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Biologically active 1,25-dihydroxyvitamin D3 protects
against experimental sepsis by negatively regulating
the Toll-like receptor 4/myeloid differentiation primary
response gene 88/Toll-IL-1 resistance-domain-containing
adapter-inducing interferon-f} signaling pathway
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Abstract. The hormonally active form of vitamin D (VD),
1,25-dihydroxyvitamin D3, has been reported to be a key immu-
noregulator in the reduction of inflammation. In this study, we
investigated the effects of VD in an experimental sepsis cell
model, and the underlying mechanisms. The sepsis cell model
was first established in monocytes, isolated from newborns and
healthy adults, which were stimulation with lipopolysaccharide
(LPS). We observed that cell viability was significantly impaired
in the monocytes after LPS stimulation, using a Cell Counting
Kit-8 and trypan blue assays. Additionally, ELISA revealed that
LPS stimulation significantly elevated the expression of inter-
leukin 6 (IL-6),IL-10 and tumor necrosis factor-o. (TNF-a). The
expression levels of Toll-like receptor (TLR4), myeloid differ-
entiation primary response gene 88 (MyD88), and Toll-IL-1
resistance-domain-containing adapter-inducing interferon-3
(TRIF) mRNA were also significantly elevated under LPS
stimulation using reverse transcription-quantitative PCR and
western blot analysis. VD treatment could significantly suppress
the effects of LPS simulation on monocytes by negatively
regulating inflammatory cytokines and TLR4/MyD88/TRIF
signaling. Furthermore, a regulatory feedback mechanism was
proposed to involve TLR4, MyD88 and TRIF in the sepsis cell
model. In conclusion, VD may effectively decrease the release of
inflammatory cytokines by inhibiting the TLR4/MyDS88/TRIF
signaling pathway, could be considered as a potential therapeutic
agent for the treatment of sepsis.
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Introduction

Sepsis is a life-threatening clinical syndrome, and is charac-
terized by systemic inflammatory reactions that occur due
to infection (1). It is a serious complication of severe trauma,
burns and surgery, and is also a major cause of infections and
multiple organ dysfunction syndrome (2-4). Sepsis arises as
a result of the complex interactions of pro- and anti-inflam-
matory processes caused by factors, such as Gram-negative
and Gram-positive bacteria; the competition between the
host immune response and pathogens determines patient
survival (5). In the United States of America, the morbidity
from severe sepsis has been reported to be ~300 cases per
100,000 residents, with a 25% fatality rate (6). The mortality of
patients is the highest in those with respiratory tract infections,
particularly pneumonia (6). At present, the administration of
immunostimulatory therapy to patients at the appropriate
stage represents a major advancement in sepsis treatment.

The majority of patients who are critically ill are deficient
in vitamin D [serum 1,25-dihydroxyvitamin D3 (VD) concen-
trations <20-30 ng/ml] (7). Patients with sepsis in emergency
departments and intensive care units generally exhibit lower
levels of serum VD compared with healthy controls (8,9). A
previous study revealed a correlation between VD deficiency
and high mortality in sepsis patients (10). Besides regulating
calcium-phosphate homeostasis, VD affects innate and adap-
tive immunity and their interplay; VD may induce immune
imbalance, potentially affecting the pathogenesis of certain
infections (11,12). Upregulated expression of biomarkers
associated with sepsis-induced systemic inflammation are
important indicators of VD deficiency (9); however, few
studies have investigated the specific mechanisms by which
VD modulates the inflammatory response in patients with
sepsis.

Toll-like receptor (TLR) family members (TLR1-TLR10)
serve a critical role in mediating immune responses against
microbial infections via the recognition of microbial compo-
nents, including bacterial lipopolysaccharide, lipoproteins,
peptidoglycan and single-stranded and double-stranded viral
RNAs (13,14). Induction of TLR signaling pathways arises
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from the conserved cytoplasmic Toll/interleukin (IL)-1
receptor (TIR) domains of vertebrate TLRs (15). The myeloid
differentiation primary response gene 88 (MyD88) contains
the TIR domain at the C-terminal. MyD88 was identi-
fied as an important adapter for all TLRs, recruiting IL-1
receptor-associated kinase to TLRs, activating downstream
effector proteins to stimulate the secretion of inflammatory
cytokines (16,17). Two other TIR domain-containing mole-
cules, TIR domain-containing Adapter Protein (TIRAP) and
TIR-domain-containing adapter-inducing interferon-f3 (TRIF),
have been identified to be involved in the TLR-signaling path-
ways (18). Specifically, TIRAP participates in the TLR2- and
TLR4-MyD88-dependent signaling pathway, whereas the
adapter TRIF has a critical role in TLR3- and TLR4-mediated
MyD88-dependent signaling (19,20).

