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Background: Silicosis is a chronic, irreversible occupational pulmonary disorder characterized by persistent inflammation and
fibrotic remodeling, with endoplasmic reticulum (ER) stress implicated in its pathogenesis. Fluorofenidone (AKF-PD), an anti-
fibrotic agent, has shown protective properties in pulmonary fibrosis. This study aimed to evaluate the therapeutic effects of
AKF-PD on silica-induced pulmonary fibrosis and elucidate its underlying molecular mechanisms.

Methods: A murine silicosis model was established through intratracheal instillation of a silica suspension. Mice were randomly
divided into three groups: control, silica, or silica + AKF-PD (24 mice per group). Lung tissues were collected at 7, 14, and
28 days for histopathological analysis (hematoxylin and eosin (HE) and Masson staining), inflammation and fibrosis scoring,
enzyme-linked immunosorbent assay (ELISA), reverse transcription quantitative real-time PCR (RT-qPCR), and western blot-
ting. In vitro, MLE-12 cells were treated with silica in the presence or absence of AKF-PD or the ER stress inhibitor 4-PBA
(4-PBA). Oxidative stress indices (malondialdehyde (MDA), reactive oxygen species (ROS), superoxide dismutase (SOD), glu-
tathione (GSH)), inflammatory cytokines (interleukin (IL)-6, IL-13), fibrosis markers (a~-SMA, Fibronectin 1, Collagen 1V), and
ER stress-related proteins (Grp78, Chop, Xbp1, phospho-Irela, phospho-Eif2a) were quantified.

Results: In vivo, AKF-PD significantly attenuated alveolitis and fibrosis scores compared with the silica group, with Masson
staining confirming reduced collagen deposition (p < 0.001). ELISA and RT-qPCR analyses showed decreased IL-6 (1/6) and
IL-153 (I11b) expression, while western blotting revealed downregulation of «-SMA, Fibronectin 1, and Collagen IV. ER stress
markers (Grp78, Chop, Xbp1, phospho-Irela, phospho-Eif2a) and oxidative stress indices (MDA, ROS) were suppressed, accom-
panied by elevated GSH levels and SOD activity (p < 0.05). In vitro, AKF-PD reduced silica-induced production of inflammatory
cytokines, fibrotic proteins, and ER stress mediators in MLE-12 cells (p < 0.05). These effects were comparable to those of 4-PBA,
indicating that modulation of ER stress and oxidative stress contributed to the observed protection.

Conclusions: AKF-PD alleviates silica-induced pulmonary inflammation and fibrosis in vivo and in vitro. Its protective effects
are associated with the regulation of ER stress and oxidative stress pathways, highlighting AKF-PD as a promising therapeutic
candidate for silicosis.
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Introduction Endoplasmic reticulum (ER) stress represents a cel-
lular adaptive response to abnormal protein folding in the
ER under adverse environmental conditions [3]. Previous
studies have demonstrated that ER stress levels are signifi-
cantly elevated in pulmonary fibrosis and play a pivotal role
in disease progression [4,5], suggesting that modulation of

ER stress may represent a potential therapeutic approach.

Silicosis is an occupational lung disorder that results
from prolonged exposure to silica particles and their ac-
cumulation within the lungs during occupational exposure
[1]. The pathological manifestations of silicosis are char-
acterized by diffuse alveolitis in the early stage and irre-
versible pulmonary fibrosis in the later stage [2]. To date,

no effective therapy has been established for silicosis, and
it remains one of the most pressing occupational health and
safety challenges in China. Consequently, elucidating the
mechanisms underlying the onset and progression of silico-
sis and identifying effective therapeutic agents are consid-
ered both critical and urgent tasks.

Fluorofenidone (AKF-PD), a novel pyridone deriva-
tive independently developed by our research group, ex-
hibits anti-inflammatory, antioxidant, and anti-fibrotic
properties and has demonstrated therapeutic benefits in
multiple fibrotic conditions, including hepatic [6], renal [7],
and pulmonary fibrosis [8]. Despite these advances, the
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specific role of AKF-PD in silicosis-related fibrosis has not
yet been elucidated.

