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A B S T R A C T

Acute lung injury (ALI) is a multi-system and multifactorial disease, which is characterised by an uncontrolled 
inflammatory response and high mortality. Zaltoprofen (ZPF), is a non-steroidal anti-inflammatory drug (NSAID) 
with powerful anti-inflammatory effects, as well as an analgesic action on inflammatory pain. Therefore, this 
research study aims to explore whether ZPF, its main metabolite M2 (S-oxide-zaltoprofen) and novel analogues 
can alleviate ALI through multiple targets. Based on molecular docking, the similar topological structure binding 
properties of protein targets (STSBPT) strategy, the cellular thermal shift assay (CETSA) and drug affinity 

Abbreviations: 1H NMR, proton nuclear magnetic resonance spectroscopy; AA, amino acid; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; 
Arg120, arginine 120; Arg288, arginine 288; BCA, bicinchoninic acid; BSA, bovine serum albumin; CCK-8, cell counting kit-8; CETSA, cellular thermal shift assay; 
COX-1, cyclooxygenase-1; COX-2, cyclooxygenase-2; D63, 10,11-dihydro-α-methyl-10-oxodibenzo[b,f]thiepin-2-acetic acid 2- (2-thienylmethylene)hydrazide; 
DARTS, drug affinity responsive target stability; DMEM, Dulbecco’s modified eagle medium; DMF, dimethylformamide; DMSO, dimethyl sulfoxide; DMAP, 4- 
dimethylaminopyridine; E63, dibenzo[b,f]thiepin-2-acetic acid, α-methyl-, 2-(2-thienylmethylene)hydrazide, 5-oxide; EDC, 1-Ethyl-3-[3-(dimethylamino)propyl] 
carbodiimide; ERK, extracellular signal-regulated kinase; ERK1/2, extracellular signal-regulated kinase 1/2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
GW9662, 2-chloro-5-nitrobenzanilide; H2SO4, sulfuric acid; H2O2, hydrogen peroxide; H3, histone H3; HBSS, Hank’s balanced salt solution; HCl, hydrochloric acid; 
IL-1β, interleukin-1β; i-NOS, inducible nitric oxide synthase; IκBα, NF-κB inhibitor alpha; JC2/JMC2, dibenzo[b,f]thiepin-2-acetic acid, α-methyl-3-[5-oxide-4- 
(phenylsulfonyl) − 1,2,5-oxadiazol-3-yl]oxy]propyl ester, 5-oxide (ACI); JC5/JMC5, dibenzo[b,f]thiepin-2-acetic acid, 10,11-dihydro-α-methyl-10-oxo-, 3-[5-oxide-4- 
(phenylsulfonyl)-1,2,5-oxadiazol-3-yl]oxy]propyl ester (ACI); JC6/JMC6, dibenzo[b,f]thiepin-2-acetic acid, 10,11-dihydro-α-methyl-10-oxo-, 3-[5-oxide-4-(phenyl
sulfonyl)-1,2,5-oxadiazol-3-yl]oxy]propyl ester, 5-oxide (ACI); JNK, c-Jun N-terminal protein kinase; Leu288, leucine 288; LOX, lipoxygenase; LPS, lipopolysac
charide; M2, S-oxide-zaltoprofen; M282, dibenzo[b,f]thiepin-2-acetic acid, α-methyl- (9CI, ACI); M3, 10-hydroxy-zaltoprofen; M5, S-oxide-10-hydroxy-zaltoprofen; 
M6, dibenzo[b,f]thiepin-2-acetic acid, α-methyl-, 5-oxide (ACI); MAPK, mitogen-activated protein kinase; Mof, mofezolac; NaBH4, sodium borohydride; Na2SO4, 
sodium sulfate anhydrous; NF-κB p65, nuclear factor kappa B p65; NF-κB, nuclear factor kappa B; NHS, N-hydroxysuccinimide; NLRP3, NOD-like receptor thermal 
protein domain associated protein 3; NSAID, non-steroidal anti-inflammatory drug; p38 MAPK, mitogen-activated protein kinase p38; p38, mitogen-activated protein 
kinase 14; p65, nuclear factor NF-kappa-B p65 subunit; PBS, phosphate buffered saline; PDB, 4XTA, PPAR-γ crystal; PDB, 5IKQ, COX-2 crystal; p-ERK, phosphor
ylated extracellular signal-regulated kinase; PGE2, prostaglandin E2; p-IκBα, phosphorylated NF-κB inhibitor alpha; p-JNK, phosphorylated c-Jun N-terminal protein 
kinase; p-NF-κB p65, phosphorylated nuclear factor kappa B p65; p-p38, phosphorylated p38; p-p65, phosphorylated p65; PPAR-γ, peroxisome proliferator-activated 
receptor-γ; PVDF, polyvinylidene difluoride; PyMOL, a cross-platform molecular graphics system; Ser342, serine 342; Ser530, serine 530; SPF, specific pathogen-free; 
STSBPT, similar topological structure binding properties of protein targets; TBST, tween 20/Tris-buffered saline; TLR4-MD2, Toll-like receptor 4-myeloid differ
entiation factor 2; TNF-α, tumor necrosis factor-α; Tyr355, tyrosine 355; ZPF, zaltoprofen; ZPF/M2, zaltoprofen/ S-oxide-zaltoprofen.

* Corresponding author at: Universidad Complutense de Madrid (UCM). 28040 Madrid, Spain.
** Corresponding authors at: National Reference Laboratory of Veterinary Drug Residues (HZAU) and MAO Key Laboratory for Detection of Veterinary Drug 

Residues, Huazhong Agricultural University, Wuhan, Hubei 430070, China.
E-mail addresses: aanadon@ucm.es (A. Anadón), panyuanhu@mail.hzau.edu.cn (Y. Pan), wangxu@mail.hzau.edu.cn (X. Wang). 

Contents lists available at ScienceDirect

Biochemical Pharmacology

journal homepage: www.elsevier.com/locate/biochempharm

https://doi.org/10.1016/j.bcp.2025.117420
Received 2 December 2024; Received in revised form 20 May 2025; Accepted 9 October 2025  

Biochemical Pharmacology 242 (2025) 117420 

Available online 11 October 2025 
0006-2952/© 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:aanadon@ucm.es
mailto:panyuanhu@mail.hzau.edu.cn
mailto:wangxu@mail.hzau.edu.cn
www.sciencedirect.com/science/journal/00062952
https://www.elsevier.com/locate/biochempharm
https://doi.org/10.1016/j.bcp.2025.117420
https://doi.org/10.1016/j.bcp.2025.117420
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcp.2025.117420&domain=pdf
http://creativecommons.org/licenses/by/4.0/


responsive target stability (DARTS), for first time, this study found that cyclooxygenase-2 (COX-2) and peroxi
some proliferator-activated receptor-γ (PPAR-γ) are dual targets of ZPF and M2. Based on this outcome, novel 
analogues related to ZPF and M2 were designed. The present research study also examined the effect and the 
cellular and molecular mechanisms of ZPF, M2 and the novel analogues on LPS-induced ALI in vitro and in vivo, 
through the dual targets of COX-2 and PPAR-γ. The findings of this study suggest that the STSBPT strategy could 
assist as a probable multi-target medicinal drug screening strategy, and ZPF, its main metabolite M2 and its novel 
analogues could serve as potential therapeutic agents for the treatment of ALI, through the both COX-2 and 
PPAR-γ molecular signalling targets.

1. Introduction

The interaction between medicinal drugs and multi-targets is an 
important technology in the development of new medicines and in the 
improvement of their efficacy. Despite significant progress in pharma
ceutical technology and increased global research funding, the field of 
medicinal chemistry, which is concerned with drug design and the 
synthesis of biologically active molecules, is in crisis, mainly reflected in 
the low number of novel medicinal drug approvals per year [1]. One 
major challenge in developing new medicines stems, at least in part, 
from the inherent limitations of the traditional “single-target” strategy 
[2]. Conventional medicinal drugs are largely designed to address 
single-gene disorders by targeting a specific protein or molecular 
signaling pathway. However, the occurrence and development of many 
clinical diseases presents a multifactorial etiology, and an efficient 
multi-target network regulation mode [3,4]. This highlights an urgent 
need to shift drug development strategies toward a multi-target drug 
design paradigm. Supporting this approach, many clinically effective 
medicines demonstrate multi-target therapeutic effects, meaning they 
interact with multiple proteins to exert their pharmacological actions 
[1,5]. Consequently, targeting multiple pathways of a specific disease 
may offer a more effective treatment strategy than focusing on a single 
target [6]. A notable example is the novel class of dual acting non- 
steroidal anti-inflammatory drugs (NSAIDs) called COX/LOX competi
tive inhibitors, in particular “licofelone” (which decreases the produc
tion of proinflammatory leukotrienes and prostaglandins) developed to 
treat osteoarthritis after the selective single target-cyclooxygenase-2 
(COX-2) inhibitor rofecoxib was voluntarily withdrawn from the phar
maceutical market due to safety concerns regarding myocardial infarc
tion and stroke. Consequently, this offered a silver lining to the 
successful design of medicines based on multiple targets [7,8], sug
gesting that multi-target drugs may have a potential advantage over 
single target drugs in terms of both treatment and safety issues. While 
the multi-target drug approach is gaining traction for treating complex 
diseases, a significant challenge lies in the inability to effectively predict 
the outcomes of this approach, which has contributed to its slow prog
ress. To address this issue, this research study proposes a novel strategy 
to predict closely related targets based on the similarity in spatial 
structure of the medicinal drug targets, thus overcoming the difficulties 
of the multi-target approach, as well as solving the key scientific prob
lems. As each medicinal drug that binds to the target protein has a 
unique active binding pocket, it is possible to judge whether the me
dicinal drug has multiple targets by assessing the similarity of the to
pological structure of the protein active binding pocket, namely the 
“similar topological structure binding properties of protein targets” 
(STSBPT) strategy, provides a theoretical basis for the development of 
new drugs.

Acute lung injury (ALI) and severe forms of acute respiratory distress 
syndrome (ARDS) are clinical syndromes with diverse causes and 
alarmingly high mortality rates. They are characterised by an uncon
trolled inflammatory response, increased alveolar capillary barrier 
penetration, and pulmonary oedema, among other clinical symptoms 
[9,10]. Although great progress has been made in improving the sup
portive care for ARDS, an effective pharmacological treatment has not 
been established, and its fatality rate remains distressingly high at 

30–40 % [11]. Furthermore, ALI can induce destructive hypoxia and 
ischemic stress or the release of bacterial endotoxins [such as lipo
polysaccharide (LPS)]. The LPS-induced lung inflammation model has 
become a widely used tool for investigating the acute inflammatory 
response in ALI following exposure [10,12]. ALI, being a multifaceted 
system and a multi-target disease, presents the possibility of treatment 
through the development of multi-target drugs.

