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Abstract

Idiopathic pulmonary fibrosis (IPF) is a severe long disease characterized by excessive extracellular
matrix deposition, chronic inflammation, and irreversible lung remodeling. The study conducted in
vivo anti-inflammatory, antifibrotic and antibacterial activity against bleomycin induced pulmonary
fibrosis in mice. Pulmonary fibrosis was induced by intratracheal bleomycin administration, followed
by prophylactic and therapeutic treatment with diosgenin. Histopathological analysis revealed severe
lung injury with a 3.3 fold increase in fibrotic burden, which was significantly attenuated by diosgenin.
Pulmonary inflammation was reduced by 39% and 33% in the prophylactic and therapeutic groups,
respectively, while collagen deposition decreased by 80%, comparable to nintedanib (84%). Diosgenin
suppressed neutrophil extracellular trap formation, reducing citrullinated histone H3 (CitH3) by 30%-
40%, and significantly downregulated fibronectin, a-smooth muscle actin (a-SMA), collagen type |
(Col1), and monocyte chemoattractant protein-1 (MCP1). Although TGF-3 mRNA expression increased,
no corresponding reduction in TGF-$ protein levels was observed, suggesting post-transcriptional
regulation. Pharmacokinetic analysis demonstrated preferential lung accumulation at 10 mg/kg,
whereas higher systemic exposure occurred at 30 mg per kg (mg/kg). Antibacterial activity was evaluated
using broth dilution and agar well diffusion assays against Escherichia coli, Bacillus subtilis, Bacillus
cereus, and Salmonella typhi. Diosgenin significantly inhibited bacterial growth and produced inhibition
zones of 23, 22, 20, and 19 mm, respectively, demonstrating broad-spectrum antibacterial activity.
Collectively, these findings identify diosgenin as a promising multi-target therapeutic candidate with
anti-inflammatory, antifibrotic, and antibacterial properties for the treatment of pulmonary fibrosis
and associated bacterial infections.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF)
represents a chronic and continuously progressive
lung disease known by abnormal wound-healing
processes. Thisis characterised by lung parenchyma
damage, exhibiting diverse patterns of interstitial
inflammation, cellular proliferation, and fibrosis
within the alveolar wall and interstitium.! The
aetiology of IPF remains unknown, further
underscoring the complexity of this devastating
and ultimately fatal pulmonary disorder.? It has
been demonstrated that regardless of the signalling
cascades that induce fibrosis, the outcome of these
processes is the substantial increase of interstitial
collagen, leading to scar formation and tissue
fibrosis.® In the healing process of interstitial
milieu, activated fibroblast/myofibroblast entities
actively participate in the secretion of extracellular
matrix (ECM) constituents, producing structural
distortions in the lung architecture and an
associated impairment of gas exchange.* These
pathological processes ultimately culminate in
progressive organ failure, with patients diagnosed
with IPF facing a poor prognosis, reflected by an
average survival duration of approximately 3-5
years.>® Despite this regulatory milestone, the
current therapeutic armamentarium available for
the management of pulmonary fibrosis remains
inadequate and is further compounded by the
presence of adverse side effects.”” As a terminal
therapeutic option, lung transplantation offers
the potential for prolonged survival; however, it
is regarded as a last-resort intervention owing
to its procedural complexity and substantial
risk profile.’® Moreover, fibrosis substantially
influences various physiological processes,
including tumour invasion and metastasis, chronic
graft rejection, and the pathogenesis of numerous
progressive myopathies.!?

Despite the multiple hypotheses
postulated by studies regarding potential
etiological factors contributing to IPF, such as
exposure to tobacco, environmental pollutants,
viral infections, medication use, or a familial
predisposition to IPF, the precise aetiology and
underlying pathophysiological mechanisms of
pulmonary fibrosis remain shrouded in mystery.*>*3
IPF predominantly afflicts the male population
in comparison to females and typically affects

individuals above the age of 50.' It is estimated
that 20 out of every 100,000 males and 13 out of
every 100,000 females suffer from IPF.® Extensive
clinical investigations into anti-inflammatory
and antifibrotic drugs for treating IPF have been
conducted, employing diverse in-vivo models.**”
The American Thoracic Society has established
formal guidelines for the preclinical assessment
of antifibrotic therapeutic candidates.*®

Intratracheal administration of Bleomycin,
a cytostatic drug and chemotherapeutic antibiotic,
is widely recognised as a gold standard and robust
model for inducing pulmonary fibrosis in mice
and has gained worldwide acceptance.? This
model closely mimics the disease progression
observed in humans.?® It provides an ideal
platform for the screening of candidate anti-
inflammatory and antifibrotic agents, enabling
rigorous comparative pharmacological evaluation
between species.?’ However, it is important to
note that repeated systemic administration of
Bleomycin, as an adverse pharmacological effect,
can elicit persistent pulmonary inflammation in
certain patients, which may subsequently progress
to fibrotic remodeling.?>?®

