
Heliyon 9 (2023) e16849

Available online 1 June 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Benzylisoquinoline alkaloids inhibit lung fibroblast activation 
mainly via inhibiting TGF-β1/Smads and ERK1/2 
pathway proteins 

Hui-Li Ren a,c,1, Jia-Hua Zhang b,d,1, Jun-Hua Xiao a,c,* 

a Department of Pharmacology, School of Basic Medicine, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, 
China 
b Center for Stem Cell Research and Application, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 
430022, China 
c The Key Laboratory for Drug Target Researches and Pharmacodynamic Evaluation of Hubei Province, Wuhan 430030, China 
d Department of Biomedical Engineering, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430022, 
China   

A R T I C L E  I N F O   

Keywords: 
Benzylisoquinoline alkaloids 
Lung fibroblasts 
Pulmonary fibrosis 
TGF-β1 
Smad3/4 
p-ERK1/2 

A B S T R A C T   

Backgrounds: Liensinine (Lien), Neferine (Nef), Isoliensinine (Iso) and Tetrandrine (Tet), benzy-
lisoquinoline alkaloids (BIAs), have been shown inhibitory effects on pulmonary fibrosis (PF) 
through anti-inflammatory, anti-oxidative activities, inhibition of cytokines and NF-κB. Effects of 
other similar BIAs, Dauricine (Dau), Papaverine (Pap) and lotusine (Lot), on PF remain unclear. 
Here, we explored the effects of five bisbenzylisoquinoline (Lien, Nef, Iso, Tet and Dau) and two 
monobenzylisoquinoline (Pap, Lot) alkaloids on normal and PF fibroblasts. 
Methods: Primary normal and PF lung fibroblasts were cultured and treated with these alkaloids. 
Proliferation, activation, migration and apoptosis changes were detected by MTT, wound healing 
assay, flow cytometry. Protein level was analyzed by Western blot. 
Results: All BIAs inhibited proliferation of normal and PF lung fibroblasts induced by TGF-β. 
α-SMA protein level in normal and PF lung fibroblasts decreased after Lien, Nef, Iso, Tet and Dau 
treatment. Pap and Lot had no influence on α-SMA expression. Dau showed the strongest 
inhibitory effects on proliferation and activation among alkaloids. The migration rates of normal 
and PF lung fibroblasts were inhibited by Lien, Nef, Iso, and Dau. Lien, Nef, Iso and Dau 
significantly promoted apoptosis, while Tet had no effect on apoptosis. Pap and Lot had no in-
fluence on activation, migration and apoptosis. Dau significantly inhibited Smad3/4 and p-ERK1/ 
2 protein overexpression induced by TGF-β1. 
Conclusions: Bisbenzylisoquinoline alkaloids had stronger effects on inhibiting lung fibroblasts 
than monobenzylisoquinoline alkaloids. Dau expressed the strongest inhibitory effects, which 
may be related to its inhibition of TGF-β1/Smad3/4 and p-ERK1/2 pathway proteins.   
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1. Introduction 

Fibroblasts are the predominant secretory cells of extracellular matrix (ECM) proteins in the lung and are also key mediators of 
normal and pathological lung remodeling. After stimulation, fibroblasts proliferate and differentiate into myofibroblasts which are 
characterized by α-smooth muscle actin (α-SMA) expression. Among those stimulus factors, transforming growth factor-β1 (TGF-β1) is 
considered as one of the strongest pro-fibrotic factors [1,2]. The Smads are a family of intracellular signaling molecules that act 
downstream of receptors for the TGF-β family of ligands. Accumulating evidence suggests that TGF-β/Smads signaling is a mediator of 
pro-fibrotic effects and promotes myofibroblast differentiation [3,4]. Myofibroblasts have the stronger ability to migrate and secrete 
collagen, ECM proteins which promote the development of fibrosis [5,6,7]. Thus the accumulation of myofibroblasts in fibroblastic foci 
is a pivotal feature of pulmonary fibrosis (PF). Therefore, inhibition of the fibroblast proliferation, activation, migration and promoting 
apoptosis may contribute to the treatment of PF. 

