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Abstract—TanshinonellA (TanIIA) has been demonstrated to possess numerous biological
effects. However, the specific effect of TanlIA on macrophage polarization has not been
reported. In this study, it was revealed that TanlIA might play a pivotal role in macrophage
polarization. As our results indicated, cell morphology was changed in RAW264.7 cells
which were treated with LPS or LPS/TanIIA (0.1 uM, 1 uM, 10 uM). Subsequently, pro-
inflammatory cytokine TNF-« and anti-inflammatory cytokine IL-10 were measured by
ELISA kits. Furthermore, TanlIA enhanced the expression of M2 macrophage markers
(Argl and FIZZ1) and decreased the expression of markers associated with M1 macrophage
polarization (iNOS and IL-1{3). Increased expression of CD206 was also detected by flow
cytometry in TanlIA-treated groups. Mechanistically, it was revealed that TanIIA modulated
macrophage polarization by ameliorating mitochondrial function and regulating TLR4-
HMGBI1/CEBP-f3 pathway. In addition, increased expression of miR-155 was observed in
RAW264.7 cells incubated with LPS and were effectively inhibited by TanIIA. Taken
together, it was suggested that TanlIA inhibits inflammatory response and promotes macro-
phage polarization toward an M2 phenotype, which provides new evidence for the anti-
inflammation activity of TanIIA.
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INTRODUCTION

Long-term inflammatory response can lead to deteri-
oration of heart failure due to continuous inflammatory
signaling pathway activation [1]. In addition, due to high
levels of inflammatory factors in serum, patients with
rheumatoid arthritis have a much higher risk of heart failure
[2]. In recent years, a large amount of clinical studies using
anti-inflammatory drugs to observe the curative effect of
the prevention and treatment of cardiovascular diseases,
such as the clinical studies published in the NEJM,
targeting inhibition of IL-13-mediated inflammatory path-
ways can effectively reduce the happening of
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cardiovascular events [3—5]. Thus, it can be seen that the
development of regulation of inflammatory response has
important diagnostic and therapeutic significance in the
progression of heart failure.

Macrophage is an important inflammatory regulation
cell after myocardial infarction, which has the bidirectional
function of pro-inflammatory and anti-inflammatory. In the
early stages of inflammation (0 to 4 days), M1 (classically
activated) phenotype can be detected in the heart of mice,
which is mainly induced by type I inflammatory factors
(such as IFN-y, GM-CSF, and LPS). And its characteristic
is high expression of iNOS; large amount of NO and ROS
are synthesized in intracellular. Meanwhile, it can still
secrete a large number of pro-inflammatory cytokines
(IL-12, IL-23f3, and TNF«, IL-1p3), and chemokines (IP-
10 and MIG). However, during the period of myofibroblast
proliferation and reparation (10 to 14 days), there is mainly
M2 (alternatively activated) phenotype [6] which is in-
duced by IL-4, IL-13, IL-10, and M-CSF and secretes
anti-inflammatory factor (IL-10 and TGF-f3), chemokines
(CCL24, CCL18, and CCL22), and scavenger receptor
(SRs) [7]. Many studies suggest that Ly6C'®" subset
plays an active role in inhibiting inflammation and
promoting scar reparation during myocardial infarction. It
is worth noting that M1 and M2 macrophages can undergo
reversible transformation under certain conditions [8].
Therefore, how to effectively regulate the polarization of
monocytes/macrophages is the key to restrain inflammato-
ry response and promote reparation.

The mechanism of macrophage polarization is com-
plicated and may involve several interconnected events.
Previous studies have shown that bone marrow-derived
macrophages (BMDMs) stimulated in culture with cyto-
kines to induce M1 or M2 polarization displayed markedly
different cell morphologies [9]. Metabolic cascades, in-
cluding mitochondrial inner membrane potential and cal-
cium loading are increasingly recognized as characteristics
and controllers of macrophage activation and polarization
[10, 11]. There is also a study that demonstrates that M1
activation inhibits mitochondrial function [12]. In addition
to this, TLR4 is an important mediator which can regulate
the polarization of macrophages by affecting the expres-
sion of HMGBI [13] and C/EBP-f3 [14, 15].

