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A B S T R A C T   

Excessive oxidation can lead to inflammation and affect health. Studies have shown that ursolic acid (UA) and 
gallic acid are widely employed in medicine and cosmetics owing to their obvious antioxidant and anti- 
inflammatory properties. In this study, a series of 16 novel UA hybrids tethered via 1,2,3-triazole to the modi
fied gallate moieties were synthesized via CuAAC 1,3-cycloaddition reactions. In vitro, all derivatives were 
proved to be effective in antioxidation and anti-inflammation activities. Interestingly, compound 20 significantly 
inhibited the expression of pro-inflammatory cytokines including mRNA of inducible nitric oxide synthase 
(iNOS) (p < 0.05) and cyclooxygenase-2 (COX-2) (p < 0.01) in lipopolysaccharide (LPS)-induced RAW264.7 cells 
in a dose-dependent manner. The inhibitory effect of compound 20 on pro-inflammatory cytokines was closely 
associated with suppression of the LPS-activated PI3K/Akt signal pathway. Compound 20 significantly alleviated 
inflammation in the gastrointestinal tract of zebrafish in vivo. In addition, compound 20 showed good biosafety 
in cytotoxicity evaluation. This study provides a novel reference for the development of treatments for health 
problems related to anti-oxidation and anti-inflammation properties.   

1. Introduction 

Inflammation is a normal defensive response of the body to external 
stimuli. Once out of control, it can disrupt human function, referring to 
pathological conditions (Scotti et al., 2018). For example, lipopolysac
charide (LPS) is a polysaccharide component of the cell wall of Gram- 
negative bacteria. LPS-induced inflammatory response mainly induces 
macrophages and neutrophils to release inflammatory cytokines such as 
tumor necrosis factor, resulting in damage to the body. So far, abundant 
secondary metabolites from numerous herbal sources have attracted 
considerable attention to the design of anti- LPS-induced inflammatory 
drugs with low cytotoxicity and side effects (Lipeeva et al., 2020, Zhang 
et al., 2021). 

In general, scavenging of excessive ROS and NO, and suppression of 
macrophage migration inhibitory factor (MIF) play a vital role in pro
tecting cells and inhibition of lipid peroxidation (Sultana and Saeed 
Saify, 2012). The overproduction of NO and ROS is closely related to 
chronic inflammatory response, which can lead to serious diseases 

(Sultana and Saeed Saify, 2012). The progression of these diseases can 
be effectively delayed or decreased by natural products through the 
PI3K/AKT signaling pathway (Quideau et al., 2011, Bilsborrow et al., 
2019). 

To date, Ursolic acid (UA), as one of the most effective natural anti- 
inflammatory agents (Fig. 1), has attractive development and utilization 
potential (Al-kuraishy et al., 2022). The antioxidant and anti- 
inflammatory effect of UA are attributed to the inherent inhibition of 
enzymes involved in the generation of reactive oxygen species (ROS) 
and overexpression of nitric oxide (NO) (Checker et al., 2012, Habte
mariam, 2019), increasing antioxidant enzyme activity, and reducing 
lipid peroxidation level. Moreover, UA exhibits a protective effect on 
lipopolysaccharide (LPS)-induced inflammation, resulting in suppres
sion of proinflammatory cytokines and NO overproduction (Ryu et al., 
2000, Wang et al., 2011, Chen et al., 2012) and the inhibition of LPS- 
induced nuclear factor kappa-B (NF-κB) activation and down
regulation of COX-2 (Shanmugam et al., 2012). However, the poor water 
solubility and low bioavailability of UA limit its clinical application. 
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Therefore, the development of new UA anti-inflammatory drugs with 
high efficiency has become an important issue to be solved. 

Gallic acid (GA), which is widely available in nature (Fig. 1), has 
been shown to significantly attenuate the inflammatory response 
induced by LPS (Radtke et al., 2004). GA exhibits an obvious scavenging 
effect on 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals, which is 
significantly higher than that of vitamin C (Vc) (Silva and Sirasa, 2018). 
GA inhibits lipid peroxidation in mice by anti-oxidation and has a 
therapeutic effect on cardiovascular disease. Furthermore, GA can 
reduce the expression levels of TNF-α, IL-1β, and IL-6 induced by LPS. 
LPS stimulation leads to increased expression of TLR4 mRNA and pro
tein and activation of NF-κB (Zhu et al., 2019). GA can antagonize these 
effects and prevent NF-κB activation. In addition, GA alkyl esters have 
excellent oxidation resistance and are used as food antioxidants world
wide (Al Zahrani et al., 2020). The use of alkyl gallates often improves 
liposolubility and safety, thereby enhancing biological efficacy. 

1,2,3-triazole has been proven to bind to many enzymes and re
ceptors through noncovalent interactions, which may lead to enhanced 
anti-inflammatory activity (Gonzaga et al., 2017). The polar 1,2,3-tria
zole group can decrease the overall lipophilicity of triterpenoid hy
brids (Csuk and Deigner, 2019, Lipeeva et al., 2020, Zhang et al., 2021). 
UA hybrids incorporating 1,2,3-triazoles were reported to exhibit 
noticeable anti-inflammatory activity (Csuk and Deigner, 2019, Lipeeva 
et al., 2020). Among various UA derivatives containing 1,2,3-triazole 
linker (Zhang et al., 2021), the UA hybrid with a polyphenol deriva
tive with protected hydroxyl groups was a leader in anti-inflammation 
screening. 

At present, synthetic conjugates are known in which the carbox
amides of triterpene acid and polyphenolic acid are connected with 
polymethylene linkers, for which cytotoxic properties (Jiang et al., 
2018) and antiviral activities (Li et al., 2019) have been revealed. There 
is only one known example of a hybrid of UA and a protected polyphenol 
tethered by 1,2,3-triazole (Zhang et al., 2021). For this reason, we 
attempted to synthesize new amphiphilic hybrids containing a lipophilic 
triterpene backbone, and a hydrophilic fragment including a polar 
gallate residue and 1,2,3-triazole linker. General, Cu-catalyzed 1,3- 
cycloaddition of substituted azides to terminal alkynes is a potent and 
versatile tool widely used in medicinal chemistry to develop novel 
bioactive products (Wang et al., 2014, Ke et al., 2018). Numerous var
iants of “click” method that use different Cu catalysts and solvents 
(Wang et al., 2014, Pucci et al., 2020) are known, including those that 
employ immobilized or supported catalysts (Wang et al., 2014, Liang 
et al., 2022). We assume that various binding modes of modified GA 
linked through 1,2,3-triazole to UA core will lead to novel hybrids with 
high antioxidant and anti-inflammatory activity. 

In this paper, GA derivatives with alkyne and azide residues attached 
at the meta- and para- positions related to the carboxyl group of gallates, 
as well as at the carboxyl and propargyl group of GA, were used in the 
1,3 cycloaddition reactions. UA esters and amides with terminal azides 
and propargyl groups were synthesized and used as intermediate com
pounds. Series of novel ester and amide hybrids substituted at C-28 of 
the UA core linked via 1,2,3-triazole with variously substituted modified 

gallate moieties were prepared in CuAAC 1,3-cycloaddition reactions. 
Further, in vitro screening of hybrids in PI3K/AKT and MIF tautomerase 
assays, as well as cell safety, was explored. The anti-inflammatory effect 
of the best molecule was also evaluated in zebrafish. It is anticipated that 
drugs with enhanced activity and reduced toxicity in antioxidant and 
anti-inflammatory properties can be developed. 

