Psychopharmacology (2024) 241:1329-1343
https://doi.org/10.1007/500213-024-06565-1

ORIGINAL INVESTIGATION

®

Check for
updates

Calcitriol attenuates lipopolysaccharide-induced neuroinflammation
and depressive-like behaviors by suppressing the P2X7R/NLRP3/
caspase-1 pathway

Changshui Wang' - Changmeng Cui’ - Xin Xie?3 - Beibei Chen*3 - Lei Feng* - Pei Jiang??

Received: 28 January 2023 / Accepted: 22 February 2024 / Published online: 27 February 2024
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

Rationale Microglia-mediated neuroinflammation is a vital hallmark in progression of depression, while calcitriol exerts
anti-inflammatory effects in the brain. The activation of the P2X7 receptor has an important link to neuroinflammation.
However, it is unclear whether calcitriol treatment exerts anti-inflammatory effects in association with P2X7R activation.
Objective In this study, we assessed the antidepressive and neuroprotective effects of calcitriol on lipopolysaccharide (LPS)-
mediated depressive-like behavior, neuroinflammation, and neuronal damage.

Methods In in vitro experiments, the BV2 cells were exposed to LPS, and the protective effects of calcitriol were assessed.
For in vivo experiment, thirty-two male C57BL/6 mice were divided into four groups of control, calcitriol, LPS and
LPS + calcitriol. Calcitriol was administered at 1 pg/kg for 14 days and LPS at 1 mg/kg once every other day for 14 days.
The control group mice were given equal volumes of vehicles. All treatments were delivered intraperitoneally.

Results The in vitro experiments showed calcitriol inhibited the release of inflammatory mediators induced by LPS in BV2
cells. The in vivo experiments revealed that calcitriol alleviated LPS-induced behavioral abnormalities and spatial learning
impairments. Moreover, calcitriol treatment reduced the mRNA levels of pro-inflammatory cytokines, while increasing anti-
inflammatory cytokine levels in the hippocampus. Our results further revealed that calcitriol administration attenuated LPS-
induced microglia activation by suppressing P2X7R/NLRP3/caspase-1 signaling. Moreover, calcitriol inhibited apoptosis of
neurons in the hippocampus as evidenced by expression of apoptosis-related proteins and TUNEL assay.

Conclusions Collectively, our findings demonstrated that calcitriol exerts antidepressive and neuroprotective effects through
the suppression of the P2X7R/NLRP3/caspase-1 pathway both in LPS-induced inflammation models in vitro and in vivo.
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Introduction

Depression, a prominent psychiatric malady, stands as
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engleineuros@sina.com of morbidity and mortality (Wittenborn et al. 2015). This
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(Miller 2020). Individuals grappling with depression mani-
fest an upsurge in proinflammatory cytokines, including
IL-6, IL-1B, and TNF-a (Rizavi et al. 2016). Furthermore,
the specter of depression looms prominently amongst those
beset by chronic inflammatory ailments, as underscored
by Han et al. (Han et al. 2019). Microglia, the cerebral
realm’s indigenous immunological custodians, constitute
a formidable fraction, comprising approximately 10-15%
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of the cerebral cellular populace. Their farreaching influ-
ence extends to cerebral maturation, neurological function-
ality, and active participation in the domain of injury and
malaise, as expounded by Hammond et al. (Hammond et
al. 2019). Under conditions of neuroinflammation, these
microglial entities undergo widespread activation, pre-
cipitating neuronal detriment through a perturbed produc-
tion of pro-inflammatory cytokines. (Saxena et al. 2021).
The infestation of neuroinflammation within the central
nervous system instigates a cascade of neurochemical and
neuroendocrine alterations that significantly contribute to
the shroud of depression. (Jeon et al. 2018). Consequently,
a judicious modulation of neuroinflammation emerges as a
viable and auspicious therapeutic avenue in the ameliora-
tion of depression.

Vitamin D (VD) is a fat-soluble vitamin and steroid hor-
mone widely implicated in maintenance of calcium homeo-
stasis, and is also acknowledged for its various functions in
both cells and tissues (Cui et al. 2019). This essential vitamin
is acquired in a biologically inert state either through dietary
intake or via dermal exposure to ultraviolet light. Subse-
quently, it undergoes two hydroxylation steps to assume its
active form, 1,25-dihydroxyvitamin D3 (calcitriol) (Jiang et
al. 2014). Particularly notable is the correlation between VD
deficiency and an escalated susceptibility to neurodegenera-
tive maladies (Balion et al. 2012). In parallel, studies using
murine models of Alzheimer’s disease reveal that VD insuf-
ficiency exacerbates Alzheimer’s disease-like pathologies,
primarily through the promotion of inflammatory stress (Fan
et al. 2020a, b). A recent publication illuminated the poten-
tial of VD in partially ameliorating neurochemical altera-
tions linked to behavioral anomalies in Parkinson’s disease
(Lima et al. 2018). This notable finding establishes a prom-
ising avenue for leveraging VD as a mitigating agent against
the neurochemical aberrations. Furthermore, Calvello and
co-researchers (Calvello et al. 2017) demonstrated that the
administration of calcitriol, the active form of VD, exhib-
ited discernible neuroprotective properties in animal mod-
els. This neuroprotection was chiefly achieved through the
astute attenuation of pro-inflammatory responses and the
facilitation of anti-inflammatory processes, presenting a
hopeful prospect for future therapeutic strategies.

