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Abstract

Microglia-mediated neuroinflammatory responses are well known to inhibit neurogenesis in the dentate gyrus (DQG) of the
adult hippocampus, and growing evidence indicates that therapeutic intervention to suppress microglial activation could be
an effective strategy for restoring the impaired neurogenesis and memory performance. In the present study, we investi-
gated the effects of water-soluble arginyl-diosgenin analog (Arg-DG) on the adult hippocampal neurogenesis using a
central LPS-induced inflammatory mice model, along with the fundamental mechanisms in vivo and in vitro using LPS-
stimulated microglial BV2 cells. Arg-DG (0.6 mg/kg) attenuates LPS-impaired neurogenesis by ameliorating the prolif-
eration and differentiation of neural stem cells (NSCs), and prolonging their survival. The impaired neurogenesis in the
hippocampal DG triggered the cognitive function, and that treatment of Arg-DG led to the recovery of cognitive decline.
Arg-DG also suppressed the production of LPS-induced pro-inflammatory cytokines in hippocampal DG by blocking
microglial activation. In in vitro study, Arg-DG inhibited the production of nitric oxide (NO), nitric oxide synthase
(INOS), cyclooxygenase-2 (COX-2) expression, and prostaglandin D2 production (PGD2), as well as the pro-
inflammatory cytokines, such as interleukin (IL)-6, IL-1{3, and tumor necrosis factor alpha (TNF-«). The anti-
inflammatory effect of Arg-DG was regulated by NF-kB and MAPK JNK signaling both in vivo, and in LPS-
stimulated microglial BV2 cells. Taken together, these results suggest that Arg-DG might have the potential to treat
various neurodegenerative disorders resulting from microglia-mediated neuroinflammation.
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Introduction

Accumulated evidence has demonstrated that adult
neurogenesis spontaneously and continuously occurs at two dis-
tinct neurogenic niches throughout adulthood, at least in the
subgranular zone (SGZ) of hippocampal dentate gyrus (DG),
and the subventricular zone of the lateral ventricle (SVZ), in
several species [1, 2]. Though it is still a matter of extensive
debate, the functions of regenerating neurons in the adult brain
remain largely unexplored. Many rodent studies indicated that
adult neurogenesis is necessary for hippocampus-dependent
learning and memory tasks, and the population of neurogenesis
has a positive correlation with behavioral tasks [3, 4].
Dysregulation in adult hippocampal neurogenesis appears to
be a common feature in various neurodegenerative diseases,
such as Parkinson’s disease, Alzheimer’s disease, Huntington’s
disease, amyotrophic lateral sclerosis, ischemia, and major de-
pression [5, 6].

Adult neurogenesis is dynamically modulated by many
physiological and pathological stimuli, such as learning, phys-
ical exercise [7], environmental enrichment [8], aging, sei-
zure, ischemia, stroke, and acute or chronic stress [9]. It has
been reported that adult hippocampal neurogenesis is sup-
pressed by chronic neuroinflammation in normal aging,
chronic stress, injuries, and neurodegenerative diseases [10].
Microglia are brain resident immune cells of the CNS, and
have emerged as the primary mediators in brain injury and
inflammatory responses. Microglial activation induced by
the central or peripheral LPS administration has been
shown to inhibit hippocampal neurogenesis [11, 12]. In
addition, pro-inflammatory cytokines, such as IL-1f3, IL-
6, and TNF-« released from over-activated microglia after
certain brain injuries, can specifically suppress adult
neurogenesis by regulating the proliferation, differentia-
tion, survival, and integration of newborn neurons into
the existing neural networks [13—15], further suggesting
that neuroinflammatory responses in activated microglia
play a crucial role in regulating adult neurogenesis.

Toll-like receptors (TLR) play a crucial role in the innate
immune response to various stimuli, including pathogens [16,
17]. These receptors are widely expressed on the surface of
immune cells, such as monocytes, macrophages, and microg-
lia. TLR4, as one type of receptor of the TLR family, serves as
the primary modulator of innate immune responses to stimuli,
by triggering a cascade of pro-inflammatory events in microg-
lia [18]. It was reported that the Gram-negative bacterial lipo-
polysaccharide (LPS) from Escherichia coli could dramatical-
ly enhance the expression of TLR4 in both protein and mRNA
level, leading to the activation of downstream intracellular
signaling factors, such as nuclear factor-kB (NF-kB) and
MAPKS, and ultimately initiating the expression of differen-
tial inflammation target genes [19]. LPS specifically binds to
TLR4, thereby promoting the activation of downstream

intracellular singling pathways in microglia [20]. It has been
shown that NF-kB and MAPK signaling are involved in LPS-
induced microglial activation and adult hippocampal
neurogenesis. They also play key roles in the pathogenesis
of microglia-mediated neurodegenerative diseases. NF-kB is
a major transcription factor that plays an important role in the
regulation of numerous pro-inflammatory genes. It is also im-
portant in the regulation of LPS-stimulated expression of
iNOS, COX-2, and pro-inflammatory cytokines in microglial
BV2 cells [21], and also involved in adult neurogenesis
through the TLR4/NF-kB signaling pathway in mice [19]. In
addition, MAPK-signaling pathways, such as p38, c-Jun N-
terminal kinase (JNK), and extracellular-signal-regulated ki-
nase (ERK1/2), are associated with the regulation of the pro-
duction of inflammatory mediators in activated microglia, as
well as neurogenesis in the adult hippocampus [22].
Therefore, regulation of NF-kB and MAPK activity in acti-
vated microglia has been considered a potentially useful strat-
egy for balancing adult hippocampal neurogenesis dysfunc-
tion of various neurodegenerative diseases induced by
neuroinflammation.

Several approaches to developing therapeutic strategies for
impaired hippocampal neurogenesis have been attempted,
namely exogenous stem cell transplantation, stimulation of
endogenous neurogenesis, neuroprotection, and anti-
inflammatory strategies [12]. Pharmacological interventions,
consisting of the administration of free radical scavengers,
apoptosis inhibitors, neurotrophic agents, and anti-
inflammatory drugs to control microglia-mediated inflamma-
tory response, seem to be promising therapeutic strategies for
countering neuroinflammatory and neurodegenerative dis-
eases [19, 23-25].

Diosgenin (DG), a naturally occurring steroidal saponin,
has been reported to offer a variety of pharmacological activ-
ities, including anti-diabetic and anti-tumor activity, anti-
inflammatory character, and the ability to improve severe
memory dysfunction in transgenic model mice of
Alzheimer’s disease (AD) [26], potential neuroprotection
against transient focal cerebral ischemia—reperfusion injury
in rats [27], and multiple sclerosis [28, 29]. Caprospinol, a
lipophilic diosgenin derivative, reduced amyloid deposits in
an A31-42-infused AD rat model, thereby improving memo-
ry deficits [30]. However, the clinical application of DG is
limited by its extremely low solubility and poor pharmacoki-
netic profile. In observations by our group and others [21, 31],
a series of DG derivatives with balanced hydrophobicity ex-
hibited improved anti-inflammatory activity against LPS-
induced microglial BV2 cells. We have reported a water-
soluble arginyl-diosgenin analog (Arg-DG) for osteogenesis
[32]. Moreover, similar to that found in our previous study
[21], in the pretest, Arg-DG also showed significant anti-
inflammatory effect in LPS-stimulated microglial BV2
cells. Based on these studies, we selected Arg-DG for
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systemic investigation of its role in LPS-impaired hippo-
campal neurogenesis and the underlying mechanisms
in vitro and in vivo.