Zaltoprofen (ZPF) ((+/− )-2-(10,11-dihydro-10-oxo-dibenzo[b,f] 
thiepin-2-yl)- propionic acid), C17H14O3S, 74711–43-6) is a preferential 
cyclooxygenase-2 (COX-2) inhibitor known for its robust anti- 
inflammatory and analgesic effects on inflammatory pain [13]. This 
indicates its potential applicability in the treatment of ALI, although 
further research is necessary to confirm whether it exhibits multi-target 
properties. In humans, ZPF is metabolised to S-oxide-zaltoprofen (M2), 
10-hydroxy-zaltoprofen (M3) and S-oxide-10-hydroxy-zaltoprofen (M5) 
[14]. Compared to other NSAIDs, such as pranoprofen (2-(5H-chromeno 
[2,3-b] pyridin-7-yl)propanoic acid, C15H13NO3, 52549–17-4) (an 
NSAID used in ophthalmology) and indomethacin (an NSAID used for 
the treatment of inflammation and pain), ZPF causes the preferential 
potent inhibition of COX-2, exhibits a potent inhibitory action on the 
nociceptive responses induced by a retrograde infusion of bradykinin 
into the right common carotid artery in rats [15], and has fewer adverse 
events on the gastrointestinal tract [16,17]. Since many NSAIDs are 
metabolised into active metabolites within the body, it is crucial to 
investigate the anti-inflammatory effect of ZPF’s active metabolites, as 
this will help to better understand the mechanism of action of this 
pharmacologically active substance. Additionally, exploring whether 
ZPF or its active metabolites act on other anti-inflammatory targets 
beyond COX-2 remains an area of interest that warrants further inves
tigation. The STSBPT strategy, which is grounded in multi-target drug 
development, offers a valuable approach for predicting alternative anti- 
inflammatory targets of ZPF and its active metabolites. These predicted 
targets could share functional similarities with COX-2, providing a 
broader perspective on the compound’s therapeutic potential.

As mentioned previously, ALI is a highly fatal disease characterized 
by its involvement of multiple complex systems and diverse molecular 
signaling pathways, closely linked to inflammation. Despite advances in 
pharmacological research, current treatments fail to significantly alle
viate lung injury or reduce ALI-related mortality [18,19]. ZPF is an anti- 
inflammatory and analgesic drug with multiple molecular signalling 
targets, implying that it may be a potential multi-target drug for the 
treatment of ALI. Meanwhile, the design of multi-target drugs has sig
nificant advantages in the treatment of multisystem complex diseases 
compared to single target medicinal drugs. Therefore, in this research 
study, the STSBPT strategy was used to screen another critical anti- 
inflammatory target of ZPF, M2 and its novel analogues: peroxisome 
proliferator-activated receptor-γ (PPAR-γ). This was fully validated by 
the cellular thermal shift assay (CETSA) and drug affinity responsive 
target stability (DARTS). Furthermore, novel analogues were designed 
based on the multi-target perspective of the STSBPT strategy, and the 
efficacy of ZPF, M2 and its novel analogues was evaluated against LPS- 
induced ALI both in vitro and in vivo. In summary, ZPF, its main 
metabolite M2 and its novel analogues could serve as potential thera
peutic agents for ALI treatment through the dual target molecular sig
nalling of COX-2 and PPAR-γ. These findings not only highlight new 
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multi-target screening strategies and therapeutic targets but also lay the 
groundwork for developing novel NSAIDs to mitigate inflammatory 
injury. This approach has the potential to reduce the incidence of ALI 
and its devastating consequences.

2. Materials and methods

2.1. Chemistry

ZPF (99 %) was purchased from ShangHai YuanYe Biotechnology 
(Shanghai, China). Zaltoprofen metabolites and analogues: M2 (S-oxide- 
zaltoprofen) (95 %), M3 (10-hydroxy-zaltoprofen) (95 %) M5 (S-oxide- 
10-hydroxy-zaltoprofen) (95 %) D63 (10,11-dihydro-α-methyl-10-oxo
dibenzo[b,f]thiepin-2-acetic acid 2-(2-thienylmethylene)hydrazide) (95 
%), E63 (dibenzo[b,f]thiepin-2-acetic acid, α-methyl-2-(2-thienyl
methylene)hydrazide, 5-oxide) (95 %), JMC2 (dibenzo[b,f]thiepin-2- 
acetic acid, α-methyl-3-[5-oxide-4-(phenylsulfonyl)-1,2,5-oxadiazol-3- 
yl]oxy]propyl ester, 5-oxide (ACI)) (95 %), JMC5 (dibenzo[b,f]thiepin- 
2-acetic acid, 10,11-dihydro-α-methyl-10-oxo- 3-[5-oxide-4-(phenylsul
fonyl)-1,2,5-oxadiazol-3-yl]oxy]propyl ester (ACI) (95 %), JMC6 
(dibenzo[b,f]thiepin-2-acetic acid, 10,11-dihydro-α-methyl-10-oxo- 3- 
[5-oxide-4-(phenylsulfonyl)-1,2,5-oxadiazol-3-yl]oxy]propyl ester, 5- 
oxide (ACI) (95 %), were synthesized by the Institute of Veterinary 
Pharmaceuticals (Huazhong Agricultural University, Wuhan, PR China). 
In addition, chemical synthesis related reagents were purchased from 
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

The schematic pathways for the synthesis of metabolites (M2, M3, 
M5) and novel analogues (D63, E63, JMC2, JMC5, JMC6) of ZPF) are 

presented in Fig. 1. Moreover, characteristic analysis (1H NMR data) to 
confirm ZPF and synthesized metabolites, as well as the synthesized 
novel analogues is presented in Fig. 2 and Fig. 3, respectively.

2.1.1. Preparation of metabolite M2 (S-oxide-zaltoprofen)
To a solution of ZPF (2.98 g) in acetic acid (25 mL) 30 % hydrogen 

peroxide (H2O2) (1 mL) was added dropwise at 25 ◦C, and the mixture 
was stirred for 5 h at 45 ◦C. After the reaction was completed, the re
action mixture was poured into ice-water and the formed crude product 
was collected by filtration [20]. The target product was obtained by 
column chromatography on silica gel using petroleum ether/ethyl ace
tate (1.5:1) as the eluent and then recrystallized from ethyl acetate/ 
methanol to yield a white solid product.

2.1.2. Preparation of metabolite M3 (10-hydroxy-zaltoprofen)
To a solution of ZPF (5.96 g) in dry methanol (100 mL) sodium 

borohydride (NaBH4) was added at 25 ◦C, and the mixture was stirred 
for 2 h at 45 ◦C [21]. After the reaction was completed, the mixture was 
cooled to room temperature and 5 % aqueous HCl was added to adjust 
the pH to 4. The solvent was removed under reduced pressure and 
extracted with ethyl acetate (3 × 50 mL), then the combined organic 
layer was washed with water, dried over Na2SO4 and evaporated under 
reduced pressure to afford a crude M3, which was purified by column 
chromatography on silica gel using dichloromethane/methanol (20:1) 
complemented with 0.5 % acetic acid as the eluent to yield a white 
powder product.

Fig. 1. Schematic pathways for the synthesis of the metabolites (M2, M3 and M5) and novel analogues (D63, E63, JMC2, JMC5 and JMC6) of ZPF.
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2.1.3. Preparation of metabolite M5 (S-oxide-10-hydroxy-zaltoprofen)
To a solution of M3 (1.57 g) in acetic acid (25 mL) 30 % hydrogen 

peroxide (H2O2) (1 mL) was added dropwise at 25 ◦C, and the mixture 
was stirred for 5 h at 45 ◦C. After the reaction was completed, the re
action mixture was extracted with ethyl acetate (3 × 50 mL), then the 
combined organic layer was washed with water, dried over Na2SO4 and 
evaporated under reduced pressure to afford a crude product, which was 
purified by column chromatography on silica gel using dichloro
methane/methanol/acetic acid (100:3:1) as the eluent to yield a white 
solid product [20].

2.1.4. Preparation of M282 (dibenzo[b,f]thiepin-2-acetic acid, α-methyl- 
(9CI, ACI)

To a solution of M3 (5 g) in acetic acid (40 mL) H2SO4 (3 mL) was 
added dropwise at 25 ◦C. The mixture was stirred at 25 ◦C for 15 min, 
and then stirred at 45 ◦C for 15 min. Adding sodium hydroxide (1 mol/L) 
to adjust the pH to 5–6 after the reaction. The reaction mixture was 
extracted with ethyl acetate (3 × 100 mL), and then the combined 
organic layer was washed with water, dried over Na2SO4 and evaporated 
under reduced pressure to afford a crude product [21,22].

2.1.5. Preparation of M6 (dibenzo[b,f]thiepin-2-acetic acid, α-methyl-, 5- 
oxide (ACI)

To a solution of M282 (2 g) in acetic acid (25 mL) 30 % hydrogen 
peroxide (H2O2) (1 mL) was added dropwise at 25 ◦C, and the mixture 

was stirred at 45 ◦C for 5 h [20]. Sodium hydroxide (1 mol/L) was added 
to adjust the pH to 5–6 after the reaction. The reaction mixture was 
extracted with ethyl acetate (3 × 100 mL), and then the combined 
organic layer was washed with water, dried over Na2SO4 and evaporated 
under reduced pressure to afford a crude product, which was purified by 
column chromatography on silica gel using dichloromethane/methanol 
(20:1) complemented with 0.5 % acetic acid as the eluent to yield a 
white solid product.

2.1.6. Preparation of 3-phenylsulfonyl-4-propanol-furoxan
To a solution of 3,4-bis(phenylsulfonyl)furoxan (2 g) in tetrahydro

furan (20 mL) 1,3-propanediol (3 g) was added, and then 25 % NaOH (1 
mL) was added as the catalyst [23]. The mixture was stirred at 40 ◦C for 
4 h. The solvent was removed under reduced pressure and extracted 
with ethyl acetate (3 × 50 mL), then the combined organic layer was 
washed with water, dried over Na2SO4 and evaporated under reduced 
pressure to afford a crude M3, which was purified by column chroma
tography on silica gel using petroleum ether: ethyl acetate (3:2) as the 
eluent to yield a white powder product.

