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Acute lung injury (ALI) and inflammatory bowel disease (IBD) are common inflammatory illnesses that seriously
affect people’s health. Herein, a series of 4-hydroxylcoumarin (4-HC) derivatives were designed and synthesized.
The inhibitory effects of these compounds on LPS-induced interleukin-6 (IL-6) release from J774A.1 cells were

i?lltlltllil flammato then screened via ELISA assay, compound B8 showed 3 times more active than the lead compound 4-HC. The
MAPK R most active compound B8 had the ICsg values of 4.57 yM and 6.51 pM for IL-6 release on mouse cells J774A.1

IRAK1 and human cells THP-1, respectively. Furthermore, we also found that B8 could act on the MAPK pathway. Based
on the target prediction results of computer virtual docking, kinase inhibitory assay was carried out, and it
revealed that targeting IRAK1 was a key mechanism for B8 to exert anti-inflammatory activity. Moreover, B8
exerted a good therapeutic effect on the dextran sulfate sodium (DSS)-induced colitis model and liposaccharide
(LPS)-induced ALI mouse models. The acute toxicity experiments indicated that high-dose B8 caused no adverse
reactions in mice, confirming its safety in vivo. Additionally, the preliminary pharmacokinetic (PK) parameters of
B8 in SD rats were also examined, revealing a bioavailability (F) of 28.72 %. In conclusion, B8 is a potential
candidate of drug for the treatment of ALI and colitis.

1. Introduction

Inflammation is a physiological process initiated when organisms
respond to harmful stimuli such as pathogens, viruses, and foreign
particles [1,2]. The inflammatory pathway comprises inducers, sensors,
mediators and target tissues. Inducers (such as lipopolysaccharides
(LPS)) trigger an inflammatory response and can be detected by the
sensors [3]. On the other hand, sensors such as TLRs are activated on

specific cells, including tissue-resident macrophages [4], dendritic cells
(DCs), and mast cells [5]. Sensors stimulate the production of mediators,
such as cytokines [6], chemokines [7], arachidonic acids [8], and pro-
teolytic cascades (including bradykinins) [9]. Inflammatory mediators
target different tissues, leading to alterations in their functional status.
Inflammation plays a pivotal role in the advancement of numerous
conditions, such as acute lung injury (ALI) and inflammatory bowel
disease (IBD) [10,11]. Both of these illnesses involve the production of
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pro-inflammatory factors such as interleukin-6 (IL-6), leading to tissue
damage and various symptoms [12,13].

Injury to alveolar epithelial cells and capillary endothelial cells
induced by various direct and indirect factors is a major cause of ALIL
The disease is often characterized by diffuse pulmonary interstitial and
alveolar edema, ultimately leading to acute hypoxic respiratory insuf-
ficiency [14]. Bacterial or viral infections can also cause ALI, such as
pneumonia resulting from the recently widely publicized novel coro-
navirus [15,16]. On the other hand, Crohn’s disease and ulcerative co-
litis (UC) are some of the examples of IBD. UC mainly involves the colon
and rectum [17]. In the disease, the range of lesions is generally limited
to the intestinal mucosal layer, which is characterized by continuous
mucosal inflammation, often accompanied by diarrhea, hematochezia,
abdominal pain and other symptoms. While UC could easily progress to
colon cancer, its exact cause is very complex and remains elusive [18].
In clinical practice, the management of ALI focuses on inflammation
control through corticosteroids. The treatment of UC typically involves
corticosteroids or non-steroidal anti-inflammatory drugs (5-ASA) to
manage inflammation and enhance quality of life, thereby alleviating
the disease [19]. Since steroid or non-steroidal anti-inflammatory drugs
still have many limitations in clinical practice, developing new drugs for
controlling ALI and UC is imperative.

Many marketed drugs are derived from natural products, such as
Galanthamine, Calanolide A, Arteether, Warfarin, and Methoxsalen as
shown in Fig. 1, which were discovered by retaining the active skeleton
of natural products and then making corresponding modification to
enhance their biological activity and drug-likeness. Galanthamine has
been used to treat neurodegenerative diseases [20]. Arteether is widely
used in malaria treatment [21]. Calanolide Ais is used as an anti-HIV
drug [22]. Our research group has been engaged in the modification
on the natural products for more than a decade, such as the work of
cinnamamide derivatives 2i and L26 published on J. Med. Chem. [23]
and Eur. J. Med. Chem. [24], respectively, as illustrated in Fig. 1.
Coumarin exhibits a broad spectrum of pharmacological activities
including anti-HIV [25], anti-tumor [26], anti-hypertension [27],
anti-hyperlipidemia [28], anti-inflammatory [29] and analgesic effects
[30]. Many coumarin-based medications, such as Methoxsalen and
Warfarin, are already on the market. Moreover, both coumarin and
4-Hydroxycoumarin (4-HC) have demonstrated anti-inflammatory ac-
tivity in TNBS-induced colitis in rat models [31]. Additionally,
C-4-modified coumarin compounds exhibited potent anti-inflammatory
and analgesic activities, as well as a positive regulation and inhibition of
inflammatory factors [32]. Therefore, synthesizing new derivatives with
improved pharmacological or pharmacokinetic (PK) properties by
chemically modifying the 4-HC framework is crucial for drug research
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and development.

In this study, we used 4-HC as the lead compound to make modifi-
cation by retaining the dominant fragment of coumarin skeleton. The
primary objective of the modification is to introduce flexible hydrophilic
or lipophilic segments at the 4-hydroxyl position. The structure of
enrofloxacin, an anti-inflammatory drug, contains a hydrophilic piper-
azine ring (Fig. 2). Some commercially available or to-be-marketed
drugs, such as Ensaculin and Morniflumate, also have hydrophilic
piperazine rings and morpholine rings. Inspired by this, hydrophilic
fragments with similar structures, such as ethylpiperazine and ace-
tylpiperazine, were introduced. Furthermore, benzene ring and thio-
phene ring are common in the structure of drugs, such as cephalothin
sodium, phenylbutazone, ensaculin, and morniflumate. Additionally,
fat-soluble groups like benzene and thiophene rings were introduced to
investigate their impact on biological activity. Therefore, we modified 4-
HC from the two dimensions by introducing fat solubility or water sol-
ubility fragments to design the target compounds.

Herein, 25 4-HC derivatives were successfully synthesized, in which
15 compounds showed better inhibition effect than 4-HC on the LPS-
induced IL-6 release from J774A.1 mouse cells in ELISA assay. Com-
pound B8 showed 3 times more active than the lead compound 4-HC and
exhibited a concentration gradient inhibition with the ICs¢ of 4.57 pM
and 6.51 puM for IL-6 release on mouse cells J774A.1 and human cells
THP-1 cells, respectively. Furthermore, B8 demonstrated minimal
cytotoxicity and animal toxicity, affirming its safety profile. Overall, our
investigations, both in vitro and in vivo, suggest that B8 holds promise as
a prospective therapeutic agent for addressing LPS-induced ALI and
DSS-induced colitis.

2. Results and discussion
2.1. Chemistry

This paper describes two synthetic schemes for producing the 25
derivatives of 4-HC. Scheme 1 illustrates the synthesis process of com-
pounds A1-A8, in which 4-HC and potassium carbonate (K2COg3) were
combined with N,N-dimethyldiamine (DMF). Subsequently, haloge-
nated benzene fragments, halogenated nitrogen fragments, halogenated
morpholine fragments, halogenated piperazine fragments, or haloge-
nated propylene oxide fragments were added. The resulting mixture
underwent a reaction at 80 °C for 3 h, yielding compounds A1-A8
through a nucleophilic substitution reaction.

Scheme 2 illustrates an alternative synthetic pathway for compounds
B1-B9 and C1-C8. Initially, 4-HC was dissolved in DMF followed by the

addition of K3COs. Subsequently, three equivalents of 1,2-
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Fig. 1. Representative natural products and its derivatives.
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Scheme 1. Reagents and conditions: (a) KoCO3, halogenated hydrocarbons, DMF, 80 °C, 4 h.

dibromoethane and 1,3-dibromopropane were introduced to the
mixture. The resulting reaction mixture was then refluxed at 80 °C for 3
h, yielding intermediates al and b1. Subsequently, al and b1l were
dissolved in DMF, and then K,CO3 was added to facilitate the reaction
with piperazine, morpholine, and nitrogen heterocyclic rings. This re-
action proceeded overnight at 80-90 °C, yielding compounds B1-B9
and C1-C8.

Following the synthesis process, the synthesized compounds were
purified using a chromatographic column to obtain a pure form of the
final product. Subsequently, a detailed characterization and identifica-
tion process was conducted utilizing a range of analytical techniques,
such as NMR and LC-MS, enabling the determination of the chemical
structure and molecular composition of the compounds.

Furthermore, to ensure the quality and purity of the compounds,
HPLC analysis was performed. The results demonstrated that the purity
of all compounds exceeded 95 %, indicating a high level of purity and
confirming the success of the purification process. Overall, this paper

provides a comprehensive and detailed account of the synthesis, puri-
fication, and characterization of 4-HC derivatives. The utilization of
multiple analytical techniques enhances the reliability and accuracy of
the findings.

2.2. Initial assessment of the 4-HC derivatives that inhibit the LPS-
induced release of IL-6 and SAR analysis

Evaluating the potential anti-inflammatory activity of compounds in
vitro by measuring the expression levels of inflammatory factors (such as
IL-6) using the Enzyme-linked immunosorbent assay (ELISA) is a prac-
tical approach in this case [33]. Our group has accumulated experience
in the study of inflammation for more than ten years, and the method of
ELISA was used to test the preliminary anti-inflammatory activity of
compounds at 10 pM in our published work in Journal of Medicinal
Chemistry [34], European Journal of Medicinal Chemistry [35], Nature
Communications [36], and so on. In this study, the anti-inflammatory
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activity of 4-HC derivatives was also screened at 10 uM by ELISA to
measure the IL-6 levels.

During this experiment, J774A.1 cells were treated with 10 pM 4-HC
derivatives and 4-HC for 2 h before the addition of LPS. Following a 30-
min incubation, the IL-6 levels in the medium were measured using an
ELISA kit. The results, as shown in Table 1, indicate that a collective of
15 4-HC derivatives demonstrate superior efficacy in inhibiting LPS-
induced IL-6 release compared to 4-HC. The most active compound B8
showed 3 times more active than 4-HC. The experimental results
revealed that when n = 0, except for compound A3 (50.35 %), the
introduction of water-soluble groups and fat-soluble groups did not
obviously improve the biological activity. When n = 1, the introduction
of some flexible hydrophilic fragments could significantly improve its
anti-inflammatory activity, such as B4 (48.76 %), B6 (48.77 %), B8
(51.59 %), and B9 (50.08 %). The introduction of lipophilic fragments
could only slightly improve the biological activity of B5 (34.69 %).
When n = 2, the introduction of some flexible hydrophilic fragments can
improve its anti-inflammatory activity such as C4 (51.26 %), C7 (54.37
%), and C8 (42.31 %). The introduction of lipophilic fragments loses
activity, such as C5. Notably, the introduction of acetyl or hydroxyethyl
groups on the piperazine ring significantly increased the activity of the
derivatives when n = 1 or 2. Among the 25 4-HC derivatives, A3, B8, B9,
C4, and C7 exhibited the inhibition rates >50 % on IL-6. The increase in
the carbon chain length with the same substituent sometimes enhances
anti-inflammatory activity, while in other cases, it may diminish anti-
inflammatory activity, with no specific pattern.

