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ARTICLE INFO ABSTRACT

Keywords: Sepsis is one of the most significant challenges in intensive care units, which is associated with increased
TRPM2 morbidity and mortality. Sepsis-associated encephalopathy (SAE) is a severe complication which can cause death
Sepsis and serious disabilities. Calcium signaling in astrocyte is essential for cellular activation and the potential re-

ASfterCyte g solution of infection or inflammation in SAE patients. The transient receptor potential melastatin 2 (TRPM2)
K‘p;":;‘;tory mediators channel has been identified as a unique fusion of a Ca®>*-permeable nonselective cation channel, which plays an

important role in inflammation and immune response. Because of its role as an oxidative stress sensor in as-
trocytes, we investigated the function of TRPM2 in inflammation mediators (interleukin (IL)-1(3, IL-6 and tumor
necrosis factor (TNF)-a) release, Bcl-2/E1B-19 K-interacting protein 3 (BNIP3), apoptosis inducing factor (AIF)
and Endonuclease G (Endo G) expression. We showed that TRPM2-KO mice, when intraperitoneally (i.p) injected
with LPS, exhibited better neurologic assessment scores and decreased inflammatory injury in hippocampal
neurons compared with wild-type (WT) mice. The absence of TRPM2 triggered less production of inflammatory
mediators (IL-1fB, IL-6, TNF-a) and decreased apoptosis related proteins (BNIP3, AIF, Endo G) expressions in
response to LPS induced sepsis. Furthermore, TRPM2-deficient astrocytes (transfected with TRPM2 siRNA) upon
LPS stimulation also induced decreased IL-1B, IL-6 and TNF-a level. Our data suggested that decreased pro-
duction of inflammatory cytokines and apoptosis related proteins with TRPM2 deletion could regulate in-
flammatory stress and decrease inflammatory injury in hippocampal neurons, and consequently, ameliorate
brain disorder.

1. Introduction lethargy, delirium and coma [5]. The mechanism underlying SAE in-
volves inflammatory and noninflammatory processes that affect en-
dothelial cells, glial cells and neurons; these processes also disrupt in-

tracellular metabolism and induce a breakdown of the blood-brain

Sepsis is one of the most significant challenges presented by bac-
terium infected patients, surgical patients and trauma victims in in-

tensive care units (ICU) [1,2]. The central nervous system is one of the
first organs to be affected by sepsis. Sepsis-associated encephalopathy
(SAE) is a transient and reversible brain dysfunction, occurring when
the source of sepsis is located outside of the central nervous system. SAE
affects approximately a third of septic patients and is a risk factor for
long term disability and mortality [3-5]. SAE manifests itself with a
range of symptoms ranging from acute impaired attention to confusion,

barrier [6]. Pathological neuronal loss and increased apoptosis have
been reported in various models of sepsis in rodents [7,8], but the
mechanism by which the central nervous system dysfunction induced
by LPS-induced sepsis has not been defined.

The regulation of calcium (Ca%™) influx across the plasma mem-
brane is crucial for immune responses in the central nervous system.
Cytosolic levels of Ca®* control a diverse range of cellular processes,
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including microglia, astrocyte and oligodendrocyte activation, and the
secretion of pro- and anti-inflammatory cytokines [9-11]. Transient
receptor potential melastatin 2 (TRPM2, also called TRPC7 or LTRPC2),
which is a member of the melastatin subfamily of TRP channels, has
been identified as a unique fusion of a Ca®*-permeable nonselective
cation channel [12]. It is highly expressed in brain and abundantly in
immunocytes including monocytes, neutrophils and macrophages
[13,14]. In brain, TRPM2 is indispensable component in the regulation
of Ca®* homeostasis significantly impacting the function of astrocyte.

Detailed characterization of TRPM2-genetically deficient mice in
different inflammatory models has revealed the involvement of this
channel in various aspects of innate immunity. Yamamoto et al. re-
ported that TRPM2 disruption can attenuate macrophage inflammatory
protein-2 (CXCL2) expression, neutrophil infiltration and ulceration in
the dextran sulfate sodium-induced colitis inflammation model [14]. Di
et al. proposed that TRPM2 protects mice through inhibition of the
membrane NAPDH-oxidase complex in phagocytic cells in an en-
dotoxin-induced lung inflammation model [15]. In contrast, Knowles
et al. proposed that TRPM2 deficient mice are more vulnerable to in-
fection with Listeria monocytogenes than wild-type mice [13]. The di-
versity of these findings suggests that TRPM2 may play distinct roles
under different inflammatory situations. It is therefore important to
clarify the mechanisms by which TRPM2 activation may exert a pro- or
anti-inflammatory function in sepsis-associated encephalopathy (SAE).

TRPM2's sensitivity toward reactive oxygen species (ROS), tumor
necrosis factor (TNF)-a, and elevated its intracellular expression sug-
gested that it might be important for inflammatory processes [16,17].
Inflammatory mediators such as IL-1f, IL-6 or TNF-a can induce ab-
normal neurotransmitter composition of the reticular activating system,
impair neuroglia function, and cause neuronal degeneration and ne-
crosis. Thus, we hypothesized that TRPM2 cation channel might be
involved in the release of inflammatory mediators and development of
neurologic dysfunction during sepsis. However, there have been no
reports regarding the effects of TRPM2 cation channel on the cytokines
production in astrocytes and brain disorder induced by sepsis.

