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KEY WORDS Abstract A neuroinflammatory response is commonly involved in the progression of many neurodegen-
PHPB: erative diseases. Potassium 2-(1-hydroxypentyl)-benzoate (PHPB), a novel neuroprotective compound, has
Neuroinflammation; shown promising effects in the treatment of ischemic stroke and Alzheimer's disease (AD). In the present
LPS; study, the anti-inflammatory effects of PHPB were investigated in the plasma and brain of C57BL/6 mice
MAPK; administered a single intraperitoneal (i.p.) injection of lipopolysaccharide (LPS). Levels of iNOS and the
Heme oxygenase-1 cytokines TNFa, IL-1§ and IL-10 were elevated in plasma, cerebral cortex and hippocampus after LPS

injection and the number of microglia and astrocytes in cortex and hippocampus were increased. LPS also
upregulated the expression of heme oxygenase-1 (HO-1) in the cortex and hippocampus. PHPB reduced the
levels of iNOS and cytokines in the plasma and brain, decreased the number of microglia and astrocytes and
further enhanced the upregulation of HO-1. In addition, PHPB inhibited the LPS-induced phosphorylation of
ERK, P38 and JNK. These results suggest that PHPB is a potential candidate in the treatment of
neurodegenerative diseases through inhibiting neuroinflammation.
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1. Introduction

Neuroinflammation has recently been implicated as playing a critical
role in the progression of damage in neurodegenerative diseases such
as Alzheimer's disease (AD), Parkinson's disease (PD) and stroke'.
Both glial activation and inflammatory mediator production are main
features of neuroinflammation leading to neuronal apoptosis and
associated neurodegeneration™. Under pathological conditions,
injured or diseased neurons cause resting microglia to become
activated, transform into phagocytic cells, migrate to the site of the
lesion and remove dead cells and debris. To do this, activated
microglia release large amounts of cytotoxic pro-inflammatory
cytokines and chemokines such as IL-1f, TNFa and nitric oxide
(NO) which, in turn, lead to a vicious cycle of neuronal death”.
Therefore, timely inhibition of microglial activation is considered a
valuable strategy in the treatment of neurodegenerative diseases.

Heme oxygenase (HO) can catalyze the conversion of heme to
carbon monoxide and biliverdin with the concurrent release of iron
which drives the synthesis of ferritin for iron sequestration”. HO-1
is an inducible isoform of HO with important anti-inflammatory,
anti-apoptotic and anti-proliferative actions”®. It has been reported
that HO-1 activation modulates inducible nitric oxide synthase
(iNOS) expression’. Furthermore, silencing the HO-1 gene leads
to an increase in LPS-induced expression of TNF-a and IL-1p3
whereas overexpression of HO-1 protein inhibits their generation,
indicating that down-regulation of oxidative stress reduces the
inflammatory response'".

The mitogen-activated protein kinase (MAPK) signaling path-
way has been shown to involve mediators producing inflammation
in nerve and glial cells'"'>. In vivo and in vitro studies indicate
that LPS initiates an inflammatory reaction through activating the
MAPK family, including extracellular signal-related kinases 1 and
2 (ERK1/2), c-Jun N-terminal kinase (JNK) and P38 mitogen-
activated protein kinase (P38)'*7!5. MAPK inhibitors can block
Tnfa mRNA transcription and the LPS-induced increase in TNFa
and IL-14'"'"7. The MAPK pathway has been shown to be
involved in HO-1 protein activation'®,

Potassium 2-(1-hydroxypentyl)-benzoate (PHPB) is a novel
drug for the treatment of cerebral ischemia and is currently
undergoing a phase II clinical trial in ischemic stroke in China.
Recent studies have shown that PHPB improves cognitive
impairments, reduces oxidative stress and glial activation and
decreases neuronal degeneration in chronic cerebral hypoperfused
rats, f-amyloid protein 1-40 (Ap;_49)-intracerebroventricular-
infused rats and APP/PS1-transgenic mice. The latter express a
chimeric mouse/human APP containing the KS95SN/MS596L Swed-
ish mutations and a mutant human PS1 carrying the exon 9-deleted
variant under the control of mouse prion promoter elements,
directing transgene expression predominantly to neurons in central
nervous system'® 2. Since the exact mechanism by which PHPB
exerts a neuroprotective effect remains unknown, we decided to
investigate the effect of PHPB on neuroinflammation and attempt
to illuminate possible mechanisms.