Monocytes serve a critical role in mediating anti-bacterial
responses (21), and an abnormal inflammatory response
of monocytes could result in severe pathologies, such as
sepsis (22). In sepsis, monocytes recognize Gram-negative
bacteria (endotoxins) and induce a dysfunctional immune-
inflammatory response via TLR4 (23,24), in which MyD88-
and TRIF-dependent pathways are involved (25). The
expression of pro-inflammatory cytokine genes, including
IL-6, C-X-C motif ligand (CXCL)1, chemokine ligand (CCL)3,
and tumor necrosis factor (TNF) via activation of nuclear
factor-xB (26,27) can be triggered via the MyD88-dependent
pathway (28). On the contrary, the expression of type I IFNs
(IFN-a and IFN-B) and IFN-inducible chemokines, such
as CXCL10, CCL5 and CCL2 (19) can be induced by the
TRIF-dependent pathway. TRIF also regulates the differentia-
tion of monocytes to dendritic cells and their mobilization to the
lymph nodes (29). A previous study reported that VD regulates
the TLR4 pathway in colon cancer, induced by inflammatory
stimuli (30). Sadeghi et al (31) demonstrated a dose-dependent
decrease in TLR2 and TLR4 mRNA and protein expression
in VD-treated human monocytes. We hypothesized a strong
association between VD and TLR signaling, particularly via
TLR4, in sepsis.

In the present study, cell viability, inflammatory cytokine
production, and the expression of TLR4-signaling compo-
nents were determined in a lipopolysaccharide (LPS)-induced
sepsis model using human newborn and adult monocytes.
We further investigated whether VD has an effect on the
sepsis-induced inflammation response through the TLR4
signaling pathway. Our findings may improve understanding
of the action of VD in anti-inflammatory responses in
bacterial pathogen infections.

Materials and methods

Monocytes isolation from newborns and healthy adults.
Peripheral blood was collected from 20 healthy newborns
(12 male and 8 female) and 20 healthy adult volunteers
(10 male and 10 female, 46.7+21.3 years old) from March 2017
to January 2018 according to a protocol approved by the Ethics
Committee of the Ruian People's Hospital. Prior to peripheral
blood collection, written informed consent was provided by
the pregnant females and volunteers. None of the subjects had
a history of intra-amniotic infection or any other infection.
Blood collected from left arm underwent anti-coagulation by
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the addition of heparin (10 U/ml). Monocytes in the form of
peripheral blood mononuclear cells (PBMCs) were extracted
from peripheral blood, using Ficoll Hypaque (GE Healthcare)
density gradient centrifugation according to the manufactur-
er's protocols. The isolated cells were cultured in RPMI-1640
medium (HyClone; GE Healthcare Life Sciences) supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin/streptomycin (Beyotime
Institute of Biotechnology). Subsequently, the cells were main-
tained in 24-well plates at 37°C.

Establishment of a sepsis cell model. LPS from E. coli,
Serotype R 1515 (Re; liquid) was purchased from Alexis
Biochemicals and used at a concentration of 10 ng/ml. For the
induction of the sepsis cell model, PBMCs (5x10° cells/ml)
were seeded onto 6-well plates and stimulated without or with
LPS of different concentrations (10, 20, 40 and 80 ng/ml) at
indicated time points (24, 48 and 72 h), 37°C, and were classi-
fied into four groups: Newborn control (NC), newborn sepsis
(NS), adult control (AC) and adult sepsis (AS). PBS was used
as a control. The cell viability assay on diverse of concentra-
tions of LPS was performed to determine the cytotoxic effects.

Treatment of monocytes with VD. VD (Nature's Bounty) was
dissolved and diluted in RPMI-1640 medium to final concen-
trations of 107, 10 and 10" M. Then, the monocytes were
pre-treated with or without VD (107, 10 or 10" M) for 4 h,
stimulated with or without LPS (10 ng/ml) for 48 h at 37°C,
and incubated in a humidified 5% CO, environment at 37°C.

Suppressing TLR4 expression in monocytes. Monocytes from
the four groups (NC, NS, AC and AS) were pre-incubated with
1 pg/ml anti-TLR4 (ab22048) or IgG2b (ab91366, both Abcam)
for 1 h and stimulated with VD (10° M) for 48 h at 37°C to
give a total of 16 groups, which were as follows: NC + IgG,
NC + TLR4, NS + IgG, NS + TLR4, AC + IgG, AC + TLR4,
AS + IgG, AS + TLR4, NC + IgG + VD, NC + TLR4 + VD,
NS + IgG + VD, NS + TLR4 + VD, AC + IgG + VD,
AC + TLR4 + VD, AS + IgG + VD and AS + TLR4 + VD.
Comparisons were performed between the groups with TLR4
and without TLR4.

