the elution solutions. The bioactive
fractions were combined and then further purified by reversed-phase
high-performance liquid chromatography (HPLC) (Eclipse XDB-C18,
S pm 4.6 X 250 mm, Agilent) at 1 mL/min flow with gradient elutions.
The peaks were detected by using an Agilent Technologies 1200 Series
fast scanning photodiode array detector with the detection wave-
lengths at 210, 254, and 280 nm. Finally, two single compounds with
95% purity were obtained.

Identification of Isolated Compounds. The molecular
structures of compound C and F were elucidated using Bruker
S00MH, and 600MH, PRX NMR spectrometers. Methanol-d was
used as the solvent. Compounds were also indentified by GC-MS
(GC, Agilent, 7890A; MS, Agilent, 5975C) using a HP-SMS column
(30 m X 250 pm X 0.25 pm), and the GC condition used was similar
to the ones used in our previous studies.®>%? Briefly, one microliter of
the sample was injected into the machine. Helium was used as the
carrier gas in a flow of 1 mL/min. The oven temperature was started at
70 °C for 1 min, and then increased to 180 °C at a rate of 10 °C/min,
and after 2 min holding increased to 300 °C at a rate of 20 °C/min
and held for 5 min. The interface temperature was set at 250 °C. Mass
spectra were analyzed in the range of $0—700 atom mass units (amu)
for a run time of 25 min. The G1701EA chemstation (Agilent) was
used to perform MS data analysis.

Cell Culture. The immortalized murine microglial BV-2 cell line
was generously supplied by Prof. E Choi (Laboratory of Cell Death
and Human Diseases, Korea University, Korea). It was cultured in
Dulbecco’s modified Eagle’s minimum essential medium (DMEM)
(Invitrogen) supplemented with 10% fetal bovine serum (FBS)
(Sigma) and 1% antibiotics including penicillin and streptomycin at 37
°C in a humidified incubator containing 5% CO,.

MTT Assay. BV-2 cells were seeded at 5 X 10* cells/mL in a 24-
well plate. They were treated with different concentrations of herbal
extracts and incubated for 48 h. MTT solution (Sigma-Aldrich) at the
concentration of 0.5 mg/mL was added to the cells and incubated for
30 min at 37 °C. Isopropanol (IPP) was then added after removing the
cell culture medium. After 10 min of incubation, the absorbance of
each well was measured at 570 nm with a reference wavelength of 655
nm by using a microplate reader (model 680, Bio-Rad). The
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absorbance of each well was relative to the control well, and
absorbances were expressed as percentages, that is, the percentage of
the control well is 100%.*

Nitrite Measurement. BV-2 cells were seeded at a density of 1 X
10° cells/mL in a 24-well plate. Indicated concentrations of the
compounds were added into the cells 2 h prior to the stimulation of
100 ng/mL LPS for 24 h. The culture supernatants were collected and
transferred into a 96-well plate. An equal volume of Griess reagent
(Sigma-Aldrich) was then added and incubated in the dark for 10 min.
The absorbance of each well was measured at a wavelength of 570 nm.
Nitrite levels were then determined by reference to the standard curve
that was generated by the known concentrations of sodium nitrite.*>*°

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
and Quantitative RT-PCR. Total RNA was extracted by using
TRIzol reagent (Invitrogen). The cDNA was synthesized from total
RNA with oligo(dT) primer Superscript II Reverse Transcriptase
(Invitrogen) as previously described.®” The primer sequences were
summarized as follows: GAPDH (T, = 60 °C) forward, 5'-
ACCACAGTCCATGCCATCAC-3’; reverse, 5'-TCCACCAC-
CCTGTTGCTGTA-3".%® Mouse iNOS (T,, = 55 °C) forward, 5’
ACATCGACCCGTCCACAGTAT-3'; reverse, 5'-CAGAGGGG-
TAGGCTTGTCTC-3".* Mouse TNF-a (T,, = 56 °C) forward, §'-
ACGTGGAACTGGCAGAAGAG-3’; reverse, 5-GTCTGGGCCAT-
AGAACTGA-3".%> The PCR products were resolved by 1.5% agarose
gel electrophoresis after staining with ethidium bromide. Visualization
was performed under UV light with a Gel doc (Bio-Rad). The mRNA
levels were also determined by QPCR (Roche 480II) as previously
described.®>

Enzyme-Linked Immunosorbent Assay (ELISA). BV-2 cells
were seeded at the density of 1 X 10° cells/mL in a 24-well plate. They
were pretreated with or without indicated concentrations of
compounds for 2 h, followed by the 24 h incubation with 100 ng/
mL LPS. The culture supernatants were collected for the
determination of TNF-a level. ELISA kits (R&D Systems) were
then used referring to the manufacturer’s instructions.

Western Blot. BV-2 cells were seeded in a 12-well plate at a
density of 2 X 10° cells/mL. They were treated with indicated
concentrations of compounds for 2 h prior to being stimulated with
(100 ng/mL) LPS for another 24 h (for iNOS) or 30 min (for
MAPKs, NF-kB p6S). Proteins were harvested by using SDS-lysis
buffer. Protein concentrations were determined by using the
bicinchoninic acid (BCA) protein assay kit (Pierce). The cytoplasmic
proteins and nuclear proteins were extracted separately by Buffer A
and Buffer C as described in our previous studies.*”**”® Protein
concentrations were quantified using the Coomassie Plus Protein assay
kit (Pierce). Equal amounts of total cellular protein were loaded per
lane onto 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto the nitrocellulose membranes (Whatman
Schleicher & Schuell, Germany). They were incubated with the
indicated primary antibodies, including anti-iNOS (Sigma-Aldrich),
anti-NF-kB p65, actin, lamin B (Santa Cruz Biotechnology), anti-
phosphorylated and anti-total forms of p38 kinase, p42/p44 ERK,
JNK, PI3K, and Akt (Cell Signaling Technology) overnight. After
three washes, the membranes were incubated with the corresponding
IgG HRP-conjugated secondary antibodies. Immunodetection was
performed using ECL chemiluminesence kit (GE Healthcare) in the
dark room.

Immunocytochemistry (ICC) Staining. BV-2 cells were seeded
at 1 X 10° cells/mL onto 96-well plates. They were pretreated with 25
ug/mL genipin for 2 h before stimulation with (100 ng/mL) LPS.
Culture media were removed after 30 min. Cells were then fixed in 4%
paraformaldehyde (PFA) for 15 min at room temperature and washed
twice with PBS before 0.1% Triton X-100 was added. After 5 min, cells
were washed and blocked with 1% BSA in PBS for 5 min. Cells were
washed again after a 3 h incubation with antibody against NF-xB p65
(1:1000) (Santa Cruz Biotechnology) in the dark at room temper-
ature, followed by a 1 h incubation with a secondary antibody. Cells
were then washed and incubated with DAPI solution for 5 min.
Finally, cells were rinsed twice and analyzed by a Cellomics ArrayScan
VTI (Thermo Scientific) instrument, which is distinguished for its
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automated and high capacity fluorescence imaging as well as
quantitative analysis of live or fixed cells.

Statistical Analysis. Results were presented as mean + SD, and
the data were evaluated by one-way ANOVA followed by Tukey’s or
Dunnett test using SPSS (IBM). The p values less than 0.0S were
considered statistically significant.
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