2. Materials and methods

2.1. Reagents

PHPB (purity > 98% by HPLC, Fig. 1) was synthesized by the
Department of Medical Synthetic Chemistry, Institute of Materia
Medica, Beijing, China. Lipopolysaccharide (LPS) was purchased
from Sigma—Aldrich (St. Louis, MO, USA).

2.2.  Animals and treatment

Male C57BL/6 mice (8-week old) were purchased from
Beijing HFK Bioscience Co., Ltd. (China). They were kept
at a temperature of 24+ 1 °C and relative humidity of 50%—60%
with a 12-h light-dark schedule with free access to food
and water. All care and handling of animals was conducted in
accordance with the National Institute of Health Guidelines
for the Care and Use of Laboratory Animals and approved by
the institutional Ethics Committee of the Experimental Animal
Center of the Chinese Academy of Medical Sciences (Beijing,
China).

Mice were randomly divided into four groups; control, LPS
(4 mg/kg), LPS + 50 mg/kg PHPB, and LPS + 100 mg/kg PHPB.
The mice were orally administered on a daily basis deionized
water (control and LPS treated) or PHPB for 2 weeks. All groups
except control were then administered a single intraperitoneal (i.p.)
injection of LPS (4 mg/kg) with the control group receiving an i.p.
injection of the same volume of saline. Twenty-four hours later,
mice were sacrificed for subsequent biochemical and pathological
testing.

2.3.  Enzyme-linked immunosorbent assay (ELISA) of cytokine

The levels of TNFa (Biolegend, San Diego, USA), IL-15 (R&D
System, Minneapolis, USA), IL-10 (Invitrogen, San Jose, USA)
and iNOS (Cusabio, China) in plasma, cortex, and hippocampus
were determined using ELISA kits according to the manufacturers'
instructions. An aliquot (50 pL) of plasma and the supernatant of
brain homogenate were added to a 96-well microtiter plate pre-
coated with monoclonal antibody (coupled to HRP) and incubated
at 37 °C for 30 min. The plates were then thoroughly washed (with
the washing solution provided by the kit) and substrate solution
then added. Color was allowed to develop at 37 °C for 20 min
before the reaction was stopped by adding stop solution. Absor-
bance values were recorded at 450 nm using a microplate reader
(uQuant, Bio-Tek, USA) to generate a linear standard curve from
which concentrations were calculated.

2.4. Tissue sample preparation

Mice were anesthetized with 10% chloral hydrate after which a
blood sample was collected by cardiac puncture. After transcranial
perfusion with 20-30 mL phosphate-buffered saline (PBS), brains
were dissected out and cut in half. One half was snap-frozen in
liquid nitrogen and the other fixed in 4% paraformaldehyde for
24 h followed by graded sucrose (10%—-30%) and mounted on
Tissue Tek surrounded with tissue freezing medium. Both
halves were then stored at —80 °C until analysis. The coronal
brain sample was cut into 20 pm thick slices using a Leica
microtome (Leica RM 2135, Wetzlar, Germany). When the
hippocampus was reached, every 15" section thereafter was
chosen for analysis.
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Figure 1 The chemical structure of PHPB.
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2.5.  Western blot analysis

Proteins were extracted from cortex and hippocampus as
described previously>’. Subsequently 60 pg protein was loaded
onto each lane for 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto polyviny-
lidene fluoride (PVDF) membranes. The membranes were then
blocked with 5% non-fat milk in Tris-buffered saline containing
0.1% Tween 20 (TBS-T) for 2 h at room temperature after which
they were incubated with primary antibodies diluted in blocking
solution at 4 °C overnight. The following primary antibodies
were used for Western blot: rabbit polyclonal anti-p38 (Ser396)
(1:500, Santa Cruz biotechnology, Dallas, Texas, USA); rabbit
polyclonal anti-Phospho-p38 (Ser199) (1:1000, Cell Signaling
Technology, Danvers, USA); rabbit polyclonal anti-JNK
(Ser404) (1:500, Santa Cruz biotechnology); rabbit polyclonal
anti-Phospho-JNK (1:500, Santa Cruz biotechnology); rabbit
polyclonal anti-ERK (1:500, Santa Cruz biotechnology); rabbit
polyclonal anti-Phospho-ERK (1:500, Santa Cruz biotechnol-
ogy); rabbit polyclonal anti-HO-1 (1:500, Santa Cruz biotechnol-
ogy); mouse monoclonal anti-f#-actin (1:10,000, Sigma). After
washing 5 times with TBS (each time for 5 min), membranes
were incubated with secondary antibodies (horseradish
peroxidase-conjugated anti-mouse or anti-rabbit IgG) at room
temperature for 1 h, detected using an enhanced chemilumines-
cence kit and analyzed by densitometric evaluation using the
Quantity-One software (Bio-Rad, Hercules, CA, USA). Densities
were normalized to f-actin intensity levels.

