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Fluorofenidone enhances cisplatin efficacy in non-small cell lung 
cancer: a novel approach to inhibiting cancer progression
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Background: Non-small cell lung cancer (NSCLC), the most prevalent lung cancer subtype, presents 
significant treatment challenges. Cisplatin (CP)-based regimens are central to the treatment of multiple solid 
tumors, but its use is restricted due to its dose-related renal toxicity. We previously found that fluorofenidone 
{1-[3-fluorophenyl]-5-methyl-2-[(1H)]-pyridone (AKF-PD)} effectively reverses CP-induced acute kidney 
injury (AKI). However, it remains unclear whether AKF-PD can synergistically ameliorate NSCLC when 
used together with CP. Thus, this study sought to investigate the effect of AKF-PD on NSCLC and 
examined its combinatory use with CP for cancer treatment.
Methods: We conducted cell viability assays, 5-ethynyl-2'-deoxyuridine (EdU) experiments, colony-
forming assays, wound-healing tests, and Transwell experiments in A549 and H1299 cells to explore the 
effects of AKF-PD on NSCLC. We then detected the epithelial-mesenchymal transition (EMT) markers 
[i.e., epithelial cadherin (E-cadherin), matrix metallopeptidase 9 (MMP9), vimentin, and snail family 
transcriptional repressor 1 (SNAIL)], phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mechanistic 
target of rapamycin (mTOR), and mitogen-activated protein kinase (MAPK), to identify the potential 
mechanisms of AKF-PD. Further, via the combined use of AKF-PD and CP, we found that AKF-PD 
enhanced the antitumor effect of CP, and we suggest that this may be due to its inhibitory effect on EMT. 
We also examined the effect of combining AKF-PD and CP in other cancer cell lines, including Hela, SiHA, 
MDA-MB-231, 5-8F, and UM-UC-3 cells.
Results: AKF-PD significantly inhibited the proliferation and invasion of NSCLC cells (A549 and H1299), 
suppressed the activation of the MAPK and PI3K/AKT/mTOR pathways, and inhibited the EMT of the 
tumor cells. When AKF-PD was used in combination with CP, these effects were further enhanced. We also 
found that AKF-PD enhanced the anti-cancer effect of CP in a variety of cancer cell lines, including cervical 
cancer (Hela cells and SiHA cells), nasopharyngeal cancer (5-8F cells), triple-negative breast cancer (MDA-
MB-231 cells), and bladder cancer (UM-UC-3 cells).
Conclusions: AKF-PD not only mitigates CP-induced AKI but also enhances the anti-cancer efficacy of 
CP. Our findings provide valuable insights into the treatment of NSCLC and may have clinical applications.
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Introduction

Non-small cell lung cancer (NSCLC) is the most common 
type of lung cancer, and accounts for approximately 85% 
of all lung cancer cases (1). The 2-year survival rate of 
NSCLC has increased in recent years as a result of advances 
in diagnosis and treatment; however, NSCLC remains the 
leading cause of cancer-related deaths (2,3).

Cisplatin (CP) is a widely available, cheap, and potent 
platinum-based drug used for the treatment of multiple 
solid tumors, including NSCLC (4). Although targeted 
therapies have shown remarkable success in NSCLC 
patients with driver mutations, such as epidermal growth 
factor receptor (EGFR) exon 19 deletions and exon 21 
L858R mutations, more than 50% of NSCLC patients still 
require CP-based regimens as the first-line treatment (5).  
However, the adverse effects of CP on the kidneys have 

limited its development and use (6). Several clinical 
attempts have been made to ameliorate CP-induced acute 
kidney injury (AKI), including the use of saline hydration. 
However, treatment outcomes remain unsatisfactory (7). 
Additionally, these procedures may further weaken the anti-
cancer activity of CP (8).