Purinergic signaling systems play a pivotal role in medi-
ating depressive behaviors and regulating neurotransmis-
sion (Wang et al. 2020). Particularly, the purinergic P2X7
receptor (P2X7R), a non-selective ion channel activated
by adenosine triphosphate (ATP), demonstrates perme-
ability to calcium ions (Ca2+), sodium ions (Na+), and
potassium ions (K+) P2X7R remarkably incites inflam-
matory responses and modulates immunity within both
the central and peripheral nervous systems. (Shen et al.
2021). During instances of inflammation, extracellular ATP

@ Springer

concentrations experience an elevation, consequently acti-
vating P2X7R and instigating the assembly of the NLRP3
inflammasome (X. Fan et al. 2020b). This inflammasome
comprises diverse proteins, including NLRP3, the adaptor
molecule apoptosis-related speck-like protein containing
a caspase recruitment domain (ASC), and pro-caspase-1
(Swanson et al. 2019). Activation of caspase-1 through the
inflammasome sets off the maturation and secretion of pro-
inflammatory cytokines, such as interleukin-1p (IL-1p) and
interleukin-18 (IL-18), thereby promoting an inflammatory
response (Yan et al. 2012). Elevated serum levels of NLRP3
and pro-inflammatory mediators are observed in patients
exhibiting neuroinflammation (Piancone et al. 2021). Fur-
thermore, investigations have illuminated that there exists
an upregulation in the levels of NLRP3 and pro-caspase-1
within models of inflammation induced by lipopolysaccha-
ride (LPS), as expounded upon by the work of Liu et al.
(LiuZhang et al. 2021b). Moreover, a correlation has been
observed, wherein neuronal apoptosis intertwines with the
P2X7R/NLRP3 pathway, within a murine model depicting
focal cortical ischemic stroke (Ye et al. 2017).

The aim of this study was to clarify the neuroprotective
function and antidepressant effect of calcitriol and to deter-
mine the molecular mechanism of calcitriol against inflam-
matory response, we investigated the effects of calcitriol
administration on LPS-mediated depressive-like behaviors,
activation of microglia, as well as neuronal damage. We
further sought to determine the underlying neuroprotec-
tive mechanisms, including the possible involvement of the
P2X7R/NLRP3/caspase-1 pathway in mediating calcitriol
effects.

Materials and methods
Cell culture and treatment

Mice BV2 microglial cells were procured from Procell Life
Sciences & Technology Co., Ltd (Wuhan, China), inocu-
lated in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum (FBS) as well as 1% antibiotics fol-
lowed by incubation at 37 °C in a humid environment with
5% CO2. Then, cells were exposed to different calcitriol
(Fig. 1a) doses (0.1, 1, 2.5, 5 and 10 uM) for 24 h and allo-
cated into six groups: control group, calcitriol group, LPS
group (500 ng/ml), LPS + calcitriol group, LPS+BBG (1
uM) group, and LPS +MCC950 (1 pM) group. The experi-
mental design for the in vitro protocol is shown in Fig. 1b.
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Animals and treatment

Thirty-two male C57BL/6 mice were acquired from the
Jinan Pengyue Experimental Animal Breeding Co. Ltd
(Jinan, China) and maintained under standard conditions
(24-25 °C temperature; 50-60% humidity; 12:12-h light/
dark cycle) with water and food access. Mice were ran-
domized into four groups (n=28): a control, calcitriol, LPS,
and LPS + calcitriol groups. The calcitriol group mice were
intraperitoneally administered with calcitriol (dissolved in
5% dimethyl sulfoxide, 1 pg/kg) (for 14 days, while con-
trol group mice were given equal volumes of vehicles (5%
dimethyl sulfoxide in saline). LPS (dissolved in 0.9% saline,
1 mg/kg) was administered by intraperitoneal administration
every other day for a combined total of 7 injections. These
assays were done as previously reported (Yang et al. 2020).

The LPS + calcitriol group was subjected to daily calcitriol
treatment and LPS injection. Throughout the experiment,
mice were assessed daily for variations in body weights.
The experimental schedule is shown in Fig. 2a. After the
last behavioral test, mice were euthanized by cervical dislo-
cation, after which brain tissues were quickly resected fol-
lowed by rapid dissection of the hippocampus on ice.