This study investigated how TRPM2-mediated functions affect
neuroethology changes, inflammation mediators release and apoptosis
related proteins expressions of LPS infected mouse sepsis model. Our
findings reveal that the absence of TRPM2 results in decreased pro-
duction of inflammation mediators (IL-1f, IL-6, TNF-a) and apoptosis
related proteins (BNIP3, AIF and Endo G). The loss of TRPM2 results in
decreased hippocampal neurons injury, and consequently, ameliorates
brain disorder.

2. Materials and methods
2.1. Animals

Trpm2-knockout (TRPM2-KO) mice were obtained from Department
of Synthetic Chemistry and Biological Chemistry, Kyoto University,
Japan [18], and they (backcrossed for 12 generations onto the C57BL/6
background) were maintained in our laboratory. The mice used in our
study were littermates which were bred from Trpm2*/~ mice in the
Medical Institute Animal Center of Zhejiang University. All experiments
were conducted in accordance with the ethical guidelines for animal
experiments of Zhejiang University Medical College Ethics Committee.
Male mice aged 6-8 weeks and weighing 22-26 g were used in this
study. They were group-housed 2-6 mice per cage with free access to
food and water and kept at a constant ambient temperature of
24 = 2°C under a 12 h light/dark cycle.

2.2. Experimental protocol
The study was designed to include three sets of experiments: 1)

assessment of neuroethology, 2) measurements of cytokines, BNIP3, AIF
and Endo G in vivo experiment, and 3) studies of TRPM2 transfection in
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vitro experiment. The in vitro or in vivo experiments were respectively
performed 5 times. Sepsis was induced by intraperitoneally (i.p) in-
jection of LPS, as described by Wichterman et al. [19]. Male C57BL/6
WT or Trpm2-KO mice were randomly divided into four groups as fol-
lows: Group 1, WT-saline group (0.5 mL of saline i.p injected in WT
mice, n = 25); Group 2, WT-LPS group (LPS [50 mg/kg, Sigma] i.p
injected in WT mice, n = 25); Group 3, KO-saline group (0.5mL of
saline i.p injected in Trpm2-KO mice, n = 25); Group 4, KO-LPS group
(LPS [50mg/kg, Sigma] i.p injected in Trpm2-KO mice, n = 25). In in
vivo experiment, we used four groups as follows: the control group
(astroglia cell + PBS), TRPM2-siRNA group (astroglia cell + TRPM2-
siRNA), LPS group (astroglia cell + PBS + LPS), LPS + TRPM2-siRNA
group (astroglia cell + TRPM2-siRNA + LPS).

2.3. Neurologic assessment

Four groups of mice (n = 10 per group) were neurologically as-
sessed at 3, 12, 24 and 48 h after LPS injection, as described by Kadoi
et al. [20]. The pinna reflex was assessed by lightly touching the au-
ditory meatus of the ear to elicit a head shake (normal, 2 points; weak
[loss of reflex for 10s], 1 point; none [loss of reflex for > 30s], 0
points). The corneal reflex was evaluated by lightly touching the cornea
with a cotton swab to elicit a head shake (normal, 2 points; weak [loss
of reflex for 10s], 1 point; none [loss of reflex for > 30s], O points).
The paw or tail flexion reflex was assessed by briefly pinching the hind
paw or tail to elicit a withdrawal response (normal, 2 points; weak [loss
of reflex for 10s], 1 point; none [loss of reflex for > 30s], O points).
Righting reflex was tested by placing the animal on its back and mea-
suring the time it took to return to a spontaneous upright position
(normal, 2 points; weak [loss of reflex for 10s], 1 point; none [loss of
reflex for > 30s], O points). The escape response was assessed by
briefly pinching the tail of the animal to elicit locomotive activity away
from the noxious stimulus (normal, 2 points; weak [loss of reflex for
10s], 1 point; none [loss of reflex for > 30s], 0 points). Maximal ob-
tainable scores were 10 points. The pinna reflex, the corneal reflex, the
paw or tail flexion reflex were used to assess simple nonpostural so-
matomotor function, and the righting reflex, the escape response were
to assess complex postural somatomotor function as reported pre-
viously. Neurologic assessments were made at the appropriate times by
an observer who was blinded to the treatment the mice had received.

2.4. Tissue fixation, histopathological examination and immunofluorescent
staining

Four groups of mice (n = 5 per group) were i.p injected with chloral
hydrate (0.3ml/100g) for deep anesthesia and killed at 24 h after
treatment with LPS (50 mg/kg) or same volume of saline. Mice were
perfused transcardially with 0.9% saline, followed by 10% paraf-
ormaldehyde in 0.1 M phosphate-buffered saline (PBS) (pH7.4). The
brains were removed and cut coronally 2-3 mm in front of the ventral
optic chiasm and back along the leading edge of the pons. The middle
part of brain was immersed in 4% paraformaldehyde and kept at 4 °C in
a refrigerator for 24 h. Then, the section was dehydrated in graded
ethanol, embedded in paraffin, and coronal serial sections were cut
with a slice thickness of 4 um. Brains were stained with HE to assess for
evidence of cyst formation or areas of loss of normal cellular archi-
tecture.

