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Abstract 

Pulmonary fibrosis (PF) is a chronic, progressive and irreversible inflammatory disease with limited therapeutic 

methods in clinic. Deacetylforskolin (DFSK), derived from the plant Coleus forskohlii, is a potent adenylyl cyclase 

activator with potential anti-inflammatory activity. Herein, we attempted to investigate the therapeutic potential 

and mechanisms of DFSK against PF in bleomycin (BLM)-induced mouse models and TGF-β1-induced A549 cells. Our 

results showed that DFSK treatment alleviated lung injury and reduced inflammatory cytokines in a mouse model 

of BLM-induced acute lung inflammation, an early stage of PF. In a BLM-induced PF mouse model, DFSK attenuated 

pathological lung injury and collagen deposition, decreased pro-inflammatory cytokines (TNF-α, IL-1β) and profi-

brotic mediators (TGF-β1, CTGF, hydroxyproline). Upregulation of the epithelial marker E-cadherin and downregula-

tion of the mesenchymal marker α-SMA were observed following DFSK treatment. Furthermore, DFSK significantly 

restored the pulmonary function of PF mice with decreased Te, f, Penh and increased RT, TV. Mechanistically, DFSK 

suppressed the phosphorylation of JNK and p38 MAPK, and inhibited TGF-β1-induced epithelial–mesenchymal transi-

tion (EMT) in A549 cells. Collectively, our findings demonstrate that DFSK is an effective therapeutic agent against PF 

by suppressing inflammation and EMT.

Keywords Pulmonary fibrosis, Deacetylforskolin, Inflammation, Epithelial–mesenchymal transition, MAPK signaling

†Yan Zhong and Chuang Xiao have contributed equally to this work.

*Correspondence:

Wenbin Shang

shangwenbin@kmmu.edu.cn

Weimin Yang

ywmbessie@yeah.net

Xuan Zhang

zhangxuan@kmmu.edu.cn

Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s13659-026-00593-4&domain=pdf
http://orcid.org/0000-0002-0807-6216


Page 2 of 14Zhong et al. Natural Products and Bioprospecting           (2026) 16:52 

Graphical Abstract

1 Introduction
Pulmonary fibrosis (PF) is a chronic and progres-

sive inflammatory lung disease with high mortality [1, 

2]. Environmental exposures such as cigarette smoke, 

viruses, silica, metal and wood dusts are considered as 

the risk factors of PF [1, 3]. PF is characterized by the 

remodeling of airways and alveoli, as well as the deposi-

tion of extracellular matrix [4]. �e pathogenesis of PF is 

complex and involves multiple molecular pathways and 

cells including macrophages, fibroblasts, and epithelial 

cells [5]. �e dysfunction of epithelial cells can promote 

the expression of transforming growth factor-β (TGF-β), 

which is a critical profibrotic mediator that drives epi-

thelial–mesenchymal transition (EMT) and fibroblast-

myofibroblast transition (FMT) [2, 4]. EMT is a dynamic 

process in which alveolar epithelial cells downregulate 

adhesion molecules like E-cadherin and begin express-

ing profibrotic markers such as α-SMA [6, 7]. �is transi-

tion promotes the accumulation of myofibroblasts, which 

in turn secrete inflammatory cytokines and extracellular 

matrix (ECM) proteins, thereby driving the progression 

of PF [6].

�e profibrotic effects of TGF-β are mediated by both 

the canonical Smad pathway and non-Smad pathways 

including Janus kinases (JAKs), Wnt, phosphatidylin-

ositol-3-kinase (PI3K), Rho-associated kinases, and 

mitogen-activated protein kinase (MAPK) [5, 8]. �e 

activation of MAPK (JNK, p38, and ERK) signaling path-

ways by TGF-β can promote cytoskeletal remodeling 

in EMT process and contribute to PF pathogenesis [6]. 

MAPK pathways can also be activated by reactive oxygen 

species to promote the proliferation of fibroblasts and 

excessive collagen deposition [6]. Furthermore, TGF-β 

induces the production of other profibrotic mediators 

such as fibroblast growth factor (FGF), connective tissue 

growth factor (CTGF), and platelet-derived growth factor 

(PDGF), which collectively participate in the pathological 

process of fibrosis [2, 9].

With the progress of research on the pathogenesis of 

PF in the past decades, the development of novel drugs 

against PF has been accelerated. Pirfenidone and nint-

edanib are representative drugs approved clinically for 

the treatment of PF, and they can prevent the decline of 

pulmonary function and slow down the disease progres-

sion [9]. However, these two drugs cannot improve the 

patients’ quality of life and are associated with tolerabil-

ity problems [10]. Recently, nerandomilast (BI 1015550), 

a selective phosphodiesterase 4B (PDE4B) inhibitor that 

achieved the primary endpoint in phase III clinical trials 

[11, 12], has been approved by FDA for the treatment of 

PF. Nerandomilast treatment significantly attenuated the 

decline of forced vital capacity and was well-tolerated in 

patients [11, 12]. Roflumilast is another PDE4 inhibitor 

approved for the therapy of respiratory disease, which 

has been shown to reduce the risk of exacerbations in 

patients with chronic obstructive pulmonary disease 

(COPD) [13]. �e pharmacological effects of PDE4 inhi-

bition include anti-inflammation, bronchodilation and 

inhibition of airway remodeling, which are mediated by 

elevated intracellular cyclic adenosine monophosphate 

(cAMP) levels and its downstream signaling pathways 

[14]. �erefore, the modulation of intracellular cAMP 

levels represents a promising therapeutic strategy for 

obstructive pulmonary diseases including PF [15].

�e homeostasis of cAMP is regulated by both ade-

nylate cyclases (AC) which catalyze its formation and 
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PDEs that mediate its hydrolysis [16]. Forskolin (FSK) 

and its derivatives are effective AC activators which can 

elevate the intracellular cAMP levels, and show thera-

peutic potential in the treatment of multiple diseases 

such as heart failure, neurodegenerative disorders, 

asthma, obesity, and glaucoma [17–19]. Notably, col-

forsin daropate (NKH477) is a water-soluble FSK deriv-

ative that selectively stimulates AC5 in the heart and 

is clinically used in Japan for acute heart failure [20, 

21]. Isoforskolin (ISOF) and deacetylforskolin (DFSK) 

are natural products from Coleus forskohlii plants, and 

both are derivatives of FSK [22]. Previously, we have 

reported that ISOF significantly improved pulmonary 

function, attenuated inflammation, and promoted tra-

cheal relaxation in COPD animal models [23, 24]. How-

ever, the therapeutic effects and mechanisms of AC 

activators on PF remain to be elucidated.

In this study, we aimed to investigate the anti-fibrotic 

effects of DFSK in a mouse model of PF and to explore 

its underlying mechanisms. Although the AC activation 

potency of DFSK is weaker than that of FSK or ISOF 

[17], DFSK exhibits superior equilibrium solubility in 

different solutions (Table  S1), and DFSK possesses a 

favorable lipid-water partition coefficient (log P = 2.3), 

showing promising drug-like properties (Table  S2). 

Furthermore, DFSK can stimulate the accumulation 

of cAMP in a concentration-dependent manner in 

HEK293 cells stably expressing AC isoforms (Fig. S1), 

indicating that it is a potent AC activator. In bleomy-

cin (BLM)-induced mice models, the effects of DFSK 

on inflammation, PF, and lung function were assessed, 

and its effect on EMT was further investigated in vivo 

and in  vitro. �e results indicate that DFSK alleviates 

BLM-induced PF in mice by suppressing inflammation 

and EMT in which TGF-β1/MAPK signaling pathway 

may be involved. �is finding underscores the promise 

of AC activators as potential anti-PF candidates.

