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Purpose: Nonsteroidal anti-inflammatory drugs cause a series of adverse reactions. Thus, the search for new cyclooxygenase-2
selective inhibitors have become the main direction of research on anti-inflammatory drugs. Gentiopicroside is a novel selective
inhibitor of cyclooxygenase-2 from Chinese herbal medicine. However, it is highly hydrophilic owing to the presence of the sugar
fragment in its structure that reduces its oral bioavailability and limits efficacy. This study aimed to design and synthesize novel
cyclooxygenase-2 inhibitors by modifying gentiopicroside structure and reducing its polarity.

Materials and Methods: We introduced hydrophobic acyl chloride into the gentiopicroside structure to reduce its hydrophilicity and
obtained some new derivatives. Their in vitro anti-inflammatory activities were evaluated against NO, TNF-a, PGE,, and IL-6
production in the mouse macrophage cell line RAW264.7 stimulated by lipopolysaccharide. The in vivo inhibitory activities were
further tested against xylene-induced mouse ear swelling. Molecular docking predicted that whether new compounds could effectively
bind to target protein cyclooxygenase-2. The inhibitory activity of new compounds to cyclooxygenase-2 enzyme were verified by the
in vitro experiment.

Results: A total of 21 novel derivatives were synthesized, and exhibit lower polarities than the gentiopicroside. Most compounds have
good in vitro anti-inflammatory activity. The in vivo activity results demonstrated that 8 compounds were more active than
gentiopicroside. The inhibition rate of some compounds was higher than celecoxib. Molecular docking predicted that 6 compounds
could bind to cyclooxygenase-2 and had high docking scores in accordance with their potency of the anti-inflammatory activity. The
confirmatory experiment proved that these 6 compounds had significant inhibitory effect against cyclooxygenase-2 enzyme. Structure-
activity relationship analysis presumed that the para-substitution with the electron-withdrawing groups may benefit the anti-
inflammatory activity.

Conclusion: These gentiopicroside derivatives especially PL-2, PL-7 and PL-8 may represent a novel class of cyclooxygenase-2
inhibitors and could thus be developed as new anti-inflammatory agents.

Keywords: gentiopicroside derivatives, structural modification, anti-inflammatory, cyclooxygenase-2 inhibitors, molecular docking

Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are well-known first-line drugs in the treatment of acute and
chronic inflammation, including osteoarthritis (OA) and rheumatoid arthritis (RA) diseases. An example of an
NSAID is celecoxib, which inhibits cyclooxygenase (COX) enzyme.' COX is a kind of oxidoreductase enzyme

and is the main mediator of inflammation by catalyzing the initial step of arachidonic acid metabolism and
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prostaglandin synthesis.* It has three subtypes; among them, COX-2 is a major contributor enzyme in inflammatory
processes whose expression is upregulated by inflammatory mediators.” COX-2 is also the drug target enzyme of the
main pharmacodynamic actions of NSAIDs. COX-1 and its metabolites play important roles in maintaining the
physiological conditions of an organism, and the inhibition of the constitutive isoform COX-1 leads to gastro-
intestinal toxicity and affects renal functions.®’ Thus, the inhibition of COX-1 is associated with the side effects of
NSAIDs. COX-3 has similar structural and catalytic features to COX-1 and COX-2, but it exhibits 20% of the
activity of COX-1 and COX-2 and has not been isolated in humans.*’ The differential expression of the constitutive
isoform COX-1 and the inducible isoform COX-2, as well as the finding that COX-1 is the major form expressed in
the gastrointestinal tract, has led to the search for COX-2 selective inhibitors as anti-inflammatory agents that may
diminish the gastrointestinal side effects of traditional NSAIDs. COX-2 selective inhibitors show equivalent efficacy
with conventional NSAIDs, but they have reduced gastrointestinal side effects.”

First-generation COX inhibitors, ie aspirin, traditional NSAIDs, can cause gastrointestinal tract, liver, and kidney
damage, among other toxic side effects, owing to the broad inhibition of COX-1 and COX-2 activities.*'* In recent
years, some COX-2 selective inhibitors have been found to cause serious adverse reactions in the cardiovascular system,
thereby limiting their clinical application.'"'* Therefore, the search for safer and more effective COX-2 selective
inhibitors with new structural types is necessary.'

Our research groups have studied for nearly 10 years the effective anti-inflammatory substances and action mechan-
ism of the Chinese herbal medicine Gentiana officinalis H. Smith and found that gentiopicroside is the main active anti-
inflammatory ingredient. In vitro experiments have revealed its anti-inflammatory mechanism by inhibiting the phos-
phorylation of P38, ERK, and JNK in the MAPK pathway, reducing COX-2 expression and reducing PGE, production.'?
This finding was consistent with the COX-2/PGE, anti-inflammatory pathway of COX-2 inhibitors in literature. Thus,
gentiopicroside is a novel selective inhibitor of COX-2.'®!” Moreover, gentiopicroside is safe and nontoxic, but it is
highly hydrophilic owing to the presence of the sugar fragment in its structure (Figure 1). This feature leads to reduced
oral bioavailability, fast metabolism, short biological half-life, and limited efficacy. To identify a safe and effective novel
COX-2 selective inhibitor, the structure of gentiopicroside requires modification. Therefore, we attempted to reduce its
polarity while retaining its biological activity. Our research group have introduced hydrophobic cyclic acetals into the
structure, synthesized a series of novel gentiopicroside derivatives and evaluated their anti-inflammatory activities in the
previous study, as shown in Figure 2. Luckily, we got some novel selective COX-2 and iNOS inhibitors, such as
compound P23."" Inspired by previous research, In this study, we introduced hydrophobic active group into the
gentiopicroside structure to reduce its hydrophilicity and enhance its lipophilicity, aiming to design and synthesize
some new gentiopicroside derivatives by modifying its structure, and obtain a novel class of COX-2 inhibitors with

excellent anti-inflammatory activity.

the hydrophilic
sugar fragment

Figure | Structure of gentiopicroside.
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Figure 2 The previous completed studies and the research ideas. We introduced hydrophobic active groups into the structure of gentiopicroside, synthesized 26 novel
gentiopicroside derivatives and evaluated their anti-inflammatory activities, got a novel selective COX-2 and iNOS inhibitor compound P23.

Materials and Methods

Materials and Reagents

Gentiana officinalis H. Smith was collected from Dingxi, Gansu province of China and identified by Dr. Ling Jin from Gansu
University of Chinese Medicine. Research and collection of plant material were carried out in accordance with guidelines of
our institution and national regulations. The voucher specimen is deposited in the herbarium of Gansu University of Chinese
Medicine and number is 621102190726031LY. Gentiopicroside was isolated from Gentiana officinalis H. Smith by our
group.'® Paratoluensulfonyl chloride, benzoyl chloride, m-nitrobenzoyl chloride, 4-methylbenzoyl chloride, 3-chlorobenzoyl
chloride, 4-bromobenzoyl chloride, 3,4,5-trimethoxybenzoyl chloride, and a total of 21 acyl chloride raw materials were
purchased from Energy Chemical. Chloroform-d and methanol-d4 were purchased from Armar Marchemicals. Mouse
macrophage RAW 264.7 was purchased from Procell Life Science and Technology. CCK-8, lipopolysaccharide (LPS),
and other biological reagents were purchased from Sigma-Aldrich. Griess assays (using determined NO) were purchased
from Beyotime Biotechnology. TNF-a, PGE,, IL-6, and COX-2 ELISA kits were purchased from Feiya Biotechnology.

