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Abstract 

Background: Lung carcinoma is the leading cause of malignant tumor related mortality in China 
in recent decades, and the development of new and effective therapies for patients with advanced 
lung carcinoma is needed. We recently found that fluorofenidone (FD), a newly developed pyridine 
compound, reduced the activation of Stat3 (Signal transducer and activator of transcription 3) in 
fibroblasts. Stat3 plays a crucial role in the development of lung cancer and may represent a new 
therapeutic target. In this study, we examined the effect of FD on human lung adenocarcinoma cells 
in vivo and in vitro.  
Methods: The effect of FD on the growth of lung cancer cells was measured with a CCK-8 assay, 
colony formation assay and xenograft tumor model. A flow cytometry analysis was performed to 
study cell cycle arrest and apoptosis. Western blotting and immunohistochemistry were used to 
observe the expression of Stat3. Changes in the expression of RNA induced by FD were assessed 
using gene chip and real-time RT-PCR assays. 
Results: In vitro, FD inhibited the growth of lung adenocarcinoma A549 and SPC-A1 cells in a 
dose-dependent manner. After treatment with FD, the A549 and SPC-A1 cells were arrested in 
the G1 phase, and apoptosis was induced. In vivo, this compound significantly inhibited the growth 
of tumors that were subcutaneously implanted in mice. Moreover, FD decreased Stat3 activity in 
lung cancer cells and xenograft tumor tissue, and microarray chip results showed that FD altered 
the gene expression profile of lung cancer cells. Specifically, NUPR1, which plays a significant role 
in cancer development, was down-regulated by FD in lung cancer cells. 
Conclusion: Our study supports the clinical evaluation of FD as a potential lung adenocarcinoma 
therapy. 
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Introduction 
Malignant tumor is a major public health 

problem worldwide, and lung carcinoma is the most 
frequently diagnosed malignant tumor and it is 
responsible for over 1.6 million deaths each year 
worldwide [1]. In China, approximately 705,000 new 
cases of lung carcinoma are diagnosed per year [2], 
and it is often found at an advanced stage, which 

results in a poor prognosis. Non-small-cell lung 
cancer (NSCLC) is the most common histologic type 
of lung carcinoma [3], and the treatment for NSCLC 
based on platinum chemotherapy. But, clinical 
interventions have only minimally reduced deaths 
from lung cancer in the past four decades [4-5]. 
Despite recent improvements in early diagnosis and 
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the evolution of novel therapeutic strategies, the 
prognosis for all stages of NSCLC continues to be 
poor, and the 5-year survival rate for all patients 
remains at less than 15% [1-2,6]. Thus, novel 
therapeutic approaches are needed for the treatment 
of lung cancer. 

Fluorofenidone [1-(3-fluorophenyl)-5-methyl- 
2-(1H)-pyridone, FD] is a new pyridine compound 
developed by our group. Our previous studies have 
reported that FD can attenuate fibrosis in the lung [7], 
kidney [8] and liver [9] via anti-inflammatory [10], 
antioxidative [11], and antifibrotic [12] activities. 
Recently, we found that FD reduced the activation of 
Stat3 (Signal transducer and activator of transcription 
3) in fibroblast cells [13]. Notably, Stat3 plays a 
concernful role in carcinogenesis by regulating genes 
involved in anti-apoptosis, proliferation and 
angiogenesis [14]. Furthermore, More and more 
evidence indicates that Stat3 is constitutively 
activated in nearly 70% of tumors [15], and blocking 
Stat3 signaling in tumor cells inhibits tumor growth, 
angiogenesis, and metastasis [16]. Thus, Stat3 is 
recognized as a target for cancer therapy [17], but the 
ability of FD to reduce the activity of Stat3 and inhibit 
the growth of cancer cells remains unknown. 

Based on the important role of Stat3 in cancer 
pathogenesis and the effect of FD on the activity of 
Stat3 in fibroblasts, we investigated the ability of FD 
to inhibit the growth of lung cancer cells. Specifically, 
we herein examine the effects of FD on the growth 
and tumorigenicity of lung cancer cells. 

