MOLECULAR MEDICINE REPORTS 24: 485, 2021

Non-toxic sulfur inhibits LPS-induced inflammation
by regulating TLR-4 and JAK2/STAT3 through IL-6 signaling
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Abstract. Janus kinase 2 (JAK2) and STAT3 signaling is consid‑
ered a major pathway in lipopolysaccharide (LPS)‑induced
inflammation. Toll‑like receptor 4 (TLR‑4) is an inflammatory
response receptor that activates JAK2 during inflammation.
STAT3 is a transcription factor for the pro‑inflammatory cyto‑
kine IL‑6 in inflammation. Sulfur is an essential element in
the amino acids and is required for growth and development.
Non‑toxic sulfur (NTS) can be used in livestock feeds as it
lacks toxicity. The present study aimed to inhibit LPS‑induced
inflammation in C2C12 myoblasts using NTS by regulating
TLR‑4 and JAK2/STAT3 signaling via the modulation of IL‑6.
The 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium
bromide assay was conducted to analyze cell viability and
reverse transcription polymerase chain reaction and western
blotting performed to measure mRNA and protein expression
levels. Chromatin immunoprecipitation and enzyme‑linked
immunosorbent assays were used to determine the binding
activity of proteins. The results indicated that NTS demon‑
strated a protective effect against LPS‑induced cell death and
inhibited LPS‑induced expression of TLR‑4, JAK2, STAT3
and IL‑6. In addition, NTS inhibited the expression of nuclear
phosphorylated‑STAT3 and its binding to the IL‑6 promoter.
Therefore, NTS may be a potential candidate drug for the
treatment of inflammation.
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Introduction
Inflammation is considered a localized immune response
against harmful or irritating stimuli that activate the immune
system. Generally, the immune system recognizes stimuli
that cause inflammation and induces an immune response
depending on the type of stimuli (1). In a cell culture system,
lipopolysaccharide (LPS), a component in the outer membrane
of gram‑negative bacteria, is used to induce inflammation (2).
It induces inflammatory responses by regulating Toll‑like
receptor (TLR) signaling (3). Among the TLRs, TLR‑2 and
TLR‑4 are considered to serve key roles in inflammation, which
subsequently activates NF‑κ B signaling (4,5). In response to
LPS‑induced inflammation, NF‑κ B activates pro‑inflamma‑
tory cytokines, such as TNF‑α, IL‑1β, or IL‑6 (6‑8).
The Janus kinase (JAK) family of protein tyrosine kinases
takes part in various cellular responses against stimuli,
including cancer (9). JAK2 is a ligand that binds to the cell
membrane receptor to trigger downstream signaling events
from the receptor to the target molecule. Once a stimulus acti‑
vates the receptor, tyrosine phosphorylation of JAK2 occurs,
which signals to other downstream targets. JAK2 is involved
in LPS‑induced inflammation (10). In particular, LPS‑induced
inflammation activates TLR‑4, triggering the phosphoryla‑
tion of JAK2, which is required for the activation of various
signaling pathways, including Src‑kinase, MAPK, PI3K‑AKT
and STAT (11).
Of the JAK2‑mediated signaling pathways, STAT3 serves
an important role in inflammation (12). STAT3 is also consid‑
ered an oncogene and it can transduce signals from stimuli
at the cell surface to the nucleus (13). When JAK2 is phos‑
phorylated, the Src‑homology 2 domain of STAT3 binds to
JAK2, leading to the phosphorylation of STAT3; this in turn
translocates to the nucleus and binds to gene promoters to
initiate transcription (14). When inflammation occurs, STAT3
activation leads to its binding to the promoter of IL‑6, which
is a pro‑inflammatory cytokine and key mediator in inflam‑
mation (15). A recent study has shown that the JAK2/STAT3
signaling pathway is required for cell death and inflammation
in pancreatic cells (16). In addition, elevated expression levels
of JAK2/STAT3/IL‑6 are involved in inflammation during
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tumorigenesis (17) and increased production of IL‑6 has also
been identified in cancer (18). Therefore, focusing on the
JAK2/STAT3/IL‑6 pathway for inflammation may provide a
target to develop an anti‑inflammatory drug.