2. Materials and methods 

2.1. Materials 

All commercially available reagents were obtained from commercial 
sources and used without further purification. Reactions were moni
tored by thin-layer chromatography (TLC) in silica gel, and visualised by 
254 nm ultraviolet light. Products were purified by flash column chro
matography over silica gel (200–300 mesh). IR spectra were recorded on 
a Bruker Vector 22 FTIR spectrometer in KBr pellets. Mass spectra were 
recorded on a Thermo Fisher Scientific DFS high-resolution mass spec
trometer (evaporator temperature 200–250 ◦C, electron ionization (EI) 
at 70 eV). 1H and 13C NMR spectra were registered on a Bruker AV-300 
(300.13 MHz for 1H, 75.48 MHz for 13C), Bruker AV-400 (400.13 MHz 
for 1H, 100.62 MHz for 13C) and DRX-500 (operating frequencies 
500.13 and 125.76 MHz, respectively) at room temperature. The 
chemical shifts are given in ppm relative to signals of the solvents used 
as internal standards: in 1H NMR spectra δH 7.24 (CHCl3) and in 13C 
NMR spectra δC 76.90 (CDCl3). Signals in the NMR 1H and 13C spectra 
of ursane series were assigned by correlation with those of ursolic acid 
(Sang et al., 2002) and ursolic acid acetate (Tkachev and Denisov, 
1994). Signals in the NMR 1H and 13C spectra of lupane series were 
assigned by correlation with those of betulin and betulinic acid de
rivatives (Antimonova et al., 2013). J values are given in Hertz. The 
reaction progress was monitored by TLC on Sorbfil UV-254 plates using 
a methyl tert-butyl ether (MTBE)-hexane mixture as eluents, with visu
alization by a FeCl3 solution and under UV light. The reaction products 
were isolated by column chromatography using silica gel from Acros 
(35–70 μm). In the NMR 1H and 13C spectra, the assignments marked 
with the same symbols (§, #) are interchangeable. 

The NO detection kit was purchased from Nanjing Jiancheng 
Bioengineering Institute. DPPH and vitamin C (Vc) were purchased from 
Aladdin Reagent Co., Ltd. (Shanghai, China). Vistusertib (AZD2014) was 
purchased from MedChemExpress Co., Ltd. (New Jersey, USA). Other 
reagents were of analytical pure and purchased from commercial re
agent companies. RAW 264.7 and L929 cells were obtained from the 
China Center for Type Culture Collection (Wuhan, Hubei, China). Fetal 
bovine serum, DMEM high glucose medium, trypsin, and 100 ×
concentrated penicillin–streptomycin stock mixture was purchased from 
Gibco (Carlsbad, CA, USA). The primary antibodies of phospho-PI3 Ki
nase (#17366), PI3 Kinase p110 δ (#34050), Akt (#4691), phospho-Akt 
(#4060), COX-2 (#12282), iNOS (#13120), and β-Actin (#4970) were 
purchased from Cell Signaling Technology (Danvers, MA, USA). RIPA 
lysis (#sc-24948A) was purchased from Santa Cruz (Wuhan, Hubei, 
China). DNase I (#2270A), Advantage RT-for-PCR kit (#639505), and 
PrimeScript™ RT Master Mix kit (#RR036Q) were purchased from 
Takara (Dalian, Liaoning, China). Rosmanol (#HY-N5015) was pur
chased from MCE (Monmouth Junction, NJ, USA). Recombinant Human 
MIF Protein (hMIF, Shanghai Offshore Protein Technology Co., Ltd.). 

2.2. Synthesis 

Reaction of triterpenoid propargyl derivative with azides. 
To a suspension of triterpenoid propargyl derivative 13 or 16 (0.5 

mmol), in a mixture of t-BuOH (3 mL) and H2O (1 mL) a solution of 
CuSO4⋅5H2O (0,05 mmol) and sodium ascorbate (0,05 mmol) in H2O 
(0.3 mL) was added and stirred for 0.5 h at ambient temperature fol
lowed by addition of azide 7a or 7b or 2-hydroxyethyl azide (0.5 mmol). 
The reaction mixture was stirred at ambient temperature for 10–24 h 

Fig. 1. The structures of ursolic acid and gallic acid.  
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(TLC control). The reaction mixture was poured into ice water, extracted 
with MTBE (3 × 30 mL). The organic phase was dried by anhydrous 
Na2SO4 and concentrated in vacuum. The concentrate was chromato
graphed over silica gel column (SiO2, CH2Cl2-MTBE) to afford 
triterpenoid-gallic acid hybrids with triazole linkers. 

Methyl 3-(2-(4-((3β-hydroxyurs-12-en)-28-oyloxymethyl)-1H- 
1,2,3-triazol-1-yl)ethoxy)-4,5-((R,S)-methoxymethylenedioxy)-ben
zoate 19. 

Yield 69 % as off-white powder. IR (KBr) ν max (cm− 1): 661, 681, 
731, 766, 785, 825, 868, 883, 914, 951, 995, 1032, 1107, 1142, 1182, 
1194, 1228, 1246, 1302, 1319, 1344, 1365, 1383, 1439, 1510, 1608, 
1635, 1674, 1720, 2872, 2928, 2949, 3151, 3433. NMR 1H (400.13 
MHz, CDCl3, δ, ppm, J/Hz): 0.46–0.49 (3H, m, H-26§), 0.69 (3H, s, H- 
25§), 0.75 (3H, d, J = 6.5, H-30#), 0.79 (3H, s, H-24§), 0.85 (3H, m, H- 
29#), 0.90 (3H, s, H-23§), 0.97 (3H, s, H-27), 2.13 (1H, d, J18,19 = 11.3, 
H-18), 3.12 (1H, t, J = 4.9, H-3), 3.37 (3H, m, CHOCH3), 3.80 (3H, m, 
COOCH3), 4.46 (2H, m, CH2CH2N), 4.70 (2H, m, CH2CH2N), 5.03–5.13 
(2H, m, COOCH2), 5.13 (1H, m, H-12), 6.88 (1H, br.s, CH-OMe), 7.22 
(2H, m, Ar-H), 7.76 (1H, d, J = 3.3, OCH2C = CH). NMR 13C (125.76 
MHz. CDCl3, δ, ppm): 15.3 (C-25), 15.5 (C-24), 16.5 (C-26), 16.6 (C-26′), 
16.8 (C-29), 18.1 (C-6), 21.0 (C-30), 23.0 (C-11), 23.3 (C-27), 24.0 (C- 
16), 27.0 (C-2), 27.7 (C-15), 28.0 (C-23), 30.4 (C-21), 32.8 (C-7), 36.4 
(C-22), 36.7 (C-10), 38.4 (C-1), 38.6 (C-4), 38.6 (C-19), 38.9 (C-20), 
39.3 (C-8), 39.3 (C-8′), 41.8 (C-14), 41.8 (C-14′), 47.3 (C-9), 47.9 (C-17), 
49.5 (CH2CH2N), 50.3 (CHOCH3), 50.3 (CHOC’H3), 52.1 (COOCH3′), 
52.6 (C-18), 52.6 (C-18′), 55.0 (C-5), 57.1 (OCH2CH2), 68.0 (CH2OAr), 
78.7 (C-3), 104.2 (Ar-6), 111.6 (Ar-2), 111.8 (Ar-2′), 120.3 (OCHO), 
124.4 (Ar-1), 125 (N-CH), 125.1 (N-CH’), 125.5 (C-12), 137.7 (C-13), 
137.8 (C-13′), 138.1 (Ar-4), 140.4 (CH2CN), 140.4 (CH2C’N), 143.2 (Ar- 
3), 147.3 (Ar-5), 147.3 (Ar-5′), 165.8 (ArCOOMe), 177.2 (C-28). Found, 
m/z: 789.4552 [M]+. C45H63O9N3 Calculated, m/z: 789.4559. 