2.3. Cytotoxicity study of the 4-HC derivatives
Prior to a deeper investigation, we evaluated the viability of J774A.1

cells after exposure to the 4-HC derivatives at a concentration of 10 pM
for 24 h. The survival rate was assessed using the Thiazolyl Blue (MTT)

assay. According to the results, compounds B8, B9, C4, and C8 exhibited
non-toxic effects on J774A.1 cells (Fig. 3), indicating their relative
safety. These findings provide initial evidence supporting these com-
pounds’ potential safety profile.

2.4. Dose-dependent inhibition of IL-6 release by compound B8

Compound B8 was selected for gradient inhibition experiments after
a thorough assessment of its biological activity and cytotoxicity based on
established criteria J774A.1 cells were pretreated with various con-
centrations of B8 for 30 min before being stimulated with 0.5 pg/mL of
LPS to induce inflammation in triplicate experiments. Subsequently, IL-6
levels were then quantified using the established ELISA method. The
inhibitory effect of B8 on LPS-induced IL-6 production was dose-
dependent, ranging from 2.5 pM to 10 pM (Fig. 4A and B). The ICsp
values of B8 against IL-6 release from mouse cells J774A.1 and human
cells THP-1 were determined to be 4.57 pM and 6.51 pM, respectively.
The dose-dependent inhibitory effect of B8 on IL-6 release underscores
its promise as a potent anti-inflammatory agent, warranting further
investigation into its therapeutic potential.

2.5. Inhibition of the mRNA expression of compound B8

To investigate the mechanism of compound B8 inhibiting the release
of inflammatory cytokines, mRNA expression of IL-6 was determined at
the gene transcription level using the real-time quantitative polymerase
chain reaction (RT-qPCR). J774A.1 mouse cells and THP-1 human cells
were pretreated with B8 for 2 h followed by LPS stimulation (0.5 pg/mL)
for 6 h in triplicate experiments. Cells were then collected for total RNA
extraction, followed by amplification for 40 cycles. As shown in Fig. 5,
compound B8 inhibited IL-6 mRNA transcription in mouse cells J774A.1
(A) and human cells THP-1 (B) in a dose-dependent manner. The
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Table 1
Initial assessment of 4-HC and its derivatives (compounds A1-A8, B1-B9, and
C1-C8) inhibiting the LPS-induced IL-6 release at a concentration of 10
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Table 1 (continued)

Compounds n R

i‘c_NQ NA

Inhibition * (%, 10 pM)

C6 2

c7 2 W NH N@ 54.37 + 5.34
Cc8 2 /. 9 42.31 £ 3.16
N N
A —/ d(
4-HC 17.28 +12.31

@ Data shown as mean + SEM of three independent experiments.
b Exhibited no effect.

observed inhibition of IL-6 mRNA expression highlights a pivotal
mechanism contributing to the anti-inflammatory properties of com-
pound B8, suggesting its potential as a therapeutic agent for inflam-
matory conditions.

2.6. Effect of compound B8 on the NF-xB pathway and MAPK signaling
pathway

After observing the suppression of IL-6 release by compound B8, we
proceeded to investigate its impact on the inflammation-associated
TLR4-NF-kB/MAPK signaling pathway induced by LPS. Fig. 6A illus-
trates the basic mechanism through which LPS triggers the activation of
the TLR4 pathway, which can be initiated by DAMPs (Damage-Associ-
ated Molecular Patterns) such as LPS and DSS. With the assistance of
MD-2 protein, LPS binds to TLR4, activates TLR-4, transmits signals to
cells, and activates intracellular transduction pathways, ultimately
activating MyD88 [37,38]. The activated MyD88 along with MyD88
adapter protein analogues gathered in the receptor complex, leading to
IRAK phosphorylation activation followed by signal transmission to
TRAF6, which then activates IRAK1/4 [39,40]. Research indicates that
TRAF6 stimulates IKKa, IKKp and TAK1 to activate the corresponding
NF-kB and MAPK pathways [41]. Through these pathways, inflamma-
tory factors such as IL-6 are ultimately released, resulting in an in-
flammatory response [42]. Activation of the NF-xB pathway involves
phosphorylation of P65 and degradation of IkB-a. Conversely, the
phosphorylation of p38 and the phosphorylation of JNK are the key to
the activation of MAPK signaling pathway. Therefore, we investigated
the effects of compound B8 on NF-kB pathway and MAPK pathway. In
the NF-xB pathway, we tested the effect of B8 on LPS-induced p-65
phosphorylation and IkBa degradation but observed no effect (Fig. S1).
Subsequently, we assessed the inhibitory effect of compound B8 on the
LPS-induced JNK and p38 phosphorylation in the MAPK pathway. Ac-
cording to the results, compound B8 did not inhibit JNK phosphoryla-
tion (Fig. S2). Interestingly, B8 affected p38 phosphorylation (Fig. 6B).
After stimulating mouse monocyte-macrophage-like cells with LPS,
there was a significant increase in p38 phosphorylation levels, which
were effectively attenuated by treatment with compound B8. These
findings suggest that B8 exerts a suppressive effect on the activation of
the p38-MAPK signaling pathway.

2.7. Search for the target of compound B8

Currently, there is no established target for 4-HC, and no information
is available regarding the targets of 4-HC derivatives in the context of
LPS-induced inflammatory responses [43]. The search for targets of
drugs or active compounds is necessary; and it is quite demanding. Many
drugs and natural products have been confirmed to possess potent bio-
logical activity, yet their specific targets often remain unidentified. In
this regard, identifying the targets for drugs or active compounds is a
challenging and intricate task in the field of pharmacology and molec-
ular biology. For example, metformin, a drug used for the treatment of
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type 2 diabetes, had been available on the market for over 60 years
without clear identification of its target. It wasn’t until 2022 that a study
published in Nature revealed that metformin exerts its effects on the
lysosomal 5-monophosphate (AMP)-activated protein kinase (AMPK)
pathway through enhancer 2 (PEN2) at low doses [44].

Building upon prior experiments demonstrating B8’s modulation of
the MAPK pathway, we initially chose over 30 proteins associated with

this signaling cascade (such as TLR4, MD2, MyD88, IRAK1, IRAK4,
JNK1, JNK2, JNK3, p38, TRAF6, TAK1, and TAB2, among others). We
employed a procedure as our previous work in J. Med. Chem [45]. We
listed the top 10 proteins based on the predicted docking scores, and
Table 2 shows the scoring results.

Finally, we performed kinase inhibition experiments of B8 on the top
5 kinases, including IRAK1, TAK1, JNK2, IKKp, and p38 at 10 pM. The
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Table 2
The top 10 proteins based on the predicted docking scores of B8 and its inhi-
bition rates on the top 5 kinases.

Protein Docking Score Inhibition rate (%)
IRAK1 —8.943 48.10
TAK1 —7.699 1.05
JNK2 —7.149 5.93
IKKp —6.213 -9.11
p38 —6.192 -12.74
IRAK4 —5.728 -

TAB2 —3.296 -
TRAF6 —2.989 -

p65 —2.692 -
Myd88 —1.464 -

European Journal of Medicinal Chemistry 272 (2024) 116487

results showed that B8 inhibited IRAK1 by 48.10 %, and did not bind to
TAK1, JNK2, IKKB, and p38. Therefore, targeting on IRAK1 was iden-
tified as a key mechanism of B8 for the anti-inflammatory activity. The
inhibition rate is not very high, and so there may be other mechanism
deserving to make further study in future. It is noteworthy that coumarin
derivatives that bind to IRAK1 have not been reported previously,
marking an important discovery for coumarin derivatives.

2.8. Molecular docking study of compound B8

To further study the mechanism of action of compound B8, we
employed the IRAK1 protein (PDB: 6BFN) for docking research in
Maestro. We optimized both protein and ligand, setting the docking
frame around the original ligand of the protein. The docking results
between compound B8 and IRAK1 were then visualized using Pymol
software (Fig. 7A). Fig. 7B shows the 2D docking results. We found that
the coumarin group of B8 acts as a hydrogen bond acceptor to form a
hydrogen bond with the LEU291 residue. Furthermore, we also found
that B8 interacts with VAL226, ALA237 and LEU347 to produce Pi-
Alkyl. In addition, the acetyl carbon atom of compound B8 acts as a
hydrogen bond acceptor to form a hydrogen bond with the GLU220
residue. These docking results offer insights into the three-dimensional
binding mode of B8 with the IRAK1 protein, emphasizing the specific
interaction between B8 and crucial amino acid residues. The presence of
hydrogen bonds, Pi-Alkyl interactions, van der Waals forces, and
carbon-hydrogen bonds underscores the potential significance of these
interactions in modulating the anti-inflammatory properties of B8.

2.9. Compound B8 alleviated LPS-induced ALI in mice

In an inflammatory ALI model, mice were orally administered a 20
mg/kg dose of compound B8 three times at 12-h intervals to assess its
effects. ALI was induced by intratracheal injection of 5 mg/kg LPS. The
mice were euthanized after 6 h. Results demonstrated a substantial in-
crease in protein content and neutrophil count in the Bronchoalveolar
Lavage Fluid (BALF) following LPS administration (Fig. 8A and D).
However, the protein levels and the number of neutrophils in BALF
returned to normal levels after B8 treatment. It has been established that
LPS stimulates neutrophils, macrophages, and pulmonary vascular
endothelial cells to release inflammatory factors, including IL-6, which
can cause a localized inflammatory response in the lungs [48]. There-
fore, this study was to detect the changes of IL-6 in BALF and IL-6 in
serum of mice. Significant differences in IL-6 content were observed in
both the BALF and serum of the B8-treated group compared to the LPS
group, with serum IL-6 levels resembling those of the Dexamethasone
(DXM) group (Fig. 8B and C).