For immunofluorescent labeling of glial fibrillary acidic protein
(GFAP), markers of glial cells, sections were treated to denaturate DNA
(2.4 N HCI for 20 min at 37 °C) and incubated overnight in anti-GFAP
(1:1000; Abcam company, UK, Catalog #ab7260) in PBST containing
5% normal goat serum. FITC conjugated secondary antibodies (1:100;
Zymed) were added, and the sections were held at 37 °C for 40 min,
followed by counterstaining with DAPI for 1 min. Immunofluorescent
labeling of TRPM2 (1:1000, Abcam company, UK, Catalog #ab11168)
was done as before. Fluorescently labeled sections were imaged by a



T. Zhu, et al. International Immunopharmacology 75 (2019) 105836

Table 1
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cocoocoo®

= HoH H H H T

. . . . £ =]

confocal laserscanning microscope (Zeiss LSM 510 Meta; Carl Zeiss Sl aaaaas

Microlmaging, Inc., Jena, Germany). Images were acquired using Zeiss <
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LSM software. SSoco o
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2.5. Quantitative real-time Polymerase Chain Reaction | mmEAm

Quantitative-PCR amplification was performed in an ABI PRISM cocoooo :

7500 Real-Time PCR System (ABI/PE, Foster City, CA, USA). SYBR A

| NN

Green (TAKARA company, China) was used for the quantitation of PCR

reactions. The cDNA was synthesized by MMLV reverse transcriptase S9zzzs
(Superscript-Invitrogen, Carlsbad, CA, USA). The sequences of the pri- O H 44 :
mers for IL-13, IL-6 and TNF-a and B-actin (TAKARA company, China) S =N NI

~ — = = A

were described in Table 1. B-actin was used as internal control to
standardize the amount of cDNA added to the reaction. The real-time coooo
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PCR was carried out in two steps: (1) initial denaturation at 94 °C for = paon
2min; (2) 40cycles at 94°C for 15s and 60 °C for 45s. Reactions ol
without template served as negative controls. The Ct value of the target N
gene was normalized to the levels of B-actin from the same sample as an Scccon
internal control. Thus, the ACt value was defined as the absolute value o 2 :: : : +H
of the difference between the Ct value of the target gene and p-actin for s | S"SssS2
each sample. ACt = Ct (target gene) - Ct (B-actin). The AACt was de-
termined by subtracting the mean ACt of the control group. We used the ©eoceoco :
2744% method to calculate target gene changes compared to controls. - hoaan S
2.6. Western blot analysis 33333 p
HOH H A H g
Hippocampus tissues corresponding to each group (n = 5 per group) ol 583338
were homogenized in RIPA buffer. Samples were centrifuged at 12,0008
(=]

for 5Smin at 4°C. Protein concentration was measured using BCA ©ocooo

method. Fifty micrograms protein extracts were resolved on 8-10% SDS é - :]' :;' ;‘ :;' ;' ;

polyacrylamide gels and electrotransferred onto polyvinylidene

fluoride (PVDF) membranes (Amersham) using a BioRad gel blotting eiia B R B e

apparatus. Nonspecific binding of antibody was blocked by incubation 2 HoHHOHOH g

in 5% milk powder in T-TBS (20 mM Tris-HCl, 150 mM NacCl, 0.1% 3 T T A

Tween 20) at room temperature for 2h. Membranes were incubated & N A

overnight at 4 °C with primary antibody (BNIP3 1: 3000, Abcam com- 2 coooo®

pany, UK, Catalog# 3485-1; AIF 1:1000, Abcam company, UK, g :]' :;' :]‘ :]' :;' 2

Catalog# 3322-1; Endo G 1:2000, Abcam company, UK, Catalog# o “ o

2105-1). The next day, the membranes were washed three times in T- E LR 5|

TBS (containing 0.1% Tween 20 and TBS buffer) for 10 min each. S HoH oA ‘: g .

Membranes were incubated for 2h with secondary antibody at room é Q0N A < %‘

temperature and washed three times in T-TBS. To confirm equivalent go o ™ & ] 5

loading of samples, the same membranes were incubated with f-actin 5 coococo® T{,“ g §

antibody. Peroxidase was visualized by enhanced chemiluminescence ‘E = :1' L' ;‘ :1' ;' ;' e SOE'

(ECL Plus Detection Kit, Beyotime) and exposure to ECL films S| ! A g g

(Amersham, UK) for appropriate times. The bands of Western blots § % & = ;

were quantitated by densitometry and normalized with B-actin using 5] % = E >

Image Pro Plus software. E g . E ¢ )

2.7. Astrocyte culture and transfection g g E N % .TE“ = ‘\:/’
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Culture of primary astrocyte was prepared from the brains of =5 SSE285 |2«

postnatal 1-3 days old C57BL/6 neonatal mice as previously described g2 oS “
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[21,22]. Briefly, the brains were freed from meninges, and digested
enzymatically with 0.25% trypsin (Sigma-Aldrich) and 0.25% DNAse
(Roche, Mannheim, Germany). Single cell suspensions obtained were
seeded into poly-i-lysine-coated T 75mm? culture flasks in medium
consisting of Dulbecco's Modified Eagle's Medium (DMEM) + r-Gluta-
mine + 4.5 g/L p-Glucose (Sigma-Aldrich, St. Louis, MO) supplemented
with 10% fetal bovine serum FCS, 50 U/ml penicillin, and 50 pg/ml
streptomycin (all Biochrom AG, Berlin, Germany). The cultures were
maintained at 37 °C with 5% CO, and 95% air. Culture medium was
changed every other day. After 10 days, cultures were put on an orbital
shaker at 37 °C and 180 rpm for 30 min to remove the microglia. Re-
maining oligodendrocyte precursor cells were eliminated by shaking at
37°C and 240rpm for 6 h in an orbital shaker. Astrocytes were har-
vested from the culture flasks by mild trypsinization and were replated
into 6-well plates at a density of 3 x 10> cells per well. Five days after
replating, cultures consisted of at least 95% astrocytes as determined by
GFAP (1:1000; Abcam company, UK, Catalog #ab7260) immuno-
fluorescence staining. Astrocytes at approximately 80% confluency
were incubated and stimulated with LPS.