Plasmid transfection. Small interfering RNA (si)MyD88
and siTRIF, and a negative control (siCon) were chemically
synthesized by Shanghai GenePharma Co., Ltd. (Shanghai,
China). The sequences were as follows: siNC, 5'-GCGACG
AUCUGCCUAAGAUTT-3"; siMyD88, 5-GCCUGUCUC
UGUUCUUGAATT-3" and siTRIF, 5-GCCAGCAACUUG
GAAAUCATT-3" To determine the function of MyD88 and
TRIF in vitro, monocytes from the four groups (NC, NS, AC,
and AS) were transfected with 10 nM siMyD88, siTRIF and
siCon using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions
and stimulated with VD (10 M) for 48 h at 37°C. For MyD88
knockdown, the monocytes were further classified into 16
groups as follows: NC + siCon, NC + siMyD88, NS + siCon,
NS + siMyD88, AC + siCon, AC + siMyD88, AS + siCon,
AS + siMyD88, NC + siCon + VD, NC + siMyD88 + VD,
NS + siCon + VD, NS + siMyD88 + VD, AC + siCon + VD,
AC+siMyD88+VD,AS +siCon+ VD and AS +siMyD88 + VD.
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Correspondingly, a total of 16 groups, including NC + siCon,
NC + siTRIF, NS + siCon, NS + siTRIF, AC + siCon,
AC + siTRIF, AS + siCon, AS + siTRIF, NC + siCon + VD,
NC + siTRIF + VD, NS + siCon + VD, NS + siTRIF + VD,
AC + siCon + VD, AC + siTRIF + VD, AS + siCon + VD and
AS + siTRIF + VD were used to investigate the function of
TRIF in the sepsis cell model. Comparisons were performed
between the groups transfected with siCon and siMyD88 or
siTRIF.

Cell Counting Kit-8 (CCK-8) assay. Three independent experi-
ments were performed to assess the cytotoxic effects of LPS on
monocytes from the AC and NC groups using a CCK-8 assay
(Dojindo Molecular Technologies, Inc.) according to the manu-
facturer's protocols. Briefly, the monocytes were seeded onto a
96-well plate at a density of 3,000 cells per well and incubated
for 24 h at 37°C. The monocytes were then treated as indicated.
After incubation with 24,48 and 72 h, the CCK-8 reagent (10 u1)
was added to each well and 4 h later, each sample was measured
at 450 nm using a BioTek microplate reader.

Trypan blue assay. The viability of the different monocyte
groups was determined by trypan blue staining. Briefly, the
monocytes were seeded onto each well of the 24-well culture
dish. When they reached 60-70% confluence, trypsin and
an equal volume of trypan blue (0.2%) were added. The cell
viability was observed after incubation for 1-2 min at room
temperature with trypan blue using light microscopy. There
are four 1 x 1 mm squares of one chamber and the average
number of cells per square (all hemocytometers consist of
two chambers, each is divided into nine 1 mm? squares) is
determined. For an accurate determination, cells in 4 corner
squares plus the central big square (20-50 cells/square) were
analyzed. If the cell density is higher than 200 cells/square,
cell suspension should be further diluted.

Cytokine analysis. To confirm effective cell stimulation by the
various treatments, the levels of key pro-inflammatory cyto-
kines, TNF-a and IL-6, and the anti-inflammatory cytokine
IL-10, were determined in the supernatants from monocytes
using ELISA. Briefly, the levels of IL-6, IL-10, and TNF-a in
the cell culture supernatants collected after 24, 48 and 72 h
incubation were determined using commercial ELISA kits
(cat. nos. GR106328-2, GR106292-2 and GR106397-2, respec-
tively, Genorise Scientific Inc.) according to the manufacturer's
instructions.

