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Phycocyanin attenuates pulmonary 
fibrosis via the TLR2-MyD88-NF-κB 
signaling pathway
Chengcheng Li1, Yan Yu1, Wenjun Li2, Bo Liu1, Xudong Jiao2, Xinyu Song1, Changjun Lv3 & 
Song Qin2

Our aim was to investigate the effects of phycocyanin (PC) on bleomycin (BLM)-induced pulmonary 
fibrosis (PF). In this study, C57 BL/6 wild-type (WT) mice and toll-like receptor (TLR) 2 deficient mice 
were treated with PC for 28 days following BLM exposure. Serum and lung tissues were collected on 
days 3, 7 and 28. Data shows PC significantly decreased the levels of hydroxyproline (HYP), vimentin, 
surfactant-associated protein C (SP-C), fibroblast specific protein-1 (S100A4) and α-smooth muscle 
actin (α-SMA) but dramatically increased E-cadherin and podoplanin (PDPN) expression on day 28. 
Moreover, PC greatly decreased the levels of interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α) and 
myeloperoxidase (MPO) at the earlier time. Reduced expression of key genes in the TLR2 pathway was 
also detected. Compared with WT mice, TLR2-deficient mice exhibited less injury, and the protective 
effect of PC was partly diminished in this background. These data indicate the anti-fibrotic effects of PC 
may be mediated by reducing W/D ratio, MPO, IL-6, TNF-α, protecting type I alveolar epithelial cells, 
inhibiting fibroblast proliferation, attenuating epithelial-mesenchymal transitions (EMT) and reducing 
oxidative stress. The TLR2-MyD88-NF-κB pathway plays an important role in PC-mediated reduction in 
pulmonary fibrosis.

Idiopathic pulmonary fibrosis (IPF) is a rare, unexplained, chronic interstitial lung disease with a median survival 
of 2–3 years. It is generally agreed that IPF commonly arises from a prolonged period of etiological stimulation, 
abnormal epithelial repair and disordered extracellular matrix deposition. Patients eventually die due to a loss of 
lung function and respiratory failure1. Although many clinical trials for IPF have been attempted, there are few 
efficient therapies, and the treatments often cause adverse side-effects2. Thus, gene targets for effective IPF therapy 
are urgently needed.

TLRs are receptors involved in pattern recognition and these receptors, especially TLR2, play vital roles in the 
pathogenesis of various lung diseases3. There is extensive evidence that TLRs participate in the process of pulmo-
nary fibrosis by regulating inflammation and wound repair. Liu et al.4 found that TLR2 mediates the secretion 
of proinflammatory cytokines and the maturation of dendritic cells (DCs) via the p38-NF-κB and ERK-AP-1 
pathways, and the blockade of TLR2 has been reported to markedly reduce BLM-induced pulmonary inflam-
mation and fibrosis in mice5. Significant decreases in IL-1, IL-8, TNF-α and macrophage inflammatory protein 
2 (MIP-2) were also detected in BLM-treated TLR2−/− mice6. In addition to participating in lung inflamma-
tion, TLRs are also involved in the induction of EMTs and fibrosis7. It was reported that TLR2 contributed to 
the process of fibrogenesis by regulating the expression of procollagen I/III in heart remodeling8. Furthermore, 
the TLR2-specific agonist Pam3Cys aggravated the formation of fibrosis, but a TLR2 antagonist prevented 
BLM-induced fibrogenesis5. Other TLRs, including TLR3, TLR4, TLR5 and TLR9, are also involved in pulmonary 
fibrosis9. These findings make TLRs attractive targets for the treatment of IPF.

PC, comprising α and β subunits, is a light-harvesting protein found in Spirulina platensis. It is a natural edible 
pigment that participates in algal photosynthesis. Over the last two decades, the health benefits of PC have come 
to be widely accepted10, and PC has been reported to have anti-oxidant11, anti-inflammatory12 and anti-tumor13 
activities. Hirahashi et al.14 found that PC may be the most active component of Spirulina extract for improving 
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immunity, and PC can accelerate immune cell proliferation and differentiation by regulating the TLR2/TLR4 
signaling pathway. Our previous research revealed that PC extracted from blue green algae could protect rats 
from paraquat-induced acute lung injury by preventing oxidative damage and inhibiting NF-κB mediated cyto-
toxicity15. PC also protected rats from lipopolysaccharide (LPS)-induced lung injury16. However, the underlying 
molecular mechanisms remain poorly understood. In this study, BLM, the most common treatment used to 
induce PF in mice, was utilized to examine the role of the TLR2 signaling pathway during the PC-mediated 
attenuation of PF.

Results
PC attenuated BLM-mediated histological changes in mice. Lung injury was analyzed by HE and 
Masson stain. The BLM and BLM + PC groups revealed slight changes in lung tissues 3 days after BLM treat-
ment (Fig. 1a). However, typical histopathological abnormalities, including infiltration of inflammatory cells, an 
increase in alveolar wall thickness and edema were found in mice 7 days post-BLM treatment (Fig. 1b). Serious 
damage, e.g., an enlarged alveolar compartment, disordered framework and abnormal collagen deposits, were 
detected in lung tissues of mice 28 days post-BLM treatment (Fig. 1c). Notably, PC treatment had a significant 
protective effect against BLM-induced lung injuries at day 7 and day 28. No obvious differences were found 
between the PC group and the control group. Compared to the injuries induced in the WT mice, fewer inju-
ries were detected in the TLR2−/− mice. And PC-treatment did not have a same strong protective effect in the 
TLR2−/− mice.

PC protects against BLM-mediated the high wet/dry (W/D) ratio and MPO activity of lung tis-
sue. The W/D ratio of the lung tissues was evaluated to determine the severity of edema, and the MPO activity 
was used as a functional index for measuring neutrophil activation17. Both measures revealed the degree of lung 
tissue damage. At 7 days post-treatment, the lung W/D ratios (Fig. 2a) and MPO activities (Fig. 2b) displayed 
significant increases (p < 0.01) in the WT and TLR2−/− BLM groups. PC treatment significantly reduced these 
two indices (p < 0.01) in WT mice, but it did not have a protective effect in TLR2−/− mice. These data suggest that 
PC partially depends on TLR2 to alleviate the lung inflammation in BLM-treated mice.