In the present study, we established both an in vivo
murine model of silicosis and an in vitro mouse alveolar
epithelial cell model of silica-induced injury, followed by
intervention with AKF-PD. Through integrated histopatho-
logical and molecular biological analyses, we aimed to
evaluate the protective effects of AKF-PD and elucidate its
underlying mechanisms. The findings are expected to pro-
vide an experimental foundation for developing novel pre-
ventive and therapeutic approaches for silicosis.

Materials and Methods

Animals Models

Seventy-two male C57BL/6 mice (6—8 weeks old, 20—
25 g; Hunan Slake Jingda Experimental Animal Co., Ltd.,
Changsha, China) were purchased and housed under stan-
dardized housing conditions (23 °C, 45%—50% relative hu-
midity, 12 h light/dark cycle) with ad libitum access to
food and water. Following a one-week acclimation pe-
riod, the mice were randomly assigned to three groups (n =
24 mice/group). All experimental protocols were reviewed
and approved by the Animal Ethics Committee of Univer-
sity of South China (approval no. 2021-S0173).

Animal Grouping and Treatment

The mice were randomly divided into three groups:
control, silicosis model, and AKF-PD treatment (24 mice
each). The silicosis model was established by intratra-
cheal instillation of a silica suspension (Sigma-Aldrich, St.
Louis, MO, USA; S5631) at a concentration of 200 mg/mL
and a dosage of 200 mg/kg, as previously described [9].
The control group received an equal volume of sterile saline
through the trachea, while the remaining groups were ad-
ministered the pre-prepared silica dust suspension through
the trachea.

At 24 hours post-instillation, the AKF-PD treatment
group received AKF-PD (Yichang Changjiang Pharmaceu-
tical Co., Ltd., Yichang, China; purity >98%) via oral gav-
age at 500 mg/kg/day, as previously described [8]. The
other groups received an equal volume of saline.

At each experimental time point (7, 14, and 28 days of
continuous administration), eight mice per group were euth-
anized via intraperitoneal injection of pentobarbital sodium
at an overdose concentration (150 mg/kg), and lung tissue
samples were collected. The left lungs were fixed in 10%
neutral buffered formalin solution for pathological analy-
sis, while the right lungs were immediately snap-frozen in
liquid nitrogen and stored for subsequent RNA and protein
extraction.

Hematoxylin and Eosin (HE) and Masson Staining

Lung tissues were processed through standard dehy-
dration, paraffin embedding, and sectioning procedures,

followed by hematoxylin and eosin (HE) staining (Bey-
otime Biotechnology, Shanghai, China; C0105S) and Mas-
son’s trichrome staining (Solarbio Life Sciences, Beijing,
China; G1340). Morphological alterations were examined
under a light microscope (Olympus BX53, Tokyo, Japan).
Alveolar inflammation and pulmonary fibrosis were scored
according to established histopathological criteria [10,11].

Cell Grouping and Treatment

Mouse type II alveolar epithelial cells (MLE-12,
ATCC® CRL-2110™, Manassas, VA, USA) were cul-
tured in DMEM/F12 medium (Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA; 11320033) supplemented with
10% fetal bovine serum (FBS; Gibco; A5669701) and 1%
penicillin-streptomycin (Gibco; 15140122) at 37 °C in a hu-
midified incubator with 5% COy. The MLE-12 cell line
was authenticated by short tandem repeat (STR) profiling
before use, and routine screening confirmed the absence of
mycoplasma contamination.

The cells were randomly assigned into four groups:
(1) normal control; (2) silica stimulation (50 pg/mL) [8,
12,13]; (3) silica + AKF-PD treatment (400 mg/L); and
(4) silica + 4-PBA treatment (0.5 mmol/L, Sigma-Aldrich;
P21005).

Oxidative Stress Assays

Oxidative stress levels in lung tissues and MLE-12
cells were determined using standard biochemical assays.
Malondialdehyde (MDA) content, an indicator of lipid per-
oxidation, was quantified using a lipid peroxidation as-
say kit (Nanjing Jiancheng Bioengineering Institute, Nan-
jing, China; A003-2). Superoxide dismutase (SOD) activ-
ity, reflecting antioxidant capacity, was determined using
a SOD activity assay kit (Nanjing Jiancheng Bioengineer-
ing; A001-3), and glutathione (GSH) levels were measured
using a GSH assay kit (Nanjing Jiancheng Bioengineer-
ing; A006-2). Intracellular reactive oxygen species (ROS)
was detected with the fluorescent probe DCFH-DA (Bey-
otime Biotechnology, Shanghai, China; S0034) following
the manufacturer’s instructions, and fluorescence intensity
was measured using a microplate reader (BioTek Synergy
H1, Winooski, VT, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)