Materials and Methods
Reagents

Arg-DG was previously reported, and Fig. S1A of the
Supplementary Information (SI) shows the structure [32].
LPS (E. coli, serotype 055:B5, St. Louis, MO, USA),
dimethylsulfoxide (DMSO), Tween-20, Griess reagent kit
(Invitrogen, Eugene, Oregon, USA), Triton X-100, 2',7'-
dichlorofluorescein diacetate (DCF-DA), and phosphate buftf-
ered saline (PBS) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Cell culture medium and fetal bovine se-
rum (FBS) were obtained from Life Technologies (Frederick,
MD, USA). Primary antibodies against IL-1{3/6, phosphory-
lated IkB, IkB, JNK, phosphorylated p38, p38, and phosphor-
ylated ERK1/2 and ERK1/2 were purchased from Cell
Signaling Technology (Beverly, MA, USA). TLR4, TNF-«,
COX-2, iNOS, Histone H1, phosphorylated RelA, and 3-
actin were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). NF-kB p65 was purchased from Abcam
(Cambridge, UK).

Animals and Treatments

The 7-week-old male C57BL/6 mice from DAMUL Science
(Dacjeon, Korea) were housed under standard conditions (23
+1 °C, 55% humidity, 12 h:12 h of light/dark cycle) and were
allowed free access to food and water. Mice were divided into
four groups: saline-treated group (sham control), Arg-DG-
treated group with intraperitoneal (i.p.) injection, saline-
treated group with a single dose LPS (3 png) by intracerebro-
ventricular (ICV) injection, and Arg-DG-treated with LPS
ICV injection group (n =5, mice/group). Arg-DG solution
(0.6 mg/kg) dissolved in saline was administrated by i.p. in-
jection three times at 8-h intervals after recovering from anes-
thesia. BrdU labeling reagent (50 mg/kg, Invitrogen) was ad-
ministrated by i.p. injection at 3 h before sacrifice, to examine
the proliferation of NSCs in the hippocampal DG. The mice
treated by Arg-DG and BrdU were sacrificed after 3 days for
immature differentiation of NSCs. Mice receiving BrdU ad-
ministration once daily for five consecutive days were used to
evaluate the survival rate of newborn cells and mature differ-
entiation of NSCs. The corresponding animals were sacrificed
at the times indicated in the experimental schedule (Fig. S1B
and C of the SI), and all animal experiments were carried out
according to the guidelines of the Animal Care and Use
Committee of Chonnam National University.
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Tissue Preparation and Fluorescent
Immunohistochemical Staining (IHC)

Mice were anesthetized with a combination of Zoletil 50
and Rompun, and transcardially perfused with sterile nor-
mal saline solution, then with fresh and ice-cold 4%
paraformaldehyde (PFA) in PBS. Brains were isolated,
placed in 4% PFA in PBS at 4 °C overnight, and trans-
ferred into a 30% sucrose solution for 3 days. The
dehydrated mouse brains were embedded using Tissue-
Tek OCT Compound (Sakura Finetek, Alphen and den
Rijn, Netherlands) and stored at —80 °C. They were then
sectioned coronally at 40 pm using a freezing microtome
(Model CM3050; Leica Microsystems, Bannockburn, IL,
USA). Sections with hippocampal formation were col-
lected and stored in a buffer solution containing
0.1 M PB (250 mL), glycerin (125 mL), and ethylene
glycol (125 mL) at —20 °C.

Sections were placed in slide glasses and washed by PBS
solution containing 0.1% Triton X-100 (PBST) after 1 h air
drying. The sections were incubated in 4% PFA solution and
activated in 2 N HCI for 30 min at 37 °C, and then neutralized
in PBS for BrdU immunostaining. The sections were blocked
with 5% normal horse serum (Thermo Fisher Scientific, MA,
USA) in PBST for 30 min. The sections were incubated over-
night at 4 °C in PBST with the following primary antibodies:
anti-BrdU, -DCX, -NeuN, -Ibal, and -cleaved caspase-3
(Abcam, Cambridge, UK). Secondary antibodies conjugated
with FITC or Cy3 from Santa Cruz Biotechnology (Santa
Cruz, CA, USA) were incubated for 2 h at room temperature
(RT). They were then washed with PBST for 1 h. The nuclei
were stained using propidium iodide (PI; Thermo Fisher
Scientific, MA, USA) or 4',6-diamidino-2-phenylindole
(DAPI; Thermo Fisher Scientific, MA, USA) and then
mounted with mounting medium (Vector Laboratories Inc.,
Burlingame, CA).

A confocal microscope equipped with an argon/krypton
laser and two helium/neon lasers (LSMS5, Zeiss,
Thornwood, NY, USA) were used to acquire IHC images.
ImageJ (version 1.4; NIH, USA) was used to analyze the
obtained images, and the cells were counted in a defined
frame size of (20-50) with (35 wm x 35 um) in each sec-
tion [33, 34]. LSM software was used to visualize the
double-labeled samples by z-stack acquisitions and three-
dimensional reconstructions.

Open Field Test

Mice were placed into an “open field arena” of (40 cm x
40 cm), with 36-cm-high walls. The amount of locomotor
activity was analyzed using ANY-maze software (Stoelting,
Wood Dale, USA) system equipped with a video camera.
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Novel Object Recognition Test

Each animal was habituated to open field arena of (40 cm %
40 cm), with 36-cm-high walls, for 20 min. Mice were then
further exposed to two equal objects (A and A) placed in
opposing sides of the arena for 8§ min on the next day. After
24 h, object A was exchanged with object B (A and B) to
observe memory assessment. Preference index was presented
as [object (B)/both objects (A and B)] x 100. The mice were
tracked and analyzed using ANY-maze software (Stoelting,
Wood Dale, USA).

Morris Water Maze Test

Spatial learning and memory of mice was assessed by Morris
water maze. A circular water pool (110 cm diameter) was
used, and the surrounding was attached with visual cues. A
clear escape platform of (10.5 cm x 8 cm), 6.5 cm high, was
placed 1 cm below the water surface. Hidden platform assay
was performed as learning trials. Mice were trained for four
consecutive days with four trials (each trial for 40 s) per day.
The time taken by each mouse to arrive on the hidden platform
refers to escape latency. On the fifth day, probe test was per-
formed to evaluate the memory retention with no platform for
80 s. After removing the platform, each mouse was placed in
the opposite quadrant to the target zone. The time in the target
zone and the numbers of platform crossing were calculated.
On the seventh day, reversal test was performed. For two
consecutive days, tests were performed with the platform
placed in the opposite quadrant to the original one. Data were
recorded using a video camera and analyzed by ANY-maze
software (Stoelting, Wood Dale, USA).

