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A B S T R A C T

This study aimed to investigate the interaction between macrophages and fibroblasts in pulmonary fibrosis and
the effects of total alkaloids of Stemona tuberosa (STA, 9 alkaloids with relative content of 91.2%) on them. The
culture medium of LPS- or IL-4-induced macrophages was used as conditioned medium (CM) to co-culture with
fibroblasts to study the effect of macrophages on the differentiation of fibroblasts. Similarly，the CM of TGF-β1-
induced fibroblasts was co-culture with macrophages to study the effect of fibroblasts on the polarization of
macrophages. The results showed that the TGF-β1 level in IL-4-induced (M2) rather than LPS-induced (M1)
macrophages was significantly high (p < 0.001), and the SDF-1 level in TGF-β1-induced fibroblasts (MF) was
significantly high (p < 0.001). The expressions of α-SMA and Col-1 in M2-CM-induced fibroblasts and Arg-1
and CXCR4 in MF-CM-induced macrophages were significantly increased (p < 0.01). STA effectively decreased
the expressions of α-SMA (p < 0.05, 0.01 at 10, 100 μg/mL), Col-1 (p < 0.05, 0.05, 0.01 at 1, 10, 100 μg/mL),
Arg-1 (p < 0.01 at 1, 10, 100 μg/mL) and CXCR4 (p < 0.01, 0.001 at 10, 100 μg/mL), which were consistent
with the experimental results in vivo. These results suggested that there was a positive feedback loop between M2
polarization and fibroblast differentiation in pulmonary fibrosis. Further studies showed that the transcription of
sdf-1 gene in MF was initiated by JAK2/STAT3 pathway and the M2 polarization was promoted by SDF-1/
CXCR4/PI3K/AKT1 pathway. STA blocked the feedback loop by suppressing JAK2/STAT3 pathway in fibroblasts
and CXCR4-PI3K/AKT1 pathway in macrophages.

1. Introduction

Pulmonary fibrosis is a chronic progressive lung disease character-
ized by excessive deposition of extracellular matrix in lung tissue, re-
sulting in irreversible decline in gas exchange function until death [1].
Pulmonary fibrosis, especially idiopathic pulmonary fibrosis, has a high
morbidity and mortality and the median survival time after diagnosis is
only 2–4 years [2]. Pulmonary fibrosis has no effective treatment drugs
or therapies. Nintedanib and pirfenidone approved by the FDA in 2014
can alleviate symptoms and delay the process of pulmonary fibrosis, but
cannot block the progression of pulmonary fibrosis [3]. In addition,
most patients who take these two drugs for a long time have serious
adverse reactions and obvious withdrawal symptoms [4].

It is generally believed that the persistent differentiation of fibro-
blasts (FB) into myofibroblasts (MF) triggered by abnormal repair of
alveolar epithelial cells is the central node to pulmonary fibrosis [5].
TGF-β1 is one of the most powerful pro-fibrosis cytokines, which

promotes FB proliferation, induces FB transformation and inhibits MF
apoptosis through Smad pathway [6,7]. MF (i.e., activated FB) are the
direct executors of pulmonary fibrosis by secreting extracellular matrix
(ECM) to induce collagen deposition in lung tissue. Besides, MF inhibit
ECM degradation by high expression of tissue inhibitors of metallo-
proteinases (TIMPs) [8]. On the other hand, more and more studies
have shown that macrophages are the main drives of tissue fibrosis
[9,10]. Macrophages can be polarized into different phenotypes with
different microenvironments, mainly including classically activated
macrophages (M1) and alternatively activated macrophages (M2). M1,
labeled by iNOS, can promote inflammation and antagonize fibrosis by
secreting TNF-α, IL-1, IL-6, NO and MMPs. While M2, labeled by Arg-1,
can resist inflammation and promote fibrosis by secreting TGF-β1,
PDGF, MMP12 and TIMPs [11]. M2 can stimulate the differentiation of
FB into MF by releasing TGF-β1 and promote the deposition of ECM.
However, it is not clear whether fibroblast differentiation affects mac-
rophage polarization.
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The root of Stemona tuberosa Lour. (Stemonaceae) is one of the
traditional Chinese medicines for treating lung diseases [12]. It is a
commonly used drug in the prescription of Chinese medicines for the
treatment of pulmonary fibrosis [13]. It is also the main drug (monarch
drug) in Baibu Decoction, an antique compound prescription for the
treatment of pulmonary fibrosis [14]. Our previous studies showed that
alkaloids were the main active constituents contained in S. tuberosa
[15]. In this paper, taking the total alkaloids of S. tuberosa (STA) as an
example, the interaction between fibroblasts and macrophages was
investigated, and the effects and mechanism of STA on BLM-induced
pulmonary fibrosis was also studied.