Reverse transcription-quantitative PCR (RT-qPCR).
Monocytes were collected, and cellular RNAs from the
different cell groups were extracted using TRIzol® reagent
(Thermo Fisher Scientific, Inc.) and then reverse-transcribed
into cDNA using PrimeScript™ RT reagent Kit with gDNA
Eraser (Takara Bio, Inc.) according to manufacturer's instruc-
tions. qPCR was performed using an ABI 7300 RT-PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.).
After determining RNA concentration, in vitro RT was
performed in a 20 ul with a system including 4 ul 25 mM
MgCl,, 2 ul Reverse Transcription 10X Buffer, 2 1 10 mM
dNTP Mixture, 0.5 ul Ribonuclease Inhibitor, 15 U AMV
Reverse Transcriptase, 0.5 pg random Primers, 1 ug total RNA
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and Nuclease-Free Water to a final volume of 20 ul under 42°C
for 15 min and 85°C denaturation (Promega Corporation).
gPCR was then performed using SYBR Premix Ex Taq GC kit
(Takara Bio, Inc.) with 7.5 ul 2X premix, 10 mM forward and
reverse primers and dH,O to a final volume of 15 ul under the
following conditions: 94°C denaturation for 30 sec, followed
by 40 cycles each containing 94°C denaturation for 5 sec, and
60°C annealing for 30 sec, final extension of 72°C for 2 min
with a LightCycler 480 instrument (Roche Diagnostics). The
primer sequences were used as follows: VDR, forward 5'-CCC
TTGACCTCTTCCCGCTGGTT-3, reverse, 5-TCACTG
ACGCGGTACTTGTAGTCTTGGTTG-3"; TLR4, forward
5'-AGACCTGTCCCTGAACCCTAT-3', reverse, 5'-CGA
TGGACTTCTAAACCAGCCA-3'"; MyD88, forward 5-GGC
TGCTCTCAACATGCGA-3', reverse, 5'-CTGTGTCCG
CACGTTCAAGA-3'"; TRIF, forward 5'-CCTGGAATCATC
ATCGGAACAG-3, reverse 5-"TGAGTGGTCTATGGCGT
CCT-3'; and GAPDH, forward 5-TGTTCGTCATGGGTG
TGAAC-3', reverse, 5'-~ATGGCATGGACTGTGGTCAT-3'.
All the samples were analyzed in triplicates, and the 2-24¢4
method was used to calculate the gene expression levels (32).

Western blot analysis. For western blot analysis,
protein (30-50 pg) extracts were obtained by lysing the mono-
cytes in a buffer as previously reported (33). After protein
quantitation using a BCA protein assay, protein extracts were
separated by 10% SDS-PAGE and transferred onto a polyvi-
nylidene difluoride membrane. The membrane was blocked
with 10% skim milk at room temperature for 1 h, probed with
primary antibodies against TLR4 (sc-293072, 1:1,000), MyD88
(sc-74532, 1:1,000), and TRIF (sc-514384, 1:1,000) from Santa
Cruz Biotechnology, Inc., and GAPDH (cat. no. 14C10, 1:1,000,
Cell Signaling Technology, Inc.) overnight at 4°C. Then, the
membrane was incubated with a horseradish peroxidase-conju-
gated secondary antibody (PI31430, 1:10,000; Pierce; Thermo
Fisher Scientific, Inc.) at room temperature for 1 h. The signals
were visualized using enhanced chemiluminescence detection
(GE Healthcare). Band densities were quantified with ImageJ
1.43r (National Institutes of Health).

Statistical analysis. Statistical analysis was conducted using
GraphPad Prism software version 6 (GraphPad Software,
Inc.). The results are expressed as the mean + standard devia-
tion of at least three independent experiments. The differences
between groups were assessed using one-way analysis for
variance followed by a Tukey's post-hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Establishment and evaluation of the sepsis cell model. To
construct a sepsis cell model, the monocytes from newborns
and healthy adults were stimulated with LPS or control (PBS)
for 24,48 or 72 h. After treatment, no significant difference in
the expression of VD receptor (VDR) mRNA expression was
detected among the groups (Fig. 1A). Subsequently, different
concentrations of LPS 10, 20, 40 and 80 ng/ml were tested.
The cell viability assay indicated that 40 and 80 ng/ml LPS
exhibited significant cytotoxic effects in the NS and AS groups
compared with the respective controls (Fig. 1B). We thus used
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Figure 1. Effects of LPS on cell viability in monocytes from newborns and healthy adults. (A) The expression of VDR after treatment with LPS. (B) Percentage
of trypan blue staining-negative cells in total cells (viability %) upon treatment with different concentrations of LPS (10, 20, 40 and 80 ng/ml). (C) Monocytes
of newborns and healthy adults were stimulated with or without LPS (10 ng/ml) at 24, 48 and 72 h, respectively. OD at 450 nm revealed the cell viability
as determined by a Cell Counting Kit-8. (D and E) Percentage of trypan blue staining negative cells in total cells (viability %) and representative images
(magnification, x200). “P<0.05, “P<0.01, NS vs. NC; "P<0.05, "P<0.01, AS vs. AC. AC, adult control; AS, adult sepsis; NC: Newborn control; NS, newborn
sepsis; LPS, lipopolysaccharide; OD, optical density; VDR, vitamin D receptor.

