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Preface

Bioactive compounds from natural sources are highly valued for their potential health

benefits and therapeutic applications. Derived from plants, animals, and microorganisms, these

compounds exhibit a wide range of biological activities that can be leveraged for drug development,

disease prevention, and health enhancement. Through bioactivity-guided isolation techniques,

metabolomics, and genomics, we can discover and identify the molecular targets and mechanisms

of action of these compounds.

The Special Issue “Bioactive Compounds from Natural Sources: Discovery, Evaluation, and

Applications” is a curated collection of ten scholarly papers exploring the discovery, evaluation,

and innovative application of bioactive compounds from natural sources such as plants, marine

organisms, and microorganisms. Research has identified new benzophenone glycosides and known

compounds in Hypericum seniawinii Maxim., demonstrating neuroprotective and anti-inflammatory

effects. Prodigiosin from Serratia marcescens was found to have antitumor properties against

hepatocellular carcinoma cells. A novel pectic polysaccharide from honey pomelo fruit exhibited

significant immunomodulatory activity. Efficient synthesis of macamides showed their anti-fatigue

potential. Compounds from Camellia ptilosperma leaves demonstrated cytotoxic, photocytotoxic,

and antibacterial activities. An iodine-mediated one-pot synthesis method for heterocycles showed

pharmaceutical potential. Another synthesis protocol for benzofuran and benzo[b]thiophen

derivatives emphasized green chemistry. Virtual screening identified natural compounds as

potential antiviral and anticancer inhibitors. Fraxin was identified as an active compound against

hyperuricemia using bioaffinity ultrafiltration mass spectrometry. Lastly, a polysaccharide from

Taxus media exhibited immunoenhancing properties, suggesting applications in immunotherapy and

functional foods.

Targeted at researchers, academics, students, and professionals in the pharmaceutical and

biotechnology industries, as well as policymakers and healthcare providers, this Special Issue serves

as a valuable resource for those interested in the health benefits of natural products. We hope this

collection will stimulate ongoing and future research, fostering a deeper understanding of nature’s

chemical diversity.

Tao Liu and Xuexiang Chen

Editors
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Article

Benzophenone Rhamnosides and Chromones from Hypericum
seniawinii Maxim.
Jing Xia, Bo Hu, Mengyu Qian, Jiayue Zhang and Lin Wu *

Inflammation and Immune Mediated Diseases Laboratory of Anhui Province, School of Pharmacy,
Anhui Medical University, Hefei 230032, China
* Correspondence: wulin@ahmu.edu.cn; Tel./Fax: +86-0551-65169750

Abstract: Two new benzophenone glycosides, hypersens A and B, along with four known com-
pounds, (S)-(+)-5,7-dihydroxy-2-(1-methylpropyl) chromone (3), 5,7-dihydroxy-2-isopropylchromone
(4), urachromone B (5), and 3-8′ ′ bisapigenin (6), were isolated from Hypericum seniawinii. The struc-
tures of new compounds (1 and 2) were elucidated according to comprehensive spectroscopic data
analyses. The absolute configurations of 1 and 2 were determined by electronic circular dichroism
(ECD) calculations. All isolated compounds were evaluated for their neuroprotective effect using
corticosterone-induced PC12 cell injury. In addition, compounds 1–6 were evaluated for their anti-
inflammatory activity in lipopolysaccharide-induced RAW 264.7 cells. Compound 6 was a biflavonoid
and significantly inhibited the production of nitric oxide with an IC50 value of 11.48 ± 1.23 µM.

Keywords: Hypericum seniawinii; Hypericaceae; benzophenone rhamnosides; anti-inflammatory
activity; neuroprotective activity

1. Introduction

Hypericum seniawinii Maxim. (Hypericaceae) is a perennial herbaceous plant, and
widely distributed in temperate regions [1]. It has been used as a folk medicine for the
treatment of inflammation and infectious diseases in China [2]. Previous studies on the
chemical constituent and bioactivities of this herb are minimal. However, the genus
Hypericum, consisting of about 500 species, is an important resource of medicinal and
cosmetic plants [3]. The genus Hypericum has been reported to contain phloroglucinol
derivatives, flavonoids and xanthonoids [4–7], and other miscellaneous compounds [8]
which exhibit various pharmacological activities, such as antioxidative, antitumor, antiviral,
anti-inflammatory, and antifungal activities [9,10].

