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Abstract

Background The six-transmembrane protein of the prostate 2 (STAMP2) is crucial for damage-induced inflammation.
Excessive inflammatory responses in microglia have been discovered as the critical factor in triggering neurological diseases.
However, inconclusive evidence suggests that STAMP?2 alleviates neuroinflammatory diseases by regulating the inflamma-
tory state of microglia.

Objectives To ascertain whether the favorable effects of STAMP2 on neuroinflammation act through microglia.

Results STAMP?2 served as an anti-inflammatory modulator to inhibit the production of inflammatory and reactive oxygen
species (ROS) factors and attenuated neurotoxicity. Downregulation of STAMP?2 increased the levels of IL-1f, IL-6, ROS,
and glutamate, and exogenous STAMP2 knock-in rescued both the exacerbated inflammation and oxidative stress induced
by STAMP?2 knockdown in BV-2 cells. Mechanistic study showed that STAMP2 siRNA accelerated the expression of p-P65
and p-IkBa, whereas STAMP2E interrupted the NF-kB translocation. In addition, STAMP2 could reduce neurotoxicity by
promoting cell survival and suppressing apoptosis.

Conclusion These findings revealed that STAMP2 is involved in regulating the LPS-NF-kB signal pathway to modulate
inflammatory processes in microglia cells, which could represent a possible therapeutic therapy for neurodegenerative
disorders.
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Introduction

Neuroinflammation is recognized as a key pathogenic
process in a variety of neurodegenerative diseases (Floyd
1999), such as Parkinson’s disease (PD) (Kim and Joh
2006), Alzheimer’s disease (AD) (Krause and Muller
2010; Lee et al. 2012), multiple sclerosis (Koning et al.
2007), and amyotrophic lateral sclerosis (ALS) (Casula
et al. 2011). As resident macrophages in the central nerv-
ous system (CNS), over-activated microglia are the hall-
mark of neural inflammation in major neurodegenerative
disorders (Puigdellivol et al. 2020).

Typically, traditionally activated M1 microglia protect
neurons and promote brain recovery by removing protein
aggregates and cell debris (Hu et al. 2015). However,
alternatively activated M2 microglia trigger the constant
release of pro-inflammatory mediators, including tumor
necrosis factor (TNF)-a, interleukin (IL)-1p, IL-6, reac-
tive oxygen species (ROS), and excitatory amino acids in
response to the continuous LPS stimulation. These inflam-
matory factors could cause neurotoxicity and lead to cell
apoptosis through an inflammation cascade response (Dohi
etal. 2010; Wang et al. 2014; Yuan et al. 2016). Therefore,
alleviating microglial neuroinflammation and neurotoxic-
ity may be promising treatments for neurodegenerative
diseases.

The six-transmembrane protein of the prostate 2
(STAMP2), also referred to as the six-transmembrane
epithelial antigen of prostate 4 (STEAP4), has been rec-
ognized as an anti-inflammatory regulator of leukocyte-
driven inflammation in metabolism (Wellen et al. 2007),
atherosclerosis (ten Freyhaus et al. 2012), and pulmonary
vascular reconstruction (Batool et al. 2020). Through the
Rossman Fold oxidoreductase domain, STAMP2 controls
oxidative stress and co-enzyme (NAPDH) (ten Freyhaus
et al. 2012; Wellen et al. 2007; Zhou et al. 2013), which is
involved in oxidizing NADPH to NADP+, thereby deliv-
ering electrons across the plasma membrane to metal
ions (Ohgami et al. 2006). NADPH accumulates in the
cytosol with STAMP?2 dysfunction, exacerbating aggres-
sive inflammatory responses and nuclear factor kappa B
(NF-kB) translocation (ten Freyhaus et al. 2012). Fur-
thermore, STAMP?2 is involved in the secretion of inflam-
matory cytokines via the LPS-induced NF-kB signaling
pathway, such as IL-1f, IL-6, TNF-a, and MCP-1 (Batool
et al. 2020). Moreover, previous research has demonstrated
that STAMP? is associated with the development of neu-
rological diseases. Specifically, the increased morbid-
ity of autoimmune encephalomyelitis is correlated with
STAMP2 expression in Th17 cells (Batool et al. 2020).
Schwann cells are susceptible to palmitate-induced lipoa-
poptosis via ROS-mediated downregulation of STAMP2
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(Lee et al. 2018). Based on these analyses, further studies
are required to determine whether the favorable effects
of STAMP?2 on neuroinflammation act through microglia.