Moreover, Bleomycin is reported to cause
DNA damage in tumour cells.?* The elevated levels
of reactive oxygen species promote excessive
synthesis of mature collagen fibrils, thereby
initiating an inflammatory cascade that drives
pulmonary toxicity, stimulates fibroblast activation,
and ultimately leads to fibrotic remodeling.?%

A recent study has highlighted
Diosgenin’s therapeutic potential in inhibiting
transforming growth factor-beta (TGF-p1)/
Smad signalling and regulating epithelial-
mesenchymal transition in experimental
pulmonary fibrosis.?’ The present study extends
these observations by evaluating the effects
of diosgenin in bleomycin-induced pulmonary
fibrosis using both prophylactic and therapeutic
treatment regimens. In addition to assessing
pulmonary fibrosis and collagen deposition, we
investigated inflammatory responses, CitH3-
associated neutrophil extracellular trap (NET)
formation, fibrotic and inflammatory molecular
markers, and the pulmonary and systemic
exposure of diosgenin. The antibacterial activity of
diosgenin was also evaluated to provide broader
pharmacological characterization. Diosgenin, a
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bioactive steroidal triterpene sapogenin found
in various plant species, exhibits a range of
medicinal properties, including hypolipidemic,
hypoglycaemic, antioxidant, anti-inflammatory,
and anti-proliferative activities.?® Early research
has also revealed its anti-proliferative properties
in various cancer cell lines and its ability to induce
apoptosis in cell lines associated with bone,
breast, and liver cancers.?3! Diosgenin is primarily
recognized for its capacity to modulate multiple
cellular signaling pathways.?? Diosgenin functions
as a key precursor in the semi-synthetic production
of steroidal drugs by pharmaceutical companies.*
Based on these findings, Diosgenin may represent
a promising therapeutic candidate for attenuating
Bleomycin-induced fibrosis in C57BL/6 male mice.

MATERIALS AND METHODS

Experimental animal

The experiments were conducted with
male mice (C57BL/6) weighing 20-24 g and 8-10
weeks old, obtained from Vivo BioTech (Taconic),
Hyderabad, India. The mice were acclimatized to
the animal facility for a period of one week before
starting the experiments.

Ethical approval

All experimental protocols were reviewed
and approved by the Institutional Animal Ethics
Committee (IAEC) of Vaarunya Biolabs Pvt. Ltd.
(VBPL/ IAEC/017/2022), in accordance with
national guidelines for the care and use of
laboratory animals. Efforts were made to minimize
animal suffering and the number of animals used
in each experiment.

Bleomycin mouse model development

Prior to experimentation, mice were
quarantined for one week. Following quarantine,
the mice were randomized, sensitized, and
allocated into seven groups of 10 animals each.
The anesthesia protocol employed for intratracheal
administration of Bleomycin induction entailed
a combination of 3% O, and 2.5% Isoflurane,
administered for 5 minutes.* The experimental
protocol involved performing a neck dissection and
administering a single dose of 50 pg of Bleomycin
prepared in 50 pL of normal saline (1 mg/mL) via
the intratracheal route.3**” On the other hand,

the control group received only normal saline.
The treatment group received an oral dose of
Diosgenin from day 0-14 for the prophylactic study
and day 8-14 for the therapeutic study. On day 14,
animals were subjected to gross pathology.

Drug dosing experimental plan

A total of 70 mice were included in
the study, with 10 mice allocated to each of
seven experimental groups. Sixty mice in the
disease-control and treatment groups received
intratracheal administration of bleomycin on Day
0, followed by treatment with either diosgenin at
doses of 10 or 30 mg/kg twice daily (b.i.d.) in the
prophylactic and therapeutic groups or nintedanib
at 60 mg/kg once daily (g.d.) as the positive control.
The remaining 10 mice constituted the vehicle-
control group and received saline only without
bleomycin sensitization. On day 14, terminal
sacrifice was conducted for the prophylactic and
therapeutic groups (Supplementary Table S1). The
experimental animals were monitored daily for
clinical signs, and body weight was recorded twice
weekly throughout the study.

Sample collection

Blood was collected by retro-orbital
plexus for plasma, and all the surviving animals
were sacrificed by CO, asphyxiation.*® 70% ethanol
was sprayed onto the chest region to make the
surface clean. A midline incision was made in the
chest region to facilitate the separation of lung
tissue. The entire lung was carefully isolated from
surrounding viscera and mesentery. Each lobe
was then detached from the trachea. The right
lower lobe of the lung was subsequently collected
for histological analysis. The left diaphragmatic
lung lobe was flash frozen in liquid nitrogen and
stored at -80 °C until processed further for total
collagen analysis, the right superior lung lobe
for other inflammatory and molecular analysis*
(Supplementary Figure S1).