As a part of our investigation on bioactive compounds from natural sources [11–13],
phytochemical investigation on this species was conducted. As a result, two new ben-
zophenone glycosides (1 and 2), along with four known compounds (3–6), were isolated
and characterized from H. seniawinii. Benzophenones glycosides isolated from the genus
Hypericum have been reported to show various activities, such as antibacterial and anti-
inflammatory activities [14]. The anti-inflammatory and neuroprotective activities of all
compounds were investigated. Compounds 1–6 exhibited neuroprotective effects against
corticosterone-induced PC12 cell injury. Moreover, all compounds reduced the lipopolysac-
charide (LPS)-induced production of nitric oxide (NO) at the concentration of 10 µM.
Among these, 6 showed a significant inhibitory effect with an IC50 value of 11.48 ± 1.23 µM.

2. Results and Discussion

Hypersen A (1) was obtained as yellow gum. Its molecular formula was established
as C26H30O12 based on its HR-ESI-MS (Figures S1–S3, Supplementary Materials) ion at
535.1776 [M + H]+ (calcd 535.1810), indicating 12 sites of unsaturation. The 1H NMR data
(Table 1) showed a set of 1,3,5-trisubstituted benzene ring signals (δH 6.61 (2H, d, J = 2.3 Hz),
6.38 (1H, t, J = 2.3 Hz)), a 1,2,4,6-tetrasubstitutedbenzene ring (δH 6.23 (1H, brs) and 6.08 (1H,
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d, J = 2.1 Hz)), and characteristic resonances of a rhamnopyranosyl moiety (Figure 1) at δH
5.28 (1H, d, J = 2.0 Hz), and 1.09 (3H, d, J = 6.3 Hz). In addition, the 1H and 13C NMR spectra
(Figures S4 and S5) revealed the presence of an acetyl group (δH 2.01 (3H, s), δC 171.9 and
20.9), and a 2-methylbutyryl group (δH 2.35 (1H, m), 1.46 (1H, m), 1.61 (1H, m), 0.88 (3H, t,
J = 7.5 Hz) and 1.10 (3H, d, J = 6.3 Hz)). The presence of a carbonyl (δC 199.2) and the HMBC
(heteronuclear multiple-bond correlation) correlations (Figure 2) of H-6 to C-7 (δC 199.2),
and H-1′ ′ (δH 5.28 (1H, d, J = 2.0 Hz)) to C-2′ (δC 158.6) suggested that 1 was a benzophenone
glycoside. Comparing the NMR data (Figures S6–S8) of compound 1 with those of the
known analogue petiolin G [15] reveals they have similar structures, except for additional
signals due to a 2-methylbutyryl group in 1. The 2-methylbutyryl group located at C-3′ ′

(δC 72.6) in 1 is based on the HMBC correlation from H-3′ ′ (δH 4.33 (1H, dd, J = 9.9, 3.3 Hz))
to C-1′ ′ ′ (δC 177.0). The HMBC correlation (Figure 2) of H-4′ ′ (δH 5.01 (1H, t, J = 9.9 Hz)) to
acetoxy carbonyl carbon (δC 171.9) indicated that the acetoxy group was attached to C-4′ ′.
The acidic hydrolysis of compound 1 shows that L-rhamnose was the sole sugar moiety. The
β-glycosidic linkage was derived from the ROESY correlations (Figure 2) from H-1′ ′ (δH 5.28
(1H, d, J = 2.0 Hz)) to H-2′’ (δH 3.71 (1H, dd, J = 3.3, 2.0 Hz)), H-3′ ′ (δH 4.33 (1H, dd, J = 9.9,
3.3 Hz)), and H-5′’ (δH 3.58 (1H, m)). The relative configuration of H3-5′ ′ ′ (δH 1.10 (3H, d,
J = 6.3 Hz)) was unable to be determined in this case, due to the flexible side chain. Thus,
the absolute configuration of the sugar moiety of 1 was further confirmed by comparing
its calculated ECD spectrum with that of the experimental ECD spectrum (Figure 3).
Finally, the structure of 1 was established as 2′,3,4′,5,6′-pentahydroxybenzophenone-2′-O-
(4′ ′-acetoxy-3′ ′-methylbutyrate)-β-L-rhamnoside (Figure 1).

Table 1. 1H (500 MHz) and 13C (125 MHz) NMR data for 1 and 2 in methanol-d4.