Protein levels of IL-6 and IL-153 in lung tissue ho-
mogenates and MLE-12 cell culture supernatants were
quantified using commercial mouse ELISA kits (R&D
Systems, Minneapolis, MN, USA; IL-6 M6000B, IL-173
MLBO00C) according to the manufacturer’s instructions.
Briefly, standards and samples were added to pre-coated
plates and incubated with specific detection antibodies, fol-
lowed by HRP-conjugated secondary antibodies. The col-
orimetric reaction was developed using TMB substrate, and
absorbance was measured at 450 nm with a microplate
reader (BioTek Synergy H1, Winooski, VT, USA). Cy-
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tokine concentrations were normalized to total protein con-
tent in tissue extracts and presented as picograms per mil-
ligram of protein.

Western Blotting

Lung tissue and MLE-12 cells were lysed in RIPA
buffer (Beyotime Biotechnology, Shanghai, China; P0013)
supplemented with protease and phosphatase inhibitor
cocktails. Protein extracts (30-50 pg) were separated on
10-12% SDS-PAGE gels and transferred onto polyvinyli-
dene difluoride (PVDF) membranes (Millipore, Biller-
ica, MA, USA). The membranes were blocked with
TBST containing 5% non-fat milk for 1 h at room
temperature, followed by overnight incubation at 4 °C
with primary antibodies against Collagen IV (Abways,
Shanghai, China; CY1657; 1:1000), Fibronectin 1 (Ab-
ways; CY9537; 1:2000), Grp78 (Abways; CY5166;
1:2000), Chop (Abways; CY6694; 1:2000), Xbpl (Ab-
ways; CY6725; 1:2000), phospho-Irela (Abcam, Cam-
bridge, UK; ab48187; 1:2000), Irela (Abcam; ab37073;
1:1000), phospho-Eif2a (Abways; CY5036; 1:1000), Eif2a
(Abways; AB3335; 1:1000), a-SMA (Proteintech, Wuhan,
China; 14395-1-AP; 1:1000), and Gapdh (Sigma-Aldrich;
G9545; 1:5000).

After washing, membranes were incubated with HRP-
labeled secondary antibodies (Cell Signaling Technology,
Danvers, MA, USA; #7074, anti-rabbit IgG; 1:3000, and
#7076, anti-mouse 1gG; 1:3000) for 1 h at room temper-
ature. The anti-mouse secondary antibody (#7076) was
used to detect the mouse-derived Eif2a primary antibody,
whereas #7074 was used for all rabbit-derived primary an-
tibodies. Protein bands were visualized using an enhanced
chemiluminescence detection system (ECL; Thermo Fisher

2733

Scientific, Waltham, MA, USA) and quantified using Im-
agelJ software (NIH, Bethesda, MD, USA).

Reverse Transcription Quantitative Real-Time PCR
(RT-gPCR)

Total RNA was extracted from lung tissues and MLE-
12 cells using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA; 15596018CN) following the manufacturer’s instruc-
tions. RNA concentration and purity were determined us-
ing a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). Complementary DNA (cDNA) was synthesized
using the HiScript III RT SuperMix kit (Vazyme, Nanjing,
China; R323). Quantitative PCR (qPCR) was performed
on a StepOnePlus Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA) with SYBR Green Master Mix
(Vazyme; Q311). Actb (encoding [-actin) served as the
internal reference gene. Relative mRNA expression lev-
els were calculated using the 2722 method. Primer se-
quences for Col4al (encoding Collagen IV), Fnl (encoding
Fibronectin 1), Acta2 (encoding a-SMA), Hspa5 (encoding
Grp78), Chop, Xbpl, 116, and 111b are listed in Table 1.

Statistical Analysis

All experiments were conducted independently at
least three times, and data are expressed as mean =+ stan-
dard deviation (SD). Normality and homogeneity of vari-
ance were evaluated before statistical analysis. One-way
analysis of variance (ANOVA) was performed, followed by
Tukey’s post hoc analysis for multiple comparisons. Statis-
tical analyses were conducted using SPSS software (version
19.0; IBM, Armonk, NY, USA), and data visualization was
performed using GraphPad Prism (version 8.0; GraphPad
Software Inc., San Diego, CA, USA). A p-value < 0.5 was
considered statistically significant.