In this study, we found that the knockdown of STAMP2
exacerbated neural inflammation, oxidative stress, and glu-
tamate release induced by LPS in BV-2 cells via regulating
the activity of NF-kB-related proteins. In addition, STAMP2
alleviated microglia neurotoxicity.

Methods
Reagents

LPS (Escherichia coli 055:B5) was supplied by Solarbio
(Beijing, China). Moreover, CCK-8 (#CA1210), Reactive
Oxygen Species Assay Kit (#CA1410), p-lactate dehydro-
genase (LDH) activity Assay Kit (#BC5280), and TUNEL
Apoptosis Assay Kit (#T2190) were purchased from Solar-
bio (Beijing, China), while Glutamate Oxidase Assay Kit
(#MAK170) was obtained from Sigma-Aldrich (Darmstadt,
Germany). IL-1p (#ab229440) and IL-6 (#ab222503) ELISA
kits were obtained from Abcam (Cambridge, the United
Kingdom). Dulbecco’s Modified Eagle’s Medium (DMEM,
12800017), fetal bovine serum (FBS, 10099-141), Peni-
cillin-Streptomycin (15140122), and phosphate-buffered
saline solution (PBS, 11965092) were acquired from Gibco.
Abcam provided antibodies against STAMP2 (#ab140951,
1:1000), IL-1p (#ab234437, 1:1000), IL-6 (#ab290735,
1:1000), p65 (#ab32536, 1:1000), IkBa (#ab32518, 1:1000),
p-P65 (#ab76302, 1:1000), p-IkBa (#ab133462, 1:1000),
NADPH (#ab154244, 1:1000). From Cell Signaling Tech-
nology, anti-mouse (#4410, 1:10000) peroxidase-conjugated
secondary antibodies were obtained.

Preparation of STAMP2 knockdown or knock-in

Lipofectamine 2000 reagent (0.5 pL, Invitrogen) was uti-
lized for transfection. Before transfection, 2 X 10° cells were
plated in 12-well plates for at least 12 h. 2 pg of STAMP2
SiRNA or negative control (NC) was transfected into BV-2
cells. The subsequent primers were applied for transfection:
STAMP2, forward 5'-GCA GCA UCC AAG UCU GAC
ATT-3'" and reverse 5'-UGU CAG ACU UGG AUG CUG
CTT3-3"; NC, forward 5'-UUC UCC GAA CGU GUC ACG
UTT-3' and reverse 5'-ACG UGA CAC GUU CGG AGA
ATT3-3".

For STAMP?2 overexpression, the primers used to amplify
STAMP?2 were: 5'-CGC GCT CGA GGC CAC CAT GGA
GAA AAC TTG TAT AGA-3' and 5'-CGA AGG CGG CCG
CCT AGT GTT TTG AGT TCC TTT CC-3".

The culture medium should be replaced after 6 h of incu-
bation. Following that, cells were examined using a laser
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scanning confocal microscope (Leica TCS SP2; Leica) to
calculate the transfection efficiency. After 24 h of transfec-
tion, cells were cultivated with DMEM (10% FBS) for 16 h
and harvested.

Cell lines and culture conditions

The murine microglial cell line BV-2 (GDCO0311) was
acquired from the China Center for Type Culture Collec-
tion (Wuhan, China), and the hippocampal cell line HT22
(SCC129) was purchased from the Cell Culture Center at
the Institute of Basic Medical Sciences, Chinese Acad-
emy of Medical Sciences (Peking, China). BV-2 and HT22
cells were cultured in DMEM (Gibco, 12800017), added
with 10% FBS (Gibco, 10099-141), 10,000 U/mL Penicil-
lin—Streptomycin (Gibco, 15140122). All the cells were
maintained at 37 °C in a humidity chamber with 5% CO,.
To induce cell inflammation, we used LPS (1 ug/mL) treated
BV-2 cells for 12 or 24 h. Then, the CM from LPS-stimu-
lated BV-2 cells pretreated with STAMP2 knockdown or
knock-in was collected and transferred to HT22 cultures.