Fluorofenidone {1-[3-fluorophenyl]-5-methyl-2-[(1H)]-
pyridone (AKF-PD)} (Figure S1) is a novel low-molecular-
weight pyridone agent (MW =203.91 g/mol) (9). AKF-PD 
was initially considered a broad-spectrum anti-organ fibrosis 
drug and has been shown to have high efficacy in various 
models of liver, kidney, and pulmonary fibrosis (10-13).  
Recently, studies have reported that the correlation 
and pathogenic similarities between fibrosis and cancer 
development in multiple organs are similar to those between 
idiopathic pulmonary fibrosis and hepatitis virus-induced 
liver fibrosis (14-16). The fibrotic tissue surrounding the 
tumor can facilitate tumor metastasis, and the tumor itself 
can also recruit fibroblasts; Hence, the cross-talk between 
tumor and fibrosis might be a fundamental process in cancer 
progression (17). Notably, AKF-PD can also ameliorate CP-
induced AKI in vivo and in vitro (18). These studies strongly 
suggest that AKF-PD could be used in combination with 
CP in cancer treatment. However, it remains unknown 
whether AKF-PD has direct antitumor effects and whether 
these effects can modulate the antitumor activity of CP. 
In this article we report results that have been obtained 
in investigating this possibility. We present this article in 
accordance with the ARRIVE reporting checklist (available 
at https://tlcr.amegroups.com/article/view/10.21037/tlcr-
24-811/rc).

Methods

Materials

NSCLC cells (A549 and H1299), cervical carcinoma cells 
(Hela and SiHa), nasopharyngeal cancer cells (5-8F),  
triple-negative breast cancer cells (MDA-MB-231), 
bladder cancer cells (UM-UC-3), and proximal renal 

Highlight box

Key findings 
• A novel treatment that combines fluorofenidone {1-[3-fluorophenyl]-

5-methyl-2-[(1H)]-pyridone (AKF-PD)} with cisplatin (CP) may be 
a better choice of non-small cell lung cancer (NSCLC).  

What is known, and what is new? 
• Previous studies have shown that AKF-PD can ameliorate CP-

induced acute kidney injury and multi-organ fibrosis.
• We administered AKF-PD with CP and found that this regimen 

further enhanced the effect of CP in the treatment of NSCLC. 
Thus, this is a promising treatment method for NSCLC, which 
may not only enhance the treatment effects, but may also decrease 
the treatment side effects.

What is the implication, and what should change now?
• CP remains a critical first-line treatment for NSCLC. However, 

this study has identified a potential detoxification and efficacy 
enhancing treatment measure that may change the future clinical 
medication pattern, which may especially benefit patients with 
poor kidney function.

• This study was mainly conducted using mice and cell lines; thus, 
further clinical trials on humans need to be conducted to enable 
this discovery to be applied in clinical practice.

Keywords: Non-small cell lung cancer (NSCLC); fluorofenidone (AKF-PD); cisplatin (CP); epithelial-

mesenchymal transition (EMT)

Submitted Sep 07, 2024. Accepted for publication Nov 04, 2024. Published online Nov 27, 2024.

doi: 10.21037/tlcr-24-811

View this article at: https://dx.doi.org/10.21037/tlcr-24-811

https://cdn.amegroups.cn/static/public/TLCR-24-811-Supplementary.pdf
https://tlcr.amegroups.com/article/view/10.21037/tlcr-24-811/rc
https://tlcr.amegroups.com/article/view/10.21037/tlcr-24-811/rc


Translational Lung Cancer Research, Vol 13, No 11 November 2024 3177

© AME Publishing Company.   Transl Lung Cancer Res 2024;13(11):3175-3188 | https://dx.doi.org/10.21037/tlcr-24-811

