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Sinomenine (SIN) has long been known as an anti-inflammatory drug, while poor efficiency and large-dose

treatment had limited its further application. A series of novel SIN derivatives 1–26 were designed and

synthesized to improve its anti-inflammatory activity. The anti-inflammatory activity evaluation showed

most of the derivatives exhibited enhanced anti-inflammatory activity in vitro compared to SIN.

Compound 17 significantly inhibited LPS-induced secretion of pro-inflammatory factors NO (IC50 =

30.28 � 1.70 mM), and suppressed the expression of iNOS, IL-6 and TNF-a in RAW264.7 cells. Moreover,

compound 17 showed excellent anti-inflammatory in mouse paw edema. Immunohistochemistry results

revealed that compound 17 exerted anti-inflammatory activity by inhibiting the pro-inflammatory

cytokine TNF-a. Furthermore, compound 17 exhibited an analgesic effect in vivo. The results attained in

this study indicated that compound 17 had the potential to be developed into an anti-inflammation and

analgesic agent.
Introduction

Inammation is a common pathological process, which occurs
as a result of exposure of tissues and organs to harmful stimuli
such as microbial pathogens, allergens or toxic cellular
components.1 The primary physical manifestations of inam-
mation are redness, swelling, heat, pain, and loss of function to
the affected area.2 Although inammation is a benecial auto-
matic defence mechanism, uncontrolled inammation is the
main cause of many serious diseases such as rheumatoid
arthritis, systemic lupus erythematosus, atherosclerosis, etc.3–5

The commonly used anti-inammatory drugs in clinics are
mainly divided into glucocorticoids and nonsteroidal anti-
inammatory drug (NSAIDS).6 Glucocorticoids such as pred-
nisolone, dexamethasone and hydrocortisone are one of the
common clinical drugs, and exhibit good anti-inammatory
effects on inammation caused by various causes. However,
long-term use of these drugs can cause edema, hypokalemia,
abnormal increase of blood sugar, digestive tract ulcers and
other side effects.

NSAIDS have a great efficacy on inammatory and pain by
inhibiting cyclooxygenase (COX) activity. Currently, NSAIDS
were among the most frequently used over-the-counter drugs in
the world, accounting for 5% of all prescription drugs.7
ity of Chinese Medicine, Beijing, 102400,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
Although the use of NSAIDS was clearly unavoidable, but the
disadvantages of NSAIDS that may lead to an increased risk of
cardiovascular disease and organ toxicity such as liver and
kidney cannot be ignored.7,8 Yet, the development of more
effective and less toxic drugs from natural products to treat
acute inammation as well as chronic inammatory diseases
remains a challenge in medicinal chemistry.9–14

Sinomenine (SIN), an alkaloid extracted from the anti-
rheumatism Chinese medicine Sinomenium acutum (Thunb.)
Rehd. et Wils., has long been known as an anti-inammatory
drug.15–19 SIN has been reported to inhibit the production of
proinammatory mediators, such as TNF-a, nitric oxide (NO)
and IL-6, both in vitro and in vivo.20–22 Therefore, SIN was
regarded as lead compounds in the drug research, especially for
anti-inammatory medicines, while low activity had limited its
clinical application.23–27 To improve activity, structural modi-
cation of SIN has attracted enormous interest in recent
years.28,29 Studies have shown that the phenolic hydroxyl group
of C-4 was easy to oxidize and decompose and may be a factor
leading to allergic reactions in vivo. Structure–activity relation-
ships (SARs) showed that the modication at C-1 and C-4 could
enhance the activity of SIN. Several SIN derivatives have been
reported and exhibit strong anti-inammatory activity
(Fig. 1).30–32 Introducing amino acid group into the drug mole-
cule could enhance its anti-tumor and anti-inammatory
activity and increase its solubility.33,34 Meanwhile, nitrogen-
based heterocycles in the drug design are almost 60% of
unique small-molecule drugs. A large number of nitrogen-based
heterocyclic derivatives including pyrazine, pyrimidine and
RSC Adv., 2022, 12, 30001–30007 | 30001
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Fig. 1 Structures of sinomenine and previously synthesized
compounds.