2.1.7. Preparation of 2-thiophenecarboxaldehyde hydrazine
To a solution of 2-thienaldehyde (1.5 mL) in tetrahydrofuran (7 mL), 

hydrazine hydrate (1 mL) was added dropwise, and the mixture was 
stirred at 25 ◦C. After the reaction was completed, the solvent was 
removed under reduced pressure to afford a white solid product, which 

Fig. 2. 1H NMR data of ZPF and its metabolites (M2, M3 and M5). ZPF: White solid. 1H NMR (400 MHz, CDCl3) δ 10.76 (s, 1H), 8.21 (d, J = 6.8 Hz, 1H), 7.62 (q, 4.4 
Hz, 2H), 7.45 (t, 6.0 Hz, 2H), 7.35 – 7.29 (m, 1H), 7.19 (q, 1.2 Hz, 1H), 4.38 (s, 2H), 3.76 (q, 7.2 Hz, 1H), 1.51 (d, J = 7.2 Hz, 3H). M2: White solid. 8.20 (d, J = 7.6 
Hz, 1H), 8.10 (d, J = 7.6 Hz, 1H), 7.77 (t, J = 8.4, 9.2 Hz, 2H), 7.58 (t, J = 7.6 Hz, 1H), 7.42 (d, J = 8.0 Hz, 1H), 7.34 (s, 1H), 4.50 (d, J = 14.8 Hz, 1H), 4.17 (d, J =
14.8 Hz, 1H), 3.78 (q, 7.2 Hz, 1H), 1.51 (d, J = 7.2 Hz, 3H). M3: White solid. 1H NMR (600 MHz, DMSO) δ 12.38 (s, 1H), 7.68 – 7.60 (m, 3H), 7.53 – 7.44 (m, 2H), 
7.32 (d, J = 12.0 Hz, 1H), 7.16 (s, 1H), 5.98 (d, J = 6.0 Hz, 1H), 5.40 (t, J = 6.0 Hz, 1H), 3.66 – 3.61 (m, 2H), 2.98 – 2.93 (m, 1H), 1.31 (d, J = 6.0 Hz, 3H). M5: White 
solid. 1H NMR (600 MHz, DMSO) δ 12.34 (s, 1H), 7.57 (d, 12.0 Hz, 1H), 7.43 – 7.32 (ddm, 6.0, 6.0 Hz, 3H), 7.20 – 7.17 (m, 2H), 7.06 (d, 6.0 Hz, 1H), 5.71 (s, 1H), 
5.35 (d, 6.0 Hz, 1H), 3.62 (q, 6.0 Hz, 1H), 3.45 (d, 18.0 Hz, 1H), 3.24 – 3.19 (m, 1H), 1.32 (d, 6.0 Hz, 3H).
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was pure enough to proceed to the next steps without further purifica
tion [24].

2.1.8. General procedure for the synthesis of JMC2 (dibenzo[b,f]thiepin-2- 
acetic acid, α-methyl-, 3-[[5-oxido-4-(phenylsulfonyl)-1,2,5-oxadiazol-3- 
yl]oxy]propyl ester, 5-oxide (ACI), JMC5 (dibenzo[b,f]thiepin-2-acetic 
acid, 10,11-dihydro-α-methyl-10-oxo-,3- [[5-oxido-4-(phenylsulfonyl)- 
1,2,5-oxadiazol-3-yl]oxy]propyl ester (ACI) and JMC6 (dibenzo[b,f] 
thiepin-2-acetic acid, 10,11-dihydro-α-methyl-10-oxo-,3- [[5-oxido-4- 
(phenylsulfonyl)-1,2,5-oxadiazol-3-yl]oxy]propyl ester, 5-oxide (ACI)

To a solution of M6/ZPF/M2 (1.3 mmol) in dimethylformamide 
(DMF), the corresponding 4-dimethylaminopyridine (DMAP) (3.9 
mmol), N-hydroxysuccinimide (NHS) (2.6 mmol) and 1-ethyl-3-(3- 

dimethylaminopropyl) carbodiimide hydrochloride (EDC⋅HCl) (2.6 
mmol) were added, and the mixture was stirred at 35 ◦C for 2 h, after 
which 3-phenylsulfonyl-4-propanol-furoxan (1.5 mmol) was added to 
the reaction mixture. After the reaction was completed, the solvent was 
removed under reduced pressure and extracted with ethyl acetate (3 ×
30 mL), then the combined organic layer was washed with water, dried 
over Na2SO4 and evaporated under reduced pressure to afford crude M3, 
which was purified by column chromatography on a silica gel using 
dichloromethane/methanol (20:1) complemented with 0.5 % acetic acid 
as the eluent to yield the product [25].

Fig. 3. 1H NMR data of novel analogues (D63, E63, JMC2, JMC5 and JMC6) of ZPF. D63: White solid. 1H NMR (600 MHz, CDCl3) δ 9.13 (s, 1H), 7.81 (s, 1H), 7.61 – 
7.55 (m, 3H), 7.53 (d, J = 1.7 Hz, 1H), 7.46 – 7.38 (m, 4H), 7.18 (dd, J = 3.6, 0.7 Hz, 1H), 7.04 (dd, J = 5.1, 3.6 Hz, 1H), 4.39 – 4.36 (m, 2H), 4.05 (q, J = 7.2 Hz, 
1H), 1.50 (d, J = 7.1 Hz, 3H). E63: White solid. 1H NMR (600 MHz, CDCl3) δ 9.44 (s, 1H), 8.00 – 7.75 (m, 3H), 7.75 – 7.63 (m, 1H), 7.58 (dd, J = 10.7, 7.2 Hz, 1H), 
7.48 – 7.31 (m, 4H), 7.23 – 7.07 (m, 3H), 7.07 – 7.00 (m, 1H), 4.04 (q, J = 7.2 Hz, 1H), 1.51 (t, J = 7.0 Hz, 3H). JMC2: Yellow oil. 1H NMR (600 MHz, CDCl3) δ 8.03 
(d, J = 8.3 Hz, 2H), 7.73 (td, J = 7.6, 0.9 Hz, 1H), 7.63 – 7.40 (m, 8H), 7.35 (t, J = 7.5 Hz, 1H), 7.18 (dd, J = 12.0, 4.3 Hz, 1H), 7.10 (dt, J = 8.1, 2.1 Hz, 1H), 4.35 – 
4.19 (m, 4H), 3.71 (dd, J = 15.8, 8.6 Hz, 1H), 2.12 (p, J = 6.1 Hz, 2H), 1.50 (d, J = 7.2 Hz, 3H). JMC5: White solid. 1H NMR (600 MHz, CDCl3) δ 8.15 (dd, J = 8.0, 
1.5 Hz, 1H), 8.07 – 8.00 (m, 2H), 7.75 – 7.71 (m, 1H), 7.58 (ddd, J = 17.5, 8.1, 6.0 Hz, 4H), 7.45 – 7.40 (m, 1H), 7.36 (d, J = 1.8 Hz, 1H), 7.30 (td, J = 7.8, 1.2 Hz, 
1H), 7.12 (ddd, J = 12.4, 8.0, 1.9 Hz, 1H), 4.37 – 4.28 (m, 4H), 4.24 (qt, J = 11.4, 5.7 Hz, 2H), 3.73 (q, J = 7.1 Hz, 1H), 2.18 – 2.11 (m, 2H), 1.49 (d, J = 7.2 Hz, 3H). 
JMC6: White solid. 1H NMR (600 MHz, CDCl3) δ 8.19 – 8.14 (m, 1H), 8.06 (ddd, J = 14.2, 12.0, 8.2 Hz, 4H), 7.64 – 7.59 (m, 3H), 7.58 – 7.51 (m, 2H), 7.39 – 7.34 (m, 
1H), 7.30 (d, J = 0.7 Hz, 1H), 4.62 – 4.44 (m, 2H), 4.38 – 4.31 (m, 2H), 4.25 (ddd, J = 6.2, 3.9, 1.7 Hz, 2H), 3.89 (t, J = 5.8 Hz, 1H), 2.14 (dd, J = 11.8, 5.9 Hz, 2H), 
1.49 (d, J = 7.2 Hz, 3H).
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2.1.9. General procedure for the synthesis of D63 (10,11-dihydro- 
α-methyl-10-oxodibenzo[b,f]thiepin-2-acetic acid 2-(2-thienylmethylene) 
hydrazide) and E63 (dibenzo[b,f]thiepin-2-acetic acid, α-methyl-, 2-(2- 
thienylmethylene)hydrazide, 5-oxide)

To a solution of ZPF or M6 (1.3 mmol) in DMF, the corresponding 4- 
dimethylaminopyridine (DMAP) (3.9 mmol), N-hydroxysuccinimide 
(NHS) (2.6 mmol) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC⋅HCl) (2.6 mmol) were added, and the mixture was 
stirred at 35 ◦C for 2 h; then, the 2-thiophenecarboxaldehyde hydrazone 
(1.5 mmol) was added to the reaction mixture. After the reaction was 
completed, the reaction mixture was poured into ice-water and the 
formed crude product was collected by filtration [26]. The target 
product was obtained by recrystallised from methanol.

2.2. Cell culture

The murine macrophage cell line RAW264.7, obtained from the 
American Type Culture Collection, was purchased from the China Center 
for Type Culture Collection. RAW264.7 cells were cultured in Dulbec
co’s modified eagle medium (DMEM) (Hyclone, USA), supplemented 
with with penicillin–streptomycin solution (Gibco, USA), L-Glutamine 
(Gibco, USA) and 10 % fetal bovine serum (PAN, Germany). The cultures 
were maintained at 37 ◦C in a humidified atmosphere containing 5 % 
CO2. Twenty-four hours after seeding, the culture medium was replaced 
with a serum-free medium and the cells were incubated for 12 h before 
undergoing chemical treatment. For example, the cells were pre
incubated with GW9662 (2-chloro-5-nitrobenzanilide) (Beyotime, 
China) for 2 h or ZPF and its metabolites for 2 h, and 0.1 μg/mL LPS 
(Beyotime, China) for 22 h. All experiments were performed at least in 
triplicate on three separate occasions [27].

CHO (Chinese Hamster Ovary) cells were obtained from China 
Center for Type Culture Collection, Wuhan. CHO cells were cultured in 
DMEM/F-12 (Dulbecco’s minimum essential medium/nutrient F-12) 
(Thermo Fisher Scientific, China) with penicillin–streptomycin solution 
(Gibco, USA), L-Glutamine (Gibco, USA) and 10 % fetal bovine serum 
(PAN, Germany) added [28]. The cultures were maintained at 37 ◦C in a 
humidified atmosphere containing 5 % CO2. Moreover, the hamster 
ovary CHO cell transfection of the wild-type and mutant vectors of COX- 
2 was conducted by ExFect®2000 Transfection Reagent (Vazyme, 
China) according to the manufacturer’s instructions.