Western blot analysis

STAMP2, p65, IkBa, p-P65, p-IkBa, and NADPH expres-
sions in BV-2 cells were analyzed by western blotting.
After being extracted by RIPA buffer (Beyotime, Shanghai,
China), the protein debris was eliminated by centrifuging
(Thermo Fisher, 75004061) at 12,000 rpm for 10 min at
4 °C. Then, protein quantification was determined using a
bicinchoninic acid kit (BCA; Beyotime, Shanghai, China).
After denaturing proteins, equivalent quantities (10 pg) of
proteins were separated according to molecular weight by
electrophoresis and then transferred to PVDF membranes
(LMAI Bio, LM1136). Membranes were blocked for 1 h
at room temperature with 5% nonfat dry milk. Then, the
membrane was incubated with primary antibodies overnight,
washed by TBST, and treated with corresponding second-
ary antibodies for 1 h. Afterward, specific protein bands in
membranes were observed using an ECL detection system
(GE Healthcare, Piscataway, USA). All experiments were
repeated three times.

Enzyme-linked immunosorbent assay (ELISA)

After LPS treatment for 24 h, the culture media from micro-
glia with STAMP2 knockdown or knock-in were harvested
and centrifuged. IL-1f and IL-6 levels were assessed using
ELISA kits in accordance with the manufacturer’s instruc-
tions (Lai et al. 2005). Absorbance was calculated at 450 nm
through a microplate reader (Bio-Rad, Hercules, USA).

ROS measurement

Microglia BV-2 cells were grouped based on the experimen-
tal design and placed in 96-well plates (10 wells per group)
with 5% 103 cells/mL for ROS measurement. The cells
were treated with 10 uM DCFH-DA in DMEM for 60 min
at 37 °C in the dark, then rinsed twice with DMEM. Each
group’s fluorescence was measured using a fluorescence
microplate reader (BioTek, Vermont, USA) set to 484 nm for
excitation and 530 nm for emission. The data were reported
as a percentage of the intensity of fluorescence relative to
the control.

Measurement of glutamate release

Microglia cells were transfected with STAMP2 knockdown
or knock-in, then stimulated with 1 ug/mL LPS to assess
the impact of STAMP2 on LPS-induced glutamate release.
Glutamate release was measured using a Glutamate assay
kit after 24 h of incubation. According to the protocol, add
50 pL of the Amplex Red reagent to each well (10 wells per
group), incubating the cells for 30 min at room temperature
in the dark, with the untreated cells acting as the control.
Measurements of fluorescence were taken with excitation
at 530 nm and emission at 590 nm in a microplate reader
(BioTek, Vermont, USA), and the amount of glutamate
released (UM) was then determined by standard curve.

Cell viability

In 96-well plates with 100 pL of 10% FBS-supplemented
DMEM, 2.5x 10* cells per well were plated. After reach-
ing 70% confluency, cells were incubated with the medium
from treated microglia for 24 h. Then, cells were slightly
washed twice using PBS after the growth media was dis-
carded. Consequently, the Cell Counting Kit-8 (CCK-8,
Abcam, Cambridge, UK) was used to assess cell viability
under protocol and using the microplate reader (Bio-Rad,
Hercules, USA) to evaluate cell absorbance in each well at
450 nm. The experiment was repeated in triplicate.

Lactate dehydrogenase (LDH) release assay

A 96-well plate containing hippocampal HT22 cells at a
density of 1x 10° cells per mL. After 90% confluence,
the medium was discarded, and the cells were washed
once with PBS. The stimulation medium from treated
BV-2 cells was given to culture HT22 cells for 24 h. Each
well was added with 150 uL. of PBS-diluted LDH release
solution and incubated for one hour. After centrifuging at
1000 rpm for 5 min, 120 pL of supernatant from each well
was moved into a new 96-well plate for analysis. Each
well then obtained a 60 pL LDH test reagent before being
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mixed and cultivated in the dark at room temperature for
30 min. Using a microplate reader (BioTek, Vermont,
USA), the absorbance was recorded at 490 nm. The data
were displayed as a cytotoxicity percentage in relation to
the control.