Western Blot Analysis

The DG region of brains was isolated and homogenized in an
RIPA buffer (Biosesang, South Korea) containing 1% Xpert
Protein Inhibitor Cocktail Solution and 1% Xpert Phosphatase
Inhibitor Cocktail Solution (GenDEPOT, Barker, TX, USA).
BCA protein assay kit (Thermo Scientific, Rockford, IL,
USA) was used to measure protein concentration. Protein
was separated in 10-15% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to a
nitrocellulose membrane for 2 h with 10% methanol in Tris—
glycine buffer. After skim-milk blocking, the membranes
were incubated with the indicated primary antibodies
(1:1000). The immunoreactive proteins were developed with
Immobilon Western Chemiluminescent HRP Substrate
(Millipore, Darmstadt, Germany) in Fusion FX (Vilber
Lourmat, Eberhardzell, Germany), and densitometry analysis
was used to quantify the relative protein expression levels.

In in vitro study, microglial BV2 cells were employed to
study the anti-inflammatory effects and underlying

mechanism of Arg-DG under LPS stimulation, as previously
reported by our group. Briefly, BV2 cells seeded at a density
of 1 x 10° cells/mL overnight were pretreated with or without
Arg-DG (1-5 uM) for 1 h and stimulated with 100 ng/mL
LPS for 24 h or 30 min. The protein was extracted with a
RIPA buffer consisting of 1% Xpert Protein Inhibitor
Cocktail Solution and 1% Xpert Phosphatase Inhibitor
Cocktail Solution (GenDEPOT, Barker, TX, USA). The
Western blot analysis described above was used to analyze
the sample.

Measurement of pro-inflammatory cytokines

A Western blot and quantitative real-time polymerase chain
reaction (PCR) (Corbett Life Science, Sydney, Australia) were
used to examine the expression levels of pro-inflammatory
cytokine, including IL-1f3, IL-6, and TNF-«, in the DG
(Table 1). The sample was homogenized, and the total RNA
was extracted by TRIzol reagent (TaKaRa, Shiga, Japan), ac-
cording to the manufacturer’s instruction. Total RNA (1 ug)
was reversely transcribed using a cDNA synthesis kit
(Enzynomics, Daejeon, Korea). One microliter of cDNA,
QuantiNova SYBR Green PCR Kit (500), and Rotor-Gene
3000 System (Corbett Research, Morklake, Australia) were
used for quantitative real-time PCR studies. A single fluores-
cence reading was recorded at each extension step. The rela-
tive mRNA expression level was calculated by using mean
cycle threshold (2Ct) values from quadruplicate measure-
ments, after normalizing to the level of GADPH as an internal
control, using Corbett Robotics Rotor-Gene software (Rotor-
Gene 6, version 6.1, build 90). The pro-inflammatory cytokine
mRNA expression level in LPS-stimulated microglia was test-
ed according to the same method reported [21]. For the in vitro
study, the production of pro-inflammatory cytokines at
mRNA and protein levels was determined using the same
conditions as recently reported [21].

Measurement of Nitrite (NO) Production Cell Viability

NO production and cell viability of Arg-DG were measured as
per the previously reported method by our group [21]. Briefly,
cells seeded into a 96-well plate at a density of 2 x 10 cells/
well were pretreated with a series of Arg-DG concentration for
1 h, and then incubated in the presence or absence of LPS for
24 h. Cell viability was determined by incubation of WST
solution (DoGen, South Korea) for 2 h. This was followed
by an absorbance measurement at a wavelength of 450 nm
and a reference wavelength of 630 nm on a microplate reader.
The supernatant was subjected to quantify the amount of ni-
trite released in cultured media using a Griess reagent kit
(Thermo Fisher Scientific, MA, USA), according to the man-
ufacturer’s protocol. In detail, equal volume of supernatants
(50 puL) and fresh mixture solution of Griess reagent were
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Table 1 PCR primer pairs for

individual genes Name of genes

Forward primer (5'-3")

Reverse primer (5'-3")

RT-PCR
IL-13 TGCCACCTTTTGACAGTGATG TTGTCGTTGCTTGGTTCTCC
TNF-a CAGGCGGTGCCTATGTCTC CGATCACCCCAAGTTCAGTAG
1L-6 GGGACTGATGCTGGTGACAA TGGAAATTGGGGTAGGAAGG
iNOS ATGTCCGAAGCAAACATCCAC TAATGTCCAGGAAGTAGGTG
COX-2 CAGCAAATCCTTGCTGTTCC TGGGCAAAGAATGCAAACAT
B-Actin TGCCCTCACCCTCCCAAAAG GCTGCCTCAACACCTCAACC

Quantitative real-time PCR
IL-13 GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
TNF-a CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
1L-6 TCTATACCACTTCACAAGTC GAATTGCCATTGCACAACTC
iNOS CAGGCGGTGCCTATGTCTC CAGCTGGGCTGTACAAACCTT
COX-2 CAGTTTATGTTGTCTGTCCA CCAGCACTTCACCCATCAGT
GADPH GCTGGCATCCTTGCTTACA GAGGGCAATTCCAGCCTTA

incubated for 30 min under light protection at RT. The absor-
bance was read at 548 nm wavelength on a microplate reader,
and absorbance readings were converted to nitrite concentra-
tions according to the standard curve.

Measurement of the PEG, Level and IL-6 and TNF-a

The production of PEG2 released in cultured media was de-
termined using an ELISA kit (Minneapolis, MN, USA). In
brief, cells seeded into a 96-well plate at a density of 2 x 10*

cells/well were pretreated with a series of Arg-DG concentra-
tions for 1 h, and then incubated in the presence or absence of
LPS for 24 h. The detailed procedures followed the manufac-
turer’s instructions. In addition, the secretion of IL-6 and
TNF-« in the supernatant was determined by DuoSet
ELISA kit (R&D system, Minneapolis, MN, USA), as previ-
ously reported by our group [21].

Measurement of Intracellular ROS Level

Intracellular RS production was quantified using a fluorescent
spectrometer (Hitachi F-4500) (Hitachi, Inc., Tokyo, Japan)
with the ROS fluorescent probe, 2’, 7'-dichlorofluorescein
diacetate (H,DCF-DA). Cells seeded into a 96-well black mi-
croplate at 6 x 10* cells/mL were pretreated with the indicated
concentrations of Arg-DG for 1 h. This was followed by LPS
stimulation for 30 min. Cells were treated with 10 uM
H,DCF-DA for 20 min in a dark place, and washed twice with
1x HBSS buffer solution. ROS levels were analyzed with a
fluorescent spectrometer and an argon laser scanning confocal
microscope (Zeiss Thornwood, NY) (Leica Microsystems,
Wetzlar, Germany). N-Acetylcysteine (NAC, 5 mM) as ROS
scavenger was used as a positive control.
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Analysis of p65/DNA Binding

Cells seeded at 6 x 10° cells/mL were cultured overnight,
pretreated with an Arg-DG, and incubated further with or
without LPS for 30 min. The nuclear protein was isolated
using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents kit (Thermo Fisher Scientific, MA, USA), according
to the manufacturer’s protocol. The NF-kBp65/DNA binding
activity was determined by the use of a commercial ELISA-
based NF-kB p65 transcription factor assay kit (Thermo
Fisher Scientific, MA, USA), according to the manufacturer’s
instruction. Briefly, the streptavidin-coated 96-well plates
with bound NF-«B biotinylated-consensus sequence were
equilibrated with working binding buffer, and 2 mL of
TNF-« and 5 pg nuclear protein extract were added to the
appropriate wells, and incubated for 1 h at RT after sealing.
After washing, the active transcription factor bound to the
consensus sequence was further incubated with NF-kB p65
primary antibody and then with a secondary HRP-conjugated
antibody. The chemiluminescent substrate working solution
was added to each well, and the resulting signal was measured
using a luminometer.