Analysis of cell viability and cytotoxicity

This assay was done by a Cell Counting Kit-8 (CCK-8)
(Beyotime, Shanghai, China). The BV2 cells were inocu-
lated in a 96-well culture (1x 10* cells/well) and treated for
24 h with various calcitriol doses. Then, 10 ul of the CCK-8
solution was added to every well, followed by 2 h of incu-
bation at 37 °C. Absorbance was read at the wavelength of
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450 nm. For cytotoxicity assay, LDH release was assessed
using LDH Cytotoxicity Assay Kit (Beyotime, Shanghai,
China). The BV2 cells were inoculated in a 96-well culture
(1x10* cells/well) and treated for 24 h with various cal-
citriol doses, the supernatant was added to a new plate, after
the incubation with working solution according to the pro-
tocol. Absorbance was read at the wavelength of 490 nm.

Sucrose preference test (SPT)

The Sucrose preference test was performed to evaluate anhe-
donia as described previously (Dang et al. 2017). Before the
SPT, mice were separately housed and habituated to 48 h
of consumption of a 1% sucrose solution from two bottles,
one placed on each side of the cage. After mice adaptation,
water deprivation was done for 14 h, after which they were
presented with two pre-weighed bottles, one with water and
the other with 1% sucrose solution, for 1 h. To avoid spatial
bias, sides on which each bottle was placed was random-
ized. After the test, bottles were again weighed and weight
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differences taken as the intake from every bottle. Sucrose
preferences were calculated as: sucrose intake/ (sucrose
intake + water intake) X 100%.

Forced swimming test (FST)

The forced swimming test is a commonly used method for
evaluating depressive-like behavior in rodents (Wang et al.
2023). Mice were independently positioned in a plastic cyl-
inder (height: 45 cm, diameter: 25 cm) with about 35 cm of
water (24 +1 °C). After 15 min, mice were removed from
water, dried using towels, and placed in their cages. The
next day, mice were again placed in the same experimental
environments and subjected to 5 min of an FST. Record-
ing of the test was done using a camera placed above the
cylinder. To eliminate odors, water was renewed after each
test. The observer was blinded to experimental conditions.
Mice were said to be immobile when they stopped strug-
gling in the water and floated in upright positions or only
made small movements to maintain its head above water.
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Elevated plus maze (EPM) test

EPM apparatus was composed of polypropylene and was
placed 50 cm above the floor as previous method (Zhang et
al. 2019). The apparatus was made of a cross-shaped plat-
form comprising 2 opposing open arms (OAs, 50X 10 cm)
perpendicular to 2 opposing closed arms (CAs, 50X 10 cm)
with a small central platform (CP, 10X 10 cm) between the
arms. The walls of arms were 40 cm in height. Initially,
every mouse was positioned at the maze’s center, facing an
open arm, and was permitted 5 min of exploring the maze.
The counts of entries into OAs as well as CAs and amounts
of time spent in every arm during the assay were docu-
mented using an overhead camera.

Open field test (OFT)

The Open field test was conducted according to a classic
paradigm with minor modifications (Lee et al. 2022). The
OFT was performed in a square arena (90x90x45 cm)
with the floor divided into 16 equal squares. The 4 squares
in the center of the test arena were referred to as the cen-
tral squares. Mice were placed into the center of the square
and allowed to explore freely for 5 min. The total travelling
distance, the duration in the central zone and rearing (stand-
ing on their hind paws) were documented using an overhead
camera.

Morris water maze (MWM) test

As previous description (Cui et al. 2021), the assay was
conducted in a plastic pool (diameter of 120 cm and height
of 50 cm) with opaque water (24 +1 °C). The maze was
separated into 4 quadrants with a hidden platform (diameter
of 10 cm), placed in one quadrant 1 cm below the water
surface. In the learning phase, at the start of every trial, mice
were individually positioned in the pool facing the wall.

Table 1 Primer sequences used for the real-time PCR analysis

Gene Sense Primer (5°-3) Antisense Primer (5°-3")
TNF-a ~ GGTGCCTATGTCTCAGC  GCCATAGAACTGAT
CTCTT GAGAGGG
IL-1P GTGTCTTTCCCGTGGAC  TCATCTCGGAGCCT
CTTC GTAGTGC
IL-6 TACCACTTCACAAGTCG CTGCAAGTGCATCA
GAGGC TCGTTGTT
IL-10 CGGGAAGACAATAACTG CGGTTAGCAGTATG
CACC TTGTCCAG
CD206  GTTCACCTGGAGTGATG AGGACATGCCAGGG
GTTCT TCACCTTT
YM-1 TACTCACTTCCACAGGA  CTCCAGTGTAGCCA
GCAGG TCCTTAGG
B-Actin  CATTGCTGACAGGATGC TGCTGGAAGGTGGA
AGAA CAGTGAGG

Start location differed for every trial. Each mouse was per-
mitted 60 s for swimming to allow the location of the hidden
platform. If the platform was found by a mouse, it was per-
mitted to stay on it for 10 s. However, if the platform was not
found within the 60 s, mice were guided onto the platform
and permitted to rest there for 30 s. After training, latency
time for finding the hidden platform was recorded. A probe
test was then done 1 day after the last orientation naviga-
tion trial. The platform was detached and the mice permitted
60 s of swimming freely. Time spent in target quadrant and
the counts of times each mouse crossed the place where hid-
den platforms had been placed were recorded. Behavioral
tests were documented using video tracking software.