Materials and Methods 
Reagents and antibodies 

FD (lot no.070501) was purchased from Sunshine 
Lake Pharma (Guangzhou, GD, CN). Cell culture 
reagents including RPMI1640, fetal bovine serum 
(FBS), and penicillin/streptomycin were obtained 
from Invitrogen (Carlsbad, CA, U.S.). Antibodies 
against cyclin D1, p-Stat3 (Y705) and NUPR1 were 
obtained from CST (Danvers, MA, USA). Anti β-actin 
antibody was purchased from Sigma-Aldrich Ltd (St. 
Louis, MO, USA). Horseradish peroxide 
(HRP)-conjugated secondary antibodies for Western 
blotting were procured from Jackson (West Grove, 
PA, USA), and secondary antibodies for 
immunohistochemistry were obtained from GBI 
(Mukilteo, WA, USA). The ECL kit was purchased 
from GE Healthcare (Buckinghamshire, U.K.), and the 
CCK-8 assay kit was obtained from Dojindo 
(Rockville, USA). 

Cell culture  
The human lung adenocarcinoma cell lines A549 

and SPC-A1 were obtained from the cell bank of the 

Type Culture Collection Chinese Academy of Sciences 
(Shanghai, China). The cells were cultured in RPMI 
1640 medium supplemented with 10% FBS, 100 U/ml 
penicillin, 100 μg/ml streptomycin sulfate at 37°C and 
5% CO2. Confluent cells were passaged with 0.25% 
trypsin.  

CCK-8 Assay 
A CCK-8 assay was performed as described 

previously [18]. Briefly, cells were plated in 96-well 
plates at a density of 2000 cells in a final volume of 100 
μl/well. Samples of subconfluent cells were treated 
with various concentrations of FD (0, 2, and 4 mM) for 
24, 48 and 72 h, respectively. Cell growth was the 
assessed with a Cell Counting Kit-8 assay according to 
the manufacturer’s protocol. All experiments were 
performed in triplicate. 
Colony Formation Assay 

A colony formation assay was performed as 
described previously [19]. Briefly, cells were 
trypsinized, and 1000 viable cells were subcultured in 
triplicate in six-well plates. The cells were treated with 
FD (0, 2, and 4 mM) for 72 h and then allowed to 
adhere and colonize for 14 days without the drug. The 
medium was refreshed every 3 days. The cells were 
washed with PBS and fixed with 4% 
paraformaldehyde. The fixed cells were stained with 
freshly prepared Giemsa stain for 20 min and colonies 
were counted under a microscope. All experiments 
were performed in triplicate. 
Flow Cytometry Analysis 

Flow cytometry was used to analyze the cell 
cycle and apoptosis as previously described [20]. In 
brief, cells were treated with FD (0, 2, and 4 mM) for 
72 h and then harvested and fixed in 70% ethanol at 
4°C overnight. After staining with annexin V to 
analyze apoptosis or propidium iodide to analyze the 
cell cycle, the cells were examined with a BD 
FACSCalibur Flow Cytometer (BD Biosciences, San 
Jose, CA). 

Western Blot Analysis 
Whole-cell lysates were prepared for the western 

blot analysis as previously described [21]. Cell lysates 
containing 30 μg of protein were separated on 10% 
SDS-polyacrylamide gels and transferred to PVDF 
membranes. The membranes were blocked with TBST 
buffer (10 mM Tris-HCl, pH 8.0, 0.15 M NaCl, and 
0.05% Tween-20) containing 5% FBS and incubated 
with a rabbit anti-human p-stat3 antibody (1:2000), 
cyclin D1 antibody (1:1000) or β-actin antibody 
(1:5000) at room temperature for 2 h, followed by the 
addition of horseradish peroxidase-linked anti-goat 
IgG (1:2000). Blotted proteins were detected and 
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quantified using an enhanced chemiluminescence 
detection system. 