A number of sulfur compounds are known to exhibit
anti‑inflammatory activities (19). Methylsulfonylmethane (MSM)
acts as an anti‑inflammatory drug against LPS‑induced inflam‑
matory responses (20). Sulfur is an essential element that is
indirectly consumed by our body in the form of foods, such as
onion, garlic and duck meat (21). For the consumption of naturally
existing mineral sulfur, different substances are combined with
mineral sulfur to eliminate its toxic substances. A number of
countries use a non‑toxic form of dietary sulfur or natural sulfur
for the treatment of different diseases, including inflammatory
diseases (22). Non‑toxic sulfur (NTS) has been used in livestock
feed to improve meat quality and immunity. It has been reported
that repeated oral administration of NTS in rats did not induce
cell death (23,24). In addition, it has been demonstrated that
NTS can enhance growth hormone signaling by regulating the
JAK2/STAT5b/IGF‑1 axis (25). The present study hypothesized
that NTS exhibits anti‑inflammatory activity against LPS‑induced
inflammation by regulating JAK2/STAT3/IL‑6 signaling.
Materials and methods
Antibodies and cell culture reagents. Dulbecco's modified
Eagle's medium (DMEM), penicillin‑streptomycin solution,
Trypsin‑EDTA (0.05%) and fetal bovine serum (FBS) were
purchased from Gibco (Thermo Fisher Scientific, Inc.).
Antibodies specific for β‑actin (cat. no. sc‑47778) and TLR‑4
(cat. no. sc‑293072) and secondary antibodies [goat anti‑mouse
(cat. no. sc‑516102) and anti‑rabbit (cat. no. sc‑2357)] were
obtained from Santa Cruz Biotechnology, Inc. The anti‑IL‑6
(cat. no. ab6672) and Tata‑binding protein (TBP; cat.
no. ab63766) antibodies were purchased from Abcam, and
phosphorylated (p)‑Jak2 (cat. no. 3776s), Jak2 (cat. no. 3230s),
p‑STAT3 (cat. no. 9145) and STAT3 (cat. no. 9139) antibodies
were purchased from Cell Signaling Technology, Inc. NTS
was donated by Nara Bio Co., Ltd. LPS (cat. no. L4391), and
the STAT3 inhibitor 2‑hydroxy‑4‑methylphenyl sulfonyl
oxy acetyl amino‑benzoic acid (cat. no. S3I‑201) and TLR‑4
inhibitor (TLR4‑C34; cat. no. SML0832) were purchased from
Sigma‑Aldrich (Merck KGaA).
Cell culture and treatment. C2C12 myoblasts (cat.
no. CRL‑1772; American Type Culture Collection) were
cultured in DMEM supplemented with 10% FBS and 1% peni‑
cillin‑streptomycin at 37˚C in 5% CO2. For each experiment,
cells at 70‑80% confluency cells were gently washed twice with
phosphate‑buffered saline (PBS). Unless otherwise specified,
cells were treated with 0.2 µg/ml NTS in dimethyl sulfoxide
(DMSO; cat. no. D8418; Sigma‑Aldrich; Merck KGaA) for
24 h at 37˚C.
Cell viability assay. Cell viability was assessed using the
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide
(MTT; cat. no. M2128; Sigma‑Aldrich; Merck KGaA) assay.
Briefly, cells were re‑suspended in DMEM 1 day prior to drug
treatment at a density of 1x104 cells/well in 24‑well culture
plates. The next day, the culture medium was replaced with

fresh medium containing DMEM (vehicle control) or different
concentrations of NTS (0.1‑2 µg), followed by incubation for
24 h at 37˚C. Following this treatment, MTT (5 mg/ml) was
added and the culture plates were incubated at 37˚C for 4 h.
The resulting formazan product was dissolved in DMSO
and absorbances were measured at 560 nm using the Ultra
Multifunctional Microplate Reader (Tecan US, Inc.). Cell
viability was determined from these readings using the formula
% viability = (fluorescence value of MSM/fluorescence value of
non‑treated control) x100. All measurements were performed
in triplicate and experiments were repeated at least three times.
Cell viability was confirmed by WST‑1 (Roche Diagnostics
GmbH) assay. Briefly, cells were re‑suspended in DMEM 1 day
prior to drug treatment at a density of 4x103 cells/well in 96‑well
culture plates. The next day, the culture medium was replaced
with fresh medium containing DMEM (vehicle control) or
different concentrations of NTS (0.1‑2 µg) and cells were incu‑
bated for 24 h at 37˚C. Following this treatment, 10 µl/well cell
proliferation Reagent WST‑1 was added and the culture dishes
were incubated at 37˚C for 4 h. Absorbances were measured
at 460 nm using an Ultra Multifunctional Microplate Reader
(Tecan US, Inc.). Cell viability was determined from these
readings using the formula % viability = (fluorescence value
of MSM/fluorescence value of non‑treated control) x100. All
measurements were performed in triplicate and experiments
were repeated at least three times.