We performed H&E staining and immunohistochemistry on lung
sections (Fig. 9) to further validate the therapeutic effect on ALL The LPS
group showed classic pathological changes such as inflammatory infil-
tration, interstitial edema, thickening of the alveolar septum, elevated
immune markers, and destruction of the alveolar cell structure. Com-
pound B8 significantly alleviated this impact, with a curative effect
comparable to that of the DXM group. In conclusion, compound B8
exerted a protective effect against the LPS-induced ALI

2.10. Compound B8 alleviated DSS-induced colitis in mice

We treated mice (C57BL/6) with B8 (20 mg/kg), 4-HC (20 mg/kg),
and 5-ASA (100 mg/kg) [46] for ten days to further verify the
anti-inflammatory activity of B8 in vivo. The mice were initially fed a
liquid diet containing a 2.5 % DSS solution for the first seven days,
followed by a switch to distilled water for the remaining three days.
Throughout the ten-day period, observations were made regarding
changes in body weight, fecal condition, and presence of hematochezia
in the mice. After the ten-day period, the mice were euthanized. Colitis is
a recognized inflammatory condition, with alterations in body weight,
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Fig. 7. (A) 3D docking view of B8 with IRAK1 (PDB: 6BFN). (B) 2D docking view of B8 with IRAK1 (PDB: 6BFN). Light-purple and green dotted lines represent the

Pi-Alkyl and the hydrogen bond.
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Fig. 8. The effect of compound B8 on LPS-induced ALI in mice B8 pretreatment inhibited LPS-induced ALI in mice. C57BL/6 mice were orally administered with B8
(20 mg/kg) or DXM (20 mg/kg) three times at an interval of 12 h, followed by intratracheally injection of LPS (5 mg/kg). The mice were euthanized after 6 h, and
lung specimens were collected. (A) Total protein concentration in BALF. (B, C) The IL-6 levels in serum and BALF were measured using the ELISA method. (D)
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Fig. 9. Images of typical H&E staining and F4/80 immunohistochemical staining of the lung (original magnification x 20).

colon length, and disease index serving as pivotal indicators for assess-
ing colitis progression. Our experimental results revealed that these
three indicators were significantly better in B8-treated mice than in
animals in the model and 4-HC groups (Fig. 10A, B, D, and E).
Furthermore, the therapeutic effect was close to 5-ASA. Since IL-6 is also
an important indicator of colitis [47], we assessed its levels in the serum

of mice. Compared to the DSS group, the B8-treated mice could more
significantly inhibit IL-6 release in plasma, implying that B8 can alle-
viate colitis-related inflammation (Fig. 10C). The H&E staining of in-
testinal sections revealed that most of the crypts and goblet cells in the
DSS group were destroyed (Fig. 11). Conversely, the B8 group main-
tained the normal morphology of crypts and goblet cells, with B8
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Fig. 10. Effect of compound B8 on DSS-induced UC in mice. Mice (C57BL/6) were intragastrically treated with B8 (20 mg/kg) for ten days. During this period, the
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Fig. 11. Intestinal sections and spleens from each mouse group underwent H&E staining with meticulous attention to uniform positioning. Furthermore, intestinal
sections were subjected to immunohistochemical staining for F4/80 at an original magnification of x 20 to enhance the analysis of the specimens.

demonstrating a superior effect compared to 4-HC and 5-ASA. Subse-
quently, the intestinal sections were immunohistochemically stained for
F4/80, an inflammation-associated immune marker. According to the
results, the population of F4/80 positive cells was significantly lower in
the B8 group than in the model, 4-HC, and 5-ASA groups (Fig. 11),

confirming that B8 could decelerate colitis-induced intestinal inflam-
mation. The spleen, a crucial immune organ, typically exhibits a merg-
ing of the red and white pulp during colitis. Histological images from
H&E staining of the spleen indicate that B8 demonstrates potential in
ameliorating this characteristic. Cumulatively, these observations
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suggest that B8 has a promising efficacy in alleviating DSS-induced
colitis in mice.

2.11. Acute toxicity evaluation of compound B8 on ICR mice

Subsequent acute toxicity assays were performed to further evaluate
the in vivo safety profile of compound B8. On the initial day, mice were
orally administered compound B8 at doses of 1000 and 500 mg/kg.
Subsequently, over a nine-day duration, the body weight of each mouse
was diligently documented in the afternoons, with an untreated control
group included for comparative analysis. No fatalities or severe adverse
effects attributed to the drug were observed within any of the experi-
mental cohorts during the study period. All groups displayed an initial
decline in body weight on the first day, followed by a consistent upward
trajectory thereafter (Fig. 12). Nonetheless, no statistically significant
differences in body weight changes were found between the treated and
control groups. The mice were humanely euthanized upon completion of
the monitoring period, and their organs were harvested for histopath-
ological examination via H&E staining. Fig. S3 (in supporting informa-
tion) summarizes the findings, showing the absence of notable
pathological alterations in mice organs obtained from both the high-
dose and low-dose groups. These observations associate compound B8
with low in vivo toxicity, highlighting its safety for administration.

2.12. Preliminary evaluation of the PK characteristics of compound B8 in
rats

Due to its promising anti-inflammatory activity of B8 in both in vivo
and in vitro studies, we conducted a preliminary pharmacokinetic study
using B8 on 16-week-old male SD rats. The plasma concentration-time
profile of B8 is depicted in Fig. 13. To calculate pharmacokinetic pa-
rameters for fitting, we employed Drug and Statistics (DAS) software 3.0
and non-compartmental models. Table 3 summarizes the results, indi-
cating that the active compound B8 achieved maximum plasma con-
centration within 0.67 h of oral administration, with a favorable Tj /5
value of 2.36 h and bioavailability (F) of 28.72 %.

3. Conclusions

Herein, 25 derivatives were designed and synthesized with 4-HC as
the lead compound. The anti-inflammatory activity of this series of
compounds was then evaluated, with 15 derivatives demonstrating su-
perior anti-inflammatory activity compared to 4-HC. Among them,
compound B8 showed 3 time more active than 4-HC on IL-6 production,
with ICso values of 4.57 pM and 6.51 pM for IL-6 release from mouse
cells J774A.1 and human cells THP-1, respectively. It was observed that
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S 38—
]
=) 36
[
S 34+
324
30— T T T T 1
0 2 4 6 8 10

Days (d)

Fig. 12. Body weight of all mice (g) against time (day). Weight data were
expressed as standard error of mean body weight (SEM).
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Fig. 13. Average blood concentration-time curve of B8 in SD rats. For the oral
administration, 13 time points (10 min, 15 min, 30 min, 1 h,2h,3h,4h,5h, 6
h, 8 h, 10 h, 12 h, and 24 h) were selected at which observations were recorded,
and 14 time points (5 min, 10 min, 15 min, 30 min, 1 h,2h,3h,4h,5h,6h, 8
h, 10 h, 12 h, and 24 h) were selected for the intravenous administration.

Table 3
Pharmacokinetic parameters for compound B8 in SD rats.

Parameters iv (1 mg/kg) po (10 mg/kg)
Crax (ng/mL) 2031.85 1014.61
AUC(g.y (h*ng/mL) 929.43 2669.32
AUC(g.c0) (h*ng/mL) 1019.26 3258.76

Tmax (h) 0.67

T2 (1) 0.31 2.36

F (%) 28.72

Data were expressed as mean concentrations in rat plasma (n = 3).

B8 could act on the MAPK pathway and targeting on IRAK1 was a key
mechanism, which has not been previously reported and is an important
finding for coumarin derivatives. In the ALI model, B8 could reduce IL-6
release and inflammatory cell infiltration, thereby alleviating lung
injury. In the DSS-induced mouse colitis model, we discovered that B8
could significantly decelerate colon shortening and weight loss, signif-
icantly inhibit IL-6 production in the blood, and reduce intestinal
damage. In vivo acute toxicity testing revealed that B8 had no adverse
effects on the body weight, behavior, or organ tissues of ICR mice at
doses of 1000 mg/kg and 500 mg/kg. Moreover, B8 exhibited favorable
PK parameters in SD rats with a favorable T;,, value of 2.36 h and
bioavailability (F) of 28.72 % for oral administration. Overall, B8 is a
potential candidate drug for treating ALI and colitis.

4. Experimental
4.1. Chemical synthesis

If not specified, all reagents and solvents utilized in the experiment
were commercially acquired and used without any additional purifica-
tion. The reaction was observed under ultraviolet light (254 nm) using a
TLC analysis on a silica gel plate. For rapid column chromatography
purification, Merck silica gel 60 (230-400 mesh ASTM) was employed.
The melting points were determined using a Fisher Johns melting point
meter without any adjustments. The 'H and '3C NMR spectra were
recorded on a 400 MHz spectrometer bought from Bruker Corporation,
Switzerland, with TMS serving as the internal reference. Mass spec-
trometry (MS) was conducted using an Agilent 1100 LC-MS system from
Agilent, Palo Alto, CA, USA.

4.2. General procedure for the preparation of compounds A1-A8

4-HC (100 mg, 0.617 mmol), epoxybromopropane (101 pL,1.234
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mmol), K2CO3 (256 mg, 1.855 mmol), and 2 mL of DMF were added to a
50 mL dry round-bottom flask. The mixture was reacted at 80 °C for 3 h,
which was monitored by TLC. After the reaction, ethyl acetate was
subjected to three extractions, followed by water wash (three times) and
saturated salt water wash (one time). The organic layer was combined,
dried with anhydrous MgSO4. The MgSO4 was filtered and the filtrate
was concentrated under reduced pressure. The product Al was isolated
and purified using a silica gel column with petroleum ether/ethyl ace-
tate (10/1, v/v) in a yield of 48.3 %. The corresponding compounds Al-
A8 were obtained by the same method as A1l.

4.2.1. 4-(Oxiran-2-ylmethoxy)-2H-1-benzopyran-2-one (A1)

White solid; yield: 48 %; purity, >95 %; m.p: 122-124 °C. 'H NMR
(400 MHz, CDCl3) & 7.83 (d, J = 7.1 Hz, 1H, He¢ coumarin ring), 7.72 (t,
J = 7.8 Hz, 1H, Hg coumarin ring), 7.35-7.25 (m, 2H, Hy, Hg coumarin
ring), 5.71 (s, 1H, Hs coumarin ring), 4.32 (t, J = 7.6 Hz, 1H, -O-CH-),
4.23 (t,J = 7.3 Hz, 1H, -O-CH-), 2.76 (t, J = 5.2 Hz, 1H, -O-CH- ethylene
oxide), 2.24-2.14 (m, 2H, -O-CHs-ethylene oxide). 13¢ NMR (100 MHz,
CDCl3) § 165.3 (C4 coumarin ring), 162.7 (Cz coumarin ring), 153.3 (C1o
coumarin ring), 133.1 (Cg coumarin ring), 124.0 (C; coumarin ring),
123.1 (Cg coumarin ring), 117.3 (Cg coumarin ring), 115.4 (Cs coumarin
ring), 91.1 (C3 coumarin ring), 70.0 (-O-C), 49.4 (-O-C ethylene oxide),
44.4 (-O-C ethylene oxide). LC-MS m/z: 219.06 [M + H] +.