Animal Studies 
The experimental protocol and the care of 

animals were under supervision of ethics committee 
of Central South University. Fifteen female BALB/c 
nude mice aged 4 to 6 weeks were purchased from 
Slac Laboratory Animal Co. Ltd. (Shanghai, China) 
and housed in individually ventilated cages. The mice 
were randomly divided into 3 groups (5 mice/group). 
Cultured A549 cells were harvested and resuspended 
in PBS at 1x107 cells/0.2 ml. The suspension was 
subcutaneously injected into the left upper extremity 
of each nude mouse, and treatment with FD was 
initiated 7 days after inoculation with the cells. The 
mice were treated daily with intragastrically 
administered 0.5% carboxymethyl cellulose sodium or 
fluorofenidone (500 mg/kg/day or 1000 mg/kg/day) 
for the next 4 weeks until they were euthanized. The 
tumor volume (TV) was calculated according to the 
following formula: TV (mm3) = d2×D/2, where d and 
D are the shortest and longest diameters, respectively. 
The mice were sacrificed 5 weeks after cell 
implantation, and the tumors were extracted, 
weighed, fixed in 10% formalin, embedded in 
paraffin, and cut into 4 µm–thick sections for further 
study. 

Immunohistochemistry 
The immunohistochemistry assay was 

performed as described previously [22]. Briefly, 
sections were incubated at 60℃ for 2 h in turpentine 
and deparaffinized, dried, and rehydrated in a 
decreasing ethanol: distilled water gradient series. 
The sections were then incubated for 30 min in 0.3% 
hydrogen peroxide in 0.01 M phosphate-buffered 
saline (PBS) to inactivate endogenous peroxidases. 
Subsequently, the sections were incubated for 20 min 
in citrate buffer (pH 6.0) at 95℃ for antigen retrieval, 
blocked with 5% normal goat serum in 0.01 M PBS for 
15 min at 37℃, and incubated with primary 
antibodies overnight at 4℃ in a humidified chamber. 
The following primary antibodies were used: a rabbit 
anti-p-Stat3 (Y705) antibody (1:500) and a rabbit 
anti-cyclind1 (1:500). After washing, the samples were 
incubated with a biotinylated secondary antibody and 
a streptavidin–horseradish peroxidase (HRP) avidin 
working solution. Immunolabeling was visualized 
using a DAB substrate kit according to the 
manufacturer’s recommendations.  

Gene Microarray 
The gene expression patterns of lung cancer cells 

treated with FD (4 mM, 72 h) were detected with a 
PrimeViewTM Human Gene Expression Array 

(Affymetrix, CA, USA). The cells were lysed in TRIzol 
(Invitrogen, CA, USA) to extract RNA, and 
microarray assays were then performed by CapitalBio 
Corporation (Beijing, China).  

RNA extraction and real-time RT-PCR  
RNA extraction and real-time RT-PCR were 

performed as previously described [23]. The primers 
were synthesized by Bio Basic Inc (Shanghai, China). 
The primer against NUPR1 was 5'-CTGTGT 
TTACTGGGCTGGATT-3' (forward) and 5'-AAGGCT 
GTGTCTCCTCCTCA-3' (reverse). The primer against 
β-actin was 5'-CCTTCCTGGGCATGGAGTCCT-3' 
(forward) and 5'-GGAGCAATGATCTTGATCTT-3' 
(reverse). Real-time RT-PCR was performed on an 
ABI Model 7500 Sequence Detector (Applied 
Biosystems, Foster City, CA) with a TaKaRa SYBR 
green real-time PCR kit (Takara, Dalian, China). The 
quantity of mRNA was calculated based on the cycle 
threshold (CT) values, and the relative abundance of 
NUPR1 mRNA was standardized to that of β-actin 
mRNA. 

Statistical analysis 
The SPSS 17.0 statistical software package (SPSS 

Inc., Chicago, IL, USA) was used to perform statistical 
analyses. Student’s t-test was used to perform 
comparisons between two groups. Pearson’s 
correlation coefficients were used to calculate 
bivariate correlations between study variables. The 
data represent the mean±S.D. A P-value <0.05 was 
considered significant. 
Results 
FD inhibited growth of lung adenocarcinoma 
cells. 

