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Abstract

Background Polarized macrophages induce fibrosis through multiple mechanisms, including a process termed epithelial-to-
mesenchymal transition (EMT). Mesenchymal cells contribute to the excessive accumulation of fibrous connective tissues,
leading to organ failure. This study was aimed to investigate the effect of tannic acid (TA), a natural dietary polyphenol on
M1 macrophage-induced EMT and its underlying mechanisms.

Materials First, we induced M1 polarization in macrophage cell lines (RAW 264.7 and THP-1). Then, the conditioned-
medium (CM) from these polarized macrophages was used to induce EMT in the human adenocarcinomic alveolar epithelial
(A549) cells. We also analysed the role of TA on macrophage polarization.

Results We found that TA pre-treated CM did not induce EMT in epithelial cells. Further, TA pre-treated CM showed
diminished activation of MAPK in epithelial cells. Subsequently, TA was shown to inhibit LPS-induced M1 polarization in
macrophages by directly targeting toll-like receptor 4 (TLR4), thereby repressing LPS binding to TLR4/MD2 complex and
subsequent signal transduction.

Conclusion It was concluded that TA prevented M1 macrophage-induced EMT by suppressing the macrophage polariza-
tion possibly through inhibiting the formation of LPS-TLR4/MD?2 complex and blockage of subsequent downstream signal
activation. Further, our findings may provide beneficial information to develop new therapeutic strategies against chronic
inflammatory diseases.
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cells involved in the pathogenesis of fibrosis [1, 2]. The
wound healing process becomes pathological when myofi-
broblasts persist and secrete excessive levels of extracellular
matrix (ECM) proteins, resulting in substantial remodeling
of the ECM and the formation of permanent scar [1, 3].
Although these myofibroblasts can be derived from a wide
variety of cell types, it is believed that at least 30% of the
total myofibroblast population are from the epithelial origin
[3, 4]. The proposed mechanism involved in these phenom-
ena is epithelial-to-mesenchymal transition (EMT). During
EMT, polarized epithelial cells lose their epithelial proper-
ties, intercellular adhesions and gain fibroblast-like char-
acteristics. These changes are accompanied by a reduction
in the expression of epithelial markers such as E-cadherin
(E-CAD) and a gain in the expression of mesenchymal mark-
ers such as N-cadherin (N-CAD) and vimentin (VIM) [5].
In response to inflammatory injury, EMT begins as a pro-
fibrogenic event to reconstruct tissues but ceases once the
inflammation is attenuated. However, EMT can continue to
respond to chronic inflammation that eventually leading to
deterioration of normal tissue structure [6].

Among different inflammatory cellular components, mac-
rophages have a crucial role and provide various soluble
factors that promote the onset and progression of fibrosis by
inducing multiple biological processes, including EMT [7,
8]. Further, macrophages can acquire distinct phenotypes
and biological functions depending on the stimuli [9]. The
classically activated M1 macrophage (pro-inflammatory) is
induced by lipopolysaccharides (LPS) alone or in combina-
tion with interferon-y (IFN-y), while alternatively activated
M?2 macrophage (anti-inflammatory) is induced by interleu-
kin (IL)-4 and -13. However, emerging evidence demon-
strated that both pro-inflammatory and anti-inflammatory
macrophages may participate in the pro-fibrotic processes
such as EMT [7, 10].

Tannins are water-soluble polyphenols and widely exist in
several common human foods, including vegetables, fruits,
nuts, cereals, wine, and green tea [11]. Though tannins have
been characterized into four major groups, tannic acid (TA)
and ellagitannins are known to be the most widespread types
[12]. The chemical formula of TA is C;,H5,0,4 and is a
mixture of five galloyl esters and a glucose [12]. Further,
TA has been shown to possess anti-fibrotic [13, 14], anti-
inflammatory [15], anti-mutagenic [16], anti-carcinogenic
[17], and anti-oxidant effects [18].

In the present study, we investigated the effect of TA
on M1 macrophage-induced pro-fibrotic response in lung
epithelial cells. We found that TA treatment suppressed
macrophage polarization and macrophage secreted soluble
factors, which eventually reduced M1-CM (conditioned-
medium)-induced EMT in epithelial cells. Further, this study
suggested that TA may directly bind to toll-like receptor
4 (TLR4), thereby repressing LPS binding to TLR4/MD2

@ Springer

complex and subsequent signal transduction. Hence, this
study provides further insights regarding the role of TA in
attenuation of inflammation-induced EMT and supports
its therapeutic benefits in inflammation-mediated diseases
including fibrosis.