Animals
KM mice [SPF; weighing (20 £+ 2) g] were provided by the Laboratory Animal Center of Gansu University of Chinese
Medicine (SCXK2011-0001, Lanzhou, China). The mice were housed under controlled conditions (relative humidity of

Drug Design, Development and Therapy 2023:17 https: 921

Dove:


https://www.dovepress.com
https://www.dovepress.com

Ren et al

Dove

60% + 5% at 25 + 2 °C) on a 12/12 h day/night cycle. Standard laboratory food and water were provided. The mice were
subjected to fasting for at least 12 h before the experiments and had free access to water.'® All animal experiments were

approved by the Institutional Animal Care and Use Committee of Gansu University of Chinese Medicine Besides, the

guide for the care and use of laboratory animals was followed for the welfare and treatment of the laboratory animals.

Synthesis of Gentiopicroside Derivatives

A total of 21 derivatives of gentiopicroside (Table 1) were synthesized according to the procedure shown in Figure 3. The

specific reaction process was as follows. Gentiopicroside (1 mmol) was precisely weighed in a 50 mL two-neck bottle,

Table | Structures of Gentiopicroside
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Table 1 (Continued).
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Table 1 (Continued).

Number Structure
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added with a magnet, and sealed. The air was replaced with N, three times. An appropriate amount of CH3CN solvent
was added followed by stirring until gentiopicroside completely dissolved. Acyl chloride (1.1 equiv.), pyridine (2.0
equiv.), and CH3CN were then added to 25 mL, followed by heating and reflux stirring at 90 °C for 24 h. After slowly
adding trimethylamine (0.5 equiv.) with a syringe and allowing all reactions to occur in a vacuum, the reaction process
was detected by thin-layer chromatography (TLC) until it was completed. The compound were filtered, the solvent was
evaporated, and the compounds were separated and purified by column chromatography (CH,Cl,-MeOH=20:1). The
structures of the newly synthesized compounds were characterized by NMR, MS, and IR.

((2R,35,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano|[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl benzoate (PL-1)

The product was obtained as colorless powder. Yield (67.7%), mp 111-113 °C. "H NMR (400 MHz, CDCls, § in ppm,
Jin Hz): 8y 8.01 (d, J= 8.0 Hz, 2H), 7.54-7.48 (m, 2H), 7.39 (t, J = 8.0 Hz, 2H), 5.58-5.49 (m, 1H), 5.42 (t, J=4.0 Hz,
1H), 5.34 (d, J = 4.0 Hz, 1H), 5.15-5.09 (m, 3H), 5.02—4.85 (m, 2H), 4.71-4.62 (m, 3H), 4.52 (dd, J=12.0, 4.0 Hz, 1H),
4.38 (s, 1H), 3.68-3.63 (m, 1H), 3.60-3.58 (m, 1H), 3.53-3.47 (m, 1H), 3.39-3.34 (m, 1H), 3.23 (q, J = 8.0 Hz, 1H).
3C NMR (100 MHz, CDCl;_§ in ppm): 3¢ 166.7, 164.2, 149.7, 133.2, 132.9, 129.8, 129.7, 128.4, 125.7, 118.7, 115.7,
103.7, 98.9, 97.5, 76.1, 74.2, 72.9, 70.2, 69.6, 63.9, 45.2. HR-MS (ESI) m/z: 483.1264 [M+Na]", Calcd. 483.1262 for
C13H,4Na0y . IR (KBr, v in em ™ '): 3420.75, 2918.62, 1720.19, 1610.07, 1275.62, 1068.16.

R
o O
Cl o | CH 3CN/N 2 (0]
+ R
S pyridine / trimethylamine HO,,
reflux
HO
Figure 3 Synthesis of gentiopicroside derivatives.
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((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[ 3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 4-methylbenzoate (PL-2)

The product was obtained as colorless powder. Yield (47.9%), mp 107-109 °C. '"H NMR(400 MHz, CDCl;, & in ppm,
Jin Hz): 8y 7.89 (d, J = 8.0 Hz, 2H), 7.47 (s, 1H), 7.18 (d, J = 8.0 Hz, 2H), 5.60-5.47 (m, 1H), 5.42 (s, 1H), 5.33 (d, J =
4.0 Hz, 1H), 5.15 (d, J = 8.0 Hz, 1H), 5.12 (s, 1H), 5.05-4.82 (m, 3H), 4.69 (d, J = 8.0 Hz, 2H), 4.61 (d, J = 12.0 Hz,
2H), 4.54-4.44 (m, 1H), 3.69-3.55 (m, 2H), 3.54-3.43 (m, 2H), 3.36 (t, J = 8.0 Hz, 1H), 3.23 (q, J = 4.0 Hz, 1H), 2.36 (s,
3H). '*C NMR(100 MHz, CDCls, § in ppm): 8¢ 166.8, 164.2, 149.7, 143.9, 133.0, 129.8, 129.1, 127.1, 125.7, 118.7,
115.6, 103.7, 98.8, 97.5, 77.3, 76.1, 74.3, 72.9, 70.2, 69.6, 45.2, 21.6. HR-MS (ESI) m/z: 497.1426 [M+Na]", Calcd.
497.1418 for C,4H,6Na0 . IR (KBr, v in cm™'): 3422.72, 2883.84, 1718.64, 1275.70, 1068.52.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[ 3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 3-nitrobenzoate (PL-3)

The product was obtained as colorless powder. Yield (74.3%), mp 111-113 °C. "H NMR(400 MHz, CDCls, & in ppm,
Jin Hz): 8y 8.76 (s, 1H), 8.43-8.29 (m, 2H), 7.65 (t, J = 8.0 Hz, 1H), 7.45 (s, 1H), 5.64-5.52 (m, 1H), 5.48 (s, 1H), 5.40
(d, J= 4.0 Hz, 1H), 5.19-5.11 (m, 2H), 5.09-4.82 (m, 3H), 4.79-4.67 (m, 4H), 4.59-4.52 (m, 1H), 3.80-3.71 (m, 1H),
3.69-3.59 (m, 1H), 3.57-3.47 (m, 1H), 3.38 (t, J = 8.0 Hz, 1H), 3.26 (q, J = 4.0 Hz, 1H). >*C NMR(100 MHz, CDCl;, 3
in ppm): 5c 164.5, 164.3, 149.6, 148.2, 135.5, 132.8, 131.6, 129.8, 127.6, 125.5, 124.5, 118.8, 115.9, 103.7, 98.9, 97.6,
76.1, 74.0, 72.9, 70.2, 69.7, 64.8, 45.2. HR-MS (ESI) m/z: 528.1109 [M+Na]", Calcd. 528.1120 for C3H,3NNaO». IR
(KBr, v in em™"): 3365.82, 1724.52, 1611.92, 1533.43, 1351.77, 1263.81, 1068.14.