2. Materials and methods

2.1. Reagents and antibodies

Bleomycin (BLM) was purchased from Zhejiang Hisun
Pharmaceutical Co., Ltd. (Taizhou, China). Nintedanib (Nib, purity
≥99%) was obtained from Jinan Xuande Medical Technology Co., Ltd.
(Jinan, China). MTT (3-(4,5-dimethylthiazol-2-yl)-2.5-diphenylte-
trazolium bromide) was obtained from Biosharp, (Hefei, China).
Primary rabbit antibodies against Col 1 (wl0088), α-SMA (wl02509),
JAK2 (wl02188), Phospho-JAK2 (wl02997), STAT3 (wl01836),
Phospho-STAT3 (wl03001), PI3K p110 (wl03380), PI3K p85 (wl02240),
AKT1 (wl01652) and Phospho-AKT1 (wl03706) were purchased from
Shenyang Wanleibio Co., Ltd. (Shenyang, China). Rabbit antibodies
against GAPDH (AC002), iNOS (A0312), Arg-1 (A1847), CXCR4
(A12534), AKT2 (A0336) and Phospho-AKT2 (AP0305) were purchased
from ABclonal Co., Inc. (Wuhan, China). The HRP-conjugated anti-
rabbit IgG (H+ L) (YFSA02) was purchased from Nanjing Yifeixue
Biotechnology Co., Ltd. (Nanjing, China). Tyrphostin AG-490 (#14704)
was purchased from Cell Signaling Technology, Inc. (Boston, USA).
AMD3100 (ab120718) was purchased from Abcam (Cambridge, UK).
All the other chemicals used in the experiments were commercial
products of reagent grade.

2.2. Preparation and analysis of STA

2.2.1. Preparation of STA
The dried roots of S. tuberosa were purchased from Bozhou

Medicinal Materials Market (Bozhou, China), and authenticated by one
of authors, Prof. Mian Zhang. STA was prepared as described in our
previous study [15]. Briefly, the roots were extracted in reflux 3 times
with 95% ethanol for 1 h each time. The combined extract was con-
centrated in vacuum to no alcoholic taste, adjusted to pH 1–2 with 4%
hydrochloric acid and centrifuged. The supernatant was adjusted to
pH 9–10 with concentrated ammonia and extracted with chloroform.
The chloroform extract was dried to obtain STA.

2.2.2. Chromatographic and mass spectrometric conditions
The chemical constituents of STA were analyzed on an Agilent series

1200 HPLC system equipped with a quaternary pump, a degasser, an
autosampler and a column compartment (Palo Alto, CA, USA). The
sample was separated on a C18 column (4.6mm×250mm, 5 μm;
YMC, Japan) eluted with a mixture of 0.1% formic acid (A) and acet-
onitrile (B) in the gradient as follows: 0–5min, maintained at 10% B;
5–10min, linearly increased to 20% B; 10–30min, increased to 40% B;
30–35min, maintained at 40% B; 35–40min, increased to 60% B;
40–50min, increased to 90% B and maintained at 90% B for 10min.
The flow rate was 1mL/min and the column temperature was set at
30 °C.

The mass detection was performed on an Agilent 6520 Q-TOF mass
spectrometer (Santa Clara, CA, USA) equipped with an electrospray
ionization source in positive mode. Mass conditions were set as follows:
nebulizer pressure, 35 psi; capillary voltage, 4000 V; fragmentor vol-
tage, 100 V; drying gas (N2) flow, 8 L/min; drying gas temperature,

300 °C; collision energy, 40 V. The full-scan MS spectrum was recorded
in m/z 100–1000 at a rate of 4 spectra/s, and the auto MS/MS spectra
were recorded in m/z 50–1000 for 2 max precursors per cycle at a rate
of 2 spectra/s. All data acquisition was controlled by Bruker Daltonics
4.1 software.

2.3. Animals

Adult male ICR mice (18–22 g, 6–8weeks old) were purchased from
Yangzhou University Comparative Medicine Center (Yangzhou, China).
All mice were housed in a temperature- and humidity-controlled en-
vironment (25 °C, 60%) under a 12 h light/dark cycle and had free
access to food and water. All the mice experiments were performed in
accordance with the Guide for the Care and Use of Laboratory Animals
and the related ethical regulations of China Pharmaceutical University,
and the protocols was approved by the Institutional Ethical Committee
of China Pharmaceutical University (SYXK (Su) 2013-0012, Nanjing,
China). Mice were acclimatized for one week before experiments.

2.4. BLM-induced lung fibrosis and drug treatment

Weight-matched mice were randomly divided into five groups. After
fasting for 12 h, mice were intratracheally administrated with BLM
(3.5 U/kg in 0.9% NaCl) or 0.9% NaCl (sham) under anesthesia with 4%
chloral hydrate (10mL/kg) as described in the literature [16]. After
7 days of BLM treatment, STA (30 and 60mg/kg) and Nib (30mg/kg,
positive drug) were administrated by gavage once a day for 14 days.
Mice in sham and model group received an equivalent volume of 0.5%
CMC-Na. On the 22nd day of BLM induction, mice were executed to
collect serum and lungs. After weighing, a part of the lung tissue was
fixed in 10% formalin over 24 h and embedded in paraffin for histo-
logical evaluation, and the rest was quickly frozen and stored at
−80 °C.