Materials and methods
Reagents and chemicals

TA, LPS, and LPS-FITC (Fluorescein isothiocyanate) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
cell culture mediums, antibiotic and antimycotic solutions
were obtained from HiMedia Laboratories (Mumbai, Maha-
rashtra, India). TRIzol reagent (Life Technologies, Carls-
bad, CA, USA), High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Vilnius, Lithuania), SYBR
green master mix (Applied Biosystems, Vilnius, Lithuania),
and Radioimmunoprecipitation assay buffer (RIPA buffer)
(Thermo Scientific, Rockford, IL, USA) were purchased.
Sandwich-ELISA kit for the detection of mouse cytokines
was purchased (R&D Systems, Minneapolis, MN, USA).
Antibodies specific for E-=CAD, N-CAD, CLDN (Claudin),
VIM, phospho-ERK1/2 (Thr202/Tyr204) (Extracellular sig-
nal-regulated kinases1/2), phospho-p38 (Thr180/Tyr182),
phospho-NF-kB-p65 (Ser536) (Nuclear Factor kappa-
light-chain-enhancer of activated B cells), total-ERK1/2,
total-p38, total-NF-kB, and HRP (horseradish peroxidase)-
conjugated secondary antibodies (mouse and rabbit) were
purchased from Cell Signaling Technology (Danvers, MA,
USA). TLR4 (BD Biosciences, Franklin Lakes, NJ, USA),
MD2 (Lymphocyte antigen 96) (Novus Biologicals, Centen-
nial, CO, USA), and tubulin (Sigma-Aldrich, St. Louis, MO,
USA) antibodies were purchased. Recombinant mouse TLR4
(Creative BioMart Inc, Shirley, NY, USA) and protein A/G
plus-Agarose beads (Santa Cruz Biotechnology Inc, Dallas,
Texas, USA) were purchased. The ECL (Enhanced chemilu-
minescence) detection kit was purchased from Thermo Sci-
entific (Rockford, IL, USA). All the other chemicals used
were of analytical grade unless otherwise stated.

Cell culture and preparation of M1-conditioned
medium from macrophages

Raw 264.7 (murine macrophage cell line) and A549 (human
adenocarcinomic alveolar epithelial cell line) were main-
tained in DMEM (Dulbecco’s Modified Eagle Medium)
supplemented with 10% fetal bovine serum (FBS), and
antibiotic and antimycotic solutions. THP-1 (human mac-
rophage cell line) cells were cultured in RPMI (Roswell Park
Memorial Institute medium) 1640 medium. All cell lines
were cultured in a humidified chamber at 37 °C with 5%
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CO,. The cells were frozen at an early passage and cultured
for a maximum of six passages. For the induction of M1
polarization in RAW 264.7 cells, 100 ng/mL of LPS was
used in serum-free medium for 24 h. In THP-1 cells, cells
were first treated with 100 nmol of phorbol 12-myristate
13-acetate (PMA) for 48 h, followed by exposure to LPS in
serum-free medium for 24 h. At the end of LPS treatment,
the cell culture supernatant (considered as M1-CM) was
then collected by centrifugation, filtered, and used imme-
diately or stored at — 80 °C until further use. To observe
the influence of TA treatment on macrophage polarization,
both RAW 264.7 and THP-1 cells were pre-treated with TA
for 1 h. Following the removal of TA treatment, cells were
washed with sterile phosphate buffered saline (PBS) and
then stimulated with LPS. Subsequently, A549 cells were
cultured with macrophage-derived conditioned medium for
36 h to analyse EMT.

Determination of morphological analysis

At the end of the experimental period, the cells were pho-
tographed (Nikon Eclipse Ti) and taken for morphological
analysis. Morphological changes of the cells were quan-
titatively determined by calculating cell circularity using
ImagelJ software as described previously [19]. A value of 1.0
indicates a perfect circle and cell circularity value decreases
when there is an alteration in the morphology of A549 cells
from cobblestone shape to elongated shape.

Real-time quantitative PCR (qRT-PCR) analysis

Total RNA was extracted from both macrophages and
epithelial cells using TRIzol reagent, reverse transcribed,
and subjected to qRT-PCR analysis. The expression lev-
els of human endogenous genes such as ZO-1 (Zonula
occludens-1) (sense, AGAAGGATGTTTATCGTCGCATT;
antisense, CCAAGAGCCCAGTTTTCCAT), CKI19
(Cytokeratin-19) (sense, CATGAAAGCTGCCTTGGA
AGA; antisense, TGATTCTGCCGCTCACTATCA), CLDN
(sense, CAATGCCAGGTACGAATTTGG; antisense, TGG
ATAGGGCCTTGGTGTTG), N-CAD (sense, TGTTTGACT
ATGAAGGCAGTGG; antisense, TCAGTCATCACCTCC
ACCAT), VIM (sense, TGTCCAAATCGATGTGGATGT
TTC; antisense, TTGTACCATTCTTCTGCCTCCTG),
COLI (Type-1-collagen) (sense, CAGCCGCTTCACCTA
CAGGC,; antisense, TTTTGTATTCAATCACTGTCTTGCCO),
and GAPDH (Glyceraldehyde 3-phosphate dehydrogenase)
(sense, CTCCTCTGACTTCAACAGCGACA,; antisense,
GAGGGTCTCTCTCTTCCTCTTG) were quantified using
fluorogenic SYBR green and detection system. In RAW
264.7 cells, gene expression was performed using mouse-
specific primers as follows: Cd32 (Fc fragment of IgG, low
affinity IIb, receptor) (sense, AATCCTGCCGTTCCTACT