Lung collagen determination

Total amount of lung collagen was
quantified using the Sirius Red Detection Kit
(Chondrex), in accordance with the manufacturer’s
protocol with minor procedural modifications. 100
mg of lung tissue underwent homogenization in
100 pl of milliQ (1 g/ml) solution containing 100
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ul of pepsin (1 mg/mLin 0.05 M acetic acid). This
homogenized mixture was incubated overnight at
4 °C overnight on rotary shaker, followed addition
of 500 pl of Sirius Red Solution into the tissue
lysates and collagen standards. Lysates were
subsequently incubated at room temperature for
2 hours followed by centrifugation of 10,000 g for
25 minutes at 10 °C. 500 pl of a wash solution was
added to the resulting pellet and centrifuged at
10,000 g for 15 minutes. The total collagen content
was then extracted using 250 pl of extraction
buffer. Of this extract, 200 ul was transferred
to a 96-well plate, and the optical density was
measured within the wavelength range of 510-550
nm.*

Citrullinated histone H3 analysis

The Citrullinated Histone H3 (CitH3) Elisa
Kit provided by Cayman Chemicals was utilized
according to the manufacturer’s directions. The
activity of CitH3 was assessed in 100 pl of tissue
lysates, and the optical density was quantified at
a wavelength of 450 nm. Citrullination activity ng/
pl was normalized against protein concentration
mg/ml and represented as ng/mg.** Background
correction was done by nullifying values from
blank well to all the samples and standards.
Sample lysate concentration was derived from a
standard curve.

Lung myeloperoxidase activity
Myeloperoxidase (MPO) activity was
quantified in 100 mg of lung tissue using the Mouse
Myeloperoxidase DuoSet ELISA kit (R&D Systems),
following the manufacturer’s instructions with
minor methodological adjustments. The resulting
MPO concentrations (pg/mL) were normalized to
the corresponding total protein content (mg/mL)
and expressed as pg of MPO per mg of protein.*?

Lung TGF-f activity

TGF-B1 levels were quantified using a
Mouse TGF-f31 DuoSet ELISA kit (R&D Systems) in
100 pL of tissue lysate, following the manufacturer’s
protocol. The measured concentration (in pg/mL)
was normalized to the total protein content (mg/
mL) of each sample and expressed as pg of TGF-31
per mg of protein.*

RNA extraction and Real-Time PCR

100 mg of frozen lung tissue was taken
for the extraction of RNA using the Sigma TRI
Reagent®. Phase separation was carried out at
room temperature in chloroform, followed by RNA
precipitation in 70% ethanol. RNA concentration
and quality were assessed using a NanoDrop. 4 ug
of RNA were used to synthesise complementary
DNA (cDNA) using the iScriptTM cDNA Synthesis
Kit from Bio-Rad. RT-PCR was carried out by
StepOnePlus Real-Time PCR apparatus from
Applied Biosystems. Gene mRNA levels were
measured using Applied Biosystems SYBR Green
PCR Master Mix.* The mRNA levels of each sample
were expressed fold above control animals that
received no treatment at all and were normalised
to TBP (TATA-binding protein).** PCR primers
details have been given in the supplementary
Table S2.

Histopathological evaluation of lungs

Gomori’s Trichrome Staining was
employed to visualize collagen fibers within lung
tissue using the Richard Allan kit from Thermo
Scientific.*® For standard paraffin embedding,
5 micron serial sections were created using a
microtome and these sections were subsequently
stained with Gomori Trichrome Stain from
Millipore following the manufacturer’s guidelines.

All investigations and evaluations were
conducted using light microscopy for qualitative
analysis. The assessment of lung fibrosis was
performed according to the Histological Lung
Fibrosis Grading System based on the Modified
Ashcroft scale. A total of 20 microscopic fields
per slide were examined to determine the
severity of lung fibrosis. Each field was assigned
a score ranging from 0 (indicating normal lung)
to 8 (indicating total fibrosis) using the modified
Ashcroft scoring method.*” Histopathological
assessment and scoring were performed by a
qualified pathologist who was blinded to the
treatment allocation to minimize potential
observer bias. Additionally, Hematoxylin and
Eosin staining of lung sections was carried
out, and the resulting slides were reviewed
and subjectively analyzed for general signs of
inflammation.*® Briefly, the architecture of the
lungs was assessed and scored for inflammation.
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A score of 0-4 was assigned for inflammation
scoring, where 0 indicates no inflammation, 1
indicates mild inflammation, 2 shows moderate
inflammation, and 3 and 4 indicate severe and
extreme inflammation.*

Pharmacokinetics (PK) evaluation

On day 14, two hours following the
final administration of diosgenin at doses of 10
mg/kg and 30 mg/kg, animals were euthanized
and subjected to necropsy. Blood samples were
collected for pharmacokinetic evaluation, and
lung tissues were excised. Half of the right
lung lobe was allocated for drug exposure
analysis. Tissue homogenates were prepared
and analyzed for diosgenin concentrations using
liquid chromatography coupled with tandem mass
spectrometry (LC MS/MS).>°

Statistical analysis

The data were presented as the mean
+ standard error of the mean (SEM), and all
statistical analysis was conducted using GraphPad

Prism® 5 software. The research parameters were
compared between the treatment groups and
their corresponding vehicle control groups using
One-way ANOVA, followed by either Dunnett’s
or Bonferroni post-test. A P-value (P < 0.05) was
deemed to be statistically significant.