Astrocytes (3 X 10° cells/well) were cultured in 6-well plates, and
transfected with TRPM2 siRNA (Santa Cruz, America, Catalog #sc-
42,674) or empty vector using HiPerFect ®Transfection Reagent
(QIAGEN, German) following the manufacturer's instructions. Three
candidates of TRPM2 siRNA were initially tested for validation on as-
trocytes using RT-PCR, and the following sequence was chosen: Sense
5’-[GAUAACAACCUGCGCAUCACCAAUUGG], Antisense 5’-[CCAAUU
GGUGAUGCGCAGGUUGUUAUC]. Astrocytes were transfected with
TRPM2 siRNA using the gene silencing method as previously described
[23].

2.8. MTT assay and cell viability in primary astrocytes

Cell viability was measured by quantitative colorimetric assay with
MTT-tetrazolio (MTT), as described previously [24]. Primary astroglia
cells (3 x 10° cells/well) were seeded in 96-well plates for 24 h in 5%
CO, at 37°C without treatment or treated with Lipopolysaccharide
(LPS, Sigma-Aldrich, 10.0 ug/ml). Briefly, after TRPM2 siRNA trans-
fected astroglia cells were incubated for 24 h and 48h, 50 ul MTT so-
lution (0.5mg/ml) was added for 4h incubation respectively. After-
wards, supernatants were removed and cells were solubilized with
150 pl DMSO to detect the intracellular formazan crystals formed in the
viable cells. Finally, the absorbance of each well was measured at

—@— WT-saline plus KO-saline

12 1 —8— WT-LPS
—A— KO-LPS
104 e s s Y

©
A
*
>

Total score
(2]
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550 nm by using an ELISA reader as described by the manufacturer.

2.9. Elisa analysis

Supernatant obtained from in vitro cultures was analyzed for IL-1f3
(R&D Company, America, Catalog #MLB00C), IL-6 (R&D Company,
America, Catalog #M6000B) and TNF-a (R&D Company, America,
Catalog #MTAOOB) following the guidelines of the manufacturer's
protocol.

2.10. Statistical analysis

All data are presented as the means + SD. To analyze neurologic
assessment, IL-1f3, IL-6 and TNF-a mRNA expression in astrocytes, the
average value of different time point was calculated and evaluated by
One-way repeated measures ANOVA. Data from HE, immuno-
fluorescent staining, RT-PCR, Western blot and MTT assay were ana-
lyzed using One-way ANOVA followed by the Tukey's Multiple
Comparison Test. P value < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. TRPM2 knockout ameliorates neuroethology in LPS-induced endotoxin
sepsis mice

The neurological assessment of the four groups of mice was shown
in the Table 2. Neurologic dysfunction appeared approximately 1h
after LPS injection in mouse experimental model. There was significant
decrease in the total score of WT-LPS and KO-LPS groups. The pinna
reflex, corneal reflex, paw or tail flexion reflex, righting reflex and es-
cape response were all significantly decreased in the WT-LPS and KO-
LPS groups compared with WT-saline group at 3, 12, 24 and 48 h after
LPS injection (all “P < 0.05). The total score reached the lowest value
at 12h after LPS injection. And the value of total score was notably
higher in the KO-LPS group than that in the WT-LPS group at 12h
(AP < 0.05) and 24h (4P < 0.05). In contrast, no significant
changes in total score were found in the WT-saline and KO-saline
groups (all P > 0.05) (Fig. 1).

Fig. 1. TRPM2 knockout ameliorates neuroethology in sepsis
mice. The total scores are all significantly decreased in the
WT-LPS and KO-LPS groups compared with WT-saline group
at 3,12, 24 and 48 h (all *P > 0.05). The total scores of 12h
and 24 h are notably higher in the KO-LPS group than those in
the WT-LPS group (4P < 0.05). In contrast, no significant
changes in total score are found in the WT-saline and KO-
saline groups (all *P > 0.05).
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Fig. 2. TRPM2 knockout attenuates pathologic changes in hippocampus. Histological results (10 x, 40 x ) illustrate the pathologic changes in hippocampus. The size
and appearance of neurons are normal in the WT-saline (Fig. 1A, A1) and KO-saline (Fig. 1B, B1) groups. Degenerative changes are common in hippocampus of WT-
LPS (Fig. 1C, C1) group. Less degenerative changes are found in the KO-LPS (Fig. 1D, D1) group. Quantitative data are expressed as total number of degenerative
neurons (Fig. 1E). Scale bars = 100 um (A-D), 50 um (A1-D1), Bars represent mean + SD, *P < 0.05,n = 5.