4.2.2. 4-(3-(2-(Piperazin-1-yl)ethoxy)propoxy)-2H-1-benzopyran-2-one
(A2)

White solid; yield: 54 %; purity, >95 %; m.p: 178-180 °C. 'H NMR
(400 MHz, CDCl3) & 7.94 (d, J = 7.9 Hz, 1H, H¢ coumarin ring), 7.64 (t,
J = 8.4 Hz, 1H, Hg coumarin ring), 7.52-7.45 (m, 1H, Ar-H), 7.43-7.34
(m, 2H, Hy, Hg coumarin ring), 7.30 (d, J = 7.7 Hz, 1H, Ar-H), 7.25 (d, J
= 9.3 Hz, 1H, Ar-H), 7.21-7.13 (m, 1H, Ar-H), 5.83 (s, 1H, H3 coumarin
ring), 5.27 (s, 2H, -O-CH,-). '3C NMR (100 MHz, CDCl3) & 165.1 (C4
coumarin ring), 164.3 (-C-F benzene ring), 162.7 (C coumarin ring),
161.8 (-C-C- benzene ring), 153.3 (C;p coumarin ring), 132.7 (-C-C-
benzene ring), 130.7 (Cg coumarin ring), 130.6, (-C-C- benzene ring),
124.0 (Cy coumarin ring), 123.1 (C¢ coumarin ring), 116.9 (Cg coumarin
ring), 116.0 (-C-C- benzene ring),115.9 (-C-C- benzene ring) 115.8 (Cs
coumarin ring), 91.0 (C3 coumarin ring), 69.7 (-O-C-). LC-MS m/z: 293.0
[M + Na] ™.

4.2.3. 4-((3-Methoxybenzyl)oxy)-2H-chromen-2-one (A3)

White solid; yield: 59 %; purity, >95 %; m.p: 129-131 °C. 'H NMR
(400 MHz, CDCl3) & 7.91 (d, J = 7.9 Hz, 1H, He coumarin ring), 7.59 (t,
J = 7.8 Hz, 1H, Hg coumarin ring), 7.42-7.34 (m, 2H, Hy;, Hg coumarin
ring), 7.30 (t, J = 3.8 Hz, 1H, Ar-H), 7.06 (d, J = 7.6 Hz, 1H, Ar-H), 7.02
(s, 1H, Ar-H), 6.97 (d, J = 8.3 Hz, 1H, Ar-H), 5.81 (s, 1H, H3 coumarin
ring), 5.21 (s, 2H, -O-CHy-), 3.88 (s, 3H, ~OCHs). *C NMR (100 MHz,
CDCl3) 6 165.3 (C4 coumarin ring), 162.8 (C, coumarin ring), 160.0 (-C-
O- benzene ring), 153.4 (C1¢ coumarin ring), 136.0 (-C-C- benzene ring),
132.5 (-C-C- benzene ring), 130.0 (Cg coumarin ring), 124.0 (Cy
coumarin ring), 123.2 (Cg coumarin ring), 120.0 (-C-C- benzene ring),
116.8 (Cg coumarin ring), 115.7 (Cs coumarin ring), 114.0 (-C-C- ben-
zene ring), 113.4 (-C-C- benzene ring), 91.3 (C3 coumarin ring), 71.0
(-0-C-), 55.4 (-0-CH3). LC-MS m/z: 305.1 [M + Na] .

4.2.4. 4-((3,5-Dimethylbenzyl)oxy)-2H-chromen-2-one (A4)

White solid; yield: 58 %; purity, >95 %; m.p: 110-114 °C. 'H NMR
(400 MHz, CDCI3) 6 7.91 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.59 (t,
J = 7.8 Hz, 1H, Hg coumarin ring), 7.38-7.28 (m, 3H, Hy, Hg coumarin
ring, Ar-H), 7.10-7.05 (m, 3H, Ar-H x 3), 5.81 (s, 1H, H3 coumarin
ring), 5.17 (s, 2H, -0-CH,-), 2.39 (s, 6H, —CH3 x 2). 1*C NMR (100 MHz,
CDCl3) & 165.3 (C4 coumarin ring), 162.8 (Cy coumarin ring), 160.0 (-C-
C- benzene ring), 153.4 (C1¢ coumarin ring), 135.9 (-C-C- benzene ring),
132.5 (-C-C- benzene ring), 130.0 (Cg coumarin ring), 124.0 (Cy
coumarin ring), 123.2 (Cg¢ coumarin ring), 120.0 (-C-C- benzene ring),
116.8 (Cy coumarin ring), 115.7 (Cs coumarin ring), 114.0 (-C-C-
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benzene ring), 113.4 (-C-C- benzene ring), 91.3 (C3 coumarin ring), 71.0
(-0-C-), 55.4 x 2 (-C-CH3 x 2). LC-MS m/z: 303.0 [M + Na] *.

4.2.5. 4-(2-Morpholinoethoxy)-2H-1-benzo-pyran-2-one (A5)

Yellow solid; yield: 50 %; purity, >95 %; m.p: 118-120 °C. 'H NMR
(400 MHz, CDCl3) 8 7.69 (d, J = 7.7 Hz, 1H, Hg coumarin ring), 7.45 (t,
J = 7.7 Hz, 1H, Hg coumarin ring), 7.22-7.14 (m, 2H, Hy, Hg coumarin
ring), 5.61 (s, 1H, H3 coumarin ring), 4.19 (t, J = 5.0 Hz, 2H, -OCH,-),
3.70-3.60 (m, 4H, -O-CH; x 2, morpholine ring), 2.85 (t, J = 5.0 Hz, 2H,
—CHy-), 2.59-2.49 (m, 4H, -N-CH, x 2, morpholine ring). 13C NMR (100
MHz, CDCl3) § 165.4 (C4 coumarin ring), 162.6 (Cy coumarin ring),
153.2 (Cyp coumarin ring), 132.4 (Cg coumarin ring), 123.9(C;
coumarin ring), 123.0 (Ce coumarin ring), 116.6 (Cg coumarin ring),
115.5 (Cs coumarin ring), 90.6 (C3 coumarin ring), 67.4 (-0-C-), 66.8 x
2 (-O-C x 2 morpholine ring), 56.7 (-C-N-), 53.9 x 2 (-N-C x 2 mor-
pholine ring). LC-MS m/z: 298.1 [M + Na] *.

4.2.6. 4-(3-(Dimethylamino)propoxy)-2H-1-benzopyran-2-one (A6)

Yellow oily; yield: 48 % purity, >95 %. 'H NMR (400 MHz, CDCl3) &
7.81 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.54 (t, J = 7.8 Hz 1H, Hg
coumarin ring), 7.35-7.21 (m, 2H, Hy, Hg coumarin ring), 5.69 (s, 1H, Hs
coumarin ring), 4.19 (t, J = 5.9 Hz, 2H, -OCHy-), 2.59-2.43 (m, 2H, -N-
CHy-), 2.28 (s, 6H, -N-CH;3 x 2), 2.12-2.02 (m, 2H, -CH,-). 1°C NMR
(100 MHz, CDCl3) § 165.7 (C4 coumarin ring), 163.0 (Cz coumarin ring),
153.3 (Cyp coumarin ring), 132.5 (Cg coumarin ring), 123.9 (Cy
coumarin ring), 123.0 (C¢ coumarin ring), 116.7 (Cg coumarin ring),
115.8 (Cs coumarin ring), 90.5 (C3 coumarin ring), 67.6 (-0O-C-), 55.9
(-C-N-), 45.4 x 2 (-N-CH3 x 2), 26.8 (-C-C-). LC-MS m/z: 270.1 [M + Na]
T

4.2.7. 4-(3-(Pyrrolidin-1-yDpropoxy)-2H-1-benzopyran-2-one (A7)

Yellow solid; yield: 53 %; purity, >95 %; m.p: 59-61 °C. 'H NMR
(400 MHz, CDCl3) & 7.83 (d, J = 8.5 Hz, 1H, Hg coumarin ring), 7.73 (d,
J = 5.6 Hz, 1H, Hg coumarin ring), 7.62-7.50 (m, 2H, Hy, Hg coumarin
ring), 5.71 (s, 1H, H3 coumarin ring), 4.32 (t, J = 6.7 Hz, 2H, -OCHy-),
2.76 (t, J = 7.4 Hz, 2H, -N-CH)), 2.66 (t, J = 5.5 Hz 2H, -N-CH>), 2.25-
2.13 (m, 2H, -N-CHy), 1.88-1.85 (m, 2H, —CH>- tetrahydropyrrole ring),
1.79-1.66 (m, 2H, —-CHy- tetrahydropyrrole ring), 1.48-1.43 (m, 2H,
—CH,-).

4.2.8. 4-(2-Morpholinoethoxy)-2H-1-benzo-pyran-2-one (A8)

White solid; yield: 48 %; purity, >95 %; m.p: 113-114 °C. 'H NMR
(400 MHz, CDCl3) 6 7.83 (d, J = 9.4 Hz, 1H, He coumarin ring), 7.57 (t,
J = 8.6 Hz, 1H, Hg coumarin ring), 7.36-7.27 (m, 2H Hy, Hg coumarin
ring), 5.73 (s, 1H, H3 coumarin ring), 4.24 (t, J = 6.3 Hz, 2H, -OCHy-),
3.81-3.69 (m, 4H, -OCH; x 2 morpholine ring), 2.59 (t, J = 7.1 Hz, 2H,
—CHy-), 2.55-2.48 (m, 4H, -N-CH; x 2 morpholine ring), 2.17-2.08 (m,
2H, —~CHy-). '3C NMR (100 MHz, CDCl3) § 165.6 (C4 coumarin ring),
163.0 (Cy coumarin ring), 153.4 (Cjp coumarin ring), 132.4 (Cg
coumarin ring), 123.9 (C; coumarin ring), 122.9 (C¢ coumarin ring),
116.9 (Cy coumarin ring), 115.8 (Cs coumarin ring), 90.6 (C3 coumarin
ring), 67.5 (-0-C-), 66.9 x 2 (-O-C x 2 morpholine ring), 55.1 (-C-N-),
53.8 x 2 (-N-C x 2 morpholine ring), 25.7 (-C-C-). LC-MS m/z: 312.1 [M
+Na] *.

4.3. General procedure for the preparation of intermediates al, bl

In a 50 mL dry round-bottom flask, 4-HC (100 mg, 0.617 mmol) was
combined with either 1,2-dibromoethane (160 pL, 1.851 mmol) or 1,3-
dibromopropane (187 pL, 1.851 mmol), along with K3CO3 (256 mg,
1.855 mmol). 2 mL of DMF was slowly added, the mixture was reacted at
80 °C for 3.5 h. After the reaction, ethyl acetate was used to extract for
three times, followed by washing with distilled water (three times) and
saturated salt water (one time). The organic layer was combined and
dried with anhydrous MgSO4. The MgSO4 was filtered and the filtrate
was concentrated under reduced pressure. The intermediates al (yield:
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58 %) and b1 (yield: 59 %) were separated by silica gel column chro-
matography using petroleum ether/ethyl acetate (10/1, v/v).