TanshinonellA (TanlIA) is one of the main active
pharmaceutical ingredients (APIs) extracted from Salvia
miltiorrhiza Bge (Danshen in Chinese), which has been
used clinically for the treatment of various human diseases.
The pharmacological and therapeutic properties of TanlIA
in the cardiovascular system have attracted interest. Emerg-
ing experimental investigations and clinical trials have

demonstrated that TanlIA prevents cardiac injury, hyper-
trophy, and atherogenesis [16]. However, the efficacy and
molecular mechanism underlying the effect of TanlIA have
not been reported previously. The present study investigat-
ed whether TanlIA has an effect on macrophage polariza-
tion, and the mechanisms underlying the effects of TanlIA
on macrophage polarization were evaluated in vitro.

MATERIALS AND METHODS

Cell Culture and Treatment

RAW264.7 murine macrophage cells were obtained
from Cell Culture Center of Chinese Academy of Medical
Sciences (Beijing, China). The cells were cultured in
DMEM (high glucose) supplemented with 10% FBS,
100 U/mL penicillin and 100 pg/mL streptomycin at
37 °C in a humidified incubator containing 5% CO,. For
experiments, RAW264.7 cells were treated with various
concentrations of TanlIA (at 0.1, 1, and 10 uM) in the
presence of 1 pug/mL LPS for 6 h or 24 h. The cells treated
with 0.1% DMSO were used as control.

Cell Viability and Analysis of Cell Morphology

RAW264.7 cells were seeded into a 96-well plate ata
density of 2 x 10* cells/well and incubated at 37 °C in 5%
CO, overnight. Two hundred microliters of FBS-free me-
dium and various concentrations of TanlIA (at 0.1, 1, and
10 uM) were added to each well. After incubation for 24 h,
the media in the wells were discarded and 100 uL of
medium and 10 pL. of MTT solution were added to each
well. After incubation for 4 h, 150 uL of DMSO was added
to the wells and incubated for 15 min. For cell viability
determination, the absorbance values of the 96-well plate
were read at 490 nm on Varioskan LUX microplate reader.

A Nikon IX73 inverted microscope was used to cap-
ture phase contrast images of cell morphology. The long
axis and short axis of each cell were measured by using
Imagel] software. The elongation factor was determined to
be the ratio of the two axes. The area of each cell was
determined by tracing cell outline.

Measuring Changes of Mitochondrial Function

The isolation of intact mitochondria from RAW?264.7
cells was performed as using mitochondrial extraction kit
(Solarbio, China). The cells and isolated mitochondria
were seeded in a 96-well flat-bottomed plate. Mitochon-
drial inner membrane potential was measured by applying
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the fluorescent dye JC-1 (Beyotime, China). Mitochondrial
calcium loading was assessed by Fluo-4 AM (Beyotime,
China).

ELISA

RAW264.7 cells were seeded in 6-well plates at a
density of 5x 10°/well. After treated with various
concentrations of TanlIIA (at 0.1, 1, and 10 uM) in the
presence of 1 pg/mL LPS for 6 h or 24 h, the supernatants
were collected and the levels of TNF-a and IL-10 were
determined by ELISA following the manufacturers’ rec-
ommendations and quantified using Varioskan LUX mi-
croplate reader at 450 nm immediately.

RT-PCR

TRIzol reagent (Ambion) was used for RNA isola-
tion. Then, RNA concentrations were determined by an
ultramicrofluorescence spectrophotometer (DeNovix). Re-
verse transcription was carried out by use of HiFiScript
cDNA synthesis kit (cwbiotech). Quantitative PCR (Q-
PCR) assay was done using UltraSYBR mixture
(cwbiotech) and analyzed using Q-PCR instrument
(Lightcycler 96, Roche). Primers used in real-time PCR
are shown as in Table 1. Gene expression was analyzed
using the 222" method.