Methyl 3-(2-(4-((3β-acetoxyurs-12-en)-28-oylaminomethyl)-1H- 
1,2,3-triazol-1-yl)ethoxy)-4,5-((R,S)-methoxymethylenedioxy)-ben
zoate 20. 

Yield 74 % as white powder. IR (KBr) ν max (cm− 1): 559, 609, 665, 
733, 768, 808, 820, 868, 885, 916, 951, 972, 1005, 1036, 1107, 1146, 
1192, 1248, 1300, 1319, 1342, 1369, 1439, 1510, 1610, 1637, 1722, 
2874, 2949, 3149, 3417. NMR 1H (400. MHz, CDCl3, δ, ppm, J/Hz): 
0.37–0.47 (3H, m, H-26§), 0.73–0.79 (9H, m, H-25§, H-30#, H-24§), 
0.85–0.90 (6H, m, H-29#, H-23§), 0.95–1.05 (3H, m, H-27), 1.98 (3H, s, 
CH3CO), 3.39 (3H, m, CHOCH3), 3.82 (3H, m, COOCH3), 4.30–3.53 (5H, 
m, CONH-CH2, CH2CH2N, H-3), 4.68 (2H, m, OCH2CH2N), 5.22 (1H, m, 
H-12), 6.0 (1H, br.s. CON-H), 6.87 (1H, m, CH-OMe), 7.24 (1H, m, Ar- 
H), 7.42 (1H, m, Ar-H), 7.71 (1H, m, NHCH2C = CH). NMR 1H 
(400.13 MHz, CDCl3, δ, ppm, J/Hz): 15.3 (C-25), 16.1(C-24), 16.2(C- 
24′), 16.4 (C-26), 17.0 (C-29), 17.8 (C-6), 21.0 (C-30), 21.1 (C-CH3CO), 
23.0 (C-27), 23 (C-27′), 23.0 (C-11), 23.3 (C-2), 24.7 (C-16), 27.5 (C-15), 
27.5 (C-15′), 27.8 (C-23), 30.6 (C-21), 32.3 (C-7), 32.4 (C-7′), 34.6 
(CONHCH2), 36.5 (C-10), 36.5 (C-10′), 36.8 (C-22), 36.8 (C-22′), 37.4 
(C-4), 38 (C-1), 38.8 (C-19), 39.2 (C-8), 39.2 (C-8′), 39.5 (C-20), 42.1 (C- 
14), 47.2 (C-9), 47.2 (C-9′), 47.4 (C-17), 47.5 (C-17′), 49.4 (NCH2CH2O), 
50.3 (CHOCH3), 50.4 (CHOCH3′), 52.1 (COOCH3), 53.4 (C-18), 54.9 (C- 
5), 67.9 (CH2OAr), 80.6 (C-3), 104.1 (Ar-6), 111.4 (Ar-2), 111.5 (Ar-2′), 
120.3 (OCHO), 123.3 (NNCH), 123.4 (NNCH’), 124.4 (Ar-1), 125.9 (C- 
12), 138 (Ar-4), 138 (Ar-4′), 138.9 (C-13), 138.9 (C-13′), 140.4 (CH2-C 
= CH), 140.5 (CH2-C = CH’), 144.6 (Ar-3), 147.2 (Ar-5), 147.2 (Ar-5′), 
165.7 (Ar-COOMe), 170.8 (CH3CO), 178 (C-28). Found, m/z: 830.4818 
[M]+. C47 H66 O9N4.Calculated, m/z: 830.4824. 

Methyl 3-(3-(4-((3β-hydroxyurs-12-en)-28-oyloxymethyl)-1H- 
1,2,3-triazol-1-yl)propoxy)-4,5-((R,S)-methoxymethylenedioxy)- 
benzoate 21. 

Yield 70 % as white powder. IR (KBr) ν max (cm− 1): 663, 679, 766, 
822, 870, 883, 912, 951, 976, 997, 1034, 1105, 1142, 1182, 1194, 1227, 
1246, 1302, 1319, 1344, 1365, 1439, 1510, 1608, 1635, 1720, 2098, 
2872, 2928, 2947, 3145, 3431. NMR 1H (400.13 MHz, CDCl3, δ, ppm, J/ 
Hz): 0.53 (3H, s, H-26§), 0.69 (3H, s, H-25§), 0.76 (3H, d, J = 6.5, H- 

30#), 0.82 (3H, s, H-24§), 0.85 (3H, m, H-29#), 0.90 (3H, s, H-23§), 0.99 
(3H, s, H-27), 2.12 (1H, d, J18,19 = 10.7, H-18), 2.37 (2H, t, J = 5.4, 
NCH2CH2), 2.67 (1H, br.s., OH), 3.13 (1H, t, J = 5.3, H-3), 3.37 (3H, m, 
CHOCH3), 3.79 (3H, m, COOCH3), 4.05 (2H, m, NCH2CH2), 4.55 (2H, t, 
J = 5.4, CH2CH2CH2O), 5.05 (2H, m, ArOCH2), 5.13 (1H, m, H-12), 6.90 
(1H, br.s, CH-OMe), 7.16 (1H, m, Ar-H), 7.23 (1H, m, Ar-H), 7.67 (1H, s, 
OCH2C = CH). NMR 13C (100.62 MHz, CDCl3, δ, ppm): 15.3 (C-25), 15.6 
(C-24), 16.7 (C-26), 16.8 (C-29), 18.2 (C-6), 20.9 (C-30), 23.1 (C-11), 
23.3 (C-27), 24 (C-6), 27.1 (C-2), 27.8 (C-15), 28 (C-23), 29.2 
(NCH2CH2CH2), 30.4 (C-21), 32.9 (C-7), 36.4 (C-22), 36.8 (C-10), 38.6 
(C-1), 38.6 (C-4), 38.7 (C-19), 38.9 (C-20), 39.4 (C-8), 41.9 (C-14), 46.7 
(NCH2), 47.4 (C-9), 47.9 (C-17), 50.1 (CHOCH3), 51.9 (COOCH3), 52.7 
(C-18), 55.1 (C-5), 57.2 (COOCH2–), 66.0 (ArOCH2), 78.3 (C-3), 103.5 
(Ar-6), 111.5 (Ar-2), 120.5 (OCHO), 124.4 (Ar-1), 124.4 (N-CH = C), 
125.6 (C-12), 137.9 (C-13), 138.2 (C-Ar-4), 141.3 (N-CH = C), 142.8 (C- 
Ar-3), 147.2 (C-Ar-5), 165.8 (C-Ar-COOMe), 177.0 (C-28). Found, m/z: 
803.4701 [M]+. C46 H65 O9N3 Calculated, m/z: 803.4715. 