Benzylisoquinoline alkaloids (BIAs) are among the most structurally diverse and show a myriad of pharmacological activities such 
as the treatment of antitumor, arrhythmia, platelet aggregation and the inhibitory of PF. Liensinine (Lien), Neferine (Nef), Isoliensine 
(Iso), Tetrandrine (Tet), Dauricine (Dau), Papaverine (Pap) and Lotusine (Lot) are seven different structural BIAs, shown in Fig. 1. Lien, 
Nef, Iso, Tet and Dau are five bisbenzylisoquinoline alkaloids which have two molecules of benzylisoquinoline structure connected by 
ether bond. While the structure of Pap and Lot just has one molecule of benzylisoquinoline. Previous studies have documented that Nef, 
Iso and Tet have extensive pharmacological effects on bleomycin- or amiodarone-induced PF model probably due to its properties of 
increasing superoxide dismutase, SP-D inhibition and restoring increased CD4+CD25+ Tregs, alleviating bleomycin-induced increase 
of pro-inflammatory cytokines such as tumor necrosis factor (TNF)-alpha, interleukin (IL)-6 and endothelin-1 in plasma or in tissue [8, 
9,10,11,12]. Dau is also one of the bisbenzylisoquinoline alkaloids and previous studies have shown that Dau has been commonly used 
for the treatment of cardiac arrhythmia and a number of immune disorders such as chronic sinusitis, chronic bronchitis, pharyngitis, 
rheumatism and diarrhea, antitumor and inhibit the effect of potassium ion outflow [13,14,15,16,17]. Pap as one of cyclic nucleotide 
phosphodiesterases (PDE) has shown pharmacological action on neurological disease and the spasmolytic effect [18,19,20,21]. Lot 
pretreatment has exhibited potential cardioprotective activity against DOX-induced oxidative stress by increasing the intracellular 
antioxidant defense [22]. It is unknown whether Dau, Pap and Lot also have effects on PF. 

Thus, the present investigation was to explore the effects of these five bisbenzylisoquinoline alkaloids (Lien, Nef, Iso, Tet and Dau) 
and two monobenzylisoquinoline alkaloids (Pap and Lot) on proliferation, activation, migration, apoptosis of normal and PF lung 
fibroblasts, and compared the different effects among those alkaloids, and further investigated the mechanism of Dau on lung 
fibroblasts. 

Fig. 1. Structures of seven benzylisoquinoline alkaloids Liensinine (Lien), Neferine (Nef), Isoliensinine (Iso), Tetrandrine (Tet), Dauricine (Dau), 
Papaverine (Pap) and lotusine (Lot). 
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2. Materials and methods 

2.1. Materials 

Lien (FW = 610.74, purity 98% by HPLC), Nef (FW = 625, purity 98% by HPLC), Iso (FW = 610.74, purity 98% by HPLC), Tet (FW 
= 622.76, purity 98% by HPLC), Dau (FW = 624.77, purity 98% by HPLC), Pap HCL (FW = 375.85, purity 98% by HPLC), and Lot (FW 
= 314, purity 98% by HPLC) was obtained from the Department of Pharmacology, Tongji Medical College of Huazhong University of 
Science and Technology. Bleomycin was obtained from Nippon Kayaku (Tokyo, Japan). Recombinant human TGF-β1 (PeproTech, 
USA), anti-Smad2, anti-Smad3, anti-Smad4, anti-Smad7, anti-SMA, and anti-GAPDH were purchased from Proteintech (Chicago, 
USA). Anti-Erk1/2, anti-phospho-Erk1/2 and anti-caspase-3 were purchased from Cell Signaling Technology (California, USA). HRP- 
conjugated secondary goat anti-rabbit IgG and anti-mouse IgG secondary antibodies were from Proteintech (Chicago, USA). Annexin V 
FITC and Apoptosis Detection Kit I were purchased from Becton Dickinson (San Diego, USA). DMEM, fetal bovine serum (FBS) and 
0.25% trypsin-EDTA were purchased from Gibco (Rockville, MD, USA). Penicillin, streptomycin that used to fight bacterial infections 
and trypsin that used to digest and pass cells were from Invitrogen (Carlsbad, USA). MTT that used to measure cell viability and 
proliferation was from Sigma-Aldrich (St. Louis, MO, USA). Enhanced chemiluminescence (ECL) for easy detection of horseradish 
peroxidase (HRP) on immunoblots was from EngreenBiosytem (Beijing, China). 