2  Materials and methods
2.1  Reagents and antibodies

DFSK (Fig. 1A, PubChem CID: 10044542) was obtained 

by deacetylation of ISOF [23], with a purity of over 

99%. �e mass spectrometry (TOF MS) spectroscopy of 

DFSK was shown in Figure S2. Pirfenidone (PFD) was 

purchased from Meilunbio (Dalian, China). Bleomycin 

hydrochloride (BLM) was obtained from Hanhui Phar-

maceuticals (Hangzhou, China). SP600125 (JNK inhibi-

tor), SB203580 (p38 MAPK inhibitor), and PD98059 

(ERK1/2 signaling inhibitor) were purchased from Med-

ChemExpress (New Jersey, USA). Hydroxyproline assay 

kit was from Nanjing Jiancheng Bioengineering Institute 

(Nanjing, China). Masson stain kit was obtained from 

Maxim Biotech (Fuzhou, China). �e bicinchoninic acid 

(BCA) protein concentration assay kit was purchased 

from Beyotime Biotechnology (Shanghai, China). �e 

cAMP ELISA kit was from Solarbio Technology (Beijing, 

China). Mouse TNF-α ELISA kit was from NeoBiosci-

ence Technology (Shenzhen, China). Mouse IL-1β ELISA 

kit was from Invitrogen (California, USA). Cell Count-

ing Kit-8 (CCK-8), recombinant human TGF-β1 protein, 

mouse TGF-β1 ELISA kit, HRP-conjugated goat anti-

rabbit IgG (H+L), rabbit TGF-β1 polyclonal antibody, 

and rabbit GAPDH polyclonal antibody were purchased 

from Proteintech (Chicago, USA). Mouse CTGF/CCN2 

antibody was from R&D Systems (Minnesota, USA). 

Anti-alpha smooth muscle actin (α-SMA) antibody was 

from Abcam (Cambridge, UK). Rabbit E-cadherin poly-

clonal antibody, rabbit p38 MAPK antibody, SAPK/JNK 

antibody, p44/42 MAPK (ERK1/2) antibody, phospho-

p38 MAPK (�r180/Tyr182) antibody, phospho-SAPK/

JNK (�r183/Tyr185) antibody, phospho-p44/42 MAPK 

(ERK1/2) (�r202/Tyr204) antibody were purchased 

from Cell Signaling Technology (Massachusetts, USA). 

All other reagents were of analytical grade and obtained 

commercially.

Fig. 1 Experimental design. A The chemical structure of DFSK. B Experimental procedure for mouse models of inflammation or pulmonary 

fibrosis. Mice received a single intratracheal dose of BLM (5 mg/kg) under anesthesia, followed by intragastric administration of DFSK for 7 days 

(inflammation mouse model) or 28 days (pulmonary fibrosis mouse model) prior to endpoint analysis
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2.2  Animals

Kunming mice (male, body weight 20 ± 2 g) were pur-

chased from Department of Laboratory Animal Science, 

Kunming Medical University (Kunming, China). All ani-

mal care and experimental protocols were approved by 

the Animal Experimental Ethical Committee of Kunming 

Medical University (approval number: KMMU-2020111). 

After a 1-week acclimatization period, the mice were ran-

domly assigned to the following six groups: sham, model, 

PFD (50 mg/kg), DFSK-L (5 mg/kg), DFSK-M (10 mg/kg) 

and DFSK-H (20 mg/kg) groups.

2.3  BLM-induced in�ammation model

Mice were subjected to intratracheal administration of 

BLM (5 mg/kg) on day 0 in model and treatment groups 

after anesthesia with 1% pentobarbital sodium (30  mg/

kg). Mice in sham group were administered with an equal 

volume of 0.9% saline solution. �en, PFD and DFSK 

were administered intragastrically for 7 consecutive days 

in BLM-instilled mice. Mice were humanely euthanized 

on day 7 (Fig.  1B). Bronchoalveolar lavage fluid (BALF) 

and lung tissues of mice were subjected to further 

investigations.

2.4  BLM-induced pulmonary �brosis model

To establish the pulmonary fibrosis model, mice were 

intratracheally instilled with BLM (5 mg/kg) on day 0 and 

sacrificed on day 28. In treatment groups, PFD and DFSK 

were intragastrically administered once daily for 28 con-

secutive days. Mice in sham group and model group were 

orally administered with normal saline solution. On day 

28, the pulmonary function was assessed in conscious 

mice, and then mice were euthanized (Fig.  1B). BALF 

and lung tissues of mice were collected for the following 

detections.

2.5  Pulmonary function evaluation

Pulmonary function in conscious mice was detected 

by whole body plethysmography (EMKA technologies, 

Canada). Each mouse was placed in a chamber of the 

plethysmograph for 10–20 min for acclimatization. �e 

respiratory waveforms were recorded for 5–10 min using 

the IOX software. �e obtained respiratory parameters 

including expiratory time (Te), relaxation time (RT), res-

piratory frequency (f ), enhanced pause (Penh), tidal vol-

ume (TV), expiratory volume (EV). �e values for each 

parameter were averaged over a minimum of 10–15 con-

secutive stable breaths to obtain a representative value 

for each mouse.

2.6  Lung histopathology

�e lung tissues of each mouse were dissected and 

weighed to calculate the lung index (percentage of lung 

wet weight/ body weight). Subsequently, the tissues 

were immersed in 4% paraformaldehyde for fixation, fol-

lowed by dehydration, paraffin embedding, and section-

ing into 3–5 μm thick slices. �e sections were stained 

with hematoxylin and eosin (H&E) for observation under 

a light microscope (Nikon Corporation, Japan). Patho-

logical scoring of H&E-stained sections for inflammation 

and alveolar destruction was performed according to the 

reported method [25, 26]. �e tissue sections were also 

stained with Masson trichrome to observe collagen dep-

osition, and the fibrosis scores were determined as previ-

ously described [26, 27].

2.7  Quanti�cation of lung hydroxyproline

�e hydroxyproline (Hyp) content in the lung tissues 

of mice were quantified using a commercial assay kit. 

Briefly, the left inferior lobe of lung tissue (40 mg) was 

hydrolyzed at 95 °C for 20 min. �e hydrolysate was neu-

tralized (pH 6.0–6.8), diluted to 10 mL, and purified via 

activated charcoal treatment and centrifugation. �e Hyp 

concentration in the purified supernatant was then meas-

ured and calculated as specified by the manufacturer’s 

protocol.

2.8  Enzyme-linked immunosorbent assay

Levels of TNF-α, IL-1β, and TGF-β1 in BALF were meas-

ured using commercial enzyme-linked immunosorbent 

assay (ELISA) kits. Briefly, BALF samples were centri-

fuged (2000 rpm, 10 min), and the obtained supernatants 

were detected with ELISA kits according to the manufac-

turer’s guidelines. �e concentration of each sample was 

calculated through their respective standard curves.

2.9  Cell culture

�e human A549 alveolar epithelial cell line (Cat No. 

CL-0190, Procell system, Wuhan, China) were cultured 

in complete DMEM/F12 medium, which was composed 

of a 1:1 mixture of DMEM and Ham’s F-12 medium, sup-

plemented with 10% (v/v) fetal bovine serum (FBS) and 

1% (v/v) penicillin–streptomycin. �e cells were main-

tained under standard culture conditions (37°C, 5%  CO2 

in a humidified incubator). �e cell culture medium was 

replaced every 2–3  days, and cells were treated with 

0.25% trypsin upon reaching 80–90% confluence. Cells 

were routinely harvested at the logarithmic growth stage 

for all experimental procedures.

2.10  Cell viability detection

Cell viability was detected though the CCK-8 assay. Cells 

were seeded at a density of 5 ×  104 cells/mL in 96-well 

plates, with 100 μL cell suspension adding to each well. 

Following 24 h of incubation, cells were treated with PBS 

buffer, TGF-β1 (10 ng/mL), and gradient concentrations 
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of DFSK (2.5, 5, 10, 25, 50, 100, 200 µM). After incubating 

for 48 h, cell viability was determined by adding 10 μL of 

CCK-8 reagent per well, incubating for 2 h at 37 °C, and 

measuring the absorbance at 450  nm with a Multiskan 

GO microplate reader (�ermoFisher, USA).

2.11  TGF-β1 induced EMT cell model

A549 cells were induced to undergo EMT by treatment 

with TGF-β1 (10 ng/mL) [28]. Cells were divided into five 

experimental groups: control group, TGF-β1-induced 

EMT group, and TGF-β1 with 50, 100, or 200 µM DFSK 

groups. A549 cells were seeded at a density of 2 ×  105 cells 

per well in 6-well plates and cultured for 24 h. Cells were 

preincubated with different concentrations of DFSK for 

1  h, then TGF-β1 were added to the cell culture. After 

incubating for 48 h, cell morphology was assessed under 

phase-contrast microscopy (Olympus, Japan), and cells 

were harvested for subsequent experiments. To inves-

tigate the role of MAPK signaling in DFSK’s effects, 

TGF-β1-induced A549 cells were pretreated for 1 h with 

MAPK pathway inhibitors (10 μM SP600125, SB203580, 

or PD98059) as positive controls. For intracellular cAMP 

detection, cells were harvested after TGF-β1 or DFSK 

stimulation for 30  min, then cells were lysed according 

to the method described previously [29]. �e cAMP con-

centration in the lysates (200 µL) was quantified using a 

commercial ELISA kit.