The effect of PC on lung HYP, MDA and SOD in BLM mice. The hydroxyproline (HYP) concentration 
was used to measure collagen deposition/fibrosis in lung tissues of WT and TLR2−/− mice 28 days after BLM 
treatment. The HYP concentration in TLR2−/− lungs was significantly lower than the concentration in WT lungs 
(Fig. 3a). The HYP concentrations in tissue from BLM + PC treated WT and TLR2−/− animals were significantly 
lower than the concentrations in tissue from animals treated with BLM alone. There were no significant differ-
ences in HYP concentrations between the control group and the PC group. In addition, BLM treatment increased 
the malonic aldehyde (MDA) content (Fig. 3b) in tissue from both WT and TLR2−/− mice (p < 0.01), but PC 
treatment reversed this trend. In tissue from both WT and TLR2−/− mice, the superoxide dismutase (SOD) activ-
ity (Fig. 3c) showed opposing tendencies (p < 0.01) in the BLM and BLM + PC groups. The MDA and SOD 
measurements from the PC group were not significantly different than the measurements from the control group. 
To summarize, relative to the BLM-induced WT lungs, the BLM-induced TLR2−/− lungs had only mild changes 
in their MDA and SOD activities, and PC treatment improved these two indices in BLM-induced lungs of either 
genotype.

PC increases E-cadherin and decreases vimentin expression during BLM-induced lung fibro-
sis. To investigate the expression changes of epithelial and interstitial markers during lung fibrosis, we used 
the mouse model of BLM-induced lung fibrosis at the 28 day time point. Immunofluorescence and western blot 
analyses revealed that BLM treatment decreased the levels of E-cadherin and increased the expression of vimentin 
in lung tissue (Fig. 4a,b), suggesting a decrease or variation in epithelial cells and an increase in interstitial cells 
during lung fibrosis. PC treatment ameliorated these changes and this activity was partially dependent on TLR2. 
To identify the cells involved in these changes, we used immunofluorescence to examine the expression levels 
of PDPN (a marker of type I alveolar epithelial cells)1, SP-C (a marker of type II alveolar epithelial cells)18–20, 
S100A4 (a marker of fibroblast)2, and α-SMA (a marker of myofibroblasts)21 in lung sections at day 28. PDPN 
expression in uninduced lung epithelial cells was significantly higher compared to expression in the BLM-treated 
group for both WT and TLR2−/− mice. PC alleviated this damage in the BLM + PC group, especially in WT 
mice (Fig. S1a). These results were similar to the changes in E-cadherin expression. In contrast to the behavior 
of PDPN and E-cadherin, many cells expressed SP-C, with absent E-cadherin, in fibrotic lung tissues (Fig. S1b) 
from BLM-treated WT and TLR2−/− mice. These observations suggested that SP-C may participate in the EMT of 
lung epithelial cells. PC improved this effect in the WT mice, but no obvious changes were seen in the BLM + PC 
group in the TLR2−/− mice, implying that TLR2 may participate in the PC-mediated variation of type II alveolar 
epithelial cells.

In the control and PC groups, S100A4 and vimentin expression were observed within few cells in the inter-
stitium. In WT and TLR2−/− mice treated with BLM, a number of cells in the interstitium expressed S100A4 and 
high levels of vimentin. Both were decreased only in the WT BLM + PC group (Fig. S2a). The changes in the 
expression of α-SMA were similar to the changes in the expression of S100A4 (Fig. S2b). These results indicate 
that PC reduces the activation of fibroblasts in lung tissue and TLR2 participates in this process.

According above results, we speculated that PC could partly inhibit the EMT that occurs during fibrosis. 
Thus, we performed immunofluorescence using an anti-SP-C antibody and an anti-α-SMA antibody to detect 
coexpression and quantified the expression of these markers by western blot (Fig. 5a,b). Snail, a well-established 
master transcriptional regulator of the EMT, was also measured in western blot. Many myofibroblasts and type 
II alveolar epithelial cells displayed mesenchymal phenotypes in mice fibrotic lung tissues. PC treatment for 28 
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days significantly alleviated this effect in the WT mice but not in the TLR2−/− mice. These results indicate that 
PC ameliorates lung fibrosis in part by protecting type I alveolar epithelial cells and inhibiting the EMT. PC also 
reduces fibroblast activation in lung tissues. These activities may be mediated by TLR2.

Figure 1. PC attenuated BLM mediated histological changes in mice. Lung tissue sections of control group, PC 
group, BLM group and BLM + PC group in different phases post-BLM treatment (5 mg/kg) in WT and TLR2−/− 
mice separately. Severity of lung injury and fibrosis was analysed by the related scoring system. Each bar 
represents the mean ± SEM of 6–8 mice. ##p < 0.01 compared with the control group. **p < 0.01 compared with 
the BLM group. (a) HE stain at 3 day. (b) HE stain at 7 day. (c) HE and Masson stain at 28 day. (HE and Masson’s 
trichrome stain, magnification 200×).
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PC blocks TLR2-MyD88-NF-κB signal transduction. The activation of TLRs and NF-κB is one of the 
hallmarks of PF22. Previous studies have shown that PC treatment reduced the expression of NF-κB in lung 
tissues15. However, it is unclear whether PC acts via a TLR-dependent mechanism to protect against PF. In a 
pre-experiment, we assayed the expression levels of several TLRs in the BLM and BLM + PC groups at day 7 
(Fig. 6a) and 28 (Fig. 6b). These results revealed that TLR2, TLR4 and TLR5 were significantly increased after 
BLM stimulation, and PC attenuated these changes, especially the change in TLR2. Therefore, in this paper, we 
examined the transcriptional and translational levels of the TLR2-MyD88-NF-κB pathway genes by western blot 
and RT-PCR at day 3 (Fig. 7a), day 7 (Fig. 7b) and day 28 (Fig. S3) in the WT and TLR2−/− mice. Western blot and 
RT-PCR results confirmed that PC reduced the expression levels of TLR2, MyD88 and NF-κB p65 in BLM-treated 
mice at day 3 and day 7. Fewer changes in expression were detected on day 28 in all treatment groups using WT 
mice. These findings indicate that the protective effect of PC against PF partly depends on TLR2, especially at the 
early stage of the BLM response.