Statistical Analysis

All data are expressed as means + SEM. Statistical analysis of
the differences in the cytokine levels were performed by
Mann—Whitney U tests and differences were considered sig-
nificant if the p value was < 0.05. Statistical significance was
analyzed by one-way or two-way analysis of variance
(ANOVA), followed by a Student—Newman—Keuls test for
multiple comparisons or Student’s ¢ test using GraphPad
Prism software, version 6 (GraphPad, San Diego, CA,
USA). Statistical significance was considered at p < 0.05.
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Results

Arg-DG Enhanced the Proliferation of Adult NSCs
in the LPS-Injured Hippocampal DG

To investigate the effect of Arg-DG on the hippocampal
neurogenesis impaired by LPS, 7-week-old male C57BL/6
mice received a single I.C.V. injection of LPS (3 pg/mouse),
following administration of either saline or Arg-DG solution
every 8 h for three times by i.p. injection, after waking from
anesthesia. A single injection of BrdU (i.p. 100 pL/mouse)
was then administered to label proliferating cells within the
hippocampus, before sacrifice according to the experiment
schedule (SI 1). As previously reported, LPS administration
resulted in a significant decrease in the number of BrdU-
positive cells in the hippocampal DG relative to the sham
control with a 70.18% reduction at day 1, and a 72.85% re-
duction at day 3, respectively. However, Arg-DG treatment
led to significant increases in the number of BrdU-positive
cells in the hippocampal DG of LPS-challenged mice by
2.36 times at day 1 and 3.15 times at day 3, respectively,
compared to LPS treatment only (Fig. la, b). These results
indicate that the reduced proliferation of NSCs treated by
LPS was reversed by the treatment with Arg-DG.

Arg-DG Prevented the Decrease of the Immature
Neuronal Differentiation of Adult NSCs
in the LPS-Challenged Hippocampal DG

To assess the role of Arg-DG in the neuronal differentiation of
the surviving NSCs, we next examined immature neurons in
the subgranular zone using immunostaining against BrdU,
along with an immature neuronal marker Doublecortin
(DCX), which is a cytoskeleton-associated protein expressed
transiently in the early stage of new neurons during adult
neurogenesis. As presented in Fig. 2, LPS caused a significant
reduction (50.41%) in the number of DCX/BrdU co-labeled
neurons, compared to the sham control, at day 3. The numbers
of BrdU/DCX co-labeled cells were significantly recovered in
the combination treatment of LPS and Arg-DG, in comparison
with LPS treatment alone. In addition, there was a significant
difference in the proportion of BrdU/DCX-positive cells to the
BrdU retaining cells between LPS-only treatment and LPS
plus Arg-DG treatment together, indicating that Arg-DG also
had an effect on the neuronal lineage commitment (Fig. 2c¢).

Arg-DG Ameliorated the Mature Neuronal
Differentiation of Adult NSCs in the LPS-Challenged
Hippocampal DG

Since Arg-DG ameliorated the immature differentiation of
NSCs impaired by LPS treatment, this prompted us to further
investigate whether or not Arg-DG affects the differentiation

of immature neuronal cells into mature neurons in LPS-
impaired hippocampal DG. Immunostaining analysis was per-
formed using double labeling with BrdU and mature neuronal
marker, NeuN, to assess the mature neuronal differentiation.
As shown in Fig. 3a—c, the number of BrdU/NeuN double-
labeling mature neurons was more significantly decreased in
the LPS-impaired (50.64%) mice than those in the sham con-
trol group; however, after 28 days, a significant increase of
BrdU/NeuN co-labeling cells (1.84 times increase) was ob-
served in the treatment of Arg-DG after LPS injury, compared
to the LPS only. Additionally, the increased ratio of NeuN/
BrdU double-labeling cells to the overall BrdU-positive cells
was also changed in the treatment of the LPS only and Arg-
DG combined LPS groups, indicating that Arg-DG enhanced
neurogenesis by promoting the proliferation and differentia-
tion of NSCs in LPS-impaired mice (Fig. 3c).

Arg-DG Increased Adult NSC Survival
in the LPS-Challenged Hippocampal DG

Neuronal population in the subgranular zone of hippocampal
DG might be crucial for learning and memory functions, and
LPS exposure significantly decreased the survival of newly
generated NSCs in the DG of adult mice [35]. Therefore,
BrdU staining was used to quantify the role of Arg-DG on
the survival of newly generated NSCs in LPS-injured hippo-
campal DG at 5 and 28 days. Mice received a single LPS
administration by I.C.V. injection and treatment of Arg-DG
by i.p. injection three times at 8-h intervals, followed by con-
secutive administration of BrdU for 5 days, and the mice were
sacrificed at the indicated time. As shown in Fig. 4a and b,
LPS treatment led to a significant decrease in the total number
of BrdU-positive cells in hippocampal DG, with a 55.21%
reduction at day 5, and a 61.64% reduction at day 28, com-
pared to sham control. However, treatment with Arg-DG sig-
nificantly improved the total number of BrdU-positive cells in
LPS-impaired proliferation of NSCs at day 5 (2.16 times in-
crease verses LPS) and survived NSCs at day 28 (2.44 times
increase versus LPS). These results demonstrated that Arg-
DG could improve the survival rate of NSCs in LPS-
induced neuroinflammation.

Arg-DG Ameliorated the Memory Impairment
in the LPS-Challenged Hippocampal DG

To examine the restorative effect of Arg-DG on the impair-
ment of memory function, a Morris water maze test, a novel
object recognition test, and an open field test were used to
assess the recovery of cognitive decline induced by the im-
paired neurogenesis in the hippocampus of adult mice. The
open field test was used to observe the basal locomotion, and
we noticed no obvious difference between each group, indi-
cating that Arg-DG did not affect locomotor activity (Fig. 5a).
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Fig. 1 Arg-DG recovered the
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However, compared to wild-type mice, LPS-treated mice
showed less preference to the new objects reflecting the mem-
ory loss, and Arg-DG treatment significantly restored the
LPS-induced the memory impairment (Fig. S5b). In addition,
LPS-treated mice were slow to reach the location of hidden
platform, demonstrating memory impairment compared to
wild-type mice, whereas Arg-DG treatment significantly
ameliorated the memory impairment of LPS-injected mice
on escape latencies close to the wild-type group. A similar
trend was found during the learning and reversal test phase
(Fig. 5c, d).

To determine the maintenance of memory function, we
performed a probe test, by removing the platform 1 day after
water maze training day 4. Compared to wild-type mice, the
average time spent in the target quadrant was obviously de-
creased in the LPS-treated mice, but mice in the treatment of
LPS and Arg-group spent longer time in searching the plat-
form quadrant than the LPS-injected mice (Fig. Se).
Moreover, the number of platform crossings was also de-
creased in LPS-treated mice compared to wild-type mice,
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while Arg-DG treatment showed a significant increase in the
number of platform crossings relative to LPS-injected mice,
suggesting the possible memory improvements in LPS-
injected mice (Fig. Se, f). Overall, these results suggest that
Arg-DG could alleviate the memory impairment in LPS-
stimulated mice.