LPS (10 ng/ml) to induce a sepsis cell model. The viability of = CCK-8 assay indicated that the viability of monocytes was
monocytes from the NC, NS, AC and AS groups was deter-  significantly decreased in the NS and AS groups after 72 h
mined at 24, 48 or 72 h after treatment by a CCK-8 assay and  of treatment compared with the corresponding controls. In
trypan blue assay, respectively. As presented in Fig. 1C, the the trypan blue assay, monocyte viability was significantly
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Figure 2. Effects of LPS stimulation on inflammation-related cytokines. (A) Levels of TNF-a, IL-6 and IL-10 in the culture supernatants from monocytes in
the NC, NS, AC, and AS groups at 24,48 and 72 h by ELISA. (B) mRNA expression of TLR4, MyD88 and TRIF evaluated by RT-qPCR. (C) Representative
blot of TLR4, MyD88 and TRIF from western blotting. (D) Densitometry analysis of TLR4, MyD88 and TRIF expression; monocytes of newborns and healthy
adults were stimulated with or without LPS for 48 h. (E) mRNA expression levels of IL-6, IL-10 and TNF-a in the culture supernatants from monocytes
in the NC, NS, AC and AS groups at 24, 48 and 72 h by RT-qPCR. "P<0.05, “P<0.01, ""P<0.001, NS vs. NC; “P<0.05, *P<0.01,"#P<0.001, AS vs. AC.
AC, adult control; AS, adult sepsis; NC, newborn control; NS, newborn sepsis; IL, interleukin; LPS, lipopolysaccharide; MyD88, myeloid differentiation

primary response gene 88; RT-qPCR, reverse transcription-quantitative PCR;

resistance-domain-containing adapter-inducing interferon-f3.

decreased in the NS and AS groups compared with the corre-
sponding controls (Fig. 1D and E).

Subsequently, the effects of LPS on the release of cytokines
were determined. As shown in Fig. 2A and E, IL-6 and TNF-a
production in monocytes from newborns and healthy adults
with sepsis was significantly increased with LPS treatment
compared with the respective controls. Anti-inflammatory
cytokine IL-10 expression was increased with LPS treat-
ment for 48 h in the NS and AS groups compared with the
controls; a significantly higher IL-10 level was observed in

TLR4, Toll-like receptor 4; TNF-a, tumor necrosis factor-a; TRIF, Toll-IL-1

the NS group compared with NC group at 72 h. However, no
significant changes were observed after 72 h of LPS stimula-
tion in monocytes from healthy adults. We also investigated
whether LPS stimulation regulated TLR signaling. As shown
in Fig. 2B, the expression levels of TLR4, MyD88 and TRIF
mRNA in monocytes from the NS and AS groups were signifi-
cantly increased when compared with the NC or AC groups.
These results were further confirmed by western blotting
(Fig. 2C and D). Therefore, LPS stimulation for 48 h was used
in subsequent experiments.
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Figure 3. Effects of VD on IL-6, IL-10 and TNF-a release, and TLR signaling in lipopolysaccharide-stimulated monocytes from newborns and healthy adults.
(A) Levels of IL-6,1L-10 and TNF-a in the NC, NS, AC and AS groups after treatment with VD at concentrations of 107, 10° and 10! M by ELISA. (B) TLR4,
MyD88 and TRIF mRNA expression in the NC, NS, AC and AS groups after treatment with VD at concentrations of 107, 10 and 10! M. (C) mRNA
expression levels of IL-6, IL-10 and TNF-a in the NC, NS, AC and AS groups after treatment with VD at concentrations of 107, 10 and 10! M by reverse
transcription-quantitative PCR. "P<0.05, “P<0.01, ““P<0.001 vs. 0 M VD. AC, adult control; AS, adult sepsis; NC, newborn control; NS, newborn sepsis; VD,
1,25-dihydroxy vitamin D3; IL, interleukin; MyD88, myeloid differentiation primary response gene 88; TLR4, Toll-like receptor 4; TNF-a, tumor necrosis
factor-a; TRIF, Toll-IL-1 resistance-domain-containing adapter-inducing interferon-f.