2.12  Western blot analysis

Following homogenization of lung tissue or cell samples 

in RIPA buffer, protein concentrations were quantified by 

the BCA assay kit. Subsequently, equal amounts of pro-

tein (30 μg) were electrophoresed on 12% SDS-PAGE gels 

and transferred to polyvinylidene difluoride membranes. 

�e membranes were blocked using a blocking buffer 

(Beyotime, China) for 2 h at room temperature. �en, the 

membranes were incubated with the following primary 

antibodies at 4 °C overnight: CTGF, TGF-β1, E-cadherin, 

α-SMA, p-p38, p38, p-JNK, JNK, p-ERK, ERK, and 

GAPDH. Following three washes, the membranes were 

incubated with HRP‐conjugated secondary antibodies 

for 2 h at room temperature. �e membranes were then 

detected with a supersensitive ECL chemiluminescence 

detection reagent (Bio-Rad Laboratories, USA), and the 

signals of protein bands were acquired by an Amersham 

Imager 600 ultrasensitive multi-function imager (Cytiva, 

USA). �e relative expression levels of proteins were 

quantified using the ImageJ software (National Institute 

of Health, USA).

2.13  Statistical analysis

Data were expressed as the mean ± SEM from a minimum 

of three independent experiments. Statistical analyses 

were performed by GraphPad Prism 9 (GraphPad Soft-

ware, USA). Differences among multiple groups were 

assessed using one-way analysis of variance (ANOVA), 

followed by Fisher’s least significant difference (LSD) test. 

If the assumption of equal variances was violated, Brown-

Forsythe and Welch ANOVA tests were used. For data 

that deviated from a normal distribution, the non-para-

metric Kruskal–Wallis test was applied. Statistical signifi-

cance was set at P < 0.05.

3  Results
3.1  DFSK ameliorated BLM-induced lung in�ammation 

in mice

To investigate the therapeutic potential of DFSK in the 

early inflammatory phase of pulmonary fibrosis, we eval-

uated its effects in mice with BLM-induced acute lung 

injury. Mice subjected to intratracheal BLM instillation 

were treated with DFSK (5, 10, 20 mg/kg) via intragastric 

administration for 7 days. Histopathological examination 

by H&E staining showed that BLM triggered a prominent 

influx of inflammatory cells into the interstitium and 

airspaces, along with prominent alveolar septal thicken-

ing and collapsed alveolar cavities. �ese pathological 

alterations were notably ameliorated by DFSK or PFD 

treatment (Fig.  2A). Meanwhile, the histopathological 

alveolitis scores were significantly elevated in the model 

group but reduced in the DFSK or PFD treated group 

(Fig. 2B). �e lung index, calculated as the ratio of lung 

wet weight to body weight, was markedly increased in 

model mice, indicating the development of pulmonary 

edema and inflammation. DFSK treatment at 20 mg/kg 

significantly decreased the lung index of mice (Fig. 2C). 

Furthermore, ELISA analysis showed BLM-induced 

elevations of inflammatory cytokines (TNF-α, TGF-β1) 

in BALF were significantly suppressed by DFSK or PFD 

treatment (Fig.  2D-E). �us, these results demonstrate 

that DFSK effectively ameliorates BLM-induced acute 

lung inflammation in mice.

3.2  DFSK attenuated BLM-induced PF in mice

We further evaluated the effect of DFSK on BLM-

induced pulmonary fibrosis in mice. Following the induc-

tion of pulmonary fibrosis via intratracheal instillation 

of BLM, mice were treated with DFSK for 4 weeks. Lung 

tissue pathology in mice was evaluated using H&E and 

Masson’s trichrome staining. �e results showed that 

BLM-induced model mice displayed extensive inflam-

matory cell infiltration, alveolar hemorrhage, thickened 

alveolar walls and widened septa, and increased collagen 

deposition in the pulmonary interstitium (Fig.  3A, C). 

Treatment with DFSK or PFD markedly alleviated these 

pathological alterations and suppressed pulmonary inter-

stitial collagen deposition (Fig.  3A, C). In comparison 
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with the model group, the histopathological scores for 

alveolitis and fibrosis were also significantly decreased 

in DFSK (20 mg/kg) or PFD treated group (Fig.  3B, D). 

Moreover, DFSK and PFD significantly suppressed the 

BLM-induced elevation of pro-inflammatory and profi-

brotic mediators (TNF-α, IL-1β, and TGF-β1) in BALF 

(Fig.  3E–G). Collectively, a higher dose of DFSK exhib-

ited comparable efficacy to PFD in this study, indicating 

its potent therapeutic effect against BLM-induced PF in 

mice.

3.3  DFSK improved lung function in BLM-induced PF mice

PF is characterized by a progressive loss of lung func-

tion, which is central to its poor prognosis [30]. At the 

endpoint of the experiment, lung function parameters 

were measured in conscious mice by whole body ple-

thysmography. Te represents the duration of expiration 

correlated with lung compliance, f is the respiratory rate 

and often increases compensatively to maintain ventila-

tion, and Penh is an index of airway resistance that asso-

ciated with bronchoconstriction or airway remodeling. 

RT reflects the balance between lung elastance and air-

way resistance, while TV (volume of normal inhalation 

and exhalation) and EV (expiratory volume) represent 

the pulmonary ventilation function. Compared with the 

sham group, mice in model group exhibited elevated Te, 

f, and Penh, alongside significantly reduced RT, TV, and 

EV. �e results indicated that tracheal instillation of BLM 

resulted in increased airway resistance, and decreased 

lung compliance in mice (Fig.  4A–F). Treatment with 

DFSK or PFD ameliorated the BLM-induced impairment 

of lung function to varying degrees (Fig. 4A–F). Notably, 

a higher dose of DFSK (20 mg/kg) showed significant 

improvements in lung function parameters (decreased 

Te, f, Penh and increased RT, TV), which were compa-

rable to the positive control PFD. �ese results suggest 

that DFSK can restore lung function in BLM-induced PF 

mice.

3.4  DFSK suppressed BLM-induced EMT in mice

TGF-β1 and CTGF are pivotal drivers of lung fibro-

sis through multiple pathological processes including 

EMT, which is histologically defined by the loss of epi-

thelial markers such as E-cadherin and the concurrent 

acquisition of mesenchymal markers like α-SMA [4, 31]. 

To evaluate the impact of DFSK on EMT in pulmonary 

fibrosis mice, the protein levels of TGF-β1, CTGF, E-cad-

herin, and α-SMA in mouse lung tissues were analyzed 

by western blot (Fig.  5A–E). �e results confirmed that 

BLM significantly promoted TGF-β1, CTGF, and α-SMA 

expression, while downregulated E-cadherin in mice. 

Both DFSK (10, 20 mg/kg) and PFD treatment reversed 

these protein expression changes in model mice, indicat-

ing that higher doses of DFSK could effectively suppress 

BLM-induced EMT. In addition, the Hyp content in the 

lung tissues, which serves as a key indicator of collagen 

Fig. 2 DFSK ameliorated BLM-induced pulmonary inflammation in mice. A Representative H&E-stained lung sections (scale bar, 200 μm). B The 

alveolitis scores of mice. C Lung index of mice. D TNF-α levels in BALF of mice. E TGF-β1 levels in BALF of mice. Data are shown as the mean ± SEM 

(n = 6–8). ###
P < 0.001 versus sham group, *P < 0.05, **

P < 0.01, ***
P < 0.001 versus model group
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accumulation, was significantly elevated in BLM-induced 

mice (Fig.  5F). Treatment with DFSK (10, 20 mg/kg) or 

PFD significantly reduced the Hyp content, further con-

firmed their efficacy in inhibiting collagen deposition 

during fibrosis progression.