Scheme 2 Synthesis of the compounds 15–26. Reagents and condi-
tions: (a) EDCI, DMAP, rt, 12 h; (b) NBS, rt, 10 h; (c) (CH2O)n, HCl, 60 °C,
2 h.
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pyridazine have been discovered and described for their anti-
inammatory properties.35

In this study, to improve the anti-inammatory activity of
SIN, a variety of amino acid and nitrogen-based heterocyclic
biologically active small fragments were introduced to SIN to
synthesize compounds 1–26. The anti-inammatory activity and
cytotoxicity of all the novel derivatives were evaluated by LPS-
induced RAW264.7 inammatory cell model. Then the prelim-
inary anti-inammatory mechanism of compound 17 was
evaluated by qPCR experiment. Furtherly, the l-carrageenan-
induced paw oedema and acetic acid-induced writhing mouse
model was used to determine the anti-inammatory and anal-
gesic effects of compound 17. This study lays the foundation for
the subsequent development of new anti-inammatory drugs of
SIN and has practical signicance for the expansion of clinical
applications of SIN.
Results and discussion
Chemical synthesis

Amino acids are the basic substances necessary for human life
activities and have many important physiological functions.36–38

Compounds 1–14 were prepared following the procedure
Scheme 1. SIN was reacted with Boc-L-amino acid in dry
Scheme 1 Synthesis of compounds 1–14. Reagents and conditions:
(a) Boc-L-amino acid, EDCI, DMAP, rt, 12 h; (b) TFA, rt, 30 min.

30002 | RSC Adv., 2022, 12, 30001–30007
dichloromethane (DCM) in the presence of 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide hydrochloride (EDCI) and 4-
dimethylaminopyridine (DMAP) to yield compounds 1–7.
Subsequently, deprotection was performed with triuoroacetic
acid (TFA) in dry DCM at room temperature to afford
compounds 8–14.

The 3,5,6-trimethylpyrazine-2-chloride (TMP-Cl) was
synthesized according to our previous study.39 In Scheme 2, SIN
was reacted with N-heterocycles in dry DCM in the presence of
EDCI and DMAP to yield compounds 16–19. As the H-1 of SIN
was easily halogenated by N-bromosuccinimide (NBS), the SIN-
1-Br was prepared. Then it was reacted with nitrogen-based
heterocyclic to yield compounds 20–24. In the synthesis of
compound 25–26, the SIN was rstly reacted with para-
formaldehyde to afford the intermediate SIN-1-CH2OH, then it
was reacted with N-heterocycles to yield compounds 25–26.
Bioassay for anti-inammatory activity in vitro

In this section, the LPS-induced RAW264.7 inammatory cell
model was used to evaluate the anti-inammatory effects of
compounds in vitro.40 NO is an important endogenous free
radical involved in a variety of physiological functions and
pathophysiological states. Griess assay was used to evaluate the
inhibitory effect of compounds 1–26 on the overproduction of
NO. If the amount of NO decreases aer treatment with
compounds, the inammatory response is considered to be
suppressed and the corresponding compound is an effective
anti-inammatory agent.41

Before the anti-inammatory activity assay, we screened the
cytotoxicity of the tested compound to avoid false-positive
results.42 The cytotoxicity of compounds 1–26 on RAW264.7
cells was evaluated by MTT assay. The IC50 values of these
compounds were summarized in Table 1. As shown, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The cytotoxicity of SIN and compounds in RAW264.7 cells

Compound Cytotoxicity IC50 (mM) Compound Cytotoxicity IC50 (mM)

SIN >100 13 >100
Indo >100 14 >100
1 19.11 � 2.43 15 17.88 � 2.24
2 >100 16 >100
3 29.62 � 7.48 17 >100
4 >100 18 >100
5 >100 19 >100
6 >100 20 21.88 � 3.51
7 >100 21 >100
8 >100 22 52.69 � 3.19
9 >100 23 >100
10 >100 24 >100
11 >100 25 54.87 � 7.77
12 >100 26 >100

Table 2 The inhibitory effects on NO production of SIN and
compound 1–26 in LPS-induced RAW264.7 cellsa