2.3. Cell viability assay

Cell viability was determined using cell CCK-8 (counting kit-8) assay. 
RAW264.7 cells were seed into 96-well plates and cultured for 24 h, 
followed by incubation with varying concentrations of ZPF and its me
tabolites (5–160 μM) for 24 h. Subsequently, 10 μL of the CCK-8 solution 
(Vazyme, China) was added to each well of the plate, and the plate was 
incubated for 1–4 h in the 37 ◦C incubator (Thermo, USA). Absorbance 
was then measured at 450 nm using a microplate reader (EnVision, 
USA). Control cells were treated with CCK-8 solution, the absorbance of 
which was taken as 100 % viability.

2.4. In vitro cyclooxygenase inhibition assay

The inhibitory effects of ZPF and its metabolites on COX-1 and COX-2 
were evaluated using the commercially available COX-1 (ovine) inhib
itor screening assay kit (Biovision, USA) and COX-2 (human) inhibitor 
screening assay kit (Beyotime, China) [29]. The reaction steps are per
formed strictly following the manufacturer’s instructions. Briefly, ZPF 
and its metabolites at final concentration of 10, 20, 40, 80, 160, 320, 640 
and 1280 nМ, were incubated with ovine COX-1, human recombinant 
COX-2 and arachidonic acid solution to initiate COX reaction. After in
cubation, prostaglandins were quantified by measuring fluorescence 
values using a microplate reader (Tecan Infinite Pro, Switzerland) at Ex/ 
Em = 535/587 nm for COX-1 and Ex/Em = 560/590 nm for COX-2.

2.5. Molecular docking and PyMOL analysis

The crystal structure of human COX-2 proteins (PDB ID 5IKQ), COX- 
1 (PDB ID 5WBE), NALP3 PYD (PDB ID 3QF2), MD-2 (PDB ID 2E59), and 
PPAR-γ (PDB ID 4XTA) was obtained from the PDB database (htt 
ps://www.rcsb.org/). Moreover, SYBYL-X 2.0 was utilized for the mo
lecular docking between COX-2, COX-1 and PPAR-γ proteins and ZPF 
along with its metabolites, and the key amino acid (AA) residues 
involved in hydrogen bond formation between the proteins and com
pounds were identified. The specific parameter settings of the docking 
software: Docking mode is Surflex-Dock, protein molecules need to be 
removed from water molecules and added hydrogens, ligand molecules 
need to be added hydrogens and optimized. Furthermore, AA residues 
within 5Å of the active pocket were considered to be key AA residues 
that may be related to affinity. Furthermore, the docking results and the 
“STSBPT” were analysed and visualized using PyMOL software [30].

2.6. Establishment and evaluation of COX-2 activity model of CHO cells

The design and analysis of mutation sites depends on SIFT (htt 
ps://sift.bii.a-star.edu.sg/) and PolyPhen-2 (https://genetics.bwh. 
harvard.edu/pph2/). SIFT utilizes the homology and physical proper
ties of AA residues sequences to predict whether the substitution of AA 
residues will impact protein function, while also assessing the degree of 
harmfulness caused by gene variations [31]. PolyPhen-2 predicts the 
possible effects of AA residues substitution on the stability and function 
of human proteins in terms of structure and comparative evolution [32]. 
Generally, a lower SIFT score and a higher PolyPhen-2 score indicate a 
less favorable mutation with a more significant impact on protein 
function [33]. Following this principle and the docking results, key AA 
residues are mutated to disrupt protein function. Briefly, the lists of AA 
residues of the active pocket from docking results were predicted by 
SIFT software with the score of 0. These sites were taken into PolyPhen-2 
to further select mutation sites with a score of 1.

Evaluation of COX-2 activity in a CHO cell model was modified in the 
present research study [34]. CHO cells transfected with wild-type and 
mutant vectors of COX-2 were digested with trypsin 0.25 % (w/v) 
(Hyclone, USA), and then collected by centrifugation at 1000 rpm for 5 
min. CHO cells were washed with Hank’s balanced salt solution (HBSS) 
buffer (Thermo Fisher, USA) once, and resuspended in HBSS buffer (2.0 
× 105 cells/mL). CHO cells were seeded in 48-well plates at 500 µL per 
well (1.0 × 105 cells/well), and incubated with the test compound (final 
concentration 100 µM ZPF, M2, M3 and M5) or dimethyl sulfoxide 
(DMSO) (Solarbio, China) for 15 min at 37 ◦C before challenged with 
arachidonic acid. Cells were challenged for 15 min with an arachidonic 
acid solution (10 % ethanol in HBSS) to yield final concentrations of 10 
µM arachidonic acid in the CHO [COX-2] assay. Positive control re
actions (DMSO incubation, arachidonic acid and without test com
pound) and negative control reactions (DMSO incubation, without 
arachidonic acid and test compound) were set for each experiment. 
Then, 25 µL 1 M HCl was added to stop the reaction, followed by 50 µL 
0.5 M NaOH for neutralisation. After centrifugation at 2500 rpm for 20 
min, the supernatant was collected and prostaglandin E2 (PGE2) pro
duction was measured by Human PGE2 ELISA Kit (Bioswamp, China). IR 
%=(Cp-Ct)/(Cp-Cn) × 100 %, (IR: the inhibitor ratio of COX-2 enzyme 
activities; Cp: positive concentration; Cn: negative concentration; Ct: 
test concentration).

2.7. Quantitative real-time PCR analysis (RT-qPCR)

The mRNA levels of the selected genes were assessed using the Bio
Rad CFX 96TM RT-qPCR (Hercules, CA). Briefly, RAW264.7 cells were 
seeded into 12-well cell culture plate and cultured at 37 ◦C in a 5 % CO2 
humidified atmosphere. The cells were then pre-treated with ZPF and its 
analogues for 2 h, followed by treatment with 0.1 μg/mL LPS for 22 h. 
Subsequently, the cells were washed with phosphate-buffered saline 
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(PBS) (Servicebio, China). Total RNA was extracted using the RNA iso
later Total RNA Extraction Reagent (Vazyme, China) according to the 
manufacturer’s instructions. The final RNA concentration and purity 
was determined using a Q3000 ultra-micro spectrophotometer (Thermo 
Fisher, USA), obtaining A260/A280 ratios between 1.9 and 2.1 in all the 
samples. One microgram of total RNA was immediately reversed tran
scribed to cDNA by HiScript II 1st strand cDNA synthesis kit (+gDNA 
wiper) (Vazyme, China). The cDNA was amplified by RT-qPCR using a 
ChamQ SYBR Color qPCR Master Mix (Vazyme, China) according to the 
manufacturer’s instructions. Data from the reaction were collected and 
analysed by complementary computer software. Relative quantification 
of gene expression was calculated using the 2-△△Ct method, and nor
malised to GAPDH in each sample. All of the primers used in this 
research study are shown in Table 1.

2.8. Western blot

After the treatment, RAW264.7 cells were collected, and total pro
teins were extracted using RIPA solution (Servicebio, China) supple
mented with a protease and phosphatase inhibitor mixture (Beyotime, 
China). Cytosolic and nuclear proteins from cells were isolated using a 
cytosolic and nuclear extraction kit (Beyotime, China). Protein con
centrations were determined with the enhanced BCA (bicinchoninic 
acid) protein assay kit (Beyotime, China) according to the manufac
turer’s instructions. Subsequently, 20 µg of cellular protein from each 
group were separated via 10 % SDS-PAGE (Sangon Biotech, China) and 
transferred onto PVDF (polyvinylidene difluoride) membrane (Milli
pore, USA). Membranes were blocked with 5 % BSA (bovine serum al
bumin) in 0.1 % Tween 20/Tris-buffered saline (TBST) (Servicebio, 
China) at room temperature for 1 h and then incubated overnight at 4 ◦C 
with COX-2, PPAR-γ, i-NOS, IL-1β, TNF-α, p-NF-κB p65, NF-κB p65, p- 
IκBα, IκBα, H3, and GAPDH antibody (Abclonal, China), or p-ERK, ERK, 
p38, p-p38, JNK, p-JNK antibody (CST, USA). After incubation, the 
membranes were washed three times with 0.1 % TBST and then incu
bated with secondary antibodies (1:5000 dilution) (Abclonal, China) at 
room temperature for 1.5 h. The enhanced chemiluminescence kit 
(Abclonal, China) was used to visualise the protein bands.

2.9. Immunofluorescence

Murine RAW264.7 cells were pretreated with ZPF and its analogues 
for 2 h, followed by stimulation with LPS for an additional 22 h. Sub
sequently, the cells were washed twice with TBS and fixed in 4 % 
paraformaldehyde (Servicebio, China) and permeabilised in TBS con
taining 0.3 % Triton X-100 (Solarbio, China) for 10 min. After blocking 
with 5 % BSA at 37 ◦C for 30 min, the samples were incubated overnight 
at 4 ◦C with primary antibodies, rabbit anti-NF-κB p65 and PPAR-γ 
(1:200, Abclonal, China). The samples were kept at room temperature 
and reheated for 15 min, followed by incubation with Cy3 Goat Anti- 
Rabbit IgG (H + L) (1: 200, Abclonal, China) as the secondary anti
body. After being incubated in DAPI staining working solution (Serv
icebio, China) at room temperature for 10 min, the DAPI staining 
working solution was removed, and a drop of anti-fluorescence attenu
ation sealant (Servicebio, China) was applied to seal the coverslip. 

Imaging was conducted using laser scanning confocal microscopy (LSM 
800, Zeiss, Germany), and data analysis was performed with ZEN 
software.