GATC; antisense, GTGTCACCGTGTCTTCCTTGAG),
iNos (Inducible nitric oxide synthase) (sense, CCCTTC
AATGGTTGGTACATGG; antisense, ACATTGATCTCC
GTGACAGCC), II-1P (sense, CAACCAACAAGTGATATT
CTCCATG; antisense, GATCCACACTCTCCAGCTGCA),
Mcp-1 (Monocyte chemoattractant protein-1) (sense, CAG
GTCCCTGTCATGCTTCT; antisense, GTGGGGCGTTAA
CTGCATCT), Mip-1a (Macrophage inflammatory protein-1
alpha) (sense, TCTGCGCTGACTCCAAAGAG:; antisense,
GTGGCTACTTGGCAGCAAAC), TIr4 (sense, CCTGTA
GAGATGAATACCTGC; antisense, TGTGGAAGCCTTCCT
GGATG), and Gapdh (sense, TGCACCACCAACTGCTTA
G; antisense, GGATGCAGGGATGATGTTC). The absolute
expression value for each gene was normalized to that of
endogenous control, and the values of vehicle-treated sam-
ples were set as 1. The number of samples used in each
experimental condition is indicated in the figure legends.

Detection of cytokine production

Cytokines such as Tnf-a (Tumor necrosis factor-alpha),
Ifn-y, 1I-1B, 11-2, 11-6, and 11-12 levels in cell-free culture
supernatants were quantified using the sandwich-ELISA kit,
according to the manufacturer’s instructions.

Nitric oxide (Griess) assay

The iNos activity was assessed by measuring the levels of
nitrite, a stable break down product of nitric oxide metab-
olism, in cell culture supernatants. Briefly, supernatants
were combined with an equal volume of 2% sulphanilamide
(Sigma) and 0.1% N-1-naphthylethylenediamine dihydro-
chloride and incubated at room temperature for 30 min, then
the absorbance was measured at 540 nm using a microplate
reader. Nitrite levels were expressed as a percentage of
increase or decrease over their respective controls.

Western blot analysis

Cells were lysed in RIPA lysis buffer and the protein con-
centration were measured using the Bradford protein assay
kit. Equal amount of extracts was separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene difluoride
(PVDF) membrane. The membranes were incubated with
specific primary antibodies at 4 °C overnight, followed by
incubation with appropriate secondary antibodies. The blots
were visualized with ECL detection reagent. Tubulin was
used as an internal control for the total protein. Bands were
quantified by densitometry using ImageJ software. Further,
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the phosphorylated form of the protein was normalized
against its respective total protein.

Immunoprecipitation

RAW 264.7 cells were pre-treated with TA (20 uM) or
vehicle for 1 h, washed to remove TA, and then incubated
with LPS (1 pg/mL) for an additional 20 min. Cells were
lysed with RIPA lysis buffer and the protein concentration
was measured using the Bradford protein assay kit. Equal
amount of protein from cell lysates was separated by 12%
SDS-PAGE and transferred to PVDF membrane. For immu-
noprecipitation, 500 ug of protein was incubated with 2 pug
of MD2 antibody and gently rotated at 4 °C for overnight.
The immunocomplexes were collected with protein A/G
plus-agarose beads. After washing three times with ice-
cold PBS, the immunoprecipitated protein was solubilized
with Laemmli sample buffer. The solubilized proteins were
analysed through Western blotting with anti-TLR4 antibody.

Flow cytometric analysis to detect surface TLR4
expression

Raw 264.7 cells were pre-treated with TA for 1 h and then
exposed to LPS for an additional 1 h. At the end of 1 h,
cells were harvested, washed, and stained with BV (Brilliant
violet) 421-labeled anti-TLR4 antibody for 30 min. Then,
stained cells were washed with cold PBS and fixed with
1.5% paraformaldehyde. The staining of the surface TLR4
was analysed with a flow cytometer (BD FACSCanto II, San
Jose, CA). A total of at least 50,000 events was acquired
and analysed. Mean Fluorescent Intensity (MFI) for the
fluorescence against TLR4 was measured with the acquired
cells for comparative analysis within different experimental
groups with the help of FlowJo software (Treestar, FlowJo,
LLC).

The effect of TA on LPS-FITC binding
to macrophages using flow cytometry

Raw 264.7 cells (10° cells) were incubated for 1 h at 37 °C
with TA (20 uM) in DMEM supplemented with 10% FBS.
Pre-incubated cells were washed with PBS, then incubated
with LPS-FITC (10 pg/mL) for another 15 min and then
washed again. After washing, the binding of LPS-FITC to
cells was analysed by flow cytometry. A total of at least
10,000 events was acquired and analysed. MFI for FITC was
measured with the acquired cells for comparative analysis
within different experimental groups with the help of FlowJo
software (Treestar, FlowJo, LLC).
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In silico analysis