PC inhibits the BLM-induced release of cytokines. Migration of inflammatory cells into alveolar 
spaces is another crucial characteristic in lung injury23, among which neutrophils are the major cells. Upon activa-
tion, the secretion of IL-6 and TNF-α were ascending, which amplify the inflammatory responses and participate 
in the pathological injuries24. On day 3, the levels of IL-6 and TNF-α in the serum of the WT and TLR2−/− mice 
were compared by ELISA (Fig. 8a). We also examined the expression levels of these two cytokines in lung tis-
sues using RT-PCR at the same stage (Fig. 8a). ELISA and RT-PCR results revealed that the expression levels of 
IL-6 (p < 0.01) and TNF-α (p < 0.01) in serum and lung tissues were higher in the BLM group compared to the 
control group on day 3. The IL-6 expression levels in the serum and lung tissues of the WT and TLR2−/− mice 
were decreased in the BLM + PC group (p < 0.01). However, PC treatment only decreased the expression levels 
of TNF-α in the serum and lung tissue from BLM-treated WT mice but not from BLM-treated TLR2−/− mice. 
No obvious changes in IL-6 or TNF-α expression were observed between the control group and the PC group. 
The IL-6 and TNF-α levels in serum and lung tissue were also measured on day 7 (Fig. 8b). On day 7, the levels 
of IL-6 (p < 0.01) and TNF-α (p < 0.01) were significantly increased in BLM-treated WT mice, and PC treatment 
decreased the expression levels of these inflammatory cytokines. TLR2 deficiency influenced the therapeutic effi-
cacy of PC, which suggests that TLR2 plays a partial role in the anti-inflammatory effects of PC.

Discussion
This study demonstrated that PC alleviates BLM induced pulmonary injury and fibrosis by inhibiting the 
TLR2-MyD88-NF-κB pathway at the early stage and attenuates the EMT during the fibrotic process.

BLM is extensively used for mechanistic investigation of IPF in mice and causes a time-dependent increase in 
tissue-infiltrating proinflammatory cells and cytokines25. In our study, IL-6 and TNF-α levels in serum increased 
3 days after BLM instillation. By day 7 post-BLM exposure, the W/D ratio, MPO concentration and levels of 
inflammatory factors were markedly increased, and many inflammatory cells had infiltrated the lung tissue. 
Notably, PC significantly inhibited these immune responses in the BLM treated mice. Similarly, a former study 
revealed that PC reversed the increase in MPO concentration, lung W/D ratio and NF-κB expression following 
LPS-induced acute lung injury16. Shih et al. reported that PC significantly inhibited TNF-α, IL-1β, IL-6 secretion 
and neutrophil infiltration in inflammatory sites resulting from experimental hyperalgesia26. The increased levels 
of TNF-α, IL-1β and IL-6 after LPS stimulation in microglial cells could also be reversed by PC27. These results 
suggest that PC has a strong property to inhibit inflammatory cytokines release that alleviates multiple condi-
tions, including BLM-induced lung injury.

Recently, it was reported that membrane-expressed TLRs are involved in many acute or chronic lung diseases. 
Chen et al. found that TLR4 participates in the process of acute lung injury28, TLR2 and TLR4 are related to 

Figure 2. Protective effects of PC on wet/dry ratio (W/D) of lung tissue and MPO activity against BLM 
treatment. After 7 days intervention, WT and TLR2−/− mice were euthanized, and their lungs were removed. (a) 
Lung W/D ratio. (b) MPO activity. Data was represented as the mean ± SEM. (n = 6). ##p < 0.01 compared with 
control group, **p < 0.01 compared with the BLM group. aap < 0.01 compared with WT mice.
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Figure 3. The effect of PC on lung HYP, MDA and SOD in BLM mice. After 28 days intervention, WT and 
TLR2−/− mice were euthanized, and their lungs were removed. (a) HYP content. (b) MDA content. (c) SOD 
activity. Data were expressed as mean ± SEM, (n = 6). ##p < 0.01 compared with the control group, **p < 0.01 
compared with the BLM group. aap < 0.01 compared with WT mice.

Figure 4. The effect of PC on E-cadherin and vimentin in BLM mice. Following treatment with 5 mg/kg 
BLM on first day, WT and TLR2−/− mice received treatment for 28 days. Fluorescent immunocytochemistry 
for DAPI (blue) and (a) E-cadherin (green). (b) Vimentin (red). Images were visualised under a confocal 
microscope. Original magnification (400×). Western blot analysis and quantitative densitometry of E-cadherin 
protein and β-actin reference protein in representative lung tissue on day 28. Images are representative of the 
three independent studies. Data were expressed as mean ± SEM. ##p < 0.01 compared with the control group, 
**p < 0.01 compared with the BLM group. aap < 0.01 compared with WT mice.
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Figure 5. PC alleviated BLM-induced EMT phenomenon. After BLM treatment 28 days, Lung tissue of each 
group was stained with SP-C and α-SMA. (a) WT mice. (b) TLR2−/− mice. Fluorescent immunocytochemistry 
stained for SP-C (green) and α-SMA (red). Images were visualised under a confocal microscope. Original 
magnification (400×). SP-C, α-SMA and Snail were analyzed by western blot. Data were expressed as 
mean ± SEM. ##p < 0.01 compared with the control group, **p < 0.01 compared with the BLM group. aap < 0.01 
compared with WT mice.