2.6.  Immunofluorescence analysis

Six coronal brain sections of each mouse were blocked in PBS
containing 10% normal donkey serum and 0.3% (w/v) Triton
X-100, followed by incubation with rat monoclonal anti-ionized
calcium-binding adapter molecule 1 (anti-IBA1) (1:200; Wako
Pure Chemical Industries, Ltd., Richmond, VA, USA), and glial
fibrillary acidic protein (GFAP, 1:300, DAKO, Glostrup, Den-
mark) at 4 °C overnight. After washing, the sections were
incubated with Alexa Fluor 594 donkey anti-rat IgG (1:200;
Invitrogen) for 2 h at room temperature in the dark.

The images of immunoreactivity of IBA-1 and GFAP were
acquired using a Nikon Eclipse 80i microscope (Nikon, Tokyo,
Japan) and analyzed using Image-Pro Plus 5.1 (Media Cybernetics,
Bethesda, MD, USA). The threshold of detection was kept constant
during analysis. The percentages of the area occupied by IBA-1 and
GFAP staining in the cortex and hippocampal areas were calculated
for six equidistant sections per mouse.

2.7.  Statistical analysis

All data are expressed as mean+the standard error (SE) of the
mean. One-way analysis of variance was used for multiple
comparisons using SPSS ver. 16.0 software. Differences for which
P < 0.05 were considered statistically significant.

3. Results

3.1. PHPB reduces the LPS-induced levels of inflammatory
cytokines and iNOS

LPS significantly increased the production of TNFe, IL-1f, and
IL-10 in plasma (Fig. 2A, D and G), cortex (Fig. 2B, E and H) and

hippocampus (Fig. 2C, F and I). Pretreatment with PHPB 50 and
100 mg/kg reduced the increases in cytokines respectively as
follows: Plasma TNFa 43% (P < 0.01) and 36% (P < 0.01);
IL-18 16% (P < 0.05) and 18% (P < 0.05); and IL-10 63%
(P < 0.01) and 58% (P < 0.05); Cortex TNFa 22% (P < 0.05)
and 29% (P < 0.05); IL-1$ 6% and 16% (P < 0.05); and IL-10
16% (P < 0.05) and 25% (P < 0.01); Hippocampus TNFa 5%
and 13% (P < 0.05); IL-1$ 18% (P < 0.01) and 23% (P < 0.01);
IL-10 27% (P < 0.01) and 44% (P < 0.01). LPS also
significantly increased iNOS levels in plasma, cortex and hippo-
campus and, in this case, pretreatment with PHPB does-
dependently inhibited iNOS expression in plasma and hippocam-
pus but not in cortex (Fig. 2J-L).

3.2.  PHPB inhibits LPS-induced activation of microglia and
astrocytes

Microglial activation occurs after systematic LPS administration
and plays an important role in the neuroinflammation associated
with neurodegenerative disorders®”. As shown in Fig. 3, activated
microglia underwent a conformational change towards shorter and
thicker processes and increased size of cell bodies. Compared with
the LPS treated group, pretreatment with the higher dose of PHPB
(100 mg/kg) significantly decreased the number of IBA1-positive
microglia in cortex and hippocampus by respectively 38%
(P < 0.05) and 22% (P < 0.05) (Fig. 3A-C) and IBA-1
protein expression by 14% (P < 0.05) and 26% (P < 0.05)
(Fig. 3D and E). Similarly, LPS increased the number of
GFAP-positive astrocytes in the hippocampus, an increase that
was reduced by PHPD 100 mg/kg pretreatment by 33% (P <
0.01) (Fig. 4).

3.3.  PHPB increases LPS-induced expression of HO-1

Since HO-1 induction reduced inflammation and oxidative stress>,
the effect of PHPB on HO-1 production was also determined. LPS
significantly elevated HO-1 expression by 21.9% (P < 0.05) and
34.8% (P < 0.01) in the cortex (Fig. 5A and B) and hippocampus
(Fig. 5C and D), respectively. Interestingly, pretreatment with PHPB
further enhanced HO-1 generation by 25% (P < 0.05) and 23% (P
< 0.01), suggesting it exerts anti-inflammatory effects through
multiple signals including MAPK and HO-1 signaling.