2.5. Histopathological examination

Lung tissue sections (4–5 μm in thickness) were stained with he-
matoxylin and eosin (H&E) or Masson Trichrome. All sections were
examined and assessed by professionals under light microscopy.
Inflammation was scored from 0 (normal) to 5 (extremely severe da-
mage) according to the degree of lung injury, including alveolar in-
flammation, congestion or bleeding of alveolar wall, proliferation of
lymphocytes, emphysema, and degeneration or necrosis of bronchial
epithelial cells. The collagen deposition in lung tissue was graded on a
scale from 0 to 3 based on Masson Trichrome staining according to the
degree of fibrous tissue proliferation.

2.6. Cell isolation and culture

Lung fibroblasts were isolated from BLM with/without STA-treated
mice (for evaluating fibroblast differentiation) or untreated normal
mice (for in vitro experiment, primary lung fibroblasts, PFB) by com-
bining trypsin digestion and tissue adherent methods as described
previously [17] and identified using vimentin immunohistochemical
staining. Alveolar macrophages (for evaluating macrophage polariza-
tion) were isolated from BLM with/without STA-treated mice by
bronchoalveolar lavage method. Briefly, the mouse trachea was lavaged
several times with total 1 mL PBS (phosphate buffer solution) at room
temperature. The lavage solution was centrifuged at 1500 rpm for
5min, and the precipitation (alveolar cells) was washed twice with
RPMI-1640 medium. Alveolar cells were seeded onto 6-well plates at
about 1–5×105 cells/per well and incubated for 1–3 h, and then wa-
shed twice with PBS to removing dead cells. The mouse alveolar mac-
rophage MH-S cell lines (for in vitro experiment) were purchased from
Beijing Bnbio Research Institute (Beijing, China). PFB and MH-S cells
were cultured in DMEM supplemented with 10% FBS and streptomycin
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(100mg/mL)/penicillin (100 U/mL) at 37 °C in a 5% CO2 atmosphere.

2.7. MTT assay

Cells were seeded onto 96-well plates at about 1×105 cells/mL and
incubated for 24 h (PFB) or 6 h (MH-S cells). After pretreatment with or
without drugs for 48 h, 20 μL of MTT solution (5mg/mL) were added
into each well and the cells were incubated for 4 h. Formazan crystals
were collected and dissolved with 150 μL of DMSO, and then measured
at 490 nm with a microplate reader (Epoch, Bio-Tek, USA).

2.8. Fibroblast differentiation and macrophage polarization

PFB were seeded at about 5×105 cells/mL in 6-well plates. After
24 h of incubation, PFB were stimulated with 10 ng/mL of TGF-β1
(Peprotech, USA) and treated with drugs for 48 h. MH-S cells were
seeded at about 5× 105 cells/mL in 6-well plates. After 6 h of in-
cubation, MH-S cells were stimulated with 0.5 μg/mL of LPS (Sigma-
Aldrich, USA) or 10 ng/mL of IL-4 (Peprotech, USA) and treated with
drugs for 48 h.

2.9. Preparation of conditioned medium

Conditioned medium (CM) were obtained from PFB induced with
TGF-β1 and MH-S cells induced with LPS (M1) and IL-4 (M2). Cells
were grown to subconfluence, then cultured in serum starvation for
48 h. Cell culture medium was collected and centrifuged, and the su-
pernatant was used as CM (used freshly).

2.10. ELISA evaluation

The contents of TGF-β1 and SDF-1 in mouse serum and cell super-
natants were determined by ELISA using commercial kits (Yifeixue
Biotechnology, Nanjing, China) according to the manufacturer's pro-
tocols.

2.11. Western blot analysis

Immunoblot analysis of lung tissues or cells was performed on total
lysates as described in literature [17] using primary antibodies men-
tioned in “Reagents and antibodies” and then incubated with corre-
sponding secondary antibodies. The protein bands were detected by
electrochemiluminescence (ECL) reagent (Tanon, Shanghai, China),
and their intensity was quantitatively analyzed by using Image-Pro Plus
software and presented as the ratio to GAPDH.

2.12. Quantitative real-time polymerase chain reaction (RT-PCR)

Total RNA of cells was extracted using TRIzol reagent (Yeasen,
Shanghai, China) and reverse-transcribed to cDNA templates using an
RT-MasterMix Kit (Vazyme, Nanjing, China). Quantitative RT-PCR was
performed using SYBR Green Supermix (Bio-Rad, USA). Samples were
measured in at least triplicate with a CFX96 real-time system (Bio-Rad,
USA). The specific gene primers for sdf-1, tgf-β1, arg-1, akt1 and gapdh
were shown in Table 1. All the sample data were quantified using the
comparative Ct method and presented as the mean ratio to gapdh.