1 2

No. δH (J in Hz) δC δH (J in Hz) δC

1 143.9 144.7
2,6 6.61 (2H, d, J = 2.3 Hz) 107.9 6.59 (2H, d, J = 2.3 Hz) 108.1
3,5 159.8 159.6
4 6.38 (1H, t, J = 2.3 Hz) 107.7 6.37 (1H, t, J = 2.3 Hz) 107.6
7 199.2 199.5
1′ 109.1 108.0
2′ 158.6 159.7
3′ 6.23 (1H, brs) 94.9 6.32 (1H, brs) 96.1
4′ 164.1 165.3
5′ 6.08 (1H, d, J = 2.1 Hz) 98.0 6.07 (1H, d, J = 2.1 Hz) 98.2
6′ 164.0 164.4
1′ ′ 5.28 (1H, d, J = 2.0 Hz) 99.5 5.16 (1H, d, J = 2.0 Hz) 100.8
2′ ′ 3.71 (1H, dd, J = 3.3, 2.0 Hz) 69.0 3.36 (1H, m) 69.6
3′ ′ 4.33 (1H, dd, J = 9.9, 3.3 Hz) 72.6 4.58 (1H, dd, J = 9.8, 3.3 Hz) 74.2
4′ ′ 5.01 (1H, t, J = 9.9 Hz) 71.8 3.47 (1H, t, J = 9.8 Hz) 71.3
5′ ′ 3.58 (1H, m) 68.8 3.55 (1H, m) 71.2
6′ ′ 1.09 (3H, d, J = 6.3 Hz) 17.8 1.23 (3H, d, J = 6.1 Hz) 18.0
1′ ′ ′ 177.0 177.7
2′ ′ ′ 2.35 (1H, m) 42.1 2.42 (1H, m) 42.3
3′ ′ ′ 1.46 (1H, m) 27.9 1.69 (1H, m) 27.8

1.61 (1H, m) 1.48 (1H, m)
4′ ′ ′ 0.88 (3H, t, J = 7.5 Hz) 11.9 0.93 (3H, t, J = 7.5 Hz) 11.9
5′ ′ ′ 1.10 (3H, d, J = 6.3 Hz) 16.6 1.16 (3H, d, J = 7.0 Hz) 16.9
-Ac 171.9

2.01 (3H, s) 20.9

2
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Hypersen B (2) was isolated as yellow gum. Its molecular formula was established
as C24H28O11 by HR-ESI-MS (Figures S9–S11, Supplementary Materials), with a sodium
adduct molecular ion peak at m/z 515.1533 [M + Na]+ (calcd for [M + Na]+ 515.1524),
which required 11 sites of unsaturation. A comparison of the NMR spectroscopic data
(Figures S12–S17) (Table 1) of 2 with those of 1 indicated that they are closely related in
structure. The difference was the absence of an acetyl group in 2, which was further
confirmed by the molecular formula and the chemical shift of H-4′ ′ (δH 5.01 in 1; δH 3.47
in 2). The L-form of the rhamnose moiety of 2 was assigned by the same procedure as
described for 1. The α-glycosidic linkage was determined by the ROESY cross-peaks
(Figure 2) between H-1′ ′ (δH 5.16 (1H, d, J = 2.0 Hz)) and H-2′ ′ (δH 3.36 (1H, m)). The
absolute configuration of the sugar moiety of 2 was also determined by the calculation of
the ECD spectrum (Figure 3). Accordingly, the structure of 2 was determined as 2′,3,4′,5,6′-
pentahydroxybenzophenone-2′-O-(3′ ′-methylbutyrate)-α-L-rhamnoside.

In addition to the new compounds 1 and 2, four known compounds were also isolated
from this plant. Their structures were identified as (S)-(+)-5,7-dihydroxy-2-(1-methylpropyl)
chromone (3) [16], 5,7-dihydroxy-2-isopropylchromone (4) [16], urachromone B (5) [17],
and 3-8′ ′ bisapigenin (6) [18], respectively, by comparing their NMR and specific rotation
data with those in the literature.

The extracts from the genus Hypericum have previously been used for the treatment of
depression [19]. All isolates were evaluated for their protective effects on corticosterone-
induced PC12 cell injury. As shown in Figure 4, compounds 1–6 (10 µM) exhibited neu-
roprotective activity with cell viabilities of 79.27 ± 1.70%, 78.92 ± 2.09%, 82.02 ± 2.87%,
81.35 ± 2.90%, 83.35± 1.62%, and 70.91± 5.06%, respectively (62.00± 1.92% for the model).