3.4. PHPB inhibits LPS-induced phosphorylation of the MAPK
signaling pathway

The MAPK pathway is crucial in regulating pro-inflammatory
substances. To determine the effects of PHPB and LPS on the
MAPK pathway, the expression of phosphorylated and total ERK,
JNK and P38 were examined by Western blot. LPS induced the
phosphorylation of ERK, JNK, and P38 in both cortex and
hippocampus, indicating it is a potent activator of all three MAPK
signaling pathways. Pretreatment with PHPB significantly lowered
the levels of all three MAP kinases particularly at the higher
concentration where the reductions in cortex and hippocampus
were respectively: Phosphor-ERK 39% (P < 0.05) and 34% (P <
0.05); phosphor-JNK 56% (P < 0.01) and 49% (P < 0.01); and
phosphor-P38 31% (P < 0.05) and 38% (P < 0.05) (Fig. 6A-G).
In contrast, the levels of total-ERK, JNK and P38 were not
changed among the groups.
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Figure 2 PHPB inhibits LPS-induced production of TNFa (A, B, C), IL-14 (D, E, F), IL-10 (1, J, K) and iNOS (L, M, N) in plasma, cortex and
hippocampus. Male C57BL/6 mice pretreated with PHPB (50 or 100 mg/kg) by oral gavage were subsequently administered an i.p. injection of
LPS. Values are mean + SEM, n = 6-8 mice per group. P < 0.05, P < 0.01 vs. control group; ‘P < 0.05,""P < 0.01 vs. LPS group. The levels
of TNF-a and IL-1f in the control group are below the limits of detection.

4. Discussion

Significant neuroinflammation is observed in patients and mouse
models of neurodegenerative diseases”® where peripheral inflam-
mation can exacerbate local brain inflammation and neuronal
death®’. The search for compounds that can effectively reduce
neuroinflammation is a new strategy for improving the pharma-
cotherapy of neurodegenerative diseases”®’. PHPB has been
shown to provide effective neuroprotection in previous studies by
our group'?™*% In the present study, we investigated the effects of
PHPB on LPS-induced microglial activation and the production of

inflammatory cytokines. Furthermore, we investigated its effect on
MAPK signaling pathway and oxidative stress in the brain in a
mouse model of systemic inflammation.

Microglia are the principal innate immune cells resident in the
CNS where they contribute to its normal development and maintain
and protect the plasticity of neuronal networks’'. Activated microglia
produce several proinflammatory signal molecules including cyto-
kines such as TNFa and IL-1p, growth factors, complement
molecules, chemokines and cell adhesion molecules. Some cytokines
are clearly proinflammatory whereas others such as IL-10 and IL-4
are anti-inflammatory in that they suppress the activity of
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Figure 3 PHPB inhibits LPS-induced microglial activation in the cortex and hippocampus. Male C57BL/6 mice were pretreated with PHPB (50
or 100 mg/kg) by oral gavage and subsequently administered an i.p. injection of LPS. Representative photographs of (A) IBA1 immuno-stained
microglia of cortex and hippocampus. Statistical analysis showed PHPB significantly reduced IBA1 immunoreactivities of (B) cortex and
(C) hippocampus. Representative images and quantitative analysis of IBA1 in (D) cortex and (E) hippocampus by Western blot. Values represent
mean + SEM, n = 5-6 mice per group. P < 0.01 vs. control group; "P < 0.05 vs. LPS group.

proinflammatory cytokines™”. In this study, LPS increased the size of
microglial cell bodies and shortened their axons making them
amoeba-like in appearance. PHPB significantly attenuated microglial
activation and reversed LPS-induced secretions of TNFa and IL-1/
in plasma and brain. However, IL-10 levels were increased in the
cortex, hippocampus and plasma after LPS stimulation. This

indicates that in response to inflammation, glial cells release more
anti-inflammatory cytokines to counteract the consequences of
upregulated proinflammatory cytokines. After PHPB administration,
IL-10 expression was significantly reduced, suggesting that PHPB
may balance the interaction between pro- and anti-inflammatory
cytokines and reduce brain inflammation.
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Figure 4 PHPB inhibits LPS-induced astrocyte activation in the hippocampus. Male C57BL/6 mice were pretreated with PHPB (50 or
100 mg/kg) by oral gavage and subsequently administered an i.p. injection of LPS. Representative photographs of (A) GFAP immuno-stained
astrocytes of hippocampus. Statistical analysis showed PHPB significantly reduced GFAP immunoreactivities in (B) hippocampus. Values
represent mean + SEM, n = 5-6 mice per group. P < 0.01 vs. control group; ~"P < 0.01 vs. LPS group.