2.2. Lung fibroblasts isolation and culture 

Adult male Sprague-Dawley rats weighing 180–200 g were purchased from the Department of Experimental Animals of Tongji 
Medical College (SCXX 2019-0009). All animal experiments were approved by the Ethics Committee of Laboratory Animals of Tongji 
Medical College of Huazhong University of Science and Technology. PF rats were induced by intratracheal bleomycin and evaluated by 
H&E and Masson staining (Xiao et al., 2005). Lung fibroblasts were isolated from normal rats and bleomycin-induced PF modal rats. 
Briefly, the cells were dissociated using 0.25% trypsin-EDTA at 37 ◦C for 40 min, and the suspension was centrifuged and then cultured 
in DMEM with 15% heat-inactivated fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 U/mL) at 37 ◦C in a 
humidified atmosphere with 5% CO2. 

2.3. Cell proliferation assay 

Cells were seeded into 96-well plates at a density of 5 × 103 cells per well and cultured for 24 h under normal culture medium and 
condition. Then, Lien, Nef, Iso, Tet, Dau, Pap and Lot were added at different concentrations of 0, 0.1, 0.3, 1, 3, 10, 30, and 100 μM with 
10 ng/ml TGF-β1. After 48 h of incubation, 10 μL MTT (5 mg/ml) was added into medium for further 4h culture. The blue dye formed 
was dissolved in 120 μL DMSO. The absorbance was recorded at 490 nm using a Microplate Reader (TECAN, Germany). All experi-
ments were repeated at least four times using different batches of cells. 

2.4. Wound healing assay 

Cells were seeded into 12-well plates at a density of 1 × 104 cells per well and cultured in 10% FBS-containing DMEM at 37 ◦C 
overnight. Then we drew an artificial homogenous wound in the center of the culture well using a sterile 10 μL pipette tip and washed 
the culture well three times by sterile phosphate buffered saline (PBS). Then cells were treated with different concentrations of Nef, 
Lien, Iso, Tet, Dau, Pap and Lot in the presence and absence of TGF-β1 (10 ng/ml). Images of cells migrating into the wound were 
captured at 0, and 12 h using an inverted microscope (100x). Images were obtained for analysis using ImagePro Plus software. 

2.5. Flow cytometric quantification of apoptosis 

Cells were cultured in six-well plates under a humidified 5% CO2 atmosphere at 37 ◦C to over 80% confluence and then treated with 
Lien, Nef, Iso, Tet, Dau, Pap, and Lot (3 μmol/L) in the presence of TGF-β1 (10 ng/ml) for 48 h before analysis. Then the cells were 
removed the culture medium and washed with PBS. Each culture well was added 1 ml 0.25% trypin and then the cells were harvested 
into a 5 ml culture tube. The cells were resuspended in 1x Binding Buffer at a concentration of 1 × 105 cells/ml and incubated with 5 μL 
FITC Annexin V and 5 μL PI for 15 min at RT (25 ◦C) in the dark. Finally, the cells were analyzed by flow cytometry (BD Biosciences, 
USA) within 1 h. 

2.6. Western blot 

Western blot analysis was performed with antibodies directed against Smad2, Smad3, Smad4, Smad7, Erk1/2, p- Erk1/2, and 
α-SMA to detect the expression of these proteins. Control, TGF-β1-treated and TGF-β1 with alkaloids-treated cells were lysed with RIPA 
buffer containing 1 mM phenylmethanesulfonyl fluoride (PMSF). The protein concentration of total cell lysates was determined using 
bovine serum albumin (Roche, Switzerland) as a standard. Protein samples of different groups (30 μg each) were separated electro-
phoretically on SDS polyacrylamide gels (10% gel for Smad2, Smad3, Smad4, Smad7, Erk1/2, p- Erk1/2 and α-SMA) at 80 V for 40 min 
and 100 V for Separation Gel. Then proteins were transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, USA) at 
200 mA for 2 h. The membranes were blocked with 5% skimmed milk for 1 h at room temperature and then were incubated with 
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specific primary antibodies (1:2000 dilution for α-SMA, GAPDH and β-actin; 1:1000 for Smad2, Smad3, Smad4, Smad7, Erk1/2, p- 
Erk1/2) overnight at 4 ◦C. After wash, the membranes were incubated for 1 h at room temperature with HRP-conjugated secondary 
goat anti-rabbit IgG or anti-mouse IgG secondary antibody (dilution 1:5000). The bands were visualized using ECL. The results were 
quantified by densitometry using Image J software. 