Antibacterial assay

The antibacterial activity of the 10 mg
per ml Diosgenin dissolved in 50% methanol
was evaluated using well diffusion and broth
dilution assays. In the well diffusion method,
sterile nutrient agar plates were swabbed with
the test pathogens (Escherichia coli-NCTC 12923)
(Bacillus subtilis-NCTC-10400) (Bacillus cereus-
NCTC 7464) (Salmonella typhi-NCTC 8385), wells
(10 mm diameter) were prepared using a sterile
cork borer, and 10 mg per ml Diosgenin was added
to each well. Plates were incubated at 37 °C for
24 hours, after which the zone of inhibition was
measured and compared with amoxycillin (1 pg/
mL) and methanol as controls. In the broth dilution
assay, sterile nutrient broth containing 10 mg per
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Figure 1. Lung fibrosis scoring in all tested groups compared to the Bleomycin control group. (A). Representative
images for collagen fibers indicating fibrotic mass across all tested study groups (B). Trichrome Gomori staining

sections were performed for fibrosis scoring
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ml Diosgenin and 10 pL of the test pathogen was
incubated at 37 °C for 24 hours, with appropriate
positive and negative controls. Microbial growth
was assessed by measuring turbidity at 600 nm.>!
All test pathogens were procured from herbal
drug technological laboratory, Department of
Studies in Microbiology, University of Mysore. The
standard inoculum was prepared with McFarland
dilution methods in accordance with Clinical and
Laboratory Standards Institute (CLSI) guidelines.
The antibacterial assay was performed in triplicate.

RESULTS

Bleomycin induced the disruption of lung
architecture

Intratracheal administration of Bleomycin
successfully induced pulmonary fibrosis in mice,

as evidenced by Trichrome Gomori staining of
lung sections. Quantitative analysis revealed a 3.3
fold increase in fibrotic deposition in Bleomycin
treated animals compared to vehicle controls.
Histopathological scoring using the Ashcroft
scale demonstrated fibrotic indices exceeding
three, consistent with severe fibrotic remodelling.
Morphological examination further confirmed
extensive structural damage, characterized by
obstruction of alveolar spaces and pronounced
thickening of fibrotic septal walls, resulting in
marked disruption of normal lung architecture
(Figure 1, Supplementary Figure S2).

Diosgenin diminishes bleomycin-induced lung
inflammation

Intratracheal administration of Bleomycin
resulted in a significant induction of pulmonary
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Bleomycin + Diosgenin : 10mg/kg, PO, bid (Prophylactic)
Bleomycin + Diosgenin : 30mg/kg, PO, bid (Prophylactic)
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Bleomycin + Diosgenin : 10mg/kg, PO, bid (Therapeutic)
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Figure 2. Diosgenin inhibited the inflammation induced by Bleomycin. Inflammation scoring in Bleomycin sensitized
group. Data are shown as Mean + SEM. ### P < 0.001 compared to Vehicle control and * P < 0.05 compared to
Disease control. One Way ANOVA, Dunnett’s multiple comparison tests
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Bleomycin + Diosgenin : 30mg/kg, PO, bid (Prophylactic)
Bleomycin + Nintedanib : 60mg/kg, PO, qd (Prophylactic)
Bleomycin + Diosgenin : 10mg/kg, PO, bid (Therapeutic)
Bleomycin + Diosgenin : 30mg/kg, PO, bid (Therapeutic)
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Figure 3. Tissue collagen levels tested in different groups (n = 10). Data are shown as Mean + SEM; ** P
< 0.01 vs. Disease control; ### P < 0.001 compared to Vehicle control. One Way ANOVA and Dunnett’s

tests for multiple comparisons.
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inflammation, with treated mice exhibiting a 2.4
fold increase in inflammatory levels compared
to vehicle controls. Administration of Diosgenin
demonstrated notable anti-inflammatory activity.
Specifically, prophylactic treatment at 10 mg/kg

and therapeutic treatment at 30 mg/kg reduced
inflammation by 39% and 33%, respectively.
Additional dose dependent effects were observed,
with Diosgenin at 30 mg/kg (prophylactic) and 10
mg/kg (therapeutic) lowering inflammation by
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Bleomycin + Nintedanib : 60mg/kg, PO, qd (Prophylactic)
Bleomycin + Diosgenin : 10mg/kg, PO, bid (Therapeutic)
Bleomycin + Diosgenin : 30mg/kg, PO, bid (Therapeutic)

IEERENR

Figure 4. Citrulline levels in the lung lysates of tested groups (n = 10). Data represented as Mean + SEM, ##t# P <
0.001 compared to Vehicle control. One Way ANOVA, Dunnett’s multiple comparison tests

MPO levels in lungs samples
400001

30000
20000

10000

MPO pg/mg of protein

0-

Vehicle control : Saline 50uL/mice, i.t.