tubule cells (NRK-52E) were provided by Shanghai Cell 
Bank (Chinese Academy of Sciences), Shanghai, China. 
Lewis cells (C7205) were purchased from Beyotime 
(Shanghai, China). AKF-PD (20150516) was synthesized 
by Haikou Pharmaceutical Company (Haikou, China). 
CP (HY-17394) was obtained from Sigma Aldrich (St. 
Louis, MO, USA). Vimentin (#5741), epithelial cadherin 
(E-cadherin) (#3195), phosphorylated-c-Jun N-terminal 
kinase (p-JNK) (#4668), phosphorylated-extracellular 
signal-regulated kinase 1/2 (p-ERK1/2) (#4370), p-P38 
(#4511), phosphorylated-protein kinase B (p-AKT) (#4060), 
phosphorylated-mechanistic target of rapamycin (p-mTOR) 
(#5536), mTOR (#2983), phosphoinositide 3-kinase (PI3K) 
(#4257), JNK (#9252), ERK1/2 (#4695), P38 (#8690), AKT 
(#4685), and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (#9211) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). P-PI3K (ab18265) and 
matrix metallopeptidase 9 (MMP9) (ab38898) antibodies 
were purchased from Abcam Company (Cambridge, UK). 
Snail family transcriptional repressor 1 (SNAIL) (PA5-
114645) was purchased from Thermo Fisher Scientific 
(Bartlesville, OK, USA). N-cadherin (66219-1-lg) was 
obtained from Proteintech (Wuhan, China). Phosphate-
buffered saline (PBS) solution was obtained from Sigma 
Aldrich. Fetal bovine serum (FBS) was obtained from 
Invitrogen. Dimethyl sulfoxide (DMSO), the Cell Counting 
Kit-8 (CCK-8) assay kit, and the 5-ethynyl-2'-deoxyuridine 
(EdU) kit were purchased from Beyotime. Transwell 
Chamber and Matrigel Matrix Glue were purchased from 
Corning (Tewksbury, MA, USA). All other chemicals were 
of analytical grade.

Animal experiments

Animal experiments were performed under a project license 
(No. 20220493) granted by the Experimental Animal Ethics 
Committee of the Second Xiangya Hospital of Central 
South University, in compliance with the Second Xiangya 
Hospital guidelines for the care and use of animals. A 
protocol was prepared before the study without registration. 
C57 mice (aged 5 weeks; 16–18 g) were obtained from the 
Silaike Laboratory (Shanghai, China). The mice were fed 
with standard food in a controlled environment (21±2 ℃, 
50%±10% relative humidity, and 12 h of light; a maximum 
of four mice were housed per cage). Before starting the 
experiment, the animals underwent a week of acclimation to 
the new environment. Then, 5×105 Lewis lung cancer cells 
were subcutaneously injected into the axillary region of the 

mice. The mice were assigned to the following four groups: 
control, AKF-PD, CP, and CP + AKF-PD. After 1 week, 
the mice in the control group were injected with saline 
and saline gavage; the CP and CP + AKF-PD group mice 
were injected intraperitoneally with 5 mg/kg CP per week; 
and the AKF-PD and AKF-PD + CP group mice were 
treated by gavage with 400 mg/kg/d AKF-PD [dissolved in 
a vehicle solvent of 0.5% sodium carboxymethyl cellulose 
(CMCNa)]. All mice were euthanized after 3 weeks, and the 
subcutaneous tumors were collected.

Cell cultures

The cell cultures were maintained in RPMI 1640 complete 
medium and incubated at 37 ℃ under a 5% carbon dioxide 
(CO2) atmosphere. The cell cultures were treated with  
100 units/mL of penicillin and 100 μg/mL of streptomycin. 
NSCLC cells were treated with different concentrations of 
CP or AKF-PD according to the experimental conditions 
for at least 3 times.

Cell viability assays

Cells at logarithmic growth stage were collected and 
digested with trypsin, and the concentration of the cell 
suspension was adjusted to 5×104 cells/mL. Briefly, 100 μL 
of cell suspension was added to each well of a 96-well plate, 
and at least five parallel wells were set. After treatment for 
24 h, the supernatant was replaced with CCK-8 reagent, 
and then further incubated for 30 min at 37 ℃. The 
absorbance at 450 nm was detected using a microplate 
reader, and the inhibitory rate of tumor cell proliferation 
and 50% effective concentration (EC50) was calculated.