Flow Cytometry

RAW264.7 cells were fixed with 2% paraformalde-
hyde for CD206 and washed in PBS supplemented with
1% FBS and 0.01% NaNj. Cells were incubated with
CD16/32 at 4 °C for 30 min to block Fc-receptors, follow-
ed by incubation with PE-conjugated anti-mouse CD206
antibodies or isotype-matched control for 30 min on ice
avoiding from light. Following thorough washing to re-
move excess unbound antibodies, labeled cells were ana-
lyzed by flow cytometry with FACSCalibur (BD Biosci-
ences). Data analysis and quantification of mean fluores-
cence intensity were performed using FlowJo 7.6 software.
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Immunofluorescence Imaging

After attaching to the cover glass, RAW264.7 cells
were fixed with 4% paraformaldehyde for 15 min and then
blocked with 5% goat serum in 1x PBS at RT for 30 min.
Primary antibodies diluted 1:100 in PBS were applied to
the cells at 4 °C overnight. The cells were then incubated
with secondary antibodies diluted 1:200 in PBS at RT for
1 h and counterstained with DAPI and washed before
imaging using a Leica DM6000B upright fluorescent mi-
croscope. Cell fluorescence was quantified using ImagelJ
software.

Western Blot Analysis

Protein samples were obtained from the lysates of
cultured cells and the protein concentration was deter-
mined using the bicinchoninic acid (BCA) protein detec-
tion system Proteins were then denatured in a 5% loading
buffer at 100 °C for 5 min and separated by 12% SDS-
PAGE. Proteins were transferred from the gels onto a
PVDF membrane and blocked with Quickblock blocking
buffer (TBSTw) for 2 h. The membranes were then incu-
bated with appropriate primary antibodies overnight at
4 °C. After washed with TBST three times, membranes
were incubated with secondary antibodies for 2 h at room
temperature. The protein samples were visualized using
ECL western blotting substrate and imaged immediately
using C-DiGit 3600 (Li-Cor, USA).

Statistical Analysis

All of the experiments were repeated at least three
times. Results were shown as the mean + standard
deviation (SD). The statistical significance was deter-
mined using a two-tailed Student’s ¢ test and a p value
< 0.05 was considered to be statistically significant. All
of the calculations were performed using GraphPad
Software.

Table 1. List of Primer Pairs Used for qRT-PCR

Primer Forward (5'-3") Reverse (5'-3")

iNOS CCTGTGTTCCACCAGGAGAT CCTGTGTTCCACCAGGAGAT
IL-1B CCTGTGTTCCACCAGGAGAT CCTGTGTTCCACCAGGAGAT
Argl CCTGTGTTCCACCAGGAGAT CCTGTGTTCCACCAGGAGAT
Fi1zz1 TGCTGGGATGACTGCTACTG TGCTGGGATGACTGCTACTG
GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
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Fig. 1. The effect on RAW264.7 cell morphology and viability of TanlIA treatment. a Phase contrast images of RAW264.7 cells untreated or treated with
LPS or LPS/TanlIA (0.1 uM, 1 uM, 10 uM) (scale bar 50 pm). b Quantification of area for each group. ¢ Quantification of elongation factor for each group. d
Cell viability of RAW264.7 cells was measured by MTT. Error bars indicated mean + SD for three separate experiments. **p < 0.01, ***p <0.001 compared
with the control group; *#p < 0.001 compared with the LPS group; X;p <0.05; $$p <0.01.

RESULTS

The Effect on RAW264.7 Cells Morphology and
Viability of TanlIIA Treatment

The morphology of RAW264.7 cells was mainly
rounded shape. As shown in Fig. la, b, after stimulated
with LPS, the cells displayed markedly different morphol-
ogies and larger cell area compared with control group.