2.10. Cellular thermal shift assay and drug affinity responsive target 
stability

Engagement between ZPF/M2 and COX-2/PPAR-γ in RAW264.7 
cells was analysed by cellular thermal shift assay (CETSA). Samples were 
prepared from DMSO-exposed cells and ZPF/M2-exposed cells. For each 
set, 2 × 107 cells were seeded in a 10-cm culture dish. RAW264.7 cells 
were treated with 0.1 μg/mL LPS for induction. After 24 h of culturing, 
the cells were washed with ice-PBS, scraped and collected. The samples 
were centrifuged at 12,000 rpm for 2 min at room temperature, and the 
pellets were gently resuspended with 0.5 mL of PBS containing 1 % 
protease inhibitors and 1 % phosphatase inhibitors (Beyotime, China). 
Then, the samples underwent three freeze–thaw cycles. For each cycle, 
they were exposed to liquid nitrogen for 3 min, placed in a heating block 
at 25 ◦C for 3 min. The samples were then centrifuged at 12,000 rpm for 
10 min at 4 ◦C, and equal volume of supernatant was transferred to two 
new Eppendorf (EP) tubes, the DMSO group and the ZPF/M2 group. For 
the experimental sample set, ZPF/M2 was added to a final concentration 
of 100 μM and for the control sample set, the same volume of DMSO was 
added. The samples were incubated at 25 ◦C for 30 min and dispensed 
into 100 μL aliquots. Pairs consisting of one control aliquot and one 
experimental aliquot were heated at 41 ◦C, 45 ◦C, 49 ◦C, 53 ◦C, 57 ◦C, 
61 ◦C for 3 min, and then placed at room temperature for 3 min. Lastly, 
the samples were placed on ice and subjected to Western blot analysis 
using primary antibody rabbit COX-2 or PPAR-γ (Abclonal, China).

Engagement between ZPF/M2 and COX-2/PPAR-γ in RAW264.7 
cells was also analysed by DARTS [35]. Briefly, samples were prepared 
from cells exposed to DMSO and ZPF/M2. For each set, 2 × 107 cells 
were seeded in a 10-cm cultured dish. RAW264.7 cells were treated with 
0.1 μg/mL LPS for induction. After 24 h of culturing, the cells were 
washed with ice-cold PBS, scraped and collected. The samples were 
centrifuged at 12,000 rpm for 2 min at 4 ◦C, and then the pellets were 
gently resuspended with 1.6 mL of M− PER (Thermo Scientific, USA) 
containing 1 % protease inhibitors and 1 % phosphatase inhibitors 
(Beyotime, China) and placed on ice for 20 min. The samples were 
centrifuged at 13,000 rpm for 3 min at 4 ◦C. The supernatant (cell lysate) 
was removed and transferred to a new 1.5 mL tube and keep on ice, and 
then add appropriate volume of 10 × TNC buffer [500 mM Tris-HCl (pH 
= 8.0), 500 mM NaCl, 100 mM CaCl2] was added to make a final con
centration of 1 × TNC buffer in the lysate. The protein concentration of 
cell lysate was determined by BCA protein concentration assay, and the 
protein concentration was adjusted to 6 g/L with precooled PBS buffer. 
The supernatant protein was divided into two EP tubes of equal volumes, 
and equal volumes of DMSO and ZPF/M2 were added, making a final 
concentration of ZPF/M2 for 100 μM; the two EP tubes were placed 
together on a shaker (Kylin-bell, China) at room temperature for shaking 
(10 rpm) and incubation (30 min). The protease was diluted in 1 × TNC 
buffer to a range of protease solutions. After incubation with the small 
molecule was complete, each sample was split into 100 μL aliquots, with 
2 μL of the range of protease solutions, and the concentration of protease 
was made up to 1:100, 1:300, 1:1000, 1:3000 and 1:10000; the solutions 
were incubated for 30 min at room temperature. Each digestion reaction 
was stopped by adding 2 μL of 100 × protease inhibitor cocktail (Thermo 
Fisher, USA) and then incubated on ice for 10 min. Next, 5 × SDS-PAGE 
loading buffer (Beyotime, China) was added to the samples to achieve a 
final concentration of 1 × SDS-PAGE loading buffer. The solution was 
finally heated at 95 ◦C for 10 min, and subjected to Western blot analysis 
using primary antibody rabbit COX-2 or PPAR-γ (Abclonal, China).

2.11. Model of LPS-induced acute lung inflammation and grouping

The specific pathogen-free (SPF) male C57BL/6 mice, aged 6–8 

Table 1 
The list of primers sequences.

Genes name Primer sequence (5′-3′)

COX-2 forward TCCCTGAAGCCGTACACATCA
reverse TGGACGAGGTTTTTCCACCA

PPAR-γ forward GACCTGAAGCTCCAAGAATACCAAA
​ reverse TGAGGCCTGTTGTAGAGCTGGGTC
i-NOS forward GAGCGAGGAGCAGGTGGAA
​ reverse CCATAGGAAAAGACTGCACCGA
GAPDH forward AACTTTGGCATTGTGGAAGG

reverse ACACATTGGGGGTAGGAACA
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weeks and weighing 18–22 g, were obtained from the Centre of Labo
ratory Animals of Huazhong Agricultural University. The research pro
tocol was approved by the Animal Ethics Committee of the Faculty of 
Veterinary Medicine (Huazhong Agricultural University, Wuhan, P.R. 
China). Animals were housed in well-maintained rooms at a temperature 
of 20–26 ◦C, with a relative humidity of 40–70 % and a 12 h light/dark 
cycle. During the first week of acclimatization, all animals received basic 
feed and fresh water.

For the ZPF and M2 treatments, ZPF and its metabolite M2 were 
dissolved in DMSO and subsequently diluted in PBS. Mice were 
randomly divided into six groups (n = 8 per group): a control group 
received PBS-DMSO, a group receiving LPS only, a group receiving ZPF 
without LPS, a group receiving the metabolite M2 without LPS, an 
experimental group receiving ZPF followed by LPS, and an experimental 
group receiving metabolite M2 followed by LPS. The mice were sacri
ficed by intraperitoneal injections of sodium pentobarbital (100 mg/kg 
b.w.) after intraperitoneal injection of ZPF/M2 (30 mg/kg b.w.) for 2 h 
and intraperitoneal injection of LPS (10 mg/kg b.w.) for 6 h. For 
analogue treatment, analogues were dissolved in DMSO and diluted in 
PBS. Mice were randomly divided into twelve groups (n = 8 per group): 
a control group which received PBS-DMSO, a group receiving LPS only, 
five groups receiving different analogues (D63, E63, JMC2, JMC5 and 
JMC6, which may have a stronger anti-inflammatory effect, were ob
tained by using the principle of chemical splicing without LPS, and five 
experimental groups receiving different analogues (D63, E63, JMC2, 
JMC5 and JMC6) followed by LPS [36,37]. The mice were sacrificed 

after intraperitoneal injection of analogues (30 mg/kg b.w.) for 2 h and 
intraperitoneal injection of LPS (10 mg/kg b.w.) for 6 h [38]. Then, the 
left lung was collected to obtain the “wet” weight, and then left lung was 
dried in an oven at 80 ◦C for 72 h and weighed to obtain the “dry” 
weight. Lung edema was assessed by calculating lung wet/dry (W/D) 
ratio. Meanwhile, the right lung tissues were collected for pathological 
examination and histochemical analysis.

2.12. Histopathological analysis and immunohistochemical staining 
(IHC)

All histopathological assays were performed using standard labora
tory procedures. The upper lobe of the right lung of each male C57BL/6 
mice (6–8 weeks old) was fixed in 4 % buffered paraformaldehyde, 
dehydrated using a gradient series of alcohol, embedded in paraffin, and 
sliced into 5 μm sections. The prepared slides were stained with 
hematoxylin-eosin (HE) staining (Baiqiandu, China), and examined 
under an optical microscope (NIKON Eclipse ci, Japan) to observe 
morphological changes. Immunohistochemical staining was carried out 
to assess protein expression levels of COX-2 and PPAR-γ. Primary anti
bodies of COX-2 and PPAR-γ (Abclonal, China) were incubated over
night at 4 ◦C. For immunohistochemical analysis, secondary antibodies 
of Abclonal goat anti-rabbit IgG were incubated for 50 min at room 
temperature. The sections were then mounted and examined under a 
Nikon Eclipse E100 optical microscope.

Fig. 4. The inhibitory effect of ZPF and its metabolites on the COX enzyme. Inhibitory effect and binding properties of ZPF and its metabolites on the COX-1 enzyme 
(A, B). Inhibitory effect and binding properties of ZPF and its metabolites on the COX-2 enzyme (C, D).
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2.13. Data and statistical analysis

Statistical analysis was performed using SPSS 18.0 for Windows. All 
of the results were presented as the mean ± standard deviation. Dif
ferences between multiple groups were analyzed using a one-way 
analysis of variance. Statistical significance was set at p < 0.05 and a 
value of p < 0.01 was strongly significant.

3. Results

3.1. Zaltoprofen (ZPF) and metabolite M2 have COX-2 inhibitory activity 
but not COX-1 inhibitory activity

The COX-1 and COX-2 inhibitory activities of ZPF and its main me
tabolites were evaluated using the COX-1 (ovine) and COX-2 (human) 
inhibitor screening assay kit. It can be seen from Fig. 4A that the relative 
inhibition rate of ZPF and its metabolites on COX-1 was less than 50 %, 
in the order ZPF, M5, M3 and M2 (from high to low). Further analysis by 
molecular docking using mofezolac (Mof, a NSAID and selective COX-1 
inhibitor) as the positive binding ligand of COX-1, showed that the 
docking score of ZPF and its metabolites with COX-1 was much lower 
than that of mofezolac. The binding of key AA residues was completely 
different to mofezolac (Fig. 4B and Table 2), further indicating that ZPF 
and its metabolites did not have inhibitory activity against the COX-1 
enzyme. In addition, as can be seen from Fig. 4C, the IC50 values of 
metabolite M2 and ZPF were 45.38 nM and 515.2 nM, respectively, 
indicating that metabolite M2 has a better inhibitory activity on COX-2 
than ZPF, while metabolite M3 and metabolite M5 had almost no 
inhibitory effect on COX-2. The inhibition of COX-2 activity by ZPF and 
its metabolites was further confirmed by the molecular docking assay, 
where the docking score for metabolite M2 was higher than ZPF and its 
other metabolites (Fig. 4D and Table 3). The above results show that the 
inhibitory activity of metabolite M2 on the COX-2 enzyme was greater 
than the other compounds, while the inhibitory activity of metabolite 
M2 on the COX-1 enzyme was less than the other compounds.

3.2. PPAR-γ was predicted as an anti-inflammatory molecular signalling 
target based on STSBPT

To investigate the multiple pharmacodynamic molecular signalling 

Table 2 
Results of chemicals docking with 5WBE. The binding of the chemicals to 
COX-1 (PDB ID 5WBE) was analysed by SYBYL-X 2.0 and PyMOL software.