EdU cell proliferation staining

EdU cell proliferation staining was performed using an EdU 
kit. Briefly, A549 or H1299 cells (2×104 cells/well) were 
seeded in 24-well plates. Subsequently, cells were incubated 
with EdU for 3 h, fixed with 4% paraformaldehyde for 
15 min, and permeabilized using 0.3% Triton X-100 for 
another 15 min. Then, cells were incubated with the Click 
Reaction Mixture for 30 min at room temperature in the 
dark and then incubated with Hoechst 33342 for 10 min. 
The EdU-positive cells were identified under a fluorescence 
microscope, and quantified by counting the percentage 
of EdU-positive nuclei in five random fields per well to 
determine the percentage of proliferating cells.
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Colony-forming assays

Briefly, cells were added to each well of a 96-well plate. 
The cells were plated and then treated with different 
concentrations of AKF-PD [0, 200 μg/mL (0.98 mM), 
400 μg/mL (1.97 mM), and 800 μg/mL (3.94 mM)] with 
or without CP (1 μM). Finally, each well was fixed with 
methanol for 30 min and stained with crystal violet for 
30 min. The number of cell clones was counted using a 
scanner.

Wound-healing tests

Wound-healing tests were performed to assess the cell 
migration ability. The cells were inoculated into six-well 
plates. After performing the wound-healing tests, the 
cells were treated with 0% FBS-containing medium and 
different concentrations of AKF-PD solution [0, 200 μg/mL  
(0.98 mM), 400 μg/mL (1.97 mM), and 800 μg/mL (3.94 mM)].  
At 0, 12, and 24 h, photographs of the cells were taken, and 
the cells were counted.

Transwell experiments

To assess the invasive potential of cells, the upper chamber 
of Transwell supports was first coated with substrate glue 
diluted in serum-free medium at a 1:8 ratio. The cells were 
then digested and seeded into the upper chamber in 0% 
FBS-containing medium and supplemented with varying 
concentrations of AKF-PD [0, 200 μg/mL (0.98 mM),  
400 μg/mL (1.97 mM), and 800 μg/mL (3.94 mM)] and/
or CP (10 μM). The lower chamber was filled with 20% 
FBS-containing medium. After 24 h, the cells were fixed 
with methanol for 30 min and stained with crystal violet for  
30 min for subsequent counting.

Immunohistochemistry

The tumor sections were dewaxed and rehydrated, and then 
treated with H2O2 (3%) for 20 min. Next, they were treated 
with pepsin (0.4%) for 20 min before treatment with bovine 
serum albumin (5%) in PBS for 30 min. The sections 
were incubated at 4 ℃ overnight with an anti-N-cadherin 
antibody. Afterwards, the samples were washed in PBS 
and incubated with secondary antibodies. The results were 
visualized by diaminobenzidine staining. ImageJ software 
was used to highlight and quantify the immunostaining 
signals. Positive staining areas were quantified as a 

percentage of the whole area.

Western blotting

Proteins were isolated using a nuclear/cytosol fractionation 
kit (Thermo Fisher Scientific). Equal amounts of lysate 
protein were separated via 8–15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to 
polyvinylidene difluoride membranes. The membranes 
were blocked in 5% skim milk and then incubated with 
primary antibodies at a 1:1,000 dilution at 4 ℃ overnight. 
Target proteins were detected using the enhanced 
chemiluminescence method (Bio-Rad, Hercules, CA, USA). 
Signal detection was performed using an ImageQuant 
LAS 500 Imaging System (GE Healthcare, Life Sciences, 
Seongnam, Korea).

Statistical analysis

SPSS 21.0 software (IBM, Armonk, NY, USA) was used 
for the statistical analysis. The experimental results 
are presented as the mean ± standard deviation. The 
comparisons between two groups were performed using the 
t-test, and the comparisons between multiple groups were 
performed using a one-way analysis of variance. A P value 
<0.05 was considered statistically significant.

Results

AKF-PD inhibited the proliferation and colony-forming 
ability of NSCLC cells

To assess the effect of AKF-PD on NSCLC cell lines (A549 
and H1299), cells were treated with varying concentrations 
of AKF-PD, and cell proliferation was evaluated with the 
CCK-8 assay. The inhibitory effect of 400 and 800 μg/mL 
of AKF-PD on cell proliferation was significant (P<0.0001). 
While 200 μg/mL of AKF-PD inhibited the proliferation 
of A549 cells (P<0.05), the effect on H1299 cells was not 
significant (P>0.05) (Figure 1A,1B). The EC50 of AKF-
PD on A549 cells was 1,030 μg/mL and 1,118 μg/mL for 
H1299 cells (Figure 1C,1D). Also, EdU experiments showed 
that the inhibitory effect of 400 and 800 μg/mL of AKF-PD 
on cell proliferation was significant (P<0.05), but not that 
of 200 μg/mL (Figure 1E-1H). Moreover, colony formation 
experiments showed that increasing the concentration of 
AKF-PD had a significant inhibitory effect (Figure 1I). 
Overall, these experiments show that AKF-PD treatment 
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inhibited proliferation of NSCLC cells.