3.2. TRPM2 knockout attenuates pathologic changes in hippocampus

Fig. 2 showed the pathologic changes in hippocampus of the four
groups of mice. The size and appearance of neurons were normal in the
WT-saline (Fig. 2A, Al) and KO-saline (Fig. 2B, B1) groups. Degen-
erative changes such as pyknotic nuclei of neurons, darker-staining
cytoplasm and vacuolization were common in hippocampus of WT-LPS
group (Fig. 2C, C1). Less degenerative changes were found in the KO-
LPS group (Fig. 2D, D1). The number of degenerative neurons was
significantly decreased in KO-LPS group compared to WT-LPS group

(WT-saline:  2.00 = 0.71, KO-saline: 1.80 *+ 0.84, WT-LPS:
8.40 = 2.07, KO-LPS: 5.40 * 1.14; F16) = 28.94, P < 0.01)
(Fig. 2E).

3.3. TRPM2 knockout reduces GFAP-positive astrocytes in hippocampus

In order to confirm that GFAP reduction by TRPM2 knock-down
occurs in mouse brain, we used immunofluorescent staining to examine

GFAP expression in hippocampus. Our data showed that TRPM2
knockout mice could show reduction of GFAP-positive astrocytes after
LPS  administration (WT-LPS: 1204.80 = 115.90, KO-LPS:
718.00 = 111.46, Fy g = 45.83, P < 0.01) (Fig. 3).

3.4. TRPM2 knockout decreases IL-1f3, IL-6 and TNF-a mRNA expression
levels in vivo

One-way ANOVA analysis showed that there was a significant dif-
ference of IL-13 mRNA expression in the four groups (F(3 16) = 9.96,
P < 0.01) (Fig. 4A). There was a significant increase of IL-1 mRNA
expression in the WT-LPS group among four groups. The IL-13 mRNA
expression was significantly decreased in the KO-LPS group compared
to the WT-LPS group (WT-saline: 1.00 + 0.00, WT-LPS: 3.39 = 1.54,

KO-saline: 1.00 = 0.04, KO-LPS: 1.78 * 0.41; F 16 = 9.96,
P < 0.01) (Fig. 4A). Similar changes were observed in IL-6 mRNA
(WT-saline:  1.00 = 0.00, WT-LPS: 1.49 *= 0.20, KO-saline:

1.00 = 0.04, KO-LPS: 1.25 * 0.08; Fs16 = 22.67, P < 0.01)
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Fig. 3. TRPM2 knockout reduces GFAP-positive astrocytes in hippocampus. Immunofluorescent staining image (40 x ) of GFAP (green) in hippocampus from mice in
the (A) WT-LPS, (B) KO-LPS group. Nuclei are counterstained with DAPI (blue). C, Quantitative data are expressed as the total number of GFAP-positive astrocytes.
Scale bars = 50 pm, Bars represent mean * SD. *P < 0.05, n = 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 4. TRPM2 knockout decreases IL-1f, IL-6 and TNF-a mRNA expression in vivo. The IL-1B (A), IL-6 (B) and TNF-a (C) mRNA expressions are significantly
increased in the WT-LPS group. They are significantly decreased in the KO-LPS group compared with the WT-LPS group. Data represents mean *= SD. * P < 0.05,

n=>5.

(Fig. 4B) and TNF-a mRNA expressions (WT-saline: 1.00 + 0.00, WT-
LPS: 17.63 + 3.00, KO-saline: 1.00 = 0.04, KO-LPS: 7.65 * 2.39;
Fi16) = 84.06, P < 0.01) (Fig. 4C). The primers of IL-1f, IL-6 and
TNF-a were seen in the Table 1.

3.5. TRPM2 knockout decreases BNIP3, AIF and Endo G protein
expressions in vivo

To investigate the mechanisms underlying the potential apoptosis in

LPS-induced sepsis, we examined the hippocampal expressions of
BNIP3, AIF and Endo G protein levels. Western blot analysis showed
that there was a significant difference of BNIP3 protein expression in
the four groups (Fz16) = 176.53, P < 0.01) (Fig. 5A). There was a
significant increase of BNIP3 protein expression in the WT-LPS group.
The BNIP3 protein expression was significantly decreased in the KO-LPS
group compared with the WT-LPS group (WT-saline: 0.88 * 0.01, KO-
saline: 0.82 + 0.06, WT-LPS: 1.43 + 0.06, KO-LPS: 0.66 + 0.07;
F16) = 176.53, P < 0.01) (Fig. 5A). Similar changes were observed
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in AIF protein (WT-saline: 0.36 *+ 0.02, KO-saline: 0.49 = 0.03, WT-
LPS: 0.59 + 0.05, KO-LPS: 0.25 = 0.02; F31¢) = 98.61, P < 0.01)
(Fig. 5B) and Endo G protein expressions (WT-saline: 0.70 = 0.06, KO-
saline: 0.71 = 0.05, WT-LPS: 1.05 = 0.06, KO-LPS: 0.55 * 0.04;
Fs16) = 80.10, P < 0.01) (Fig. 5C).

3.6. LPS stimulation increases IL-1f3, IL-6 and TNF-a levels in astrocyte

We evaluated the effect of LPS on regulation of cytokines production
through Elisa analysis. Astrocyte was isolated from WT mice and cul-
tured with or without LPS. After astrocyte culture for 7 days (Fig. 6), we
measured IL-1f, IL-6 and TNF-a levels at 2, 6, 12, 24 and 48 h following

LPS stimulation. One-way repeated measures ANOVA analysis showed
that there was a significant increase of IL-1(3 level in astrocyte after LPS
stimulation. (Fig. 7A). Similar changes were observed in IL-6 (Fig. 7B)
and TNF-a level in astrocyte after LPS stimulation (Fig. 7C).