Flow cytometry assay

The Apoptosis Detection Kit (eBioscience, 88-8005-72)
was used to quantify apoptosis cells. In 6-well plates,
HT22 cells (2 x 10%/well) were transplanted, then treated
with BV-2 medium from different groups for 24 h. After
being resuspended with binding buffer, the cells were
supplementary with FITC Annexin V and PI for 20 min
and evaluated by the FACS-Calibur flow cytometer (BD,
USA). The experiment was done in triplicate.

Statistical analysis

All data were statistically analyzed using SPSS 22.0
(IBM, Armonk, USA) and Prism5.0 software (Graph-
Pad Software, San Diego, USA). Significant differences
were determined using the student’s ¢ test. Three distinct
experiments’ results were provided as the mean =+ stand-
ard deviation (SD). P<0.05, P<0.01, and P<0.001 were
regarded as statistically significant.
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Results

Knockdown of STAMP2 aggravated LPS-induced
inflammation in BV-2 cells

In vitro, LPS-stimulated BV-2 cells are widely used as a neu-
roinflammation model (Lelakova et al. 2020). The expres-
sion of STAMP2 was detected at 0, 12, and 24 h after LPS
(1 pg/mL) stimulation in BV-2 microglia cells. In addition,
to explore the impact of STAMP?2 on BV-2 microglia treated
by LPS, small interfering RNA (siSTAMP?2) or overexpres-
sion vector (STAMP2°F) were transfected into cells before
LPS treatment. STAMP?2 expression was downregulated in
BV-2 cells following treatment with LPS in a time-depend-
ent manner (Fig. 1A). Intriguingly, these effects were aggra-
vated by siSTAMP?2 transfection, whereas they were elimi-
nated by STAMP?2 overexpression (Fig. 1B).

Active microglia are significant indication of neuroin-
flammation and have neurotoxicity (De Caris et al. 2020).
In LPS-induced BV-2 cells, we examined the expression of
pro-inflammatory cytokines through ELISA and found that
LPS stimulation significantly promoted IL-1p and IL-6
production in BV-2 cells (Fig. 1C), demonstrating that LPS
stimulation was successful in inducing the inflammatory
phenotype of BV-2 microglia. As expected, siSTAMP2
transfection promoted the production of pro-inflammatory
cytokines, especially IL-1p and IL-6, induced by LPS acti-
vation (Fig. 1C), revealing that siSTAMP2 mediated the
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Fig.1 Knockdown of STAMP2 aggravated LPS-induced inflamma-
tion in BV-2 cells. A Stimulated with LPS (1 pg/mL), then measured
the expression levels of STAMP2 in BV-2 microglia cells at 0, 12,
and 24 h. B STAMP2 siRNA (siSTAMP2), overexpression vector
(STAMP29F), or control-siRNA (si-NC) were transfected into BV-2
and then exposed to LPS (1 pg/mL) for 24 h. The western blot assays
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were used to analyze the expression of the STAMP2 protein. C The
contents of pro-inflammatory factors (IL-1f and IL-6) in the cell
supernatant of BV-2 cells were measured using ELISA. *P <0.05,
#%P<(0.01, ***P<0.001 vs the control group. ***P<0.001 vs
LPS + siSTAMP2-treated groups
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escalation of neuroinflammatory processes in LPS-acti-
vated microglia.

Knockdown of STAMP2 aggravated LPS-induced
oxidative stress and glutamate release in BV-2 cells

Pro-inflammatory factors, ROS, and glutamate are released
by excessively activated microglia, which further contrib-
ute to neuron damage (Butovsky et al. 2006; Ding et al.
2021; Miron et al. 2013). The LPS-stimulated BV-2 cells
were further studied to examine whether STAMP?2 affects
the release of ROS and glutamate. We quantified the ROS
and glutamate levels in BV-2 microglia with DCFH-DA
and ELISA assays, respectively. Indeed, LPS stimula-
tion slightly increased ROS baseline levels and gluta-
mate release compared with control cells (Fig. 2A, B).
In addition, a significant increase in ROS and glutamate
release were observed in STAMP2 knockdown BV-2 cells,
while these were decreased in BV-2 cells transfected with
STAMP2E (Fig. 2A, B), indicating that STAMP2 knock-
down is involved in the accumulation of ROS and gluta-
mate-induced by LPS.