((2R,35,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano|3,4-c] pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 3-chlorobenzoate (PL-4)

The product was obtained as colorless powder. Yield (60.2%), mp 127-129 °C. "H NMR(400 MHz, CDCls, & in ppm,
J in Hz): 8y 7.96 (s, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.49 (d, J = 12.0 Hz, 2H), 7.34 (t, J = 8.0, 1H), 5.62-5.51 (m, 1H),
5.45 (s, 1H), 5.36 (d, J=4.0 Hz, 1H), 5.21-5.11 (m, 2H), 5.08-4.83 (m, 3H), 4.77-4.61 (m, 3H), 4.56-4.37 (m, 2H), 3.68
(s, 1H), 3.64-3.56 (m, 1H), 3.55-3.42 (m, 1H), 3.36 (t, J = 8.0 Hz, 1H), 3.25 (q, J = 4.0 Hz, 1H). *C NMR(100 MHz,
CDCl;, 8 in ppm): §c 165.5, 164.2, 149.6, 134.5, 133.2, 132.9, 131.6, 129.8, 129.7, 127.9, 125.6, 118.8, 115.7, 103.7,
98.8, 97.6, 76.7, 76.1, 74.1, 72.9, 70.2, 69.9, 64.3, 45.2. HR-MS (ESI) m/z: 517.0876 [M+Na]", Calcd. 517.0872 for
C»3H53CINaO;o. IR (KBr, v in ecm ™ '): 3410.30, 2916.33, 1722.62, 1426.37, 1258.63, 1070.28.

((2R,35,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano|3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 4-bromobenzoate (PL-5)

The product was obtained as yellow powder. Yield (54.5%), mp 108—110 °C. "H NMR(400 MHz, CDCls, & in ppm, J in
Hz): 8y 7.85 (d, J = 8.0 Hz, 2H), 7.53 (d, J = 8.0 Hz, 2H), 7.47 (s, 1H), 5.60-5.49 (m, 1H), 5.44 (s, 1H), 5.36-5.29 (m,
1H), 5.20-5.10 (m, 2H), 5.05-4.85 (m, 3H), 4.75-4.59 (m, 3H), 4.58-4.37 (m, 2H), 3.67 (s, 1H), 3.63-3.54 (m, 1H),
3.52-3.44 (m, 1H), 3.34 (t, J = 8.0 Hz, 1H), 3.23 (q, J = 4.0 Hz, 1H). '*C NMR(100 MHz, CDCls, & in ppm): 3¢ 166.0,
164.2, 149.6, 132.9, 131.8, 131.3, 128.7, 128 4, 125.5, 118.7, 115.8, 103.7, 98.9, 97.6, 76.0, 74.1, 72.9, 70.1, 69.6, 64.1,
45.2. HR-MS (ESI) m/z: 561.0363 [M+Na]", Calcd. 561.0367 for C,3H»3BrNaO;o. IR (KBr, v in cm™'): 3389.95,
2882.87, 1719.60, 1399.05, 1272.75, 1068.77.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 2-chlorobenzoate (PL-6)

The product was obtained as colorless powder. Yield (66.3%), mp 114116 °C. '"H NMR(400 MHz, CDCls, § in ppm,
Jin Hz): 8y 7.83 (d, J = 8.0 Hz, 1H), 7.48 (s, 1H), 7.42-7.37 (m, 2H), 7.32-7.26 (m, 1H), 5.64-5.51 (m, 1H), 5.44 (s,
1H), 5.39 (d, J = 4.0 Hz, 1H), 5.20-5.11 (m, 2H), 5.09-4.82 (m, 3H), 4.74-4.63 (m, 2H), 4.60-4.45 (m, 3H), 3.69 (s,
1H), 3.65-3.56 (m, 1H), 3.56-3.47 (m, 1H), 3.37 (t, J = 8.0 Hz, 1H), 3.24 (q, J = 4.0 Hz, 1H). >*C NMR(100 MHz,
CDCl;, ¢ in ppm): 5c 165.7, 164.3, 149.7, 133.6, 132.9, 132.8, 131.7, 131.1, 129.8, 126.7, 125.7, 118.8, 115.7, 103.7,
98.7,97.4, 76.1, 74.1, 73.0, 70.2, 69.6, 64.4, 45.2. HR-MS (ESI) m/z: 517.0876 [M+Na]", Calcd. 517.0872 for C,3Ha;
CINaO,. IR (KBr, v in cm™'): 3377.29, 1720.59, 1610.32, 1252.17, 1071.27.
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((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 3,4-dichlorobenzoate (PL-7)

The product was obtained as colorless powder. Yield (43.9%), mp 105-107 °C. 'H NMR (400 MHz, d°-DMSO, & in ppm,
Jin Hz): 8 8.08 (d, J = 2.0 Hz, 1H), 7.95-7.88 (m, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.42 (s, 1H), 5.58-5.51 (m, 1H), 5.43—
5.32 (m, 2H), 5.22-5.08 (m, 4H), 5.07-4.92 (m, 2H), 4.61 (t, J = 8.0 Hz, 2H), 4.42 (dd, J = 12.0, 8.0 Hz, 1H), 3.64-3.60
(m, 1H), 3.38 (s, 1H), 3.28-3.18 (m, 3H), 3.06-3.01 (m, 1H). *C NMR(100 MHz, d°-DMSO, & in ppm): dc 163.2,
162.1, 148.3, 135.8, 133.2, 131.2, 130.7, 130.2, 129.6, 128.6, 124.3, 117.3, 115.6, 102.7, 98.8, 96.7, 75.8, 73.2, 72.1,
69.4, 68.6, 64.1, 43.8. HR-MS (ESI) m/z: 551.0487 [M+Na]", Calcd. 551.0482 for C,3H,,CL,NaO;,. IR (KBr, v
in cm™'): 3420.02, 2914.44, 1721.76, 1610.71, 1562.54, 1274.82, 1069.05.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[ 3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 3,5-dichlorobenzoate (PL-8)

The product was obtained as colorless powder. Yield (42.1%), mp 132-134 °C. "H NMR(400 MHz, CDCls, & in ppm,
J in Hz): 8y 7.97-7.69 (m, 2H), 7.47 (s, 2H), 5.65-5.53 (m, 1H), 5.47 (s, 1H), 5.39 (s, 1H), 5.18 (d, J = 8.0 Hz, 2H),
5.09-4.82 (m, 3H), 4.81-4.64 (m, 3H), 4.48 (s, 2H), 3.71 (s, 1H), 3.65-3.55 (m, 1H), 3.51-3.41 (m, 1H), 3.37 (t, /= 8.0
Hz, 1H), 3.28-3.25 (m, 1H). '*C NMR(100 MHz, CDCls, § in ppm): 8¢ 164.2, 164.2, 149.6, 135.3, 132.9, 132.9, 132.6,
128.0, 125.6, 118.8, 115.8, 103.7, 98.8, 97.6, 76.0, 74.0, 72.9, 70.2, 69.7, 64.8, 45.20. HR-MS (ESI) m/z: 551.0487 [M
+Na]", Caled. 551.0482 for C,3H,,CI,NaOy,. IR (KBr, v in cm™'): 3309.93, 2883.14, 1726.47, 1610.65, 1570.84,
1430.92, 1271.17, 1070.99.