To understand the binding mechanism of the TA, a crystal
structure of the TLR4-MD2 complex (PDB ID: 51JC) was
retrieved and binding potency was analysed independently
[20]. The tertiary structure of the protein was prepared and
furthermore missing side chains, loops, and hydrogens
were added using the Protein preparation wizard, Maestro,
Schrodinger 2017-4 [21]. The co-crystallized structure has
various co-factors and molecules, which were verified and
unreactive molecules were removed before proceeding to the
molecular docking analysis [22]. The protein was subjected
to H-bond optimization and energy minimization using an
OPLS-3 force field. The prepared protein was subjected to
a receptor grid generation panel of Maestro, Schrodinger
2017-4 for the grid generation. The active site was defined
and the grid box was generated around the binding site
pocket of the TLR4. The active site residues of TLR4 are
Asnl29, Lys153, Ser206, Phe262, Asp264, Arg256, Arg288,
Met311, Ser332, and Asp377 [23], further three more hydro-
phobic residues (Phe440, Leu444, and Phe463) responsible
for MD2 conjugation were also included [24]. The ligand
preparation of TA was performed [13] and the prepared TA
was allowed to dock on the binding site of the TLR4-MD2
complex through Glide XP mode using Glide, Maestro,
Schrodinger 2017-4. The results were analysed for the bind-
ing scores, interactions, affinity and binding conformation
of the TA. The TA compound was docked in the TLR4 and
MD2 protein receptor as a competitive binding to determine
the binding behavior of the TA compound in their receptor.

FTIR (fourier transform infrared spectroscopy)
analysis

First, recombinant TLR4 (100 ng) was pre-mixed with TA
(20 uM) for 1 h at 4 °C. FTIR spectra were recorded for the
TA, TLR4, and TA-TLR4 complex. FTIR studies have been
performed using a spectrum instrument PerkinElmer, Spec-
trum RX I, Waltham, MA, with the diffuse reflectance mode
at a resolution of 4 cm™! in the range of 400—-4000 cm™".

HPLC (high performance liquid chromatography)
analysis

For complex preparation, recombinant TLR4 protein
(100 ng/0.5 mL) was pre-incubated with an equal volume of
solution containing TA (20 uM) for 1 h at 4 °C with a little
shaking, and then the solution was centrifuged at 4000 rpm
for 15 min with centrifugal filters (5 kDa membrane; GE
Healthcare, Chicago, IL, USA). The filters could prevent
TLR4 or TA-binding TLR4 flowing into the filtrate. Simi-
larly, pure TA without centrifugal ultrafiltration and TA sub-
jected to centrifugal ultrafiltration were also taken for the
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analysis. RP-HPLC analysis was carried out for the resultant
filtrate using Agilent 1220 Infinity LC II system (Agilent
Technologies, Ratingen, Germany) incorporated with phe-
nomenex silica C-18 (250 x4.6 mm, 5 um) column. The fil-
trate (20 ul) was injected into the column and eluted with gra-
dient mobile phase composition of 0.1% TFA (Trifluoroacetic
acid) (V/V) in water as mobile phase A, 100% methanol has
been used as a mobile phase B (Oth min A:90%, B:10%;
5th min A:80%, B:20%; 10th min A:60%, B:40%, 15th min
A:90%, B:10%), and the absorbance was recorded as chro-
matogram at 280 nm for 15 min at a flow rate of 1 mL/min.

Statistical analysis

Results were expressed as mean + SD. Statistical analysis
was performed non-parametrically using the Kruskal-Wal-
lis test to determine significant differences between various

experimental groups. P <0.05 was considered statistically
significant.

Results

TA inhibits polarized macrophage-induced EMT
in epithelial cells

We first cultured A549 cells for 36 h with CM from polar-
ized RAW 264.7 cells and analysed for morphological

A

Untreated

Fig. 1 TA pre-treated M1 macrophage conditioned-medium could not
promote EMT in A549 cells. RAW 264.7 cells were pre-treated with
TA (10 or 20 uM) for 1 h, washed twice to remove TA, and stimu-
lated with LPS (100 ng/mL) for 24 h in serum-free medium to gener-
ate M1 macrophages. Then, A549 cells were cultured with the super-
natant of polarized macrophages for 36 h. After culturing, cells were

changes. We found that A549 cells exhibited morphologi-
cal changes, where epithelial cells lose their cobblestone
morphology and gained elongated shape or fibroblast-like
appearance, a hallmark of EMT (Fig. 1a). These morpho-
logical changes were quantitatively determined by the cir-
cularity of the cells (Fig. 1b). By contrast, CM from polar-
ized macrophages that pre-treated with TA did not alter the
morphology of A549 cells. Along with these morphological
alterations, the gene expression of epithelial (ZO-1, CK19,
and CLDN) and mesenchymal markers (N-CAD, VIM, and
COL1) was analysed in A549 cells (Fig. 2). On M1-CM
treatment of A549 cells, epithelial-specific markers such as
Z0-1, and CK-19 decreased significantly, while the expres-
sion of CLDN was significantly up-regulated (Fig. 2a).
As expected, M1-CM significantly induced mesenchymal
markers (N-CAD, VIM, and COLI) expression in A549 cells
(Fig. 2b). More importantly, after treatment with TA, the
supernatant from polarized macrophages did not induce the
expression of mesenchymal markers in A549 cells.
Consistent with the mRNA changes, M1-CM decreased
protein expression of epithelial marker E-CAD, while it
increased CLDN expression compared to CM from control
cells. Conversely, the expression of mesenchymal markers
such as N-CAD and VIM was enhanced by the addition of
the M1-CM. These effects were effectively reversed when
polarized macrophages were pre-treated with higher dose of
TA (20 uM) (Fig. 2c). Next, we examined whether M1-CM
from THP-1 cells induced alterations of EMT markers in