Simultaneously, Fig. 1a, ¢ showed us that the cells stimu-
lated in culture with TanIIA exhibited more elongated
morphologies. As had been reported by other groups [9],
M2 macrophages showed an elongated cell shape com-
pared with M1. To assess cytotoxicity of TanlIA on
RAW264.7 cells, MTT assay was used. As shown in
Fig. 1d, the viability of the cells was not significantly
affected by TanlIA at different concentrations (0 puM,
0.1 uM, 1 uM, 10 uM) for 24 h.
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Fig. 2. Pro- and anti-inflammation of TanIIA in LPS-stimulated RAW264.7 cells. a, b The concentration of TNF-« from LPS treated or LPS/TanlIA treated
for 6 h or 24 h. ¢, d The concentration of IL-10 from LPS treated or LPS/TanIIA treated for 6 h or 24 h. Error bars indicated mean + SD for three separate
experiments. *p < 0.05, **p < 0.01 compared with the control group; *p < 0.05 compared with the LPS group.

Pro- and Anti-inflammation of TanlIA in LPS-
Stimulated RAW264.7 Cells

To further estimate the pro- and anti-inflammation of
TanlIA, we detected the concentration of TNF-o (pro-
inflammatory factor) and IL-10 (anti-inflammatory factor)
[17] in the supernatants. As shown in Fig. 2a, b, TanlIA
effectively inhibited TNF-oc secretion by LPS. It is note-
worthy that the concentration of IL-10 increased following
treatment of TanlIA at different concentrations for 6 h or
24 h (Fig. 2c, d).

TanlIA Upregulates Expression of Markers for M2
Macrophage and Promotes M2 Polarization in LPS-
Stimulated RAW264.7 Cells

To explore whether TanlIA could regulate the polar-
ization of LPS-stimulated RAW?264.7 cells, real-time PCR
assay was used to assess mRNA expressions of macro-
phages with different phenotypes. In the present study, the
level of M1 phenotype markers iNOS and IL-1(3 increased
significantly in LPS-stimulated RAW264.7 cells, whereas

they were inhibited by TanlIA treatment for both 6 h and
24 h (Fig.Sla and Fig. 3a). As shown in Fig. S1b, the
mRNA of M2 phenotype markers Argl and FIZZ1
expressed low level by TanlIA treatment for 6 h. By
contrast, they increased significantly by TanlIA treatment
for 24 h compared with control and LPS group (Fig. 3b).
As shown in Fig. 3c—e, the results of western blot analysis
for the protein expression of different phenotypes were
similar to those obtained by real-time PCR.

CD206, the macrophage mannose receptor [18], was
also the marker of M2 phenotype. From the results of flow
cytometry, we found that there was no difference of CD206
between each group by LPS and TanlIA treatment for 6 h
(Fig. S2), whereas a significant upregulation of CD206 was
detected in TanIIA groups for 24 h compared with the other
two groups (Fig. 4a).

We also used immunofluorescence imaging to assess
the polarization of LPS-stimulated RAW264.7 cells which
were treated by TanlIA simultaneously. As shown in
Fig. 4b, ¢, LPS-stimulated RAW264.7 cells displayed a
larger and more irregular morphology (which were called
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Fig. 3. TanllA regulated expression of markers for M1 and M2 macrophage. a The expression of M1 macrophage phenotype-related genes from LPS treated
or LPS/TanlIA treated for 24 h. b The expression of M2 macrophage phenotype-related genes from LPS treated or LPS/TanlIA treated for 24 h. c-e
Representative Western blot of iNOS, Argl, and (3-tubulin from LPS treated or LPS/TanlIIA treated for 24 h and quantitative data of average across three
separate experiments. Error bars indicated mean + SD for three separate experiments. ***p < 0.001 compared with the control group; *#p < 0.001, #p < 0.01,
#p <0.05 compared with the LPS group.
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Fig. 4. TanIIA promoted M2 polarization in LPS-stimulated RAW264.7 cells. a Representative flow cytometry histograms and averaged relative mean
fluorescence intensity (MFI) across three separate experiments of CD206 for 24 h. b Fluorescence images of cells immunostained for iNOS (green) and Argl
(red) and DAPI counterstain (blue) of control, LPS-treated and LPS/TanIIA-treated cells for 24 h (scale bar 50 um). ¢, d Quantification of cell fluorescence for
each group. Error bars indicated mean = SD for three separate experiments. “#p < 0.001, #p <0.01 compared with the LPS group.