Fig.2 Knockdown of STAMP2
aggravated LPS-induced oxida-
tive stress and glutamate release
in BV-2 cells. STAMP2 siRNA,
STAMP2°E, or si-NC were
transfected into BV-2 cells and
then exposed to LPS (1 pg/mL)

Control

DCFH-DA

LPS+siNC

-- ‘.

STAMP2 inhibited LPS-induced NF-kB activation

Studies have revealed a link between the inflammatory
phenotype of microglia and LPS-induced NF-kB activa-
tion (Gao et al. 2020). We further assessed the alterations
in the LPS-NF-kB pathway. The LPS stimulation enhanced
the expression of NF-kB p-P65 and p-IkB in BV-2 cells,
detected by Western blot assay (Fig. 3). Simultaneously,
the LPS-induced NF-kB activity was further enhanced by
siSTAMP2 transfection, which was reflected by dramati-
cally increased p-P65 and p-IkBa (Fig. 3). Nevertheless,
the NF-kB pathway activation was suppressed in BV-2 cells
transfected with STAMP2°F (Fig. 3). These results sug-
gested that STAMP2 could eliminate LPS-induced neural
inflammation by blocking the NF-kB nuclear translocation.

STAMP2 relieves microglial neurotoxicity

It has been established that activated microglia can medi-
ate neurotoxic effects by producing numerous pro-inflam-
matory cytokines. To determine whether STAMP2 could
protect neurons from neurotoxicity via limiting microglial
activation, microglia culture mediums (MCM) treated with
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LPS (1 pg/mL) for 24 h with or without STAMP2°E plasmid
transfection were added to HT22 cells. Neuronal viabilities
were evaluated using the CCK-8 assay after HT22 cells were
incubated with conditional medium for 24 h. The results
showed that the viability of HT22 cells was increased by
L-STAMP2-MCM stimulation, while L-MCM caused a sig-
nificant decrease in HT22 cell viability (Fig. 4A). In addi-
tion, the LDH release assay showed that L-MCM markedly
enhanced the generation of LDH from HT22 neurons. In
contrast, L-STAMP2-MCM reduced LDH compared with
L-MCM (Fig. 4B), which suggests that STAMP?2 could alle-
viate the cytotoxic caused by LPS. Similarly, TUNEL results
showed that apoptotic rate of HT22 cells was significantly
inhibited with MCM from TAMP2°F transfection BV-2
cells, compared with L-MCM (Fig. 4C, D). These results
indicated that STAMP2 could attenuate inflammation-
related neuronal toxicity in LPS-activated microglia.

Discussion

In this study, we discovered that LPS-induced BV-2 cell
inflammation and HT22 cell neuronal injury, as demon-
strated by the increased production of pro-inflammatory
cytokines, ROS, and glutamate, which were restored by
STAMP2. Mechanistic studies showed that LPS elicited
the activation of the NF-kB signaling pathway. In addition,
the LPS-dependent NF-kB activation could be reversed
by STAMP2. To gain a deeper understanding, relevant
cell experiments were conducted, and the results revealed
that LPS-induced microglial inflammation was exacer-
bated by STAMP2 siRNA, while mitigated by STAMP2°E

transfection, as evidenced by the downregulation of IL-1p,
IL-6, ROS, and glutamate. These findings indicated that
the expression of STAMP2 prevented HT22 cells from
LPS-caused cell inflammation and neurotoxicity, which
may have significant implications for neuronal degenera-
tion diseases.