To investigate the effects of FD on the growth of 
human lung adenocarcinoma cells, a CCK-8 assay and 
colony formation assay were performed. FD inhibited 
the growth of A549 and SPC-A1 cells over 48 and 72 h 
of continuous exposure, as assessed by the CCK-8 
assay (Figure 1). Specifically, the suppression rates 
were 42.14±0.17% at 48 h and 48.73±0.32% at 72 h for 
A549 cells treated with 4 µm FD, and the suppression 
rates were 35.64±0.48% at 48 h and 45.27±0.19% at 72 h 
for SPC-A1 cells treated with 4 µm FD. We analyzed 
the ability of plated A549 and SPC-A1 cells to form 
colonies because anchorage-independent growth 
often correlates with tumorigenicity. The respective 
plating efficiencies of the cells treated with 0, 2, and 4 
mM FD were 12.5±1.5%, 10.9±2.1% and 3.9±0.6% for 
the A549 cells and 13.4±2.5%, 9.8±3.3% and 5.1±0.9% 
for the SPC-A1 cells (Fig. 2). FD decreased colony 
formation only at a dose of 4 mM compared with the 
other two groups(P＜ 0.05). Therefore, it inhibited 
lung adenocarcinoma cell growth. 
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Figure 1. FD inhibits the growth of lung adenocarcinoma cells in vitro. A549 cells and SPC-A1cells were treated with FD at the indicated concentration for 72 h. Cell viability 
was measured with a CCK-8 assay. FD inhibited the growth of A549 (Fig. 1A) and SPC-A1 (Fig. 1B) cells over 48 and 72 h of continuous exposure. Experiments were performed 
in triplicate. 

 
Figure 2. FD decreased the colonies formed by A549 and SPC-A1 cells in a dose-dependent. Experiments were performed in triplicate. (Compared with the control group,*, 
**, P＜0.05) 
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FD induced lung adenocarcinoma cell G1 
arrest and apoptosis. 

To investigate the effects of FD on the cell cycle 
and apoptosis of human lung adenocarcinoma cells, 
cells were assessed by flow cytometry after treatment 
with different concentrations of FD (0, 2, and 4 mM) 
for 72 h. As shown in Fig. 3, FD induced cell cycle 
transition to the G1 phase(P＜0.05). The apoptosis rate 
of the cells treated with 0, 2, and 4 mM FD were 
1.4±0.1%, 2.9±0.2% and 4.0±0.3% for the A549 cells 
and 3.4±0.6%, 6.8±0.3% and 10.7±1% for the SPC-A1 
cells. Hence, FD increased the number of apoptotic 
cells compared with the respective controls(P＜0.05).  

FD inhibited lung adenocarcinoma cell growth 
in vivo. 

We evaluated the effects of FD in vivo in a 
xenograft tumor model by subcutaneously 
inoculating nude mice with A549 cells. Seven days 
after tumor cell injection, the mice were administered 
daily intragastric injections of FD (500 and 1000 
mg/kg body weight) for 4 weeks. The tumors 
appeared at nearly the same time in the three groups. 
At the end of the study, all tumors were removed and 
dissociated, and their weights and volumes were 
measured. The mean tumor weights of the three 

groups (treated with FD 0,500 and 1000 mg/kg body 
weight) were 0.625±0.1 g, 0.68±0.08 g and 0.32±0.04 g, 
respectively. The mean tumor volumes of the three 
groups (treated with FD 0,500 and 1000 mg/kg body 
weight) were 589.6±97.7 mm3, 632.6±56.7 mm3 and 
265.9±56.7 mm3, respectively. Consistent with the in 
vitro results, FD decreased the growth of A549 cells. 
FD administration was effective in inhibiting tumor 
growth in vivo throughout the course of treatment, 
resulting in decreases in tumor size and weight at a 
dose of 1000 mg/kg body weight(P＜0.05) (Figure 4). 
It indicated that FD reduced tumor volume and the 
growth of A549 cells in vivo. 
FD decreased Stat3 activity in lung 
adenocarcinoma cells. 