Apoptosis analysis. Fluorescein‑conjugated Annexin V
(Annexin V‑FITC) was used to measure the apoptosis in
C2C12 cells. The NTS or LPS treated cells were washed with
PBS and re‑suspended in a binding buffer at a concentration of
1x106 cells. Then, the cells were stained with Annexin V‑FITC
and PI for 10 min in the dark at room temperature. The
percentage of apoptotic cells was measured by flow cytometry
using a FACSCalibur flow cytometer (Bio‑Rad Laboratories,
Inc.) and the analysis was performed using FlowJo soft‑
ware v10 (FlowJo LLC). Apoptotic rate was calculated using
live cells vs. dead cells, which included early apoptosis, late
apoptosis or necrosis.
Western blotting. Whole cell lysates were prepared from untreated
or NTS‑treated C2C12 myoblasts by incubating the cells on ice
with radioimmunoprecipitation lysis buffer (cat. no. 20‑188; EMD
Millipore) containing phosphatase and protease inhibitors. Cells
were lysed by aspirating through a 23‑gauge needle and the lysate
was centrifuged at 18,300 x g for 10 min at 4˚C to remove cellular
debris. Protein concentrations were measured using the Bradford
method (Thermo Fisher Scientific, Inc.). Equal amounts of
protein (100 µg per lane) were subjected to 10% sodium dodecyl
sulfate‑polyacrylamide gel electrophoresis. Then, the separated
proteins were transferred onto nitrocellulose membranes.
The blots were blocked for 1 h with 5% skimmed milk (cat.
no. 90002‑594; BD Biosciences) in TBS with Tween‑20 (TBST)
buffer [20 mM Tris‑HCl (cat. no. 10708976001; Sigma‑Aldrich;
Merck KGaA), pH 7.6, 137 mM NaCl (Formedium Ltd.) and
0.1X Tween‑20 (cat. no. 0777; Scientific Sales, Inc.)]. Membranes
were then probed overnight at 4˚C with the indicated primary
antibodies (1:1,000; anti‑TLR‑4, anti‑IL‑6, anti‑p‑Jak2, anti‑Jak2,
anti‑p‑STAT3, anti‑STAT3 and anti‑β‑actin) diluted in 5% bovine
serum albumin (BSA; EMD Millipore) or 5% skimmed milk
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(Difco™ skim milk; BD Biosciences). Membranes were then
washed with TBST and incubated for 1‑1.5 h at room temperature
with horseradish peroxidase (HRP)‑conjugated secondary anti‑
bodies (1:1,000). Detection was performed using the Enhanced
Chemiluminescence Plus detection kit (Cytiva) and LAS‑4000
imaging device (Version 1.0; Fujifilm Corporation). Blots were
stripped with Restore Western Blot Stripping Buffer (Thermo
Fisher Scientific, Inc.). Densitometry was performed using ImageJ
software (version 1.8.0_172; National Institutes of Health).