Chemicals COX-1 PDB ID Key residues Docking scores

ZPF 5WBE Arg120 5.2061
M2 5WBE His90 3.9232
D63 5WBE Arg120 6.6408
E63 5WBE Arg120 Ser530 4.3308
JMC2 5WBE Arg120 Tyr385 0.3378
JMC5 5WBE Tyr385 Ser530 1.2914
JMC6 5WBE Arg120 6.4197
Mofezolac 5WBE Ser530 8.3543

Table 3 
Results of chemicals docking with 5IKQ. The binding of the chemicals to 
COX-2 (PDB ID 5IKQ) was analysed by SYBYL-X 2.0 and PyMOL software.

Chemicals COX-2 PDB ID Key residues Docking scores

ZPF 5IKQ Arg120 Tyr355 8.3609
M2 5IKQ Arg120 Tyr355 Ser530 8.4923
D63 5IKQ Arg120 9.2240
E63 5IKQ Arg120 Ser530 9.0971
JMC2 5IKQ Tyr115 Arg120 Ser530 8.5525
JMC5 5IKQ Arg120 6.3808
JMC6 5IKQ Arg120 Tyr355 Arg513 Ser530 9.4747

Fig. 5. Prediction of PPAR-γ as an anti-inflammatory molecular target based on the STSBPT strategy. The binding of ZPF and its metabolite M2 with COX-2 and 
PPAR-γ was simulated by molecular docking (A, B). The degree of similarity of the COX-2 and PPAR-γ pocket was simulated based on the STSBPT strategy (C). The 
binding potential of ZPF and M2 with COX-2 and PPAR-γ was analysed by CETSA (D, E). The binding potential of ZPF and M2 with COX-2 and PPAR-γ was analysed 
by DARTS (F, G). Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. All experiments were repeated in 
triplicate and data were represented as the mean ± SD from a represent experiments (n = 3). *p < 0.05, **p < 0.01 vs. DMSO (COX-2) group or DMSO (PPAR- 
γ) group.
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targets of ZPF and its metabolite M2, the STSBPT strategy was employed 
to predict the topological structure-like spatial binding properties of 
proteins associated with inflammation regulation, including PPAR-γ, 
NLRP3 and TLR4-MD2. SYBYL-X 2.0 software was utilized to analyse the 
key AA residues of ZPF and metabolite M2 binding to the PPAR-γ crystal 
(PDB:4XTA) and the COX-2 crystal (PDB:5IKQ) with known NSAID 
compounds as ligands. The results showed that arginine 120 (Arg120) 
and tyrosine 355 (Tyr355) are the key AA residues for ZPF binding to 
COX-2, while Arg120, Tyr355 and serine 530 (Ser530) are the key AA 
residues for M2 binding to COX-2 (Fig. 5A). Meanwhile, the key AA 
residues of ZPF and metabolite M2 binding to PPAR-γ were Ser342 and 
Arg288, respectively (Fig. 5B and Table 4). It is worth noting that, as 
shown in Fig. 5, both ZPF and metabolite M2 have binding character
istics with PPAR-γ and COX-2, and their binding characteristics have a 
similar spatial structure. In order to further verify the similarity in 
spatial structure of the binding pockets, PyMOL, a cross-platform mo
lecular graphics tool, was used to analyse the spatial similarity of the 
binding pockets of ZPF/M2 and COX-2/PPAR-γ. As shown in Fig. 5C, the 
binding activity pockets of ZPF/M2 and COX-2/PPAR-γ have a high 
degree of structural similarity in space. In addition, the spatial similarity 

of the binding pockets of ZPF/M2 and COX-2/NLRP3/MD2 was also 
analysed by SYBYL-X 2.0 software and PyMOL, which showed that the 
ZPF/M2-NLRP3/MD2 binding active pockets had poor spatial similarity 
with the ZPF/M2-COX-2 binding active pockets. In addition, CETSA and 
DARTS were used to analyse the potential of ZPF/M2 binding to COX-2/ 
PPAR-γ. As shown in Fig. 5D-G, the results indicate that the COX-2 and 
PPAR-γ proteins in the ZPF/M2 group had better thermal stability and 
enzyme stability compared to the DMSO group. The above results sug
gest that COX-2/PPAR-γ might be a potential anti-inflammation target 
of ZPF/M2.

3.3. ZPF/M2 suppressed NF-κB and reversed PPAR-γ activity in LPS- 
stimulated RAW264.7 cells

The results of the anti-inflammatory activity of ZPF and its metab
olite M2 in LPS-stimulated RAW264.7 cells showed that both ZPF and 
M2 have significant anti-inflammatory effects, and the anti- 
inflammatory effect of M2 on the expression of COX-2, i-NOS and 
PPAR-γ is significantly stronger than ZPF (Fig. 6A, B). To further 
investigate whether the PPAR-γ/NF-κB molecular signalling pathway 
could be regulated by ZPF and metabolite M2, the nuclear transfer 
related proteins, p-p65 and p-IκBα, were detected in RAW264.7 cells. As 
shown in Fig. 6C, D, compared to the control group, LPS could signifi
cantly increase the p-IκBα gene and PPAR-γ levels and decrease the p- 
p65 level in the cytoplasm. However, ZPF and metabolite M2 signifi
cantly reversed the LPS-induced p-IκBα and PPAR-γ levels and further 
decreased the transcription factor NF-κB/p-p65 level in the cytoplasm. 
Meanwhile, ZPF and metabolite M2 significantly decreased the accu
mulation of p-p65 and increased the PPAR-γ levels in the nucleus, 
especially at 160 μM. The nuclear localisation of NF-κB and PPAR-γ in 
RAW264.7 cells was further determined by immunofluorescence assay. 
The results of this study showed that LPS treatment significantly 

Table 4 
Results of chemicals docking with 4XTA. The binding of the chemicals to 
PPAR-γ (PDB ID 4XTA) was analysed by SYBYL-X 2.0 and PyMOL software.

Chemicals PPAR-γ PDB ID Key residues Docking scores

ZPF 4XTA Ser342 3.3534
M2 4XTA Arg288 5.3303
D63 4XTA Arg288 Ser342 Glu343 7.2936
E63 4XTA Arg288 6.7424
JMC2 4XTA Arg288 Ser342 8.8142
JMC5 4XTA Arg288 Ser342 Leu288 9.4084
JMC6 4XTA Arg288 Glu295 8.2928

Fig. 6. Regulation of ZPF and its metabolite M2 on LPS-induced PPAR-γ inhibition and phosphorylated p65 activation. ZPF can inhibit the expression of COX-2 (to a 
certain extent), inhibit the expression of i-NOS and increase the expression of PPAR-γ induced by LPS in a concentration-dependent manner. Metabolite M2 can 
significantly inhibit LPS-induced COX-2 and i-NOS, and elevate PPAR-γ gene expression in a concentration-dependent manner, and the inhibitory effect is stronger 
than that of ZPF (A). ZPF and its metabolite M2 inhibit the inflammatory associated proteins induced by LPS, consistent with the trend of mRNA (B). ZPF and its 
metabolite M2 can inhibit phosphorylated p65 and activate PPAR-γ in a concentration-dependent manner (C, D). The presence of GW9662 can block the regulation of 
ZPF and its metabolite M2 on phosphorylated p65 and PPAR-γ (E, F). The effects of ZPF and its metabolite M2 on the nuclear transfer of p65 and PPAR-γ were 
detected by immunofluorescence assay (G, H). Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. All ex
periments were repeated in triplicate and data were represented as the mean ± SD from a represent experiments (n = 3). **p < 0.01 vs. control group; *p < 0.05, **p 
< 0.01 vs. LPS group + different conditions group; #p < 0.05, ##p < 0.01 vs. control group and LPS group.
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promoted the transfer of NF-κB and inhibited the transfer of PPAR-γ 
from the cytoplasm to the nucleus. However, NF-κB and PPAR-γ were 
mainly concentrated in the cytoplasm and nucleus, respectively, after 
pre-treatment with ZPF and M2 (Fig. 6G, H), which means that ZPF and 
M2 inhibit LPS-induced NF-κB nuclear transfer in RAW264.7 macro
phage cells but promote the nuclear transfer of PPAR-γ. In addition, the 
presence of GW9662, a PPAR-γ antagonist, can reverse the effects of ZPF 
and M2 to a certain extent (Fig. 6E-H). The above research shows that 
PPAR-γ can regulate NF-κB levels. Taken together, the activation of 
nuclear factor NF-κB and the inhibition of PPAR-γ induced by LPS was 
suppressed by ZPF and metabolite M2, suggesting that ZPF and M2 have 
anti-inflammatory effects through the PPAR-γ/NF-κB signalling 
pathway.

3.4. ZPF/M2 alleviated the MAPK-PPAR-γ/NF-κB signalling pathways 
induced by LPS in RAW264.7 cells

The MAPK (mitogen-activated protein kinase) pathways play a crit
ical role in various cellular processes, including proliferation, differen
tiation, apoptosis, cell survival, cell motility, metabolism, stress 
response and inflammation. These pathways are also thought to regulate 
the PPAR-γ and NF-κB signalling pathways [39,40]. Therefore, the 
present research study investigated whether ZPF/M2 could be involved 
in the regulation of MAPKs signaling pathway.

As shown in Fig. 7A, ZPF and M2 significantly reduced the phos
phorylation levels of JNK (c-Jun N-terminal protein kinase), ERK1/2 
(extracellular signal-regulated kinase 1/2) and p38 MAPK (mitogen- 

Fig. 7. ZPF and its metabolite M2 regulate the expression of PPAR-γ and p65 through the MAPK signalling pathway in RAW264.7 cells and LPS-induced ALI in mice. 
ZPF and its metabolite M2 can significantly inhibit p-JNK, p-ERK and p-p38 expression in a concentration-dependent manner (A). The presence of p38 inhibitors 
(SB203580) or ERK1/2 phosphorylation inhibitor (PD98059) can significantly reduce the expression of COX-2, i-NOS and p-p38, and improve the expression level of 
PPAR-γ; ZPF and its metabolite M2 can significantly inhibit LPS-induced pulmonary oedema in mice (B, C). ZPF and M2 could significantly reverse the water content 
of the lung induced by LPS (D). The inhibitory effect of ZPF and its metabolite M2 on LPS-induced lung injury in mice was observed by histopathology (E). The 
changes of COX-2 and PPAR-γ in the lung tissues of mice were analysed by immunohistochemistry (F, G). Statistical analysis was conducted by one-way ANOVA 
followed by Bonferroni’s for multiple comparisons. All experiments were repeated in triplicate and data were represented as the mean ± SD from a represent ex
periments (n = 3). #p < 0.05, ##p < 0.01 vs control group and LPS group; *p < 0.05, **p < 0.01 vs LPS group + different conditions group.
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activated protein kinase p38) induced by LPS. Further research showed 
that M2 exhibited a significantly stronger inhibitory effect on the p38 
signaling pathway compared to ZPF, whereas ZPF demonstrated a more 
pronounced inhibitory effect on the central ERK1/2 signaling pathway 
than M2.

