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Abstract
Background: Idiopathic pulmonary fibrosis (IPF) is a special type of interstitial lung diseases with
unknown cause. Interleukin (IL)-11 is a new therapeutically target for �brosis diseases. In this experiment,
we further explored the pharmacology mechanism and molecular target of fluorofenidone (FD) in vivo
and in vitro. Methods: Male C57BL/6J mice were intratracheally injected with Bleomycin (BLM) or saline.
FD was administered throughout the course of the experiment. Lung tissue sections were stained with
haemotoxylin and eosin, Masson’s trichrome and Immunohistochemistry. Cytokines were measured by
ELISA, and phosphorylated extracellular signal-regulated kinase (p-ERK), phosphorylated mitogen-
activated protein kinase (p-MEK), IL-11RA and gp130 were measured by Western blot. The RAW264.7
cells and the normal human lung �broblasts (NHLFs) were treated with IL-11 and/or FD, IL-11RA-siRNA,
MEK Inhibitor. The expressions of p-ERK, p-MEK, IL-11RA, gp130, α-SMA, fibronectin and collagen were
measured by Western blot and/or RT-PCR, the cytokines were measured by ELISA. Results: FD attenuated
pulmonary inflammation and fibrosis, and decreased the expressions of IL-8, IL-18, IL-11, MCP-1, p-ERK
and p-MEK in the bleomycin mouse model. Moreover, the protein expressions of IL-11RA and gp130 were
inhibited by FD in IL-11-induced RAW264.7 cells. Additionally, FD attenuated IL-11-induced expressions of
p-ERK and p-MEK in IL-11-induced RAW264.7 cells and IL-11-induced normal human lung �broblasts.
Meanwhile, FD reduced IL-11-induced the levels of IL-8, IL-18 and MCP-1, blocked IL-11-induced the
activation of �broblasts. Conclusion: These �ndings demonstrated that FD attenuates BLM-induced
pulmonary inflammation and fibrosis in mice via inhibiting the IL-11/MEK/ERK signaling pathway.

Introduction
Idiopathic pulmonary fibrosis (IPF) is a progressive and devastating lung disease of with the worst
prognosis-the mortality rate at 3 to 5 years after diagnosis is 50%1, 2. The misdiagnosis rate of IPF and
the increasing rate of deaths due to IPF aggravate the global medical burden. In the tissue injury phase,
the pro-in�ammatory cytokines that are secreted from macrophages, tissue �broblasts, and other local
cell populations have been identi�ed as triggers of �brosis3, 4.

Interleukin (IL)-11, a pleiotropic cytokine, is thought to play a central role in �brosis diseases, such as
cardiovascular �brosis, kidney �brosis and pulmonary fibrosis5, 6. The transition from �broblast to
myo�broblast in the heart and kidney was found to be dependent on an autocrine IL-11 signaling loop5.
IL-11 is a member of the IL-6 family of cytokines. IL-11 can bind to free IL11RA, which is shed from CFs
membranes and signal in trans in cells that express gp1305, 7. The gp130 receptor subsequently triggers
a number of different pathways, including canonical JAK/STAT signaling, as well as ERK and AKT8, 9.
Stuart A Cook and colleagues show that inhibition of IL-11 prevented �broblast activation in the heart and
kidneys in response to a range of pro�brotic stimuli5. The expression of IL-11 is up-regulated in the
�broblasts and lung from IPF patients 5, 6. Intraperitoneal injection of neutralizing anti–IL-11 antibodies
could alleviate pulmonary �brosis in the BLM mouse model6. Additionally, the activation of ERK signaling
in the lung is dependent on IL-11 signaling .
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Fluorofenidone [1-(3-fluorophenyl)-5-methyl-2-(1H)-pyridone] (FD), a new anti�brotic drug, was developed
and patented by the Pharmaceutical School of Central South University10. Although our previous studies
showed that administration of FD can attenuate pulmonary inflammation and fibrosis through different
signaling pathways11, 12, 13, but the pharmacology mechanism and molecular target of FD are not well
understood.

Hence, we further explore the anti�brotic mechanism of FD, and we found that FD could ameliorate
pulmonary inflammation and fibrosis through inhibiting the IL-11/MEK/ERK signaling pathway in vivo
and in vitro.