((2R,35,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano|[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 4-chlorobenzoate (PL-9)

The product was obtained as colorless powder. Yield (65.4%), mp 132134 °C. '"H NMR(400 MHz, CDCls, § in ppm,
Jin Hz): 8,5 7.93 (d, J = 8.0 Hz, 2H), 7.47 (s, 1H), 7.36 (d, J = 8.0 Hz, 2H), 5.61-5.49 (m, 1H), 5.44 (s, 1H), 5.34 (d, J =
2.8 Hz, 1H), 5.17-5.12 (m, 2H), 5.06-4.81 (m, 3H), 4.76-4.60 (m, 3H), 4.55-4.40 (m, 2H), 3.67 (s, 1H), 3.63-3.55 (m,
1H), 3.54-3.45 (m, 1H), 3.35 (t, J = 8.0 Hz, 1H), 3.24 (q, J = 4.0 Hz, 1H). '*C NMR(100 MHz, CDCls, & in ppm): 8¢
165.8, 164.2, 149.6, 139.7, 132.9, 131.1, 128.8, 128.2, 125.5, 118.7, 115.8, 103.7, 98.9, 97.6, 76.0, 74.1, 72.9, 70.1, 69.6,
64.1, 45.2. HR-MS (ESI) m/z: 517.0875 [M+Na]", Calcd. 517.0872 for C,3H,3CINaO;,. IR (KBr, v in cmfl): 3358.98,
1720.78, 1611.19, 1274.01, 1068.59.

((2R,35,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano|[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 3,4,5-trimethoxybenzoate (PL-10)

The product was obtained as colorless powder. Yield (52.7%), mp 145-147 °C. '"H NMR(400 MHz, CDCls, § in ppm,
Jin Hz): 8y 7.48 (s, 1H), 7.28 (s, 2H), 5.61-5.49 (m, 1H), 5.46 (s, 1H), 5.38 (d, /= 3.2 Hz, 1H), 5.17 (d, /= 4.0 Hz, 1H),
5.14 (s, 1H), 5.09-4.88 (m, 3H), 4.80—4.59 (m, 3H), 4.58-4.43 (m, 2H), 3.89 (s, 3H), 3.87 (s, 6H), 3.73-3.65 (m, 1H),
3.60 (t, J = 8.0 Hz, 1H), 3.45 (t, J = 8.0 Hz, 1H), 3.36 (t, J = 8.0 Hz, 1H), 3.24 (q, J = 4.0 Hz, 1H). '*C NMR(100 MHz,
CDCls, 8 in ppm): ¢ 166.5, 164.1, 152.9, 149.4, 142.5, 132.9, 125.5, 124.6, 118.7, 115.9, 107.1, 103.8, 98.6, 97.3, 76.0,
74.3, 73.0, 70.3, 69.6, 64.2, 60.9, 56.3, 45.2. HR-MS (ESI) m/z: 573.1565 [M+Na]", Calcd. 573.1686 for C,sH3oNaO3.
IR (KBr, v in cm™"): 3727.65, 2941.67, 1718.09, 1610.80, 1504.34, 1416.80, 1336.10, 1226.88, 1128.40.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-o0x0-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 2,4,6-trimethylbenzoate (PL-11)

The product was obtained as colorless powder. Yield (41.8%), mp 120-122 °C. 'H NMR(400 MHz, CDCls, § in ppm,
Jin Hz): 8y 7.47 (s, 1H), 6.80 (d, J= 12.0 Hz, 2H), 4.64-4.53 (m, 1H), 5.42 (s, 1H), 5.35 (d, /= 4.0 Hz, 1H), 5.23-5.14
(m, 2H), 5.04-4.80 (m, 3H), 4.74-4.55 (m, 3H), 4.48-4.31 (m, 2H), 3.62 (t, J = 8.0 Hz, 1H), 3.56 (t, J = 8.0 Hz, 1H),
3.45-3.37 (m, 1H), 3.31 (t, J = 8.0 Hz, 1H), 3.24 (q, J = 4.0 Hz, 1H), 2.29-2.22 (m, 9H). '*C NMR(100 MHz, CDCl;, &
in ppm): 8¢ 170.1, 164.2, 149.6, 139.6, 135.4, 132.9, 130.4, 128.5, 125.6, 118.9, 115.7, 103.7, 98.6, 97.3, 76.1, 74.1,
73.0, 70.2, 69.6, 63.9, 53.48, 45.3, 21.1, 20.0. HR-MS (ESI) m/z: 525.1721 [M+Na]", Calcd. 525.1731 for CyH3oNaO .
IR (KBr, v in cm™"): 3366.56, 1721.70, 1611.40, 1457.24, 1268.99, 1065.65.
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((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[ 3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 2-methylbenzoate (PL-12)

The product was obtained as colorless powder. Yield (41.9%), mp 132—134 °C. "H NMR (400 MHz, CDCls, & in ppm, J in
Hz): 81 7.92-7.85 (m, 1H), 7.48 (s, 1H), 7.41-7.32 (m, 1H), 7.24-7.12 (m, 2H), 5.62-5.49 (m, 1H), 5.42 (s, 1H), 5.36 (d, J =
4.0 Hz, 1H), 5.16 (d, J=4.0 Hz, 1H), 5.13 (s, 1H), 5.05-4.80 (m, 3H), 4.75-4.58 (m, 3H), 4.51-4.34 (m, 2H),3.69-3.62 (m,
1H), 3.58 (d, J= 12.0 Hz, 1H), 3.53-3.44 (m, 1H), 3.36 (t, /= 8.0 Hz, 1H), 3.23 (q, /= 4.0 Hz, 1H), 2.54 (s, 3H). *C NMR
(100 MHz, CDCl;, 6 in ppm): 8¢ 167.7, 164.2, 149.7, 140.2, 132.9, 132.2, 131.7, 130.8, 129.3, 125.8, 125.7, 118.7, 115.7,
103.7,98.8,97.5,76.1, 74.2, 73.0, 70.3, 69.6, 63.8, 45.2, 21.9. HR-MS (ESI) m/z: 497.1416 [M+Na]", Calcd. 497.1418 for
C,4H,6Na0 . IR (KBr, v in cm™'): 3401.81, 2883.37, 1719.27, 1610.48, 1258.26, 1067.19.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-o0x0-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 3-methoxybenzoate (PL-13)