VD attenuates LPS-induced pro-inflammatory cytokines
release in monocytes. VD has been reported to have
anti-inflammatory and immune regulatory functions (34,35).
We investigated whether VD could attenuate LPS-induced
cytokine release and TLR4 signaling in monocytes from
newborns and healthy adults. Monocytes were treated with VD
(107,10” or 10" M) and LPS for 48 h. As presented in Fig. 3A
and C, the expression of IL-6, IL-10 and TNF-a decreased in
the NC, NS, AC and AS groups in a VD concentration-depen-
dent manner. RT-qPCR indicated that the expression of TLR4,
MyD88 and TRIF decreased following VD treatment in the
four monocyte groups (Fig. 3B).

Anti-inflammatory effects of VD in LPS-stimulated monocytes
is mediated by TLR4 signaling. To further investigate whether
the anti-inflammatory effects of VD in monocytes occur in
a TLR4-dependent manner, anti-TLR4 antibody was used to
inhibit TLR4 signaling. An IgG antibody was used as isotype
control. In the NC, NS, AC and AS groups, the cells were
treated with IgG or anti-TLR4, IgG + VD or anti-TLR4 + VD.
The levels of IL-6,1L.-10 and TNF-a were evaluated by ELISA.
As shown in Fig. 4A and C, blockade of TLR4 significantly
downregulated the levels of IL-6 and TNF-a but not IL-10.
Furthermore, inhibition of TLR4 significantly decreased the
levels of MyD88 and TRIF mRNA compared with the IgG
group, as detected by RT-qPCR (Fig. 4B).

We also used si-RNA targeting MyD88 (siMyD88) and
TRIF (siTRIF) to further confirm our findings (Fig. S1). As
shown in Figs. 5A and C, and 6A, downregulation of MyD88
or TRIF significantly suppressed IL-6 and TNF-a production
in the siMyD88 or siTRIF, and siMyD88 + VD or siTRIF + VD
groups compared with the siCon and siCon + VD groups, respec-
tively. On the contrary, no significant difference was observed
in IL-10 levels in these groups. siMyD88 and siTRIF treatment
significantly decreased the expression of TLR4, MyD88 and
TRIF (Figs. 5B and 6B) in monocytes from siMyD88 or siTRIF,
and siMyD88 + VD or siTRIF + VD groups compared with the
siCon and siCon + VD groups, respectively.

Discussion

The results of the present study revealed that LPS stimulation
significantly attenuated cell viability, increased the production
of pro-inflammatory cytokines (IL-6 and TNF-a), and promoted
the expression of TLR4, MyD88 and TRIF. VD was determined
to inhibit pro-inflammatory responses in monocytes induced
by LPS stimulation involving the TLR4/MyD88-dependent
and TRIF-dependent signaling pathways. Deficiency of TLR4,
MyD88 or TRIF impaired the expression of the remaining two,
which was accompanied with low levels of IL-6 and TNF-a.
Thus, a feedback loop may occur, whereby the secretion of these
pro-inflammatory cytokines is regulated.
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Figure 4. Effects of blocking TLR4 on the protein levels of TNF-a, IL-6, IL-10, and mRNA levels of TLR4, MyD88 and TRIF in monocytes stimulated with
lipopolysaccharide. (A) Levels of IL-6,IL-10 and TNF-a in the NC, NS, AC, and AS groups. The release of inflammation-related cytokines TNF-a, IL-6, and
IL-10 was measured in the culture supernatants from monocytes in four groups (NC, NS, AC and AS) after treatment with VD at concentration of 10 M by
ELISA. (B) mRNA levels of TLR4, MyD88 and TRIF in the four groups (NC, NS, AC and AS) after treatment with VD at concentration of 10?. (C) Levels of
IL-6,IL-10 and TNF-a mRNA in the culture supernatants from monocytes in the four groups (NC, NS, AC and AS) after treatment with VD at a concentration
of 10 M by reverse transcription-quantitative PCR. “P<0.05, “P<0.01, IgG vs. TLR4; “P<0.05, #P<0.01,IgG + VD vs. TLR4 + VD. AC, adult control; AS, adult
sepsis; NC, newborn control; NS, newborn sepsis; VD, 1,25-dihydroxy vitamin D3; IL, interleukin; MyD88, myeloid differentiation primary response gene 88;
TLR4, Toll-like receptor 4; TNF-a, tumor necrosis factor-a; TRIF, Toll-IL-1 resistance-domain-containing adapter-inducing interferon-f3.