FBGCs) [19] and expressed hyper-fluorescence of iNOS. treatment. We also found that RAW264.7 cells stimulated
However, this could be inhibited significantly by TanlIA with TanlIA in the presence of LPS expressed high level of
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Fig. 5. Polarization of macrophages toward M2 phenotype is associated with changes in mitochondrial function. a Representative fluorescence images of
cells mitochondrial membrane potential was measured with the JC-1 probe for J-aggregates (red) and monomer (green) of each group (scale bar 50 um). b
Mitochondrial membrane potential in mitochondria of each group was measured with the JC-1 probe. ¢ Representative fluorescence images of cell calcium
overload (Ca**) was measured with Fluo-4 AM (scale bar 50 pum). d Mitochondrial calcium overload (Ca®*) was measured with Fluo-4 AM. e-g
Representative Western blot of Cyc-C, UCP3, and GAPDH from LPS treated or LPS/TanlIA treated for 24 h and quantitative data of average across three
separate experiments. Error bars indicated mean + SD for three separate experiments. **#p <0.001, **p <0.01, *p < 0.05 compared with the control group;
) <0.001, ™p <0.01, *p < 0.05 compared with the LPS group.

Argl, and the cells exhibited more elongated morphologies these data suggested that TanlIA could regulate the polar-
(Fig. 4b, d) corresponded with the results of 3.1. Together, ization and promote M2 phenotype in LPS-stimulated
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Fig. 5. (continued)

RAW264.7 cells; meanwhile, cell elongation might be
associated with M2 macrophage polarization.

TanlIA Promotes M2 Macrophage Polarization in
LPS-Stimulated RAW264.7 Cells Along with Changes
in Mitochondrial Function

It has been reported that the regulation of cellu-
lar metabolism is critical in shaping the macrophage
polarization states and immune functions [20]. So we
assessed changes of mitochondrial function. As
shown in Fig. Sa, b, LPS resulted in significant
mitochondrial membrane depolarization in
RAW264.7 cells, and TanIlA prevented this from
happening. TanlIA also resulted in a decrease of
calcium overload compared with that in the LPS
group (Fig. Sc, d). The amounts of proteins involved
in mitochondrial oxygen metabolism, as assessed by
immunoblotting, showed a trend similar to the above
result (Fig. Se—g). These data verified that the regu-
lation of macrophage polarization by TanIlA was
achieved by adjusting cell metabolism.
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TanlIA Promotes M2 Macrophage Polarization in
LPS-Stimulated RAW264.7 Cells Through Changing
TLR4-HMGB1/CEBP-f3 Pathway

Argl is primarily regulated by the transcription factors
C/EBP-f3. Ablation or knockdown of C/EBP-f3 abrogates
Argl expression and M2 differentiation [21-23]. In the
present study, we also examined expression of several pro-
teins which were involved in pathways of polarization. As
shown in Fig. 6a—c, LPS resulted in significantly high level
of TLR4 and HMGBI proteins, and TanlIA could inhibited
that. Simultaneously, C/EBP-f3 protein expression was up-
regulated and dependent on the dosage of TanlIA (Fig. 6a,
d). The above results demonstrated that TanIIA regulated
polarization in LPS-stimulated RAW264.7 cells through
affecting key protein concerned in polarized pathways.