4.3.1. 4-(2-Bromoethoxy)-2H-1-benzopyran-2-one (al)

White solid; yield: 58 %; m.p: 160-162 °C. 'H NMR (400 MHz,
CDCl3) & 7.89 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.59 (t, J = 8.0 Hz,
1H, Hg coumarin ring), 7.39-7.26 (m, 2H, Hy, Hg coumarin ring), 5.70 (s,
1H, H3 coumarin ring), 4.48 (t, J = 5.8 Hz, 2H, -OCH,-), 3.79 (t, J = 5.8
Hz, 2H, -CH,Br). °C NMR (100 MHz, CDCl3) & 164.9 (C4 coumarin
ring), 162.6 (Cy coumarin ring), 153.4 (Cyp coumarin ring), 132.7 (Cg
coumarin ring), 124.1 (C; coumarin ring), 123.1 (C¢ coumarin ring),
116.8 (Cy coumarin ring), 115.3 (Cs coumarin ring), 90.9 (C3 coumarin
ring), 68.5 (-0-C-), 27.7 (-C-Br).

4.3.2. 4-(3-Bromopropoxy)-2H-1-benzopyran-2-one (b1)

White solid; yield: 59 %; m.p: 112-113 °C. H NMR (400 MHz,
CDCl3) & 7.82 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.58 (t, J = 8.6 Hz,
1H, Hg coumarin ring), 7.36-7.28 (m, 2H Hy, Hg coumarin ring), 5.75 (s,
1H, H3 coumarin ring), 4.33 (t, J = 5.8 Hz, 2H, ~-OCHy-), 3.66 (t,J = 6.3
Hz, 2H, ~CH,Br), 2.52-2.45 (m, 2H, -CH,-). '>*C NMR (100 MHz, CDCls)
8 165.3 (C4 coumarin ring), 162.7 (Cy coumarin ring), 153.4 (Cjo
coumarin ring), 132.5 (Cg coumarin ring), 124.0 (C; coumarin ring),
122.9 (Cg coumarin ring), 116.9 (Cg coumarin ring), 115.6 (Cs coumarin
ring), 90.9 (Cs coumarin ring), 66.8 (-O-C-), 31.5 (-C-Br), 28.9 (-C-C-).

4.4. General procedure for the preparation of compounds B1-B9, C1-C8

1-Ethylpiperazine (50 pL,0.39 mmol) was dissolved in 2 mL DMF in a
50 mL dry round-bottom flask. Next, K2CO3 (161.46 mg, 1.17 mmol)
was added followed by addition of the intermediate al (104.91 mg,
0.39 mmol) or bl (110.37 mg, 0.39 mmol). The flask was placed in a
magnetically heated stirrer at 80 °C for 4 h. Subsequently, ethyl acetate
was used to extract three times, followed by three times wash with
distilled water and one time wash with saturated salt water. The organic
layer was combined, and dried using anhydrous MgSOg4. After filtration
to remove MgSQy, the filtrate was concentrated under reduced pressure.
Subsequently, separation was achieved using DCM/MeOH (100/1, v/v)
and purification was performed through a silica gel column, leading to
the preparation of the final products B1 (yield: 58 %) and C1 (yield: 50
%). Products B1-B9 and C1-C9 were prepared following the same
procedure.

4.4.1. 4-(2-(4-Ethylpiperazin-1-yDethoxy)-2H-1-benzopyran-2-one (B1)

Yellow oily; yield: 58 %. purity, >95 %. \H NMR (400 MHz, CDCl3) §
7.78 (d, J = 7.9 Hz, 1H, He coumarin ring), 7.53 (t, J = 7.8 Hz, 1H, Hg
coumarin ring), 7.31-7.23 (m, 2H, Hy, Hg coumarin ring), 5.67 (s, 1H, Hs
coumarin ring), 4.25 (t, J = 5.5 Hz, 2H, -OCH>-), 2.93 (t, J = 5.5 Hz, 2H,
C-CH-N), 2.79-2.46 (m, 8H, piperazine ring), 2.43-2.37 (m, 2H, -N-
CHy-), 1.07 (t, J = 7.2 Hz, 3H, —-CHs). '3C NMR (100 MHz, CDCl3) &
165.5 (C4 coumarin ring), 162.9 (Cz coumarin ring), 153.3 (Cyo
coumarin ring), 132.4 (Cg coumarin ring), 123.9 (C; coumarin ring),
123.0 (Cg coumarin ring), 116.7 (Cg coumarin ring), 115.6 (Cs coumarin
ring), 90.6 (Cg coumarin ring), 67.6 (-O-C-), 56.3 (-C-N-), 53.5 x 2 (-N-C
x 2 piperazine ring), 52.7 x 2 (-C-N x 2 piperazine ring), 52.2 (-N-C),
11.9 (C-C). LC-MS m/z: 325.1 [M + Na] ™.

4.4.2. 4-(2-(4-(2-MethoxyethyDpiperazin-1-yDethoxy)-2H-1-benzopyran-
2-one (B2)

White solid; yield: 51 %; purity, >95 %; m.p: 96-97 °C. 'H NMR
(400 MHz, CDCl3) & 7.80 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.55 (t,
J = 8.1 Hz, 1H, Hg coumarin ring), 7.34-7.24 (m, 2H, Hy, Hg coumarin
ring), 5.68 (s, 1H, H3 coumarin ring), 4.27 (t, J = 5.6 Hz, 2H, -OCH>-),
3.52 (t,J = 5.6 Hz, 2H, -OCH>-), 3.35 (s, 3H, -OCH3), 2.95 (t, J = 5.6 Hz,
2H, —-CH3-N-), 2.74-2.66 (m, 4H, —-CH, x 2 piperazine ring), 2.62-2.54
(m, 6H, —-CH, x 2 piperazine ring, -N-CH,-). 13C NMR (100 MHz,
CDCl3) 8 165.5 (C4 coumarin ring), 162.9 (Cz coumarin ring), 153.3 (Cjo
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coumarin ring), 132.4 (Cg coumarin ring), 123.9 (C; coumarin ring),
123.1 (Cg coumarin ring), 116.8 (Cg coumarin ring), 115.7 (Cs coumarin
ring), 90.6 (C3 coumarin ring), 70.0 (-C-0-), 67.6 (-O-C-), 58.9 (-O-CHj3),
57.8 (-C-N-), 56.3 (-N-C-), 53.5 x 2 (-N-C x 2 piperazine ring), 53.4 x 2
(-N-C x 2 piperazine ring). LC-MS m/z: 355.1 [M + Na] +,

4.4.3. 4-(2-((3-Morpho-linopropyl)amino)ethoxy)-2H-1-benzopyran-2-
one (B3)

Yellow oily; yield: 46 %; purity, >95 %. 'H NMR (400 MHz, CDCl3) &
8.20 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.52 (t, J = 8.1 Hz, 1H, Hg
coumarin ring), 7.36-7.27 (m, 2H, Hy, Hg coumarin ring), 5.77 (s, 1H, Hs
coumarin ring), 4.02 (t, J = 4.9 Hz, 2H, -OCHy-), 3.77-3.72 (m, 4H,
—OCHj x 2 morpholine ring), 3.52-3.44 (m, 2H, -CH»-N-), 2.53-2.41 (m,
8H, -N-CH; x 2 coumarin ring, -N-CHy x 2), 1.96-1.82 (m, 2H, —-CHj-).
13C NMR (100 MHz, CDCl3) & 162.5 (C4 coumarin ring), 159.4 (Cy
coumarin ring), 154.4 (C;o coumarin ring), 131.5 (Cg coumarin ring),
125.6 (C; coumarin ring), 123.5 (Cg coumarin ring), 117.9 (Cg coumarin
ring), 116.9 (Cs coumarin ring), 97.7 (C3 coumarin ring), 66.7 (-O-C-),
66.0 x 2 (-C-O x 2 morpholine ring), 56.4 x 2 (-N-C x 2 morpholine
ring), 45.6 (-C-N-), 44.7 (-C-N-), 42.5 (-N-C), 21.0 (C-C). LC-MS m/z:
355.1 [M + Na] *.

4.4.4. 4-(2-(4-(2-Hydroxyethylpiperazin-1-yl)ethoxy)-2H-1-benzopyran-
2-one (B4)

White solid; yield: 60.1 %; purity, >95 %; m.p: 80-82 °C. 'H NMR
(400 MHz, CDCl3) 6 7.83 (d, J = 7.9 Hz, 1H, He coumarin ring), 7.59 (t,
J = 7.8 Hz, 1H, Hg coumarin ring), 7.38-7.30 (m, 2H, Hy, Hg coumarin
ring), 5.72 (s, 1H, H3 coumarin ring), 4.30 (t, J = 5.4 Hz, 2H, -OCHy-),
3.69 (t,J = 5.2 Hz, 2H, -CH»-0-), 2.99 (t, J = 5.4 Hz, 2H, -N-CHj-), 2.82-
2.60 (m, 10H, -N-CH,, x 4 piperazine ring, -N-CH,). 13C NMR (100 MHz,
CDCl3) 8 167.7 (C4 coumarin ring), 162.9 (C, coumarin ring), 153.3 (C;o
coumarin ring), 128.8 (Cg coumarin ring), 124.0 (C; coumarin ring),
123.0 (C coumarin ring), 116.8 (Cg coumarin ring), 115.7 (Cs coumarin
ring), 90.7 (C3 coumarin ring), 65.6 (-0-C-), 59.3 (-C-OH), 57.8 (-N-C-),
56.3 (-C-N-), 53.6 x 2 (-N-C x 2 piperazine ring), 52.8 x 2 (-N-C x 2
piperazine ring). LC-MS m/z: 355.1 [M + Na] +,

4.4.5. 4-(2-((2-(Thiophen-2-yDethyl)amino)ethoxy)-2H-1-benzopyran-2-
one (B5)

Yellow oily; yield: 41 %; purity, >95 %. 'H NMR (400 MHz, CDCl3) &
7.92-7.76 (m, 1H, He coumarin ring), 7.55 (d, J = 7.7 Hz, 1H, Hg
coumarin ring), 7.38-7.32 (m, 1H, -S-CH- thiophene ring), 7.29-7.17 (m,
2H, Hy, Hg coumarin ring), 7.10-6.96 (m, 1H, -CH- thiophene ring), 6.89
(d, J = 3.1 Hz, 1H, -CH- thiophene ring), 5.74 (s, 1H, H3 coumarin ring),
4.45-4.27 (m, 2H, ~OCHy-), 3.42-2.97 (m, 6H, -N-CH; x 2, —CHy-). 13C
NMR (100 MHz, CDCl3) 6 165.3 (C4 coumarin ring), 162.7 (C coumarin
ring), 153.3 (Cyp coumarin ring), 140.8 (-S-C- thiophene ring), 132.6 (Cg
coumarin ring), 127.18 (-C-C- thiophene ring), 125.68 (-C-C- thiophene
ring), 124.18 (-S-C- thiophene ring), 124.0 (C; coumarin ring), 123.2 (Cg
coumarin ring), 116.8 (Cy coumarin ring), 115.4 (Cs coumarin ring),
90.9 (C3 coumarin ring), 67.6 (-O-C-), 50.5 (-C-N-), 47.2 (-N-C-), 29.7
(C-C). LC-MS m/z: 338.1 [M + Na] *.