Figure 6. Effects of PC on TLR1, TLR2, TLR4 and TLR5 in the lung tissues induced by BLM. WT mice were 
killed after BLM exposure for 7 days and 28 days. TLR1, TLR2, TLR4 and TLR5 were analysed in terms of their 
protein expression levels through Western blot and (or) RT-PCR. (a) 7 days. (b) 28 days. Data were expressed as 
mean ± SEM. ##p < 0.01 compared with the control group, **p < 0.01 compared with the BLM group.
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the formation of chronic obstructive pulmonary disease29, and TLR1 is capable of binding mycobacterial mol-
ecules during the occurrence of pulmonary tuberculosis30. TLR2, TLR4 and TLR5 are most likely involved in 
the recognition of bacteria in the lungs, and TLR5 is also present on the airway epithelial surface31. These stud-
ies confirmed that TLRs, especially TLR2 and TLR4, are implicated in PF32. In our preliminary study, TLR2 
was involved in the protective effect of PC against BLM-induced PF. However, the detailed mechanism remains 
unclear. Several studies reported that TLR2 played an important role in the development of IPF. TLR2 defi-
ciency reduced pulmonary inflammatory response and subsequently attenuated fibrosis5 through regulating 
inflammatory immune responses. The present results revealed that PC reduced the expression levels of key genes 
related to the TLR2-MyD88-NF-κB pathway that were normally elevated on day 3 and day 7 post-BLM treatment. 
Interestingly, TLR2 deficiency partly attenuated the protective effects of PC. In summary, the TLR2 pathway plays 
a crucial role during the early inflammatory stage of PF, and the inhibition of the TLR2 pathway may be integral 
to the protective effect of PC.

PF involves the replacement of normal lung structure with fibrotic tissue accompanied by epithelial damage, 
fibroblast proliferation, and excessive extracellular matrix deposition. We found that PC clearly attenuated the 
BLM-induced upregulation of vimentin and downregulation of E-cadherin at day 28 post-BLM treatment in 
WT mice. It is reported that the EMT of epithelial cells to myofibroblasts plays a vital role in the pathogenesis of 
pulmonary fibrosis33. Alveolar epithelial cells gradually lose epithelial cell markers, express mesenchymal markers 
and acquire single-cell motility during the development of PF34. These phenomena were observed in this study. 
PC not only protected type I alveolar epithelial cells and reduced lung fibroblast proliferation but also partly 
inhibited the EMT of lung tissues. These activities may involve TLR2. However, the expression of TLR2 was 
shown to increase until 7 days post-BLM exposure and then decrease with further BLM exposure4. We obtained 
similar results. This suggests that the PC-induced inhibition of the TLR2 pathway plays an important role dur-
ing the early stages of lung fibrogenesis. Additional immune related genes, including Toll-like/IL-1β receptors, 
IL-6 and IL-10 are implicated in various EMT-induced diseases35. In our study, PC significantly inhibited the 
TLR2-MyD88-NF-κB pathway and reduced IL-6 secretion 3 days and 7 days post-BLM treatment. That maybe an 
inhibit mechanism of EMT. A number of studies also revealed that intracellular cascades, mTOR/PI3K/Akt3436, 

Figure 7. PC blocks TLR2-MyD88-NF-κB signaling transduction. WT and TLR2−/− mice were treated, as 
described in the text. Mice were killed after BLM exposure at 3 day and 7 day. TLR2, MyD88, TRAF-6 and 
NF-κB p65 were analysed in terms of their protein expression levels through Western blot and then in terms 
of β-actin and mRNA relative quantification by using GAPDH. (a) 3 day. (b) 7 day. Images were representative 
of the three independent studies. Data were expressed as mean ± SEM. ##p < 0.01 compared with the control 
group, **p < 0.01 compared with the BLM group. aap < 0.01 compared with WT mice.
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MAPK/JNK37, Rho GTPases38 are also the core mediators transducing signals to activate alveolar epithelial cells 
type II. PC could promote autophagic cell death by inhibiting PI3/Akt/mTOR signaling pathways in pancreatic 
adenocarcinoma39. And PC also inhibits PI3K and Akt in 1,2-Dimethylhydrazine-induced colon cancer in mice40. 
Subsequently, PC significantly attenuated the BLM-induced EMT in pulmonary tissue at day 28. These results 
suggest that PC may alleviate the BLM-induced EMT by inhibiting the TLR2 signaling pathway and IL-6 secre-
tion at the early stages of PF.

Oxidative stress has been associated with acute and chronic lung disorders, including IPF41. Our previous 
paper also verified that PC protects against PF via an anti-oxidant effect, but the underlying mechanism is unclear. 
The reactive oxygen species (ROS) generated by BLM intratracheal instillation directly injure lung cells and con-
tribute to extracellular matrix deposition42. In our study, PC significantly reduced the changes in ROS-related 
markers, including MDA content and SOD activity in WT and TLR2−/− mice. This finding indicates that PC has 
potent anti-oxidant activity, which is only a small part dependent on the TLR2 signaling pathway. Many studies 
have shown that PC has a strong anti-oxidant effect in vitro and in vivo43. The anti-oxidative effect of PC may be 
associated with its tetrapyrrol structure44.

In summary, the present study demonstrates that the anti-fibrotic effects of PC may be mediated by alleviating 
IL-6 and TNF-α release, protecting type I alveolar epithelial cells, inhibiting fibroblast proliferation, attenuating 
epithelial-mesenchymal transitions (EMT). The TLR2-MyD88-NF-κB signaling pathway plays an important role 
in above processes.

Materials and Methods
Reagents. PC (Xindaze Spirulina Co. Ltd, China). Anti TLR2 antibody, anti MyD88 antibody, anti NF-κB 
p65 antibody, anti S100A4 antibody and anti α-SMA antibody (Abcam, UK). Anti-SP-C antibody and anti-PDPN 
antibody (Santa Cruz). Anti-TRAF-6 antibody and anti-TLR4 antibody (Proteintech, China). Anti-TLR1 anti-
body and anti-TLR5 antibody (NOVUS, USA). BLM (Nippon Kayaku, Japan). Kits IL-6 and TNF-α enzyme-
linked immunosorbent assay kits (Sigma, USA). MPO (No. A044), Malondialdehyde (MDA) (A003-1), HYP 
(A030-2), Masson and Superoxide dismutase (SOD) (A001-3) kits (Nanjing Jiancheng Bioengineering Institute, 
China).