Reverse transcription (RT)‑semi‑quantitative PCR. Total RNA
was extracted from the cells using the RNeasy Mini kit (Qiagen
GmbH) according to the manufacturer's instructions. RNA was
spectrophotometrically quantified at 260 nm. Subsequently,
RT‑semi‑quantitative PCR analyses were performed to detect
TLR‑4, IL‑6 and GAPDH RNA expression. Briefly, cDNA
was synthesized from total RNA by incubating the samples
at 42˚C for 1 h and then at 95˚C for 5 min using a First‑Strand
cDNA Synthesis kit (cat. no. K‑2041; Bioneer Corporation) and
oligod(T) primers. The RT‑PCR Premix kit (cat. no. K‑2016;
Bioneer Corporation) was used to amplify TLR‑4, IL‑6 and
GAPDH with primers synthesized by Bioneer Corporation. To
generate a 359‑bp TLR‑4 fragment, the following primers were
used: TLR‑4 sense, 5'‑GCTTTCACCTCTGCCTTCAC‑3' and
antisense, 5'‑CGAGGCTTTTCCATCCAATA‑3'. To generate
a 396‑bp IL‑6 fragment, the following primers were used:
IL‑6 sense, 5'‑AGCCCTGAGAAAGGAGACAT‑3' and anti‑
sense, 5'‑CTGCGCAGAATGAGATGAGT‑3'. Then, a 320‑bp
GAPDH mRNA fragment was generated with the following
primers: GAPDH sense, 5'‑AAGGCCATCACCATCTTCCA‑3'
and antisense, 5'‑ACGATGCCAAAGTGGTCATG‑3'. The
PCR conditions for TLR‑4 were as follows: 95˚C for 5 min,
32 cycles of 95˚C for 60 sec, 58˚C for 60 sec and 72˚C for
60 sec and 72˚C for 10 min. The PCR conditions for IL‑6 and
GAPDH were as follows: 95˚C for 5 min, 32 cycles of 95˚C
for 60 sec, 60˚C for 60 sec and 72˚C for 60 sec and 72˚C for
10 min. PCR products were resolved via electrophoresis on
a 2% agarose gel and visualized with ethidium bromide (cat.
no. E7637; Sigma‑Aldrich; Merck KGaA) staining.
Flow cytometry analysis. After cultured cells were washed
with cold PBS, cell pellets were isolated by centrifugation at
14,000 x g for 5 min at 4˚C and incubated with 10% BSA on ice
for 20 min. Then, cells (3x106) were stained with the following
antibodies (1:200) on ice for 30 min: PE CD282 (TLR4; cat.
no. 312806; BioLegend, Inc.). Stained cells were washed with
pre‑cold PBS and flow cytometric analysis was performed using
the FACSCalibur flow cytometer (BD Bioscience) and analysis
was performed using FlowJo software v10 (FlowJo LLC).
Chromatin immunoprecipitation (ChIP) assay. The ChIP
assay was performed using the Imprint ChIP kit (cat. no. CHP1;
Sigma‑Aldrich; Merck KGaA) according to the manufacturer's
protocol. Briefly, C2C12 myoblasts were fixed by adding
1% formaldehyde to media containing cells immediately and
quenched with 1.25 M glycine at room temperature. Following
washing with PBS, the cells were suspended in nuclei prepa‑
ration buffer and shearing buffer (provided in ChIP kit) and
sonicated under optimized conditions (20 sec on and off for
15 min with 25% amplitude on ice). The sheared DNA was
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then centrifuged at 16,000 x g for 10 min at 4˚C and the
cleared supernatant was used for protein/DNA immunopre‑
cipitation. The clarified supernatant was diluted with buffer
(1:1 ratio) and 5‑µl aliquots of the diluted samples were used
as internal controls. Then, the diluted supernatant was incu‑
bated with anti‑STAT3 antibody (1:1,000) in pre‑coated wells
for 90 min at 4˚C. The controls were incubated with normal
goat IgG (1:1,000) and then with anti‑RNA polymerase II for
90 min at 4˚C. The unbound DNA was washed with immuno‑
precipitation wash buffer and the bound DNA was collected
by the cross‑link reversal method using a DNA release buffer
containing proteinase K. The released DNA and DNA from
the internal control were purified using the GenElute Binding
Column G (Sigma‑Aldrich; Merck KGaA). The DNA was then
quantified via RT‑qPCR. The primer sequences were: IL‑6
sense, 5'‑GACTGAGCCTAAGGGTGCAT‑3' and antisense,
5'‑ACCACTAGAGGGCCAAGTCA‑3'.
Nuclear protein extraction. Nuclear protein extracts were
isolated using a nuclear extract kit (cat. no. AY2002; Panomics,
Inc.). Briefly, cells were washed with PBS and buffer A
containing DTT, Protease Inhibitor, Phosphates Inhibitor I and
Phosphates Inhibitor II were added and incubated in ice on a
rocking platform at 200 rpm for 10 min. The samples were trans‑
ferred to micro centrifuge tubes and the supernatant removed by
centrifugation at 14,000 x g for 3 min at 4˚C. Then buffer B
containing DTT, Protease Inhibitor, Phosphates Inhibitor I and
Phosphates Inhibitor II were added and incubated on ice for 1 h.
The nuclear extract was collected by taking the supernatant by
centrifugation at 14,000 x g for 5 min at 4˚C and western blot‑
ting was performed as described above for further analysis.