3.7. TRPM2 transfection affects astroglia cell viability, TRPM2 and GFAP
expression

We aimed to detect the physiological function of TRPM2 on astro-
glia cell viability after LPS stimulation. To achieve this goal, we de-
pleted the expression of TRPM2 by its siRNA in astrocyte. Real-time RT-
PCR was used to detect the efficacy of TRPM2 siRNA in astroglia cells.
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The results from our RT-PCR showed that TRPM2 siRNA significantly
inhibited the TRPM2 mRNA level in astroglia cells compared to control
group. After LPS stimulation, TRPM2 mRNA level in astroglia cells can
be significantly increased. However, the increased TRPM2 mRNA level
in astroglia cells was remarkably decreased in LPS + TRPM2 siRNA
group (Control: 1.00 * 0.00, TRPM2-siRNA: 0.63 * 0.09, LPS:
2.80 = 0.56, LPS + TRPM2-siRNA: 1.44 * 0.41; F16) = 36.32,
P < 0.01) (Fig. 8). In line with this, our Western blot results identified
that TRPM2 siRNA remarkably suppressed the expression of GFAP in
astroglia cells (Fig. 9A). The GFAP protein expression was less in the
LPS + TRPM2-siRNA group than that in the LPS group. (Control:

0.88 =+ 0.12, TRPM2-siRNA: 0.94 + 0.07, LPS: 1.73 = 0.20,
LPS + TRPM2-siRNA:  1.06 = 0.14; Fgs16 = 41.57, P < 0.01)
(Fig. 9B).

To explore whether downregulation of TRPM2 affect astroglia cell
viability, we performed cell viability assay by MTT in astrocytes
transfected with TRPM2 siRNA. The results from MTT showed that
there was no significant difference in astroglia cell viability between
control and TRPM2 siRNA group. After LPS stimulation for 24 h, as-
troglia cell viability of the LPS group was higher than the Control
group. Downregulation of TRPM2 could inhibit astroglia cell viability
in the LPS + TRPM2-siRNA group and showed no significant difference
with Control group (Control: 100.24 + 4.54, TRPM2-siRNA:
91.06 = 5.28, LPS: 121.10 £ 9.32, LPS + TRPM2-siRNA:
103.80 = 5.64; F(316) = 18.89, P < 0.01) (Fig. 10A). After LPS sti-
mulation for 48 h, astroglia cell viability was significantly decreased in
the LPS group. However, downregulation of TRPM2 could ameliorate
astroglia cell viability (Control: 100.20 + 6.94, TRPM2-siRNA:
97.95 = 4.21, LPS: 78.82 = 7.27, LPS + TRPM2-siRNA:

3.8. TRPM2 transfection deceases IL-1f3, IL-6 and TNF-a level in astrocyte
after LPS stimulation

We examined the effect of TRPM2 transfection on IL-1f level in
astrocyte after LPS stimulation. One-way ANOVA analysis showed that

International Immunopharmacology 75 (2019) 105836

Fig. 6. Identification of primary astroglia cells.
Primary astroglia cells are stained with GFAP (green)
(B, B1). Nuclei are counterstained with DAPI (blue)
(A, Al). Scale bars = 50um (63x, A-C); 10um
(126 x, A1-C1). (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)

there was no significant change of IL-1f level in the control group and
TRPM2-siRNA group. A significant increase of IL-1p appeared in the
LPS group compared to Control and TRPM2-siRNA groups. After
TRPM2 transfection, there was a notable decrease of IL-1f in the
LPS + TRPM2-siRNA group (Control: 84.90 + 10.95, TRPM2-siRNA:
48.10 = 17.43, LPS: 832.20 = 176.75, LPS + TRPM2-siRNA:
534.80 * 171.25; F(336) = 93.04, P < 0.01) (Fig. 11A). Similar re-
sults were found in IL-6 level (Control: 59.80 = 13.46, TRPM2-siRNA:
26.70 = 2.50, LPS: 1604.00 = 183.77, LPS + TRPM2-siRNA:
1230.40 + 208.48; F(36) = 337.22, P < 0.01) (Fig. 11B) and TNF-a
level (Control: 79.20 + 11.32, TRPM2-siRNA: 45.20 + 8.72, LPS:
191.70 * 10.07, LPS + TRPM2-siRNA: 145.70 = 20.68;
Fi36) = 235.99, P < 0.01) (Fig. 11C) in astrocyte after TRPM2
transfection.

4. Discussion

Sepsis associated encephalopathy (SAE) is a diffuse cerebral dys-
function resulted by systemic inflammatory response. Although the
mechanism of the cerebral dysfunction is unclear, the central nervous
system was proved to be one of the first organs to be affected by sepsis.
The primary clinical feature of SAE is a change in mental status. Mildly
encephalopathy patients demonstrate an acute fluctuating confusional
state and inappropriate behavior. However, more severe patients show
delirium, agitation or coma. The SAE can be classified as early-onset
septic encephalopathy that presents before multiple organ failure
(MOF) occurs and lately-onset encephalopathy that is accompanied by
MOF such as hypotension, respiratory failure and other systemic phe-
nomena [25]. The clinical cardinal feature of SAE is a diffuse dis-
turbance in cerebral function without clinical or laboratory evidence of
direct brain infection. In spite of the high mortality rate associated with
this condition, there is no prophylactic or targeted therapy to reduce or
minimize brain damage in septic patients and clinical management is
limited to the treatment of the underlying infection [3].