B
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= 0.8 - *
©
§ 0.6 -
© 04 -
0.2 1
0 T T \
M1-CM + + +
TA (UM) 10 20

photographed and cell morphology was evaluated. a Representative
images of the morphology of A549 cells cultured with macrophage-
conditioned medium (Magnification,x 10). b Cell circularity was
calculated using Image] software. Data are expressed as mean+SD
(n=4). "P < 0.05 vs. normal medium, "P < 0.05 vs. M1-CM
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Fig.2 TA inhibits polarized macrophage-induced EMT-related gene
and protein expression in A549 cells. RAW 264.7 cells polarization
and conditioned-medium incubation were done as described above.
The mRNA expression of epithelial a and mesenchymal b markers
was measured by qRT-PCR. The value of control was considered
as one unit. Data are expressed as mean+SD (n=3). ¢ Immunob-

AS549 cells. As shown in Fig. S1, compared with native,
MI1-CM induced mesenchymal markers expression at both
mRNA and protein levels. However, TA pre-treated CM pre-
vented EMT. Overall, our data suggest that TA pre-treatment
dose-dependently suppresses epithelial cells from transition-
ing to a mesenchymal-like phenotype that was induced by
polarized macrophages.

Inhibitors of ERK1/2 and p38 reduced M1-CM
induced EMT in A549 cells

Next, we examined the M1-CM mediated signaling cascade
activation in A549 cells by incubating the cells at different
time points (0-300 min). M1-CM predominantly activated
ERK1/2 and p38 MAPK, phosphorylation peaking at 15,
90, 150, and 180 min, as shown by Western blotting anal-
ysis (Fig. 3a). We also examined whether TA pre-treated
M1-CM blocked ERK1/2 and p38 MAPK phosphoryla-
tion in A549 cells upon incubation. It was apparent that TA
pre-treated M1-CM inhibited the phosphorylation of all
these molecules at 15 min (Fig. 3b). We then investigated
whether ERK1/2 and p38 MAPK activation induced by
M1-CM was responsible for EMT in A549 cells. We pre-
treated A549 cells with inhibitors of ERK1/2 (PD98059)
and p38 (SB203580), followed by incubation with M1-CM.
As shown in Fig. 3c, inhibitor of ERK1/2 or p38 alone is not
sufficient to effectively block M1-CM induced mesenchymal
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lot results show the expression levels of epithelial and mesenchymal
markers after 36 h in cell culture. The band intensity was quantified
using tubulin as an internal control, and the value of control was
considered as one unit. "P < 0.05 vs. normal medium, P <0.05 vs.
MI1-CM. *P < 0.05 vs. TA (10 uM)+M1-CM group

markers (N-CAD and VIM) expression. However, the com-
bination of both inhibitors had a more pronounced effect
in controlling mesenchymal markers expression than either
single agent, indicating that blocking of both ERK and p38
MAPK activation is necessary to inhibit M1-CM induced
EMT in A549 cells.

TA inhibits LPS-induced M1 polarization
and cytokine production in RAW 264.7 cells

To further identify the influence of TA on macrophage
polarization and on the release of EMT-related cytokines,
we analysed mRNA expression and secretome profile for
cytokines. As shown in Fig. 4a, macrophages of the M1
phenotype expressed significantly higher mRNA levels of
M1 markers such as Cd32, iNos, II-1p, Mcp-1, and Mip-1a
compared to MO macrophages. Compared with LPS-treated
cells, TA markedly inhibited the mRNA expression of these
markers (Fig. 4a). Consistent with mRNA result, the activ-
ity of iNos was significantly higher in the supernatant of
LPS-treated cells (Fig. 4b). Further, we analysed secretome
profile of EMT-related cytokines by M1 macrophages those
were pre-treated with or without TA. Results demonstrated
that M1 macrophages significantly released higher levels
of cytokines such as Tnf-a, Ifn-y, II-1, 11-6, and I1-12 in
the supernatant compared to MO macrophages (Fig. 4c) as
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Fig.3 Activation of MAPK (ERK and p38) is required for M1-CM
induced EMT in A549 cells. Overnight serum-starved cells were
incubated with CM from different experimental groups. a Represent-
ative western blot analysis shows the phosphorylation of ERK1/2 and
p38 MAPK in A549 cells following incubation with M1-CM at dif-
ferent time points. b Western blot analysis shows the phosphorylation
of ERK1/2 and p38 MAPK in A549 cells at 15 min following incuba-
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Fig.4 TA prevents LPS-induced macrophage polarization and the
production of cytokines/chemokines in RAW 264.7 cells. TA pre-
treatment and macrophage polarization were done as described
above. a The mRNA expression of Cd32, iNos, II-1f, Mcp-1,
Mip-1la, and Gapdh was determined 6 h following LPS treatment by
qRT-PCR analysis. The value of control was considered as one unit.

tion with TA pre-treated M1-CM. ¢ Immunoblotting results show the
effect of ERK and P38 inhibitors on the expression of mesenchymal
markers in A549 cells at 36 h following incubation with M1-CM. The
band intensity was quantified using tubulin as an internal control, and
the value of control was considered as one unit. The phosphorylated
form of proteins was normalized against their respective total protein