Bleomycin : 50ug/50uL/mice, i.t.

Bleomycin + Diosgenin : 10mg/kg, PO, bid (Prophylactic)
Bleomycin + Diosgenin : 30mg/kg, PO, bid (Prophylactic)
Bleomycin + Nintedanib : 60mg/kg, PO, qd (Prophylactic)
Bleomycin + Diosgenin : 10mg/kg, PO, bid (Therapeutic)
Bleomycin + Diosgenin : 30mg/kg, PO, bid (Therapeutic)

Pidedtad

Figure 5. Myeloperoxidase activity in all treated groups. Data represented as Mean + SEM. One Way ANOVA,

Dunnett’s multiple comparison tests
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Figure 6. TGF[3 expression levels in all tested groups. Data represented as Mean + SEM. One Way ANOVA, Dunnett’s

multiple comparison tests
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20% and 17%, respectively. The antifibrotic agent
nintedanib, used as a positive control, reduced
inflammation by 42%, confirming its efficacy in
this model. Importantly, neither prophylactic
nor therapeutic Diosgenin treatments produced
significant changes in body weight, indicating
good tolerability of the compound (Figure 2;
Supplementary Figure S3).

Diosgenin attenuates collagen levels in Bleomycin-
induced lung fibrosis

Excessive deposition of collagen within
the pulmonary extracellular matrix was observed
to impair lung function, leading to alveolar
deformation and structural deterioration.

Intratracheal administration of Bleomycin induced
a 1.5 fold increase in collagen content compared
to vehicle treated controls, confirming the
establishment of fibrotic pathology. Treatment
with Diosgenin markedly attenuated collagen
accumulation, with prophylactic administration
at 10 mg/kg and therapeutic administration at 30
mg/kg reducing collagen levels by approximately
80% relative to the Bleomycin group. As a
reference control, the antifibrotic agent nintedanib
demonstrated robust efficacy, lowering collagen
deposition by 84%. These findings highlight the
significant antifibrotic potential of Diosgenin,
comparable to that of nintedanib, in mitigating
Bleomycin induced pulmonary fibrosis (Figure 3).
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Bleomycin + Diosgenin : 30mg/kg, PO, bid (Prophylactic)
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Bleomycin + Diosgenin : 10mg/kg, PO, bid (Therapeutic)
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Figure 7. Expression analysis of biomarkers such as (A) Fibronectin, (B) aSMA, (C) Col1, (D) MCP1 and (E) TGF-[3 in mice
induced with Bleomycin. Data represented as Mean + SEM; One Way ANOVA, Dunnett’s multiple comparison tests
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Diosgenin alleviates NETosis in Bleomycin-
induced lung fibrosis

Bleomycin administration markedly
upregulated neutrophil extracellular trap (NET)
formation in the lungs, contributing to enhanced
inflammatory and fibrotic responses. Elevated
levels of citrullinated histone H3 (CitH3), a key
biomarker of NETosis, were observed in bleomycin
treated mice, confirming the activation of NET
mediated pathways in pulmonary fibrosis.
Treatment with Diosgenin significantly attenuated
NETosis, producing a 30%-40% reduction in CitH3
expression in both prophylactic and therapeutic
groups. Notably, the magnitude of reduction
achieved with Diosgenin was comparable to that
observed with the antifibrotic agent nintedanib,

Lung : Plasma ratio

Lung : Plasma ratio

-+ Diosgenin : 10mpk, PO, qd

-= Diosgenin : 30mpk, PO, qd
Figure 8. PK evaluation for lung plasma ratio in lung
tissue lysates dosed with 10 mg/kg and 30 mg/
kg Diosgenin. One Way ANOVA, Dunnett’s multiple
comparison tests

Broth dilution test

which served as a positive control. These findings
suggest that Diosgenin effectively mitigates
NETosis driven fibrotic progression in this model
(Figure 4).

Diosgenin reduces the MPO levels in Bleomycin-
induced lung fibrosis mice

Myeloperoxidase (MPO), a neutrophil
derived enzyme, was quantified as a biochemical
marker of pulmonary inflammation. Bleomycin
administration resulted in a 1.5 fold elevation of
MPO levels compared to vehicle treated controls,
consistent with increased neutrophil infiltration
and activity in the lung tissue. In contrast,
Diosgenin treatment at both prophylactic (10
mg/kg) and therapeutic (30 mg/kg) doses did
not produce significant changes in MPO levels,
indicating that Diosgenin did not modulate
neutrophil associated inflammatory responses
under these experimental conditions (Figure 5).