Cytokines are endogenous inflammatory proteins and
function as mediators in the pathology and physiology of
systemic inflammatory response syndrome (SIRS) caused
by sepsis (36). Pro-inflammatory cytokines, such as TNF-a,
IL-6 and IL-f are essential for initiating the inflammatory
process in host defense against infection, whereas overproduc-
tion of these cytokines contributes to multiple organ failure
and mortality due to septic shock (37,38). Chawla et al (39)
reported that a high concentration of IL-6 acts as a risk factor
for acute kidney injury in patients with severe sepsis. TNF-a
appears to be a key cytokine in the pathogenesis of septic
shock (40). In addition, anti-inflammatory factors, including
transforming growth factor-f3, IL-10 and prostaglandin E2
may be formed to alleviate persistent inflammation (41).
Monocytes serve a critical role in the development of SIRS
caused by sepsis (21). Activated monocytes in sepsis induce
a dysfunctional immune-inflammatory response in which
the production of anti-inflammatory cytokines, IL-6 and
TNF-a are released (23,24). In the present study, significantly
elevated expression levels of the pro-inflammatory cytokines
IL-6 and TNF-a were observed; however, the levels of the
anti-inflammatory cytokine IL-10 were unaffected in mono-
cytes treated with LPS. As the immune system of newborns
is yet to develop further, we isolated monocytes from both
newborns and healthy adults. Although a similar trend was

observed compared between the treatment group and control
group, the levels of inflammatory factors in newborns were
generally lower than those in healthy adults (42). These find-
ings supported the fact that monocytes serve an important role
in the development of sepsis.

Emerging evidence from clinical studies has revealed a
high prevalence of VD deficiency or insufficiency among
patients with severe infections, such as sepsis (9). A previous
study has proposed that VD had a modulatory effect on the
inflammatory response in animal models of sepsis (43). In the
present study, VD reduced the expression of pro-inflammatory
factors (IL-6 and TNF-a) in a dose-dependent manner,
suggesting that VD exerted an inhibitory effect on inflam-
matory reactions; thus, VD may reduce sepsis-induced organ
dysfunction and mortality.

MyD88 was identified as a necessary component for the
activation of all TLR-mediated innate immunity processes, and
TRIF is involved in the TLR4-mediated MyD88-independent
signaling pathway (44). To investigate the molecular mecha-
nism underlying the suppression of inflammatory cytokine
secretion by VD, we inhibited TLR4 and its downstream
molecules. In this study, it was observed that blocking TLR4
in newborn and adult monocytes hindered IL-6 and TNF-a
production, and inhibited the expression of MyD88 and
TRIF. VD treatment resulted in a dose-dependent decrease



1158

1 siCon

NS

a2 siMyD88

AS

NC AC
B 3. | | 5iCon B siMyD88
5 B siCon+VD & siMyD88+VD
@
g
@
<
o
=
g
=
@
is
C IL-6
41 siCon == siMyDa8

- ciCon+VD &= siMyD88+VD

Relative expression
of mMRNA
n

TTTITTIIT *

NS

AS

Relative MyD88 expression

-y
wm

-
[=]

of mRNA

=

Relative expression
(1]

o
o

J=siCon
mm siCon+VD &= siMyD88+VD

NC NS

ZHENG et al: ANTI-INFLAMMATORY EFFECTS OF VITAMIN D3 ON MONOCYTES

=3 siMyD88 4007 —sicon 2= siMyD88
mm siCon+VD & siMyD88+VD
3 300+ -
2
= 200
ul. -
£ 1004

U.

AC AS AS

NC AC
—1siCon E3 siMyDEB8 1 siCon B siMyD8s
W siCon+VD &= siMyD8s8+VD 49 M siCon+VD E=3 siMyD88+VD

5]
L

Relative TRIF expression
—_ [}

[=]
I

n

IL-10 TNF-a
3 siCon = siMyD88 c  6q° 'siICDn = si!\dsts
mm siCon+VD & siMyD88+VD B m siCon+VD BN siMyD88+VD
.. @ I

= @
= S 4
8 X
= <=
= 1 -
g Z ©
g =
= [F]
5| i

SIS TSLLILIT S

M

NS

SASSI SIS SSSSITS,
TSI ISSSSS s

AC AS

Figure 5. Effects of MyD88 downregulation on the expression of protein levels. TNF-a, IL-6, IL-10, and mRNA levels of TLR4, TLR4 and TRIF. (A) The
release of IL-6, IL-10 and TNF-a was measured by ELISA. (B) mRNA expression levels of TLR4, MyD88 and TRIF. (C) Levels of IL-6, IL-10 and TNF-a
mRNA detected by reverse transcription-quantitative PCR. "P<0.05, “P<0.01, siCon vs. siMyD88; “P<0.05, #P<0.01, siCon + VD vs. siMyD88 + VD. AC,
adult control; AS, adult sepsis; NC, newborn control; NS, newborn sepsis; VD, 1,25-dihydroxy vitamin D3; Con, control; IL, interleukin; MyD88, myeloid
differentiation primary response gene 88; si, small interfering RNA; TLR4, Toll-like receptor 4; TNF-a, tumor necrosis factor-a; TRIF, Toll-IL-1 resis-
tance-domain-containing adapter-inducing interferon-f3.