% Mcp-1

Mip-1a

O=_2NWhOoON®

b The iNos activity in
by measuring the nitrite levels. ¢ The secretory levels of M1 markers
in the culture supernatant at 24 h following LPS treatment as quanti-
fied by sandwich-ELISA method. Data are expressed as mean=+SD
(n=3). P < 0.05 vs. control, P < 0.05 vs. LPS-treated cells,
$P < 0.05 vs. TA (10 uM)+LPS group

the cell culture supernatant was determined
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determined by ELISA. Of these cytokines, no significant dif-
ference in the level of II-2 was observed between the M1 and
MO phenotypes. Interestingly, TA pre-treatment inhibited
macrophage polarization and the secretion of these cytokines
in the dose-dependent manner.

TA negatively regulates LPS-induced activation
of MAPKs and NF-kB and the expression of TLR4
in RAW 264.7 cells

We first determined the effects of TA on LPS-activated
downstream signaling in the TLR4/MD?2 cascade mainly
MAPKSs and NF-kB. Figure 5a shows that Erk1/2, p38, and
NF-kB phosphorylation occurred at 45 min and the levels
reached the peak at 90 min following LPS treatment. How-
ever, pre-treatment with TA for 1 h, followed by treatment
with LPS for 90 min decreased the phosphorylation of all
these molecules (Fig. 5b). Given that TA attenuated LPS-
induced activation of both MAPK and NF-kB, it was of
interest to identify whether TA affects the expression of Tlr4,
the main upstream sensor of LPS, which plays a central role
in activating various signaling pathways including MAPKGs.
As shown in Fig. 5c, the mRNA expression of Tlr4 was
increased significantly in 1 h LPS-treated cells compared to
vehicle- and TA alone-treated cells. However, TA pre-treat-
ment significantly prevented LPS-induced 77r4 expression.
We further studied the effect of TA on the surface expression
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of Tlr4 by flow cytometry (Fig. 5d). While there was an
increase in the surface expression of Tlr4 in LPS-treated
cells, pre-treatment with TA dampened TIr4 surface expres-
sion. Taken together, these results indicated that TA sup-
presses LPS-mediated effect through down-regulating TLR4
expression and activation of MAPKs and NF-kB signaling.

TA inhibits LPS binding to TLR4/MD2

In RAW 264.7 cells, we first investigated if TA is able to
reduce LPS binding to cell surface. Accordingly, cells were
incubated with LPS-FITC in the presence or absence of TA.
Untreated cells served as a negative control. The results,
shown in Fig. 6a, revealed that LPS-FITC treated cells
showed significantly increased MFI compared with control
(non LPS-FITC treatment), however, TA pre-incubation
showed markedly lower fluorescence compared to LPS-
FITC treated cells, suggesting that LPS binding with RAW
264.7 cells was effectively inhibited by TA. Further, upon
binding with a hydrophobic pocket of MD2, LPS triggering
the increased formation of receptor multimer composed of
two sets of TLR4/MD2/LPS, leading to the activation of
intracellular signals. Hence, we next examined whether TA
interferes with interactions between LPS and TLR4/MD2 by
immunoprecipitation assay. As shown in Fig. 6b, LPS pro-
foundly increased TLR4/MD2 complex formation, whereas
pre-treatment with TA reduced the amount of MD2 bound to

Tir4 .

. Control
[ TA (20 um)

M s
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O=NWHOONO®
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Fig.5 TA treatment dampened LPS-induced activation of MAPK
(ERK and p38), NF-kB, and TLR4 expression in RAW 264.7 cells.
Following overnight serum starvation, cells were pre-incubated with
TA (10 or 20 uM) for 1 h, washed twice to remove TA, and stimu-
lated with LPS (100 ng/mL) in serum-free medium at indicated time
points. a Representative western blot analysis shows the phosphoryla-
tion of Erk1/2, p38, and NF-kB in RAW 264.7 cells after treatment
with LPS. b Immunoblot results show the phosphorylation of Erk1/2,
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p38, and NF-kB in RAW 264.7 cells at 90 min following TA and LPS
treatment. The mRNA (c) and surface (d) expression of Tlr4 in cells
following 1 h LPS treatment based on qRT-PCR and flow cytome-
try analysis, respectively. Bar graph (right side) represents the mean
fluorescence intensity. Data are expressed as mean+SD (n=3-4).
“P < 0.05 vs. control, TP < 0.05 vs. LPS-treated cells, $P < 0.05 vs.
TA (10 uM) +LPS group
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TLR4. These results further demonstrate that TA interferes
with the interaction of LPS with TLR4/MD2.