AKF-PD inhibited the invasion of NSCLC cells

The wound-healing assays showed that after 12 h of 
treatment, the migration of the cells in the control group 
(the A549 and H1299 cells) was significantly higher than 
that of the treatment groups. Cell migration in the AKF-
PD-treated groups was inhibited at a dose of 200 μg/mL 
of AKF-PD (P<0.05 and <0.0001 for 200 and >200 μg/mL,  
respectively). At 24 h, the trend was similar to that observed 
at 12 h, but inhibition was further increased. Thus, the 
effect of AKF-PD was both dose- and time-dependent. 
Additionally, there was no significant difference in the 

wound-healing rates between the A549 and H1299 cells 
treated with 400 and 800 μg/mL of AKF-PD (Figure 2A-2D).  
In the Transwell invasion experiments, the inhibitory effect 
of AKF-PD was dose-dependent significantly decreased 
compared to the control group (P<0.05) (Figure 2E-2G). 
These results show that AKF-PD inhibits tumor cell 
migration and invasion.

AKF-PD inhibited epithelial-mesenchymal transition 
(EMT) in NSCLC cells

EMT is a key process in cancer proliferation, migration, 
and invasion (19,20). Several EMT-associated markers 
were evaluated to examine a possible effect of AKF-PD on 
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the EMT of NSCLC. The expression of E-cadherin, an 
epithelial marker of A549 and H1299 cells, was significantly 
increased in AKF-PD-treated cells (P<0.05). In A549 and 
H1299 cells, AKF-PD treatment significantly decreased the 
expression of MMP9, vimentin, and SNAIL compared to 
the control group (P<0.05) (Figure 3). These results show 
that AKF-PD treatment inhibited EMT in NSCLC cells.

AKF-PD inhibited the activation of the PI3K/AKT/mTOR 
and mitogen-activated protein kinase (MAPK) pathways 
in NSCLC cells

PI3K/AKT/mTOR and MAPK are signaling pathways 
that play crucial roles in the tumorigenesis of many cancer 
types (21,22). Here, we found that AKF-PD suppresses the 
phosphorylation of JNK, ERK, and P38 in both A549 and 
H1299 cells (Figure 4A-4D). As to the PI3K/AKT/mTOR 

pathway, we found a notable decrease in p-PI3K, p-AKT, 
and p-mTOR levels after AKF-PD treatment in A549 and 
H1299 cells (Figure 4E-4H).

AKF-PD in combination with CP resulted in increased 
inhibition of the proliferation of NSCLC cells

Recently, we reported that AKF-PD significantly ameliorates 
CP-induced AKI in vivo and in vitro (18). However, the 
effect of AKF-PD on the anti-NSCLC activity of CP 
remained unclear. Therefore, we investigated the effect of 
combined treatment with AKF-PD and CP in NSCLC 
cells. First, different concentrations of CP were used to 
treat A549 and H1299 cells. CP significantly inhibited the 
proliferation of NSCLC cells (P<0.05) (Figure 5A,5B). When 
treatment was performed with AKF-PD in combination 
with CP, 200 μg/mL of AKF-PD did not significantly 