Removal of dioxolane protective group at aromatic ring, depro
tection of phenolic OH groups. 

To a stirred solution of 4,5-methoxymethylenedioxy derivative 19 or 
21 or 23 (0.3 mmol) in i-PrOH (2.5 mL) concentrated AcOH. (214 mg, 
3.5 mmol) and water (0.2 mL) was added. The mixture was stirred under 
reflux for 1 h (TLC control). To the cooled mixture water (50 mL) and 
NaHCO3 (0.29 g, 3.5 mmol) was added. The mixture was extracted with 
CHCl3 (3 × 20 mL). The organic phase was dried (Na2SO4) and 
concentrated in vacuum. The concentrate was chromatographed over 
silica gel column (SiO2, CH2Cl2-MTBE) to afford corresponding 4,5-dihy
droxy- derivatives. 

Methyl 3-(2-(4-((3-hydroxyurs-12-en)-28-oyloxymethyl)-1H- 
1,2,3-triazol-1-yl)ethoxy)-4,5-dihydroxybenzoate 19a. 

IR (KBr) ν max (cm− 1): 606, 623, 663, 756, 806, 829, 852, 916, 951, 
997, 1011, 1030, 1043, 1076, 1107, 1142, 1227, 1269, 1342, 1439, 
1516, 1606, 1718, 2872, 2928, 2949, 3149, 3398. NMR 1H (300.13 
MHz, CDCl3, δ, ppm, J/Hz): 0.47 (3H, m, H-26§), 0.71 (3H, s, H-25§), 
0.78–0.83 (6H, H-30#, H-24§), 0.90 (3H, m, H-29#), 0.94 (3H, s, H-23§), 
1.01 (3H, s, H-27), 2.16 (1H, d, J18,19 = 12.1, H-18), 3.16 (1H, t, J = 4.8, 
H-3), 3.85 (3H, s, COOCH3), 4.39 (2H, t, J = 4.3, CH2CH2N), 4.70 (2H, t, 
J = 4.3, CH2CH2N), 5.14 (2H, m, ArOCH2), 5.17 (1H, t, J = 4.3, H-12), 
5.74 (2H, br.s, OH), 7.36 (1H, d, J = 1.8, Ar-H), 7.71 (1H, s, Ar-H),7.77 
(1H, m, NC = CH). NMR 13C (75.48 MHz. CDCl3, δ, ppm): 15.2 (C-25), 
15.5 (C-24), 16.5 (C-26), 16.8 (C-29), 18.0 (C-6), 20.9 (C-30), 23.0 (C- 
11), 23.2 (C-27), 23.9 (C-16), 26.8 (C-2), 27.7 (C-15), 27.9 (C-23), 30.4 
(C-21), 32.7 (C-7), 36.4 (C-22), 36.6 (C-10), 38.4 (C-1), 38.5 (C-4), 38.6 
(C-19), 38.8 (C-20), 39.2 (C-8), 41.8 (C-14), 47.2 (C-9), 48.0 (C-17), 
49.5 (OCH2CH2N), 51.9 (COOCH3), 52.6 (C-18), 54.9 (C-5), 57.0 
(OCH2CH2N), 68 (CH2OAr), 78.9 (C-3), 107.8 (Ar-6), 111.7 (Ar-2), 
121.1 (Ar-1), 125.2 (N-C = H), 125.5 (C-12), 137.6 (C-13), 138.8 (C-Ar- 
4), 143.1 (CH2CN = ), 144.8 (Ar-3), 145.1 (Ar-5), 166.6 (ArCOOMe), 
177.6 (C-28). Found, m/z: 747.4450 [M]+. C43H61O8N3 Calculated, m/z: 
747.4453. 

Methyl 3-(3-(4-((3β-hydroxyurs-12-en)-28-oyloxymethyl)-1H- 
1,2,3-triazol-1-yl)propoxy)-4,5-dihydroxybenzoate 21a. 

Yield 92 % as off-white powder. IR (KBr) ν max (cm− 1): 661, 764, 
787, 827, 874, 912, 951, 974, 997, 1009, 1030, 1090, 1101, 1140, 1200, 
1225, 1267, 1340, 1439, 1516, 1606, 1716, 2098, 2874, 2929, 2949, 
3147, 3398. NMR 1H (300.13 MHz, CDCl3, δ, ppm, J/Hz): 0.51 (3H, s, H- 
26§), 0.71 (3H, s, H-25§), 0.78 (3H, d, J = 6.3, H-30#), 0.81 (3H, s, H- 
24§), 0.88 (3H, m, H-29#), 0.93 (3H, s, H-23§), 1.00 (3H, s, H-27), 2.14 
(1H, d, J18,19 = 11.2, H-18), 2.33 (2H, m, J = 5.4, NCH2CH2), 2.67 (1H, 
br.s., OH), 3.18 (1H, m, H-3), 3.81 (3H, m, COOCH3), 4.05 (2H, m, 
NCH2CH2), 4.59 (2H, t, J = 5.4, CH2CH2CH2O), 5.11 (2H, m, ArOCH2), 
5.16 (1H, m, H-12), 6.51 (1H, br.s, OH), 7.15 (1H, s, Ar-H), 7.31 (1H, m, 
Ar-H), 7.63 (1H, s, OCH2C = CH), 7.31 (1H, m, Ar-H), 7.97 (1H, br.s, 
OH). 15.3 (C-25), 15.5 (C-24), 16.7 (C-26), 16.8 (C-29), 18.1 (C-6), 21 
(C-30), 23.1 (C-11), 23.3 (C-27), 24 (C-16), 26.9 (C-2), 27.8 (C-15), 27.9 
(C-23), 29.6 (C-NCH2CH2–), 30.4 (C-21), 32.8 (C-7), 36.4 (C-22), 36.7 
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(C-10), 38.4 (C-1), 38.5 (C-4), 38.6 (C-19), 38.8 (C-20), 39.3 (C-8), 41.8 
(C-14), 47.0 (NCH2CH2–), 47.3 (C-9), 48 (C-17), 51.9 (COOCH3), 52.6 
(C-18), 55 (C-5), 57 (COOCH2–), 66.2 (CH2OAr), 78.9 (C-3), 107.8 (Ar- 
6), 111.3 (Ar-2), 121.1 (Ar-1), 124.6 (N-HC = C), 125.5 (C-12), 137.8 
(C-13), 138.6 (Ar-4), 143.3 (N-HC = C), 144.6 (Ar-3), 145.4 (Ar-5), 
166.7 (ArCOOMe), 177.5 (C-28). Found, m/z: 761.4608 [M]+. 
C44H63O8N3 Calculated, m/z: 761.4610. 