Real-time reverse transcription-quantitative PCR
(RT-qPCR)

Total RNA isolation from cells and hippocampal tissue
was done by the Trizol reagent (Tiangen, Beijing, China),
as detailed by the manufacturer. RNA integrity as well as
concentration were determined by electrophoresis and spec-
trophotometric analysis. Reverse transcription of RNA into
cDNA was dine using the FastKing gDNA Dispelling RT
SuperMix (TIANGEN). qPCR was conducted using Super-
Real PreMix Plus (TIANGEN) in a Cfx96 Detection Sys-
tem (Bio-Rad, USA). Primers for this assay are presented
in Table 1. Reaction parameters comprised a preincubation
step of 15 min at 95 °C, 40 denaturation cycles for 10 s at
95 °C, and an annealing, elongation step at 63 °C for 30 s.
PCR reactions were run in triplicates. Normalization of
mRNA levels was done to B-actin. The 2 ~*2¢4 method was
used for data analyses.

Western blot analysis

Total protein extraction from cells and hippocampal tis-
sues were done using a RIPA lysis buffer (Solarbio, Bei-
jing, China) and their concentrations evaluated by a BCA
protein assay kit (Solarbio). Then, separation of 30 pg of
proteins was done by 12% sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE) and moved to
PVDF membranes. After an hour of blocking in 5% non-fat
dry milk, overnight membrane incubation at 4 °C was done
with primary antibodies targeting caspase-1 (22915-1-AP,
1:1,000), iNOS (18985-1-AP, 1:1,000), cleaved caspase-3
(19677-1-AP, 1:1,000), B-actin (20536-1-AP, 1:2,000) (all
from Proteintech); P2X7R (SC-514,962, 1:1,000) and ASC
(SC-514,414, 1:1,000), from SCB; and NLRP3 (AF2155,
1:1,000), BAX (AF0054, 1:1,000), and Bcl-2 (AF6285,
1:1,000) (all from Beyotime). After washing, incubation
with an HPR-conjugated secondary antibody (Signaling
Technology, 7074 S, 7076P2, 1:2,000) was done for an hour
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at room temperature (RT). Signals were detected by the
ECL kit (Biosharp, Beijing, China) and the intensity of the
blots was analyzed by ImageJ. For quantification, signals
were normalized to B-actin expressions, the internal control.

ATP contents analysis

Fresh brain tissue lysate or cell lysate adenosine triphos-
phate (ATP) contents were measured using colorimetric
assay kits (Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instruction. Briefly,
for tissue samples, the weight was measured and added to
nine times the volume of double-distilled water. The mix-
ture was homogenized in an ice-water bath to create a 10%
homogenate. It was then boiled in a water bath for 10 min,
followed by centrifugation at 3500 rpm for 10 min to sepa-
rate the supernatant for further analysis. For culturing cells,
the cells were first centrifuged to separate them from the cul-
ture supernatant. The collected cells were then mixed with
300 to 500puL of double-distilled water and homogenized
in an ice-water bath. Subsequently, the cell suspension was
heated in a water bath for 10 min and is ready for analysis.

Immunohistochemical staining

Isolated hippocampi were fixed in paraformaldehyde (4%),
paraffin-embedded, and prepared for histological assaying,
terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) staining, as well as immunohisto-
chemical staining. For histology, a sledge microtome was
used to prepare 5-pum-thick slices from the paraffin tissue
blocks. The sections were hematoxylin-stained and counter-
stained with eosin.

For the TUNEL assay, paraffin-embedded tissue slices
(5 pm) were dewaxed and rehydrated after which they were
subjected to a TUNEL assay (Beyotime) for the assessment
of apoptosis. The Olympus BX53 inverted fluorescence
microscopy (Olympus, Tokyo, Japan) was performed to
capture images.

Immunofluorescence

For immunofluorescence staining, dewaxing of 5-um-thick
paraffin sections was done using xylol, rehydrated, and sub-
jected to antigen retrieval according to standard procedures.
After three washes with PBS, the slices were blocked for
an hour using 5% normal goat serum in PBS at RT, and
incubated with anti-Iba-1 antibodies (Abcam, ab178846,
1:200) overnight at 4 °C. Then, sections were washed
using PBS, incubated in the presence of Cy3-labeled goat
anti-rabbit IgG (Beyotime, A0516, 1:1,000) at RT for 1 h.
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Immunofluorescence images were obtained by inverted flu-
orescence microscopy (IX53, Olympus).