Arg-DG Alleviated Microglial Activation
and the Expression of Pro-inflammatory Cytokines
in the Mice Hippocampal DG Injured by LPS

Following LPS administration, microglial activation always
changed the morphology from ramified to a reactive amoe-
boid form. Previous studies reported by our group and others
showed that the inhibition of microglial activation with anti-
inflammatory molecules, such as EGCG, minocycline, or
TGF-f3, could restore adult neurogenesis suppressed by neu-
roinflammation [19, 36, 37]. Thus, we asked whether the re-
storative effect of Arg-DG on adult neurogenesis impaired by
LPS exposure is mediated through modulation of the
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Fig. 2 Arg-DG prevented the decrease in the immature neuronal
differentiation of adult NSCs in the LPS-challenged hippocampal DG.
(a) Representative photomicrograph shows the BrdU and DCX double
labeling cells in the hippocampal DG. Brains were harvested at day 3 after
LPS and Arg-DG treatment, and the coronal sections were successively
immunostained for DCX (red) and BrdU (green), respectively, and the
newborn immature neurons are marked by arrows. BrdU-DCX double

microglial state and production of inflammatory mediators.
First, immunostaining with microglial marker Iba-1 was used
to morphologically assay microglial activation. As previously
reported, Iba-1 labeling microglial cells in LPS treatment did
indeed cause a greater morphology change from ramified to
reactive amoeboid than in the sham control group (Fig. 6a).
However, Arg-DG treatment made microglial cell bodies be-
come smaller, with a brushy appearance, from an amoeboid,
unlike the results in LPS-treated mice, especially after 3 days
of treatment. Furthermore, the administration of LPS resulted
in a significant increase in the number of activated microglia at
day 1 (11.6 times reduction versus sham control) and day 3
(18.8 times reduction versus sham control), respectively,
whereas the number of activated microglia in LPS-treated
mice with Arg-DG was reduced at day 1 and day 3 more
significantly than with LPS treatment only (Fig. 6b, c).
Microglial activation is usually accompanied by the in-
creased expression of pro-inflammatory cytokines, which
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positive cells (yellow) represent the differentiated immature neurons. (b)
Graph displays the number of BrdU- and DCX-positive cells in the hip-
pocampal DG at day 3 after LPS challenge, respectively. (¢) The ratio of
BrdU-positive/DCX-positive to total BrdU-positive cells in the DG.
*p<0.01, " p<0.001 versus control; *p<0.01, #*p <0.001 versus
LPS plus Arg-DG group. Data are presented as means+SEM (n=5
each). Scale bar in (a), 100 um

have been reported to have negative impacts on adult hippo-
campal neurogenesis in mice. Therefore, the pro-
inflammatory gene expression of TNF-c, IL-1§3, and IL-6 in
the hippocampus of the mice was measured by Western blot
analysis. Prior to biological assay, the effective concentration
of Arg-DG ranging from 0.3 to 1.2 mg/kg on the inhibition of
pro-inflammatory cytokines in hippocampal DG of LPS-
injected mice was investigated. Arg-DG exhibited strong in-
hibition on the expression of pro-inflammatory cytokines at
the concentration of 0.6 mg/kg in LPS-treated mice, whereas
Arg-DG alone had no effect at the concentration range of 0.3
to 1.2 mg/kg (data not shown). Thus, 0.6 mg/kg of Arg-DG
was used in all the studies above. As shown in Fig. 7, it was
used to examine the effects of Arg-DG on the expression of
pro-inflammatory cytokines in the hippocampal DG of LPS-
treated mice using Western blot analysis. As presented in
Fig. 7, LPS induced a more significant increase in the expres-
sion of pro-inflammatory mediators after 1 day than did the
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Fig. 3 Arg-DG ameliorated the mature neuronal differentiation of adult
NSCs in the LPS-challenged hippocampal DG. (a) Representative images
show the BrdU and NeuN double labeling cells in the hippocampal DG.
Brains were harvested at day 28 after LPS and Arg-DG treatment, and the
coronal sections were successively immunostained for NeuN (red) and
BrdU (green), respectively. (b) Graph displays the number of BrdU*/

sham control. However, Arg-DG significantly reduced the
expression of IL-6, IL-13, and TNF-« in LPS-treated mice
after 1 day. Arg-DG also significantly reduced the expression
of pro-inflammatory cytokines, which had been increased by
LPS after 3 days (Fig. 7c, d). The administration of only Arg-
DG had no effect on the production of pro-inflammatory cy-
tokines compared to the sham control in all tests. These results
suggest that Arg-DG acts as an anti-inflammatory molecule to
restore impaired neurogenesis through the inhibition of
microglial activation induced by LPS.
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NeuN™ cells in the hippocampal DG at day 28 after LPS challenge.
BrdU and NeuN double-positive cells represented mature neurons from
adult NSCs. (¢) The ratio of BrdU-positive/NeuN-positive to total BrdU-
positive cells in the DG. ~p<0.01, ““p<0.001 versus control;
#1 <0.01 versus LPS plus Arg-DG group. Data are presented as means
+SEM (n =5 each). Scale bar in (a), 100 pm

Effect of Arg-DG on the NF-kB and MAPK Signaling
in LPS-Challenged Mice

Because of their ability to up-regulate many genes
influencing a broad range of biological processes, NF-kB
and MAPK signaling have been characterized as major
mediators of microglial activation under different endotox-
in stimuli, including LPS. They also play key roles in the
pathogenesis of microglia-mediated neurodegenerative
diseases. The role of Arg-DG in the regulation of both
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Fig. 4 Arg-DG increased adult

NSC survival in the LPS- a
challenged hippocampal DG. (a)
Representative images show the B
BrdU labeling cells (green) in the E
DG at 5 or 28 days after ;
consecutive BrdU injection for =
5 days, following LPS. Brains v
were harvested at day 5 and day
28 after LPS and Arg-DG _
treatment, and the coronal sec- m@ N
tions were immunostained for ; e
BrdU (green). (b) Graph displays U §
the number of BrdU-positive cells at
in the hippocampal DG at day 28 &
after LPS challenge, respectively.
(¢) Quantitative analysis of E“
survival rate, represented as the ’c;n E‘f
ratio of BrdU-positive cells at Co
28 days. "p <0.05, "p < 0.001 <
# Q0
versus control; "p <0.05, =)
##) < 0.001 versus LPS plus Arg- & iﬁ
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pathways in the hippocampal DG of LPS-injected mice
was examined in order to clarify its mechanism of action.
As shown in Fig. 8a and b, LPS treatment after 1 day re-
sulted in increases in the expression of TLR4, phosphory-
lated IkB, and phosphorylated RelA that were more signif-
icant than in the sham control, indicating that NF-«B sig-
naling was activated after LPS exposure in the hippocam-
pus of mice, whereas treating LPS with Arg-DG signifi-
cantly decreased their expression levels, compared to only
LPS treatment. In addition, we found that there was a dra-
matic increase in the ratios of p-ERK1/2/ERK1/2, p-JNK/
INK, and p-p38/p38 compared to sham control, whereas
combination treatment of LPS and Arg-DG significantly
reduced the ratios of p-JNK/JNK in comparison with LPS
treatment alone. However, it had no effect on reducing the
ratios of p-ERK1/2/ERK1/2 and ratios of p-p38/p38
(Fig. 8e, f). In a manner similar to those of the 1-day re-
sults, Arg-DG also inhibited the activation of NF-kB and
MAPK signaling through inhibition of the abovementioned
protein in the LPS-treated mice compared to LPS only at
day 3 (Fig. 8c, d, g, h).