4.4.6. 4-(2-(3-Methylpiperidin-1-yl)ethoxy)-2H-1-benzopyran-2-one (B6)

Yellow oily; yield: 58 %; purity, >95 %. 'H NMR (400 MHz, CDCl3) &
7.81 (d, J = 7.8 Hz, 1H, Hg coumarin ring), 7.55 (t, J = 8.0 Hz, 1H, Hg
coumarin ring), 7.33-7.25 (m, 2H, Hy, Hg coumarin ring), 5.70 (s, 1H, H3
coumarin ring), 4.28 (t, J = 5.8 Hz, 2H, -OCH3-), 2.99-2.89 (m, 4H, -N-
CH; x 2), 2.13-2.06 (m, 2H, -N-CH5-), 1.84-1.61 (m, 5H, -CH; x 2
piperidine ring, -CH- piperidine ring), 0.88 (d, J = 6.3 Hz, 3H, —-CH3). 13¢
NMR (100 MHz, CDCl3) 6 165.5 (C4 coumarin ring), 162.9 (C coumarin
ring), 153.3 (C;o coumarin ring), 132.4 (Cg coumarin ring), 123.9 (Cy
coumarin ring), 123.1 (Cg coumarin ring), 116.8 (Cy coumarin ring),
115.7 (Cs coumarin ring), 90.6 (C3 coumarin ring), 67.5 (-0-C-), 62.4
(-N-C- piperidine ring), 56.7 (-N-C- piperidine ring), 54.4 (-C-N- piper-
idine ring), 32.6 (-C-C- piperidine ring), 31.0 (-C-C- piperidine ring),
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25.4 (-C-C- piperidine ring), 19.7 (-CHz). LC-MS m/z: 310.1 [M + Na] ™.

4.4.7. 4-((3-Fluorobenzyl)oxy)-2H-chromen-2-one (B7)

White solid; yield: 43 %; purity, >95 %; m.p: 127-130 °C. 'H NMR
(400 MHz, CDCl3) & 7.83 (d, J = 7.8 Hz, 1H, Hg coumarin ring), 7.58 (t,
J = 7.9 Hz, 1H, Hg coumarin ring), 7.40-7.30 (m, 2H, Hy, Hg coumarin
ring), 5.71 (s, 1H, Hs coumarin ring), 4.30 (t, J = 5.6 Hz, 2H, -OCH>-),
2.97 (t, J = 5.6 Hz, 2H, —-CH5-N-), 2.80-2.58 (m, 8H, -N-CHy x 4
piperazine ring), 1.72-1.60 (m, 1H, -N-CH- cyclopropane), 0.53-0.41 (m,
4H, -CH, x 2 cyclopropane). 13C NMR (100 MHz, CDCls) & 165.6 (C4
coumarin ring), 162.9 (C, coumarin ring), 153.3 (C;p coumarin ring),
132.4 (Cg coumarin ring), 123.9 (C; coumarin ring), 123.1 (C¢ coumarin
ring), 116.8 (Cy coumarin ring), 90.7 (C3 coumarin ring), 67.6 (-O-C-),
56.3 (-C-N-), 53.5 x 2 (-N-C x 2 piperazine ring), 53.2 x 2 (-C-N x 2
piperazine ring), 38.43 (-N-C- cyclopropane), 5.73 x 2 (-C-C- cyclo-
propane). LC-MS m/z: 315.1 [M + H] .

4.4.8. 4-(2-(4-Acetylpiperazin-1-yl)ethoxy)-2H-chromen-2-onee (B8)

Yellowish solid; yield: 41 %; purity, >95 %; m.p: 133-134 °C. 'H
NMR (400 MHz, CDCl3) § 7.81 (d, J = 7.9 Hz, 1H, Hg coumarin ring),
7.59 (t, J = 7.8 Hz, 1H, Hg coumarin ring), 7.38-7.30 (m, 2H, Hy, Hy
coumarin ring), 5.72 (s, 1H, Hs coumarin ring), 4.30 (t, J = 5.4 Hz, 2H,
-OCHy-), 3.72-3.64 (m, 2H, —-CH,-N- hydrogen on piperazine near
carbonyl group), 3.56-3.50 (m, 2H, —-CH2-N- hydrogen on piperazine
near carbonyl group), 2.99 (t, J = 5.4 Hz, 2H, -CH»-N-), 2.68-2.58 (m,
4H, -CH2-N x 2 hydrogen on the piperidine away from the carbonyl
group), 2.13 (s, 3H, —CH3). 3C NMR (100 MHz, CDCl3) § 168.9 (-C=0),
165.4 (C4 coumarin ring), 162.8 (Cy coumarin ring), 153.4 (Cyo
coumarin ring), 132.6 (Cg coumarin ring), 124.0 (C; coumarin ring),
122.9 (Cg coumarin ring), 116.9 (Cg coumarin ring), 115.6 (Cs coumarin
ring), 90.8 (C3 coumarin ring), 67.5 (-0-C-), 56.2 (-C-N-), 53.6 (-C-N-
carbon on piperazine near carbonyl group), 53.3 (-C-N- carbon on
piperazine near carbonyl group), 46.2 (-C-N- carbon on the piperidine
away from the carbonyl group), 41.4 (-C-N- carbon on the piperidine
away from the carbonyl group), 21.3 (-CHs). LC-MS m/z: 339.2 [M + H]
T

4.4.9. 4-(3-((3-Morpho-linopropyl)amino)propoxy)-2H-1-benzopyran-2-
one (B9)

White solid; yield: 48 %; purity, >95 %; m.p: 49-51 °C. '"H NMR
(400 MHz, CDCl3) & 7.82 (d, J = 7.9 Hz, 1H, He coumarin ring), 7.58 (t,
J = 7.8 Hz, 1H, Hg coumarin ring), 7.36-7.27 (m, 2H, Hy, Hg coumarin
ring), 5.71 (s, 1H, H3 coumarin ring), 4.29 (t, J = 5.4 Hz, 2H, -OCH>-),
3.65 (t, J = 5.2 Hz, 2H, -CH,0-), 2.97 (t, J = 5.4 Hz, 2H, -OCH,-), 2.68-
2.48 (m, 10H, -N-CH, x 4 piperazine ring, -N-CHs). 1*C NMR (100 MHz,
CDCl3) 8 165.5 (C4 coumarin ring), 162.8 (Cz coumarin ring), 153.3 (C;9
coumarin ring), 132.5 (Cg coumarin ring), 124.0 (C; coumarin ring),
123.0 (Cg coumarin ring), 116.8 (Cg coumarin ring), 115.6 (Cs coumarin
ring), 90.7 (C3 coumarin ring), 67.7 (-O-C-), 59.3 (-C-0-), 57.6 (-O-C-),
56.2 (-C-N-), 53.1 x 2 (-C-N x 2 piperazine ring), 52.9 x 2 (-N-C x 2
piperazine ring). LC-MS m/z: 341.2 [M + Na] *.

4.4.10. 4-(3-(4-Ethylpiperazin-1-yDpropoxy)-2H-1-benzopyran-2-one
(c1n)

White solid; yield: 50 %; purity, >95 %; m.p: 80-82 °C. H NMR
(400 MHz, CDCl3) & 7.81 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.55 (t,
J = 7.8 Hz, 1H, Hg coumarin ring), 7.34-7.27 (m, 2H, Hy, Hg coumarin
ring), 5.71 (s, 1H, H3 coumarin ring), 4.21 (t, J = 6.3 Hz, 2H, -OCH,-),
2.65-2.40 (m, 12H, -N-CH; x 4 piperazine ring, -N-CHy x 2), 2.17-2.05
(m, 2H, -CHy-), 1.11 (t, J = 7.2 Hz, 3H, —-CHs). '3C NMR (100 MHz,
CDCl3) 8 165.7 (C4 coumarin ring), 163.0 (C2 coumarin ring), 153.3 (C1g
coumarin ring), 132.4 (Cg coumarin ring), 123.9 (C; coumarin ring),
123.0 (Cg coumarin ring), 116.8 (Cg coumarin ring), 115.8 (C5 coumarin
ring), 90.5 (Csz coumarin ring), 67.6 (-O-C-), 54.7 (-C-N-), 53.1 x 2 (-C-N
x 2 piperazine ring), 52.7 x 2 (-N-C x 2 piperazine ring), 52.3 (-N-C-),
26.0 (-C-C-), 11.8 (-CH3). LC-MS m/z: 317.2 [M + H] ™.
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4.4.11. 4-(3-(4-(2-Methoxyethyl)piperazin-1-yl)propoxy)-2H-1-
benzopyran-2-one (C2)

White solid; yield: 49 %; purity, >95 %; m.p: 68-70 °C. 'H NMR
(400 MHz, CDCl3) 6 7.81 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.55 (t,
J = 7.8 Hz, 1H, Hg coumarin ring), 7.33-7.25 (m, 2H, Hy, Hg coumarin
ring), 5.70 (s, 1H, H3 coumarin ring), 4.20 (t, J = 6.2 Hz, 2H, -OCHy-),
3.53 (t, J = 5.6 Hz, 2H, -CH,0-), 3.35 (s, 3H, -OCHj3), 2.72-2.42 (m,
12H, -N-CHj x 4 piperazine ring, -N-CH> x 2), 2.14-2.06 (m, 2H, -CH>-).
13C NMR (100 MHz, CDCl3) & 165.7 (C4 coumarin ring), 163.0 (C,
coumarin ring), 153.3 (Cyp coumarin ring), 132.4 (Cg coumarin ring),
123.9 (Cy coumarin ring), 123.0 (Cg coumarin ring), 116.8 (Cg coumarin
ring), 115.8 (Cs coumarin ring), 90.5 (C3 coumarin ring), 70.0 (-C-0-),
67.6 (-0-C-), 58.9(-0-CH3), 57.8 (-C-N-), 54.6 (-N-C-), 53.4 x 2 (-C-N x 2
piperazine ring), 52.9 x 2 (-N-C x 2 piperazine ring), 26.0 (-C-C-). LC-
MS m/z: 347.2 [M + H] *.

4.4.12. 4-(3-((3-Morpho-linopropyl)amino)propoxy)-2H-1-benzopyran-2-
one (C3)

White solid; yield: 48 %; purity, >95 %; m.p: 58-59 °C. 'H NMR
(400 MHz, CDCl3) 6 7.89 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.62 (t,
J = 7.8 Hz, 1H, Hg coumarin ring), 7.36-7.28 (m, 2H, Hy, Hg coumarin
ring), 5.82 (s, 1H, H3 coumarin ring), 4.34 (t, J = 5.9 Hz, 2H, -OCH,-),
3.73-3.66 (m, 4H, -CH20 x 2 morpholine ring), 3.26-3.16 (m, 2H, ~CH»-
N-), 3.08 (t, J = 7.3 Hz, 2H, -N-CH>-), 2.55-2.45 (m, 6H, -NCHj3 x 2, -N-
CH,-), 2.37-2.26 (m, 2H, —-CHy-), 1.95-1.85 (m, 2H -CH,-). 3C NMR
(100 MHz, CDCl3) & 165.3 (C4 coumarin ring), 163.0 (C2 coumarin ring),
152.5 (Cy9 coumarin ring), 132.0 (Cg coumarin ring), 123.5 (C;
coumarin ring), 122.2 (Ce coumarin ring), 115.6 (Cg coumarin ring),
114.7 (Cs coumarin ring), 89.4 (C3 coumarin ring), 66.2 (-0-C-), 65.8 x
2 (-C-O x 2 morpholine ring), 55.3 (-C-N), 52.6 x 2 (-N-C x 2 mor-
pholine ring), 46.4 (-C-N-), 44.4 (-N-C-), 25.5 (-C-C-), 22.4 (-C-C-). LC-
MS m/z: 347.2 [M + H] *.