Animals. 6 to 8-week-old, specific pathogen free grade, SCXK2015-0001, male C57 BL/6 WT mice (n = 120) 
and male TLR2−/− mice (n = 120) (Model Animal Research Center of Nanjing University, China) were main-
tained at the Binzhou Medical University. Mice in all groups were housed in a temperature controlled envi-
ronment (26 °C) with 12 h/12 h light/dark cycles and ad libitum energy intake. All animals were allowed one 
week to acclimate prior to experimentation. They were handled according to the guidelines and regulations of 
the Canadian Council on Animal Care. The protocol was approved by the Committee on the Ethics of Animal 
Experiments of Binzhou Medical University (Permit no. SCXK20140005).

Induction of PF by BLM. Several lines of research have proven that a single tracheal instillation of BLM 
causes PF in mice45. In our study, mice were randomly divided into four groups: the control group, PC group, 
BLM group and BLM + PC group. After an overnight fast46–49, PF mice were anesthetized and induced with 5 mg/

Figure 8. PC inhibits BLM-induced cytokines release. WT and TLR2−/− mice were treated as described in the 
text. Mice were killed after BLM exposure at 3 day and 7 day. IL-6 and TNF-α levels in serum were measured 
through ELISA. mRNA levels were also observed in lung fibrosis. (a) 3 day. (b) 7 day. Data were expressed as 
mean ± SEM, (n = 6). ##p < 0.01 compared with the control group, **p < 0.01 compared with the BLM group. 
aap < 0.01 compared with WT mice.
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kg BLM dissolved in 50 μl of sterile saline via a single intratracheal instillation. The mice in the control and PC 
groups received equal volumes of saline. After 6 h, mice in the PC group and the BLM + PC group were adminis-
tered 50 mg/kg PC daily (the dose was selected from the pre-experiment). On day 3, day 7 and day 28, mice were 
anaesthetized and sacrificed. Serum and lung tissues were collected from mice and stored in liquid nitrogen until 
use.

Histologic examination. The histological examination was performed using light microscopy. In our study, 
a single left lung lobe per mouse was perfused, fixed in 4% formaldehyde, and embedded in paraffin according 
to the standard procedure. Serial 5-μm sections were stained with hematoxylin and eosin (HE) and Masson’s 
trichrome (MT). The sections were imaged using an IMAGE-PRO PLUS microscope (Media Cybernetics, USA). 
Lung injury scores were assessed according to previous methods50. In brief, a score of 0, 1, 2, 3 and 4 represents 
no damage, mild damage, moderate damage, severe damage and very severe histologic changes, respectively. In 
addition, 28 days after BLM treatment, fibrosis was quantified using the modified Ashcroft scoring51.

Wet-to-dry (W/D) weight ratio and MPO activity in lung tissues. Pulmonary edema is the hallmark 
of acute lung injury, enhanced vascular permeability is one of typical symptoms of acute inflammatory responses 
not only in systemic inflammation but also in in lung tissue. W/D ratio was evaluated as an index of pulmonary 
edema. Seven days after the BLM challenge, several mice in each group were euthanized, and their right lungs 
were excised and rinsed with saline to remove blood. The lower lobe of the right lung was blotted dry, weighed, 
and placed in an oven at 60 °C for 72 h to obtain the ‘dry’ weight. MPO activity was measured by precisely follow-
ing the operational manual. Briefly, lung tissue (approximately 30 mg) was homogenized and fluidized to obtain 
a 5% homogenate in extraction buffer. Then, 0.45 ml homogenate was mixed with 0.05 ml reaction buffer and 
heated to 37 °C in a water bath for 15 min. The enzymatic activity was determined by measuring the changes in 
absorbance at 460 nm using an Ultra Multiskan Ascent.

Measurement of HYP, MDA and SOD activity in lung tissues. Twenty-eight days after BLM treat-
ment, lung tissues were removed and weighed, a four-fold volume of normal saline was added and the tissues 
were homogenized using an ultrasonic JYD-900 (Shanghai Zhixin Instrument Co., Ltd, China) operated at 200 
Watts with the following cycle: work 8 sec, free 15 sec, repeat 8 times. After 30 min incubation on ice, samples were 
centrifuged at 1200 r/min at 4 °C for 20 min, and the supernatants were used for detecting MDA and SOD. MDA 
content was determined by the thiobarbituric acid method52, whereas SOD activity was evaluated according to 
the xanthine oxidase method as described previously by Yao53. Lung HYP content was measured based on alka-
line hydrolysis of the lung tissues to assess collagen deposition. The necessary total protein concentrations were 
measured by the BCA protein assay kit (Solarbio, Beijing, China).

Determination of serum IL-6 and TNF-α levels in PF mice. Concentrations of cytokines were deter-
mined by ELISA. For measuring serum IL-6 and TNF-α, the ELISA SIGMA-ALDRICH® Kit was used follow-
ing the manufacturer’s instructions, and the optical density of each well was obtained at 450 nm by the Ultra 
Multiskan Ascent (Thermo Labsystems, USA).

Western blot analysis. Lung tissues were suspended in RIPA lysis buffer with 1 mmol/L protease inhibitor 
cocktail (Solarbio, Beijing, China), homogenized, and clarified by centrifugation at 12000 r/min for 10 min at 
4 °C. Protein amounts were quantified by the BCA method, and supernatants were mixed with loading buffer; 
equal amounts of the proteins (approximately 50 µg) were separated by SDS-PAGE (8% to 12% gels) and subse-
quently transferred to 0.22 μm polyvinylidene difluoride membranes (Millipore). After transfer, membranes were 
first blocked for 3 h in TBST (0.1% Tween-20 in 1× TBS, pH 7.4) buffer containing 5% (w/v) nonfat milk powder 
at room temperature, followed by incubation overnight at 4 °C with the appropriate specific primary antibodies 
against TLR1 (1/1000), TLR2 (1/1000), TLR4 (1/1000), TLR5 (1/1000), MyD88 (1/1000), NF-κB p65 (1/8000), 
TRAF6 (1/500) and β-actin (1/1500; Bioss, Wuhan, China) diluted in TBST buffer. After washing, membranes 
were incubated in the appropriate secondary antibodies for 1 h at room temperature. The immunoblots were 
developed using ECL (Novland, Shanghai), scanned with a ChemiScope Mini 3100 (Clinx, China) and quantified 
using Image J software.