Table 1. Primer sequences used for quantitative RT-qPCR analysis.

Gene (Mus)  Primer Sequence (5’-3%) Product size (bp)
Aecth F CATTGCTGACAGGATGCAGAAGG 138
¢ R TGCTGGAAGGTGGACAGTGAGG
F ATAAAGGTGACGTTGGGCTT
Col4al 130
R CGGGAACCTTTATCACCAGTG
Fnl F TTGTTCGGTGGAGTAGACCC 920
n
R GTGCCAGTGGTCTCTTGTTG
Yool F AAAACAGAGTAGCAGCGCAG 183
P R CCATTCCCAAGCGTGTTCTT
F TCACTACTCTTGACCCTGCG
Chop 174
R ACTGACCACTCTGTTTCCGT
F TCTCAGATCTTCTCCACGGC
Hspa5 202
R CTTCAGCTGTCACTCGGAGA
F CTTCGCTGGTGATGATGCTC
Acta? 175
R GTTGGTGATGATGCCGTGTT
116 F TACCACTTCACAAGTCGGAGGC 116
R CTGCAAGTGCATCATCGTTGTTC
b F TGGACCTTCCAGGATGAGGACA 148
R GTTCATCTCGGAGCCTGTAGTG
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Fig. 1. AKF-PD attenuates silica-induced pulmonary inflammation and fibrosis. Mice received intratracheal instillation of silica

followed by AKF-PD treatment and were euthanized at 7, 14, or 28 days post-exposure. Lung sections were subjected to HE staining

for histopathological evaluation and Masson’s trichrome staining for collagen assessment. (A,C,E) Representative HE and Masson’s

trichrome images of lung sections at 7 (A), 14 (C), and 28 (E) days after silica exposure. (B,D,F) Quantitative inflammation and fibrosis

scores of lung tissues at the corresponding time points. n = 8, ***p < 0.001. AKF-PD, Fluorofenidone; HE, hematoxylin and eosin.

Results

AKF-PD Alleviates Silica-Induced Pathological
Lung Injury in Mice

The effects of AKF-PD on silica-induced pulmonary
inflammation and fibrosis were evaluated by HE and Mas-
son’s trichrome staining of lung tissue sections. In the con-
trol group, lung histology remained essentially normal at
days 7, 14, and 28 (Fig. 1A,C,E), showing intact alveolar
structures without inflammatory cell infiltration. In con-
trast, the silicosis model group exhibited marked patholog-
ical alterations following silica instillation. After 7 days,
a large number of inflammatory cells infiltrated the lung

parenchyma, and macrophages were observed within the
alveolar cavities. Small, discrete cellular nodules primar-
ily composed of macrophages were evident (Fig. 1A). By
14 days, multiple cellular nodules had formed, with some
showing partial fusion. As exposure time increased, alve-
olar septa became markedly thickened, and both the num-
ber and size of cellular nodules further increased (Fig. 1C).
By 28 days, extensive confluent nodules were observed, ac-
companied by significant collagen fiber deposition, result-
ing in the formation of cellular fibrous nodules (Fig. 1E).

Masson’s trichome staining corroborated these find-
ings. Collagen accumulation, indicated by blue-purple
staining, progressively increased in the fibrotic regions


https://www.discovmed.com/

2735

B
Q 3 Q 3 Q
& > FR © o FR & o R 3 Control
& g @&@g & & 6*&?‘13 & & 9“@?‘.@( kDa mm Siica
z Ea Silica+tAKF-PD
Collagen IV & = % SN S | . aum a—— 160 1.5 o
- — 3
Fibronectin 1 _—— =2
ibronectin - c= 404 x
—— — - —— 263 55 1.0 o
O m *k
58
G-SMA | - - D - - * 43 2 8 0.54
. B5
(sl | s
Gapdh N SRS S - 7
) 0.0
7d 14 d 28d 7d 14d 28d
C [ Control 3 Control
Em Silica Em Silica
1.5 B Silica+tAKF-PD . 1.5 B Silica+tAKF-PD
- ok 5 " ** o
> . > * o
o< o
c S 404 = | 2=
2 c (X7
50 - 5%
28 05 25 05-
o5 ©
¢ Im al | il | W
0.0 0.0
7d 14d 28d 7d 14d 28d