DISCUSSION
Previous studies have showed that TanlIA plays a key

role in inflammatory response and ventricular remodeling
[24-26]. However, the mechanism underlying the effect of
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TanlIA was unclear. In the present study, we observed that
TanlIA reduced pro-inflammatory response and regulated
macrophage polarization in LPS-stimulated RAW264.7
cells, which was supported by several lines of evidence:
(1) TanlIA changed the morphology of LPS-stimulated
RAW264.7 cells; (2) TanIIA reduced the secretion of
TNF-« and increased IL-10; (3) TanlIA inhibited the ex-
pressions of iNOS and IL-1f3, which were M1 phenotype
markers. Meanwhile, TanlIA increased the expressions of
Argl, Fizzl, and CD206, which were M2 phenotype
markers; (4) TanlIA promotes M2 macrophage polarization
along with changes in mitochondrial function; (5) TanIIA
changed the expressions of key protein in TLR4-HMGB1/
CEBP-f3 pathway to promote M2 macrophage polarization.

Cellular morphology and elongation has been shown
to influence nuclear organization, chromatin condensation,
and histone modification [27], which have an impact on
genetic reprograms associated with macrophage phenotype.
In our study, TanlIA could indeed make the cells more
elongation. Furthermore, an important area of future work
is to observe the effect of using TanlIA along with changes
in the physical extracellular environment on macrophage
polarization and function. Energy metabolism plays a key
role in inflammatory reaction and tissue reparation in myo-
cardial infarction, which also has a relationship with macro-
phage polarization [28]. Mitochondria are catabolic organ-
elles and are the major source of cellular ATP and ROS,
which are important in innate immune responses to cellular
damage, stress, and infection [29]. Our study showed that
TanlIA prevented mitochondrial membrane depolarization
and decreased calcium overload. The expressions of UCP3
and Cyc-C also showed that TanIIA could ameliorate mito-
chondrial function associated with polarization.

Recent observations suggest that metabolic shifts in
mitochondrial dynamics may be involved in Toll-like recep-
tor agonist-mediated inflammatory responses and immune
cell polarization [30]. TLR4, located on the cell surface, is
an important mediator of inflammatory response after myo-
cardial infarction [31]. TLR4 is the only TLR that signals
through both MyD88 and TRIF signaling pathways [32].
The present research examined the expression of HMGB1
and C/EBP-[3 which were mediated through TLR4 pathway.
Beyond that, we also detected the expression of miR-155
(Fig. S3). It was reported that silencing miR-155 could
reduce myocardial injury and cardiac dysfunction, and pro-
mote the polarization of macrophages to M2 phenotype
[33]. Meanwhile, miR-155 enhanced the mediation of
TLR4-MyD88 signaling pathway by inhibiting the negative
regulatory factor SOCS1, promoting the effect of pro-
inflammation [34]. Some studies have shown that TRIF-
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mediated signal pathway can promote the secretion of IL-10,
TGF-f3, and other cytokines, and collect medullary cells for
tissue reparation [35]. However, miR-155 can directly target
IKKe to weaken the mediation of TLR4-TRIF signaling
pathway [36]. At the same time, miR-155 inhibits the ex-
pression of Argl, a surface marker of M2 macrophages,
which is regulated by the expression of C/EBP-(3 [37]. Thus,
miR-155 is in the key position of regulating monocyte/
macrophage polarization signal pathway. Remind us that
intervening in the expression of miR-155 may be an effec-
tive target for suppressing inflammation and promoting
reparation. Our data suggested that TanIIA could downreg-
ulate the expression of miR-155. Nevertheless, the mecha-
nisms need to be clarified in our later study.

Collectively, these findings provide new insights into
the mechanism of TanlIA and its therapeutic potential in
the treatment of myocardial infarction.
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