Immunofluorescence. E-cadherin, vimentin, PDPN, SP-C, S100A4 and α-SMA were analyzed by immu-
nofluorescence. Briefly, paraffin sections were incubated for 30 min at 60 °C and treated with xylene and a graded 
ethanol series to remove paraffin and rehydrate. After rinsing 3 times with PBS, the slices were permeabilized 
with 0.1% Triton X-100 in PBS at room temperature for 8 min. Then, for antigen retrieval, the lung sections were 
heated in EDTA antigen repair solution (Beyotime, P0085) in a microwave (800 W, 8- to 10-minute cycles). After 
2 h, the sections were incubated in goat serum blocking solution for 30 min at room temperature then immunos-
tained with primary antibodies against E-cadherin (CST, 1/50), vimentin (Abcam, 1/1000), PDPN (1/50). SP-C 
(1/50), S100A4 (1/250) or α-SMA (1/100) overnight at 4 °C followed by incubation with Fluorescein-conjugated 
AffiniPure goat anti-mouse IgG (H + L) (1/200), DyLight-549 labeled anti-rabbit IgG (1/200), DyLight-488 con-
jugated rabbit anti-goat anti-rabbit IgG (H + L) (1/200), or DyLight-649 Conjugated rabbit anti-goat anti-rabbit 
IgG (H + L) (1/200) for 1 h at room temperature. After secondary antibody incubation, nuclei were stained with 
DAPI (66.7 μg/ml) for 5 min. After washing with PBS, coverslips were covered with anti-fade solution (Solarbio) 
and placed onto the slides. The slides were analyzed by confocal microscopy (LEICA TCS SPE).

Quantitative RT-PCR. Total RNA from the lung tissues was extracted using Trizol reagent (Takara Bio, 
Dalian, China). The purity and quality of the RNA samples were examined with an ultraviolet spectrophotometer 
at 260 and 280 nm. Then, 2 μg of total RNA was reverse transcribed into cDNA; 2 μl cDNA from each sample 
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was amplified in a 25 µl PCR reaction (Takara Bio, Dalian, China) containing 12.5 µl 2× SYBR Premix Ex Taq 
(Tli RNaseH Plus) and 0.4 µM of each primer. Quantitative RT-PCR was performed on a BIO-RAD RT-qPCR 
system (iQ5 Optical Module, USA). After an initial denaturation at 95 °C for 30 sec, the samples were subjected 
to 40 amplification cycles of denaturation at 95 °C for 5 sec and annealing at 60 °C for 30 sec. After amplification, a 
melt curve analysis was performed. GAPDH was used as an internal control for sample loading and integrity. The 
details of the primers (Invitrogen, China) are listed in Table 1. All reactions were performed in triplicate, and tar-
geted transcript levels were calculated and normalized to the transcript level of a housekeeping gene (GAPDH). 
Quantitative Real-time PCR results were calculated using the 2−∆∆CT method as previously described54.

Statistical analysis. Data were analyzed for statistical significance using SPSS 13.0 software. The data were 
expressed as the means ± standard deviations (SDs). Comparisons between groups were performed using the 
test of homogeneity of variances and one-way analysis of variance (ANOVA). Unpaired Student’s t-test was used 
for experiments comparing the WT and TLR2−/− groups; p < 0.05 and p < 0.01 were considered statistically 
significant.

References
 1. Raghu, G. et al. An official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis 

and management. American journal of respiratory and critical care medicine 183, 788–824 (2011).
 2. White, E. S. et al. An American Thoracic Society Official Research Statement: Future Directions in Lung Fibrosis Research. American 

journal of respiratory and critical care medicine 193, 792–800 (2016).
 3. Liu, H. et al. Toll like receptor 2 mediates bleomycin-induced acute lung injury, inflammation and fibrosis in mice. Yao Xue Xue Bao 

45, 976–986 (2010).
 4. Kim, H. S. et al. TLR2-mediated production of IL-27 and chemokines by respiratory epithelial cells promotes bleomycin-induced 

pulmonary fibrosis in mice. The Journal of Immunology 187, 4007–4017 (2011).
 5. Yang, H. Z. et al. Targeting TLR2 attenuates pulmonary inflammation and fibrosis by reversion of suppressive immune 

microenvironment. The Journal of Immunology 182, 692–702 (2009).
 6. Razonable, R. R., Henault, M. & Paya, C. V. Stimulation of toll-like receptor 2 with bleomycin results in cellular activation and 

secretion of pro-inflammatory cytokines and chemokines. Toxicology and applied pharmacology 210, 181–189 (2006).
 7. Strippoli, R. et al. Molecular mechanisms underlying peritoneal EMT and fibrosis. Stem cells international. 2016 (2016).
 8. Arslan, F. et al. Lack of fibronectin-EDA promotes survival and prevents adverse remodeling and heart function deterioration after 

myocardial infarction. Circ Res. 108, 582–92 (2011).
 9. O’Dwyer, D. N., Armstrong, M. E., Kooblall, M. & Donnelly, S. C. Targeting defective Toll-like receptor-3 function and idiopathic 

pulmonary fibrosis. Expert opinion on therapeutic targets 19, 507–514 (2015).
 10. Min, S. K. et al. Assessment of C-phycocyanin effect on astrocytes-mediated neuroprotection against oxidative brain injury using 

2D and 3D astrocyte tissue model. Scientific reports. 5 (2015).
 11. Li, Y. et al. C-phycocyanin protects against low fertility by inhibiting reactive oxygen species in aging mice. Oncotarget 7, 17393–409 

(2016).
 12. Chang, C. J. et al. A novel phycobiliprotein alleviates allergic airway inflammation by modulating immune responses. American 

journal of respiratory and critical care medicine 183, 15–25 (2011).
 13. Li, B. et al. The synergistic antitumor effects of all-trans retinoic acid and C-phycocyanin on the lung cancer A549 cells in vitro and 

in vivo. European journal of pharmacology 749, 107–114 (2015).
 14. Hayashi, O. Proliferation and Differentiation of Hematopoietic Cells and Preservation of Immune Functions. 119–146 (INTECH 

Open Access Publisher, 2012).
 15. Sun, Y. et al. The protective effect of C-phycocyanin on paraquat-induced acute lung injury in rats. Environmental toxicology and 

pharmacology 32, 168–174 (2011).
 16. Leung, P. O. et al. Therapeutic effect of C-phycocyanin extracted from blue green algae in a rat model of acute lung injury induced 

by lipopolysaccharide. Evidence-Based Complementary and Alternative Medicine. 2013 (2013).
 17. Ortiz-Muñoz, G. et al. Aspirin-triggered 15-epi-lipoxin A4 regulates neutrophil-platelet aggregation and attenuates acute lung 

injury in mice. Blood. 124, 2625–2634 (2014).
 18. Pei, L. et al. Thyroid hormone receptor repression is linked to type I pneumocyte-associated respiratory distress syndrome. Nat Med. 