Effect of Arg-DG on the LPS-Induced
Pro-inflammatory Cytokines and Reactive Oxidative
Species in Cultured Microglial BV2 Cells

Microglia in the hippocampal DG are very abundant, and
accumulating evidence indicates that the inflammation-
induced reduction in neurogenesis is mediated by microglia.
Therefore, we used the cultured microglial BV2 cells to fur-
ther confirm the inhibitory effect of Arg-DG on LPS-induced
neuroinflammation. Prior to biological assay, the toxic effects
of Arg-DG in microglial BV2 cells were measured using cell
viability assay, and the results showed that Arg-DG was non-
cytotoxic at a concentration range of 5 to 20 M. Pretreatment
with Arg-DG significantly reduced the cytotoxicity induced
by LPS in a dose-dependent manner (data not shown).

It is well known that the main reason for neuroinflamma-
tion is the overactivation of microglia. Accumulating evidence
suggests that inflammatory stimuli, such as iNOS, COX-2,
TNF-«, IL-13/6, nitrite, and ROS, decrease hippocampal
neurogenesis by modulation of the proliferation, differentia-
tion, cell survival, and integration of newborn neurons into the
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Fig. 5 Arg-DGI1 ameliorated LPS-challenged memory deficits in mice.
(a) Basal locomotor activity was assessed by an open field test. (b)
Memory loss was observed by a novel object recognition test. (c)
Representative swim paths of the last trial test on the training day 4. (d)
Escape latencies during the training and reversal trials were assayed with

existing neural networks, and inhibition of the inflammatory
cytokines slows down the progression of neurodegenerative
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Morris water maze test. (e) Time spent by mice in target quadrant in probe
test. (f) Number of platform crossings in probe test. Data are presented as
mean + SEM (n=10 each). *»<0.05, **» <0.01, **¥»<0.001 versus
control; “p < 0.05, #p < 0.01, 5 < 0.001 versus LPS plus Arg-DG treat-
ed groups; ns, not significant

disorders [15, 34]. With this in mind, we investigated whether
or not Arg-DG inhibits the LPS-induced production of pro-
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Fig. 6 Arg-DG suppressed
microglial activation and the

3 days

production of pro-inflammatory
cytokines in the hippocampal DG
injured by LPS. (a) The
representative gels showed the
Iba-1-positive cells (red) in the
hippocampal DG at day 1 and day
3 after LPS challenge. (b, ¢)
Graphs display the suppressive
effect of Arg-DG on the number
of activated microglia induced by
LPS. Brains were harvested at day
1 and day 3 after the treatment of
LPS and Arg-DG, and the coronal
sections were subjected to
microglial activation in SGZ
using the microglia-specific
marker Iba-1. Data are presented
as means = SEM (n =5 each).
“p<0.001 versus control;
#1p<0.01, ¥ p <0.001 versus
LPS plus Arg-DG group. Data are
presented as means + SEM (n =
5). Scale bar in (a), 100 pm
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inflammatory cytokines and ROS. We found that LPS treat-
ment significantly augmented NO production and the expres-
sion of iNOS and COX-2 at mRNA and protein levels in
microglial BV2 cells. However, pretreatment with Arg-DG

3 days

could significantly inhibit the production of NO, PEG2, and
the levels of iNOS and COX-2 expression in LPS-induced
microglial BV2 cells at the concentration range of 1 to 5 uM
(Fig. 9a—e). The expression levels of pro-inflammatory
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Fig.7 Arg-DG inhibited the production of pro-inflammatory cytokines in
the hippocampal DG injured by LPS. (a, b) The representative gels and
graph show the inhibitory effect of Arg-DG on the expression levels of
pro-inflammatory cytokines at protein level after 1 day in LPS-injured
hippocampal DG of adult mice. (¢, d) The representative gels and graph
show the inhibitory effect of Arg-DG on the expression levels of pro-
inflammatory cytokines at protein level after 3 days in LPS-injured

cytokines, such as IL-1f3, IL-6, and TNF-x, at mRNA level in
LPS-induced BV2 cells were also increased more significant-
ly than with untreated cells, whereas pretreatment with Arg-
DG significantly suppressed them (Fig. 9b). Arg-DG also re-
duced the release of IL-6 and TNF- at protein levels, but not
IL-1p3 (data not shown) in LPS-induced microglial BV2 cells
(Fig. 91, g).

Microglia activation always accompanies the overpro-
duction of ROS. ROS plays a critical role in inflammatory
responses and cytotoxic damage to surrounding neurons. It
also triggers signaling activation in neurodegenerative dis-
orders. To determine the effect of Arg-DG on the produc-
tion of ROS, a fluorescent probe DC-FDA was used in
LPS-induced microglial BV2 cells. Cells were pretreated
with a series of Arg-DG solutions (1, 2, and 5 uM) and
ROS scavenger NAC (5 mM) for 1 h. This was followed
by exposure to LPS for 30 min. Pretreatment with Arg-DG
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hippocampal DG of adult mice. Brains were harvested at day 1 and day
3 after LPS and Arg-DG treatment, the hippocampus was isolated, and
the protein was extracted for the analysis of pro-inflammatory cytokines
IL-6, IL-13, TNF-«, and {3-actin using Western blot. Data are presented
as means + SEM (n=5). “p<0.01, "p<0.001 versus control;
#p <0.05, "p <0.01 versus LPS plus Arg-DG group. Data are presented
as means = SEM (n =5). Scale bar in (a), 100 pm

significantly suppressed LPS-induced intracellular ROS
levels in microglia. This was similar to the effect of NAC
treatment (Fig. 9h). A microscope showed that LPS treat-
ment increased the fluorescent intensity of DCF, which
was reduced by pretreatment with Arg-DG (5 uM) or
NAC, indicating that Arg-DG has ROS scavenging activity
(Fig. 91).