Statistical analysis

The GraphPad Prism 8 software was used for data analyses,
which are shown as means + SD. Before applying paramet-
ric statistics, all variables were checked the normality of the
data distribution. One-way analysis of variance (ANOVA)
was used to evaluate statistical differences. When the F
ratios were significant, post hoc comparisons were made
using the post hoc test. p <0.05 denoted significance.

Results

Calcitriol inhibited the LPS-induced pro-
inflammatory reactions in BV2 cells

Calcitriol treatment (0.1uM, 1 pM and 2.5uM) had no
effect on BV2 cell viability (Fig. 1c, F=5.595 p*=0.0218
p"=0.0026). However, there was no difference in LDH
levels between LPS group and LPS+calcitriol (0.1uM)
group (Fig. 1d, F=17.24 p""<0.0001 p*=0.025 p*=0.0462).
Based on the results of the assays, calcitriol treatment with
1uM was selected for follow-up experiment to demonstrate
the protective effects in vitro. LPS-stimulated activation of
microglia resulted in pro-inflammatory cytokine secretion,
leading to cellular damage (Lee et al. 2019). Accordingly,
we evaluated pro-inflammatory cytokine levels in LPS-
exposed BV2 cells. Exposure to calcitriol markedly sup-
pressed iNOS protein levels (Fig. le, F=13.00 p**=0.0003
p"#=0.0048) as well as mRNA levels of TNF-qa, (Fig. 1f,
F=17.23 p™0.0001 p*=0.0053), IL-1p (Fig. 1f, F=18.42
p<0.0001 p*=0.0063), and IL-6 (Fig. 1h, F=18.19
p7<0.0001 p™=0.0072). Thus, calcitriol exerts anti-inflam-
matory outcomes in activated microglia. Additionally, the
effects of calcitriol treatment on LPS-induced ATP content
were investigated. The results demonstrated a significant
reduction in ATP levels in cells exposed to LPS when treated
with calcitriol (Fig. 1i, F=29.70 p**<0.0001 p##<0.0001).
The reduction in ATP content suggests that calcitriol may
possess a potential regulatory role in mitigating the inflam-
matory response induced by LPS. These finding holds
promise for the therapeutic application of calcitriol in con-
ditions characterized by associated inflammatory processes,
offering a potential avenue for further research into the anti-
inflammatory properties of calcitriol.
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Calcitriol inhibited P2X7R/NLRP3/caspase-1
signaling in BV2 cells treated with LPS

P2X7R and NLRP3 inflammasome are highly associated
with activation of inflammatory responses. To investi-
gate whether P2X7R and the NLRP3 inflammasome play
roles in mediating anti-inflammatory effects of calcitriol,
we assessed the effects of BBG (antagonist of P2X7R),
MCC950 (NLRP3 inflammasome inhibitor), and calcitriol
on LPS-treated microglia. For this, we tested the levels of
related proteins (Fig. 3a). Calcitriol suppressed the LPS-
mediated increase in P2X7R (Fig. 3b, F=26.38 p""<0.0001
p™=0.0096 p*<0.0001), NLRP3 (Fig. 3c, F=11.29

p""<0.0001 p=0.0030 p*=0.0012 p*=0.0002), caspase-1
P20 (Fig. 3d, F=17.73 p™"<0.0001 p*=0.0084 p**=0.0002
p™=0.0010), and ASC (Fig. 3e, F=33.02 p""<0.0001
Pp"=0.0003 p*"<0.0001 p**=0.0002) protein levels in BV2
cells; comparable inhibitory effects on levels of these pro-
teins were observed following BBG or MCC950 treatmen.

Effects of calcitriol on LPS-induced body weight loss
and behavioral activity

Two weeks of LPS treatment markedly reduced body
weights, relative to controls, interestingly, the combination
of calcitriol and LPS lost less weight than the LPS-treatment
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mice (Fig. 2b, F=6.282 p™* =0.0075 p*=0.0368). The LPS-
treated mice showed a reduced sucrose preference in SPT
(Fig. 2¢, F=15.71 p"*<0.0001 p**=0.0074), and displayed
a marked increase in immobility time in FST (Fig. 2d,
F=10.97 p"<0.0001 p*=0.0082). Our results showed
that co-treatment with calcitriol abrogated LPS-induced
behavioral abnormalities in SPT and FST. Relative to con-
trol group, calcitriol alone did not affect the body weight,
sucrose preference and immobility time. Mice were fur-
ther tested in the EPM for anxiety-like behavior (Fig. 2e).
The results showed that, compared with control animals,
LPS group mice spent less time in the open arm (Fig. 2f,