The product was obtained as colorless powder. Yield (61.6%), mp 127129 °C. "H NMR(400 MHz, CDCl;, & in ppm,
Jin Hz): 8y 7.60 (d, J = 8.0 Hz, 1H), 7.55-7.49 (m, 1H), 7.47 (s, 1H), 7.33-7.26 (m, 1H), 7.09-6.99 (m, 1H), 5.60-5.48
(m, 1H), 5.42 (s, 1H), 5.34 (d, J = 4.0 Hz, 1H), 5.23-5.08 (m, 3H), 5.06-4.79 (m, 3H), 4.76-4.59 (m, 3H), 4.54-4.45 (m,
1H), 3.80 (s, 3H), 3.69-3.63 (m, 1H), 3.59 (d, J = 8.0 Hz, 1H), 3.54-3.45 (m, 1H), 3.36 (t, J = 12.0 Hz, 1H), 3.22 (q, J =
4.0 Hz, 1H). *C NMR(100 MHz, CDCls, & in ppm): 3¢ 166.6, 164.2, 159.5, 149.7, 132.9, 131.1, 129.5, 125.7, 122.1,
119.3, 118.7, 115.6, 114.6, 103.7, 98.8, 97.5, 76.1, 74.2, 72.9, 70.2, 69.6, 64.0, 55.4, 45.1. HR-MS (ESI) m/z: 513.1331
[M+Na]", Caled. 513.1367 for C,4H,6NaOy;. IR (KBr, v in cm ™ '): 3375.62, 1719.41, 1610.13, 1278.89, 1069.32.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-o0xo-4-vinyl-3,4,6,8-tetrahydropyrano[ 3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 2-methoxybenzoate (PL-14)

The product was obtained as colorless powder. Yield (47.2%), mp 119-121 °C. HR-ESI-MS m/z: 513.1376 [M+Na]",
Calcd. 513.1376 for Cy4HyeNaOy;. IR (KBr, v in em™): 3378.15, 1719.15, 1610.29, 1254.17, 1069.28. "H NMR (400
MHz, CDCls, § in ppm, J in Hz): 8y 7.90-7.72 (m, 1H), 7.55-7.36 (m, 2H), 7.01-6.88 (m, 2H), 5.63-5.52 (m, 1H), 5.44
(s, 1H), 5.38 (d, J = 4.0 Hz, 1H), 5.26-5.07 (m, 3H), 5.06-4.80 (m, 3H), 4.68 (d, J = 8.0 Hz, 1H), 4.62-4.43 (m, 3H),
3.86 (s, 3H), 3.66-3.49 (m, 3H), 3.36 (t, J = 8.0 Hz, 1H), 3.23 (q, J = 4.0 Hz, 1H). '*C NMR (100 MHz, CDCl;, § in
ppm): 6c 166.2, 164.0, 159.3, 149.6, 134.0, 132.9, 132.0, 125.7, 120.2, 119.4, 118.7, 115.7, 112.2, 103.7, 98.7, 97.4, 76.1,
74.1, 73.0, 70.3, 69.5, 63.8, 56.0, 45.2. HR-MS (ESI) m/z: 513.1376 [M+Na], Calcd. 513.1376 for Cp4HssNaO,,. IR
(KBr, v in ecm™'): 3378.15, 1719.15, 1610.29, 1254.17, 1069.28.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-ox0-4-vinyl-3,4,6,8-tetrahydropyrano[ 3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 3-methylbenzoate (PL-15)

The product was obtained as colorless powder. Yield (48.9%), mp 128-130 °C. "H NMR(400 MHz, CDCl;, & in ppm,
Jin Hz): 8 7.81 (d, J = 8.0 Hz, 2H), 7.48 (s, 1H), 7.40-7.22 (m, 2H), 5.62-5.47 (m, 1H), 5.43 (s, 1H), 5.35 (d, J = 4.0
Hz, 1H), 5.20-5.08 (m, 2H), 5.07-4.79 (m, 3H), 4.78-4.57 (m, 3H), 4.56-4.29 (m, 2H), 3.73-3.64 (m, 1H), 3.63-3.55
(m, 1H), 3.54-3.44 (m, 1H), 3.37 (t, J= 8.0 Hz, 1H), 3.23 (q, J = 4.0 Hz, 1H), 2.35 (s, 3H). '*C NMR(100 MHz, CDCl5,
d in ppm): o¢ 166.9, 164.2, 149.7, 138.2, 134.0, 133.0, 130.2, 129.7, 128.3, 126.9, 125.7, 118.7, 115.7, 103.7, 98.8, 97.5,
76.1, 74.2, 72.9, 70.2, 69.6, 63.9, 45.2. HR-MS (ESI) m/z: 497.1438 [M+Na]", Calcd. 497.1418 for C,4H,6NaO . IR
(KBr, v in cm™'): 3419.82, 2917.35, 1719.43, 1610.12, 1279.14, 1203.85, 1069.31.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 3,5-dimethylbenzoate (PL-16)

The product was obtained as colorless powder. Yield (44.8%), mp 132134 °C. 'H NMR(400 MHz, CDCls, § in ppm,
Jin Hz): 8y 7.61 (s, 2H), 7.48 (s, 1H), 7.14 (s, 1H), 5.62-5.49 (m, 1H), 5.44 (s, 1H), 5.37 (d, J = 4.0 Hz, 1H), 5.20-5.06
(m, 2H), 5.05-4.84 (m, 3H), 4.74-4.59 (m, 3H), 4.56-4.39 (m, 2H), 3.71-3.63 (m, 1H), 3.62-3.54 (m, 1H), 3.54-3.42
(m, 1H), 3.37 (t, J = 8.0 Hz, 1H), 3.24 (q, J = 4.0 Hz, 1H), 2.31 (s, 6H). >°C NMR(100 MHz, CDCls, § in ppm): 3¢ 167.1,
164.1, 149.6, 138.0, 134.8, 133.0, 129.7, 127.4, 125.7, 118.6, 115.7, 103.7, 98.8, 97.4, 76.1, 74.3, 73.0, 70.3, 69.6, 63.9,
45.2, 21.1. HR-MS (ESI) m/z: 515.1565 [M+Na]+, Calcd. 515.1575 for C,sHpgNaO;,. IR (KBr, v in cmfl): 3424.37,
2917.69, 1719.15, 1610.17, 1217.86, 1072.56.
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((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-o0x0-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 2-nitrobenzoate (PL-17)