Neurodegenerative diseases manifest as pathological
changes of apoptosis or necrosis of hippocampal neuronal
cells after brain damage caused by various internal and
external stimuli, most of which are abnormal stimulation
of microglia in the CNS system (Cerbai et al. 2012; Lana
et al. 2021). LPS has long been used to construct the in vitro
model of neuroinflammatory disease, and LPS stimulation
could cause a cascade of inflammatory responses, leading
to the influx of inflammatory mediators, excessive ROS
responses, and neurotoxicity, thereby resulting in neuronal
death (Gui et al. 2021; He et al. 2021; Liu et al. 2021; Sato
et al. 2021; Zhuang et al. 2021). Previous research has
shown that LPS does not directly harm hippocampus HT22
cells, but instead induces neuroinflammation by triggering
abnormally activated microglia (Calvo-Rodriguez et al.
2017). As shown in this study, we successfully developed an
inflammation model by treating BV-2 cells with LPS, which
triggered the massive release of pro-inflammatory factors,
ROS, glutamate, and the phosphorylation of NF-kB-related
proteins. Thereafter, we obtained CM from LPS-induced
BV-2 cells to culture HT22 cells. Results showed that LPS
elicited neuroinflammation in BV-2 cells through upregulat-
ing of NF-kB p65 and IkBa nuclear translocation and pro-
ducing neurotoxicity to HT22 cells, resulting in apoptosis.
Therefore, inhibition of LPS-induced cell inflammation may
be crucial for the treatment of neurodegenerative diseases.
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Fig.4 STAMP2 relieves microglial neurotoxicity. BV-2 cells were
treated with LPS (1 ug/mL) for 24 h, with or without STAMP2°E
plasmid transfection. The medium from BV-2 was added to culture
HT22 cells. A CCK-8 experiments were carried out to assess cell
viability. ***P <0.001 vs the control group. P <0.01 vs LPS +siST-
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AMP2-treated groups. B The release of LDH was measured by
LDH Assay Kit. **#P <0.001 vs the control group. ***P <0.001 vs
LPS +siSTAMP2-treated groups. C, D The cell apoptosis rate of
HT22 cells was examined using flow cytometry. ***P <0.001 vs the
control group. ***P <0.001 vs LPS +siSTAMP2-treated groups
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Accumulating evidence suggests that STAMP2 pro-
tects against inflammatory responses. Specifically, as an
anti-inflammatory mediator, the lack of STAMP?2 expres-
sion in mononuclear cells was associated with the advent
of obesity and glycemic recognition (Shayo et al. 2022).
However, its function in neuroinflammation is unclear. In
our study, we noticed a decrease in STAMP2 expression
in microglial BV-2 cells over time with LPS stimulation,
indicating a role in the regulation of LPS-induced inflam-
matory responses. To clarify these effects, we transfected
BV-2 cells with STAMP2 siRNA or STAMP2°E. The results
suggested that downregulation of STAMP2 causes signifi-
cant increases in IL-1p, IL-6, ROS, and glutamate release,
as well as the expression of p-P65 and p-IkBa, which are
induced by LPS. In contrast, STAMP2C°E attenuated the
exaggerated inflammation and oxidative stress of LPS. In
addition, CCK-8 and flow cytometry assays indicated that
STAMP?2 could attenuate microglia inflammation and neu-
rotoxicity, thereby promoting HT22 cell viability and reduc-
ing apoptosis. This clarifies the anti-inflammatory effect of
STAMP?2 on microglia and its protective effect on neuronal
cells. Furthermore, studies have reported that certain medi-
cine may impact STAMP2 expression level. For example,
cilostazol, as a therapeutic drug, upregulated the expression
of STAMP2 in hepatic tissues (Oh et al. 2018). These find-
ings suggested that STAMP?2 had the potential to be explored
as a new therapeutic target for the prevention and manage-
ment of neuroinflammatory diseases.

In conclusion, our results revealed that STAMP2 inhib-
ited the NF-kB pathway to reduce the inflammatory response
stimulated by LPS in the murine BV-2 cells. Furthermore,
STAMP?2 relieves the neurotoxicity caused by activated
microglia. These findings provide a novel therapeutic target
with anti-inflammation and neuroprotective effects on pre-
venting or reducing the development of neurodegenerative
disease.
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