2.3. Biological activities assay 

2.3.1. Cell culture 
Mouse RAW264.7 cells were cultured in Dulbecco’s Modified Eagle 

Medium (Hyclone, USA) with 10 % fetal bovine serum, 100 U/mL 
penicillin and 100 μg/mL streptomycin (Beyotime, China) at 37℃ in a 
humid environment containing 5 % CO2. All the cells used in the 
experiment are in the logarithmic growth stage with a 70–80 % 
confluency. 

2.3.2. In vitro DPPH free radical scavenging experiment 
A certain concentration of hybrids was added to the mixture: 0.4 

mmol/L DPPH in ethanol solution-20 mM Tris-HCl buffer (pH 7.4) 
(volume ratio 2:1). The free DPPH radical changes were determined by 
spectrophotometry after the dark reaction at room temperature of hy
brids (5–50 μM) for 30 min. The final concentration of hybrids and the 
positive control Vc were 5, 10, 30, 50 μM respectively. The absorbance 
value was detected at 517 nm, including blank control Ab and samples 
As. The DPPH free radical scavenging rate was calculated according to 
the following formula. DPPH Free radical scavenging rate (%) =(Ab-As)/ 
Ab × 100 %. 

2.3.3. Inhibition of NO production 
RAW264.7 cells were seeded in 96-well plates, and treated following 

grouped after reaching about 80 % confluence. The cells in the blank 
group were cultured in the medium containing 0.1 % DMSO, and the LPS 
stimulation group was added more LPS 500 ng/mL than the blank group. 
The concentration of the drug group was adjusted according to the re
sults of the MTT experiment. After 24 h of intervention, 70 μL culture 
medium supernatant was extracted, and the NO scavenging efficiency of 
each treatment was carried out in strict accordance with the instructions 
of the NO assay kit (Cat#: A013-2–1, Nanjing Jiancheng Bioengineering 
Institute, Nanjing, Jiangsu, China). The absorbance value was measured 
by an MK3-Microplate Reader (LabSystems, Helsinki, Finland). The in
hibition rates of NO production by different concentrations of each 
compound were calculated. NO production inhibition rate (%) = (LPS 
stimulation group-compound intervention group)/(LPS stimulation 
group- blank group) × 100 %. 

2.3.4. Cytotoxicity 
Cell viability studies induced by compounds were evaluated by MTT 

assay. 100 µL/well RAW264.7 were seeded in 96-well plates at a density 
of 1 × 104 cells/mL in complete medium and incubated for 24 h. Then 
the cells were treated with compounds (25 μM) for 24 h. MTT (5 mg/mL 
in PBS, 10 % total volume) was added to each well and the cells were 
further incubated for 4 h. The supernatant was removed and 150 μL/ 
well DMSO was added. The optical density was measured at 570 
(Measurement wavelength) and 630 (reference wavelength) nm on a 
microplate reader (Thermo Scientific, Waltham, MA, USA). 

2.3.5. In vitro experimental grouping 
When RAW264.7 cells grew to about 80 % confluence, five cell 

treatment groups were set up as follows: control group (CON), LPS + UA 
group (LPS + UA, 500 ng/mL LPS + 12 µg/mL UA), LPS group (LPS, 500 
ng/mL LPS), LPS + Cpd 20 group (LPS + Cpd 20, 500 ng/mL LPS +
13.57 µg/mL Cpd 20), and LPS + rosmanol group (LPS + Rosm, 500 ng/ 
mL LPS + 14.5 µg/mL rosmanol). 

2.3.6. Reverse transcription-polymerase chain reaction 
After being treated with the corresponding compounds according to 

the experimental design for 24 h, the cells were collected and the total 
RNA was extracted. DNase I without RNase was used to eliminate the 
remaining genomic DNA, and then mRNA was reversely transcribed into 
cDNA. The transcription levels of TNF-α, IL-6 and iNOS were detected 
with a real-time PCR detection reagent. The relative expression levels 
were calculated via the 2-ΔΔCt method. The primer sequence was shown 
in Table 1. 

2.3.7. Protein collection and Western blotting assay 
After being cultured respectively for 24 h, the total proteins of each 

group were extracted by RIPA lysis, and then denatured after quanti
tative analysis. After separation with sodium dodecyl sulfa
te–polyacrylamide gel electrophoresis (SDS-PAGE), the target bands 
were transferred onto polyvinylidene difluoride membranes. The com
bination of the associated primary and secondary antibodies was per
formed using conventional methods. The luminous reaction was 
performed with the enhanced chemiluminescence Western blotting 
substrate. Both image collection and quantitative gray value of target 
bands were carried out by the BIO-RAD ChemiDoc XRS imaging system 
(Hercules, CA, USA). 

2.3.8. Detection of reactive oxygen species levels 
After being cultured for 24 h, the cell culture medium was replaced 

by serum-free culture medium supplemented with a ratio of 1/1000 
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFHDA), and then 
incubated continuously at 37 ◦C for another 20 min. In the meantime, 
ROS levels were also detected by a flow cytometry (Beckman Coulter 
CytoFLEX, Brea, CA, USA). 

2.3.9. Detection of hydroxyl radical in LPS-stimulated zebrafish 
Zebrafish fertilized eggs were first incubated in embryonic medium 

(13.7 mM NaCl, 540 μM KCl, 25 μM Na2HPO4, 44 μM KH2PO4, 300 μM 
CaCl2, 100 μM MgSO4, 420 μM NaHCO3, pH 7.4) at 28.0℃. Six-day old 
zebrafish were used for inflammation induction experiments. 10 μg/mL 
LPS was added to the culture medium to induce gastrointestinal 
inflammation in zebrafish for 24 h. Then, in the screening of anti- 
inflammatory effects of drugs, the tested drug was co-cultured with 
zebrafish induced by inflammation for 24 h, and then DCFH (10 μM) was 
added for incubation for 4 h for imaging. The control group did not need 
drug pre-treatment. The co-culture method and probe processing time 
will be adjusted according to the experimental results, and then fluo
rescence imaging of zebrafish in vivo. Before zebrafish imaging, 10 % 
glycerol aqueous solution containing ethyl m-aminobenzoate (Tricaine, 
150 μg/mL) was used for progressive anaesthesia and fixation. Fluo
rescence photos were quantitatively analysed by Image J software. 

2.4. Statistical analysis 

The octanol–water partition coefficient (AlogP) was calculated by 
Gaussian16 & Gaussian View6 (Gaussian, Inc., USA). The data are the 
mean ± SEM of 3 independent experiments. Data were analyzed using 
one-way ANOVA and Dunnett’s test. SPSS Statistics 17.0 (SPSS Inc., 
Chicago, IL, USA) was used. All results were presented as mean ± SEM 
(n = 3). *p < 0.05, ***p < 0.001, and ****p < 0.0001 respectively 
indicate significant difference and statistically significant difference. 

Table 1 
Primers used in this study.   