A 3007, JsiCon & siTRIF
W siCon+VD &5 siTRIF+Vp_

= 200 4

£

o

a

& 1004

0-

B [ siCon

Relative TLR4 expression
[+]

Relative MyD88 expression

IL-10 (pg/ml)
3

-
=1

[=]

r
M

(=]

(1 siCon

NC NS

1 siCon
W siCon+V

)

__1siCon am siTAIE
@ SITRIF 250+ M siConsVD E=isiTRIF+VD
B siCon+VD &5 siTRIF+VD ~ [
siIL0N+ ‘_\20Q-
E
E‘ISO-
El
g 1004
=4
F 5o
el 1S <2 oL e . .
AC AS NC NS AC AS
B3 siTRIF —JsiCon B3 siTRIF
D == siTRIF+VD = 37 MEEsiCon+VD == siTRIF+VD
2
w
2
221
@
3
T
L -
ER
=
o
0

Figure 6. Effects of TRIF downregulation on the expression of TNF-a, IL-6, IL-10, TLR4 and MyD88. (A) The release of IL-6, IL-10 and TNF-a was
measured by ELISA. (B) mRNA expression levels of TLR4, MyD88 and TRIF as determined by reverse transcription-quantitative PCR. "P<0.05, siCon vs.
siTRIF; #P<0.05, siCon + VD vs. siTRIF + VD. AC, adult control; AS, adult sepsis; NC, newborn control; NS, newborn sepsis; VD, 1,25-dihydroxy vitamin
D3; Con, control; IL, interleukin; MyD88, myeloid differentiation primary response gene 88; si, small interfering RNA; TLR4, Toll-like receptor 4; TNF-a,
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in TLR4 expression and its downstream molecules, MyD88
and TRIF. Evidence has shown that TLR-4 mRNA was
downregulated after treatment with anti-TLR4 antibody (45).
Anti-TLR4 monoclonal antibody attenuated lung injury

caused by mechanical ventilation, inflammation and edema in
rats by inhibiting the TLR4/MyD88 signaling pathway (46).
Consistently, we observed that TLR4 was also decreased
after treatment with the anti-TLR4 antibody, suggesting that
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the inhibition of TLR4 interferes with the cascades involving
the TLR4/MyD88 signaling pathway. To the best of our
knowledge, our study is the first to demonstrate for the first
time that VD induced the suppression of IL-6 and TNF-a
in sepsis, which is likely mediated by the inhibition of the
TLR4-MyD88-dependent and TRIF-dependent pathways. Of
note, VD did not significantly affect the production of IL-10 in
LPS-stimulated human monocytes.

Feedback mechanisms are necessary to sustain effec-
tive immunity, inflammation and tissue homeostasis (47).
Hegyi et al (48) demonstrated a disturbance of AMP in
psoriasis mediated by a pro-inflammatory feedback loop
was induced by the VD analog, calcipotriol. White (49)
confirmed that the VD-signaling pathway can be induced
though TLR2 or TLR4 signaling via elevated VDR and
VS 1-a-hydroxylase expression; a positive feedback loop
is formed with the involvement of VD, TLR2 and CD14.
Interestingly, downregulation of MyD88 suppressed the
pro-inflammatory response, and reduced the levels of TLR4
and TRIF. A similar pattern of results was observed in the
cells with TRIF silencing. Thus, we proposed the hypothesis
that the effects of VD on TLR4, MyD88 and TRIF expression
in monocytes constituted a feedback loop in sepsis, which
may be associated with the biosynthesis of pro-inflammatory
cytokines. Our preliminary data suggest the role of VD in
the attenuation of inflammation induced by LPS. However,
the effects of VD in the treatment of sepsis should be further
evaluated within in vivo models, such as LPS induction and
cecal ligation models.

In summary, the present study reported that VD decreased
the release of the pro-inflammatory cytokines IL-6 and TNF-a
by inhibiting the TLR4/MyD88 and TLR4/TRIF signaling
pathways in LPS-stimulated monocytes. Our findings suggest
that VD may be considered as a potential therapeutic agent in
the treatment of sepsis, given its reported anti-inflammatory
properties.
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