Figure 2 AKF-PD inhibits migration and invasion in NSCLC cells. (A-D) The wound-healing rate of the A549 and H1299 cells under 
the influence of different concentrations of AKF-PD was detected by scratch test; magnification: 200×. (E-G) The effects of different 
concentrations of AKF-PD on invasion in the two types of cells were examined by Transwell assay; magnification: 200×; staining: crystal 
violet. *, P<0.05; ***, P<0.001; #, P<0.05; ###, P<0.001; and ns, P>0.05. AKF-PD, fluorofenidone; NSCLC, non-small cell lung cancer.
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Figure 3 AKF-PD inhibits EMT in NSCLC cells. (A,B) The western blot analysis and quantitative data of E-cadherin, MMP9, vimentin, 
and SNAIL in A549. (C,D) The western blot analysis and quantitative data of E-cadherin, MMP9, vimentin, and SNAIL in H1299. *, 
P<0.05; **, P<0.01; ***, P<0.001; and ns, P>0.05. AKF-PD, fluorofenidone; E-cadherin, epithelial cadherin; MMP9, matrix metallopeptidase 
9; SNAIL, snail family transcriptional repressor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; EMT, epithelial-mesenchymal 
transition; NSCLC, non-small cell lung cancer.

affect H1299 cell viability, while doses >400 μg/mL  
significantly reduced the viability of A549 and H1299 cells 
(Figure 5C,5D).

The EC50 values for CP in A549 and H1299 cells, were 
18.21 and 20.4 μM, respectively (Figure 5E,5F). The EC50 
values for AKF-PD in the presence of 10 μM CP were  
700.8 μg/mL for the A549 cells and 836.1 μg/mL for the 
H1299 cells (Figure 5G,5H). Notably, these values were 
lower than those obtained when AKF-PD was used alone.

The EdU proliferation experiments showed that the 
combined AKF-PD and CP treatment inhibited proliferation 
of A549 and H1299 cells (P<0.05) (Figure 5I-5L) .  
The cell colony-forming assays showed that the inhibitory 
effect of CP combined with AKF-PD was greater than that 

of the individual compounds (Figure 5M).
Additionally, our flow cytometry analysis using 

fluorescein isothiocyanate (FITC)/propidium iodide 
(PI) staining revealed that AKF-PD did not significantly 
impact apoptosis induced by CP in NSCLC cells, partially 
suggesting that the aforementioned effect may not be 
related to apoptosis (Figure S2).

For in vivo experiments we used an AKF-PD dose of 
400 mg/kg/d since our previous study had shown that  
400 μg/mL is the maximum dose of AKF-PD that can 
be used without damaging normal cells (23). We found a 
significant reduction in the size and weight of tumors in 
mice treated with CP and AKF-PD (P<0.05), suggesting 
that therapeutic effect of the CP and AKF-PD combination 

https://cdn.amegroups.cn/static/public/TLCR-24-811-Supplementary.pdf
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was superior to that of either drug alone (P<0.05) (Figure 
5N-5P). These results showed that in terms of inhibiting 
tumor growth, the dual-drug combination for the treatment 
of NSCLC providing increased growth inhibition compared 
to individual compounds.

AKF-PD in combination with CP increased the inhibition 
of the invasion and migration of NSCLC cells

To determine whether AKF-PD in combination with 
CP inhibits cell migration and invasion, we conducted 
wound-healing and Transwell invasion experiments. The 

combination of CP and AKF-PD further reduced both the 
migration and invasion of the NSCLC cells as compared to 
the individual compounds (Figure 6).