Enzyme‑linked immunosorbent assay (ELISA). ELISA was
performed for the quantitative detection of IL‑6 using a
mouse IL‑6 ELISA kit (cat. no. ab100713; Abcam). C2C12
cells were treated with NTS for 24 h and with 100 ng/ml
LPS for 4 h and the spent media were used for the assay. The
samples were added to anti‑mouse IL‑6‑coated microwells
along with sample diluent and a biotin‑conjugate solution.
Following incubation, streptavidin‑HRP was added and the
plates were further incubated for 1 h in a shaker at room
temperature. Then, 3,3', 5,5'‑tetramethylbenzidine solution was
added after washing. Finally, a stop solution was added once
the high‑concentrated standard turned a dark blue color. The
absorbance was read with a microplate reader at 450 nm and
calculations were performed according to the assay protocol.
Statistical analyses. All experiments were performed at least
three times. Results are expressed as the mean ± standard
error of the mean. Statistical analyses were conducted using
the one‑way analysis of variance (ANOVA) or unpaired
Student's t‑test. One‑way ANOVA was followed by Tukey's
post hoc test. Analyses were performed using the SAS 9.3
program (SAS Institute, Inc.). P<0.05 was considered to indi‑
cate a statistically significant difference.
Results
Protective effect of NTS on LPS‑induced loss of cell viability.
To examine whether NTS exhibits a protective effect on cell
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Figure 1. Effect of NTS on the viability of LPS‑treated C2C12 cells. (A) MTT assay was performed to evaluate viability of C2C12 cells following treatment
with or without 100 ng/ml LPS or 0.1‑2 µg/ml NTS for 24 h. Cell viability was determined using the formula % viability = (fluorescence value of methylsulfo‑
nylmethane/fluorescence value of non‑treated control) x100. Data are representative of three independent experiments. Non‑significant results were observed
via statistical analysis. (B) WST‑1 assay showing the cyto protective effects of NTS against LPS‑induced cell death. Data are representative of three indepen‑
dent experiments. Non‑significant results were observed via statistical analysis. (C) Flow cytometry analysis using Annexin V and PI staining in C2C12 cells
following treatment with LPS and NTS for 24 h. (D) Graphical representation of the percentage of cells undergoing phases of apoptosis following treatment
with 100 ng/ml LPS or 0.2 and 0.5 µg/ml NTS in C2C12 myoblasts. The values are presented as mean ± standard error of the mean of three independent
experiments performed in triplicate (n=3). NTS, non‑toxic sulfur; LPS, lipopolysaccharide; Con, control; N.S., non‑significant.

viability, the MTT assay (Fig. 1A) and WST‑1 assay (Fig. 1B) were
performed. It was found that LPS induced ~20% of cell death
during a treatment period of 24 h. To determine the optimum
concentration of NTS, cells were treated with 0.1, 0.2, 0.5, 1 and
2 µg/ml NTS in the presence of 100 ng/ml LPS. A non‑significant
increase in cell numbers with 0.1, 0.2 and 0.5 µg/ml NTS was
observed, whereas 1 and 2 µg/ml NTS decreased cell viability. In
order to confirm the cyto protective effect of NTS, flow cytom‑
etry analysis was conducted in C2C12 myoblasts (Fig. 1C). The
results confirmed an increase in cell proliferation compared with
LPS‑treated cells (Fig. 1D). The pro‑apoptotic factor BAX protein
was also analyzed and this confirmed the cyto protective effect of
NTS against LPS‑induced cell death (Fig. S1). From these results,
0.2 and 0.5 µg/ml NTS were selected for further studies.
NTS inhibits LPS‑induced mRNA expression of TLR4 and IL‑6.
From the cell viability assay, the optimal concentrations of NTS
were determined to be 0.2 and 0.5 µg/ml. Subsequently, it was
determined whether NTS can inhibit LPS‑induced expression
of the inflammatory receptor TLR‑4 and pro‑inflammatory
cytokine IL‑6. C2C12 cells were treated with LPS or NTS
and then mRNA was isolated from these cells to analyze
the expression of TLR‑4 and IL‑6 via RT‑semi‑quantitative
PCR (Fig. 2A). The obtained results suggested an increase
in the expression of TLR‑4 and IL‑6 with LPS treatment,
which was inhibited by NTS treatment (Fig. 2B). These results
suggested the anti‑inflammatory effect of NTS.