Forward (5′- 3′) Reverse (5′- 3′) 

TNF-α GGTGCCTATGTCTCAGCCTC GCCATAGAACTGATGAGAGG 
IL-6 TACCACTTCACAAGTCGGAG TGCCAGTGAGCTTCCCGTTC 
iNOS CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG 
GAPDH ATCACTGCCACCCAGAAGAC TGCCAGTGAGCTTCCCGTTC  
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3. Results and discussion 

3.1. Chemistry 

The synthetic pathways employed for the synthesis of the interme
diate and final compounds are depicted on the Schemes 1-3. Alkylation 
of methyl 3-hydroxy-4,5- ((R,S) -methoxymethylenedioxy) benzoate 4 
and methyl 3,4,5-triacetoxybenzoate 8 with propargyl bromide in DMF 
in the presence of K2CO3 afforded propargyl ethers 5 and 9 (yields 84 % 
and 87 %, respectively) with substituents at various positions of the 
protected gallate moieties (Scheme 1). 

Propargyl ester 12 (91 %) was synthesized by the acylation of 
propargyl alcohol with 3,4,5-triacetoxybenzoyl chloride 11 (Scheme 1). 
In the reactions of bromides 6a, 6b with sodium azide in DMF, azides 7a, 

7b derived from OH-protected derivatives of gallic acid were obtained 
(96 % and 94 %). In a similar manner, 2-azidoethylursolate 15 (90 %) 
was synthesized from 2-bromoethylursolate in the reaction with NaN3 
(Scheme 2). Derivatives of ursane C-28 amides with a propargyl sub
stituent 16 and a 2-azidoethyl substituent 17 were obtained by reacting 
propargylamine and 2-aminoethyl azide with ursoloyl chloride acetate 
2a (87 % and 84 %). 

1,3-cycloaddition reactions of ursane-type derivatives containing 
terminal acetylenic (13, 16) or azide- substituents (15, 17) at C-28 and 
the corresponding azides 7a, 7b or propargyl derivatives of polyphenols 
5, 9, 12 were carried out at ambient temperature in the t-BuOH-H2O 
system in the presence of CuSO4-sodium ascorbate. As a result, hybrids 
19–26 were synthesized (54–74 %), which included an ester or amide 
group at C-28 of the triterpenoid linked through a 1,2,3-triazole- 

Scheme 1. Synthesis of propargyl- and azide- substituted derivatives of gallic acid.  

Scheme 2. Syntesis of propargyl and azide derivatives of ursolic acid.  
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containing linker attached at different positions of the OH-protected 
polyphenol substituent (Scheme 3). The structures of the all com
pounds were confirmed by 1H NMR/13C NMR and HRMS (see supple
mentary information). 

The methoxymethylene protecting group in compounds 19, 21, 23 
was removed by hydrolysis in the AcOH-H2O-i-PrOH system to achieve 
dihydroxy derivatives 19a, 21a, 23a in excellent yields (92–94 %). 
Derivatives with free phenolic hydroxyls 24a, 25a (82 %, 88 %) were 
obtained by selective hydrazinolysis of acetyl groups at polyphenol, 
while the ester groups at triterpenoid remained intact. 

3.2. In vitro DPPH radical and NO scavenging, MIF inhibition activity 

In order to eliminate interference factors, all hybrid solutions were 
first scanned in the full wavelength range (200–800 nm). The maximum 
absorption for all tested compounds was found to range 235 to 245 nm, 
which would not interfere with the determination results. Therefore, it 
was feasible to assess the radicals of DPPH and NO scavenging capacity 
of all hybrids by colorimetry. As shown in Table 2, hybrids demonstrated 
different levels of DPPH and NO scavenging within the tested concen
tration range (p < 0.05). The DPPH radical (half maximal inhibitory 

Scheme 3. Scheme for the synthesis of UA-GA conjugates tethered by 1,2,3-triazole linkers. * Synthetic details are given in supplementary information (S.I).  
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concentration (IC50) clearance rate ranged from 1.61 ± 0.08 to 24.56 ±
0.37 μM, compared to the blank control. The DPPH scavenging ability 
for certain compounds indicated a concentration-dependent manner (p 
< 0.05) especially, and the IC50 of compounds 20 was 1.61 ± 0.08 μM, 
significantly higher than that of positive control antioxidant Vc (21.92 
± 0.34 μM). In vitro, the NO clearance IC50 rate of all the hybrids was 
almost ranged from 16.18 ± 1.13 to 93.71 ± 6.23 μM, implying a 
concentration-dependent manner (p < 0.05). The clearance rates of 
several hybrids reached the level of the positive control perifosine (IC50: 
23.18 ± 2.25 μM). The release of NO in LPS-stimulated RAW264.7 cells 
was significantly inhibited after the intervention of compound 20 (26.10 
± 2.38 μM) for 24 h, which was comparable with the results for 
perifosine. 

In addition, macrophage MIF was assessed. MIF is regarded as an 
attractive anti-inflammatory target involved in the regulation of both 
the innate and the adaptive immune responses (Trivedi-Parmar and 
Jorgensen, 2018). The in vitro enzyme-based assay identified that some 
hybrids exhibited proximal potent inhibitory activity against MIF, 
compared with the positive control ISO-1 (IC50: 16.70 ± 1.35 μM). For 
instance, compound 20 possessed the strongest inhibitory activity, and 
its MIF IC50 value was estimated (21.40 ± 1.49 μM) in a concentration- 

dependent manner (p < 0.05). It should be noted that both UA showed 
extremely poor DPPH inhibition and NO suppression, while GA did not 
suppress NO release. UA may even exhibit NO stimulating effect in 
RAW264.7 cells (Zhang et al., 2017). In vitro cytotoxicity test results for 
these compounds with the RAW264.7 cell line revealed that the semi- 
inhibitory concentrations of all hybrids on cell proliferation were 
significantly superior to those for DPPH inhibition and were close to 
those for NO and MIF inhibition. 

In addition, to ensure bio-safety and avoid false positive results of 
these compounds, the MTT assay was carried out to screen the cyto
toxicity against RAW264.7 cells for 24 h below the concentration of 100 
μM. In accordance with the MTT assay, hybrids were confirmed to have 
more potent inhibitory activity to RAW264.7 cells. As mentioned above, 
anti-inflammatory hybrids, including lead compounds 20, 24a, showed 
a stronger inhibitory effect on RAW264.7, in contrast to the parent 
compound. 

3.3. Structure-Activity relationships (SAR) 

As shown in Scheme 3, among C-28 substituted esters and amides of 
the UA core, hybrids 20 (amide), 21 (ester), and 24a (ester) showed the 
highest inhibition in terms of DPPH, NO and MIF. UA do not contain a 
modified gallic acid moiety and exhibit weak antioxidant activity and 
poorly inhibited NO and MIF. Hybrid UA and GA, connected through an 
ethylene bridge (Popov et al., 2021a; Popov et al., 2021b) but not 
containing triazole, showed high antioxidant and moderate anti- 
inflammatory (NO, MIF) activity. At the same time, the results ob
tained for 18c were significantly inferior to the data for the most active 
triterpenoid and GA hybrids tethered with a triazole linker (compounds 
20, 24). Thus, the presence of both modified polyphenol fragments and 
1,2,3-triazole in a hybrid triterpenoid molecule are important factors for 
antioxidant and anti-inflammatory activity. 