4.4.13. 4-(3-(4-(2-HydroxyethylDpiperazin-1-yDpropoxy)-2H-chromen-2-
one (C4)

White solid; yield: 48 %; purity, >95 %; m.p: 65-68 °C. 'H NMR
(400 MHz, CDCl3) 8 7.71 (d, J = 7.9 Hz, 1H, Hg coumarin ring), 7.45 (t,
J = 7.8 Hz, 1H, Hg coumarin ring), 7.25-7.15 (m, 2H, Hy, Hg coumarin
ring), 5.61 (s, 1H, H3 coumarin ring), 4.11 (t, J = 6.3 Hz, 2H, -OCH,-),
3.53 (t, J = 5.4 Hz, 2H, -CH,0-), 2.55-2.40 (m, 12H, -N-CH; x 4
piperazine ring, -N-CHy x 2), 2.05-1.95 (m, 2H, —~CHa-). 13¢ NMR (100
MHz, CDCl3) & 165.5 (C4 coumarin ring), 162.9 (Cy coumarin ring),
153.3 (Cjo coumarin ring), 132.4 (Cg coumarin ring), 123.9 (C;
coumarin ring), 123.1 (Cg coumarin ring), 116.8 (Cy coumarin ring),
115.7 (Cs coumarin ring), 90.7 (C3 coumarin ring), 67.6 (-0-C-), 56.22
(-C-N-), 53.5 x 2 (-C-N x 2 piperazine ring), 53.2 x 2 (-N-C x 2
piperazine ring), 38.4 (-N-C-), 5.73 (-C-C-). LC-MS m/z: 355.1 [M + Na]
T

4.4.14. 4-(3-((2-(Thiophen-2-ylethyl)amino)propoxy)-2H-1-benzopyran-
2-one (C5)

Yellow oily; yield: 43 %; purity, >95 %. 'H NMR (400 MHz, CDCl3) &
7.80 (d, J = 7.8 Hz, 1H, He coumarin ring), 7.55 (t, J = 7.8 Hz, 1H, Hg
coumarin ring), 7.36-7.26 (m, 2H, Hy, Hg coumarin ring), 7.13 (d, J =
5.1 Hz, 1H, -S-CH- thiophene ring), 6.95-6.89 (m, 1H, -CH- thiophene
ring), 6.84 (d, J = 3.3 Hz, 1H, -CH- thiophene ring), 5.69 (s, 1H, Hj
coumarin ring), 4.22 (t, J = 6.1 Hz, 2H, -OCH>-), 3.07 (t, J = 6.6 Hz, 2H,
-N-CHjy), 3.01-2.95 (m, 2H, -N-CHj), 2.94-2.87 (m, 2H, —-CHj-), 2.15-
2.07 (m, 2H, —-CHy-). 3C NMR (100 MHz, CDCl3) & 165.7 (Cq4
coumarin ring), 163.0 (C2 coumarin ring), 153.3 (C;¢ coumarin ring),
142.2 (-S-C- thiophene ring), 132.4 (Cg coumarin ring), 126.9 (-S-CH-
thiophene ring), 125.2 (-C-C- thiophene ring), 123.9 (C7 coumarin ring),
123.7 (-C-C- thiophene ring), 123.0 (C¢ coumarin ring), 116.8 (Cg
coumarin ring), 115.7 (Cs coumarin ring), 90.6 (C3 coumarin ring), 67.5
(-0-C-), 50.9 (-C-N-), 46.0 (-N-C-), 30.2 (-C-C-), 28.8 (-C-C-). LC-MS m/z:
352.1 [M + Na] *.
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4.4.15. 4-(3-(3-Methylpiperidin-1-yl)propoxy)-2H-1-benzopyran-2-one
(ce)

Yellow solid; yield: 48 %; purity, >95 %. 'H NMR (400 MHz, CDCl3)
57.84 (d, J="7.9 Hz, 1H, Hg coumarin ring), 7.57 (t, J = 7.8 Hz, 1H, Hg
coumarin ring), 7.36-7.29 (m, 2H, Hy, Hg coumarin ring), 5.72 (s, 1H, Hs
coumarin ring), 4.23 (t, J = 6.2 Hz, 2H, -OCHj-), 3.01-2.91 (m, 2H, -N-
CHjy-), 2.63-2.59 (m, 2H, -N-CHj-), 2.24-2.10 (m, 2H, -N-CH,-), 1.98-
1.95 (m, 2H, -CHy-), 1.85-1.59 (m, 5H, -CH, x 2 piperidine ring,
-CH- piperidine ring), 0.91 (d, J = 6.2 Hz, 3H, -CHs). 3C NMR (100
MHz, CDCl3) & 165.3 (C4 coumarin ring), 162.6 (Cy coumarin ring),
152.9 (Cyp coumarin ring), 132.0 (Cg coumarin ring), 123.5 (C;
coumarin ring), 122.6 (Ce¢ coumarin ring), 116.4 (Cg9 coumarin ring),
115.4 (Cs coumarin ring), 90.1 (C3 coumarin ring), 67.5 (-0-C-), 61.7
(-N-C- piperidine ring), 54.8 (-C-N-), 53.7 (-N-C- piperidine ring), 32.5
(-C-C- piperidine ring), 30.7 (-C-C-), 25.7 (-C-C- piperidine ring), 25.0
(-C-C- piperidine ring), 19.4 (-CHs). LC-MS m/z: 302.2 [M + H] *.

4.4.16. 4-(3-((3-(Pyrrolidin-1-yDpropyl)amino)propoxy)-2H-1-
benzopyran-2-one (C7)

Yellow oily; purity, >95 %; yield: 43 %. 'H NMR (400 MHz, CDCl3) &
7.84 (d, J = 7.9 Hz, 1H, He coumarin ring), 7.58 (t, J = 7.8 Hz, 1H, Hg
coumarin ring), 7.37-7.30 (m, 2H, Hy, Hg coumarin ring), 5.73 (s, 1H, Hs
coumarin ring), 4.26 (t, J = 6.0 Hz, 2H, -OCH>-), 2.89 (t, J = 6.9 Hz, 2H,
—CH»-N-), 2.76 (t, J = 6.8 Hz, 2H, —-CH>-N-), 2.64-2.58 (m, 6H, -CH»-N
x 3), 2.17-2.08 (m, 2H, -CH-), 1.86-1.78 (m, 6H, -CHy x 2 pyrrolidine
ring, -CH,-). 13C NMR (100 MHz, CDCls) 8 165.7 (C4 coumarin ring),
163.0 (Cy coumarin ring), 153.4 (Cjp coumarin ring), 132.4 (Cg
coumarin ring), 123.9 (C; coumarin ring), 123.0 (C¢ coumarin ring),
116.8 (Cy coumarin ring), 115.8 (Cs coumarin ring), 90.6 (C3 coumarin
ring), 67.6 (-O-C-), 54.7 (-C-N-), 54.2 x 2 (-N-C x 2 pyrrolidine ring),
48.5 (-C-N-), 46.3 (-N-C-), 29.0 (-C-C-), 28.7 (-C-C-), 23.4 x 2 (-C-C x 2
pyrrolidine ring). LC-MS m/z: 331.2 [M + Na] *.

4.4.17. 4-(3-(4-Acetylpiperazin-1-yDpropoxy)-2H-chromen-2-one (C8)

Yellowish solid; yield: 43 %; purity, >95 %; m.p: 125-126 °C. 'H
NMR (400 MHz, DMSO) 6 7.84 (d, J = 7.4 Hz, 1H, Hg coumarin ring),
7.68 (t, J = 7.7 Hz, 1H, Hg coumarin ring), 7.43-7.37 (m, 2H, Hy, Hg
coumarin ring), 5.92 (s, 1H, H3 coumarin ring), 4.28 (t, J = 6.0 Hz, 2H,
-OCHy-), 3.47-3.40 (m, 4H, —CH,-N- hydrogen on piperazine near
carbonyl group), 2.55-2.49 (m, 4H, -CHy-N x 2 hydrogen on the
Piperidine away from the carbonyl group), 2.42 (t, J = 5.2Hz, 2H,
-NCHy-), 2.35 (t, J = 5.2Hz, 2H, ~CHy-), 2.00 (s, 3H, -CH3). °C NMR
(100 MHz, CDCl3) 6 168.9 (-C=0), 165.6 (C4 coumarin ring), 162.9 (Cg
coumarin ring), 153.4 (Cyp coumarin ring), 132.5 (Cg coumarin ring),
123.9 (Cy coumarin ring), 122.9 (C¢ coumarin ring), 116.8 (Cg coumarin
ring), 115.7 (Cs coumarin ring), 90.6 (C3 coumarin ring), 67.4 (-O-C-),
54.5 (-C-N-), 53.5 (-C-N- carbon on piperazine near carbonyl group),
52.8 (-C-N- carbon on piperazine near carbonyl group), 46.2 (-C-N-
carbon on the piperidine away from the carbonyl group), 41.3 (-C-N-
carbon on the piperidine away from the carbonyl group), 25.9 (-C-C-),
21.4 (-CH3). LC-MS m/z: 331.2 [M + Na] *.

4.5. Cell lines and biological reagents

J774A.1 cells were purchased from ATCC (Manassas, VA) and
cultured in DMEM medium (Invitrogen, Carlsbad, CA) enriched with 10
% fetal bovine serum (FBS), 1 % penicillin and 1 % streptomycin, and
placed in a 37 °C incubator. LPS was purchased from Sigma-Aldrich (St
Louis, MO, USA). Mouse IL-6 Kit was bought from eBioscience Inc (San
Diego, CA, USA). Anti- GAPDH, anti-IkB-a, anti-p65, anti-p-p65 and
anti-p38, anti-p-p38, anti-JNK and anti-P-JNK were bought from Cell
Signaling Technology (Danvers, MA, USA). Trizol reagent and Real-time
quantitative reverse transcription PCR (RT-qPCR) kit were purchased
from TaKaRa (Japan). The cDNA kit was bought from Yeasen Biotech-
nology (Shanghai, China).
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4.6. Detection of the expression level of IL-6

When the J774A.1 cells adhered to the 96-well plate, the prepared
drug was added to the hole, and the final concentration of the drug was
10 pM. Afterincubation for 30 min, LPS was added to each well, main-
taining a concentration of 0.5 pg/mL for 24 h. The expression level of IL-
6 was detected by commercial ELISA kit (BioScience, San Diego, CA).
Subsequently, the remaining volume of 10 % MTT was added to the
remaining medium of the 96-well plate hole to detect the OD value. The
total concentration of inflammatory factors in the medium was
normalized by the number of living cells.