Fig. 2. AKF-PD suppresses silica-induced fibrotic protein expression. (A) Representative western blots of Collagen IV, Fibronectin
1, and a-SMA. (B-D) Densitometric quantification of Collagen IV (B), Fibronectin 1 (C), and a-SMA (D) relative to Gapdh. n =3, *p

< 0.05, **p < 0.01, ***p < 0.001.

with prolonged silica exposure, reflecting extracellular
matrix (ECM) buildup and fibrosis progression. No-
tably, AKF-PD treatment markedly reduced inflamma-
tory cell infiltration, alveolar septal thickening, and colla-
gen deposition at all examined time points compared with
the silica group (Fig. 1A,C,E). Histopathological scores
(Fig. 1B,D,F) demonstrated that silica exposure signifi-
cantly elevated both alveolitis and fibrosis scores compared
with controls (p < 0.001, depending on time point), whereas
AKF-PD treatment significantly reduced these scores rela-
tive to the silica group (p < 0.001).

AKF-PD Reduces Silica-Induced Pulmonary
Fibrosis Markers

To investigate the effects of AKF-PD on silica-
induced pulmonary fibrosis, the expression of fibrosis-
associated proteins in mouse lung tissues was analyzed at
7, 14, and 28 days post-silica instillation. The western
blot revealed that Collagen IV, Fibronectin 1, and a-SMA
were significantly upregulated in the silica group compared
with the control group. These increases became more evi-
dent with prolonged silica exposure, reflecting progressive
fibrotic remodeling. Treatment with AKF-PD markedly
attenuated the expression of these fibrosis-associated pro-
teins at all time points compared with the silica group (p
< 0.01, Fig. 2A). Quantitative densitometric analysis fur-
ther confirmed that Collagen IV, Fibronectin 1, and a-

SMA (Fig. 2B-D) levels were significantly lower in the
lung tissues of AKF-PD-treated mice compared with silica-
exposed mice (p < 0.05). Collectively, these observations
suggest that AKF-PD effectively suppresses silica-induced
fibrotic protein expression and mitigates pathological lung
remodeling.

AKF-PD Decreases Silica-Induced Inflammatory
Cytokine Levels and Oxidative Stress in Lung Tissue

Chronic pulmonary inflammation is a major con-
tributor to fibrosis and is closely associated with pro-
inflammatory cytokines such as IL-6 and IL-15 [14]. To as-
sess whether AKF-PD modulates silica-induced pulmonary
inflammation, the mRNA and protein levels of IL-6 (//6)
and IL-15 (/I1b) in lung tissues were quantified by RT-
qPCR and ELISA at 7-, 14-, and 28- days post-exposure. In
the silica group, IL-6 (//6) mRNA and protein levels were
significantly elevated compared with controls at all exam-
ined time points (p < 0.001, Fig. 3A,C). Similarly, IL-1/3
levels were markedly increased at 7, 14, and 28 days (p <
0.001, Fig. 3B,D). Treatment with AKF-PD significantly at-
tenuated the silica-induced elevations of both IL-6 and IL-
13 across all time points (p < 0.01, Fig. 3A-D). These find-
ings indicate that AKF-PD exerts potent anti-inflammatory
effects in vivo by downregulating silica-induced cytokine
production in lung tissue.
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Fig. 3. AKF-PD mitigates silica-induced inflammatory and oxidative stress responses. The mRNA and protein levels of IL-6 ({/6)
and IL-18 (//1b) in lung tissue were determined by RT-qPCR and ELISA, respectively. (A,B) Relative 7/6 and 1//b mRNA levels at 7, 14,
and 28 days. (C,D) Corresponding protein levels of IL-6 and IL-13. Oxidative stress indicators were also assessed: (E) ROS levels, (F)
MDA levels, (G) SOD activity, and (H) GSH activity in lung tissues at 7, 14, and 28 days. n =3, **p < 0.01, ***p < 0.001. RT-qPCR,
reverse transcription quantitative real-time PCR; ELISA, enzyme-linked immunosorbent assay; ROS, reactive oxygen species; SOD,

superoxide dismutase; GSH, glutathione; MDA, malondialdehyde.