2.13. Statistical analysis

All data were expressed as the mean ± SEM (standard error of
mean) from at least three independent experiments. Statistical analysis
of data was performed by one-way ANOVA followed by Student's two-
tailed t-test by using GraphPad Prism 5 software. p values of< 0.05
were considered to be statistically significant.

3. Results

3.1. Effects of STA on BLM-induced pulmonary fibrosis in mice

The major constituents of STA were analyzed by HPLC-QTOF-MS
method and their relative contents were evaluated based on the total
ion current (TIC) chromatogram. As shown in Fig. 1A and S1 (in sup-
plementary data), the 9 main peaks in TIC chromatogram were assigned
as sessilifoline B (1, 8.5%), stemotinine (2, 4.7%), tuberostemonine J
(3, 22.3%), croomine (4, 20.1%), isotuberostemonine (5, 4.9%), neo-
tuberostemonine (6, 17.8%), tuberostemonine K (7, 1.7%), tuber-
ospironine (8, 2.2%) and tuberostemonine (9, 9.0%). The total relative
content of 9 alkaloids accounted for 91.2% of the total alkaloids.

The anti-pulmonary fibrosis effects of STA were evaluated in BLM-
induced mice. Compared with the sham group, the mice in the model
group showed significant decreases in survival rate (70%) (Fig. 1B) and
body weight (Fig. 1C). However, STA treatment at doses of 30 and
60mg/kg could increase the survival rate (75% and 87.5% for 30 and
60mg/kg) and the weight of BLM-induced mice (Fig. 1B–C). The his-
topathological changes and the collagen deposition in lung tissues of
mice were assessed by H&E staining and Masson's trichrome staining.
Compared with the model group, STA treatment could decrease the
infiltration of inflammatory cells, relieve the edema, thrombus and
structure destruction (Fig. 1D) and also obviously decrease the collagen
deposition (Fig. 1E). The inflammatory (p < 0.05 for both doses) and
collagen (p < 0.01 for both doses) scores (Fig. 1F–G) evaluated by
professionals were also significantly decrease after treatment with STA
at 30 and 60mg/kg. Moreover, the levels of TGF-β1 (a key pro-fibrotic
cytokine) and SDF-1 (a chemokine which activates leukocytes) in
mouse serum were analyzed by ELISA. As shown in Fig. 1H–I, the
contents of TGF-β1 and SDF-1 in BLM-injured mice were obviously
increased (p < 0.001), while STA treatment could significantly de-
crease the levels of TGF-β1 (p < 0.05 and 0.01 for 30 and 60mg/kg)
and SDF-1 (p < 0.05 and 0.01 for 30 and 60mg/kg). In addition, the
expression of CXCR4 protein, a specific receptor of SDF-1, was also
determined by western blot. Compared with the sham group (Fig. 1J),
the expression of CXCR4 in BLM-induced lung tissue was significantly
increased (p < 0.01), however, STA treatment could obviously lower
the elevated CXCR4 expression, especially at dose of 60mg/kg
(p < 0.01). These results were consistent with the previous experi-
ments [15,16] and confirmed that STA could effectively inhibit BLM-
induced pulmonary fibrosis.

3.2. Effects of STA on fibroblast differentiation and macrophage
polarization in BLM-induced mice

The transformation of FB to MF is one of the key steps of pulmonary
fibrosis. MF labeled with α-SMA [18] are the executors of pulmonary

Table 1
Sequences of real-time PCR primers.

Gene Forward primer Reverse primer

sdf-1 5′-TGCATCAGTGACGGTAAACCA-3′ 5′-TTCTTCAGCCGTGCAACAATC-3′
tgf-β1 5′-CTCCCGTGGCTTCTAGTGC-3′ 5′-GCCTTAGTTTGGACAGGATCTG-3′
arg-1 5′-CTCCAAGCCAAAGTCCTTAGAG-3′ 5′-AGGAGCTGTCATTAGGGACATC-3′
akt1 5′-ATGAACGACGTAGCCATTGTG-3′ 5′-TTGTAGCCAATAAAGGTGCCAT-3′
gapdh 5′-AGGTCGGTGTGAACGGATTTG-3′ 5′-TGTAGACCATGTAGTTGAGGTCA-3′
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fibrosis with the function of collagen secretion [19]. Therefore, the
expressions of α-SMA and Col-1 in BLM-induced lung tissue and iso-
lated lung FB of BLM-induced mice were evaluated by western blot. As
shown in Fig. 2A–E, the levels of α-SMA and Col-1 in lung tissue
(Fig. 2A–C) and isolated lung FB (Fig. 2D–E) of BLM-injured mice were
significantly higher than that in the sham group (p < 0.01). Compared
with the model group, STA treatment could reduce the levels of α-SMA
(p < 0.05 and 0.01 for 30 and 60mg/kg) and Col-1 (p < 0.05 and
0.01 for 30 and 60mg/kg) in lung tissue, also reduce the levels of α-
SMA (p < 0.05 for 30 and 60mg/kg) and Col-1 (p < 0.05 for 30 and
60mg/kg) in isolated lung FB. The results indicated that STA can in-
hibit the differentiation of FB into MF. Moreover, a high level of SDF-1
(p < 0.001) were detected in the culture medium of lung FB isolated
from BLM-induced mice, and it was significantly lowered in that iso-
lated from STA-treatment mice (p < 0.05 and 0.01 for 30 and 60mg/