Hence, in order to further explore whether the MAPK signalling 
pathway is interrelated with PPAR-γ/NF-κB and thus participates in the 
anti-inflammatory effects of ZPF and metabolite M2, a selective p38 
MAPK inhibitor (SB203580) and MAPK (ERK1/2) phosphorylation in
hibitor (PD98059) were used to treat an LPS-induced RAW264.7 murine 
macrophage cell line. As shown in Fig. 7B, the presence of the p38 MAPK 
inhibitor (SB203580) significantly reduced the protein expression levels 
of COX-2, i-NOS, p-p65, and p-p38 transcription complex in RAW264.7 
murine macrophage cell-based assays induced by LPS, and increased the 
protein expression level of PPAR-γ. It is worth noting that ZPF, metab
olite M2 and the p38 MAPK inhibitor (SB203580) basically show the 
same trend, and the inhibitory effect of M2 on p-p38, COX-2 and the 
activation of PPAR-γ is stronger than that of ZPF. Additionally, the 
presence of the ERK1/2 phosphorylation inhibitor (PD98059) signifi
cantly reduced the protein expression levels of COX-2, i-NOS, p-p65 
protein and p-ERK protein in the LPS-induced RAW264.7 macrophage 
cell line, and increased the protein expression level of PPAR-γ. ZPF and 
metabolite M2 basically showed the same trend as the ERK1/2 inhibitor 
(PD98059), and the inhibitory effect of ZPF on the p-ERK signalling 
pathway was stronger than that of M2 (Fig. 7C). These results indicate 
that both ZPF and metabolite M2 can participate in the expression of 
COX-2 and i-NOS through the MAPK-PPAR-γ/NF-κB signalling path
ways; meanwhile, ZPF and M2 focus on the regulation of the ERK and 
p38 MAPK activated protein kinases, respectively, thus playing a role in 
resisting the inflammatory response of the RAW264.7 macrophage cell 
line induced by LPS.

3.5. Verification of the in vivo activity of ZPF/M2 in LPS-induced acute 
lung injury (ALI) in mice

To further understand the role of ZPF and metabolite M2 in LPS- 

induced inflammation in vivo, the anti-inflammatory effect of intraper
itoneal injection ZPF (30 mg/kg b.w.) and M2 (30 mg/kg b.w.) for 2 h, 
was investigated in the LPS (intraperitoneal injection 10 mg/kg b.w. for 
6 h)-induced ALI in male C57BL/6 mice. Compared with the control 
group, the LPS group significantly increased the water content of the 
lung. However, the ZPF and M2 groups could significantly reverse the 
water content of the lung (Fig. 7D), indicating that ZPF and M2 have 
therapeutic effects on lung injuries induced by LPS. Further histopath
ological image analysis of the lung tissue showed that the lung tissue 
structure of the LPS group was abnormal compared to the control group, 
with a large amount of alveolar atrophy and collapse, alveolar wall 
thickening, lung parenchyma and surrounding alveolar fusion and 
expansion, as shown by the red arrow (Fig. 7E), and a large number of 
neutrophil infiltrations in the lung tissue, as shown by the black arrow 
(Fig. 7E). This means that the lung tissue of the LPS group showed a high 
degree of inflammatory cell infiltration. Meanwhile, the lung tissue 
structure of the ZPF and M2 treatment groups showed a significant relief 
effect compared to the LPS group, mainly reflected in the mild abnor
mality of the lung tissue, the thickening of some alveolar walls, and a 
small amount of neutrophil infiltration, as shown by the black arrow 
(Fig. 7E).

The COX-2 and PPAR-γ levels in the lung tissues were also detected 
by immunohistochemistry staining. The results showed that LPS can 
significantly increase COX-2 gene expression and decrease the expres
sion of PPAR-γ, and that ZPF and M2 can attenuate the effects of LPS to 
some extent (Fig. 7F, G); a similar trend was also observed with 
chemiluminescent Western blotting. The above results indicate that ZPF 
and metabolite M2 can alleviate LPS-induced ALI in male C57BL/6 mice 
in a COX-2- and PPAR-γ-dependent manner.

3.6. Designing novel analogues (D63, E63, JMC2, JMC5 and JMC6) 
based on the STSBPT strategy

In order to identify more effective anti-inflammatory compounds, 
the key active residues of COX-2 were further verified by CHO (Chinese 
Hamster Ovary) cells. The findings of this study showed that Arg120, 

Fig. 8. Novel analogues of ZPF and its metabolite M2 were designed based on the COX-2 active site and the STSBPT strategy. The key AA residues inhibited by ZPF 
and its metabolite M2 on COX-2 were analysed by the Chinese hamster ovary (CHO) model. MA, MB, MC, MABC and W represent COX-2 with an Arg120 site 
mutation, a Tyr355 site mutation, a Ser530 site mutation, a triple point combination of Arg120, Tyr355, and Ser530, and wild-type COX-2, respectively (A). Based on 
the STSBPT strategy, the high similarity of the binding pockets and key amino acids of the novel analogues with COX-2 and PPAR-γ were analysed (B, C, D). The 
binding potential of the novel analogues with COX-1 was predicted (E). Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple 
comparisons. All experiments were repeated in triplicate and data were represented as the mean ± SD from a represent experiments (n = 3). *p < 0.05, **p < 0.01 vs. 
W group.

Q. Lu et al.                                                                                                                                                                                                                                       Biochemical Pharmacology 242 (2025) 117420 

12 



Tyr355 and Ser530 are the key active sites of COX-2 (Fig. 8A). Based on 
these key active sites, the docking scoring and the STSBPT, a series of 
compounds (D63, E63, JMC2, JMC5 and JMC6) were designed and 
synthesised using a parallel method. The STSBPT analysis showed that 
the novel analogues were highly similar to the COX-2 and PPAR-γ 
binding pockets, which means that the novel analogues have the dual 
target effect of COX-2 and PPAR-γ (Fig. 8B). Moreover, the key amino 
acids binding to COX-2 were Arg120, Tyr355 and Ser530 (Fig. 8C and 
Table 3), while the key amino acids binding to PPAR-γ were Arg288, 
Ser342 and Leu288 (Fig. 8D and Table 4). Analysis of the binding ability 
of the novel analogues to COX-1 showed that the key amino acid binding 
between the novel analogues and COX-1 was different to that of mofe
zolac; the docking score of the novel analogues to COX-1 was also lower 
than that of mofezolac to COX-1, indicating that the novel analogues did 
not possess COX-1 binding potential (Fig. 8E and Table 2). The above 
results demonstrate that the novel analogues have the dual targeting 
effects of COX-2 and PPAR-γ, but do not have COX-1 inhibitory activity.

3.7. Novel analogues (D63, E63, JMC2, JMC5 and JMC6) can mitigate 
LPS-induced changes in COX-2 and PPAR-γ levels

In order to further verify the dual target effect of the novel analogues 
on the inhibition of LPS-induced inflammation, the CCK-8 assay was 
used in this research study to evaluate the cytotoxicity of the novel 
analogues. The results of this research study showed that D63, E63, and 
JMC5 did not exhibit significant cytotoxicity, while JMC2 and JMC6 did 
not exhibit cytotoxic effects when the values were less than 10 μM and 

40 μM, respectively. Therefore, in the subsequent experiments, the 
concentrations of the novel analogues D63, E63 and JMC5 was 160 μM, 
while those of JMC2 and JMC6 were 10 μM and 40 μM, respectively 
(Fig. 9A). Additionally, as shown in Fig. 9B, the novel analogues all had 
different degrees of resistance to the LPS-induced COX-2 expression in 
the RAW264.7 macrophages cell line, and the inhibitory effect was 
significantly stronger than that of ZPF and metabolite M2. Meanwhile, 
the novel analogues could alleviate the decrease of PPAR-γ protein levels 
in RAW264.7 macrophage cells induced by LPS. Interestingly, in the 
absence of LPS, the novel analogues did not significantly increase the 
protein expression levels of COX-2 and PPAR-γ (Fig. 9C), suggesting that 
the regulatory effect of the novel analogues on PPAR-γ may be depen
dent on the presence of COX-2. The above results indicate that the novel 
analogues have the ability to alleviate changes in COX-2 and PPAR-γ 
levels induced by LPS.

3.8. Verification of the in vivo activity of novel analogues (D63, E63, 
JMC2, JMC5 and JMC6) in LPS-induced ALI in mice

To further understand the role of the novel analogues in LPS-induced 
inflammation in vivo, the anti-inflammation effects of these novel ana
logues (D63, E63, JMC2, JMC5 and JMC6, intraperitoneal injection of 
30 mg/kg b.w. for 2 h) were investigated in the LPS-induced ALI of male 
C57BL/6 mice. Compared with the control group, the LPS group 
(intraperitoneal injection 10 mg/kg b.w. for 6 h) significantly increased 
the water content of the lung. However, all of the novel analogues could 
significantly reverse the water content of the lung (Fig. 10A), indicating 

Fig. 9. Novel analogues: cytotoxicity and regulation of COX-2 and PPAR-γ. The cytotoxicity of novel analogues to RAW264.7 cells (A). Novel analogues can mitigate 
the effect of LPS on the elevation of COX-2 and the inhibition of PPAR-γ, and do not affect the expression of COX-2 and PPAR-γ themselves (B, C). Statistical analysis 
was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. All experiments were repeated in triplicate and data were represented as the 
mean ± SD from a represent experiments (n = 3). **p < 0.01 vs. control group ##p < 0.01 vs. control group and LPS group; **p < 0.01 vs. LPS group + different 
conditions group;
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that members of the novel analogue group have therapeutic effects in 
lung injury induced by LPS. Further histopathological analysis of the 
lung tissue showed that the lung tissue structure of the LPS group was 
abnormal compared to the control group, with the thickening of some 
alveolar walls, alveolar atrophy and collapse, and lung parenchyma, as 
shown by the red arrow (Fig. 10B). Meanwhile, a large number of in
flammatory cells could be seen in the lung parenchyma, and the in
flammatory cells were dominated by neutrophils, as shown by the black 
arrow (Fig. 10B). The novel analogues alleviated the inflammatory 
damage induced by LPS to varying degrees, mainly manifested in a mild 
abnormal lung tissue structure, partial alveolar wall thickening and a 
small amount of inflammatory cell infiltration (Fig. 10B).