LPS is widely accepted as a model of endotoxin-mediated in-
flammation, which can mimic the natural response to an infection.
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Furthermore, TRPM2 channel has been found to be implicated in neu-
ronal damage induced by oxidative stress and traumatic brain injury
processes such as inflammation and neuronal death [26-28]. In this
study, we used LPS (50 mg/kg, i.p. injection) induced endotoxin sepsis



T. Zhu, et al.

A

Astroglia Cells 24h

150.0000 T
A%

¥k

=

100.0000+

-

$50.0000+

Astroglia cell viability (%)

s

0.0000

——
LPS
LPS+TRPM2-siRNA

[
Control
TRPM2-siRNA

International Immunopharmacology 75 (2019) 105836

Astroglia Cells 48h
| _[_ I - 1T 1
100.0000 _]._ : I

80.0000

60.0000-

40.00007

Astroglia cell viability (%)

20.0000-

0.0000° | S E

Control
TRPM2-siRNA

[
LPS
LPS+TRPM2-siRNA

Fig. 10. TRPM2 transfection affects astroglia cell viability. A. MTT assay is conducted to measure cell growth in astroglia cells transfected with TRPM2 siRNA after
LPS stimulation for 24 h. B. MTT assay is conducted to measure cell growth in astroglia cells transfected with TRPM2 siRNA after LPS stimulation for 48 h. Data

represents mean = SD. *P < 0.05,n = 5.

model to investigate how TRPM2 affects inflammation and oxidative
stress responses. Neurologic dysfunction was observed approximately
1h in mouse experimental model. And the degree of neurologic im-
pairment achieved to the most serious level at 12 h after i.p. injection of
LPS. Our data demonstrate that TRPM2 KO mice exhibit higher scores
in the pinna reflex, corneal reflex, paw or tail flexion reflex, righting
reflex and escape response as compared to WT mice after LPS injection.
The neurologic dysfunction was significantly attenuated by genetic
disruption of TRPM2. Therefore, we suggest that TRPM2 may play a
crucial role in aggravating sepsis-induced neuro-behavioral changes.

Development of SAE probably involves a number of mechanisms,
including reduced cerebral blood flow and oxygen extraction, altered
blood-brain barrier and cerebral neurotransmission composition, cere-
bral edema, cerebral inflammation with leukocyte infiltration, neuronal
degeneration and activation of glial cell [29-32]. Although the patho-
physiology of sepsis and SAE remains unclear and various mechanisms
have been proposed, it is well established that apoptosis is an important
mechanism during the immunopathogenesis of sepsis [33-35]. Indeed,
increased apoptotic death of neurons has been shown in various brain
regions in response to sepsis [36,37]. In this study, we found obvious
inflammation-mediated hippocampal neurological damage, pyknotic
nuclei of neurons, darker-staining cytoplasm and vacuolization in the
sepsis model. Furthermore, we found that knockout of TRPM2 could
robustly ameliorate LPS-induced hippocampal neuronal pathologic
changes. Therefore, we suggest that TRPM2 may play a crucial role in
aggravating sepsis-induced hippocampal neuronal injury which is clo-
sely associated with neurologic dysfunction.

During evolutionary process of sepsis, neutrophils engulf and kill
pathogens primarily through the generation of reactive oxygen species
(ROS) [38]. TRPM2 is an intracellular ROS sensor that transduces in-
formation to activate Ca®* influx and regulate the membrane potential
[12,39]. TRPM2 plays a role in regulating several key functions of in-
flammation, including specific aspects of the innate immune response
and apoptosis [13,14,18,40]. Binding of the second messengers ADP
ribose (ADPR), nicotinamide adenine dinucleotide (NAD), and H,O, to

10

TRPM2 activates gating through the TRPM2 channel [41-44]. Many
research groups had previously attempted to elucidate the effects of
TRPM2 in distinct models of inflammation or infection. Kaneko et al.
reported that TRPM2 expressed in rat cortical neurons is critically in-
volved in H,O5-induced Ca?" influx that causes neuronal cell death, it
is then possible that Ca®* overload may participate in the development
of Alzheimer's disease [45]. Cook et al. reported increases in TRPM2
mRNA and protein expression in cortical and hippocampal neurons of
experimental traumatic brain injury [46]. Wehrhahn et al. reported that
the exposure to LPS led to increased TRPM2 expression in monocytes
and TRPM2-mediated Ca®* influx induced the production of pro-in-
flammatory cytokines such as IL-6, IL-8 and TNF-a, which might con-
tribute to the exacerbation of inflammation [47]. Because TRPM2 has
been extensively proposed as an oxidative stress sensor and LPS infec-
tion can causes oxidative stress in the brain, we addressed the function
of TRPM2 using 50 mg/kg LPS i.p. injection as our endotoxin sepsis
model. Inflammatory cytokines such as TNF-a and IL-1f3, IL-6, and
complement system are the final common pathway in the pathophy-
siology of brain dysfunction in SAE. TNF-a induces neutrophil in-
filtration of the brain tissue, alteration in blood-brain barrier, neuronal
cell apoptosis, and brain edema. IL-1 and IL-6 stimulates the production
of prostaglandin E-2 by brain endothelial cells, which is responsible for
the activation of hypothalamus pituitary adrenal axis, thereby causing
fever and behavioral alterations [48]. Our findings show that the loss of
TRPM2 results decreased IL-1f, IL-6 and TNF-a mRNA expression in
hippocampus, indicating TRPM2 has a regulatory, pro-inflammatory
function.