Binding analysis of TA in TLR4

To further identify whether TA could interact with TLR4
and thereby preventing LPS-mediated activation of TLR4
signaling pathways, we performed molecular docking, FTIR,
and HPLC analyses. The molecular docking results provided
a significant result to underline the TA binding mechanism
in TLR4 and MD2 complex (Fig. 7). To examine the bind-
ing ability of TA in MD2 alone, separate docking analy-
sis was done. But, TA was not able to dock in the receptor
due to the tiny cavity of the molecule. However, TA was
observed to have better docking score with TLR4 than MD2.
The glide XP score and glide energy score of TA in TLR4
were -18.113 kcal/mol and -110.885 kcal/mol, respectively
(Fig. 7). TA binding also disrupts the non-covalent interac-
tions between TLR4 and MD2. Most specifically, the hydro-
phobic interactions such as Phe440, Leu444, and Phe463
were disappeared after TA binding. Therefore, the docking

TLR4 . — IP

MD2 — ﬂ

TUDUIN | s e a—

WCL

LPS - + +
TA (uM) - - 20

studies revealed that the TLR4 acts as a best receptor to bind
with TA. The hydrogen bond interactions observed between
the TA and TLR4 are Ser206, Glu229, Arg256, Arg288,
Arg380 and Asp403. In addition, the residues Arg256 and
Arg380 have formed pi—pi and pi-cation interactions with
TA. Further, TA has also formed hydrogen bonds with MD2
residues like Tyr73 and Asp100, when it was complexed
with TLR4.

Figure 8a shows the FTIR spectrum to identify the inter-
action of TA with TLR4. The broad peaks in the region of
3000-3500 cm™! were assigned to —OH stretching for the
hydrogen bond with the physical adsorbed water molecules.
TA exhibits a characteristic peak at 1637 cm™!, which is
associated with C=C stretching of the benzene ring [25].
Similarly, the TLR4 spectrum shows the characteristic peaks
at 1638 and 1694 cm™! is associated with C=0 stretching
[26]. Furthermore, the band at 1637 cm™! (C=C stretch-
ing) in TA is shifted to 1639 cm™! after the incubation of
TA with TLR4. Another important observation is that after
TLR4 incubated with TA, the absorption related to the C=0
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Fig.7 In silico analysis of TA interaction with TLR4/MD2 com-
plex. a 3-D image showing the interaction of TA in the active sites of
TLR4/MD2 complex. b 2-D interaction image of the TA with TLR4/
MD2. ¢ Calculated binding energy and interacting residues of TLR4
with docked complex. *MD2 has an unfavorable binding cavity to

accommodate TA into its active site. TA is a big molecule, hence it
requires a large hydrophobic area in the receptor molecule. Bolded
residues were having hydrogen bonds as well as pi—pi and pi-cation
interactions with TA
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Fig.8 Analysis of binding of TA to TLR4. a FTIR spectra and b HPLC analysis to show the binding of TA with TLR4
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stretching (1638 and 1694 cm™') of the TLR4 clearly shifts
to longer wavenumbers (1678 and 1730 cm™h.

Furthermore, by comparing the HPLC results (Fig. 8b),
we found that TA peak area (as identified by HPLC in fil-
trate) from TA-TLR4 group became lower (60243) than the
peak areas of TA with centrifugal ultrafiltration (68351)
and TA without centrifugal ultrafiltration (77916), indicat-
ing a loss of TA after incubation with TLR4. Altogether,
our results suggest that there might be a possible interaction
between TA and TLR4.

Discussion

In many chronic inflammatory diseases, fibrosis is the final
pathological state and may lead to organ dysfunction. Mac-
rophages are considered to be crucial determinants of fibro-
sis development and resolution as they are extremely plastic
in response to microenvironmental signals. According to
the microenvironment stimuli, both resident and infiltrat-
ing macrophages can acquire distinct phenotypes and bio-
logical functions. They may be considered as M1 and M2
macrophages. However, there is a strong evidence that both
inflammatory and regulatory macrophages may participate
in the pro-fibrotic processes [9, 27-29]. In the context of
fibrosis, EMT begins as a pro-fibrogenic event that gener-
ates mesenchymal cells (myofibroblast) to reconstruct tis-
sues following inflammatory injury. However, in the case of
chronic inflammation, EMT continues to respond to ongoing
inflammation, finally leading to deterioration of tissue archi-
tecture [5, 6]. There are different ways by which M1 mac-
rophages promote EMT. First, macrophages induce EMT
when they directly contacted with epithelial cells [30]. Sec-
ond, they generate cytokines/chemokines that activate EMT,
either by production of pro-inflammatory cytokines such as
TNF-a and IL-1p, or chemokine, such as MCP-1 [31]. In
this study, we used in vitro experiments to demonstrate that
the CM from polarized macrophages could induce EMT in
lung epithelial cells. However, this effect was not observed
with the supernatant from polarized macrophages that were
pre-treated with TA. Our results further demonstrated that
TA blocked LPS-induced macrophage polarization possibly
through interacting with TLR4.