3.5  DFSK reduced TGF-β1-induced EMT in A549 cells

To elucidate the anti-fibrotic mechanisms of DFSK, we 

employed an in  vitro EMT model using A549 alveolar 

epithelial cells. A549 cells were stimulated with 10 ng/mL 

TGF-β1 for 48 h. First, the effect of TGF-β1 and DFSK on 

cell viability was assessed by the CCK-8 assay. �e results 

showed that TGF-β1 could slightly promote A549 cell 

proliferation, while DFSK (2.5 to 200 μM) exerted no sig-

nificant impact on cell viability in the presence of TGF-

β1 (Fig.  6A). �en, DFSK at concentrations of 50, 100, 

and 200 μM were used in subsequent experiments. �e 

intracellular cAMP levels were detected after TGF-β1 

or DFSK stimulation, and the results showed that DFSK 

could dose-dependently elevate cAMP levels in A549 

cells (Fig. 6B). Morphological assessment by phase-con-

trast microscopy showed that A549 cells in the control 

group exhibited the classic epithelial phenotype with 

polygonal and cobblestone-like appearance (Fig.  6C). In 

contrast, TGF-β1 stimulation induced a marked transi-

tion toward a mesenchymal phenotype with elongated 

spindle-like shape and disrupted cell contacts. Nota-

bly, DFSK treatment attenuated these TGF-β1-induced 

morphological changes, and a more epithelial-like mor-

phology was observed at higher concentrations of DFSK 

(Fig.  6C). Consistent with the morphological observa-

tions, TGF-β1 stimulation induced an EMT phenotype 

of A549 cells, characterized by a marked downregulation 

of E-cadherin and an upregulation of α-SMA (Fig.  6D–

F). DFSK treatment suppressed TGF-β1-induced EMT 

in A549 cells in a dose-dependent manner, where 200 

Fig. 3 DFSK attenuated BLM-induced pulmonary fibrosis in mice. A Representative H&E-stained lung sections (scale bar, 200 μm). B The alveolitis 

scores of mice in each group. C Masson’s trichrome staining of lung tissues (scale bar, 100 μm). D The fibrosis scores of mice in each group. E TNF-α 

levels in BALF of mice. F IL-1β levels in BALF of mice. G TGF-β1 levels in BALF of mice. Data are shown as the mean ± SEM (n = 6–8). ###
P < 0.001 

versus sham group, *P < 0.05, **
P < 0.01, ***

P < 0.001 versus model group
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μM DFSK upregulated E-cadherin and downregulated α-SMA expression (Fig.  6D–F). �e results were 

Fig. 4 DFSK improved lung function in BLM-induced PF mice. A Expiratory time (Te) in mice of each group. B Relaxation time (RT) in mice of each 

group. C Respiratory frequency (f ) in mice of each group. D Enhanced pause (Penh) in mice of each group. E Tidal volume (TV) in mice of each 

group. F Expiratory volume (EV) in mice of each group. Data are shown as the mean ± SEM (n = 6–8). ##
P < 0.01, ###

P < 0.001 versus sham group, 
*
P < 0.05, **

P < 0.01, ***
P < 0.001 versus model group

Fig. 5 DFSK suppressed BLM-induced EMT in mice. A The representative western blot images of TGF-β1, CTGF, E-cadherin, and α-SMA protein 

expression levels in mouse lung tissues. B–E The protein levels of TGF-β1, CTGF, E-cadherin, and α-SMA were normalized to GAPDH and quantified 

by densitometry. F The hydroxyproline content in the lung tissues of mice. Data are shown as the mean ± SEM (n = 6–8). ###
P < 0.001 versus sham 

group, *P < 0.05, **
P < 0.01, ***

P < 0.001 versus model group
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consistent with the effect of DFSK on BLM-induced mice 

model, suggesting that DFSK could attenuate pulmonary 

fibrosis though inhibiting EMT.

3.6  DFSK suppressed MAPK signaling in TGF-β1-induced 

A549 cells

TGF-β1-induced activation of MAPK signaling is one 

of the non-canonical pathways in fibrosis [8]. MAPKs 

are mainly composed of p38, JNK, and ERK, which play 

important roles in EMT and pulmonary fibrosis progres-

sion [6]. Given that DFSK is an AC activator which can 

elevate intracellular cAMP level and regulate downstream 

pathways including MAPK [32], we further explored the 

effect of DFSK on MAPK signaling pathway in TGF-β1-

induced A549 cells. �e specific inhibitors of p38, JNK, 

or ERK pathway were used as positive controls. �e 

results showed that the phosphorylation of JNK, p38, and 

ERK were markedly enhanced in TGF-β1-induced A549 

cells (Fig. 7A–F). As expected, SP600125, SB203580, and 

PD98059 effectively inhibited the phosphorylation of 

JNK, p38, and ERK respectively (Fig. 7A–F). DFSK (200 

μM) significantly inhibited the phosphorylation of JNK 

and p38, but had little effect on the phosphorylation of 

ERK (Fig. 7A–F). �us, these results indicate that DFSK 

Fig. 6 DFSK reduced TGF-β1-induced EMT in A549 cells. A Effects of TGF-β1 and DFSK (2.5 to 200 μM) on A549 cell viability detected by CCK-8 

assay. B The intracellular cAMP levels in A549 cells. C The morphology of A549 cells after TGF-β1 or DFSK treatment (original magnification: 100×). 

D The representative western blot images of E-cadherin and α-SMA protein expression levels in A549 cells. E, F The protein levels of E-cadherin 

and α-SMA were normalized to GAPDH and quantified by densitometry. Data are shown as the mean ± SEM (n = 3 or 5). ##
P < 0.01, ###

P < 0.001 

versus control group, *P < 0.05, **
P < 0.01 versus TGF-β1-treated group
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might inhibit TGF-β1-induced EMT in A549 cells though 

suppressing JNK and p38 MAPK signaling pathways.

4  Discussion
Pulmonary fibrosis is a chronic, progressive, and fatal 

interstitial lung disease characterized by aberrant prolif-

eration of fibroblasts and excessive deposition of ECM 

proteins, leading to the destruction of normal lung 

architecture and progressively deteriorating respiratory 

function [1, 5]. Current treatment options for pulmo-

nary fibrosis remain limited. In this study, we report that 

DFSK, an analog of diterpene forskolin, can effectively 

ameliorate BLM-induced inflammation and pulmonary 

fibrosis, and improve pulmonary function in mice. Fur-

ther studies demonstrate that DFSK can suppress EMT 

process both in vivo and in vitro, which might be medi-

ated through the TGF-β1/MAPK signaling pathway. Our 

results underscore the therapeutic potential of AC activa-

tors, including DFSK, as promising candidates for PF.

Despite considerable efforts in anti-PF drug develop-

ment during the last two decades, the majority of clinical 

trials have been unsuccessful [2]. Pirfenidone and nint-

edanib have received approval for the management of PF 

over 10 years. Although they showed efficacy in slowing 

the progression of FVC decline and lowering mortality 

risk, they are not curative and are often limited by toler-

ability issues [2, 10]. A novel selective PDE4B inhibitor, 

nerandomilast, is a recently FDA-approved drug for the 

treatment of PF. �is drug demonstrates combined anti-

inflammatory and anti-fibrotic efficacy with improved 

tolerability over existing therapies [33]. As a PDE4 

inhibitor, roflumilast has been demonstrated to alleviate 

BLM-induced lung injury and fibrosis in mice [34]. �e 

pharmacological effects of PDE4 inhibitors are mediated 

by intracellular cAMP signaling, which is also regulated 

by AC [16]. We therefore hypothesize that AC activators 

may exert similar protective effects against PF. While FSK 

and its analogs are established AC activators, DFSK rep-

resents a promising candidate due to its superior phys-

icochemical characteristics compared to FSK or ISOF 

(Tables S1, 2).