Compound Activity IC50 (mM) Compound Activity IC50 (mM)

SIN 70.86 � 1.00 13 69.19 � 9.02
Indo 44.67 � 2.29 14 41.69 � 3.66
1 NS 15 NS
2 42.27 � 2.26 16 50.40 � 4.62
3 NS 17 30.28 � 1.70
4 51.38 � 3.89 18 63.99 � 1.32
5 44.11 � 2.24 19 77.81 � 6.04
6 59.50 � 3.56 20 NS
7 59.28 � 4.64 21 48.69 � 2.06
8 68.87 � 3.70 22 NS
9 53.36 � 2.51 23 58.84 � 5.59
10 72.27 � 1.64 24 53.36 � 4.64
11 52.77 � 4.67 25 NS
12 60.40 � 3.32 26 69.10 � 3.76

a NS: data not shown because activity IC50 is higher than cytotoxicity
IC50.
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cytotoxicity IC50 of SIN was >100 mM. Among them, the toxicity
of compounds 1 (IC50 = 19.11� 2.43 mM), 3 (IC50= 29.62� 7.48
mM), 15 (IC50 = 17.88 � 2.24 mM), 20 (IC50 = 21.88 � 3.51 mM),
22 (IC50 = 52.69� 3.19 mM) and 25 (IC50 = 54.87� 7.77 mM) was
signicantly increased compared to SIN. SARs shown that
introduction of tetramethylpyrazine at C-4 could signicantly
improve the toxicity of SIN, but the modication of C-1 reduced
the increase of toxicity. In addition, the cytotoxicity IC50 of most
of the compounds did not increase signicantly and all excee-
ded 100 mM.

Then, LPS-induced RAW 264.7 cells were used to evaluate the
inhibitory activity of all compounds 1–26 on NO production,
and calculate the IC50. As depicted in Table 2, the IC50 of SIN
was 70.86 � 1.00 mM, indicating that the anti-inammatory
activity of SIN was relatively weak. The anti-inammatory
activity of most of the compounds increased aer modica-
tion of amino acids and nitrogen-based heterocyclic ring
compared to SIN. The elementary SARs of NO inhibitory activity
indicated that introduction of protected amino acid (Boc group)
at C-4 could enhance anti-inammatory activities, and depro-
tect the Boc group could reduce anti-inammatory efficacy.
Among the nitrogen-containing heterocyclic compounds, the
compound with pyrazine group showed stronger activity
compared to these compounds with pyridazine and pyrimidine.
While the effect of substituted halogen atoms at the C-1 posi-
tion on the anti-inammatory activity of the compounds was
less. Among all the derivatives, compound 17 showed strong
anti-inammatory activity (IC50 = 30.28 � 1.70 mM), which was
twice as strong as SIN, and it was worth to further investigate its
mechanism of action and anti-inammatory activity in vivo.
Fig. 2 Effect of compound 17 on LPS-induced iNOS, IL-6 and TNF-
amRNA expression in RAW264.7 cells (�x � s, n= 3). (A) qPCR results of
iNOS mRNA levels. (B) qPCR results of IL-6 mRNA levels. (C) qPCR
results of TNF-amRNA levels. Compared with the control group, DDP <
0.01; compared with the model group, **P < 0.01.
Effect of compound 17 on iNOS, IL-6 and TNF-a mRNA
expression in LPS-induced RAW264.7 cells

The inammatory response is generally regulated by a complex
network of cytokines and chemokines; clinical interventions
have clearly demonstrated that IL-6, TNF-a are essential in this
process. IL-6 and TNF-a contributed to the exacerbation of the
inammatory response by activating endothelial cells and
attracting immune cells to accumulate at the site of
© 2022 The Author(s). Published by the Royal Society of Chemistry
inammation. In addition, the excessive production of NO
could affect the NF-kB signaling pathway, which in turn affects
the expression of cytokines and chemokines including IL-6 and
TNF-a.43 In this section, qPCR was performed to qualication of
genes including iNOS, IL-6, and TNF-a.