Materials And Methods
Experimental Animals and Preparation

The male C57BL/6J mice were purchased from Hubei Provincial Laboratory Animal Public Service Center.
And the animal experiments were reviewed and approved by Laboratory Animal Center, Huazhong
University of Science and Technology. Forty mice were randomly divided into five groups with each group
includes eight mice: the control group (Control), the BLM group (BLM), the BLM/fluorofenidone group
(BLM+FD), the BLM/Mouse IL-11 antibody group (BLM+anti-IL-11) and the BLM/MEK Inhibitor group
(BLM+MEK Inhibitor). The model of pulmonary fibrosis was established as our previous studies13.
Administration FD (500 mg/kg, once per day), intraperitoneal injection of mouse IL-11 antibody
(100mg/kg, once per day, R&D, USA), and intraperitoneal injection of MEK Inhibitor (8mg/kg, once per day,
CST, USA) were executed 24hrs before establishment of the model. All the mice were killed at day 14. The
blood were collected using the method of removing eyeball. The lung tissues were collected and
preserved for the following experiments.

Cell Culture

The RAW264.7 cells and the normal human lung �broblasts (NHLFs) were grown in DMEM medium
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C in 5% CO2. The
RAW264.7 cells were pre-incubated with FD (2mM) for 24 hrs. Subsequently, IL-11 (25ng/ml, R&D, USA)
and/or MEK Inhibitor (10uM, CST, USA) were added to the culture media for 6 hrs. The NHLFs were pre-
incubated with FD (2mM) for 24 hrs. Subsequently, IL-11 (25ng/ml, Life Technologies, USA) and/or MEK
inhibitor (10uM, CST, USA) was added to the culture media for 45min or 48 hrs.

Haematoxylin and Eosin Staining, Masson’s Trichrome Staining and Immunohistochemistry

The left lung tissues were fixed in 4% paraformaldehyde, and then embedded in paraffin. Tissue section
(4um) was stained with hemotoxylin and eosin and Masson’s Trichrome according to the manufacturers’
protocols. The inflammatory score and fibrosis score were assigned using the criteria as Szapiel, S. V. et
al. and Ashcroft, T. et al. described14, 15.
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Immunohistochemistry was performed, as previously described16. Primary antibodies used included:
fibronectin (Abcam, USA), collagen  (Abcam, USA) and α-SMA (Sigma-Aldrich, USA). Images were
obtained at Central Hospital of Wuhan on a Nikon microscope, and quantified using Image-Pro Plus 6.0.

Mediators Measurements by ELISA

The concentrations of IL-8, IL-11, IL-18, and MCP-1 in blood of mice and in the supernatant �uid of the
RAW264.7 cells were determined by ELISA, according to manufacturer’s instructions (IL-8, Meimian,
China; IL-11, Cusabio, China; MCP-1, Cusabio, China; IL-18, Cusabio, China).

RNA Extraction and Real-time PCR Quantification

Total RNA was isolated from NHLFs by Trizol Reagent according to the manufacturer’s instructions
(Invitrogen, Grand Island, NY). The mRNA levels of fibronectin, collagen and α-SMA were measured by
real-time PCR. The specific primers were the same as previous studies12.

Western Blotting Analysis

The proteins from Lung tissues or cells were extracted using RIPA buffer containing protease inhibitors,
and then were boiled at 100°C for 10 min. Protein concentrations were determined using the BCA Protein
Assay Kit. For Western blot analysis, 20–50μg of protein was separated on 8-12% SDS-polyacrylamide
gel under reducing conditions and transferred onto polyvinylidene difluoride membranes. The
membranes were blocked and then incubated overnight at 4°C with primary antibodies against p-ERK
(CST, USA), ERK (CST, USA), p-MEK (Santa, USA), MEK (Santa, USA), IL-11RA (Bioswamp, China), gp130
(Biorbyt, UK), α-SMA (Sigma-Aldrich, USA), fibronectin (Abcam, USA) and collagen  (Abcam, USA) and β-
actin (Sigma-Aldrich, USA). The membranes were subsequently incubated with secondary antibodies,
such as a goat anti-rabbit or goat anti-mouse horseradish peroxidase-conjugated antibody.

siRNA Transfection

The IL-11RA and negative-control siRNA were purchased (Ribobio, Co, Ltd, Guangzhou, China), and
transfections of the RAW264.7 cells and the NHLFs were performed using the Lipofectamine Transfection
Reagents. The culture medium was changed after 6 hrs, and then the cells were maintained at 37°C in 5%
CO2 for 18hrs. Subsequently, the cells could be used in the following experiments.