Fig.4 Representative tracks of a
mice in OFT a. Total travel-

ling distance of mice in OFT b.
duration of mice staying in center

Control

*

F=21.37 p™ <0.0001 p*™=0.0003) and had fewer open
arm entries (Fig. 2g, F=16.24 p""<0.0001 p*=0.0122).
As expected, mice in the LPS + calcitriol group entered the
open arm more often and spent more time in open arms,
relative to those in LPS treatment group. Differences in
behaviors between the control and calcitriol group were not
significant. Thus, calcitriol alleviates LPS-mediated behav-
ioral changes. Moreover, our studies have demonstrated
that administering calcitriol can mitigate the depressive-like
behaviors induced by LPS in mice during the open field
test (Fig. 4a). In this test, mice are placed in a novel and
open environment, and their exploratory and locomotor
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activities are observed. Calcitriol administration has been
associated with increased locomotor activity, reduced anxi-
ety-like behavior, and enhanced exploration, suggesting its
potential in ameliorating the depressive effects induced by
LPS (Fig. 4b, F=15.57 p** <0.0001 p*=0.0039; Fig. 4c,
F=20.94 p™* <0.0001 p*<0.0001; Fig. 4d, F=27.95 p™*
<0.0001 p™=0.0002). These findings offer valuable insights
into the potential therapeutic application of calcitriol in mit-
igating depressive symptoms associated with neuroinflam-
matory processes.

The effect of calcitriol on cognition in LPS-treated
mice

The MWM test for spatial learning abilities revealed that
LPS-treatment mice had a longer escape latency, relative to
control group; but, co-administration with calcitriol visibly
shortened escape latency and reduced the number of escape
failures. Differences in escape latency between the calcitriol
and control groups were insignificant (Fig. 4e, f). Upon
the removal of the escape platform, LPS group mice spent
less amounts of time in the target quadrant and displayed
a lower frequency of crossing the platform site relative to
control group mice. Moreover, calcitriol co-treatment led to
a notable improvement in spatial impairment in LPS-treated
mice (Fig. 4g, F=29.59 p™* <0.0001 p*=0.0002; Fig. 4h,
F=17.75 p™* <0.0001 p*=0.0248). Differences in average
swimming speed among all the groups were insignificant
(Fig. 4i). Overall, these data indicated that calcitriol can
improve the LPS-induced impairment in spatial learning
ability in mice.

The effects of calcitriol on activation of microglia in
brains of LPS-treated mice

To assess if calcitriol can alleviate the LPS-mediated activa-
tion of microglia in vivo, immunofluorescence staining of
Iba-1, microglial activation marker was performed in hippo-
campal tissue of mice from the different treatment groups.
Differences between the control and calcitriol groups in the
number of Ibal-reactive cells were not significant, while,
co-calcitriol treatment reduced the counts of LPS-induced
Ibal-reactive cells (Fig. 5a, b, F=14.42 p"* =0.0049
p"™#=0.0063). These findings revealed that calcitriol can
ameliorate LPS-induced activation of microglia in mice.

Effects of calcitriol on LPS-mediated brain
inflammation

The results of the in vitro experiments revealed that calcitriol
inhibited pro-inflammatory responses in LPS-activated
microglia. Next, we further evaluated the anti-inflammatory

effect of calcitriol in vivo by measuring the mRNA levels
of TNF-a (Fig. 5¢, F=17.29 p** <0.0001 p*=0.0037),
IL-1B (Fig. 5d, F=31.50 p™* <0.0001 p™=0.0011) and IL-6
(Fig. 5e, F=30.76 p™* <0.0001 p**=0.0091) in hippocampal
tissue of mice from various groups. The transcript levels of
pro-inflammatory markers were markedly upregulated by
LPS, relative to control group, but the LPS + calcitriol group
exerted obvious decrease in transcript levels, relative to LPS
group. Similarly, co-treatment with calcitriol elevated the
mRNA expressions of IL-10 (Fig. 5f, F=24.40 p*"=0.0028
p™=0.0036), CD206 (Fig. 5g, F=22.43 p'<0.0001
p™=0.0016) and Ym-1 (Fig. 5h, F=37.18 p"" <0.0001
Pp™=0.0002), relative to LPS group. Thus, calcitriol attenu-
ates pro-inflammatory responses in brains of LPS-treated
mice.

Effects of calcitriol on P2X7R/NLRP3/caspase-1
pathway activation in brains of LPS-treated mice

Given our in vitro results, we surveyed whether calcitriol
modulates the P2X7R/NLRP3/caspase-1 pathway in vivo
(Fig. 6a). LPS treatment upregulated P2X7R (Fig. 6b,
F=2573 p™ <0.0001 p**=0.0031), NLRP3 (Fig. 6c,
F=30.06 p"" <0.0001 p*=0.0022), caspase-1 P20 (Fig. 6d,
F=18.31 p™ <0.0001 p™=0.0084) and ASC (Fig. 6e,
F=24.98 p™ <0.0001 p**=0.0056) levels, relative to con-
trol group, however, these effects were offset by calcitriol
supplementation in the LPS + calcitriol group. Differences
in results between control group and calcitriol group were
insignificant. Thus, calcitriol regulates P2X7R/NLRP3/cas-
pase-1 signaling in brains of LPS-treatment mice.