Western blotting data showed that p-stat3 and 
cyclin D1 expression were significantly inhibited in 
A549 and SPC-A1 cells treated with 4 mM FD 
compared with the control group and cells treated 
with 2 mM FD. Furthermore, immunohistochemistry 
assay showed that both p-Stat3 and cyclind1 
expression were inhibited in xenograft tumors treated 
with 1000 mg/kg body weight compared with the 
other two groups(P＜0.05) (Fig. 5). 

 

 
Figure 3. FD induces G1 arrest in lung adenocarcinoma cells. Cells were stained with annexin-V-FITC (20 mg/ml) and PI (20 mg/l) following treatment with or without FD for 
72 h. The cell cycle was analyzed using flow cytometry. Experiments were performed in triplicate. 
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Figure 4. FD inhibits lung adenocarcinoma A549 cell tumor growth in vivo. Dissected tumors were photographed, and the weights and volumes of tumors from FD-treated mice 
(0, 500 mg/kg/day and 1000 mg/kg/day) were measured. (Compared with the control group, *, **, P＜0.05) 

 

Effects of FD on gene expression pattern on 
lung cancer cells.  

The effect of FD on gene expression in A549 and 
SPC-A1 cells was assessed using Affymetrix gene 
microarrays. Gene expression profile was examined in 
cells treated with 0 or 4 mM FD for 72 h. The 
differentially expressed genes were identified 
including up-regulated 36 genes and down-regulated 
40 genes in both A549 and SPC-A1 cells (compared 
with the control group, expression ratio showing a 
greater than 2-fold or a less than 0.5-fold was 
identified). These genes are involved in Wnt 
signaling, PPAR signaling, MAPK signaling and ErbB 
signaling (data not shown). Therefore, FD may have 
its anti-tumor effect on lung carcinoma cells by 
changing the expression of these genes. Among these 
differentially expressed genes, NUPR1 expression 
was increased more than 5-fold in A549 and SPC-A1 
cells. Western blotting and real time-PCR results 
showed that the mRNA and protein expression levels 
of NUPR1 were markedly reduced in FD-treated lung 
carcinoma cells, which is consistent with the gene 
array analysis (Fig. 6). 

Discussion 
In this study, we first described the effects of FD 

on lung cancer cells in vitro and in vivo. Specifically, 
we found that FD inhibited the growth of lung 
adenocarcinoma A549 and SPC-A1 cells using a 
CCK-8 assay and colony formation assay. Moreover, 
treatment with FD arrested these cells in the G1-phase 
and induced apoptosis. Furthermore, FD significantly 
inhibited the growth of tumors subcutaneously 
implanted in mice. We also found that FD suppressed 
the expression of p-STAT3 in lung adenocarcinoma 
A549 and SPC-A1 cells, and FD have markedly 
affected the mRNA expression pattern of these cells.  

The same effects have been reported in 
malignant glioma [24] and pancreatic cancer cells [25] 
for pirfenidone, whose chemical structure is similar to 
that of FD. However, pirfenidone reportedly inhibited 
pancreatic cancer growth by suppressing desmoplasia 
via the regulation of pancreatic stellate cells [25]. In 
our study, the mice were orally administered 500 and 
1000 mg/kg/day FD. Growth inhibition was only 
observed in the high-dose group without obvious side 
effects. Thus, FD may inhibit the growth of lung 
adenocarcinoma cells in a dose-dependent manner.  
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Figure 5. FD decreased Stat3 activity. (1) Western blotting results showed that FD treatment repressed the expression of p-Stat3 and cyclin D1 in lung adenocarcinoma A549 
and SPC-A1 cells (Fig. 5A). (2) Representative images of the immunohistochemistry analysis of p-Stat3 and cyclin D1 in xenograft tumors (×400) (Fig. 5B). (Compared with the 
control group, *, **, P＜0.05) 
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Figure 6. Effects of FD on the gene expression pattern of lung cancer cells. (1) Cluster map and scatter plot of changes in gene expression levels in lung cancer cells (Fig. 6A). 
(2) FD decreased the protein expression of NUPR1 in lung cancer cells, as determined by Western blotting (Fig. 6B). (3) FD decreased the mRNA expression of NUPR1 in lung 
cancer cells, as determined by real-time qPCR (Fig. 6C). (Compared with the control group, *, **, P＜0.05) 