kg) (Fig. 2F).
On the other hand, macrophages, including M1 and M2, are the

regulators of pulmonary fibrosis. M1 labeled with inducible nitric oxide
synthase (iNOS) have anti-inflammatory effects, while M2 labeled with
Arginase-1 (Arg-1) have pro-fibrotic effects [20]. As shown in
Fig. 2G–K, the expression of iNOS in lung tissue (Fig. 2G–I) and isolated
alveolar macrophages (Fig. 2J–K) of BLM-injured mice was almost the
same as that in the sham group, while the expression of Arg-1 was in-
creased remarkably (p < 0.001 for both lung tissue and isolated al-
veolar macrophages), indicating that M2 were the dominant macro-
phage phenotype in BLM-induced lung tissues of mice. STA treatment
significantly reduced the expression of Arg-1 in lung tissue (p < 0.001
for both 30 and 60mg/kg) and isolated alveolar macrophages
(p < 0.05 and 0.01 for 30 and 60mg/kg). These results suggested that
STA could effectively inhibit M2 polarization. Moreover, a significant

Fig. 1. Effects of STA on BLM-induced pulmonary fibrosis in mice. (A) Total ion current chromatogram (positive mode) of STA: sessilifoline B (1), stemotinine (2),
tuberostemonine J (3), croomine (4), isotuberostemonine (5), neotuberostemonine (6), tuberostemonine K (7), tuberospironine (8), tuberostemonine (9). After
7 days of BLM (3.5 U/kg) treatment, mice were orally administrated with STA (30 and 60mg/kg) and Nib (nintedanib, 30mg/kg, positive drug) once a day for
14 days. (B) Cumulative survival rate of mice (n= 8–10); (C) changes of body weight of mice (n=6–10); (D–G) H&E (blue arrow shows inflammatory infiltration)
and Masson's trichrome (collagen deposition colored in blue and indicated by black arrow) staining section of lung tissue, and the inflammatory and collagen scores
were assessed by professionals (n= 5); the levels of (H) TGF-β1 and (I) SDF-1 in serum were detected by ELISA (n=3); (J) the expression of CXCR4 in lung tissue
were detected by western blot (n=3). Data were expressed as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, versus the model group. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Effects of STA on fibroblast differentiation and macrophage polarization in lung of BLM-induced mice. Mice were treated as described in Fig. 1. The
expressions of α-SMA and Col-1 (A–C) in lung tissue and (D–E) in isolated fibroblasts were detected by western blot (n=3), (F) the SDF-1 level in the culture medium
of isolated fibroblasts was measured by ELISA (n= 3). The expressions of iNOS and Arg-1 (G–I) in lung tissue and (J–K) in isolated macrophages were detected by
western blot (n= 3), (L) the TGF-β1 level in the culture medium of isolated macrophages was measured by ELISA (n=3). Data were expressed as mean ± SEM,
*p < 0.05, **p < 0.01, ***p < 0.001, versus the model group.
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high level of TGF-β1 (p < 0.001) were detected in the culture medium
of alveolar macrophages isolated from BLM-induced mice, and it was
significantly lowered in that isolated from STA-treatment mice
(p < 0.05 and 0.01 for 30 and 60mg/kg) (Fig. 2L).

3.3. Effects of STA on fibroblast differentiation and macrophage
polarization in vitro

In vivo experiments showed that STA could improve BLM-induced
pulmonary fibrosis in mice by inhibiting the FB differentiation and M2
polarization. However, it was not clear whether STA directly affected
FB differentiation and M2 polarization. Therefore, primary lung FB
(PFB) of mice and MH-S cells (a cell line of murine alveolar macro-
phages) were employed for the next experiments. The MTT assay
showed that STA with concentration<100 μg/mL had no cytotoxicity
to PFB and MH-S cells (Fig. 3A).