Inflammatory response plays a critical role in the pro-

gression of PF, particularly during acute exacerbation 

of the disease [5, 35]. In a BLM-induced inflammatory 

mouse model, DFSK treatment significantly attenuated 

the histopathological damage and reduced the alveoli-

tis score, lung index, as well as levels of inflammatory 

cytokines (Fig.  2). �e results indicate that DFSK could 

ameliorate BLM-induced acute lung inflammation in 

mice. �is finding, together with our previous reports 

that ISOF could attenuate LPS-induced inflammation 

and acute lung injury in  vivo and in  vitro [36–38], fur-

ther supports the broad anti-inflammatory potential of 

AC activators. In an established model of BLM-induced 

pulmonary fibrosis, DFSK alleviated pulmonary inter-

stitial collagen deposition with decreased alveolitis and 

Fig. 7 DFSK suppressed MAPK signaling in TGF-β1-induced A549 cells. A-C The representative western blot images of p-JNK, JNK, p-p38, p38, 

p-ERK, and ERK protein expression levels in A549 cells. D The relative density of p-JNK to JNK in each group. E The relative density of p-p38 to p38 

in each group. F The relative density of p-ERK to ERK in each group. Data are shown as the mean ± SEM (n = 5). ###
P < 0.001 versus control group, 

*
P < 0.05, **

P < 0.01 versus TGF-β1-treated group
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fibrosis scores, reduced pro-inflammatory and profi-

brotic cytokines in BALF, and improved lung function 

in mice (Figs.  3, 4). Moreover, DFSK suppressed BLM-

induced EMT, as indicated by reduced TGF-β1, CTGF, 

and α-SMA expression and increased E-cadherin expres-

sion (Fig.  5). A post-hoc power analysis was performed 

on data from the mouse models using the G*Power soft-

ware, and the calculated statistical power exceeded 0.88. 

Generally, post-hoc power analysis of small samples can 

be unstable and tend to be optimistic. �e high post-hoc 

power value reflects that the observed effects were sub-

stantial relative to the variability in our data, suggesting 

that the modest sample size was statistically adequate for 

the primary aims of this study. Collectively, these results 

demonstrate that DFSK is an effective therapeutic agent 

against PF through inhibition of inflammation and EMT. 

�e anti-fibrotic effects of other cAMP-elevating agents 

have also been reported. �e PDE4 inhibitor roflumi-

last could suppress the expression of TNF-α, TGF-β1, 

CTGF, collagen, and Muc5ac, showing both preventive 

and therapeutic effects in BLM-induced lung fibrosis 

mouse and rat models [34]. Furthermore, FSK reduced 

oxidative stress and inflammation cytokines, inhibited 

collagen deposition as well as α-SMA expression in a 

 CCl4-induced liver fibrosis rat model [39]. �erefore, 

the cAMP-elevating agents demonstrate multiple anti-

fibrotic effects in experimental animal models. It should 

be noted that only male mice were used in this study in 

order to avoid the effects of physiological variability espe-

cially variable hormone levels in female mice. However, 

for a comprehensive efficacy evaluation in drug devel-

opment, future studies employing both male and female 

animals are required to confirm the effectiveness of 

DFSK against PF.

TGF-β1 belongs to the TGF-β superfamily, and is a 

pivotal mediator in EMT and the pathogenesis of PF 

[40]. In TGF-β1-induced A549 cell model, DFSK dose-

dependently downregulated α-SMA expression and 

upregulated E-cadherin expression, thereby inhibiting 

the EMT phenotype of model cells (Fig. 6). Mechanisti-

cally, DFSK inhibited the phosphorylation of JNK and 

p38 MAPK (Fig.  7), thus blocking the non-canonical 

TGF-β1/MAPK pathway in fibrosis. �e crosstalk of 

cAMP and MAPK signaling has been established in dif-

ferent cell types [32, 41–43]. By elevating intracellular 

cAMP, FSK inhibited TGF-β-induced expression of profi-

brotic mediators (CTGF, collagen, TIMP-1, PAI-1) and 

prevented the transactivation of Smad-dependent gene 

in human dermal fibroblasts, while without inhibiting the 

phosphorylation or nuclear translocation of Smad pro-

tein [42]. In TGF-β1-induced MDCK cells, FSK had no 

effect on the phosphorylation of Smad proteins or p38 

MAPK, whereas it significantly inhibited the activation of 

ERK [43]. A recent study identified MAPK phosphatase 

1 (MKP1) as a critical antifibrotic protein in PF resolu-

tion, showing that MKP1 could be upregulated by FSK 

and subsequently promoted p38 dephosphorylation in 

lung myofibroblasts [44]. �us, the anti-fibrotic effects of 

cAMP signaling involve multiple cell types and avenues. 

Further studies are required to elucidate the specific 

effect of DFSK on fibroblast-myofibroblast transition in 

PF.

�e results in this study showed that DFSK could 

inhibit the phosphorylation of JNK and p38 but has no 

effect on ERK. �is may be related to the different func-

tions and upstream signals of JNK/p38 and ERK. ERK 

pathway (Ras/Raf/MEK/ERK) is mainly activated by 

growth factors to support cell proliferation and sur-

vival, while the activation of JNK and p38 is associated 

with cell apoptosis [45]. Moreover, increased intracellu-

lar cAMP can modulate MAPK signaling through PKA 

and EPAC proteins. PKA can inhibit the activation of 

ERK signaling in multiple cell types, while EPAC may 

enhance ERK signaling [46, 47]. A previous study showed 

that complement protein C1q, a cAMP-elevating agent 

that inhibit cell proliferation at sites of inflammation, 

increased cAMP-dependent protein kinase I level with 

no effect on ERK activation in human fibroblasts [48]. 

�e inhibition of endoplasmic reticulum stress can alle-

viate  NiCl2-induced EMT in A549 cells, which might 

through suppressing Smad2/3 and p38 MAPK pathways, 

but not ERK and JNK MAPK pathways [49]. �erefore, 

the spatial and temporal dynamics of intracellular cAMP 

or MAPK signaling may contribute to the regulation of 

specific cellular functions by extracellular factors [15, 50].

�e development of cAMP-elevating agents targeting 

specific tissues represents a promising strategy for anti-

fibrotic therapy [51]. Nerandomilast, a selective PDE4B 

inhibitor recently approved for the treatment of PF, ele-

vates intracellular cAMP levels to exert anti-inflamma-

tory and anti-fibrotic effects [33]. Compared to current 

therapies, nerandomilast can prevent disease progression 

with fewer adverse effects, highlighting the promise of 

cAMP-mediated anti-fibrotic effects [52]. Previous stud-

ies have reported the anti-fibrotic effects of FSK in liver 

fibrosis and cholestatic liver disease models [39, 53]. 

Here, we demonstrate for the first time that DFSK is an 

effective therapeutic agent against PF by suppressing 

inflammation and EMT, supporting AC as a promising 

therapeutic target for PF. Mammals express nine trans-

membrane AC isoforms with distinct tissue distributions, 

and this diversity poses a major challenge for developing 

selective AC activators to achieve tissue-specific target-

ing [19, 54]. Colforsin daropate (NKH477) is a water-sol-

uble FSK derivative with enhanced selectivity for the AC5 

isoform, and it is clinically used in Japan against acute 
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heart failure [20, 21]. Our previous research showed 

that ISOF has potent tracheal relaxant effects, which are 

stronger than that of PDE4 inhibitors [23]. �erefore, in 

addition to improved physicochemical properties, the 

tracheal relaxant effect of AC activators is also a poten-

tial advantage that may contribute to the anti-PF efficacy 

of DFSK. A previous pharmacokinetic study showed that 

ISOF can be absorbed rapidly and has good bioavailabil-

ity after oral administration in guinea pigs [55]. Given 

that DFSK is not a selective AC isoform activator [17], 

we have not evaluated its pharmacokinetic and pharma-

codynamic properties, which is a limitation of this study. 

�e lack of selectivity for AC isoforms may be a potential 

risk for clinical applications of AC activators [18]. �us, 

it is still challenging for the clinical translation of DFSK 

despite its favorable physicochemical properties and 

efficacy. �erefore, DFSK might be a suitable lead com-

pound, and structural optimization remains crucial for 

developing selective AC isoform activators as novel ther-

apeutics against lung fibrosis in the future.

5  Conclusion
Collectively, our work demonstrates that DFSK allevi-

ates BLM-induced pulmonary inflammation, fibrosis and 

lung function decline in mice, and also inhibits TGF-β1-

induced EMT in vitro through MAPK signaling pathway. 

�ese findings indicate that DFSK is a promising thera-

peutic agent for PF, and underscore the potential of AC 

activation as a viable anti-fibrotic strategy.

Supplementary Information
The online version contains supplementary material available at https:// doi. 

org/ 10. 1007/ s13659- 026- 00593-4.

Supplementary Material 1.

Acknowledgements

We acknowledge the support from the School of Pharmaceutical Science and 

Yunnan Key Laboratory of Pharmacology for Natural Products, which provided 

an essential research platform.

Author contributions

Yan Zhong: Investigation, methodology, data analysis, writing- original draft. 