AKF-PD in combination with CP increased the EMT 
inhibition of NSCLC cells

In the following study, we investigated the anti-EMT 
properties of the AFK-PD/CP combination and found that, 
compared to the individual compounds, the combination 
regimens had a more pronounced effect on decreasing the 
expression of SNAIL, vimentin, and N-cadherin, while 
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Figure 4 AKF-PD inhibits the activation PI3K/AKT/mTOR and MAPK in NSCLC cells. (A-D) The expression of p-P38, p-JNK, and 
p-ERK in (A,B) A549 and (C,D) H1299 was examined by western blot assay. (E-H) The expression of p-mTOR, p-PI3K, and p-AKT in (E,F) 
A549 and (G,H) H1299 was examined by western blot assay. *, P<0.05; **, P<0.01; ***, P<0.001; and ns, P>0.05. AKF-PD, fluorofenidone; 
p-, phosphorylated; JNK, c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; mTOR, mechanistic target of rapamycin; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; MAPK, mitogen-
activated protein kinase; NSCLC, non-small cell lung cancer.
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Figure 5 AKF-PD combined with CP further inhibited the proliferation of NSCLC cells. (A,B) Cell viability was determined by CCK-
8 assay after treating the A549 and H1299 cells with various concentrations of CP (0, 5, 10, and 20 μm) for 24 h. (C,D) The inhibitory 
effects of combining CP (10 μm) with various concentrations of AKF-PD (200, 400, or 800 μg/mL) on (C) A549 and (D) H1299 cells was 
determined by CCK-8 assay. (E-H) The EC50 values of AKF-PD under the stimulation of CP (10 μm) in A549 and H1299 were evaluated. 
(I-L) The proliferation of the A549 and H1299 cells treated with CP and/or AKF-PD was detected by EdU; magnification: 200×. (M) The 
effects of CP (1 μm) and AKF-PD (400 μg/mL) on NSCLC was determined by colony-forming assay of NSCLC; staining: crystal violet. (N-P) 
The effects of AKF-PD (400 mg/kg/d) and/or CP (5 mg/kg) treatment on (N) tumorigenesis, (O) tumor weight, and (P) tumor volume in 
Lewis cells in mice. *, P<0.05; **, P<0.01; ***, P<0.001; #, P<0.05; ##, P<0.01; ###, P<0.001; and ns, P>0.05. AKF-PD, fluorofenidone; CP, 
cisplatin; EC50, 50% effective concentration; DAPI, 4'-6-diamidino-2-phenylindole; EdU, 5-ethynyl-2'-deoxyuridine; NSCLC, non-small 
cell lung cancer; CCK-8, Cell Counting Kit-8.
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Figure 6 AKF-PD combined with CP yielded increased inhibition of the migration and invasion of NSCLC cells. (A-D) The wound-
healing rate of NSCLC cells under the influence with AKF-PD (400 μg/mL) and/or CP (10 μm) was detected by scratch test; magnification: 
200×. (E-G) The effects of AKF-PD (400 μg/mL) and/or CP (10 μm) on invasion in the A549 and H1299 cells was determined by Transwell 
invasion; magnification: 200×; staining: crystal violet. *, P<0.05; **, P<0.01; ***, P<0.001; #, P<0.05; ##, P<0.01; ###, P<0.001; and ns, P>0.05. 
AKF-PD, fluorofenidone; CP, cisplatin; NSCLC, non-small cell lung cancer.

simultaneously increasing the expression of E-cadherin 
(Figure 7).

AKF-PD combined with CP increased the inhibition of the 
proliferation of cells of different tumor types

At present, CP is not only the first-line therapy for the 
treatment of NSCLC, it is also the first-line therapy for the 
treatment of numerous solid tumors (18). To investigate 
the effect of the combined treatment of AKF-PD and CP 
on cells of different tumor types, we used Hela cells, SiHA 
cells, MDA-MB-231 cells, 5-8F cells, and UM-UC-3 
cells. The results were similar to those in NSCLC, i.e., 
the combination of CP with AKF-PD yielded an increased 
inhibition of the proliferation of compared to CP alone 

(Figure S3). These findings suggest that the CP/AKF-PD 
combination might be a promising therapeutic approach in 
different tumor types.

Discussion

CP treatment is effective against solid tumors; however, 
its use is limited due to its significant toxicity, which can 
cause renal impairment (24). Extensive research has been 
conducted to determine how to mitigate CP-induced AKI; 
however, many approaches could potentially reduce also the 
anti-tumor efficacy of CP (8). In this study, we found that 
the novel anti-AKI drug AKF-PD directly inhibited the 
proliferation, invasion, and migration of NSCLC cells, and 
enhanced the antitumor effect of CP.