Diosgenin on tissue TGF-f3 levels in lung fibrosis
mice

Bleomycin administration resulted in a
1.4 fold elevation of transforming growth factor 3
(TGFB) protein levels compared to vehicle controls,
consistent with activation of fibrotic signaling
pathways. Neither diosgenin nor nintedanib
treatment produced a measurable reduction in
TGFpB protein levels across the tested groups.
Interestingly, diosgenin treatment was associated
with increased TGFf mRNA expression in the
therapeutic cohorts, with a 2.1 fold rise at 10
mg/kg and a 1.1 fold rise at 30 mg/kg relative to
controls. Similarly, nintedanib treatment led to a
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Figure 9. Antibacterial activity of diosgenin against the test pathogens. (A) Broth dilution (B) Well diffusion
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1.2 fold increase in TGFf mRNA expression. These
findings suggest that while both agents attenuate
fibrosis through other mechanisms, they may exert
complex regulatory effects on TGFf3 transcriptional
activity without reducing protein abundance
(Figure 6).

Effect of Diosgenin on lung fibrosis biomarkers
Bleomycin administration significantly
elevated the mRNA expression of key fibrotic
biomarkers, including fibronectin, o smooth
muscle actin (aSMA), collagen type | (Coll), and
monocyte chemoattractant protein 1 (MCP1),
consistent with progressive fibrotic remodeling
in the lung. Treatment with diosgenin markedly
attenuated the expression of these markers,
demonstrating its antifibrotic potential. The
magnitude of reduction achieved with diosgenin
was comparable to that observed with nintedanib,
the reference antifibrotic agent. Importantly,
diosgenin treatment provided sustained protection
against fibrosis, preserving lung architecture and
mitigating fibrotic progression up to 14 days
following Bleomycin challenge (Figure 7).

Analysis of diosgenin lung and plasma exposure

Analysis of Diosgenin Lung and Plasma
Exposure revealed that diosgenin concentrations
were consistently higher in plasma than in lung
tissue. At the 2 hrs post-dose sampling point,
the 10 mg/kg group showed a higher lung-to-
plasma concentration ratio than the 30 mg/kg
group. These findings indicate dose-dependent
differences in lung and plasma exposure at the
sampled time point; however, concentration
time profile studies are required to characterize
the pharmacokinetic behavior of diosgenin and
to determine whether tissue saturation occurs
(Figure 8).

Antibacterial assay

The antibacterial activity of diosgenin
was assessed using broth dilution and agar well
diffusion assays against (Escherichia coli-NCTC
12923) (Bacillus subtilis-NCTC-10400) (Bacillus
cereus-NCTC 7464) and (Salmonella typhi-NCTC
8385). In the broth dilution assay, treatment
with diosgenin resulted in a marked reduction in
bacterial growth compared with the untreated

controls (amoxycillin and 50% methanol). The
mean optical density (OD) values decreased from
0.914 £ 0.010t0 0.286 + 0.007 for Escherichia coli,
from 1.176 + 0.221 to 0.487 + 0.011 for Bacillus
subtilis, from 1.276 + 0.011 to 0.472 + 0.010 for
Bacillus cereus, and from 1.330 + 0.009 to 0.558 +
0.013 for Salmonella typhi, indicating substantial
inhibition of bacterial growth. Consistent with
these findings, the agar well diffusion assay
demonstrated significantly larger zones of
inhibition for diosgenin-treated samples than the
controls. The mean inhibition zones increased
from 9.0 + 1.0-23.0 + 1.0 mm against Escherichia
coli, from 10.0 £ 1.0-22.0 + 1.0 mm against Bacillus
subtilis, from 7.3 £ 0.6-20.0 £ 1.0 mm against
Bacillus cereus, and from 10.0 £ 1.0-19.0 + 1.0
mm against Salmonella typhi. Among the test
pathogens, the highest antibacterial activity was
observed against Escherichia coli and Bacillus
subtilis, with inhibition zones of up to 24 mm and
23 mm, respectively, demonstrating moderate
activity against the test pathogens (Figure 9A and
B).

DISCUSSION

Bleomycin, achemotherapeuticantibiotic,
induces pulmonary toxicity largely via oxidative
injury and reduced inactivation by bleomycin
hydrolase, which together promote epithelial cell
damage in the lung.’>** Adamson’s early work
established systemic (repeated intraperitoneal)
bleomycin administration as a method to generate
interstitial fibrosis in rodents, a protocol that
laid the foundation for later methodological
refinements.> To better recapitulate the localized
alveolar injury and parenchymal fibrosis seen
in idiopathic pulmonary fibrosis (IPF), many
subsequent studies adopted direct intratracheal
instillation of bleomycin, which produces more
rapid and reproducible lung injury.