Bcl-2/E1B-19 K-interacting protein 3 (BNIP-3) is a BH3-only pro-
apoptotic member of the Bcl-2 family: it mediates cell death via dif-
ferent pathways, including the mitochondrial pathway [49,50]. Apop-
tosis-inducing factor (AIF) is a mitochondrial protein that translocates
to the cytosol and the nucleus, mediating caspase-independent apop-
tosis in a number of model systems [51-55]. Mitochondrial en-
donuclease G (Endo G) participates in mitochondrial DNA copying,
recombination, and repair [56,57], induced by oxidative stress, it
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translocates from the mitochondria to the nucleus [58]. Many research
groups had previously attempted to elucidate the role of BNIP-3, AIF
and Endo G in caspase-independent pathways. Parrish et al. reported
that cps-6 encodes a homologue of Endo G, which is the first mi-
tochondrial protein identified to be involved in programmed cell death
in C. elegans, underscoring the conserved and important role of mi-
tochondria in the execution of apoptosis [59]. Wang et al. proposed that
Endo G released from the mitochondria interacts with AIF in the nu-
cleus and is involved in caspase-independent apoptosis in Cae-
norhabditis elegans [60]. Liu et al. reported that BNIP-3 silencing sig-
nificantly prevented AIF and Endo G translocation and decreased the
apoptosis rate, cytochrome c release, and caspase-9 and caspase-3 ac-
tivation [61]. In our study, data also support the finding that TRPM2
KO mice demonstrated decreased levels of apoptosis related proteins
(BNIP3, AIF and Endo G) compared to WT mice, indicating TRPM2 has
a regulatory, pro-apoptotic function. TRPM2 may be involved in the
caspase-independent apoptotic pathway and it is located upstream of
BNIP-3/AIF/Endo G.

TRPM2, a nonselective Ca>*-permeable channel is abundantly ex-
pressed in the brain, both in microglia, astroglia and neuronal cells.
Bond et al. reported that TRPM2 calcium channel expression in astro-
glia cells could be up-regulated in response to oxidative stress [62].
Astrocytes which form perivascular endfeet at the blood-brain barrier
(BBB) have a particular role in ionic, neurotransmitter and water
homeostasis of the brain [63]. Bowman et al. found that the level of
expression of messenger RNA for Toll-like receptors 4 (TLR4) on pri-
mary murine astrocytes is markedly elevated while exposed to LPS,
which suggested that TLRs can directly recognize highly conserved
bacterial components in astrocytes endfeet and attribute to the action of
cytokines and other acute phase reactants [64]. Because TRPM2 does
correlate closely with astroglia cells activation in inflammation, we
addressed TRPM2 and GFAP expression in astrocytes after TRPM2
transfection. Our findings show that TRPM2 transfection decreases
TRPM2 mRNA and GFAP protein expressions in astrocyte after LPS
stimulation. Data also support the finding that TRPM2 transfection
astrocytes demonstrated decreased IL-1f, IL-6 and TNF-a level after
LPS stimulation, indicating TRPM2 has pro-inflammatory function in
astrocytes.

In summary, it is clear that regulation of inflammation response by
TRPM2 channel is vital for controlling brain disorder in sepsis-asso-
ciated encephalopathy. Here using LPS-induced endotoxin sepsis
model, we provide novel insight into immune regulation by astrocytes
via the nonselective cation channel TRPM2. The absence of TRPM2
results in improved neuroethology, and remissive pathologic changes in
hippocampus and decreased inflammatory cytokines (IL-1f, IL-6 and
TNF-a) and apoptosis related proteins (BNIP3, AIF and Endo G) in
TRPM2 KO mice. The transfection of TRPM2 in astrocytes decreased
production of IL-1f, IL-6 and TNF-a in response to LPS stimulation. Our
data suggest that inhibition of TRPM2 function may provide a ther-
apeutic strategy to control excessive inflammation activity and reduce
brain damage. Alternatively, inhibition of TRPM2 could decrease in-
flammation mediated astrocytes activation and pro-inflammatory se-
cretion during infection. The mechanisms of astrocyte in infection-
mediated brain damage has the potential to open doors to identifying
many molecules that might serve as novel therapeutic targets for a wide
range of neurological disorders. Further studies are required to under-
stand the mechanisms of TRPM2 calcium channel functional expression
in astroglia cells in response to LPS.

In this study, we use a total KO mouse and there are some limita-
tions of our data. Constitutive KO of TRMP2 lacks temporal and spatial
resolution. Constitutive KO of TRMP2 affects neuron development
showing impaired neuron plasticity and increased neurite outgrowth,
which may result in a distinguished baseline before inducing the LPS-
induced endotoxin sepsis model [65]. To avoid such potential dilemma,
conditional KO TRMP2 right before the induction of the model or when
the mice reach adulthood would be ideal. In future studies, conditional
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KO TRMP2 in different cell types (e.g., neuron, astrocytes, microglia)
are also needed to dissect and confirm the source of various cytokines in
vivo.
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