Effects of calcitriol on neuronal damage and
apoptosis in LPS-treatment mice brains

Calcitriol treatment on ATP levels induced by LPS in the
hippocampus of mice. The results indicated a decrease
in ATP content within the hippocampal region of mice
exposed to LPS when treated with calcitriol (Fig. 6f,
F=24.12 p" = 0.0114 p*=0.0009). These findings empha-
size the importance of further investigating its neuroprotec-
tive and anti-inflammatory properties in the brain. Relative
to control animals, hippocampal neurons of mice in LPS
group showed acidophilic degeneration and nuclear con-
densation; however, calcitriol administration significantly
reversed these effects. Differences in neuronal morphology
between calcitriol and control groups were insignificant
(Fig. 6g, h, F=63.81 p™* <0.0001 p*=0.0004). We further
determined apoptosis levels in the hippocampus by TUNEL
assay. Following LPS administration, cells in the hippo-
campus underwent increased cell death; however, calcitriol
co-administration could reverse these effects (Fig. 6g, i,
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Fig.5 Representative images a a
and statistics b of IBA-1 immu-
nofluorescence. Bar =50 pum.

mRNA levels of TNF-a ¢, IL-1P

d, IL-6 ¢, IL-10 f, CD206 g,

and Ym-1 h were analyzed by

RT-qPCR. ns: no significance.
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F=14.54 p™ =0.0019 p"=0.0063). To further confirm
this result, we measured Bcl-2 (Fig. 6k, F=16.88 p™
<0.0001 p*=0.0095), BAX (Fig. 61, F=13.51 p"* =0.0003
p™=0.0041) and cleaved caspase-3(Fig. 6m, F=13.50 p™*
=0.0001 p"=0.0121) protein levels. After LPS treatment,
proapoptotic proteins (cleaved caspase-3 and BAX) were
elevated, whereas that of the antiapoptotic protein Bcl-2
was decreased; however, calcitriol co-administration greatly
mitigated these effects.

Discussion

Studies have reported the existence of a strong link between
changes in immune system function and depression (Dantzer
et al. 2008). Pro-inflammatory cytokines are increased in
depression patients, while inhibition of pro-inflammatory

@ Springer

cytokine production can attenuate depressive symptoms (P
et al. 2014). Neuroinflammation is a crucial pathological
process that can result in central nervous system damage
as well as injury (DiSabato et al. 2016). NLRP3 inflamma-
some activation enhances pro-inflammatory cytokine levels
and, consequently, neuroinflammatory responses (Zhang et
al. 2015). Vitamin D deficiency is highly associated with
the pathogenesis of neuroinflammation and depression
(Koduah et al. 2017). To investigate the antidepressive and
neuroprotective effects of calcitriol as well as determine the
inflammation-related mechanisms underlying these effects,
we established LPS-induced inflammation models in vitro
and in vivo. Calcitriol was shown to attenuate LPS-induced
neuroinflammation, via calcitriol-mediated suppression of
P2X7R/NLRP3/caspase-1 signaling.

The P2X7R, NLRP3 inflammasome, and caspase-1 are
components of an intricate signaling pathway associated
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with inflammation and immune responses. The P2X7 recep-
tor, a purinergic receptor, is a non-selective, ATP-gated ion
channel that mediate the influx of calcium and other ions
when activated by extracellular ATP. Moreover, it is known
to activate the NLRP3 inflammasome, which in turn triggers
the activation of caspase-1 (Territo et al. 2021). Caspase-1
is a protease that plays a critical role in the maturation and
release of pro-inflammatory cytokines, including IL-1p.
Research suggests that vitamin D, primarily through its
receptor VDR, can modulate this pathway at various levels
(Cui et al. 2019). The VDR is expressed in immune cells,
including monocytes, macrophages, and dendritic cells, all
of which are key players in the P2X7R/NLRP3/Caspase-1
pathway. Recent research underscores how vitamin D,
primarily through its receptor VDR, effectively dampens
NLRP3 inflammasome activation by downregulating its
assembly and expression, inhibiting subsequent caspase-1
activation and IL-1p release (L et al. 2018). Moreover, the
regulation of caspase-1 activity is also impacted by vitamin
D/VDR signaling, potentially influencing the processing of
pro-inflammatory cytokines, either directly or indirectly by
modulating the expression of caspase-1 or its regulators (S
et al. 2021). Interestingly, vitamin D has been suggested to
modulate calcium influx by, at least in part, inhibiting the
expression of P2X7Rs, thereby reducing the activation of
immune cells. These actions on NLRP3 inflammasome
activation, P2X7R expression, and caspase-1 activity are
central to the modulation of the P2X7R/NLRP3/Caspase-1
pathway by vitamin D. Understanding the exact mecha-
nisms by which vitamin D affects these proteins and the
associated pathway is an active area of research.
Anomalous microglia activation is correlated with neuro-
inflammation and is considered prominent in the pathogen-
esis of central nervous system diseases. Previous research
has shown that calcitriol exerts anti-inflammatory effects
and reduces macrophage activation in the brain (de Oliveira
et al. 2020). Under LPS stimulation, microglia influence
neuronal function by releasing inflammatory cytokines,
including IL-6, TNF-a, as well as IL-1B (LiuYang et al.
2021a). Vitamin D treatment was decreases mRNA levels
of pro-inflammatory cytokines, thus exerting neuroprotec-
tive effects (Calvello et al. 2017). Consistent with previous
findings (Oh et al. 2020), we observed significant eleva-
tions of inflammatory cytokines (IL-1B3, TNF-a, and IL-6)
in LPS-exposed BV2 microglia and the LPS-injected mouse
hippocampus. As expected, calcitriol administration sup-
pressed inflammatory cytokine production in LPS-treated
microglia and downregulated the pro-inflammatory media-
tors in hippocampus of LPS-injected mice. Moreover, we
also evaluated the anti-inflammatory properties of calcitriol,
and established that mRNA levels of anti-inflammatory
cytokines were elevated by calcitriol administration. These