The pathological evolutioninintratracheal
bleomycin models typically includes early alveolar
epithelial cell death within the first 1-3 days, an
inflammatory influx that peaks during the first
week (roughly days 3-9), and matrix deposition
and fibrotic remodeling that are readily apparent
by ~day 14.>> Because the bleomycin model yields
consistent, dose-dependent injury with histologic
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hallmarks (epithelial injury, inflammatory cell
influx, collagen deposition) that resemble aspects
of human IPF, it remains widely used in preclinical
testing of antifibrotic candidates and mechanistic
studies.®® Nevertheless, important limitations
persist: the model more closely resembles an
acute or resolving fibrotic response rather than
the progressive, irreversible fibrosis of human
IPF, and outcomes are influenced by strain, age,
route, and dosing of bleomycin factors that
must be considered when translating preclinical
findings.>”~#

In this study, we observed pronounced
pulmonary inflammation and subsequent fibrotic
remodeling following bleomycin administration in
mice. Consistent with canonical bleomycin-induced
lung injury models, histological assessment
revealed alveolar septal thickening, inflammatory
cell infiltration, fibroblast proliferation, and
marked collagen deposition in interstitial regions.
These histopathological changes recapitulate key
features of IPF in animal models.?® Administration
of Diosgenin and Nintedanib mitigated these
bleomycin-induced alterations to differing extents:
treatment with Diosgenin in a prophylactic
regimen of 10 mg/kg led to an approximate
39% reduction in inflammatory pathology, while
therapeutic administration at 30 mg/kg achieved
around a 33% reduction in inflammation. In
comparison, Nintedanib yielded a modestly
greater attenuation (~42%) of lung injury under
similar conditions. These findings align with recent
reports demonstrating Nintedanib’s capacity to
ameliorate bleomycin-induced pulmonary fibrosis,
reduce inflammatory cytokine expression, inhibit
collagen accumulation, and restore antioxidant
balance via modulation of the PI3K/Akt/mTOR
pathway.>® Moreover, studies have highlighted
the importance of timing and dosing in antifibrotic
interventions, as distinct regimens yield variable
efficacy in reducing inflammation and fibrosis.>
However, higher doses of Diosgenin in the
prophylactic regimen (30 mg/kg), as well as lower
doses in the therapeutic regimen (10 mg/kg),
were less effective yielding only ~20% and ~17%
reduction in lung inflammation, respectively. This
dose- and time-dependent variability underscores
the critical role of optimizing both the dosing
strategy and treatment window to maximize
therapeutic benefit in bleomycin-induced lung

injury models. Collectively, our data reinforce
the utility of the bleomycin mouse model for
preclinical evaluation of candidate antifibrotic
agents, while also emphasizing that the magnitude
of therapeutic benefit is contingent on appropriate
dose selection and timing of administration.

In our study, Bleomycin triggered a 3.3-
fold increase in collagen deposition, reflecting
robust fibrogenesis comparable to contemporary
findings demonstrating reliable fibrosis induction
with this model.®° Both Diosgenin and Nintedanib
reduced BLM-induced lung inflammation and
fibrosis, though with different magnitudes,
indicating that Diosgenin exhibits comparable
therapeutic potential to Nintedanib. Inflammatory
scoring showed 39% reduction in the prophylactic
Diosgenin 10 mg/kg group and 33% reduction in
the therapeutic 30 mg/kg group, while Nintedanib
reduced inflammation by 42%. These reductions
align with recent mechanistic work showing that
antifibrotic interventions modulate innate immune
activation and inflammatory cell recruitment
in Bleomycin models.®* Similarly, collagen
quantification demonstrated that the prophylactic
Diosgenin 10 mg/kg group and therapeutic
Diosgenin 30 mg/kg group reduced fibrosis by
83% and 80%, respectively nearly equivalent to
Nintedanib (84%). These outcomes reinforce that
Diosgenin engages conserved antifibrotic pathways
that reduce ECM accumulation, consistent with
advanced fibrosis-targeting approaches reported
recently.®? Interestingly, prophylactic 30 mg/kg or
therapeutic 10 mg/kg resulted in markedly lower
protection (20% and 17% reductions, respectively),
confirming that Diosgenin’s therapeutic efficacy
is highly dependent on intervention phase. This
observation aligns with the current understanding
that prophylaxis should target the inflammatory
window before irreversible extracellular matrix
remodeling ensues.®® Therefore, strategic
optimization of dosing and initiation timing is
critical for maximizing clinical translation in fibrotic
lung disease.