Statistical Analysis

All data were expressed as the mean ± standard error. One-way analysis of variance and post hoc
multiple-comparison tests was used for analyzing statistical differences among different groups. P 0.05
was considered signi�cant.

Results
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Fluorofenidone Attenuated Pulmonary Inflammation and Fibrosis in the Bleomycin Mouse Model

Our previous studies showed that BLM could induce severe alveolitis and fibrosis in mouse model. The
principal phenotype of alveolitis were the aggregation of a large number of in�ammatory cells, mainly
including neutrophils and mononuclear cells; and the destruction and repair with thickening of alveolar
septa (Fig. 1B). Meanwhile, the pathological manifestations of severe �brosis were distorted pulmonary
architecture and excessive deposition of collagen in the interstitium (Fig. 1H). As in previous research, we
found that FD ameliorated pulmonary in�ammation and �brosis in this experiment (Fig. 1C, F, I, L).
Besides, intraperitoneal injection of neutralizing anti–IL-11 antibodies or MEK inhibitor also reduced lung
in�ammation and �brosis (Fig. 1D-F, J-L).

Fluorofenidone Ameliorated the Expressions of Fibronectin, Collagen   and α-SMA in the Bleomycin
Mouse Model

Microscopic investigations of immunohistochemical staining showed that the protein expressions of
�bronectin, collagen  and α-SMA increased signi�cantly in the bleomycin mouse model, which were
remarkably attenuated by FD, neutralizing anti–IL-11 antibodies or MEK inhibitor (Fig. 2A–D). No
significant difference was observed among FD, neutralizing anti–IL-11 antibodies and MEK inhibitor
groups.

Fluorofenidone Decreased the Levels of In�ammatory Factors and Chemokine Both in vivo and in vitro

In�ammation persists in the whole process of pulmonary �brosis. We found that the expressions of IL-8
(Fig. 3A), IL-18 (Fig. 3B), MCP-1 (Fig. 3C) and IL-11 (Fig. 3D) were significantly increased in the bleomycin
mouse model than control mouse model, which were notably suppressed by FD, neutralizing anti–IL-11
antibodies or MEK inhibitor.

Moreover, ELISA analysis showed that the levels of IL-8, IL-18 and MCP-1 were markedly higher in the
supernatant �uid of RAW264.7 cells treated with IL-11 compared with the controls, and FD pre-treatment,
IL-11RA-siRNA transfection or MEK inhibitor treatment signi�cantly prevented the increase in the
expressions of IL-8, IL-18 and MCP-1 (Fig. 7A-C).

Fluorofenidone Down-regulated the Expressions of IL-11RA and gp130 Only in RAW264.7 cells

Current studies have found that IL- 11 plays a more important role than TGF - β 1 in the process of
�brosis, and we found that FD signi�cantly attenuated BLM-induced the protein expressions of IL-11 in
mice lung tissues. Then we explored whether FD could inhibit levels of IL-11RA and gp130 in vivo and in
vitro.

The protein expressions of IL-11RA and gp130 after treatment with BLM were higher in the lungs
compared with control group, but were not influenced by FD, neutralizing anti–IL-11 antibodies or MEK
inhibitor (Fig. 4D-F). And we found that the levels of IL-11RA and gp130 were higher in RAW264.7 cells
after treated with IL-11 compared with control group (Fig. 5A-C). And pre-treated with FD or IL-11RA-siRNA
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transfection ameliorated the protein expressions of IL-11RA and gp130. While Western blotting analysis
showed that the expression of IL-11RA was not affected by IL-11, FD or MEK inhibitor in NHLFs (Fig. 5D,
E), the protein expression of gp130 was not influenced by IL-11, FD, IL-11RA-siRNA transfection or MEK
inhibitor in NHLFs (Fig. 5D, F).