 
In this study, we also found that FD inhibited the 

expression of p-STAT3 in lung cancer cells. STAT3 is a 
well-known member of the STAT family of signal 
responsive transcription factors, which consists of 
seven members encoded by distinct genes [26]. The 
phosphorylation of a critical tyrosine residue (Tyr705) 
activates STAT3 [27], and phosphorylated STAT3 
forms a homodimer by binding at the SH2 domain 
and is translocated to the nucleus to promote the 
transcription of target genes [28]. Specifically, STAT3 
regulates cyclin D1, c-Myc, Bcl-XL, and p53, thereby 
mediating cellular proliferation and survival [29]. 
Moreover, STAT3 is persistently activated in 22~65% 
of non-small cell lung cancers (NSCLCs) and plays an 
important role as a signaling mediator in malignant 
diseases [30-32]. An increasing body of evidence has 
shown that STAT3 inhibitors exert anticancer and 
antiangiogenic effects in vitro and in vivo [33]. These 
results indicate that FD may serve as an anti-cancer 

agent by inhibiting the phosphorylation of STAT3. 
Our previous studies indicated that FD is a 

multifunctional small molecule with 
anti-inflammatory, antioxidative and anti-apoptotic 
effects, and it can inhibit the activation and 
proliferation of myofibroblasts, promote the 
degradation of extracellular matrix and regulate the 
cellular signal transmission [34]. However, the exact 
mechanisms underlying these effects remain 
unknown. To further explore the mechanism of action 
of FD in lung cancer cells, we observed the changes in 
gene expression by A549 and SPC-A1 after treatment 
with FD. Our results showed that FD markedly 
changed the gene expression patterns of these cells. 
Specifically, FD significantly decreased the expression 
of NUPR1 (Nuclear protein 1) in both A549 and 
SPC-A1 cells. 

NUPR1, also named P8 or com1 (candidate of 
metastasis-1), is a small, highly basic and loosely 
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folded protein. Structurally, Nupr1 is related to the 
high-mobility group of transcriptional regulators [35], 
and its expression can be induced by several stressors, 
including LPS [36] and CCL4 [37]. Many studies have 
shown that NUPR1, which is frequently upregulated 
in several cancers, plays an important role in cancer 
development and progression [38]. For example, 
NUPR1 is essential for the survival of pancreatic 
ductal adenocarcinoma cells exposed to stress [39]. 
Similar to our results, X. Guo reported that the 
knockdown of NUPR1 significantly inhibited the 
proliferation and colony formation of lung cancer 
H1299 cells and suppressed tumor growth in vivo 
[40]. Moreover, Roxane reported that the expression 
of NUPR1 was activated by TGFβ at the 
transcriptional level [41], and our previous studies 
showed that FD attenuated TGF-β1-related signaling 
[13]. Thus, FD may have decreased the expression of 
NUPR1 by lung cancer cells via TGF-β signaling, but 
this mechanism requires further investigation. 

Overall, the present study revealed that FD 
inhibits the growth of lung adenocarcinoma A549 and 
SPC-A1 cells in vitro and in vivo. Thus, FD may 
represent a new treatment strategy for lung cancer, 
but additional studies are needed to clarify the 
mechanisms of action of FD in cancer cells. 

Abbreviations 
FD: Fluorofenidone; Stat3: Signal transducer and 

activator of transcription 3; NSCLC: Non-small-cell 
lung cancer; CCK-8: Cell Counting Kit-8. 
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