The product was obtained as colorless powder. Yield (49.7%), mp 120122 °C. "H NMR(400 MHz, CDCl;, & in ppm,
Jin Hz): 8 7.88-7.73 (m, 2H), 7.71-7.56 (m, 2H), 7.48 (s, 1H), 5.72-5.60 (m, 1H), 5.54 (d, J = 4.0 Hz, 1H), 5.47 (s,
1H), 5.25-5.10 (m, 2H), 5.07-4.85 (m, 2H), 4.79-4.58 (m, SH), 4.49-4.37 (m, 1H), 3.77-3.64 (m, 1H), 3.64-3.54 (m,
1H), 3.42 (d, J = 8.0 Hz, 1H), 3.40-3.32 (m, 1H), 3.29 (q, J = 4.0 Hz, 1H). '*C NMR(100 MHz, CDCls,  in ppm): 8¢
165.1, 164.4, 149.9, 148.5, 133.1, 132.9, 132.1, 130.4, 127.0, 125.7, 123.8, 118.6, 115.6, 103.6, 98.8, 97.6, 76.1, 73.8,
72.9, 70.1, 69.6, 65.5, 45.2. HR-MS (ESI) m/z: 528.1126 [M+Na]", Calcd. 528.1112 for C,3;H,3NNaO,,. IR (KBr, v
in em™'): 3359.45, 1723.30, 1610.71, 1534.57, 1362.79, 1291.59, 1066.76.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-ox0-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 2-fluorobenzoate (PL-18)

The product was obtained as colorless powder. Yield (57.7%), mp 132—134 °C. "H NMR(400 MHz, CDCls, & in ppm,
Jin Hz): 8 7.90 (t, J = 8.0 Hz, 1H), 7.53-7.42 (m, 2H), 7.17 (t, J = 4.0 Hz, 1H), 7.08 (t, J = 8.0 Hz, 1H), 5.63-5.50 (m,
1H), 5.44 (s, 1H), 5.38 (d, J = 4.0 Hz, 1H), 5.19-5.10 (m, 2H), 5.06-4.84 (m, 3H), 4.78-4.64 (m, 3H), 4.55-4.38 (m,
2H), 3.73-3.65 (m, 1H), 3.64-3.57 (m, 1H), 3.56-3.48 (m, 1H), 3.37 (t, J = 8.0 Hz, 1H), 3.24 (q, J = 4.0 Hz, 1H).
13C NMR(100 MHz, CDCls, § in ppm): 8¢ 164.4, 164.4, 164.4, 163.2, 160.6, 149.8, 134.7, 134.7, 132.9, 132.2, 125.7,
124.1, 118.7, 118.5, 118.4, 117.1, 116.9, 115.6, 103.6, 98.8, 97.5, 76.2, 74.0, 72.9, 70.2, 69.6, 64.2, 45.2. HR-MS
(ESI) m/z: 525.1353 [M+Na]", Caled. 525.1367 for C,3H,3FNaO;o. IR (KBr, v in cm™'): 3418.40, 2885.07, 1719.69,
1611.80, 1489.66, 1299.62, 1069.11.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-ox0-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 4-fluorobenzoate (PL-19)

The product was obtained as colorless powder. Yield (49.6%), mp 109-111 °C. "H NMR(400 MHz, CDCls, & in ppm,
Jin Hz): 8y 8.11-7.94 (m, 2H), 7.48 (s, 1H), 7.07 (t, J = 8.0 Hz, 2H), 5.62-5.50 (m, 2H), 5.45 (s, 1H), 5.35 (d, J = 4.0
Hz, 1H), 5.18-5.10 (m, 2H), 5.07-4.83 (m, 3H), 4.77-4.58 (m, 3H), 4.57-4.32 (m, 2H), 3.73-3.64 (m, 1H), 3.64-3.55
(m, 1H), 3.54-3.45 (m, 1H), 3.34 (t, J = 12.0 Hz, 1H), 3.24 (q, J = 4.0 Hz, 1H). '>C NMR(100 MHz, CDCls, & in ppm):
dc 167.1, 165.7, 164.6, 164.2, 149.6, 133.0, 132.4, 132.3, 126.0, 126.0, 125.5, 118.6, 115.8, 115.7, 115.5, 103.7, 98.9,
97.5,76.0, 74.1, 72.9, 70.1, 69.6, 64.0, 45.2. HR-MS (ESI) m/z: 501.1162 [M+Na]", Calcd. 501.1167 for C,3H,3FNaO .
IR (KBr, v in cm™"): 3419.95, 2885.99, 1721.08, 1606.68, 1508.59, 1275.40, 1068.76.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-ox0-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 4-(trifluoromethoxy)benzoate (PL-20)

The product was obtained as colorless powder. Yield (45.8%), mp 132—134 °C. "H NMR(400 MHz, CDCl;, & in ppm,
Jin Hz): 8y 7.96 (d, J = 8.0 Hz, 1H), 7.85 (s, 1H), 7.55-7.32 (m, 3H), 5.64-5.49 (m, 1H), 5.46 (s, 1H), 5.36 (d, J = 4.0
Hz, 1H), 5.19-5.10 (m, 2H), 5.09-4.83 (m, 3H), 4.82-4.64 (m, 3H), 4.60-4.39 (m, 2H), 3.74-3.65 (m, 1H), 3.64-3.56
(m, 1H), 3.53-3.41 (m, 1H), 3.36 (t, ] = 8.0 Hz, 1H), 3.25 (q, J = 4.0 Hz, 1H). '*C NMR(100 MHz, CDCls, § in ppm): 8¢
165.3, 164.3, 149.6, 149.2, 149.1, 132.8, 131.9, 130.0, 128.1, 125.5, 122.1, 121.6, 119.1, 118.6, 115.8, 103.8, 98.8, 97.5,
76.1, 74.1,72.9, 70.2, 69.6, 64.4, 45.2. HR-MS (ESI) m/z: 5567.1099 [M+Na]*, Calcd. 567.1085 for C»4Ha3F3NaO;o. IR
(KBr, v in cm™"): 3417.50, 2888.69, 1725.47, 1611.48, 1259.58.

((2R,3S,4S,5R,65)-3,4,5-trihydroxy-6-((3S,4R)-8-o0x0-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-
tetrahydro-2H-pyran-2-yl)methyl 3-bromobenzoate (PL-21)

The product was obtained as colorless powder. Yield (47.3%), mp 132134 °C. '"H NMR(400 MHz, CDCls, § in ppm,
J in Hz): &y 8.11 (s, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.47 (s, 1H), 7.33-7.24 (m, 1H), 5.62-5.51
(m, 1H), 5.45 (s, 1H), 5.36 (d, J = 4.0 Hz, 1H), 5.21-5.11 (m, 2H), 5.08-4.82 (m, 3H), 4.76-4.62 (m, 3H), 4.59—4.40 (m,
2H), 3.73-3.65 (m, 1H), 3.64-3.56 (m, 1H), 3.53-3.45 (m, 1H), 3.37 (t, J = 8.0 Hz, 1H), 3.25 (q, J = 4.0 Hz, 1H).
3C NMR(100 MHz, CDCls, § in ppm): 8¢ 165.3, 164.2, 149.7, 136.1, 132.9, 132.6, 131.8, 130.1, 128.3, 125.6, 122.5,
118.8, 115.7, 103.7, 98.9, 97.6, 76.1, 74.1, 72.9, 70.2, 69.6, 64.3, 45.2. HR-MS (ESI) m/z: 561.0350 [M+Na]", Calcd.
561.0367 for Co3H,3BrNaO. IR (KBr, v in cm™'): 3389.01, 1721.49, 1610.48, 1424.17, 1256.82, 1067.62.
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In vitro Biological Evaluation