Effect of Arg-DG on the LPS-Induced NF-kB and JNK
Signaling

Since Arg-DG inhibited the activation of TLR4-NF-kB and
JNK signaling in the hippocampal DG of LPS-induced mice,
we further examined the role of Arg-DG on the activation of
TLR-NF-kB and MAPK signaling by LPS in cultured
microglial BV2 cells. As expected, LPS caused significant
augment in the TLR4 and phosphorylation of IkB, the nuclear
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<Fig. 8 Arg-DG blocked activation of NF-kB and MAPK signaling in-
duced by LPS in the hippocampal DG. (a—d) The representative gels and
graphs showed the inhibitory effect of Arg-DG on the expression levels of
TLR4, phosphorylated RelA, phosphorylated IkB, in the hippocampal
DG at day 1 and day 3 after LPS challenge. (e-h) The representative gels
and graphs showed the effect of Arg-DG on the phosphorylation of
ERK1/2, INK, and p38 in the hippocampal DG at day 1 and day 3 after
LPS challenge. Brains were harvested at day 1 and day 3 after LPS and
Arg-DG treatment, and the hippocampus was isolated, and the protein
was extracted for analyzing the expression levels of TLR4, phosphory-
lated RelA, RelA, phosphorylated IkB, an IkB for NF-«B signaling, and
the phosphorylation of ERK1/2, INK, and p38 for MAPK signaling using
Western blot analysis. Data are presented as means = SEM (n =5 each).

skl

"p<0.01, ™"p<0.001 versus control; *p <0.05, #p <0.01, #p <0.01
versus LPS plus Arg-DG groups

translocation of RelA, and the transcriptional activity of
NF-«kB. Pretreatment with Arg-DG could markedly decrease
the activation of TLR4 and phosphorylation of IkB in LPS-
induced microglial BV2 cells. Pretreatment with Arg-DG also
inhibited the nuclear translocation of RelA protein in a dose-
dependent manner (Fig. 10a—). Moreover, LPS treatment sig-
nificantly increased the DNA binding activity of NF-kB,
which was dramatically reduced by pretreatment with Arg-
DGat2 and 5 pM for 1 h (Fig. 9d). In summary, these findings
suggest that Arg-DG inhibits the activation of TLR4-NF-kB
signaling in LPS-induced microglia by inhibiting the phos-
phorylation of IkBx, nuclear translocation, and the DNA
binding activity of NF-kB.

MAPK signaling plays a key role in the pathogenesis of
microglia-mediated neuroinflammation. To further clarify its
mechanism of action, we examined the phosphorylation of
ERK1/2, JNK, and p38 kinases. Our results showed that
LPS treatment for 30 min significantly augmented the phos-
phorylation of ERK1/2, JNK, and p38, although their total
forms for ERK1/2, JNK, and p38 were unchanged.
Pretreatment with Arg-DG for 1 h prior to LPS stimulation
selectively decreased the phosphorylation of JNK in a dose-
dependent manner. However, pretreatment with Arg-DG did
not affect the phosphorylation levels of ERK1/2 or p38
(Fig. 10e, f).

Discussion

The main findings of the present study were that Arg-DG
administration promotes hippocampal neurogenesis impaired
by LPS in the DG of adult mice. The observed beneficial
effects may be attributed to an increase in the proliferation,
differentiation, and cell survival of the newly generated cells.
This is done by suppressing the production of pro-
inflammatory cytokines underlying TLR4/NF-kB and
MAPK/INK signaling in activated microglia. Moreover,
Arg-DG displayed strong anti-inflammatory activity in LPS-
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stimulated microglial BV2 cells via the inhibition of NF-«kB
and JNK signaling [21].

As part of the brain system critically involved in learn-
ing and memory, the hippocampus has been extensively
studied, and alterations in adult hippocampal neurogenesis
have been considered a hallmark in many neurodegenera-
tive diseases [38, 39]. As seen in Fig. 1, our results showed
that LPS exposure decreased the proliferation and survival
rate of adult NSCs. LPS also suppressed the number of
immature and mature neurons more than did the sham con-
trol. These observations were consistent with previous re-
ports showing that in the hippocampal DG of adult mice,
LPS administration decreased cell proliferation, survival,
and the differentiation of NSCs [11, 19]. Arg-DG treatment
boosted the proliferation of NSCs impaired by LPS.
Furthermore, we found that Arg-DG significantly in-
creased the number of DCX/BrdU and NeuN/BrdU
double-labeling cells relative to LPS treatment. DCX and
NeuN are expressed specifically in newly generated neu-
rons and have been frequently used as markers for the
differentiation of NSCs [40]. This study also indicated that
Arg-DG prolonged the cell survival rate of newly generat-
ed cells more than LPS treatment. Previous studies showed
that long-term survival cells in the DG of hippocampal
circuitry were associated with processing spatial informa-
tion [33]. To the best of our knowledge, we are the first to
report that Arg-DG rescued the LPS-impaired
neurogenesis by increasing cell proliferation and differen-
tiation, and by prolonging the survival of NSCs in the
hippocampal DG of adult mice.

Many studies have demonstrated that the newborn neurons
in hippocampus of adult animals are functionally integrated
and contribute to cognitive function [41], especially learning
and memory processes [42]. It was reported that the system
administration of LPS resulted in an increase in the intracel-
lular accumulation of amyloid-3 and memory deficiency, with
concomitantly increased neuroinflammation [43]. In our
study, we found that LPS treatment by I.C.V. injection led to
the impairment of memory function in adult mice. But mice
treated with Arg-DG showed enhanced memory and learning
with increased number of neurons, compared to the LPS treat-
ed only (Fig. 5). Therefore, the present study provided evi-
dence that hippocampal neurogenesis ablation in LPS-induced
mice had memory dysfunction, and Arg-DG is a promising
candidate to ameliorate the reduced neurogenesis-related loss
of memory and learning.

There are several possible reasons for the observed ben-
eficial effects of Arg-DG. One of the most plausible is that
Arg-DG blocks microglial activation and the production of
pro-inflammatory cytokines. Immune cells, including mi-
croglia, play a crucial role in the maintenance of
neurogenesis and memory function in adulthood.
Following neuroinflammation, microglial pathology has
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«Fig. 9 Arg-DG inhibited the expression of pro-inflammatory cytokines
and ROS in LPS-stimulated BV2 cells. Cells were pretreated with the
indicated concentrations of Arg-DG for 1 h, and then incubated in the
presence or absence of LPS for 24 h. (a, b) mRNA levels of iNOS, COX-
2, IL-6, IL-1f3, TNF-«, and {3-actin were examined by RT-PCR and
quantitative real-time PCR. (¢) iNOS, COX-2, and (3-actin levels were
determined by Western blot analysis. (d) NO production was measured
by Griess reaction. (e) Production of PEG2 was determined by ELISA kit.
(f, g) The production of IL-6 and TNF-« released from microglia was
determined by ELISA kit. (h, i) ROS production was measured using a
fluorescent dye H,DCFDA. Cells were pretreated with Arg-DG at the
indicated concentrations, and 5 mM NAC for 1 h, followed by LPS
stimulation for 30 min. After incubation with 5 uM H,DCFDA for
20 min, cells were examined under a fluorescent microplate reader and
an argon laser scanning confocal microscope. Scale bar in (i), 20 pm.
Unless otherwise stated, each experiment was performed in triplicate,
and repeated at least three times. Data are presented as means + SEM.
The term “ns” means no significant difference compared to the group
treated with LPS. “p <0.05, “"p<0.01, “p <0.001 versus control;
#p<0.05, #p<0.01, ¥ <0.001 versus LPS plus Arg-DG treated
groups