The effect of compound 17 with different concentrations on
iNOS, IL-6 and TNF-a expression are shown in Fig. 2. Compared
with the control group, the expression of iNOS mRNA was
signicantly increased in the model group aer LPS induction,
indicating that the inammation model was successfully
established. Compared with the model group, the compound 17
with high dose group (60 mM) could signicantly inhibit the
expression of iNOS mRNA. Compared with the model group,
compound 17 with low dose group (15 mM), medium dose group
(30 mM) and high dose group (60 mM) could signicantly inhibit
the expression of IL-6 mRNA. The treatment group inhibited
TNF-a mRNA expression in a dose-dependent manner.
Compared with the model group, compound 17 with the low
dose group (15 mM) had no signicant effect on the expression
of TNF-a mRNA; the medium dose group (30 mM) could
signicantly reduce the expression of TNF-a mRNA; while the
high dose group (60 mM) could inhibit the expression of TNF-
a mRNA extremely signicantly.
RSC Adv., 2022, 12, 30001–30007 | 30003
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In general, the RNA reduction of iNOS, IL-6 and TNF-a genes
interprets the effects of compounds 17 on anti-inammatory
activity in RAW264.7 cells.
Fig. 4 Effects of compound 17 on morphological changes in paw
edema tissue by hematoxylin–eosin staining. (A) Blank group. (B)
Model group. (C) Indo group. (D) Compound low dose group (25 mg
kg−1). (E) Compound 17 high dose group (50 mg kg−1).

Fig. 5 Representative immunohistochemical staining for the levels of
TNF-a. (A) Blank group. (B) Model group. (C) Indo group. (D)
Compound low dose group (25 mg kg−1). (E) Compound 17 high dose
group (50 mg kg−1).
Bioassay for anti-inammatory activity in vivo

Mouse paw edema method is widely used for the screening and
evaluation of anti-inammatory drugs due to its reliability and
reproducibility.44,45 In this section, compound 17 with relative
potent anti-inammatory activity in vitro was selected and
further evaluated with a l-carrageenan-induced mouse paw
edema test using the indomethacin as the positive drug. As
shown in Fig. 3, aer the injection of l-carrageenan for 2 h in
the model group mice, the paws showed obvious swelling, and
the edema rate was around 60%.

The indomethacin group (10 mg kg−1) signicantly inhibited
the development of edema at 2–6 h. Administration (i. g.) of
compound 17 at both 25 and 50 mg kg−1 doses signicantly
attenuated edema formation at 2–6 h. This suggested that
compound 17 might be a potential anti-inammatory agent
with some in vivo anti-inammatory activity.

The histological examination results were shown in Fig. 4. In
the blank group, the articular cartilage was smooth and the
subcutaneous tissue was dense without signicant edema
(Fig. 4A). Aer injection of l-carrageenan, paw biopsies of
control animals showed marked vasodilation and tissue edema.
The subcutaneous tissue gap was enlarged, but articular carti-
lage was smooth and no lesions were observed (Fig. 4B). Paw
biopsies of animals treated with indomethacin and compound
17 showed a reduction in the l-carrageenan-induced inam-
matory response. Among them, the compound 17 with high
dose group (50 mg kg−1) showed a reduction of edemas, and the
subcutaneous tissue was dense (Fig. 4E).

The effects of compound 17 on the levels of TNF-a were
shown in Fig. 5. No signicant positive brownish-yellow stain-
ing was observed in the blank group, indicating less TNF-
a expression (Fig. 5A). Compared with the blank group, the
model group showed a large amount of brownish-yellow col-
ouring at the articular cartilage, around the blood vessels and in
Fig. 3 In vivo anti-inflammatory activities of compound 17 (�x � SEM, n
= 8). Compared with the model group, *P < 0.05, **P < 0.01.