findings imply that calcitriol protects against nerve dam-
age by suppressing microglial activation and inflammatory
cytokine release.

The P2X7R/NLRP3 pathway is involved in develop-
ment of neuroinflammatory and neurodegenerative diseases
(Sun et al. 2021). Meanwhile, the NLRP3/caspase-1 sig-
naling pathway promotes microglial activation and, conse-
quently, neuroinflammation (Feng et al. 2021). Accordingly,
we measured the protein levels of P2X7R, caspase-1 P20,
NLRP3 as well as ASC and found that they were upregu-
lated with LPS treatment. A lack of Vitamin D is implicated
in the pathogenesis of multiple sclerosis (Lu et al. 2018).
We established that calcitriol inhibited P2X7R, NLRP3,
ASC, and caspase-1 P20 levels in vitro and in vivo. By
administering an antagonist of P2X7R and NLRP3 inhibi-
tor, specifically, the calcitriol treatment, similarly to BBG,
inhibited P2X7R and downstream NLRP3 inflammasome
under LPS stimulation, and blocking NLRP3 using inhibi-
tor did not alter P2X7R expression. In vivo experiments, we
further confirmed that the calcitriol-mediated suppression
of P2X7R/NLRP3/caspase-1 signaling could inhibit inflam-
mation. Together, our data showed that calcitriol inhibits
neuroinflammatory responses by blocking P2X7R/NLRP3/
caspase-1 signaling.

Neuroinflammation in the hippocampus is closely associ-
ated with behavioral and cognitive dysfunction. Numerous
studies have indicated that mice experience cognitive deficits
after being injected with LPS (Lan et al. 2020). In the present
study, using the Morris Water Maze test, a commonly used
behavioral tool for assessing hippocampal-dependent spa-
tial learning as well as memory abilities in rodents (Zhao et
al. 2019), we found that calcitriol enhanced spatial learning
as well as memory capabilities in LPS-injected mice. Other
behavioral tests similarly demonstrated that calcitriol ame-
liorates LPS-mediated depressive-like behaviors in animals.
Neuronal damage and apoptosis in hippocampus have a vital
role in cognitive as well as behavioral dysfunction (Neubert
et al. 2011). It has been widely reported that LPS injection
into the mouse brain promotes the upregulation of the levels
of cleaved caspase-3, BAX and suppressing Bcl-2 (Zhu et
al. 2019). Additionally, calcitriol can attenuate cell apopto-
sis in the brain tissue of ischemic stroke model rats, thereby
mitigating brain injury (Sadeghian et al. 2019). We obtained
similar results in the current study. Our data showed that
treatment with LPS induced increases in cleaved caspase-3
protein levels and the BAX/Bcl-2 ratio, whereas co-admin-
istration with calcitriol diminished these effects, indicating
that calcitriol exerts anti-apoptotic effects in LPS-mediated
neuroinflammation. Furthermore, calcitriol also mitigated
LPS-mediated neuronal damage and neuron loss in mouse
hippocampus as revealed by H&E staining. Overall, these
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{ Fig. 6 Representative images of western blot a. The protein levels of
P2X7R b, NLRP3 ¢, caspase-1 P20 d, and ASC e in the hippocampus
were detected by Western blot. Effect of calcitriol or LPS treatment on
ATP level f. Representative images g and statistics h of hematoxylin
and eosin (H&E) staining in hippocampal brain slices. Bar =50 pm.
Representative images g and statistics i of TUNEL staining in hip-
pocampus. Bar =50 um. Representative images of western blot j. The
effects of LPS and calcitriol on protein levels of Bel-2 k, BAX 1 and
cleaved caspase-3 m were detected by Western blot. ns: no signifi-
cance. *"p relative to control group. *p relative to LPS group

results indicated that calcitriol exhibits antidepressive and
neuroprotective activity after LPS treatment.

In summary, the modulation of the P2X7R/NLRP3/Cas-
pase-1 pathway by vitamin D is an exciting area of research
with potential implications for understanding and managing
inflammatory and immune-related disorders.
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