Fluorofenidone Suppressed MEK/ERK Pathway Activation Both in vivo and in vitro

Two important members of RAS-RAF-MEK-ERK signaling pathway are MEK and ERK. In our study, the
expressions of phosphorylated MEK and ERK in the BLM group and in the IL-11 group were remarkably
higher compared with those of the control group (Fig. 4A-C; 6A-F). And FD pre-treatment notably
decreased these changes (Fig. 4A-C; 6A-F). Meanwhile, neutralizing anti–IL-11 antibodies or MEK inhibitor
could suppress the phosphorylated MEK and ERK induced by BLM in lung tissues (Fig. 4A-C). IL-11RA-
siRNA transfection or MEK inhibitor treatment attenuated the protein expressions of phosphorylation of
MEK and ERK (Fig. 6A-F).

Fluorofenidone Decreases IL-11-induced Levels Fibronectin, Collagen   and α-SMA Protein and/or mRNA
in NHLFs

The main corresponding makers about activation of �broblasts and deposition of ECM are �bronectin,
collagen  and α-SMA. The results showed that the protein and/or mRNA expressions of �bronectin,
Collagen  and α-SMA in the IL-11 group were signi�cantly increased compared with the control group,
whereas FD pre-treatment, IL-11RA-siRNA transfection or MEK inhibitor remarkly inhibited the increase
(Fig. 8A-F).

Discussion
The etiology and pathogenesis of IPF are still unclear. Currently, only two anti�brotic drugs, pirfenidone
and nintedanib are now approved for the treatment of IPF. But IPF is a progressive and fatal interstitial
lung disease despite medical treatment. Hence, it is particularly important to further explore the
pathogenesis of IPF and develop new anti�brotic drugs. Fluorofenidone is a newly synthesized
anti�brotic drug that is developed and patented by the Pharmaceutical School of Central South
University10. Our previous results showed that FD can attenuate pulmonary inflammation and fibrosis in
vivo and in vitro11, 12, 13. However, further research is still needed to explore the mechanism of action of
FD. Current studies have found that IL- 11 exerts a more important role than TGF - β 1 in the process of
�brosis. The levels of IL-11 is signi�cantly increase in the lung and �broblasts from patients with IPF,
associated with the extent of �brosis, and inhibiting the activation of IL-11/ERK signaling pathway can
alleviate pulmonary �brosis6. In this study, we proved that FD could ameliorate pulmonary inflammation
and fibrosis through suppressing the activation of IL-11/MEK/ERK signaling pathway in vivo and in vitro.
 

IL-11 has been considered as a necessary downstream factor for a variety of �brogenic stimuli, such as
TGF-β, PDGF, AngII and so on17. Moreover, IL-11 induces the production of extracellular matrix,
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accelerates the migration of myo�broblasts in stromal cells17. Furthermore, IL-11 has a strong pro-
in�ammatory effect through activating �broblasts and myo�broblasts to secrete chemokines and
cytokines17. The results we present here showed that FD could alleviate BLM-induced in�ammation
response including inflammation cells infiltration, the production of cytokines and chemokines. And FD
inhibited BLM-induced �brosis reaction, such as the excessive deposition of collagen in the interstitium,
the expressions of �bronectin, collagen and α-SMA. Besides, intraperitoneal injection of neutralizing
anti–IL-11 antibodies or MEK inhibitor presented the same results as FD. Galuppo, M. and colleagues
show the similar �ndings that MEK inhibitor ameliorates BLM-induced lung injury and �brosis18.
Interestingly, we found that FD decreased the level of IL-11 in the bleomycin mouse model.