11, 1466–72 (2011).

Primers Sequence (5′ → 3′)

TLR2
Forward CTC AGC GAA AAT CTG ATG GT

Reverse TCA AAT GAT TCT GGC TCA AAA

MyD88
Forward TGG TGG TTG TTT CTG ACG AT

Reverse GGA AAG TCC TTC TTC ATC GC

TRAF-6
Forward ATG AGT CTC TTA AAC TGT GAG AAC AGC

Reverse CTA CAC CCC CGC ATC AGT ACT T

NF-κB
Forward GCT ACA CAG AGG CCA TTG AA

Reverse TCC CGG AGT TCA TCT ATG TG

IL-6
Forward AAA TGA TGG ATG CTA CCA AAC T

Reverse CCA GAA GAC CAG AGG AAA TTT T

TNF-α
Forward AGG CAC TCC CCC AAA AGA T

Reverse CAG TAG ACA GAA GAG CGT GGT G

GAPDH
Forward CAG TGG CAA AGT GGA GAT TG

Reverse CGT TGA ATT TGC CGT GAG T

Table 1. Primers used for quantitative real-time RT-PCR.



www.nature.com/scientificreports/

1 1Scientific RepoRts | 7: 5843  | DOI:10.1038/s41598-017-06021-5

 19. Zhang, J. et al. Astaxanthin prevents pulmonary fibrosis by promoting myofibroblast apoptosis dependent on Drp1-mediated 
mitochondrial fission. Journal of cellular and molecular medicine 9, 2215–31 (2015).

 20. Lawson, W. E. et al. Characterization of fibroblast-specific protein 1 in pulmonary fibrosis. Am J Respir Crit Care Med 8, 899–907 
(2005).

 21. Sun, K. H. et al. alpha-Smooth muscle actin is an inconsistent marker of fibroblasts responsible for force-dependent TGFbeta 
activation or collagen production across multiple models of organ fibrosis. Am J Physiol Lung Cell Mol Physiol. 310, L824–36 (2016).

 22. Deng, X. et al. Transcriptional regulation of increased CCL2 expression in pulmonary fibrosis involves nuclear factor-κB and 
activator protein-1. The international journal of biochemistry & cell biology 45, 1366–1376 (2013).

 23. Folkesson, H. G. et al. The adenosine 2A receptor agonist GW328267C improves lung function after acute lung injury in rats. Am J 
Physiol Lung Cell Mol Physiol 303, L259–71 (2012).

 24. Zhang, X. et al. Kegan Liyan oral liquid ameliorates lipopolysaccharide-induced acute lung injury through inhibition of TLR4-
mediated NF-kappaB signaling pathway and MMP-9 expression. J Ethnopharmacol. 186, 91–102 (2016).

 25. Aono, Y. et al. Surfactant protein-D regulates effector cell function and fibrotic lung remodeling in response to bleomycin injury. 
American journal of respiratory and critical care medicine 185, 525–536 (2012).

 26. Shih, C. M. et al. Antiinflammatory and antihyperalgesic activity of C-phycocyanin. Anesthesia & Analgesia 108, 1303–1310 (2009).
 27. Chen, J. C. et al. Spirulina and C-phycocyanin reduce cytotoxicity and inflammation-related genes expression of microglial cells. 

Nutritional neuroscience. 15, 252–256 (2012).
 28. Chen, Z. et al. WISP1-αvβ3 integrin signaling positively regulates TLR-triggered inflammation response in sepsis induced lung 

injury. Scientific Reports. 6 (2016).
 29. Ji, J. et al. Effects of budesonide on toll-like receptor expression in alveolar macrophages from smokers with and without COPD. 

International journal of chronic obstructive pulmonary disease 11, 1035 (2016).
 30. Meyer, C. G. et al. TLR1 Variant H305L Associated with Protection from Pulmonary Tuberculosis. PloS one. 11, e0156046 (2016).
 31. van der Aar, A. M. et al. Loss of TLR2, TLR4, and TLR5 on Langerhans cells abolishes bacterial recognition. J Immunol. 178, 

1986–90 (2007).
 32. Lafyatis, R. & Farina, A. New insights into the mechanisms of innate immune receptor signalling in fibrosis. Open Rheumatol J 6, 

72–9 (2012).
 33. van Roy, F. Beyond E-cadherin: roles of other cadherin superfamily members in cancer. Nat Rev Cancer 14, 121–34 (2014).
 34. Willis, B. C. et al. Induction of epithelial-mesenchymal transition in alveolar epithelial cells by transforming growth factor-beta1: 

potential role in idiopathic pulmonary fibrosis. Am J Pathol. 166, 1321–32 (2005).
 35. Paun, A. et al. Combined Tlr2 and Tlr4 deficiency increases radiation-induced pulmonary fibrosis in mice. International Journal of 

Radiation Oncology* Biology* Physics 77, 1198–1205 (2010).
 36. Chen, H. H. et al. Roles of p38 MAPK and JNK in TGF-beta1-induced human alveolar epithelial to mesenchymal transition. Arch 

Med Res. 44, 93–8 (2013).
 37. Kraynack, N. C. et al. Mechanisms of NOS2 regulation by Rho GTPase signaling in airway epithelial cells. Am J Physiol Lung Cell Mol 