The differentiation of FB into MF was induced by TGF-β1. As shown
in Fig. 3B, the expressions of α-SMA and Col-1 in TGF-β1-induced PFB
were increased significantly (p < 0.01 for both α-SMA and Col-1),
while STA treatment at 1, 10 (p < 0.05) and 100 (p < 0.01) μg/mL
reduced the levels of α-SMA and Col-1 in a concentration-dependent
manner. This result was consistent with the in vivo experiment
(Fig. 2D–E) and confirmed that STA could directly suppress TGF-β1-
induced FB differentiation. Similarly (Fig. 2F), the SDF-1 level in the
medium of TGF-β1-induced PFB was also significantly increased
(p < 0.001) (Fig. 3C), suggesting that the activated FB (MF) are the
main cells releasing SDF-1 to activate macrophages.

The M1 and M2 polarization were induced by LPS and IL-4, re-
spectively. As shown in Fig. 3D and S2, the iNOS expression in LPS-
stimulated MH-S cells were significantly increased (p < 0.01), but the
expression of Arg-1 remained unchanged. The elevated expression

could be significantly inhibited by STA treatment (p < 0.05, 0.05, 0.01
for 1, 10, 100 μg/mL) (Fig. 3D). This means that STA can directly block
LPS-induced M1 polarization. Similarly, the Arg-1 expression in IL-4-
induced MH-S cells was also significantly increased (p < 0.01), but the
expression of iNOS remained unchanged (Fig. 3E and S2). Unlike the in
vivo experiment (Fig. 2J–K), STA treatment could not reduce the Arg-1
level (Fig. 3E), suggesting that STA cannot inhibit IL-4-induced M2
polarization. The TGF-β1 levels in the medium of LPS- and IL-4-induced
MH-S cells were determined by ELISA. As shown in Fig. 3F, the TGF-β1
level was increased significantly in MH-S cells induced by IL-4
(p < 0.001) rather than LPS. This was consistent with the in vivo ex-
periment (Fig. 2L) and the report [21] that TGF-β1 is released by
macrophages during M2 polarization.

3.4. Effects of STA on M2-macrophage induced fibroblast differentiation in
vitro

It is known that TGF-β1 can directly induce the proliferation and
differentiation of FB. However, macrophages, especially M2, are the
main cells secreting TGF-β1 (Figs. 2L & 3F). Therefore, taking the su-
pernatant of MH-S cells as conditioned medium (CM), the effects of M1
(LPS-induced) and M2 (IL-4-induced) on the differentiation of FB were
studied. After treated with M1-CM or M2-CM for 48 h, the expression of
α-SMA was only significantly increased in M2-CM-induced PFB
(p < 0.01), and its intensity was similar to that induced by TGF-β1
(Fig. 4A). STA treatment (1, 10, 100 μg/mL) could remarkably decrease
the expressions of α-SMA and Col-1 in M2-CM-induced PFB in a con-
centration-dependent manner (Fig. 4B). The results showed that M2
could directly promote the FB differentiation by secreting TGF-β1, and
STA could significantly inhibit the FB differentiation.

As mentioned above, TGF-β1-induced fibroblasts (MF) may be the

Fig. 3. Effects of STA on fibroblast differentiation and macrophage polarization in vitro. (A) PFB (mouse primary lung fibroblasts) and MH-S cells (mouse alveolar
macrophages) were incubated with STA (1, 10, 100 μg/mL) for 48 h, cell viability was detected by MTT. (B-F) PFB cells were stimulated with TGF-β1 (10 ng/mL) and
MH-S cells were stimulated with LPS (0.5 μg/mL) or IL-4 (10 ng/mL), and both PFB and MS-H cells were treated with STA (1, 10, 100 μg/mL) for 48 h. The
expressions of (B) α-SMA, Col-1, (D-E) iNOS and Arg-1 were evaluated by western blot, (C) the SDF-1 level in the culture medium of PFB cells and (F) the TGF-β1
level in the culture medium of MH-S cells were measured by ELISA. Each experiment was repeated at least three times, and data were expressed as mean ± SEM,
*p < 0.05, **p < 0.01, ***p < 0.001, versus the control (A) or the model (B–F) group.
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main cells releasing SDF-1 (Figs. 2F & 3C). It is reported that p-STAT3
binds to the promoter of sdf-1 gene and initiates transcription and
translation [22]. Therefore, the role of JAK2/STAT3 pathway in M2-
CM-induced FB was investigated. As shown in Fig. 4C–E, the expres-
sions of p-JAK2 and p-STAT3 were significantly increased (p < 0.001
for the both) in M2-CM induced PFB, while the elevated expressions
were suppressed by STA treatment (1, 10, 100 μg/mL) in a concentra-
tion-dependent manner. Tyrphostin AG-490 (AG490) is an inhibitor
that inhibits the activation of STAT3 by selectively blocking JAK2
[23,24]. After co-culture with AG490, the expressions of p-JAK2 in M2-