Chuang Xiao: Methodology, data analysis, writing- original draft, funding 

acquisition. Yaping Liang: Investigation, methodology, data analysis. Peng 

Wang: Methodology, data analysis. Yun Long, Shuyi Li, and Na Song: Investiga-

tion. Wenbin Shang, Weimin Yang, and Xuan Zhang: Supervision, methodol-

ogy, review and editing, funding acquisition. All authors read and approved 

the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of 

China (No. 82460012, 82260727, 82560729, 22367018), the Basic Research 

Plan of Yunnan Provincial Science and Technology Department (No. 

202101AY070001-010, 202301AY070001-175, 202401AT070173), First-Class 

Discipline Team of Kunming Medical University (2024XKTDTS13), Yunnan Key 

Laboratory of Pharmacology for Natural Products (YKLPNP-K2401), and the 

Yunnan Revitalization Talent Support Program (Chuang Xiao).

Data availability

All data generated in this study are available within the article or Supplemen-

tary Material. Additional inquiries should be directed to the corresponding 

authors.

Declarations

Ethics approval and consent to participate

All experimental procedures involving animals were approved by the Animal 

Experimental Ethical Committee of Kunming Medical University.

Competing interests

The authors declare that they have no competing interests.

Author details
1 School of Pharmaceutical Science and Yunnan Key Laboratory of Pharmacol-

ogy for Natural Products/College of Modern Biomedical Industry, Kunming 

Medical University, Kunming 650500, China. 2 The People’s Hospital of Dechang 

County, Liangshan Yi Autonomous Prefecture, Sichuan 615500, China. 

Received: 22 November 2025   Accepted: 6 January 2026

References

 1. Richeldi L, Collard HR, Jones MG. Idiopathic pulmonary fibrosis. Lancet. 

2017;389(10082):1941–52. https:// doi. org/ 10. 1016/ S0140- 6736(17) 

30866-8.

 2. Bonella F, Spagnolo P, Ryerson C. Current and future treatment landscape 

for idiopathic pulmonary fibrosis. Drugs. 2023;83(17):1581–93. https:// doi. 

org/ 10. 1007/ s40265- 023- 01950-0.

 3. Saha P, Talwar P. Idiopathic pulmonary fibrosis (IPF): disease pathophysiol-

ogy, targets, and potential therapeutic interventions. Mol Cell Biochem. 

2024;479(9):2181–94. https:// doi. org/ 10. 1007/ s11010- 023- 04845-6.

 4. Moss BJ, Ryter SW, Rosas IO. Pathogenic mechanisms underlying idi-

opathic pulmonary fibrosis. Annu Rev Pathol. 2022;17:515–46. https:// doi. 

org/ 10. 1146/ annur ev- pathol- 042320- 030240.

 5. Jiang M, Bu W, Wang X, Ruan J, Shi W, Yu S, et al. Pulmonary fibrosis: from 

mechanisms to therapies. J Transl Med. 2025;23(1):515. https:// doi. org/ 10. 

1186/ s12967- 025- 06514-2.

 6. Zheng C, Zhang L, Sun Y, Ma Y, Zhang Y. Alveolar epithelial cell dysfunc-

tion and epithelial-mesenchymal transition in pulmonary fibrosis 

pathogenesis. Front Mol Biosci. 2025;12:1564176. https:// doi. org/ 10. 3389/ 

fmolb. 2025. 15641 76.

 7. Chapman HA. Epithelial-mesenchymal interactions in pulmonary fibrosis. 

Annu Rev Physiol. 2011;73:413–35. https:// doi. org/ 10. 1146/ annur ev- physi 

ol- 012110- 142225.

 8. Finnson KW, Almadani Y, Philip A. Non-canonical (non-Smad2/3) TGF-β 

signaling in fibrosis: mechanisms and targets. Semin Cell Dev Biol. 

2020;101:115–22. https:// doi. org/ 10. 1016/j. semcdb. 2019. 11. 013.

 9. Inui N, Sakai S, Kitagawa M. Molecular pathogenesis of pulmonary 

fibrosis, with focus on pathways related to TGF-β and the ubiquitin-

proteasome pathway. Int J Mol Sci. 2021;22(11):6107. https:// doi. org/ 10. 

3390/ ijms2 21161 07.

 10. Spagnolo P, Kropski JA, Jones MG, Lee JS, Rossi G, Karampitsakos T, et al. 

Idiopathic pulmonary fibrosis: disease mechanisms and drug develop-

ment. Pharmacol Ther. 2021;222:107798. https:// doi. org/ 10. 1016/j. pharm 

thera. 2020. 107798.

 11. Richeldi L, Azuma A, Cottin V, Kreuter M, Maher TM, Martinez FJ, et al. 

Nerandomilast in patients with idiopathic pulmonary fibrosis. N Engl J 

Med. 2025;392(22):2193–202. https:// doi. org/ 10. 1056/ NEJMo a2414 108.

 12. Maher TM, Assassi S, Azuma A, Cottin V, Hoffmann-Vold AM, Kreuter M, 

et al. Nerandomilast in patients with progressive pulmonary fibrosis. N 

Engl J Med. 2025;392(22):2203–14. https:// doi. org/ 10. 1056/ NEJMo a2503 

643.

 13. Hatzelmann A, Morcillo EJ, Lungarella G, Adnot S, Sanjar S, Beume R, et al. 

The preclinical pharmacology of roflumilast--a selective, oral phosphodi-

esterase 4 inhibitor in development for chronic obstructive pulmonary 

https://doi.org/10.1007/s13659-026-00593-4
https://doi.org/10.1007/s13659-026-00593-4
https://doi.org/10.1016/S0140-6736(17)30866-8
https://doi.org/10.1016/S0140-6736(17)30866-8
https://doi.org/10.1007/s40265-023-01950-0
https://doi.org/10.1007/s40265-023-01950-0
https://doi.org/10.1007/s11010-023-04845-6
https://doi.org/10.1146/annurev-pathol-042320-030240
https://doi.org/10.1146/annurev-pathol-042320-030240
https://doi.org/10.1186/s12967-025-06514-2
https://doi.org/10.1186/s12967-025-06514-2
https://doi.org/10.3389/fmolb.2025.1564176
https://doi.org/10.3389/fmolb.2025.1564176
https://doi.org/10.1146/annurev-physiol-012110-142225
https://doi.org/10.1146/annurev-physiol-012110-142225
https://doi.org/10.1016/j.semcdb.2019.11.013
https://doi.org/10.3390/ijms22116107
https://doi.org/10.3390/ijms22116107
https://doi.org/10.1016/j.pharmthera.2020.107798
https://doi.org/10.1016/j.pharmthera.2020.107798
https://doi.org/10.1056/NEJMoa2414108
https://doi.org/10.1056/NEJMoa2503643
https://doi.org/10.1056/NEJMoa2503643


Page 13 of 14Zhong et al. Natural Products and Bioprospecting           (2026) 16:52  

disease. Pulm Pharmacol Ther. 2010;23(4):235–56. https:// doi. org/ 10. 

1016/j. pupt. 2010. 03. 011.

 14. Zuo H, Cattani-Cavalieri I, Musheshe N, Nikolaev VO, Schmidt M. Phos-

phodiesterases as therapeutic targets for respiratory diseases. Pharmacol 

Ther. 2019;197:225–42. https:// doi. org/ 10. 1016/j. pharm thera. 2019. 02. 002.

 15. Schmidt M, Cattani-Cavalieri I, Nuñez FJ, Ostrom RS. Phosphodiesterase 

isoforms and cAMP compartments in the development of new therapies 

for obstructive pulmonary diseases. Curr Opin Pharmacol. 2020;51:34–42. 

https:// doi. org/ 10. 1016/j. coph. 2020. 05. 002.

 16. Raker VK, Becker C, Steinbrink K. The cAMP pathway as therapeutic target 

in autoimmune and inflammatory diseases. Front Immunol. 2016;7:123. 

https:// doi. org/ 10. 3389/ fimmu. 2016. 00123.

 17. Pinto C, Papa D, Hübner M, Mou TC, Lushington GH, Seifert R. Activa-

tion and inhibition of adenylyl cyclase isoforms by forskolin analogs. J 

Pharmacol Exp Ther. 2008;325(1):27–36. https:// doi. org/ 10. 1124/ jpet. 107. 

131904.

 18. Pierre S, Eschenhagen T, Geisslinger G, Scholich K. Capturing adenylyl 

cyclases as potential drug targets. Nat Rev Drug Discov. 2009;8(4):321–35. 

https:// doi. org/ 10. 1038/ nrd28 27.