Physiol. 283, L604–11 (2002).
 38. Liao, G. et al. Phycocyanin Inhibits Tumorigenic Potential of Pancreatic Cancer Cells: Role of Apoptosis and Autophagy. Sci Rep. 6, 

34564 (2016).
 39. Saini, M. K. & Sanyal, S. N. PTEN regulates apoptotic cell death through PI3-K/Akt/GSK3beta signaling pathway in DMH induced 

early colon carcinogenesis in rat. Exp Mol Pathol. 93, 135–46 (2012).
 40. Spond, J. et al. The role of neutrophils in LPS-induced changes in pulmonary function in conscious rats. Pulm Pharmacol Ther. 17, 

133–40 (2004).
 41. Keerthisingam, C. B. et al. Cyclooxygenase-2 deficiency results in a loss of the anti-proliferative response to transforming growth 

factor-beta in human fibrotic lung fibroblasts and promotes bleomycin-induced pulmonary fibrosis in mice. Am J Pathol. 158, 
1411–22 (2001).

 42. Cannito, S. et al. Epithelial-mesenchymal transition: from molecular mechanisms, redox regulation to implications in human health 
and disease. Antioxid Redox Signal 12, 1383–430 (2010).

 43. Wu, Q. et al. The antioxidant, immunomodulatory, and anti-inflammatory activities of Spirulina: an overview. Arch Toxicol. 90, 
1817–40 (2016).

 44. Rodriguez-Sanchez, R. et al. Phycobiliproteins or C-phycocyanin of Arthrospira (Spirulina) maxima protect against HgCl(2)-caused 
oxidative stress and renal damage. Food Chem. 135, 2359–65 (2012).

 45. Chen, J. & Stubbe, J. Bleomycins: towards better therapeutics. Nature Reviews Cancer 5, 102–112 (2005).
 46. Spond, J. et al. The role of neutrophils in LPS-induced changes in pulmonary function in conscious rats. Pulm Pharmacol Ther 17, 

133–40 (2004).
 47. Chen, C. F. et al. Oral melatonin attenuates lung inflammation and airway hyperreactivity induced by inhalation of aerosolized 

pancreatic fluid in rats. J Pineal Res. 50, 46–53 (2011).
 48. Amidi, M. et al. Efficacy of pulmonary insulin delivery in diabetic rats: use of a model-based approach in the evaluation of insulin 

powder formulations. J Control Release 127, 257–66 (2008).
 49. Onoue, S. et al. Inhalable sustained-release formulation of glucagon: in vitro amyloidogenic and inhalation properties, and in vivo 

absorption and bioactivity. Pharm Res. 28, 1157–66 (2011).
 50. Parsey, M. V., Tuder, R. M. & Abraham, E. Neutrophils are major contributors to intraparenchymal lung IL-1β expression after 

hemorrhage and endotoxemia. The Journal of Immunology 160, 1007–1013 (1998).
 51. Hubner, R. et al. Standardized quantification of pulmonary fibrosis in histological samples. Biotechniques. 44, 507 (2008).
 52. Esterbauer, H. & Cheeseman, K. H. Determination of aldehydic lipid peroxidation products: malonaldehyde and 4-hydroxynonenal. 

Methods Enzymol. 186, 407–42 (1990).
 53. Yao, H. D. et al. Gene expression of endoplasmic reticulum resident selenoproteins correlates with apoptosis in various muscles of 

se-deficient chicks. J Nutr. 143, 613–619 (2013).
 54. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. 

Methods. 25, 402–408 (2001).

Acknowledgements
The study was supported by the National Natural Science Foundation of China (No. 31470415, No. 81670064, No. 
41176144 and No. 41376139) and Taishan Scholar Project to fang Han.

Author Contributions
Lv, C.J. and Qin, S. conceived the idea and participated in the design of the study. Li, C.C., YU, Y. and Li, W.J. 
designed and performed the experiments, and Li, C.C. and YU, Y. contributed equally to this study. Li, C.C. 
prepared the manuscript, and Liu, B., Jiao, X.D., Song, X.Y., Lv, C.J. and Qin, S. read and approved the final 
manuscript.



www.nature.com/scientificreports/

1 2Scientific RepoRts | 7: 5843  | DOI:10.1038/s41598-017-06021-5

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06021-5
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-06021-5
http://creativecommons.org/licenses/by/4.0/

	Phycocyanin attenuates pulmonary fibrosis via the TLR2-MyD88-NF-κB signaling pathway
	Results
	PC attenuated BLM-mediated histological changes in mice. 
	PC protects against BLM-mediated the high wet/dry (W/D) ratio and MPO activity of lung tissue. 
	The effect of PC on lung HYP, MDA and SOD in BLM mice. 
	PC increases E-cadherin and decreases vimentin expression during BLM-induced lung fibrosis. 
	PC blocks TLR2-MyD88-NF-κB signal transduction. 
	PC inhibits the BLM-induced release of cytokines. 

	Discussion
	Materials and Methods
	Reagents. 
	Animals. 
	Induction of PF by BLM. 
	Histologic examination. 
	Wet-to-dry (W/D) weight ratio and MPO activity in lung tissues. 
	Measurement of HYP, MDA and SOD activity in lung tissues. 
	Determination of serum IL-6 and TNF-α levels in PF mice. 
	Western blot analysis. 
	Immunofluorescence. 
	Quantitative RT‑PCR. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 PC attenuated BLM mediated histological changes in mice.
	Figure 2 Protective effects of PC on wet/dry ratio (W/D) of lung tissue and MPO activity against BLM treatment.
	Figure 3 The effect of PC on lung HYP, MDA and SOD in BLM mice.
	Figure 4 The effect of PC on E-cadherin and vimentin in BLM mice.
	Figure 5 PC alleviated BLM-induced EMT phenomenon.
	Figure 6 Effects of PC on TLR1, TLR2, TLR4 and TLR5 in the lung tissues induced by BLM.
	Figure 7 PC blocks TLR2-MyD88-NF-κB signaling transduction.
	Figure 8 PC inhibits BLM-induced cytokines release.
	Table 1 Primers used for quantitative real-time RT-PCR.