been reported to negatively impact hippocampal
neurogenesis [11, 12]. Microglia usually undergo dramatic
changes in their morphology and in the expression pattern
of various pro-inflammatory cytokines in LPS stimulation
[44]. We observed that LPS treatment resulted in a mor-
phological change from ramified to reactive amoeboid, and
Arg-DG reversed that effect. Moreover, LPS resulted in a
significant increase in the number of activated microglia at
both day 1 and day 3, which were reduced after treatment
with Arg-DG, indicating that Arg-DG downregulates the
microglial activation. Similar to its effects on day 1, Arg-
DG suppressed the overactivation of microglia at day 3
(Fig. 6). The overactivated microglia usually contribute
to aberrant expression of various cytokines, including
NO, iNOS, COX-2, ROS, TNF-«, and IL-1(3/6, which
have been considered to be the key modulators in
neurogenesis [36, 45]. For example, overproduction of
TNF-«, IL-13/6 in the hippocampus hampered
neurogenesis, which could be restored by the inhibition
of microglial activation with anti-inflammatory agents,
such as minocycline and indomethacin [46, 47].
Furthermore, microglia activated by both LPS and IFN-y
produce high levels of NO, resulting in neuronal cell injury
in co-culture in vitro [36]. In the present study, Arg-DG
reduced the expression levels of the inflammatory cyto-
kines mentioned above more significantly than LPS treat-
ment (Fig. 9). Similarly, Arg-DG inhibited LPS-induced
overexpression of the pro-inflammatory mediators in cul-
tured microglial BV2 cells (Fig. 8). These findings suggest
that one of the major mechanisms of Arg-DG on hippo-
campal neurogenesis is due, at least in part, to the inhibi-
tion of neuroinflammation induced by LPS, indicating that
the anti-inflammatory effect of Arg-DG on microglia may
contribute to restoring neurogenesis impaired by LPS [48].

@ Springer

TLR4, part of the toll-like receptor (TLR) family, is
predominately expressed on microglia, and it has been re-
ported that LPS specifically binds to TLR4, thereby pro-
moting activation of downstream intracellular singling
pathways in microglia [49]. NF-xkB and MAPKSs signaling
have been involved in the LPS-induced microglial activa-
tion and adult hippocampal neurogenesis. They also play
key roles in the pathogenesis of microglia-mediated neuro-
degenerative diseases [50]. In line with previous studies,
LPS exposure dramatically augmented the expression level
of TLR4, leading to the NF-kB and MAPKs downstream
signaling in the hippocampus of mice after 1 day and 3 days
[19, 51], whereas Arg-DG significantly inhibited the TLR4
expression after 1-day and 3-day treatment. We also found
that Arg-DG obviously decreased the phosphorylated 1kB,
RelA, and phosphorylation of JNK in LPS-treated mice,
and that it had no effects on the phosphorylated ERK1/2
and p38 (Fig. 8). This observation is in line with our recent
report that diosgenin derivative incorporated with primary
amine decreases the inflammatory activity through the reg-
ulation of NF-kB and JNK MAPK signaling in LPS-
stimulated BV2 cells, indicating that JNK is the principal
MAPK involved in neuroinflammation after modification
[21]. A previous study demonstrated that the inhibition of
NF-kB and p38 activation caused diosgenin to attenuate
the LPS-induced acute lung injury in mice [52]. Another
study showed that diosgenin suppressed the inflammation
induced by conditioned medium through interfering with
IkB degradation and the phosphorylation of JNK signaling
in RAW 264 macrophages [53]. Interestingly, a recent
study showed that the anti-inflammatory effect of
diosgenin glycoside acts through suppression of ERK1/2
and p38 activation, instead of JNK, in LPS-stimulated
microglial BV2 cells, suggesting that diosgenin is respon-
sible for the anti-inflammatory activity [31]. Our results
clearly showed that Arg-DG inhibited LPS-induced in-
flammation via NF-kB and JNK signaling in hippocampal
DG of adult mice, which might be attributed to their struc-
tural difference, or targeting of different tissues. Similarly,
Arg-DG inhibited LPS-activated NF-kB pathway in
microglial BV2 cells via the inhibition of phosphorylation
of IkB, nuclear translocation, and DNA binding activity of
RelA. However, Arg-DG did not inhibit the expression of
TLR4 in LPS-stimulated BV2 cells, which was different
from the observed results in LPS-induced mice.
Moreover, Arg-DG specifically decreased the expression
level of the phosphorylated JINK/MAPK, but not p38 or
ERK1/2 in cultured microglial BV2 cells (Fig. 10). These
results were similar to those in our recent report, which
stated that a diosgenin derivative with polyamine pretreat-
ment also suppressed the activation of the NF-kB and JNK
pathways in LPS-stimulated microglial BV2 cells [21].
Taken together, the present findings show that the
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| Fig. 10 Arg-DG inhibited the activation of NF-kB and MAPK signaling
in LPS-stimulated BV2 cells. Cells were pretreated with Arg-DG at the
indicated concentrations for 1 h before exposure to 100 ng/mL LPS for
30 min. (a, b) The expression of TLR4, p-IkB, IkB, and translocation of
NF-kB p65 nucleus were measured by Western blot analysis. The expres-
sion levels of NF-kB p65 were normalized to Histone H1 and presented
as relative change compared to the group treated with LPS. (¢)
Representative images show the NF-kB p65 labeling cells in microglial
BV2 cells. (d) DNA binding activity was measured by using NF-kB p65
transcription factor assay kit. (e, f) Phosphorylation levels of ERK1/2,
JNK, and p38 in whole cell lysates were determined by Western blot
analysis. Unless otherwise stated, all the experiments were performed in
triplicate and repeated at least three times. Data are presented as means +
SEM. The term “ns” means no significant difference compared to the
group treated with LPS. “p <0.05, "'p <0.01, *p < 0.001 versus control;
#p <0.05, ™p <0.01 versus LPS plus Arg-DG treated groups

administration of LPS induced excessive activation of microg-
lia, leading through the activation of NF-kB and JNK signal-
ing to the overexpression of various pro-inflammatory cyto-
kines in the hippocampal DG of mice. Arg-DG acted as an
anti-inflammatory agent, blocking microglial activation and
the production of pro-inflammatory cytokines via NF-kB
and JNK signaling in LPS-induced mice, which would have
led to the restoration of LPS-impaired neurogenesis. These
findings imply that the possible mechanism of Arg-DG on
the improvement of impaired neurogenesis may at least par-
tially involve the inhibition of microglial activation, and the
production of pro-inflammatory cytokines induced by LPS,
through blocking NF-kB and MAPK signaling.

Conclusion

In summary, a significant decrease in the proliferation and
differentiation of neuronal stem cells (NSCs) was caused by
the administration of LPS, which was restored by Arg-DG
treatment. LPS treatment also resulted in memory dysfunc-
tion. LPS also led to microglial activation and an increase in
the production of pro-inflammatory cytokines in the dentate
gyrus. Arg-DG, a water-soluble arginyl—diosgenin analog, ex-
hibited improved neurogenesis by lessening the proliferation
and differentiation of NSCs, suppressing the apoptosis of
NSCs, as well as enhanced memory and learning ability in
LPS-injured mice. Arg-DG exerted an inhibitory action on
microglial activation and the production of LPS-induced
pro-inflammatory cytokines in the dentate gyrus of the hippo-
campus of mice. Arg-DG apparently acts by suppressing pro-
inflammatory cytokines and microglial activation through the
inhibition of NF-kB and JNK MAPK signaling in mice.
Similar results were further observed in LPS-stimulated
microglial BV2 cells. Taken together, these results suggest
that Arg-DG might have the potential to treat various neuro-
degenerative disorders resulting from microglia-mediated
neuroinflammation.
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