2.7. Data and statistical analysis 

Data are expressed as the mean ± standard error of mean (SEM). Statistical analysis was performed using student t-test in two 
groups. One-way analysis of variance (ANOVA) following Tukey’s multiple comparisons test was performed in multiple groups. All 
statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software, San Diego, CA, USA). The value of P < 0.05 
was considered statistically significant. 

3. Results 

3.1. Effect of seven BIAs on lung fibroblast proliferation 

Lung fibroblasts proliferation is one of key characters in the pathophysiology of PF. After treatment with TGF-β1 (10 ng/ml) for 48 
h, normal and PF lung fibroblasts proliferation were significantly increased (0.121 ± 0.006, 0.114 ± 0.003 vs 0.152 ± 0.003, 0.140 ±
0.005). As shown in Fig. 2, five bisbenzylisoquinoline alkaloids (Lien, Nef, Iso, Tet and Dau) inhibited lung fibroblasts proliferation 
induced by TGF-β1 in a concentration-dependent manner, and the maximum effect among them had no significant difference in normal 
(Fig. 2A) and PF (Fig. 2B) lung fibroblast. Pap inhibited fibroblasts proliferation at the concentration of 30 and 100 μmol/L, and the 
maximum inhibitory effect was lower than five dibenzylisoquinoline alkaloids. Lot (100 μmol/L) inhibited fibroblasts proliferation, 
but the maximum inhibitory effect was the lowest. Table 1 showed the IC50 value for normal and PF lung fibroblasts. The Dau IC50 
value for normal and PF lung fibroblasts at 48 h was 7.72 ± 0.99 μmol/L and 9.35 ± 1.94 μmol/L which were lower than other 
alkaloids. 

3.2. Effect of seven BIAs on α-SMA protein overexpression 

α-SMA overexpression is a marker of myofibroblasts which produce ECM. Normal and PF lung fibroblasts were treated with TGF-β1 
(10 ng/ml) and TGF-β1 with alkaloids (0.3, 3 and 30 μmol/L) for 48 h, and then total proteins were collected for Western blot. As 
shown in Fig. 3, the level of α-SMA was highly increased by TGF-β1 compared with control. For normal lung fibroblasts (Fig. 3B), Lien, 
Iso and Dau (3 μmol/L) significantly reduced the overexpression of α-SMA induced by TGF-β1. At the concentration of 30 μmol/L 
(Fig. 3C), Lien, Nef, Iso, Tet and Dau reduced the overexpression of α-SMA. For PF lung fibroblasts, Lien, Nef, Iso, and Dau inhibited the 
α-SMA overexpression at the concentration of 30 μmol/L (Fig. 3F). The two monobenzylisoquinoline alkaloids (Pap, Lot) and Tet had 
no significant effect on α-SMA overexpression induced by TGF-β1. Among them, Dau showed the strongest inhibitory effect on TGF-β1- 
induced α-SMA overexpression in normal and PF lung fibroblasts (Fig. 3C and F). 

3.3. Effects of seven BIAs on the migration of lung fibroblasts 

Wound healing assay was evaluated to analyze the effects of seven BIAs on the migration of normal and PF lung fibroblasts. Ac-
cording to the above experimental data, cells were treated with TGF-β1 (10 ng/ml) and TGF-β1 with alkaloids (3 μmol/L) for 12 h. As 
shown in Fig. 4, after TGF-β1 treatment, the migration rates of both normal (Fig. 4A) and PF lung fibroblasts (Fig. 4B) were enhanced. 
For normal lung fibroblasts (Fig. 4A and C), Lien, Nef, Iso and Dau reduced the migration rate at 3 μmol/L after 12 h (0.113 ± 0.012， 
0.08 ± 0.026，0.07 ± 0.006 and 0.085 ± 0.026 vs 0.208 ± 0.02396). For PF lung fibroblasts (Fig. 4B and D), Lien, Nef, Iso and Dau 
reduced the migration rate at 12 h, and Tet at 12 h reduced the migration rate significantly, while two monobenzylisoquinoline 