4.7. MTT assay

In each well of a 96-well plate, 100 pL of cell suspension containing
8000 cells/mL was dispensed. Following placement in a temperature-
controlled incubator for 24 h, the designated compounds were intro-
duced to the wells at a final concentration of 10 pM. Subsequently, the
cell viability was assessed after a 24-h incubation period. Cells in each
well were incubated with 10 % MTT solution (5.0 mg/mL) for 4 h. Next,
the medium was aspirated using a syringe and discarded. Subsequently,
150 pL of DMSO was added to each well and shaken for 30 min. At the
wavelength of 490 nm, the OD value was detected.

4.8. Real-time quantitative reverse transcription PCR assay

Total RNA was extracted from cells using triazole (TaKaRa, Japan).
Total RNA concentration and purity were measured using a UV-visible
spectrophotometer NanoDrop 2000 (Thermo Science, USA). The RNA
was reverse-transcribed into ¢cDNA using a cDNA kit (Yeasen Biotech-
nology, Shanghai), and then RT-qPCR was performed using a RT-qPCR
kit (TaKaRa, Japan) and a LightCycler® 480 instrument (Roche,
Switzerland). The mRNA level of the target gene was normalized with
the expression level of the B-actin as the reference gene.

4.9. Western blotting

J774A.1 macrophages were pre-treated with B8 at concentrations of
20, 10, and 5 pM for 2 h, followed by stimulation with lipopolysac-
charide (0.5 pg/mL) for 30 min. Subsequently, the cells were lysed on ice
using RIPA buffer to extract total protein, which was quantified using
the Bradford colorimetric method. The protein samples were diluted to a
concentration of 2 pg/puL using a loading buffer, heated at 100 °C for 5
min. Subsequently, 40 pg of each sample was loaded onto a 12.5 % so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto a polyvinylidene fluoride (PVDF) membrane. The
PVDF membrane was blocked with bovine serum albumin for 1.5 h, and
then incubated with the primary antibody at 4 °C overnight. This was
followed by incubation with secondary antibody at room temperature
for 2 h. Finally, the blots were detected by an ECL detection reagent.

4.10. Acute toxicity test

The ICR mice (n = 24, 8 weeks, male, weight: 30 g + 2 g) were
purchased from the Experimental Animal Center of Zhejiang Province.
The mice were randomly divided into three groups, B8-1000 mg/kg, B8-
500 mg/kg, and normal control group. After 1 week of adaptation, the
mice were gavaged. Different concentrations of compound B8 were
dissolved in 0.5 % DMSO and subsequently added into normal saline to
prepare a solution. The mice were gavaged daily; their body weight and
behavior were recorded and monitored daily. After 10 days, the mice
were euthanized by intraperitoneal injection of excessive anesthetics.
The important organs of mice, such as heart, liver, spleen, lung and
kidney, were taken and stained to observe the histomorphological
changes.
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4.11. Pharmacokinetic analysis of compound B8

Male SD rats (n = 6, 8 weeks, body weight 200 g + 20 g) were ob-
tained from Zhejiang Experimental Animal Center. They were randomly
divided into two groups: three to receive oral administration and three
to receive tail vein injection of the drugs. Rats were intragastrically
administered with a dose of 10 mg/kg B8 dissolved in 0.05 % DMSO and
normal saline. The volume was adjusted according to the rats’ body
weight. Blood samples were collected from the tail vein at 10 min, 15
min, 30 min, 1 h,2h,3h,4h,5h,6h,8h,10h, 12 h, and 24 h after
administration. A dose of 1 mg/kg was administered via tail vein. B8
was dissolved in 5 % DMSO, mixed with 30 % PEG400 and 65 % normal
saline. The mixture was administered to the rats at a volume based on
the weight. At 5 min, 10 min, 15 min, 30 min, 1 h,2h,3h,4h,5h, 6h,
8h,10h, 12 h, 24 h, blood samples were collected from the tail vein and
transferred into 1.5 mL heparin sodium tube. All blood samples were
centrifuged at 8000 rpm for 15 min, and 200 pL of supernatant was
transferred into a new 1.5 mL tube. Next, 40 puL of supernatant was
added to a new 1.5 mL tube with 0.2 mL of acetonitrile precipitation
solution containing internal standard, vortexed for 2 min, and centri-
fuged at 12000 rpm for 15 min. The supernatant was collected and
analyzed by triple quadrupole mass spectrometer (H-CLASS + XEVO
TQS-MICRO).

4.12. DSS-induced mouse IBD model and compounds treatment

Male 8-weeks-old mice (C57BL/6) weighing approximately 22 g
were procured from Zhejiang Experimental Animal Center in Hangzhou,
China. Before experiments, the mice were allowed to acclimatize to the
laboratory environment in a room with a constant temperature of 22 +
2 °C, humidity of 55 + 5 %, and a light-dark cycle of 12 h for 5 days.
They were allowed free access to water and food. All animal experiments
were conducted in accordance with the guidelines of the National In-
stitutes of Health Guide and Care of Laboratory Animals. This study was
approved by the Animal Protection and Utilization Committee of
Wenzhou Medical University. A total of 30 mice were randomly assigned
into five groups, with six mice in each group. These groups included a
control group, a model group, a 4-HC group, a compound B8 group, and
a 5-ASA group. To establish an IBD model, mice in the model group, 4-
HC group, optimal compound B8 group, and 5-ASA group were
administered with 2.5 % DSS in their drinking water for seven days,
while those in the control group was given distilled water for 10 days.
These mice experiments were approved by the Animal Protection and
Utilization Committee of Wenzhou Medical University. Mice were
categorized into five groups, each with 6 mice: control group, model
group, 4-HC group, compound B8 group, and 5-ASA group. To establish
an IBD model, mice in the model group, 4-HC group, optimal compound
B8 group, and 5-ASA group were administered with 2.5 % DSS in their
drinking water for 7 days, while those in the control group was provided
with distilled water for 10 days. The drinking water was changed every
two days. Compound B8 and 4-HC were orally administered at a dose of
20 mg/kg (po, qd) for 7 consecutive days, while 5-ASA was orally
administered at a dose of 100 mg/kg (po, qd) for the same duration. On
the eighth day, the DSS was replaced with distilled water, which was
intragastrically administered for 3 days. All compounds that were
intragastrically administered were dissolved in 5 % DMSO and added to
a 95 % solution containing 5 % CMC-Na. In addition, mice in the control
and model groups were gavaged with excipients. Changes in mouse
weight, stool consistency, rectal bleeding, and other indicators were
recorded. After anesthetization, blood was collected from the eyeball
and the mice were sacrificed. The colon was removed and its length was
measured. The concentration of inflammatory factors in the blood was
determined. Colon tissues were collected immediately, fixed with 4 %
formaldehyde, and stored for subsequent H&E staining analysis and
immunohistochemistry. The remaining colon tissues were stored at
—80 °C for further experiments.
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4.13. The severity of IBD was assessed according to the disease activity
index

Disease activity index (DAI) is often used as an indicator for assessing
the severity of IBD. Briefly, the pathological features of each mouse were
scored daily, including the consistency of stool, whether there was
bloody stool, and weight loss. The scores of each mouse were combined
and averaged to obtain DAI. The scores ranged from O to 4, the highest
being 4 points (Table S1).

4.14. Animal model of ALI

Mice (n = 24, C57BL/6, 20 + 2 g) were purchased from Vital River,
Zhejiang. They were used for experiments after one week of adaptation
to the laboratory conditions. The mice were randomly divided into 4
groups with 6 mice in each group: control group, LPS group, dexa-
methasone group and B8 group. The control group and the LPS group
were given an equal volume of 0.9 % normal saline, and the dexa-
methasone group and the B8 group were given 20 mg/kg by gavage
three times at an interval of 12 h. After the last gavage, the mice were
anesthetized and sham-operated in the control group. The mice in the
LPS group, dexamethasone group and B8 group were intratracheally
injected with LPS at a dose of 5 mg/kg. After 6 h of stimulation, an
appropriate amount of anesthetic was injected intraperitoneally and
blood was collected. The supernatant was collected after centrifugation
and the level of IL-6 was measured. The left lung was rinsed with 3 x
200 pL normal saline, and the lavage fluid was collected and centrifuged
to obtain alveolar lavage fluid. The inflammatory factors, total protein
content and neutrophil count in BALF were measured. The lung tissues
were collected for H&E staining and immunohistochemistry. Finally, the
rat bodies were cremated.

4.15. Pathological examination of lung, Intestine and spleen in mice

To prepare paraffin-embedded tissue sections, lung tissue, spleen,
and intestinal tissue were collected and fixed with 4 % para-
formaldehyde (PFA). Subsequently, the tissues were processed and
embedded in paraffin. The resulting paraffin block, containing the
sample, was then sectioned into thin slices with a thickness of 5 pm.
These sections are subsequently stained with Hematoxylin and Eosin
(H&E staining kit, Beyotime, Shanghai, China) for further examination.

To perform immunohistochemical analyses on intestinal and lung
sections, tissue samples were subjected to dehydrocarbonization with
xylene and then rehydrated through a series of graded ethanol solutions.
Antigen recovery was achieved by boiling the sections in sodium citrate
buffer (pH = 6) for 25 min. Subsequently, the sections were incubated
with specific primary antibody at 4 °C for 12 h, followed by incubation
with the secondary antibody (1: 2000; santa Cruz, United States). The
sections were treated with 3,3-diaminobenzidine (DAB) (ZSGB-Bio,
Beijing, China), stained with hematoxylin, and observed under a mi-
croscope (Carl Zeiss).

4.16. Molecular docking

The crystal structures of IRAK1 (PDB: 6BFN), MD2 (PDB: 2E56),
TAK1 (PDB: 7NTH), TLR4 (PDB: 7MLM), p38 (PDB: 60HD), IKKf (PDB:
3RZF), JNK (PDB: 1PMV), IRAK4 (PDB: 6RFJ), ERK2 (PDB: 1TVO), IKK1
(PDB: 5TQW), TAB2 (PDB: 2WWZ) were extracted from the protein
database. TRAF6 (PDB: 1LB4), p65 (PDB: 1IKN), Myd88 (PDB: 7BER).
The three-dimensional structure of compound B8 minimizes the energy
of MM2 by using Chem Draw 16.0. Maestro software was used to opti-
mize the compounds and proteins. The docking box is generated based
on the original ligand in the protein crystal structure. Maestro software
was used for docking scoring. Then the results of the docking are im-
ported into Pymol for drawing.
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4.17. Statistical analysis

Data from different groups were analyzed using Student ’s t-test
multiple comparisons in GraphPad Prism 9.0 (GraphPad, San Diego,
CA). The results were expressed as mean =+ standard error of three in-
dependent experiments. P < 0.05 was considered statistically
significant.
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