 19. Dessauer CW, Watts VJ, Ostrom RS, Conti M, Dove S, Seifert R. Interna-

tional union of basic and clinical pharmacology. CI. Structures and small 

molecule modulators of mammalian adenylyl cyclases. Pharmacol Rev. 

2017;69(2):93–139. https:// doi. org/ 10. 1124/ pr. 116. 013078.

 20. Toya Y, Schwencke C, Ishikawa Y. Forskolin derivatives with increased 

selectivity for cardiac adenylyl cyclase. J Mol Cell Cardiol. 1998;30(1):97–

108. https:// doi. org/ 10. 1006/ jmcc. 1997. 0575.

 21. Pavan B, Biondi C, Dalpiaz A. Adenylyl cyclases as innovative therapeutic 

goals. Drug Discov Today. 2009;14(19–20):982–91. https:// doi. org/ 10. 

1016/j. drudis. 2009. 07. 007.

 22. Kavitha C, Rajamani K, Vadivel E. Coleus forskohlii: a comprehensive review 

on morphology, phytochemistry and pharmacological aspects. J Med 

Plants Res. 2010;4(4):278–85.

 23. Xiao C, Cheng S, Lin H, Weng Z, Peng P, Zeng D, et al. Isoforskolin, an 

adenylyl cyclase activator, attenuates cigarette smoke-induced COPD in 

rats. Phytomedicine. 2021;91:153701. https:// doi. org/ 10. 1016/j. phymed. 

2021. 153701.

 24. Xiao C, Cheng S, Li R, Wang Y, Zeng D, Jiang H, et al. Isoforskolin alleviates 

AECOPD by improving pulmonary function and attenuating inflamma-

tion which involves downregulation of Th17/IL-17A and NF-κB/NLRP3. 

Front Pharmacol. 2021;12:721273. https:// doi. org/ 10. 3389/ fphar. 2021. 

721273.

 25. Szapiel SV, Elson NA, Fulmer JD, Hunninghake GW, Crystal RG. Bleomycin-

induced interstitial pulmonary disease in the nude, athymic mouse. Am 

Rev Respir Dis. 1979;120(4):893–9. https:// doi. org/ 10. 1164/ arrd. 1979. 

120.4. 893.

 26. Yin JB, Wang YX, Fan SS, Shang WB, Zhu YS, Peng XR, et al. Genipo-

side ameliorates bleomycin-induced pulmonary fibrosis in mice by 

inhibiting TGF-β/Smad and p38MAPK signaling pathways. PLoS ONE. 

2024;19(9):e0309833. https:// doi. org/ 10. 1371/ journ al. pone. 03098 33.

 27. Xu J, Li W, Xu S, Gao W, Yu Z. Effect of dermatan sulphate on a C57-mouse 

model of pulmonary fibrosis. J Int Med Res. 2019;47(6):2655–65. https:// 

doi. org/ 10. 1177/ 03000 60519 842048.

 28. Kasai H, Allen JT, Mason RM, Kamimura T, Zhang Z. TGF-beta1 induces 

human alveolar epithelial to mesenchymal cell transition (EMT). Respir 

Res. 2005;6(1):56. https:// doi. org/ 10. 1186/ 1465- 9921-6- 56.

 29. Burvall KM, Palmberg L, Larsson K. The tyrosine kinase inhibitor genistein 

increases basal cAMP and potentiates forskolin-induced cAMP accumula-

tion in A549 human airway epithelial cells. Mol Cell Biochem. 2002;240(1–

2):131–3. https:// doi. org/ 10. 1023/a: 10206 55724 911.

 30. Liu GY, Budinger GRS, Dematte JE. Advances in the management of 

idiopathic pulmonary fibrosis and progressive pulmonary fibrosis. BMJ. 

2022;377:e066354. https:// doi. org/ 10. 1136/ bmj- 2021- 066354.

 31. Isshiki T, Naiel S, Vierhout M, Otsubo K, Ali P, Tsubouchi K, et al. Therapeu-

tic strategies to target connective tissue growth factor in fibrotic lung 

diseases. Pharmacol Ther. 2024;253:108578. https:// doi. org/ 10. 1016/j. 

pharm thera. 2023. 108578.

 32. Wu J, Dent P, Jelinek T, Wolfman A, Weber MJ, Sturgill TW. Inhibition 

of the EGF-activated MAP kinase signaling pathway by adenosine 

3’,5’-monophosphate. Science. 1993;262(5136):1065–9. https:// doi. org/ 10. 

1126/ scien ce. 76943 66.

 33. Keith R, Nambiar AM. Potential of phosphodiesterase 4B inhibition in 

the treatment of progressive pulmonary fibrosis. Ther Adv Respir Dis. 

2025;19:1–10. https:// doi. org/ 10. 1177/ 17534 66624 13097 95.

 34. Cortijo J, Iranzo A, Milara X, Mata M, Cerdá-Nicolás M, Ruiz-Saurí A, et al. 

Roflumilast, a phosphodiesterase 4 inhibitor, alleviates bleomycin-

induced lung injury. Br J Pharmacol. 2009;156(3):534–44. https:// doi. org/ 

10. 1111/j. 1476- 5381. 2008. 00041.x.

 35. Savin IA, Zenkova MA, Sen’kova AV. Pulmonary fibrosis as a result of acute 

lung inflammation: molecular mechanisms, relevant in vivo models, 

prognostic and therapeutic approaches. Int J Mol Sci. 2022;23(23):14959. 

https:// doi. org/ 10. 3390/ ijms2 32314 959.

 36. Yang W, Qiang D, Zhang M, Ma L, Zhang Y, Qing C, et al. Isoforskolin 

pretreatment attenuates lipopolysaccharide-induced acute lung injury 

in animal models. Int Immunopharmacol. 2011;11(6):683–92. https:// doi. 

org/ 10. 1016/j. intimp. 2011. 01. 011.

 37. Fang Y, Xiao C, Wang L, Wang Y, Zeng J, Liang Y, et al. Synergistic enhance-

ment of isoforskolin and dexamethasone against sepsis and acute lung 

injury mouse models. J Inflamm Res. 2023;16:5989–6001. https:// doi. org/ 

10. 2147/ JIR. S4212 32.

 38. Du X, Shi R, Wang Y, Wu W, Sun S, Dai Z, et al. Isoforskolin and forskolin 

attenuate lipopolysaccharide-induced inflammation through TLR4/

MyD88/NF-κB cascades in human mononuclear leukocytes. Phytother 

Res. 2019;33(3):602–9. https:// doi. org/ 10. 1002/ ptr. 6248.

 39. El-Agroudy NN, El-Naga RN, El-Razeq RA, El-Demerdash E. Forskolin, a 

hedgehog signalling inhibitor, attenuates carbon tetrachloride-induced 

liver fibrosis in rats. Br J Pharmacol. 2016;173(22):3248–60. https:// doi. org/ 

10. 1111/ bph. 13611.

 40. Tatler AL, Jenkins G. TGF-β activation and lung fibrosis. Proc Am Thorac 

Soc. 2012;9(3):130–6. https:// doi. org/ 10. 1513/ pats. 201201- 003AW.

 41. Stork PJ, Schmitt JM. Crosstalk between cAMP and MAP kinase signaling 

in the regulation of cell proliferation. Trends Cell Biol. 2002;12(6):258–66. 

https:// doi. org/ 10. 1016/ s0962- 8924(02) 02294-8.

 42. Schiller M, Dennler S, Anderegg U, Kokot A, Simon JC, Luger TA, et al. 

Increased cAMP levels modulate transforming growth factor-beta/Smad-

induced expression of extracellular matrix components and other key 

fibroblast effector functions. J Biol Chem. 2010;285(1):409–21. https:// doi. 

org/ 10. 1074/ jbc. M109. 038620.

 43. Weng L, Wang W, Su X, Huang Y, Su L, Liu M, et al. The effect of cAMP-PKA 

activation on TGF-β1-induced profibrotic signaling. Cell Physiol Biochem. 

2015;36(5):1911–27. https:// doi. org/ 10. 1159/ 00043 0160.

 44. Fortier SM, Walker NM, Penke LR, Baas JD, Shen Q, Speth JM, et al. MAPK 

phosphatase 1 inhibition of p38α within lung myofibroblasts is essential 

for spontaneous fibrosis resolution. J Clin Invest. 2024;134(10):e172826. 

https:// doi. org/ 10. 1172/ JCI17 2826.