NTS downregulates LPS‑induced JAK2/STAT3/IL‑6 signaling. It
was observed that NTS inhibited LPS‑induced mRNA expression

of TLR‑4 and IL‑6 mRNA. Therefore, the protein expression
of TLR‑4 and JAK2/STAT3/IL‑6 was measured with western
blotting. The obtained results demonstrated an increase in the
expression of TLR‑4 and JAK2/STAT3/IL‑6 in LPS‑treated cells,
which was downregulated by 0.5 µg/ml NTS (Fig. 3A) without
affecting the expression of total JAK2 and STAT3. To determine
the role of TLR‑4 and STAT3 in the anti‑inflammatory effect
of NTS, cells were treated with a TLR‑4 inhibitor (TLR4‑C34)
or STAT3 inhibitor S3I‑201 (100 µM). It was observed that the
TLR‑4 inhibitor demonstrated a similar significant pattern to
NTS; by contrast, the STAT3 inhibitor inhibited the expression
of p‑STAT3 and IL‑6. These results provided evidence of the
role of TLR‑4 and STAT3 in the anti‑inflammatory activity of
NTS (Fig. 3B). The ratio of phosphorylated proteins to their
total form also demonstrated similar result to the phosphory‑
lated proteins compared with β‑actin (Fig. 3C). In addition, the
role of TLR‑4 in inflammation was confirmed by examining
LPS‑induced expression of TLR‑4 and its inhibition by NTS
treatment via flow cytometry analysis (Fig. 3D).
NTS inhibits expression of nuclear p‑STAT3 and its binding to
the IL‑6 promoter. The present study demonstrated that NTS
inhibited LPS‑induced expression of TLR‑4, JAK2, STAT3
and IL‑6. It was hypothesized that STAT3 would translocate
from the cytoplasm to the nucleus to bind to the promoters
of pro‑inflammatory cytokines in LPS‑induced inflammation.
Therefore, C2C12 cells were treated with or without LPS or
NTS for 24 h and nuclear proteins were isolated to analyze
the expression of STAT3 via western blotting. The expression
of p‑STAT3 increased in LPS‑treated cells, whereas total

MOLECULAR MEDICINE REPORTS 24: 485, 2021

5

Figure 2. NTS inhibits TLR‑4 and IL‑6 mRNA expression. (A) Reverse transcription‑semi‑quantitative PCR results showing the analysis of TLR‑4 and IL‑6
mRNA expression following the treatment of C2C12 cells with 100 ng/ml LPS or 0.2 and 0.5 µg/ml NTS for 24 h. (B) Relative mRNA expression levels
of TLR‑4 and IL‑6 were determined via densitometry and were normalized to GAPDH mRNA. Data are representative of three independent experiments.
**
P<0.01 and ***P<0.001 vs. control. NTS, non‑toxic sulfur; TLR‑4, Toll‑like receptor 4; LPS, lipopolysaccharide; Con, control.

Figure 3. NTS inhibits TLR‑4, JAK2, STAT3 and IL‑6 signaling. (A) Western blotting showing the expression of TLR‑4, JAK2, p‑JAK2, STAT3, p‑STAT3
and IL‑6 proteins following the treatment of C2C12 cells with 100 ng/ml LPS and 0.2 or 0.5 µg/ml NTS or 100 µM S3I‑201 or 80 µM TLR4‑C34 for 24 h.
(B) Relative protein expression levels of TLR‑4, JAK2, p‑JAK2, STAT3, p‑STAT3 and IL‑6 were determined via densitometry and were normalized to β‑actin.
Data are representative of three independent experiments. (C) Relative expression levels of p‑JAK2 and p‑STAT3 were determined via densitometry and were
normalized to total JAK2 and STAT3. (D) Flow cytometry (fluorescence‑activated cell sorting) analysis of TLR‑4 expression in C2C12 cells showing the
expression levels of LPS‑induced TLR‑4 and its inhibition by 0.5 µg/ml NTS or 80 µM Toll‑like receptor 4 inhibitor (TLR4‑C34) for 24 h. *P<0.05, **P<0.01
and ***P<0.001 vs. control. NTS, non‑toxic sulfur; TLR‑4, Toll‑like receptor 4; JAK2, Janus kinase 2; p‑, phosphorylated; LPS, lipopolysaccharide; Con, control.