During the process of EMT, diminished expression
of various epithelial markers (E-CAD, occludins, and
cytokeratins) and the enhanced expression mesenchymal
markers [N-CAD, VIM, and FN (Fibronectin)] are associ-
ated with the epithelial cells [5, 6]. EMT converts adherent
epithelial cells to motile mesenchymal cells with increased
capacity of ECM components production, which plays an
important role in both experimental and clinical lung fibrosis
[6]. A large number of studies confirmed the importance
of EMT in repair and scar formation following epithelial

injury during pulmonary fibrosis. For instance, Yamada
et al. provided histological evidence for EMT in patients
with pulmonary fibrosis and non-specific interstitial pneu-
monia [32]. Similarly, epithelial cells isolated from IPF
lungs are reported to express high levels of mesenchymal
markers [33]. Recently, regulatory network analysis revealed
that the EMT pathway was significantly enriched with the
differentially expressed IPF (Idiopathic Pulmonary Fibro-
sis) genes [34]. In experimental lung fibrosis, it has been
proved that 33% of the mesenchymal population during lung
fibrosis was derived from epithelial origin [35]. Further, the
tight junction protein CLDN is believed to be important for
the maintenance of epithelial barrier function and thus, the
expression is reported to decrease during EMT [36]. How-
ever, our results showed that CLDN expression is increased
upon incubation with M1-CM in A549 cells. This result is
consistent with others report showing that CLDN expres-
sion is enhanced in response to pro-inflammatory cytokine to
induce fibroblast-like morphology and enhance cell migra-
tion in A549 cells [37, 38]. Overall, our data suggested that
TA pre-treatment attenuated M1 macrophage-mediated EMT
in lung epithelial cells.

Recent studies have shown that the inflammatory media-
tors (cytokines/chemokines), particularly those released
by M1 macrophages promote EMT. Among the cytokines,
TNF-a, IFN-y, IL-1, IL-6, and MCP-1 have been previ-
ously reported as potent inducers of EMT in epithelial cells
through various signaling pathways. For instance, TNF-a is
reported to exhibit mesenchymal responses through the acti-
vation of ERK and p38 MAPK in endometriotic epithelial
cells [39]. Further, IL-6 promotes EMT in human peritoneal
mesothelial and in A549 cells through JAK2/STAT3 (Janus
kinase 2/Signal Transducer and Activator of Transcrip-
tion 3) and ERK signaling pathways, respectively [40, 41].
MCP-1 is considered as a contributory factor for EMT in
MCEF-7 cells by down-regulating E-CAD expression and up-
regulating mesenchymal markers expression [42]. MCP-1
also increased the expression and nuclear accumulation of
SNAIL to mediate EMT associated cell proliferation and
migration through activating ERK signaling and inactivating
GSK-3p (Glycogen synthase kinase 3 beta) pathways. The
authors further identified that inhibition of MEK/ERK by
U0126 attenuated MCP-1-induced expression of mesenchy-
mal markers and EMT. As many studies have demonstrated
that MAPK is phosphorylated during cytokine-induced
EMT, we pre-treated A549 cells with ERK and p38 MAPK
inhibitors before incubation with M1-CM. The inhibitors
reduced the effect of M1-CM induced EMT, indicating that
activation of ERK and p38 MAPK is necessary for the EMT
process.

Macrophages express Toll-like receptors (TLRs),
which is more important for innate immunity. In particu-
lar, cytokine secretion occurs upon TLR4 activation by
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LPS on these cells. Therefore, the expression levels of
TLR4 determine the specificity of the signaling pathway
activation and biological effects of LPS. In polarized
macrophages, inhibition of TLR4 signaling was shown
to reduce cytokines production and weakened their EMT
inducing potential [43]. Hence, we further investigated the
molecular mechanism by which TA modulates the LPS-
induced macrophage polarization. In recent years, several
non-lipid natural compounds have been reported to prevent

| Tannic acid |

M1
macrophage

Macrophage secreted factors
(TNFa, IL6, etc.)

Epithelial cells

Cells under going EMT

|

Mesenchymal cells

Fig.9 Proposed model for the role of tannic acid in M1 macrophage-
induced EMT. Tannic acid may directly interact with cell surface
TLR4 in macrophages, thereby inhibiting LPS binding to TLR4,
and subsequent activation of downstream signaling molecules. As
a result, tannic acid impedes soluble factors secreted by M1 mac-
rophages, which is responsible for promoting EMT in lung epithelial
cells

@ Springer

LPS-induced pro-inflammatory signaling in multiple ways,
such as targeting TLR4 directly, targeting LPS, binding
directly to the MD2 pocket, and blocking the TLR4/MD2’s
recognition of LPS [44—49]. Therefore, we further investi-
gated the interaction between TA and TLR4/MD?2 at cellu-
lar and cell-free molecular levels. The results from in vitro
LPS-FITC binding assay, immunoprecipitation, molecular
docking studies, FTIR, and HPLC analyses revealed a pos-
sible interaction of TA with TLR4. Hence, we suggest that
the suppressive effect of TA on LPS-induced inflamma-
tory response may be dependent on the inhibition of LPS
binding to TLR4 by TA. Nevertheless, it is also possible
that TA may directly regulate the downstream of TLR4
signaling, which requires further investigation.

In conclusion, we demonstrated that TA prevented M1
macrophage-induced EMT by inhibiting the macrophage
polarization possibly through preventing the formation
of LPS-TLR4/MD2 complex and blockage of subsequent
downstream signaling activation (Fig. 9). These results
provide new mechanistic bases for the therapeutic applica-
tion of TA against chronic inflammatory diseases. How-
ever, future animal studies involving endotoxin-induced
fibrosis model will be needed to elucidate this possibility.
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