To further evaluate the effects of AKF-PD on oxida-
tive stress, oxidative stress markers in lung tissues were as-
sessed at 7-, 14-, and 28- days post-exposure. In the silica
group, ROS and MDA levels were significantly elevated,
while SOD and GSH activities were markedly decreased
compared with controls at all examined time points (p <
0.01, Fig. 3E-H). Treatment with AKF-PD significantly re-
duced ROS and MDA levels and restored SOD and GSH ac-
tivities across all time points (p < 0.01, Fig. 3E-H). These
results indicate that AKF-PD effectively alleviates silica-
induced oxidative stress in vivo, thereby contributing to its
protective role against lung injury.

AKF-PD Attenuates ER Stress in Silica-Exposed
Mouse Lung Tissue

To further examine whether AKF-PD alleviates silica-
related lung injury through regulation of ER stress, the
expression of ER stress-related proteins was analyzed by
western blotting at 7, 14, and 28 days. In the silico-
sis model group, protein levels of Grp78, Chop, Xbpl,
phospho-Irela, and phospho-Eif2a were significantly up-
regulated compared with those in the control group (p <
0.01, Fig. 4A-F), indicating activation of ER stress path-
ways. Treatment with AKF-PD markedly inhibited the
silica-induced upregulation of these proteins at all exam-
ined time points (p < 0.05, Fig. 4A-F), suggesting that
AKF-PD effectively attenuates ER stress signaling. These
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Fig. 4. AKF-PD attenuates ER stress in silica-exposed mouse lung tissue. (A) Representative western blots of Grp78, Chop, Xbpl,
phospho-Eif2a, Eif2a, phospho-Irela, Irela, and Gapdh expression. (B—F) Quantitative analyses of Grp78 (B), Chop (C), Xbpl (D),
phospho-Eif2a/Eif2a (E), and phospho-Irela/Irela (F) ratios. n =3, *p < 0.05, **p < 0.01, ***p < 0.001.

findings demonstrate that AKF-PD mitigates silica-induced
ER stress responses in lung tissue, which may contribute to
its observed anti-inflammatory and anti-fibrotic effects in
the silicosis model.

AKF-PD Suppresses Inflammatory Responses and
Oxidative Stress in Silica-Stimulated MLE-12 Cells

To investigate the cellular mechanisms of AKF-PD,
MLE-12 cells were used for in vitro experiments. Follow-
ing silica exposure, cells secreted significantly higher levels
of the pro-inflammatory cytokines IL-6 and IL-143, accom-
panied by enhanced oxidative stress, as indicated by ele-
vated ROS and MDA levels and decreased SOD and GSH
activities compared with controls (p < 0.001, Fig. SA—H).
Treatment with AKF-PD significantly reduced IL-6 and IL-
13 expression and restored oxidative stress markers, yield-
ing results comparable to those achieved with 4-PBA, a
known ER stress inhibitor (»p < 0.01 versus silica group,
Fig. SA-H). These findings suggest that AKF-PD exerts
protective effects against silica-induced injury in alveolar
epithelial cells by attenuating both inflammatory cytokine

release and oxidative stress, likely through modulation of
ER stress-related signaling pathways.

AKF-PD Reduces Fibrotic Protein Expression in
Silica-Stimulated MLE-12 Cells

To further explore the impact of AKF-PD on fibrotic
responses in MLE-12 cells, fibrosis-associated protein ex-
pression was evaluated after silica stimulation. Western
blotting analysis revealed that silica exposure significantly
elevated the levels of Collagen IV, Fibronectin 1, and a-
SMA compared with controls (p < 0.001, Fig. 6A-D).
Treatment with AKF-PD significantly suppressed the up-
regulation of these fibrotic markers, with effects similar
to those of 4-PBA (p < 0.01, Fig. 6A-D). These findings
indicate that AKF-PD mitigates silica-induced fibrotic re-
sponses in alveolar type II epithelial cells, consistent with
its anti-fibrotic effects observed in vivo.
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Fig. 5. AKF-PD attenuates silica-induced inflammatory cytokine expression and oxidative stress in MLE-12 cells. MLE-12 cells
were exposed to silica (50 pg/mL) for 24 h, followed by treatment with AKF-PD (400 mg/L) or the ER stress inhibitor 4-PBA (0.5
mmol/L) for an additional 24 h. (A,B) Relative mRNA expression levels of /6 and //1b determined by RT-qPCR. (C,D) IL-6 and IL-13
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levels, were quantified in treated cells. n =3, **p < 0.01, ***p < 0.001.
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a-SMA (D) normalized to Gapdh. n =