Neutrophil extracellular traps (NETs) are
known mediators of pulmonary inflammation
and fibrotic progression, quantified by evaluating
citrullinated histone H3 (CitH3) expression.
Bleomycin administration induced a marked
elevation in CitH3 by ~2.6-fold, confirming
enhanced NETosis activity. Treatment with
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Nintedanib resulted in a substantial attenuation
of this response, yielding an approximate
50% reduction in CitH3 levels. Diosgenin
also significantly suppressed NET formation,
demonstrating a moderate decline of ~30%-40%,
thereby indicating its capacity to modulate NET-
driven inflammatory mechanisms, albeit to a lesser
extent than Nintedanib.®

Myeloperoxidase (MPO) activity is widely
recognized as a robust biomarker for neutrophil-
mediated inflammation in pulmonary fibrosis
models. Elevated MPO levels following bleomycin
exposure indicate neutrophil infiltration and
activation during the acute inflammatory phase
of lung injury, consistent with previous reports
demonstrating enhanced MPO activity in BLM-
induced experimental fibrosis.®® In the present
study, MPO levels increased approximately 1.5-
fold in BLM-treated mice, confirming neutrophilic
inflammation. However, Diosgenin administration
did not significantly modify MPO levels in either
prophylactic or therapeutic regimens, suggesting
that its anti-inflammatory mechanism may not
primarily target MPO-dependent pathways and
instead may modulate alternative inflammatory
or fibrotic signaling axes, as supported by prior
investigations of Diosgenin in inflammatory
disease models.®®

Transforming growth factor  (TGFB), a
central mediator of fibrogenesis, was elevated
by approximately 1.4 fold in bleomycin (BLM)
treated mice, consistent with enhanced fibrotic
signalling.®” In contrast, diosgenin and nintedanib
administration did not produce a corresponding
reduction in TGFP protein abundance across
treatment groups.®® Notably, a significant reduction
in TGFP3 mRNA expression was observed following
diosgenin treatment, with prophylactic dosing
at 10 mg/kg and 30 mg/kg resulting in ~52%
and ~23% decreases, respectively. Therapeutic
administration of diosgenin further reduced
TGFB mRNA levels by ~60% and ~45% at 10
mg/kg and 30 mg/kg, respectively. Thus, the
reduction in TGFf transcript abundance following
diosgenin treatment was not accompanied
by a corresponding reduction in tissue TGFf
protein levels at the time point examined. This
difference may reflect the distinct temporal
and regulatory relationships between transcript
and protein abundance under the experimental

conditions of the present study. These findings are
consistent with prior reports demonstrating that
TGFp protein levels often remain stable despite
antifibrotic interventions, while transcriptional
regulation may be more sensitive to therapeutic
modulation.®

Key fibrotic markers, including a-SMA,
Col1, fibronectin, and MCP1, were significantly
elevated in bleomycin-treated mice.”® Diosgenin
treatment markedly downregulated markers
related to fibrogenesis and inflammation, indicating
its potential to suppress myofibroblast activation
and extracellular matrix (ECM) accumulation.
In particular, the decrease in MCP-1 (a pro-
inflammatory chemokine) was more pronounced
in the therapeutic-regimen group, suggesting
that Diosgenin is effective in attenuating fibrosis-
associated inflammation even when administered
after Bleomycin exposure.”* Pharmacokinetic
studies demonstrated that Diosgenin preferentially
accumulates in lung tissue at a 10 mg/kg dose,
whereas a 30 mg/kg dose results in higher
systemic plasma levels, potentially reflecting
lung tissue saturation at lower doses.”? This
targeted pulmonary distribution may contribute
to localized antifibrotic activity while preserving
systemic bioavailability.”® Collectively, our results
indicate that Diosgenin attenuates bleomycin-
induced pulmonary fibrosis in a dose-dependent
manner, reducing both inflammatory responses
and extracellular matrix deposition.” Its efficacy
in decreasing collagen accumulation is comparable
to that of Nintedanib, highlighting its potential
as a therapeutic antifibrotic agent.”® Further
investigations are warranted to delineate the
molecular mechanisms underlying its antifibrotic
effects and to optimize dosing regimens for
future clinical translation. Natural products and
plant-derived bioactive compounds may exhibit
multidirectional pharmacological activities,
including anti-inflammatory and antimicrobial
effects, although the magnitude and mechanisms
of these effects are highly compound- and
context-dependent. In this context, the observed
antibacterial activity of diosgenin further supports
its potential as a bioactive compound with
complementary antifibrotic and antimicrobial
properties.””®Collectively, these findings support
further investigation of diosgenin as a potential
therapeutic candidate for pulmonary fibrosis
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and associated inflammatory and infectious
complications.

CONCLUSION

In summary, the present study
demonstrates that Diosgenin exerts pronounced
anti-inflammatory and antifibrotic effects in a
bleomycin-induced pulmonary fibrosis model. Both
prophylactic and therapeutic administration of
Diosgenin effectively attenuated fibrotic deposition
within lung tissue, indicating its potential to not
only impede disease progression but also facilitate
tissue recovery. By reducing inflammation and
extracellular matrix accumulation, the study
also demonstrated antibacterial activity against
test pathogens. Diosgenin may contribute to the
preservation of pulmonary function and improved
pathological outcomes. Future studies, including
well-designed pre-clinical trials, are necessary
to confirm the efficacy and safety of Diosgenin,
thereby supporting its development as a potential
therapeutic agent for pulmonary fibrosis.
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