STAT3 levels remained unchanged in non‑treated control
cells (Fig. 4A). NTS inhibited the expression of p‑STAT3
without affecting the expression levels of STAT3, indicating
the possible inhibition of the nuclear translocation of STAT3
by NTS (Fig. 4B). The ratio of nuclear p‑STAT3 protein to
total nuclear STAT3 protein also demonstrated a similar result
to the p‑STAT3 expression compared with TBP (Fig. 4C). It
was hypothesized that nuclear p‑STAT3 may bind to the IL‑6
promoter. To confirm this, the expression of the STAT3‑IL‑6
complex was analyzed by ChIP assay (Fig. 4D). The result

demonstrated a significant increase in LPS‑induced expres‑
sion of the STAT3‑IL‑6 complex, which was downregulated
by 0.5 µg/ml NTS (Fig. 4E).
NTS inhibits LPS‑induced STAT3‑dependent IL‑6 expres‑
sion. The inhibition of the STAT3‑IL‑6 complex by NTS
was demonstrated in LPS‑induced inflammation. The present
study assessed whether NTS could inhibit IL‑6 release into the
media. C2C12 cells were treated with or without LPS or NTS
and the media was collected to conduct a mouse IL‑6 ELISA.
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Figure 4. NTS inhibits the expression levels of nuclear p‑STAT3 and its binding to the IL‑6 promoter. (A) Western blotting of the nuclear extracts of C2C12
cells showing the expression of STAT3 and p‑STAT3 nuclear proteins following treatment with 100 ng/ml LPS and 0.2 or 0.5 µg/ml NTS for 24 h. (B) Relative
expression levels of STAT3 and p‑STAT3 nuclear proteins were determined via densitometry and normalized to TBP. Data are representative of three inde‑
pendent experiments. (C) Relative expression levels of nuclear p‑STAT3 determined via densitometry and were normalized to total STAT3. (D) ChIP analysis
of STAT3‑IL‑6 complex formation in C2C12 cells following treatment with 100 ng/ml LPS or 0.5 µg/ml NTS for 24 h. Data were quantified using reverse
transcription‑semi‑quantitative PCR. (E) Relative STAT3‑IL‑6 complex binding obtained in C2C12 cells with 100 ng/ml LPS or 0.5 µg/ml NTS for 24 h
by ChIP assay and expressed as a percentage of the control. Data are representative of three independent experiments. *P<0.05 and ***P<0.001 vs. control.
NTS, non‑toxic sulfur; p‑, phosphorylated; LPS, lipopolysaccharide; ChIP, chromatin immunoprecipitation; Con, control; TBP, Tata‑binding protein.

Figure 5. NTS inhibits STAT3‑dependent IL6 expression. ELISA analysis
showing the inhibition of LPS‑induced expression of IL‑6 following treatment
with 0.2 and 0.5 µg/ml of NTS or 100 µM S3I‑201 for 24 h. Data are repre‑
sentative of three independent experiments. *P<0.05 and **P<0.01 vs. control.
NTS, non‑toxic sulfur; Con, control; LPS, lipopolysaccharide.

The result demonstrated a significant increase in LPS‑induced
IL‑6 expression, whereas NTS decreased IL‑6 expres‑
sion (Fig. 5). A similar pattern was observed in the STAT3
inhibitor‑treated group. These results demonstrated that NTS
exhibited an anti‑inflammatory effect by regulating STAT3.
Taken together, NTS inhibited LPS‑induced inflammation by
inhibiting LPS‑induced expression of TLR‑4, JAK2, STAT3
and IL‑6. It also inhibited the expression of IL‑6 mRNA to
induce its anti‑inflammatory effects (Fig. 6).

Figure 6. Molecular regulatory mechanism of LPS‑induced inflammatory
responses by TLR‑4 and JAK2/STAT3 via IL‑6 signaling. The anti‑inflam‑
matory activities of NTS are mediated by inhibiting these pathways and the
binding of STAT3 to the promoter of the pro‑inflammatory cytokine IL‑6.
LPS, lipopolysaccharide; NTS, non‑toxic sulfur; TLR‑4, Toll‑like receptor 4;
JAK2, Janus kinase 2; p‑, phosphorylated; GAS, γ‑interferon activation site.

Discussion
The treatment of inflammation with naturally active compounds
is a promising strategy as a number of natural compounds
exhibit anti‑inflammation activities with fewer side effects (26).