https://cdn.amegroups.cn/static/public/TLCR-24-811-Supplementary.pdf
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Figure 7 AKF-PD combined with CP yielded increased inhibition of the EMT of NSCLC cells. (A-D) To determine the effect of AKF-PD 
(400 μg/mL) and/or CP (10 μm) on EMT, the expression and analysis of E-cadherin, MMP9, vimentin, and SNAIL proteins in (A,B) A549 
and (C,D) H1299 were detected by western blot. (E) In the in vivo study, the effects of AKF-PD (400 mg/kg/d) and/or CP (5 mg/kg) on the 
expression of N-cadherin were detected by immunohistochemistry in the subcutaneous tumors of mice; magnification: 200×. *, P<0.05; **, 
P<0.01; ***, P<0.001; #, P<0.05; ##, P<0.01; ###, P<0.001; and ns, P>0.05. AKF-PD, fluorofenidone; E-cadherin, epithelial cadherin; MMP9, 
matrix metallopeptidase 9; SNAIL, snail family transcriptional repressor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CP, 
cisplatin; EMT, epithelial-mesenchymal transition; NSCLC, non-small cell lung cancer.

Recent evidence suggests that pulmonary fibrosis is a 
significant risk factor in the development of lung cancer (25).  
Previous studies have shown the efficacy of AKF-PD in 
treating fibrosis of multiple organs as well as acute organ 
injuries, in particular pulmonary fibrosis and CP-induced 
AKI (18,26-28). AKF-PD was found to inhibit the PI3K/
Akt/mTOR signaling pathway and promote autophagy, 
which contributed to the attenuation of paraquat-induced 
pulmonary fibrosis (29). Thus, prompted us to investigate 
the possible direct antitumor effect of AKF-PD on NSCLC.

We performed CCK-8 assays, colony-forming assays, 
EdU assays, cell-scratch tests, and invasion tests to 

comprehensively evaluate the direct effects of AKF-PD on 
NSCLC. We found that AKF-PD significantly inhibited, in 
a dose-dependent manner, the proliferation, invasion, and 
migration of NSCLC cells.

EMT is a dynamic epigenetic reprogramming event 
that occurs in a subset of tumor cells, and represents a step 
promoting cell invasion and distant metastasis (30,31). 
Moreover, tumor cells that have undergone an EMT gain 
also malignant features, including stem cell-like features, 
drug resistance, and immunosuppressive properties (32-34). 
Here, we evaluated possible EMT-associated phenotypic 
changes in AKF-PD-treated cells. AKF-PD significantly 
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increased the expression of epithelial while decreasing the 
expression of mesenchymal markers in vitro. These changes 
were accompanied by a significant downregulation of 
the MAPK and PI3K/AKT/mTOR pathways, which are 
involved in promoting tumor growth and EMT-associated 
changes (35-37).

As CP remains the first-line option for the treatment of 
NSCLC and various other cancer types (38), the pursuit of 
a combined therapeutic approach is a promising strategy 
to enhance its antitumor efficacy while mitigating adverse 
effects (39). In the current study, we observed a significant 
reduction in the EC50 value of AKF-PD when combined 
with CP. Further, the combination of AKF-PD and CP 
significantly reduced the EMT as compared to that induced 
by CP alone. Also, from our preliminary observations, 
the inhibition rate of invasion and migration function 
compared with the control group was better than that in the 
proliferation ability at the same dose. These sustain that the 
above functions may be related to the effect of AKF-PD on 
EMT. Given that changes in cell numbers may be related 
not only to proliferation but also to cell death, we also 
measured cell apoptosis through flow cytometry and found 
that AKF-PD did not affect the apoptosis of NSCLC. Most 
importantly, in in vivo experiments we showed that AKF-PD 
could significantly enhance the antitumor activity of CP.

Eventually, we investigated the effects of AKF-PD 
combined with CP on different tumor cell lines, including 
cervical carcinoma, nasopharyngeal cancer, triple-negative 
breast cancer, and bladder cancer cells. The results showed 
that AKF-PD increased the sensitivity to CP in these cell 
lines at a dose (400 μg/mL), which had been shown in 
previous studies to be the maximum dose of AKF-PD that 
can be used without damaging normal cells and preventing 
CP-induced AKI (10,40,41). Thus, we recommend this 
dosage for further preclinical and clinical investigations.

Conclusions

Our results show that AKF-PD can significantly enhance 
the anti-cancer efficacy of CP. The identification of the 
molecular target that mediates the antitumor effects of 
AKF-PD that have been herein described requires further 
investigations.
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