The typical IL-11 signal transduction pathway occurs through the molecular interactions between IL-11
and IL-11RA1, and between IL-11RA1 and GP130 that forms a hexameric complex by interacting with a
second trimer8. The expressions of IL-11 and IL-11RA are highly speci�c to �broblasts5. IL-11 promotes
the synthesis of �brogenic protein by driving ERK-dependent autocrine signaling5 At the past, there were
many studies about the therapeutic methods for inhibiting IL-11 signaling pathway including soluble
GP130, modi�ed proteins termed muteins and so on19, 20, 21, 22. Intraperitoneal injection of neutralizing
anti–IL-11 antibodies (X203) attenuates BLM-induced lung �brosis, and the pulmonary �brosis is
alleviated in the bleomycin Il11ra1−/− mouse model6. In our study, we found that BLM induced the
expressions of IL-11RA, gp130, phosphorylated MEK and ERK, and FD, neutralizing anti–IL-11 antibodies
or MEK inhibitor pretreatment could suppress the levels of phosphorylated MEK and ERK.

To further investigate whether IL-11 mediates the proin�ammatory response and the pro�brotic effect by
activating MEK/ERK signaling pathway, and explore the mechanism of FD, the RAW264.7 cells and
NHLFs were treated with IL-11, IL-11 plus FD, IL-11 plus IL-11RA-siRNA, IL-11 plus MEK inhibitor. Our work
indicated that FD and IL-11RA-siRNA could ameliorate IL-11-induced expressions of IL-11RA and gp130 in
RAW264.7 cells. Meanwhile, we found that FD, IL-11RA-siRNA or MEK Inhibitor effectively inhibited IL-11-
induced activation of MEK and ERK in RAW264.7 cells and in NHLFs. Furthermore, IL-11 led to the
production of in�ammatory factors, the activation of �broblasts and deposition of ECM, and FD, IL-11RA-
siRNA or MEK Inhibitor attenuated IL-11-induced production of in�ammatory factors of IL-8, IL-18, MCP-1,
as well as expressions of �bronectin, collagen  and α-SMA. These data demonstrated that IL-11
promoted the RAW264.7 cells to secrete in�ammatory factors and chemical factor, and activated the
MEK/ERK signaling pathway, and induced the activation of �broblasts. The treatment of FD attenuated
IL-11-induced the series of reactions in vitro.

A growing amount of research show that IL-11 is a therapeutically target for IPF. Taken together, our
experiments indicate that FD decreases the secretion of IL-11, attenuates lung in�ammation and �brosis
through inhibiting the activation of IL-11/MEK/ERK signaling pathway. IL-11 maybe is a molecular target
of FD. And we look forward to develop more anti�brotic drugs with fewer side effects, such as the
targeted drug for IL-11, which may bring greater bene�ts for IPF patients.
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Conclusion
FD attenuates lung in�ammation and �brosis through inhibiting the activation of IL-11/MEK/ERK
signaling pathway. However, the pharmacology mechanism and the molecular target of FD are not well
understood, further studies should be conducted to identify it.
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Figure 1

Fluorofenidone attenuated pulmonary inflammation and �brosis in the bleomycin mouse model

Representative micrographs (H E staining, 200×) of lungs from control mice (A), BLM mice (B), BLM+FD
mice (C), BLM+anti-IL-11 mice (D) and BLM+MEK inhibitor mice (E) were showed. Alveolitis scores (F).
Representative micrographs (Masson’s Trichrome staining, 200×) of lungs from control mice (G), BLM
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mice (H), BLM+FD mice (I), BLM+anti-IL-11 mice (J) and BLM+MEK inhibitor mice (K) were showed.
Ashcroft scores (L). Results are expressed as Mean ± SD, n=8 mice in control, BLM or BLM+FD groups,
n=7 mice in BLM+anti-IL11 or BLM+MEK Inhibitor groups, #p 0.01 vs. control groups, * p 0.01 vs. BLM
groups.

Figure 2
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Fluorofenidone ameliorated the expressions of �bronectin, collagen  and α-SMA in the bleomycin mouse
model

Representative images (A) and quantitative analysis of immunehistochemistry (200×) for Fibronectin (B),
Collagen  (C) and α-SMA (D) in lung tissues. Results are expressed as Mean ± SD, n=8 mice in control,
BLM or BLM+FD groups, n=7 mice in BLM+anti-IL11 or BLM+MEK Inhibitor groups, #p 0.01 vs. control
groups, * p 0.01 vs. BLM groups.
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Figure 3

Fluorofenidone decreased the levels of in�ammatory factors in blood of mice

(A) IL-8, (B) IL-18, (C) MCP-1, (D) IL-11 concentrations in blood of mice. Results are expressed as Mean ±
SD , n=6 mice per group, #p 0.01 vs. control groups, * p 0.01 vs. BLM groups.