AKF-PD Downregulates ER Stress Markers in
Silica-Stimulated MLE-12 Cells

To further clarify the mechanism underlying the pro-
tective role of AKF-PD, its impact on ER stress was as-
sessed in vitro. In MLE-12 cells, silica exposure markedly
upregulated ER stress-related proteins, including Grp78,
Chop, Xbpl, phospho-Irela, and phospho-Eif2a, compared
with controls (»p < 0.001, Fig. 7A—F). AKF-PD treatment
significantly downregulated these proteins, producing ef-
fects comparable to those of 4-PBA (p < 0.05, Fig. 7A-F).
These findings indicate that AKF-PD effectively alleviates
silica-induced ER stress in alveolar type II epithelial cells.

3, #%p < 0.01, ***p < 0.001.

AKF-PD Decreases Fibrosis- and ER Stress-Related
mRNA Expression in MLE-12 Cells

To further confirm the regulatory role of AKF-PD on
fibrosis and ER stress at the transcriptional level, we eval-
uated the mRNA expression of fibrosis- and ER stress-
related genes in MLE-12 cells. Silica exposure signifi-
cantly upregulated the mRNA expression of Col4al, Fnl,
and Acta2, as well as the ER stress markers Hspa5, Chop,
and Xbpl, compared with the control group (p < 0.001,
Fig. 8A—F). Treatment with AKF-PD markedly reduced the
expression of these genes, and the effects were comparable
to those of ER stress inhibitor 4-PBA (p < 0.05, Fig. 8A—
F). These findings demonstrate that AKF-PD not only sup-
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Fig. 7. AKF-PD attenuates silica-induced ER stress responses in MLE-12 cells. (A) Representative western blots of Grp78, Chop,

Xbpl, phospho-Eif2a, Eif2a, phospho-Irela and Irela in each treatment group. (B—F) Quantitative analyses of Grp78 (B), Chop (C),
Xbpl (D), phospho-Eif2a/Eif2a (E), and phospho-Irela/Irela (F) ratios. n =3, *p < 0.05, **p < 0.01, ***p < 0.001.

presses silica-induced protein expression but also downreg-
ulates the transcription of fibrosis- and ER stress-related
genes, supporting its role in attenuating silica-induced cel-
lular injury through modulation of the ER stress pathway.

Discussion

Silicosis is closely associated with both the concentra-
tion and duration of exposure to silica dust [15]. In humans,
disease development is typically a chronic process charac-
terized by a long latency period, with clinical symptoms
often emerging only after 10-30 years of sustained expo-
sure [16,17]. To better simulate the progression of human
silicosis, we established a mouse model via intratracheal
instillation of silica suspension and analyzed pathological
changes at 1, 2, and 4 weeks post-exposure. Histopatholog-
ical and molecular assessments demonstrated progressive
pulmonary inflammation and fibrosis over time, thereby
validating the model and providing a reliable platform for
therapeutic evaluation.

Currently, therapeutic strategies for pulmonary fibro-
sis remain limited, highlighting the need to identify and
develop novel pharmacological interventions. AKF-PD, a
pyridone compound developed by our research team, has
previously demonstrated potent anti-inflammatory and anti-
fibrotic effects in models of hepatic, renal, and pulmonary
fibrosis [6,8]. In this study, AKF-PD administration signif-
icantly attenuated silica-induced pulmonary injury. Histo-
logical evaluation (HE and Masson’s staining) revealed de-
creased alveolitis and reduced collagen deposition in treated
mice, while molecular assays (ELISA and western blot-

ting) indicated lower levels of IL-1/3, IL-6, Collagen IV,
a-SMA, and Fibronectin 1. Collectively, these findings
provide compelling evidence that AKF-PD exerts both anti-
inflammatory and anti-fibrotic activities in the context of
silicosis [18].

The ER, the organelle with the largest membrane sur-
face area in eukaryotic cells, plays a central role in pro-
tein synthesis, folding, and quality control [19]. Distur-
bances in these processes can lead to the accumulation of
misfolded proteins, triggering ER stress [20]. During the
development of silicotic fibrosis, persistent ER stress in-
duces apoptosis of alveolar type II epithelial cells, exacer-
bating tissue injury and promoting fibrotic remodeling [21].
Although the precise signaling mechanisms underlying ER
stress-induced apoptosis remain under investigation, tran-
scription factor-mediated and caspase-dependent signaling
pathways are considered the principal routes involved.