The COX-2 and PPAR-γ levels in the lung tissues were also assessed 
by immunohistochemical staining. The results showed that LPS can 
significantly increase COX-2 expression and decrease PPAR-γ expres
sion, and that the novel analogues can attenuate the effects of LPS to 
varying degrees (Fig. 10C, D); a similar trend was observed with 
chemiluminescent Western blotting. Altogether, these results indicate 

that the novel analogues have the dual targeting effect of COX-2 and 
PPAR-γ, thus having the potential to treat LPS-induced ALI.

4. Discussion

The development of multi-target medicinal drugs is considered to be 
a key technology in drug research and development. Enhancing the 
effectiveness of medicines and employing multi-target anti-inflamma
tory drugs have emerged as promising therapeutic approaches for 
treating inflammation-related multifactorial diseases [1]. However, 
multi-target based medicinal drug design and multi-target screening 
strategies for medicinal drugs have not been fully established, which is 
one of the reasons for the hindered progress of medicinal drug discovery. 
ALI is known to be a cause of acute respiratory failure, characterised by a 
systemic inflammatory state and multifactorial induction, and is asso
ciated with higher mortality in patients of all ages [41]. However, cur
rent treatments still cannot significantly reduce the lung injury and 
mortality of ALI. The development and use of multi-target NSAID drugs 

Fig. 10. The therapeutic effects of novel analogues on LPS-induced ALI in mice. Novel analogues significantly inhibited LPS-induced pulmonary oedema in mice (A). 
Inhibitory effect of novel analogues on LPS-induced lung injury by histopathology in mice (B). Changes in COX-2 and PPAR-γ in lung tissues of mice by immu
nohistochemistry (C, D). Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. All experiments were repeated in 
triplicate and data were represented as the mean ± SD from a represent experiments (n = 8). #p < 0.05, ##p < 0.01 vs control group and LPS group; *p < 0.05, **p 
< 0.01 vs LPS group + different conditions group.
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may be an effective strategy for treating ALI patients with multiple in
flammatory factors, as new and effective treatment strategies remain 
crucial for ALI patients. The STSBPT strategy was therefore developed 
and used to further confirm the multi-target NSAID effect of ZPF, its 
metabolite M2 and novel analogues, and to explore the therapeutic ef
fect in the treatment of ALI. The results of in vivo and in vitro assays in 
this study show that ZPF, M2 and novel analogues have potential ther
apeutic effects on ALI by utilising the dual anti-inflammatory molecular 
target effect of PPAR-γ and COX-2 (Fig. 11).

The evaluation criteria for the STSBPT strategy primarily focus on 
two considerations. Firstly, the spatial density overlaps of the area of the 
active pockets: the larger the overlap area, the higher the similarity of 
the spatial structure. Secondly, the spatial directivity of key amino acids 
bound by the ligand and active pocket tends to be in the same direction, 
suggesting that the similarity of the active region of the active pocket is 
higher. However, the evaluation criteria are only considered from a 
qualitative point of view, and there is a lack of supporting calculation 
methods to enable quantitative analysis to be undertaken. It is therefore 
worth developing corresponding calculation strategies in the future to 
address this loophole.

The STSBPT strategy is an effective approach for exploring multi- 
target drugs. This strategy is mainly based on two considerations. 
Firstly, many medicines have a common single target activity pocket. 
For example, a new class of compounds has been identified using high- 

throughput screening techniques through the binding ability of COX 
enzyme activity pockets, further demonstrating the therapeutic effects 
of these compounds on pain and inflammation [42,43]. A group of COX- 
2 inhibitors designed using the active pocket of COX-2have been shown 
to elevate anti-inflammatory-analgesic activities in vitro and in vivo 
[44,45]. The above research studies indicate that multiple compounds 
can be designed to exhibit similar activities through the same active 
pocket on the same target. Secondly, the same medicines have a 
different protein target property, which means that they have multiple 
target activity pockets. For example, 6-(piperidin-1-ylsulfonyl)–2H- 
chromenes and 6-sulfonamide-2H-chromene derivatives targeting 
α-glucosidase, α-amylase, and PPAR-γ were discovered through the 
design, synthesis, virtual screening, and antidiabetic activity of com
pounds [46,47]. Moreover, a selective COX-2 inhibitor, indomethacin, 
can target Shr (Src homology 2-containing transforming protein)-EGFP 
(epidermal growth factor receptor), thereby inhibiting the MAPK sig
nalling pathway [48,49]. Indomethacin functions as a PPAR-γ ligand by 
binding to the PPAR-γ ligand-binding domain, which in turn enhances 
the transcriptional activity of PPAR-γ [50]. In this research study, the 
STSBPT strategy combined with PyMOL software were employed to 
analyse the active pockets of indomethacin binding to COX-2 (PDB ID 
5IKQ) and PPAR-γ (PDB ID 4XUM); the results showed that the active 
pockets of indomethacin binding to COX-2 and PPAR-γ had a certain 
degree of spatial similarity (Fig. 12). The above results indicate that the 

Fig. 11. The possible mechanisms of COX-2 and PPAR-γ may be effective dual targets for the treatment of LPS-induced ALI. On the one hand, ZPF and its metabolite 
M2 can inhibit the activity of COX-2 and activate the activity of PPAR-γ by binding with COX-2 and PPAR-γ, and further play an anti-inflammatory role. On the other 
hand, ZPF and its metabolite M2 can inhibit the LPS-induced inflammatory response through the MAPK-PPAR-γ/NF-κB signalling pathway.
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drug indomethacin has a multi-target effect when exerting its efficacy 
and further proves the feasibility of the STSBPT strategy. Therefore, the 
STSBPT strategy was used to analyse the targeting of ZPF and its 
metabolite M2 to a range of inflammasome-related targets, such as 
PPAR-γ, NLRP3 and TLR4-MD2. ZPF and metabolite M2 were found to 
have the potential to target PPAR-γ in addition to COX-2. Notably, the 
present research study further developed more effective novel analogues 
with dual target effects based on the active pocket topology of ZPF and 
metabolite M2 with target proteins in vitro and in vivo.

Considering that most medicinal drugs are metabolised in the body, 
it is important to predict the metabolite targets based on the STSBPT 
strategy, as this can also help to predict the pharmacological activity of 
new medicines by metabolites in the body in advance. Meanwhile, the 
STSBPT strategy combined with molecular docking has an advantage in 
the development of new medicines. Hence, the present research study 
also compared the COX-1 binding ability of ZPF, metabolite M2 and 
novel analogues with mofezolac, the gastrointestinal toxicity of which 
works by inhibiting COX-1 activity [13]. ZPF, M2 and the novel ana
logues did not have the binding ability of mofezolac with COX-1, to 
inhibit COX-1 activity, and may not have a gastrointestinal toxicity 
similar to mofezolac. It is worth noting that the high resolution protein 
crystal structure and the development of precise simulations of drug- 
protein interactions, such as the application of artificial intelligence 
technology, can promote a further improvement of the STSBPT strategy, 
enabling the faster and more accurate detection of drug multiple target 
effects.

The application of multi-target drugs may be an effective strategy to 
resolve the multifactor inflammatory injury of ALI. Although the un
derstanding of the pathophysiology of ALI has improved greatly over the 
past few decades, the mortality rate remains high and the efficacy of 
standard treatments is limited. The clinical treatment of ALI mainly 

involves the application of lung protective mechanical ventilation and 
some medicinal drugs, such as muscle blockers, corticosteroids, phos
phodiesterase inhibitors and acetylsalicylic acid (aspirin), among others, 
but there is currently no significant and consistent specific pharmaco
therapy for ALI [51]. This may be due to the complex pathological 
mechanism of ALI, whereby targeting a single pathogenesis or target is 
not an effective therapy [51]. Except for COX-2 target, in this research 
study, the STSBPT strategy was developed and used to screen another 
key anti-inflammatory target of ZPF, M2, PPAR-γ, which was further full 
validated by CETSA, DARTS, and the in vitro and in vivo assays. Based on 
the dual targets of COX-2 and PPAR-γ, the STSBPT strategy was applied 
to design novel analogues, which were found to have stronger drug ef
ficacy against LPS-induced ALI.

COX-2 and PPAR-γ serve as effective dual targets of ZPF, its metab
olite M2 and its analogues for treating inflammation in ALI. For 
example, Norwogonin attenuates LPS-induced ALI by inhibiting the Src/ 
AKT1/NF-κB signaling pathway through direct targeting of Src, AKT1 
and COX-2 [52]. Kirenol ameliorates endotoxin-induced ALI by inhib
iting COX-2 expression and the ERK and JNK phosphorylation-mediated 
NF-κB pathway in mice [53]. Moreover, ACT001 (a derivative of 
michelolide from the natural product parthenolide) alleviates inflam
mation and pyroptosis through the PPAR-γ/NF-κB signalling pathway in 
LPS-induced ALI model [54]. The current study also found that ZPF, M2 
and its novel analogues can, on the one hand, play a role in resisting LPS- 
induced inflammatory responses through the MAPK/PPAR-γ/NF-κB 
signalling pathway, and on the other hand, play an anti-inflammatory 
role by binding to COX-2 and PPAR-γ, playing an inhibitory and acti
vating role, respectively. Altogether, the present research study not only 
demonstrates that ZPF, the metabolite M2 and the novel analogues exert 
protection against ALI through PPAR-γ and COX-2, but also demon
strates the feasibility of the STSBPT strategy by proving the verification 
between drugs and multi-targets from a virtual setting through to re
ality. However, further research studies should be carried out in the 
future. Firstly, compounds identified by STSBPT need to be bench
marked against existing therapeutics to assess whether dual function
ality indeed enhances the anti-inflammatory effects. Secondly, it is not 
clear if the achieved in vivo pharmacokinetics/pharmacodynamics 
permitted the observed dual action of these compounds in vitro. Thirdly, 
it remains to be further evaluated how these compounds target COX-2/ 
PPAR-γ to ameliorate LPS-induced ALI.

In summary, the present data suggests that the STSBPT strategy 
could serve as an effective approach for designing and selecting multi- 
target medicinal drugs. Meanwhile, based on the STSBPT strategy, the 
potential of ZPF, the metabolite M2 and novel analogues has been 
demonstrated in vitro and in vivo in the treatment of LPS-induced ALI.
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