Fig. 2. Inhibitory effects of seven benzylisoquinoline alkaloids Lien, Nef, Iso, Tet, Dau, Pap and Lot on proliferation induced by TGF-β1 in normal 
(A) and PF (B) lung fibroblast in rats. Data are expressed as mean ± SEM, n = 6. *P < 0.05 by two-tailed Student’s t-test. 
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alkaloids (Pap, Lot) had no significant influence on lung fibroblast migration rates (Fig. 4C and D). 

3.4. Effects of seven BIAs on apoptosis of lung fibroblasts 

Lung fibroblasts (normal and PF) were treated with TGF-β1 (10 ng/ml) and the indicated concentration of seven alkaloids (3 μmol/ 
L) for 48 h. As shown in Fig. 5, TGF-β1 had no influence on apoptosis compared with control. Lien, Nef, Iso and Dau (3 μmol/L) 
significantly increased the apoptosis rates of normal (Fig. 5A and 5B) and PF lung fibroblasts (Fig. 5C and 5D). Tet, Pap and Lot (3 
μmol/L) had no influence on apoptosis of lung fibroblasts. 

3.5. Effects of Dau on TGF-β1/Smads and ERK pathway proteins in lung fibroblasts 

In normal and PF lung fibroblast, the level of Smad2 (vs control: 1.03 ± 0.067 vs 0.793 ± 0.052, P < 0.05) (Fig. 6A and E), Smad3 
(vs control: 0.400 ± 0.107 vs 0.300 ± 0.080, P < 0.05) (Fig. 6B and F) and Samd4 (vs control: 0.274 ± 0.019 vs 0.173 ± 0.027, P <
0.05) (Fig. 6C and G) were significantly up-regulated by TGF-β1, but there was no significant change about the level of Smad7 (Fig. 6D 
and H). After treated with Dau for 48 h, the level of Smad3 (0.312 ± 0.091 vs 0.400 ± 0.107, P < 0.05) (Fig. 6B and F) and Smad4 
(0.1979 ± 0.0249 vs 0.274 ± 0.019, P < 0.05) (Fig. 6C and G) were down-regulated, but the level of Smad2 had no change (Fig. 6A and 
E). 

Western blot (Fig. 7) revealed that TGF-β1 significantly increased p-ERK1/2 protein expression and did not affect total ERK1/2 
protein expression in normal (Fig. 7A) and PF lung fibroblast (Fig. 7B). While Dau (0.3, 3, 30 μmol/L) significantly decreased p-ERK1/2 
protein overexpression induced by TGF-β1 in normal (Fig. 7A) and PF lung fibroblast (Fig. 7B). 

4. Discussion 

In the present study, we explored the effects of seven different structures of BIAs on normal and PF lung fibroblasts, and the 
mechanism of Dau in inhibition of lung fibroblast activation. We found that TGF-β1 (10 ng/ml) significantly promoted cell prolifer-
ation, increased the expression of α-SMA, enhanced the ability of migration, up-regulated Smad2/3/4 and p-ERK protein expressions in 
normal and PF lung fibroblasts. Lien, Nef, Iso, Tet and Dau inhibited lung fibroblasts proliferation induced by TGF-β1 in a 
concentration-dependent manner, but the maximum effect had no significant difference. However, Pap and Lot showed the inhibition 
effect on proliferation at a higher concentration, and the maximum effect was lower. Lien, Nef, Iso and Dau decreased the over-
expression of α-SMA induced by TGF-β1. Tet only inhibited the α-SMA overexpression in PF lung fibroblasts. The migration rates were 
decreased by Lien, Nef，Iso，Tet and Dau. The apoptosis rates were increased by Lien, Nef，Iso and Dau, not Tet. Pap and Lot had no 
significant effects on the expression of α-SMA, migration and apoptosis. Furthermore, we found that Dau showed stronger effects on 
inhibiting proliferation and activation compared with Lien, Nef, Iso and Tet. However, further research on the structure-activity re-
lationships among those benzylisoquinoline is needed. Then we explored the mechanism of Dau that has been shown the strongest 
effects in inhibition of lung fibroblast activation. The results showed that Dau significantly inhibited the overexpression of Smad3/4 
and p-ERK1/2 induced by TGF-β1. 