After calcium and phosphorus, sulfur is suggested to be the
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most abundant mineral element present in the human body that
is used for normal maintenance and it is generally derived from
the sources of dietary protein because of the toxicity associated
with direct administration (27). Sulfur‑containing amino acids
are essential for optimal growth and protein synthesis (28).
Sulfur‑containing compounds possess various activities,
including anticancer (29), anti‑inflammatory (30) and antioxi‑
dant activity (31). NTS is considered a good source as it enables
the supplementation of the non‑toxic form of sulfur. If NTS
were able to inhibit LPS‑induced inflammation, then it could be
considered a candidate drug for the treatment of inflammation.
If a natural compound protects against LPS‑induced cell
death by increasing the cell viability of a normal cell, then it can
be considered that the particular concentration of that natural
compound is not associated with significant adverse effects. The
present study used C2C12 mouse myoblasts for anti‑inflamma‑
tory studies as these cells are used for inflammation studies.
Inflammation by LPS can activate the ubiquitin‑proteasome
pathway via TLR4 and induces catabolism in cultured
C2C12 (32). These C2C12 myoblasts are commonly used for
the regulation of LPS‑induced inflammation by candidate drugs
in vitro (33,34). However, the lack of a more relevant cell model
could be considered as a limitation of this study. The results
demonstrated that LPS induced ~20% of cell death in C2C12
cells, whereas concentrations >0.5 µg/ml NTS demonstrated
a protective effect on C2C12 cells by increasing cell viability
compared with LPS treatment. Inhibition in apoptosis by NTS
also gave evidence for our previous study that demonstrated
NTS can act as a growth hormone by inducing growth hormone
signaling (25). Therefore, from the results of the cell viability
and apoptosis assay, it was hypothesized that 0.5 µg/ml NTS
could inhibit LPS‑induced inflammation.
To examine the anti‑inflammatory activity of NTS, the
effect of NTS on LPS‑induced expression of the inflammation
response receptor TLR‑4 and pro‑inflammatory cytokine IL‑6
was initially assessed. TLR‑4 is considered one of the main
receptors triggering inflammatory responses (35). The addition
of LPS leads to the activation of TLR‑4 by binding to cluster
of differentiation (CD)14 that is anchored to raft proteins (36).
IL‑6 is a key factor in inflammation response pathways and
it takes part in both non‑classical inflammation pathways and
Hippo pathways (37). It also serves an important role in main‑
taining the delicate balance between inflammation and immune
resolution (38). The results of the present study demonstrated
an increase in the expression of TLR‑4 and IL‑6 with LPS
treatment, whereas NTS decreased their expression at both
transcriptional and translational levels and their levels in spent
media. These results suggested the role of NTS as an effective
anti‑inflammatory drug against LPS‑induced inflammation.
The JAK/STAT pathway is one of the key signaling
pathways as a target for autoimmune diseases and inflam‑
mation (39,40). JAK/STAT signals promote inflammation by
regulating the development of innate lymphoid cells in immune
responses (41). It is the major pathway in inflammation that
acts via signaling from TLR‑4 in natural compound‑based
anti‑inflammatory activity (42). The present study demon‑
strated that LPS inhibition induced the expression of TLR‑4.
In addition, it found that NTS inhibited LPS‑induced expres‑
sion of activated JAK2 and STAT3 without affecting the
total forms of these proteins. Therefore, the results suggested
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that the anti‑inflammatory activity of NTS was mediated via
TLR‑4 and JAK2/STAT3 signaling. STAT3 is a transcription
factor for the pro‑inflammatory cytokine IL‑6 during inflam‑
mation (43). The results of the present study demonstrated
that NTS inhibited the nuclear levels of activated STAT3 and
its binding to the promoter region of IL‑6, indicating that
the inflammatory response via STAT3/IL‑6 signaling was
downregulated by NTS treatment. In particular, it blocks the
transcription of IL‑6, thereby inhibiting inflammation.
In conclusion, the present study demonstrated that
the natural sulfur‑containing compound NTS inhibited
LPS‑induced inflammation by modulating TLR‑4 and
JAK2/STAT3 signaling pathways. NTS also reduced the
nuclear p‑STAT3 protein levels and inhibits its binding to the
promoter region of the pro‑inflammatory cytokine IL‑6. Taken
together, the results suggested that NTS could be a potential
candidate drug for the treatment of inflammation.
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