Additionally, when triazole was combined with 3-hydroxy-4,5- ((R, 
S) -methoxymethylenedioxy) benzoate moiety, two or three methylene 
linkages were essential for enhancing activity. When triazole is com
bined with gallic acid, biological activity can be increased by methylene 
connection (Popov et al., 2021a; Popov et al., 2021b, Qi et al., 2021). 
Especially, amide 20 (derived from propargyl amide 16) was signifi
cantly superior to amides 23, 25, 26 (obtained from amide 17 with 
terminal azide) in these activities, and was also significantly better than 
esters 19, 19a and 21a (derived from propargyl ester 13). 

In addition, the elongation of the aliphatic linker between 1,2,3-tri
azole and the aromatic substituent led to an improvement in antioxidant 
and anti-inflammatory activity (compound 21 (n = 3) vs compound 19 
(n = 2)). However, among the studied UA-GA hybrids with a triazole 
linker, ester 22 (obtained from precursor azide 15) and para-attached 3, 
5-diacetate 26 (obtained from precursor azide 17) were the least active. 
Increasing the length of the alkane chain between triazole and gallic acid 
(n = 2, 3) appropriately can maintain the normal conformation of the 
building block molecule and significantly improve biological activity 
(Popov et al., 2021a; Popov et al., 2021b), which is consistent with the 
activity of the UA biotin molecule (Qi et al., 2021). 

Factors contributing to high anti-inflammatory activity of novel 
compounds may include the following: 1. A combination of triazole and 
gallate moieties as polar groups and a nonpolar triterpene backbone can 
lead to conjugates with amphiphilic properties. This can improve the 
solubility and bioavailability of hybrid derivatives. 2. The presence of 
two adjacent polar substituents in the aromatic fragment (compounds 
20, 24a) is a factor accompanying the high anti-inflammatory action of 
hybrid triterpene derivatives with a triazole linker, which is consistent 
with literature data (Zhang et al., 2021). 3. The introduction of gallate 
moiety into the hybrid molecule provided excellent antioxidant prop
erties, which may be responsible for the suppression of ROS. 4. The 
introduction of protected gallates with methoxymethylenedioxy moiety 
contributed to an increase in both anti-oxidant and anti-inflammatory 
activity. Compound containing the methoxymethylenedioxy moiety 

Table 2 
Ex vivo DPPH scavenging, in vitro IC50, NO removal and MIF suppression values 
of triterpenoid-gallic hybrids (unit: μM, Mean ± SD, n = 3).  

Entry AlogP DPPH NO MIF IC50 

17 – 24.56 ±
0.37 

NA100 NA100 NA100 

18a – 18.72 ±
1.09 

NA100 76.90 ±
4.68 

NA100 

18b – 24.16 ±
0.26 

NA100 NA100 NA100 

18c – 3.57 ±
0.52 

45.09 ±
3.96 

35.61 ±
2.69 

30.99 ±
3.65 

19 – 15.54 ±
0.22 

NA100 84.30 ±
4.73 

NA100 

19a – 3.45 ±
0.16 

41.75 ±
1.76 

53.62 ±
4.26 

34.88 ±
2.98 

20 8.348 1.61 ±
0.08 

26.10 ±
2.38 

21.40 ±
1.49 

22.62 ±
3.65 

21 8.678 2.19 ±
0.11 

16.18 ±
1.13 

35.26 ±
3.78 

20.06 ±
1.74 

21a – 3.86 ±
0.10 

44.48 ±
3.91 

42.10 ±
3.38 

34.54 ±
3.84 

22 – 5.04 ±
0.44 

50.35 ±
2.40 

68.98 ±
5.98 

49.82 ±
3.54 

23a – 2.31 ±
0.27 

31.84 ±
1.72 

46.32 ±
3.74 

25.51 ±
1.23 

24 – 6.96 ±
0.23 

92.33 ±
4.72 

NA100 92.68 ±
4.32 

24a 7.477 2.07 ±
0.14 

26.64 ±
1.70 

29.26 ±
1.97 

21.64 ±
2.01 

25 – 7.37 ±
0.27 

93.71 ±
6.23 

98.60 ±
5.56 

94.94 ±
5.28 

25a – 3.05 ±
0.18 

35.28 ±
2.59 

36.10 ±
2.84 

30.14 ±
2.31 

26 – 17.02 ±
0.15 

NA100 NA100 NA100 

UA – NA100 NA100 NT 29.95 ±
3.04 

GA – 9.30 ±
0.82 

NA100 NT NT 

Vc – 21.92 ±
0.34 

NA100 NT NT 

Perifosine[b] – NT 23.18 ±
2.25 

NT NT 

ISO-1[c] – NT NT 16.70 ±
1.35 

NT 

*a. “NT”: non tested. “NA100”: the bio-viability was more than 70 % up to the 
highest tested concentration of 100 μg/mL or μM (in superscript). b. Perifosine is 
a novel Akt inhibitor with an IC50 of 4.7 μM in MM.1S cells (Liu et al., 2021). c. 
ISO-1 is MIF antagonist as positive control. 
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may be regarded as a latent form of both a polyphenol and an aldehyde. 
According to literature data, introduction of 1,3-benzodioxole moieties 
can provide compounds with enhanced anti-oxidant, anti-inflammatory 
(COX-2 inhibitors) and hypolipidemic effects (Hawash et al., 2020, Xie 
et al., 2021). Thus, the antioxidant activity of hybrids with 1,3-dioxo
lane protection, may exceed the corresponding results for derivatives 
with free phenolic OH groups. 5. The ester or amide bond between the C- 
28 of the UA and the linker, as well as the ether bond between the linker 
and the gallate moiety, are resistant to hydrolysis, which ensures the 
stability of hybrid derivatives. 

3.4. Downregulation of RAW264.7 cell oxidation level through the PI3K/ 
AKT pathway 

Compound-leader 20, which exhibited the most potent MIF 

inhibition was selected to further investigate the mechanism of anti- 
inflammatory action. After treatment of RAW246.7 cells with 0–50 μM 
compound 20 for 24 h (MTT test), the IC50 value was 22.62 μM, which 
demonstrated that compound 20 showed strong inhibitory activity 
against cell proliferation of RAW264.7 cells. In order to further study the 
anti-inflammatory effect of compound 20, the mRNA level (Fig. 2A) of 
iNOS, TNF-α and IL-6 in the LPS-stimulated RAW264.7 macrophages 
were detected with the addition of 0–40 μM compound 20. The real-time 
PCR results showed that, after LPS treatment, the transcription level of 
iNOS (Fig. 2B), TNF-α (Fig. 2C) and IL-6 (Fig. 2D) in RAW264.7 cells 
increased significantly (p < 0.01). Excitingly, compound 20 significantly 
downregulated the LPS-stimulated transcription of iNOS, TNF-α and IL- 
6. 