CM-induced PFB were decreased dramatically (p < 0.05) (Fig. 4F–I),
and the expressions of α-SMA and Col-1 were also decreased
(p < 0.05) (Fig. 4F, J & K). After co-culture with AG490, the mRNA
expression of sdf-1 (Fig. 4L) was significantly increased (p < 0.01) in
M2-CM induced PFB, and AG490 or STA (10 μg/mL) treatment strongly
or obviously decreased the sdf-1 expression (p < 0.001, 0.01 for
AG490, STA). It has been reported that there may be a “crosstalk” be-
tween TGF-β1 and JAK/STAT signaling pathways [25–27]. These re-
sults suggested that TGF-β1 could indirectly initiate the transcription of
sdf-1 gene in FB by activating JAK2/STAT3 signaling pathway through

Fig. 4. Effects of STA on M2-macrophage induced fibroblast differentiation. (A) PFB were induced with the culture medium (as conditioned medium, CM) of MH-S
cells stimulated by LPS (M1) or IL-4 (M2) for 48 h, taking TGF-β1 (10 ng/mL) as a positive control, the α-SMA level was detected by western blot. (B–E) PFB were
stimulated with M2-CM and treated with STA (1, 10, 100 μg/mL) for 48 h, the expressions of α-SMA, Col-1, p-JAK2 and p-STAT3 were detected by western blot. (F–L)
PFB were stimulated with M2-CM and treated with STA (10 μg/mL) or AG490 (10 μM) for 48 h, (F–K) the expressions of p-JAK2, JAK2, α-SMA and Col-1 was detected
by western blot; (L) the mRNA expression of sdf-1 was detected by RT-PCR. Each experiment was repeated at least three times, and data were expressed as
mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, versus the control (A) or M2-CM (B–L) group.

Q. Ding, et al. International Immunopharmacology 72 (2019) 385–394

391



a “crosstalk” mechanism. STA treatment could inhibit the sdf-1 gene
expression by blocking JAK2/STAT3 pathway and reduce the SDF-1
level in FB.

3.5. Effects of STA on myofibroblast-induced M2 polarization of
macrophages in vitro

It was reported that SDF-1 has a strong chemotactic effect on
macrophages and can induce their polarization [28]. The above ex-
periments showed that pulmonary fibroblasts could secrete a large
amount of SDF-1 during its differentiation (Fig. 3C). Therefore, the
effects of MF (TGF-β1-induced fibroblasts) on the polarization of mac-
rophages were studied using the supernatant of culture medium of MF
as conditioned medium (MF-CM). After 48 h of MF-CM induction, the
expressions of Arg-1 and CXCR4 in MH-S cells were significantly in-
creased (p < 0.01 for both) (Fig. 5A–C), but the expression of iNOS

remained unchanged (Fig. S2). Treatment with STA at 1, 10, 100 μg/mL
dramatically decreased Arg-1 levels in MF-CM-induced MH-S cells
(p < 0.01), and decreased CXCR4 levels in a concentration-dependent
manner. The results suggested that MF could directly promote M2 po-
larization and STA inhibited M2 polarization by regulating SDF-1/
CXCR4 axis.

The PI3K/AKT pathway is one of the downstream pathways of
CXCR4 and a key regulator of macrophage polarization. AKT1 and
AKT2 play central but opposite roles in the control of macrophage
phenotype [29,30]. Therefore, the main signals of PI3K/AKT pathways
in MF-CM-induced MH-S cells were evaluated by western blot. After
48 h of MF-CM induction, the expressions of PI3K p110 and PI3K p85
were significantly increased (p < 0.05) in MH-S cells, and these ele-
vated expressions could be significantly reduced by treatment with STA
at 1, 10, 100 μg/mL (p < 0.05) (Fig. 5D–F). For the AKT protein ki-
nases, the level of p-AKT1 was significantly increased (p < 0.001) in

Fig. 5. Effects of STA on MF-induced M2 polarization of macrophages in vitro. (A–I) MH-S cells were induced with the culture medium of PFB stimulated by TGF-β1
(MF-CM) and treated with STA (1, 10, 100 μg/mL) for 48 h, the expressions of Arg-1, CXCR4, PI3K p110, PI3K p85, p-AKT1 and p-AKT2 were detected by western
blot. (J–L) MH-S cells were induced with MF-CM and treated with STA (10 μg/mL) or AMD3100 (10 nM) for 48 h, the mRNA levels of arg-1, akt1 and tgf-β1 were
detected by RT-PCR. Each experiment was repeated at least three times, and data were expressed as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, versus the
MF-CM group.
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MF-CM-induced MH-S cells, while the level of p-AKT2 remained un-
changed (Fig. 5G–I). STA treatment could decrease the level of p-AKT1
in a concentration-dependent manner (Fig. 5G & H). AMD3100 is an
antagonist of CXCR4 [31]. After co-culture with AMD3100, the mRNA
expressions of arg-1, akt1 and tgf-β1 in MF-CM-induced MH-S cells were
significantly decreased (p < 0.01), and the effect of STA was similar to
that AMD3100 (Fig. 5J–L). These results suggested that SDF-1/CXCR4
axis could promote M2 polarization by directly activating PI3K/AKT1
pathway, thereby increasing the level of TGF-β1 in macrophages. STA
could suppress M2 polarization by blocking PI3K/AKT1 signaling
pathway mediated by SDF-1/CXCR4 axis, thus reducing the release of
TGF-β1 from macrophages.