 45. Junttila MR, Li SP, Westermarck J. Phosphatase-mediated crosstalk 

between MAPK signaling pathways in the regulation of cell survival. 

FASEB J. 2008;22(4):954–65. https:// doi. org/ 10. 1096/ �. 06- 7859r ev.

 46. Gerits N, Kostenko S, Shiryaev A, Johannessen M, Moens U. Relations 

between the mitogen-activated protein kinase and the cAMP-depend-

ent protein kinase pathways: comradeship and hostility. Cell Signal. 

2008;20(9):1592–607. https:// doi. org/ 10. 1016/j. cells ig. 2008. 02. 022.

 47. Hoy JJ, Salinas Parra N, Park J, Kuhn S, Iglesias-Bartolome R. Protein kinase 

A inhibitor proteins (PKIs) divert GPCR-Gαs-cAMP signaling toward 

EPAC and ERK activation and are involved in tumor growth. FASEB J. 

2020;34(10):13900–17. https:// doi. org/ 10. 1096/ �. 20200 1515R.

 48. Bordin S, Tan X. C1q arrests the cell cycle progression of fibroblasts in G(1) 

phase: role of the cAMP/PKA-I pathway. Cell Signal. 2001;13(2):119–23. 

https:// doi. org/ 10. 1016/ s0898- 6568(00) 00139-x.

 49. Yu M, Chen F, Wang H, Fu Q, Yan L, Chen Z, et al. Endoplasmic reticulum 

stress mediates nickel chloride-induced epithelial-mesenchymal transi-

tion and migration of human lung cancer A549 cells through Smad2/3 

and p38 MAPK activation. Ecotoxicol Environ Saf. 2023;249:114398. 

https:// doi. org/ 10. 1016/j. ecoenv. 2022. 114398.

 50. Keyes J, Ganesan A, Molinar-Inglis O, Hamidzadeh A, Zhang J, Ling M, 

et al. Signaling diversity enabled by Rap1-regulated plasma membrane 

ERK with distinct temporal dynamics. Elife. 2020;9:e57410. https:// doi. org/ 

10. 7554/ eLife. 57410.

 51. Harding-Fox SL, Cellek S. The role of cyclic adenosine monophos-

phate (cAMP) in pathophysiology of fibrosis. Drug Discov Today. 

2025;30(6):104368. https:// doi. org/ 10. 1016/j. drudis. 2025. 104368.

https://doi.org/10.1016/j.pupt.2010.03.011
https://doi.org/10.1016/j.pupt.2010.03.011
https://doi.org/10.1016/j.pharmthera.2019.02.002
https://doi.org/10.1016/j.coph.2020.05.002
https://doi.org/10.3389/fimmu.2016.00123
https://doi.org/10.1124/jpet.107.131904
https://doi.org/10.1124/jpet.107.131904
https://doi.org/10.1038/nrd2827
https://doi.org/10.1124/pr.116.013078
https://doi.org/10.1006/jmcc.1997.0575
https://doi.org/10.1016/j.drudis.2009.07.007
https://doi.org/10.1016/j.drudis.2009.07.007
https://doi.org/10.1016/j.phymed.2021.153701
https://doi.org/10.1016/j.phymed.2021.153701
https://doi.org/10.3389/fphar.2021.721273
https://doi.org/10.3389/fphar.2021.721273
https://doi.org/10.1164/arrd.1979.120.4.893
https://doi.org/10.1164/arrd.1979.120.4.893
https://doi.org/10.1371/journal.pone.0309833
https://doi.org/10.1177/0300060519842048
https://doi.org/10.1177/0300060519842048
https://doi.org/10.1186/1465-9921-6-56
https://doi.org/10.1023/a:1020655724911
https://doi.org/10.1136/bmj-2021-066354
https://doi.org/10.1016/j.pharmthera.2023.108578
https://doi.org/10.1016/j.pharmthera.2023.108578
https://doi.org/10.1126/science.7694366
https://doi.org/10.1126/science.7694366
https://doi.org/10.1177/17534666241309795
https://doi.org/10.1111/j.1476-5381.2008.00041.x
https://doi.org/10.1111/j.1476-5381.2008.00041.x
https://doi.org/10.3390/ijms232314959
https://doi.org/10.1016/j.intimp.2011.01.011
https://doi.org/10.1016/j.intimp.2011.01.011
https://doi.org/10.2147/JIR.S421232
https://doi.org/10.2147/JIR.S421232
https://doi.org/10.1002/ptr.6248
https://doi.org/10.1111/bph.13611
https://doi.org/10.1111/bph.13611
https://doi.org/10.1513/pats.201201-003AW
https://doi.org/10.1016/s0962-8924(02)02294-8
https://doi.org/10.1074/jbc.M109.038620
https://doi.org/10.1074/jbc.M109.038620
https://doi.org/10.1159/000430160
https://doi.org/10.1172/JCI172826
https://doi.org/10.1096/fj.06-7859rev
https://doi.org/10.1016/j.cellsig.2008.02.022
https://doi.org/10.1096/fj.202001515R
https://doi.org/10.1016/s0898-6568(00)00139-x
https://doi.org/10.1016/j.ecoenv.2022.114398
https://doi.org/10.7554/eLife.57410
https://doi.org/10.7554/eLife.57410
https://doi.org/10.1016/j.drudis.2025.104368


Page 14 of 14Zhong et al. Natural Products and Bioprospecting           (2026) 16:52 

 52. Ibrahim M, Piazza GA, Ahsan F. Nerandomilast as the first PDE4B-

selective therapy in idiopathic pulmonary fibrosis. Trends Pharmacol Sci. 

2025;S0165–6147(25):00260–3. https:// doi. org/ 10. 1016/j. tips. 2025. 11. 006.

 53. El-Maadawy WH, Hafiz E, Mostafa A, Hassany AA, Shafie NS, Lethy AW, 

et al. Forskolin alleviates cholestatic liver disease by inhibiting the Hippo/

YAP-mediated ductular reaction and fibrosis progression. Eur J Pharma-

col. 2025;1006:178182. https:// doi. org/ 10. 1016/j. ejphar. 2025. 178182.

 54. Ostrom KF, LaVigne JE, Brust TF, Seifert R, Dessauer CW, Watts VJ, et al. 

Physiological roles of mammalian transmembrane adenylyl cyclase 

isoforms. Physiol Rev. 2022;102(2):815–57. https:// doi. org/ 10. 1152/ physr 

ev. 00013. 2021.

 55. Feng T, Li Y, Chen J, Chen Y, Huang J, Weng W. Pharmacokinetics of isofor-

skolin after administration via different routes in guinea pigs. Xenobiotica. 

2016;46(7):620–6. https:// doi. org/ 10. 3109/ 00498 254. 2015. 10990 82.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations.

https://doi.org/10.1016/j.tips.2025.11.006
https://doi.org/10.1016/j.ejphar.2025.178182
https://doi.org/10.1152/physrev.00013.2021.
https://doi.org/10.1152/physrev.00013.2021.
https://doi.org/10.3109/00498254.2015.1099082

	Deacetylforskolin ameliorates bleomycin-induced pulmonary fibrosis by suppressing inflammation and TGF-β1-induced epithelial–mesenchymal transition
	Abstract 
	1 Introduction
	2 Materials and methods
	2.1 Reagents and antibodies
	2.2 Animals
	2.3 BLM-induced inflammation model
	2.4 BLM-induced pulmonary fibrosis model
	2.5 Pulmonary function evaluation
	2.6 Lung histopathology
	2.7 Quantification of lung hydroxyproline
	2.8 Enzyme-linked immunosorbent assay
	2.9 Cell culture
	2.10 Cell viability detection
	2.11 TGF-β1 induced EMT cell model
	2.12 Western blot analysis
	2.13 Statistical analysis

	3 Results
	3.1 DFSK ameliorated BLM-induced lung inflammation in mice
	3.2 DFSK attenuated BLM-induced PF in mice
	3.3 DFSK improved lung function in BLM-induced PF mice
	3.4 DFSK suppressed BLM-induced EMT in mice
	3.5 DFSK reduced TGF-β1-induced EMT in A549 cells
	3.6 DFSK suppressed MAPK signaling in TGF-β1-induced A549 cells

	4 Discussion
	5 Conclusion
	Acknowledgements
	References