Next, we detected the effects of compound 20 on the expression of 
various inflammatory factors. LPS could stimulate RAW264.7 cells to 

Fig. 2. Cpd20 downregulated the LPS-induced nitric oxide level and inflammatory factors level in vitro. (A) Transcriptional levels of TNF-α, IL-6 and iNOS; (B) 
Production of nitric oxide (NO); Levels of TNF-α (C) and IL-6 (D). Values are expressed as mean ± SEM, n ≥ 3. ns represents non-significant difference. * Represents 
significant differences, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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produce large amounts of endogenous ROS, which mediated macro
phage phagocytic functions and the transmission of inflammatory sig
nals (Feng et al., 2018). Western blot detection results (Fig. 3A, B) 
showed that intracellular oxidation levels of iNOS and COX-2 were more 
significantly inhibited with compound 20 compared to UA treatment (p 
< 0.01). Flow cytometry results revealed that compound 20 effectively 
down-regulated LPS-stimulated endogenous ROS accumulation in 
RAW264.7 cells (Fig. 3C) (LPS + Cpd 20 group vs LPS group, p < 0.01). 
Previous studies have shown that activation of the PI3K/Akt/mTOR 
pathway is driven by ROS (Le Belle et al., 2011). Under the influence of 
LPS, phosphorylation level of PI3K and Akt were significantly increased 
(Fig. 3D, E). When RAW264.7 cells were co-treated with UA or com
pound 20, both PI3K and Akt phosphorylation levels were significantly 
inhibited. Compared to the LPS treatment, the p-PI3K/PI3K value 

decreased by 40.3 % and 77.8 % with UA or compound 20, respectively, 
and the p-Akt/Akt value also decreased 36.5 % and 73 %, respectively 
(Fig. 3E). These results showed that compound 20 more effectively 
downregulated LPS-stimulated PI3K-Akt pathway activation. PI3K/AKT 
signalling pathway is important in cell proliferation, inflammatory 
response, and apoptosis (Owonikoko and Khuri, 2013, Mabuchi et al., 
2015, Li et al., 2018). Akt is the downstream gene of PI3K, which can be 
activated by p-PI3K-induced phosphorylation (p-Akt). p-Akt can induce 
caspase-9 phosphorylation, blocking caspase-3 activation by caspase-9, 
and p-Akt can induce Bax expression, inhibit CHOP and JNK expression 
and activation, and inhibit endoplasmic reticulum stress pathway (Wu 
et al., 2018, Li et al., 2019). A large amount of endogenous ROS formed 
in RAW264.7 cells with the stimulation of LPS, mediated the phagocytic 
function of macrophages and the transmission of inflammatory signals 

Fig. 3. Cpd20 reduces the LPS-induced ROS level through the PI3K/AKT signaling pathway. The relative expression level of COX-2, iNOS were detected by Western 
blot (A) and quantified (B); Intracellular ROS levels were measured by flow cytometry (C); and the relative expression level of PI3K/AKT signal pathway were 
detected by Western blot (D) and quantified (E). Values are expressed as mean ± SEM, n ≥ 3. * Represents significant differences, ***p < 0.001, ****p < 0.0001. 
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(Feng et al., 2018). In this study, the Western blot results of iNOS and 
COX-2 revealed that the ROS level was significantly inhibited after the 
addition of UA or compound 20. Furthermore, flow cytometry results 
revealed that the ROS level was significantly down-regulated after 
treatment with compound 20, which indicated that compound 20 
principally presented a high anti-inflammation under the function of 
LPS-stimulated oxidative stress. Furthermore, Western blot-based assays 
revealed that leader compound 20 effectively inhibited the expression of 
inflammatory factors iNOS (p < 0.05) and COX-2 (p < 0.01), and 
blocked the LPS-activated PI3K/Akt signalling pathway in vitro, sug
gesting that triterpenoid-gallic hybrids may be potential contributions 
for PI3K/Akt signalling pathway in chronic inflammation. Accordingly, 
compound 20 possessed the biological activity of inhibiting LPS- 
stimulated oxidation and remarkably inhibited iNOS and COX-2 
expression, and further inhibited PI3K-Akt signal pathway activation 
by down-regulating ROS levels. 

3.5. Reduction of gastrointestinal tract hydroxyl radicals in LPS- 
stimulated zebrafish 

To further testify the effectiveness of compound 20 anti- 
inflammation in vivo, an inflammation model from the gastrointestinal 
tract of LPS-stimulated zebrafish was implemented. We used the ratio- 
based fluorescent probe DCFH (2′,7′-dichlorodihydrofluorescein diac
etate) for gastrointestinal inflammation (mainly located in the gastro
intestinal tract of zebrafish, and could image the •OH generated by LPS 
stimulation) to perform the fluorescence (FL) imaging pre-experiment of 
zebrafish •OH. Six-days old zebrafish larvae were cultured under the 4 
μg/mL LPS environment for 24 h to induce gastrointestinal inflamma
tion and the production of ROS such as •OH. Then probe (10 μM) was 
added to the culture system for 4 h, and observed under fluorescence 
microscope. As shown in Fig. 4A–B, the fluorescence signal of the probe 
was mainly presented in the gastrointestinal tract of fish. The FL in
tensity of zebrafish imaging was weak (0.97 ± 0.02 %) without LPS 
stimulation, and the background fluorescence may come from the re
action with low concentrations of endogenous free radicals in the 
gastrointestinal tract (Yuan et al., 2019). When LPS was added into the 
culture system, the FL intensity of gastrointestinal tract was significantly 
enhanced to 94.82 ± 7.73 %. With the treatment of LPS plus compound 
20 (5 μM), the fluorescence intensity was decreased to 32.85 ± 5.90 % 
(Aviello and Knaus, 2017). Compared with LPS-treated alone, it was 
significantly decreased (p < 0.01). Compound 20 significantly reduced 
inflammation in the gastrointestinal tract of zebrafish in vivo. It was 
revealed that compound 20 significantly reduced inflammation in the 

gastrointestinal tract of zebrafish and had an excellent antioxidant/anti- 
inflammatory function. Eventually, compound 20 significantly 
decreased inflammation levels in vivo in the gastrointestinal tract of 
zebrafish.Fig. 4 

4. Conclusion 

In sum, 16 novel UA-GA derivatives modified at UA C-28 site were 
designed, and synthesized. The in vitro and in vivo anti-inflammatory 
activity of hybrids, as well as the in vitro cytotoxicity, were evaluated. 
The toxicity of UA can be eliminated by modifying the free carboxyl 
group in hybrids. The stability of new derivatives is ensured with the 
persistence to hydrolysis of the C-28 ester or amide bond between the 
triterpenoid and linker group as well as the ether linkage between the 
1,2,3-triazole and gallate fragment. Moreover, due to the introduction of 
1,2,3-triazole and gallate substituents, amphiphilic hybrids possessed 
excellent oxidation and inflammatory resistance. Leader compound 20 
efficiently inhibited LPS-stimulated oxidation and remarkably decreased 
iNOS and COX-2 expression, and further inhibited PI3K-Akt signal 
pathway activation by down-regulating ROS levels. Therefore, the 
development of UA-GA hybrids may provide a chemical basis and anti- 
inflammatory mechanism for designing and optimizing more effective 
agents. 
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channel. The scale bar represents 500 μm. Values are expressed as mean ± SEM, n ≥ 3. * Represents significant differences, ***p < 0.001, ****p < 0.0001. 
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