4. Discussion

At present, it is generally believed that pulmonary fibrosis is the
result of repeated abnormal repair of pulmonary epithelial tissue [32].
As regulators and executors of pulmonary fibrosis, macrophages and
fibroblasts play extremely important roles in the occurrence and de-
velopment of pulmonary fibrosis [8,10,33]. Although there are a lot of
studies focusing on macrophages or fibroblasts, there are few studies on
the interaction between macrophages and fibroblasts. In this paper, we
confirmed that M2 could promote the transformation of FB into MF by
secreting TGF-β1, while MF could induce M2 polarization by secreting
SDF-1. Both of them formed a positive feedback loop, which may be one
of the important reasons for the sustained development of pulmonary
fibrosis. STA could alleviate BLM-induced pulmonary fibrosis by
blocking the positive feedback loop between M2 and MF.

The positive regulation of M2 on FB differentiation is mainly
achieved by secreting pro-fibrosis cytokines such as TGF-β1. TGF-β1 is
recognized as the most important pro-fibrosis cytokine, which induces
the transformation of FB into MF through the TGF-β1/Smad3 signaling
pathway [34]. Consistently, the level of TGF-β1 in M2 macrophages
was significantly higher than that in M1 or untreated (M0) macro-
phages (Figs. 2L & 3F). Accordingly, only M2-CM could stimulate the
differentiation of FB into MF with the same intensity as TGF-β1
(Fig. 4A). These results indicated that M2 stimulated the transformation
of FB to MF by secreting TGF-β1 and activating the TGF-β1/Smad3
signaling pathway. SDF-1 is mainly expressed in mesenchymal cells
[35] and the level of SDF-1 was very high in TGF-β1-induced FB (i.e.,
MF) (Figs. 2F & 3C), together with the high expressions of p-STAT3 and
p-JAK2 (Fig. 4C–E). However, the high expressions of p-JAK2 protein
and sdf-1 mRNA in MF could be reversed by AG490, an inhibitor of
JAK2 (Fig. 4G–I). Recent studies have shown that there is a “crosstalk”
between TGF-β1/Smad and JAK2/STAT3 pathways in hepatic and
pancreatic fibrosis [36,37]. These results showed that the transcription
of sdf-1 gene in MF is initiated by JAK2/STAT3 pathway, which may be
activated by TGF-β1 through crosstalk mechanism. STA could suppress
the transformation of FB into MF by inhibiting TGF-β1/Smad3 signaling
pathway, and reduce the level of SDF-1 in MF by blocking JAK2/STAT3
signaling pathway.

It is not clear whether MF can regulate macrophage polarization in
tissue fibrosis. It has been found that SDF-1 secreted by MF in prostate
cancer can induce M2 polarization [28]. SDF-1 has a strong chemotaxis
on lymphocytes [38]. High levels of Arg-1 and CXCR4 in MF-CM-in-
duced MH-S cells (Fig. 5A–C) indicated that MF could induce M2 po-
larization and CXCR4 expression in macrophages. Activation of SDF-1/
CXCR4 axis can activate downstream pathways such as PI3K/AKT
pathway. It was reported that the activation of AKT1 can promote M2
polarization, while the activation of AKT2 can promote M1 polarization
[29,30]. In MF-CM-induced MH-S cells, the level of p-AKT1 rather than
p-AKT2 was significantly increased (Fig. 5G–I). Moreover, the high
mRNA expressions of arg-1, akt1 and tgf-β1 in MF-CM-induced MH-S
cells could be reversed by AMD3100, an inhibitor of CXCR4 (Fig. 5J–L).
These results suggested that MF induced M2 polarization through SDF-
1/CXCR4/PI3K/AKT1 pathway, thus promoting the TGF-β1 level in

macrophages. STA suppress M2 polarization and TGF-β1 synthesis by
inhibiting SDF-1/CXCR4/PI3K/AKT1 signaling pathway. Interestingly,
STA cannot inhibit the M2 polarization induced by IL-4 (Fig. 3E). This
result suggested that the signal pathway of IL-4-induced M2 polariza-
tion (mainly through JAK/STAT6 pathway) is different from that of MF-
CM-induced M2 polarization (mainly through PI3K/AKT1 pathway
mediated by SDF-1), and further study is needed.

In conclusion, our study suggested that there was a positive feed-
back loop between M2 polarization and FB differentiation in pulmonary
fibrosis through TGF-β1 secreted by M2 and SDF-1 secreted by MF. STA
could inhibit the secretion of SDF-1 and TGF-β1 by blocking JAK2/
STAT3 in fibroblasts and CXCR4-PI3K/AKT1 pathway in macrophages.
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