Figure 4
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Fluorofenidone attenuates BLM-induced activation of MEK and ERK, but cannot downregulate BLM-
induced expressions of IL-11RA and gp130

The expressions of IL-11RA, gp130, MEK, p-MEK, ERK, p-ERK were measured by Western blotting. (A)
representative Western blot of p-ERK, ERK, p-MEK and MEK, (B) quantitative analysis of p-ERK, (C)
quantitative analysis of p-MEK, (D) representative Western blot of IL-11RA, gp130, (E) quantitative
analysis of IL-11RA, (F) quantitative analysis of gp130. Results are expressed as Mean ± SD , n=5 mice
per group, #p 0.01 vs. control groups, * p 0.01 vs. BLM groups, p 0.05 vs. BLM groups.
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Figure 5

Fluorofenidone decreases IL-11-induced levels of IL-11RA and gp130 in RAW264.7 cells, but cannot in
NHLFs

(A), representative Western blot of IL-11RA and gp130 in RAW264.7 cells, (B), quantitative analysis of IL-
11RA in RAW264.7 cells, (C), quantitative analysis of gp130 in RAW264.7 cells, (D), representative
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Western blot of IL-11RA and gp130 in NHLFs, (E), quantitative analysis of IL-11RA in NHLFs, (F),
quantitative analysis of gp130 in NHLFs. Results are expressed as Mean ± SD , n=3 per group, #p 0.01 vs.
control groups, ●p 0.05 vs. control groups, p 0.01 vs. Co-siRNA groups, * p 0.01 vs. IL-11 groups, ∆p
0.05 vs. IL-11 groups, ▽p 0.05 vs. IL-11+IL-11RA-siRNA groups, p 0.05 vs. IL-11 groups, FD groups and
IL-11+Co-siRNA groups.

Figure 6
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Fluorofenidone attenuates IL-11-induced activation of MEK and ERK in RAW264.7 cells and in NHLFs

(A), representative Western blot of p-ERK, ERK, p-MEK and MEK in RAW264.7 cells, (B), quantitative
analysis of p-ERK in RAW264.7 cells, (C), quantitative analysis of p-MEK in RAW264.7 cells, (D),
representative Western blot of p-ERK, ERK, p-MEK and MEK in NHLFs, (E), quantitative analysis of p-ERK
in NHLFs, (F), quantitative analysis of p-MEK in NHLFs. Results are expressed as Mean ± SD , n=3 per
group, #p 0.01 vs. control groups, p 0.01 vs. Co-siRNA groups, ●p 0.05 vs. Co-siRNA groups, * p 0.01 vs.
IL-11 groups, ∆p 0.05 vs. 

Figure 7

Fluorofenidone inhibits IL-11-induced IL-8, IL-18 and MCP-1 increase in the supernatant �uid of RAW264.7
cells

(A) IL-8, (B) IL-18, (C) MCP-1 concentrations in the supernatant �uid of RAW264.7 cells after IL-11
stimulation. Results are expressed as Mean ± SD , n=3 mice per group, #p 0.01 vs. control groups, * p
0.01 vs. IL-11 groups, ∆p 0.01 vs. IL-11+IL-11RA-siRNA groups.
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Figure 8

Fluorofenidone decreases IL-11-induced levels �bronectin, collagen  and α-SMA protein and/or mRNA in
NHLFs

(A), representative Western blot of �bronectin and α-SMA, (B), quantitative analysis of �bronectin, (C),
quantitative analysis of α-SMA, (D), mRNA expression of �bronectin, (E), mRNA expression of collagen ,
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(F), mRNA expression of α-SMA. Results are expressed as Mean ± SD , n=3 mice per group, #p 0.01 vs.
control groups, p 0.01 vs. Co-siRNA groups, * p 0.01 vs. IL-11 groups, ▽p 0.05 vs. IL-11 groups.