BIAs have a diverse structure and pharmaceutical activities [23]. Previous studies have found that Nef, Iso and Tet expressed the 
inhibitory effects on bleomycin- and silicon-induced PF in mice [9,24]. In other fibrotic disease, these alkaloids also showed the 
inhibitory effects, such liver fibrosis, renal fibrosis and myocardial fibrosis [25,26,27,28]. The effects of Lien and Dau, similar structure 
with Nef, Iso and Tet, on fibrosis were few reported. As our results showed, these five bisbenzylisoquinoline alkaloids all showed 
inhibitory effects on TGF-β1-stimulated lung fibroblasts and Dau showed the higher inhibitory effect. But monobenzylisoquinoline 
alkaloids Pap and Lot seem to have fewer effects on TGF-β1-stimulated lung fibroblasts. 

It is known that increased activity and proliferation of resident fibroblasts are important to fibrosis in all tissues. Their abilities to 
migration, ECM and collagen synthesis, and cytokines secretion were highly increased, once the fibroblasts were activated and 
differentiated into myofibroblasts. The role of myofibroblasts in PF has been known for the influence on tissue contractility or 
compliance, modulating signal transduction, synthesis and secretion of ECM component [29,30]. Furthermore, some studies have 

Table 1 
The IC50 value of seven benzylisoquinoline alkaloids in normal and PF lung fibroblasts.  

Drugs IC50 (μmol/L) 

Normal lung fibroblasts PF lung fibroblasts 

Lien 17.02 ± 3.21 14.24 ± 3.28 
Nef 10.50 ± 1.01 12.49 ± 1.65 
Iso 18.90 ± 4.50 11.98 ± 2.15 
Tet 13.15 ± 2.26 9.78 ± 1.46 
Dau 7.72 ± 0.99 9.35 ± 1.94 
Pap 64.05 ± 7.82 103.10 ± 18.21 
Lot 118.00 ± 15.32 112.00 ± 3.36 

Mean ± SEM, n = 5. Lien, Liensinine; Nef, Neferine; Iso, Isoliensinine; Tet, Tetrandrine; Dau, Daur-
icine; Pap, Papaverine; Lot, Lotusine. 
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Fig. 3. Effects of five bisbenzylisoquinoline alkaloids (Lien, Nef, Iso, Tet and Dau) and two monobenzylisoquinoline alkaloids (Pap and Lot) on 
α-SMA overexpression induced by TGF-β1 (10 ng/ml) in normal and PF lung fibroblasts in rats. Ã C showed the changes of α-SMA protein in normal 
lung fibroblasts in rats. D ~ F showed the changes of α-SMA protein in PF lung fibroblasts in rats. Values are mean ± SEM, n = 5. *P < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, vs control or TGF-β1 by two-tailed Student’s t-test. 
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found that there were plenty of myofibroblasts in areas of high ECM expression and those myofibroblasts would secret more ECM 
components [5]. During the pathological PF, much cytokines were related to this process, and studies have proven that TGF-β is a key 
factor to promote lung fibroblast differentiation [31]. In vitro and vivo, TGF-β1 mediated differentiation of lung fibroblasts and 
intracellular signaling events [32]. Numerous studies showed that the gene and protein level of TGF-β1 were up-regulated in the 
patients and animals of PF [33,34]. While inhibiting the TGF-β1 signaling by transient gene transfer could significantly prevents 
bleomycin-induced PF in mice [35]. TGF-β1 not only regulates the expression of α-SMA, but also plays an important role in the 
regulation of human pulmonary fibroblasts differentiation. Some studies demonstrated that the expression of α-SMA reduced after 
removal of TGF-β1 for human lung fibroblasts [36], and it has been known that the fibroblast responses to TGF-β1 may be dependent 
on their source of origin [37]. TGF-β1 exerts their signaling effects by binding mainly to cell surface receptors (type I, type II, type III). 
Type I and type II receptors are necessary for TGF-β1 signaling which is initiated when the ligand induces assembly of a heteromeric 
complex of type I and type II receptors. The RI kinase is closely related to recognize and phosphorylate members of the intracellular 
receptor-regulated Smads. The Smad branch of signaling mediators includes receptor-activated Smads (R-Smads), a common mediator 
Smad (co-Smad), and inhibitory Smads (I-Smads). Five different R-Smads (Smad1, Smad2, Smad3, Smad5, and Smad8) are directly 
phosphorylated by the type I receptors. Phosphorylated R-Smads form heteromeric complexes with Smad4 (a common co-Smad). 
Smad6 and Smad7 are I-Smads which limit the activities of these pathways [38]. Studies have shown that Smad3 related to the 
bleomycin-induced PF. In the Smad3-deficient mice, the procollagen I and CTGF mRNA induction were significantly reduced in 
TGF-β1-induced cells and bleomycin-induced PF mice [39,40]. By inhibiting the activin-like kinase 5 (ALK5), a type I receptor of 
TGF-β, the Smad2/3 nuclear translocation was attenuated, and fibroblast proliferation and type I collagen secretion and deposition 