Activation of microglia in the brain can lead to excessive release
of NO which plays an important role in the inflammatory response™.
Until now it was assumed that during the inflammatory response,
NO is produced mainly by the inducible isoform of iNOS and that
synthesis of NO by both the iNOS isoforms contributes to activation
of apoptotic pathways in the brain®*. Therefore, the content of iNOS
largely reflects the level of NO. In the present study, LPS induced a
significant increase in iNOS levels in plasma and brain homogenate
which were subsequently lowered by PHPB treatment. The results
show albeit indirectly that PHPB reduces brain inflammation by
inhibiting the NO signaling pathway.

The MAPK family of serine/threonine protein kinases is
responsible for most cellular responses to cytokines and external
stress signals and crucial for the regulation of inflammatory
mediators in three core pathways involving ERK1/2, JNK1/2/3
and P38'7%-°. The MAPK signaling pathway regulates secretion
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of cytokines by microglia®’*®. Increased activities of MAPKs in
activated microglia and their regulatory role in the synthesis of
inflammatory  cytokine mediators make them potential
targets for novel therapeutics. We found LPS significantly
increased phosphorylation levels of ERK, JNK and P38 in the
cortex and hippocampus of mice and subsequent PHPB treatment
decreased the expression of the three kinases. Thus it appears
that PHPB simultaneously acts on the three pathways to
regulate the secretion of inflammatory cytokines and inhibit
neuroinflammation.

In response to certain environmental toxins such as LPS,
microglia are activated to release reactive oxygen species (ROS)
that cause neurotoxicity”. It is well known that the neuroinflam-
matory process and the ROS associated with p-amyloid may
participate in the development of AD®. On the other hand,
intracellular ROS can act as second messengers to trigger the
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Figure 5 PHPB upregulates HO-1 expression in the cortex and hippocampus of mice as shown in (A) representative Western blots. Quantitative
analysis of HO-1 in (B) cortex and (C) hippocampus. Values are expressed as percentages compared to the control group (set to 100%) and are
represented as mean + SEM, n = 6-8 mice per group. P < 0.05, P < 0.01 vs. control group; P < 0.05, P < 0.01 vs. LPS group.
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Figure 6 Effects of PHPB on LPS-induced MAPK activity in the cortex and hippocampus of mice as shown in (A) representative Western blots
of p-ERK and ERK, p-JNK and JNK and p-P38 and P38. Quantitative analysis of (B, C and D) p-ERK, p-JNK and p-P38 in the cortex and (E, F
and G) in the hippocampus. Values are expressed as percentages compared to control group (set to 100%) and are represented as mean + SEM.

n = 5-6 mice per group. P < 0.01 vs. control group; ‘P < 0.05

kinase cascade and related transcription factors that regulate the
expression of inflammatory cytokines and antioxidant proteins.
HO-1 is one of the most representative antioxidant and anti-
inflammatory proteins. The HO system includes the heme cata-
bolic pathway comprising HO and biliverdin reductase and the
products of heme degradation viz carbon monoxide (CO), iron, and
biliverdin/bilirubin. HO-1 induction coupled with ferritin synthesis
is a rapid, protective and antioxidant response in vivo. HO-1/CO
activation down-regulates the inflammatory response by blocking
the release of NO and iNOS expression*’. Our results show that
LPS upregulates HO-1 expression in the cortex and hippocampus.
We speculate that this is a compensatory response against LPS-
induced neuroinflammation. As expected, PHPB continued to
increase HO-1 expression in both cortex and hippocampus to
mediate its anti-inflammatory effects.

, P < 0.01 vs. LPS group.

5. Conclusions

In this study, the neuroprotective effects of PHPB have been
demonstrated in an in vivo brain injury model in mice. PHPB
protection against LPS-induced neuroinflammation was mediated
through inhibition of microglial activation resulting from attenua-
tion of inflammatory cytokines (TNF, IL-1 and IL-6), reduction of
oxidative stress and downregulation of MAPK pathways (Fig. 7).
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