In this study, AKF-PD was shown to modulate ER
stress both in vivo and in vitro. In lung tissue, AKF-PD sig-
nificantly downregulated the expression of Grp78, Chop,
Xbpl, phospho-Irela, and phospho-Eif2a, accompanied by
decreased levels of fibrotic markers (a-SMA, Fibronectin
1, and Collagen 1V) at both the protein and mRNA levels.
To further elucidate the underlying cellular mechanisms, we
employed an in vitro model using MLE-12, which plays a
pivotal role in silicosis pathogenesis. In this model, silica
exposure markedly induced ER stress and fibrosis-related
markers, while AKF-PD treatment significantly reduced
their expression. Mechanistically, the capacity of AKF-PD
to downregulate IRE 1« phosphorylation is particularly sig-
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Fig. 8. AKF-PD decreases silica-induced expression of fibrosis- and ER stress-related genes in MLE-12 cells. Relative mRNA

expression levels were measured by RT-qPCR following AKF-PD or 4-PBA treatment. Shown are expression levels of (A) Col4al, (B)
Fnl, (C) Acta2, (D) Hspa5, (E) Chop, and (F) Xbpl. n= 3, *p < 0.05, **p < 0.01, ***p < 0.001.

nificant. Given that the IRE1a—XBP1 signaling branch is
central to unfolded protein response (UPR) activation and
has been implicated in fibroblast activation and ECM depo-
sition [22], our findings suggest that AKF-PD may mitigate
fibrosis by preserving epithelial cell integrity and disrupting
pro-fibrotic signaling cascades.

The inhibitory effects of AKF-PD were comparable
to those of 4-PBA, a known ER stress inhibitor that has
been shown to reduce a-SMA and collagen expression,
and mitigate epithelial apoptosis [23]. Similarly, in silica-
stimulated macrophage-derived exosome studies, 4-PBA
pre-treatment reversed the upregulation of BiP, XBP1s, and
phospho-eIF2a, and decreased fibrotic marker expression
in lung tissue and bronchoalveolar lavage fluid (BALF)
[24]. Our findings are consistent with these reports. The
observation that AKF-PD and 4-PBA produce comparable
reductions in UPR markers and fibrosis-associated proteins
strengthens the concept that modulation of ER stress consti-
tutes a core mechanism underlying the protective and anti-
fibrotic effects of AKF-PD.

In addition to ER stress, oxidative stress represents an-
other critical factor in the pathogenesis of silicosis and ex-
hibits close mechanistic interplay with ER stress [25]. Our
findings demonstrated that AKF-PD effectively attenuated
oxidative stress, as evidenced by decreased levels of MDA
and ROS, along with enhanced SOD activity. The concur-
rent suppression of oxidative and ER stress strongly sug-
gests a dual regulatory mechanism through which AKF-PD
confers cytoprotection by modulating both pathways [26].
Nevertheless, additional mechanistic studies are warranted
to clarify the precise interplay between oxidative stress and
ER stress during the progression of silicosis.

This study has several limitations. Although the sam-
ple size was adequate, it could be expanded to improve sta-
tistical power. Moreover, only a single high dose of AKF-
PD was evaluated in one animal model and cell line, lim-
iting dose-response assessment and generalizability. Fur-
thermore, the short-term (28-day) observation period and
exclusive focus on the ER stress pathway preclude insights
into long-term effects and other potential mechanisms. Fu-
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ture studies should address these limitations to comprehen-
sively characterize the therapeutic potential of AKF-PD.

Conclusions

The present study demonstrates that AKF-PD ef-
fectively mitigates silica-induced pulmonary inflammation
and fibrosis in both in vivo and in vitro models. Its protec-
tive effects are associated with the inhibition of ER stress
and oxidative stress, leading to reduced alveolar epithe-
lial damage and lower expression of fibrosis-related mark-
ers. Collectively, these findings suggest that AKF-PD is
a promising therapeutic candidate for silicosis. However,
further studies are required to validate its efficacy, de-
termine optimal dosing regimens, and evaluate long-term
safety.
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