Fig. 4. Effects of five bisbenzylisoquinoline alkaloids (Lien, Nef, Iso, Tet and Dau) and two monobenzylisoquinoline alkaloids (Pap and Lot) on 
changes of migration induced by TGF-β1 (10 ng/ml) in normal (A, C) and PF (B, D) lung fibroblasts in rats. Values are mean ± SEM, n = 5. *P <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, vs control or TGF-β1 by two-tailed Student’s t-test. 
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Fig. 5. Effects of five bisbenzylisoquinoline alkaloids (Lien, Nef, Iso, Tet and Dau) and two monobenzlisoquinoline alkaloids (Pap and Lot) on 
changes of apoptosis induced by TGF-β1 (10 ng/ml) in normal (A, B) and PF (C, D) lung fibroblasts in rats. Values are mean ± SEM, n = 5. *P < 0.05, 
**p < 0.01, ***p < 0.001, vs control or TGF-β1 by two-tailed Student’s t-test. 
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Fig. 6. Effects of Dau on TGF-β1/Smads signal pathway protein in lung fibroblast in rats. Ã D showed the changes of Smads protein in normal lung 
fibroblast in rats; E ~ H showed the change of Smads protein in PF lung fibroblast in rats. Values are mean ± SEM, n = 5. *P < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 vs control or TGF-β1 by two-tailed Student’s t-test. 
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were decreased [41]. In our study, in normal and PF lung fibroblasts, the protein levels of Smad2/3/4 were up-regulated by TGF-β1. 
But this situation was reversed by Dau. Dau decreased the protein of Smad3 and Smad4, while had no influence on the Smad2 
up-regulated by TGF-β1, suggesting that Dau blocked TGF-β1/Smads signal pathway via inhibition of Smad3 and Smad4. 

Mitogen-activated protein kinase (MAPK) signaling pathway was also activated by TGF-β1 [42]. Studies showed that in both 
human umbilical vein endothelial cells and fibroblasts, TGF-β1 increased the activation of the Smads as well as MAPK and Akt [43]. As 
shown in Fig. 7, we found the protein level of p-ERK1/2 was highly increased in TGF-β1 treated-normal and PF lung fibroblasts, while 
Dau inhibited their overexpression. These data demonstrated that Dau also blocked TGF-β1/MAPK signal pathway via inhibition of 
p-ERK1/2. 

In current study, we compared effects of 7 BIAs on normal and PF lung fibroblasts whose proliferation, activation, migration and 
apoptosis are well known to contribute to PF development. Our data in vitro showed promising findings. However, we did not observe 
the effects and mechanisms of these BIAs on PF in vivo. These limitations should be addressed in the further study. 

5. Conclusion 

In summary, our current data provide the first comprehensive evidence of a preliminary structure-activity relationship for BIAs. 
Five bisbenzylisoquinoline alkaloids Lien, Nef, Iso, Tet and Dau showed the stronger effects on inhibiting proliferation, activation, 
migration and promoting apoptosis of lung fibroblasts in PF than these effects of two monobenzylisoquinoline alkaloids Pap and Lot. 
Among them, Dau showed the strongest inhibitory effects by inhibition of TGF-β1/Smad3/4 and p-ERK1/2 pathway proteins. 
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