30004 | RSC Adv., 2022, 12, 30001–30007
the bone, indicating a large amount of TNF-a expression
(Fig. 5B). The high dose group signicantly inhibited TNF-
a secretion around osteocytes compared with the model group,
and only a small amount of positive coloration was seen at the
articular cartilage (Fig. 5E), indicating that compound 17
signicantly inhibited the expression of TNF-a inammatory
cytokines at the toe joint in mice. These results were also
conrmed by the qPCR analysis (Fig. 2).
Bioassay for analgesia activity in vivo

The acetic acid-induced writhing test has been widely used for
testing the analgesic effect.46,47 It is a non-selective model for
analgesic studies, given that an intraperitoneal injection of
acetic acid triggers the release of cytokines and chemokines.
The effect of compound 17 on the writhing response in mice
were shown in Fig. 6. The present result showed the positive
control drug Voltaren (19.5 mg kg−1) could reduce the number
of writhes considerably. And the SIN at a dose of 200 mg kg−1

and the compound 17 at a dose of 50 mg kg−1 exhibited almost
no analgesic effects. However, compound 17 at a dose of 100
and 200 mg kg−1 could signicantly decrease the number of
writhes compared to that of the control group. Meanwhile, the
analgesic activity of the compound 17 at a dose of 200 mg kg−1

was stronger than that of Voltaren group. The results showed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Anti-nociceptive effects of compound 17 in mice. Compared
with the model group, **P < 0.01.
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that compound 17 signicantly reduced the number of writhes
induced by acetic acid, suggesting that compound 17 has
peripheral analgesic effects.

Molecular docking

NO is an important signal molecule in the body, which is
produced by iNOS catalyzing L-arginine. iNOS is a carrier of gas-
to-cell intercellular information transmission, which is acti-
vated in the inammatory response, which increases iNOS
expression and catalyzes NO production. NF-kB is a classic
inammatory signaling pathway. Activation of NF-kB stimulates
the release of IL-6, TNF-a and NO when stimulated, which may
worsen the inammatory response.
Fig. 7 Molecular docking. Predicted docking pose of compound 17 in
complex with NF-kB (PDB 1VKX) and iNOS (PDB 4NOS). (A) Overall
structure of NF-kB/compound 17 complex. The hydrophilic surface is
coloured in blue. (B) Local view of residues interacting with NF-kB and
compound 17. (C) Overall structure of iNOS/compound 17 complex.
The hydrophilic surface is coloured in blue. (D) Local view of residues
interacting with iNOS and compound 17.

© 2022 The Author(s). Published by the Royal Society of Chemistry
To better understand the interaction of compound 17 with
NF-kB and iNOS, CDOCKER was running by tting compound
17 into the active site of NF-kB and iNOS. As shown in Fig. 7A
and B, compound 17 skeleton was placed in the active cavity of
NF-kb P65 formed by ARG 354, TYR 357, GLU 360, LYS 541, GLN
606, LYS 572, PRO 543 etc. van der Waals, hydrogen bonds, pi-
cation and pi-alkyl interactions between compound 17 and NF-
kB protein further stabilized the interaction. As shown in
Fig. 7C and D, compound 17 skeleton was placed in the active
cavity of iNOS formed by PRO 350, GLY 202, TRP 463, ILE 201,
CYS 200, ARG 199 etc. Hydrogen bonds, pi-sulfur and alkyl
interactions between compound 17 and iNOS protein further
stabilized the interaction.
Conclusions

Above all, a series of novel SIN derivatives were designed and
synthesized, all of them were characterized by 1H NMR, 13C
NMR and HR-MS. In vitro anti-inammatory activity and
cytotoxicity evaluation showed that most of the derivatives
exhibited stronger anti-inammatory activity compared to
SIN, especially the compound 17 showed the most potent
activity. Study of anti-inammatory mechanism in vitro
showed that compound 17 could inhibit the expression of
iNOS mRNA, reduce the overproduction of NO and inhibit the
expression of IL-6 and TNF-a mRNA. Experiments in vivo
showed that compound 17 exhibited an ameliorating effect on
l-carrageenan induced paw oedema in mice. Pathological
analysis and immunohistochemical results also indicated that
it showed an ameliorating effect on subcutaneous edema of
the mouse plantar and inhibited the expression of TNF-
a inammatory cytokines. The acetic acid-induced writhing
test also demonstrated that compound 17 had good analgesic
activity. Altogether, the results of the series of SIN derivatives
supported the potential value of anti-inammatory and had
practical signicance for the expansion of clinical applica-
tions of SIN.
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