In vitro experiments were divided into 25 groups in total, namely, normal group, model group, celecoxib group,
gentiopicroside group, and 21 dose groups. The effect of gentiopicroside derivatives on cell viability was investigated by
CCK-8 cell-viability assay, and results showed that all newly synthesized compounds had no cytotoxicity within 100 pg/mL
(viability > 90%). Their in vitro inflammatory activity was evaluated against the release of the inflammatory factors
prostaglandin E2 (PGE,), nitric oxide (NO), tumor necrosis factor-a (TNF-a), and interleukin-6 (IL-6) by the LPS-
stimulated mouse macrophage cell line RAW264.7."%%° The cells were pretreated with compounds (at 100, 50, 25, and
12.5 pg/mL) for 2 h except the normal and model groups, respectively, and then stimulated with LPS (1 pg/mL) for 24
h except the normal group. The culture medium was then collected. The NO levels were determined by the Griess assay, and
the PGE,, TNF-a, and IL-6 levels were determined with ELISA kits.”' ?* The ICs, of each group (excluded the normal and
model group) were calculated based determined data, the final experimental results were represented by 1Csy.

In vivo Biological Evaluation

The KM mice were randomly divided into 24 groups, namely, control, celecoxib, gentiopicroside, and 21 dose groups,
with 10 mice per group. Mice in each group were administered with a dose of 150 mg/kg for 3 days. On the last day, each
animal received 0.1 mL of xylene on the anterior and posterior surfaces of the right ear. The left ear was considered as
a control. After 30 min, the animals were killed by cervical dislocation, and both ears were sampled. Circular sections
were collected using a cork borer with a diameter of 8 mm and weighed. The degree of ear swelling was calculated based

on the weight of the left ear without receiving xylene.*>*°

Molecular Docking

Crystal structures of COX-2 (PDB ID: 5ikr) were retrieved from the PDB database. The docking operation was
performed with Schrédinger software. The 3D structures of compounds with in vitro and in vivo inflammatory activity
were generated using the Quantum Mechanics module and docked into the structures of COX-2 with the Induced Fit
Docking method.

Data and Statistical Analysis

The data of the in vivo anti-inflammatory activities were expressed as mean =+ standard error of the mean (SEM). The QQ
plots were used to assess data distribution. One-way analysis of variance (ANOVA) was applied to determine the
significant differences between groups. Differences were considered to be significant at P<0.05. The statistical analysis
was conducted using SPSS-software (version 21.0). GraphPad prism (version 8.0.2) was used for drawing graphs.*’

Results and Discussion
Chemistry

21 novel gentiopicroside derivatives were synthesized by selective esterification of the primary hydroxyl group in
gentiopicroside. According to the experimental, the optimum reaction conditions are that the addition of acyl chloride
and pyridine are 1.1 and 2.0 equivalents of the substrate. The addition of triethylamine can accelerate the reaction rate
and increase the yield. The structure of the gentiopicroside derivatives were determined by IR, MS and NMR, and the
spectral data agreed with the proposed structures. Their hydrophilicities were preliminarily evaluated by their TLC
relative shift values. All derivatives were found to exhibit lower polarities than the parent compound gentiopicroside.

Anti-Inflammatory Activity

The in vivo and in vitro anti-inflammatory activities of all newly synthesized compounds were investigated using
literature methods. In vitro results showed that NO production strongly decreased after intervention with PL-2, PL-3,
PL-4, PL-5, PL-6, PL-7, PL-8, PL-9, PL-12, PL-20, and PL-21, and their ICs, value was lower than that of the parent
compound gentiopicroside (59.97 pg/mL). The other compounds showed poor inhibition (ICsq > 62 ng/mL) (Figure 4).
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Figure 4 Effect of gentiopicroside derivatives on LPS-induced NO production in RAW 264.7 macrophages.
Abbreviations: C, Celecoxib; GPS, Gentiopicroside.

By examining the changes in TNF-a, the production was found to be strongly reduced after intervention with PL-2,
PL-3, PL-7, PL-8, PL-9, PL-12, PL-16, PL-17, and PL-21. Their ICsy value was lower than that of the parent
compound gentiopicroside (36.56 pg/mL) and the positive control celecoxib (34.30 pg/mL). The other compounds did
not show significant effects (ICs5y > 45 pg/mL) (Figure 5).

The changes in IL-6 showed that production was strongly reduced after intervention with PL-2, PL-4, PL-5, PL-8,
PL-9, PL-20, and PL-21. Their ICs, value was lower than that of the parent compound gentiopicroside (43 pg/mL). In
particular, PL-2 showed a more obvious inhibitory effect with an ICso value of 5.70 pg/mL. The other compounds did
not show significant effects (ICso > 47 pg/mL) (Figure 6).

By examining the changes in PGE,, the production was found to be strongly reduced after intervention with PL-3,
PL-5, PL-7, PL-8, PL-9, PL-19, and PL-20. Their ICs, value was lower than that of the parent compound gentiopicro-
side (24.31 pg/mL). The other compounds did not show significant effects (ICso > 40 pg/mL). Together, several
compounds displayed stronger inhibitory effects on the secretion of inflammatory cytokines than the parent compound
gentiopicroside (Figure 7).
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Figure 5 Effect of gentiopicroside derivatives on LPS-induced TNF-a production in RAW 264.7 macrophages.
Abbreviations: C, Celecoxib; GPS, Gentiopicroside.
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Abbreviations: C, Celecoxib; GPS, Gentiopicroside.
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Figure 7 Effect of gentiopicroside derivatives on LPS-induced PGE, production in RAW 264.7 macrophages.
Abbreviations: C, Celecoxib; GPS, Gentiopicroside.

The in vivo activity of all compounds was further tested against mouse ear swelling. Results showed that
derivatives PL-2, PL-4, PL-7, PL-8, PL-12, PL-13, PL-16, and PL-18 had higher inhibition rates (48.22%,
36.19%, 55.01%, 43.51%, 35.84%, 51.65%, 40.95%, and 40.73%, respectively) than the parent compound gentio-
picroside (35.34%) (Table 2).

Molecular Docking

The 3D structures of compounds with in vitro and in vivo inflammatory activity were docked into the structure of
COX-2, and the binding free energy and docking score were calculated. Results showed that compounds PL-2, PL-
3, PL-4, PL-5, PL-7, and PL-8 had high absolute values of docking score and binding energy than the parent
compound gentiopicroside (Table 3). Their compounds could be well docked into the pockets and bind to the
inflammation target COX-2 by making hydrogen bonds. For example, the hydroxyl group on the compound PL-5
pyran ring formed hydrogen bonding with the target protein HIS386, GLN454, THR212, ASN382 of COX-2, the
compound PL-4 formed hydrogen bonding with the target protein THR212, HIS214, ASN382 of COX-2, etc. The
residues ASN382 and THR212 of COX-2 could form hydrogen bond with multiple compounds. Hydrogen bonding
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Table 2 Effects of Gentiopicroside Derivatives on Xylene
Swelling in Mice (x + s)

Group

Edema Degree (mg)

Inhibition (%)

Vehicle control
Celecoxib
Gentiopicroside
PL-1
PL-2
PL-3
PL-4
PL-5
PL-6
PL-7
PL-8
PL-9
PL-10
PL-11
PL-12
PL-13
PL-14
PL-15
PL-16
PL-17
PL-18
PL-19
PL-20
PL-21

7.17£2.44
4.26+£1.67%*
4.64+3.05*
5.64%1.43
3.71£3.04%*
4.68+1.89*
4.58+2.50*
5.71+3.85
6.27£2.25
3.23£2.24%*
4.05+2.85%*
5.79+4.25
6.60%4.39
5.94+4.13
4.60+2.30*
3.47£251%*
5.90+4.40
4.23+1.67**
6.56+2.80
425423 1%*
5.20+0.74
6.36%1.80
6.27+4.18

40.59
35.34
21.37
48.22
34.80
36.19
20.35
12.60
55.01
4351
19.31
8.00
17.19
35.84
51.65
17.71
40.95
851
40.73
27.48
11.29
12.53

Notes: Significance level *P<0.05, **P<0.0l compared with the control
group, n=10. P values <0.05 were considered statistically significant.

Table 3 Docking Scores

and Binding Energy of
Gentiopicroside Derivatives with COX-2

Compounds

COX-2 (5ikr)

Docking Score

mmGBSA (kcal/mol)

Gentiopicroside
PL-5
PL-4
PL-2
PL-18
PL-7
PL-8
PL-3
PL-13
PL-16
PL-12

—11.606
—12.670
—12.611
—12.350
—11.936
—11.934
—11.863
—11.699
—11.625
—11.564
—11.310

—45.524
—51.936
—55.723
—47.297
—34.266
—53.974
—78.768
—75.597
—51.505
—78.869
—39.308

played an important role in the molecular docking between gentiopicroside derivatives and inflammatory target

COX-2. The docking models of some gentiopicroside derivatives with COX-2 in Figures 8 and 9. This finding was

consistent with their potencies of anti-inflammatory activities.
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Figure 9 2D and 3D docking model of gentiopicroside derivatives PL-5 with COX-2.

Inhibitory Activity of Gentiopicroside Derivatives Against COX-2

The inhibitory activity of gentiopicroside derivatives with significant in vitro and in vivo inflammatory activity against
COX-2 enzyme were further investigated. Results demonstrated that compounds PL-2, PL-3, PL-4, PL-5, PL-7, and
PL-8 had obvious inhibitory effect against COX-2. These results were consistent with those of the molecular docking.
Therefore, these compounds were novel COX-2 inhibitors (Table 4).

Table 4 Effect of Gentiopicroside
Derivatives on LPS-Induced COX-2
Production in RAW 264.7 Macrophages

Group 1Cs0® (ng/mL)
PL-2 30.57+8.33
PL-3 35.64+6.95
PL-4 7.68+3.38
PL-5 35.35+8.82
PL-7 54.85+0.67
PL-8 57.26+14.40
PL-12 40.04£15.55
PL-13 >82
PL-16 >82
(Continued)
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Table 4 (Continued).

Group 1Cs0” (ng/mL)
PL-18 >82
Gentiopicroside® 78.24+4.13
Celecoxib® 18.9616.64

Notes: Each data represent as mean * stan-
dard error of the mean (SEM); ®Gentiopicroside
was the parent compound; “Celecoxib served as
a positive control.

Structure-Activity Relationship Analysis

Some novel COX-2 inhibitors were synthesized by introducing hydrophobic acyl chloride into the gentiopicroside
structure. Their hydrophilicity decreased and their lipophilicity was enhanced. The change in polarity played a key
role in the anti-inflammatory activities from gentiopicroside to its derivatives. The effects of acyl chloride cannot be
ignored, and the types and positions of substituents on benzoyl chloride groups determined the difference in anti-
inflammatory activity. The derivatives with the groups CHj, Cl, NO,, F, Br, and OCHj; also showed good activity. Para-
substitution with electron-withdrawing groups may have benefited the anti-inflammatory activity.

Conclusion

Natural products play an important role in discovering safer, more economic, more effective, and less toxic anti-
inflammatory drug candidates. Gentiopicroside is extracted from the traditional Chinese medicine, its anti-inflammatory
effect attracted more attention. Moreover, gentiopicroside is a safe and nontoxic selective inhibitor of COX-2. However, it
is highly hydrophilic owing to the presence of the sugar fragment in its structure, leading to reduced oral bioavailability, fast
metabolism, short biological half-life, and limited efficacy. To identify a safe and effective novel COX-2 inhibitor, the
structure of gentiopicroside needs to be modified. In this study, 21 novel derivatives were synthesized by introducing the
hydrophobic active group into the gentiopicroside structure, thereby causing their hydrophilicities to be lower than that of
the parent compound gentiopicroside. The in vivo and in vitro anti-inflammatory activities of some gentiopicroside
derivatives were retained or improved. In particular, the activity of compounds PL-2, PL-7 and PL-8 was significantly
higher than gentiopicroside. Molecular docking predicted that some anti-inflammatory compounds could be well docked
into the pockets and bind to the inflammation targets COX-2. Structure-activity relationship analysis indicated that para-
substitution with electron-withdrawing groups may have benefited the anti-inflammatory activity. The inhibitory activity of
these compounds against COX-2 enzyme confirmed that these gentiopicroside derivatives represented a novel class of
COX-2 inhibitors and could thus be developed as new anti-inflammatory agents.
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	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 4-bromobenzoate (PL-5)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 2-chlorobenzoate (PL-6)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 3,4-dichlorobenzoate (PL-7)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 3,5-dichlorobenzoate (PL-8)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 4-chlorobenzoate (PL-9)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 3,4,5-trimethoxybenzoate (PL-10)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 2,4,6-trimethylbenzoate (PL-11)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 2-methylbenzoate (PL-12)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 3-methoxybenzoate (PL-13)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 2-methoxybenzoate (PL-14)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 3-methylbenzoate (PL-15)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 3,5-dimethylbenzoate (PL-16)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 2-nitrobenzoate (PL-17)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 2-fluorobenzoate (PL-18)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 4-fluorobenzoate (PL-19)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 4-(trifluoromethoxy)benzoate (PL-20)
	((2R,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((3S,4R)-8-oxo-4-vinyl-3,4,6,8-tetrahydropyrano[3,4-c]pyran-3-yloxy)-tetrahydro-2H-pyran-2-yl)methyl 3-bromobenzoate (PL-21)
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