The anti-inflammatory activity of all isolated compounds in LPS-induced RAW
264.7 cells was investigated. The cytotoxicity of compounds 1–6 against RAW 264.7 cells
was evaluated-using the Cell Counting Kit-8 (CCK-8) assay [20]. None of the compounds
were cytotoxic to RAW 264.7 cells at a concentration of 50 µM. As depicted in Table 2, all
compounds (10 µM) exhibited inhibitory effects on NO production in LPS-induced RAW
264.7 cells. Among these, compound 6 exhibited the strongest inhibitory effect with an IC50
value of 11.48 ± 1.23 µM. Therefore, the effect of compound 6 on tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) production in LPS-induced RAW
264.7 cells was detected via enzyme-linked immunosorbent assay (ELISA). Moreover, the
effect of compound 6 on mRNA expression levels of TNF-α, IL-1β, and IL-6 in LPS-induced
RAW 264.7 cells was also measured. As shown in Figure 5, compound 6 inhibited the
production of TNF-α, IL-1β and IL-6 by down-regulating the mRNA expressions of TNF-α,
IL-1β, and IL-6.
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Table 2. Anti-inflammatory activity of compounds 1–6 in LPS-induced RAW 264.7 cells.

Compound Inhibition of NO Production (%) (10 µM) IC50 (µM)

1 19.21 ± 3.15 >20
2 14.55 ± 3.14 >20
3 14.26 ± 1.33 >20
4 7.57 ± 4.03 >20
5 18.92 ± 1.01 >20
6 35.51 ± 6.13 11.48 ± 1.23

Indomethacin 36.68 ± 1.33 15.04 ± 3.31
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3. Experimental
3.1. General Experimental Procedures

UV data were collected using a Shimadzu UV-1600PC spectrophotometer (Shimadzu
Co., Kyoto, Japan). ECD spectra were measured on a Chirascan circular-dichroism spec-
trometer (Applied Photophysics Ltd., Surrey, UK). NMR spectra were recorded on a Bruker
500 spectrometer (Bruker Co., Billerica, MA, USA) with TMS as the internal standard. HRES-
IMS spectra were recorded on an Agilent Technologies 6224 TOF liquid chromatograph
mass spectrometer instrument (Agilent Technologies, Santa Clara, CA, USA). Column
chromatography (CC) was performed on silica gel (Qingdao marine Chemical Co., Ltd.,
Qingdao, China), ODS (40–63 µm, FuJi, Chiryu, Japan), Amberlite XAD7HP (0.56–0.71 mm,
Rohm and Hass Co., Philadelphia, PA, USA), CHEETAH Flashchromatography (Agela
Technologies Co., Ltd., Tianjin, China), and Sephadex LH-20 (Pharmacia, Sweden). Prepar-
ative HPLC separations were performed on a Shimadzu LC-20AR instrument (Shimadzu
Co., Kyoto, Japan) using a shim-pack RP-C18 column (20 × 150 mm). Analytical and
semipreparative HPLC were performed utilizing a Thermo Scientific Ultimate 3000 in-
strument (Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a DAD de-
tector, using a shim-pack VP–ODS column (4.6 × 250 mm) and a SP ODS-A column
(10 × 250 mm), respectively.

3.2. Plant Material

The air-dried aerial parts of Hypericum seniawinii Maxim. (Hypericaceae) were collected
from Yuexi county, Anqing city, Anhui Province, China, in June 2018. A voucher specimen
(No. XJ201806) has been deposited in the School of Pharmacy, Anhui Medical University.

3.3. Extraction and Isolation

The air-dried aerial parts of H. seniawinii (500 g) were powdered and extracted with
CH2Cl2. After removing the solvent, the CH2Cl2 extract (20 g) was eluted by a gradient
of Petroleum ether/EtOAc (12:1 to 1:4) on a silica gel column for a total of six fractions
(Fr. A–F). Fr. D (286 mg) was subjected to a silica gel column and eluted with Petroleum
ether/EtOAc (10:1 to 1:2) to obtain two subfractions (Fr. D.1–2). Fr. D.1 (75.8 mg) was
chromatographed over a Sephadex LH-20 column (i.d. 200 × 1.5 cm), eluting with MeOH
to give four fractions (Fr. D.1.1–4). Fr. D.1.3 (5.2 mg) was further separately subjected
to preparative HPLC using MeOH/H2O (70:30, 10 mL/min) to give compound 3 (5 mg
tR = 10.2 min) and 4 (1.3 mg tR = 7.7 min). Fr. F (9 g) was absorbed on XAD7HP macroporon
resin eluted with MeOH-H2O (10:90 to 90:10) to generate fractions (Fr. F.1–8). Fr. F.5
(735 mg) was then applied onto an ODS column (i.d. 30 × 3 cm) using a step gradient
of MeOH/H2O (30:70 to 100:0) to give ten fractions (Fr. F.5.1–10). Fr. F.5.2 (55 mg) was
submitted to Sephadex LH-20 column (i.d. 100 × 1.5 cm), eluting with CH2Cl2/MeOH (1:1)
to obtain three subfractions (Fr. F.5.2.1–3). Fr. F.5.2.2 (15.6 mg) was purified by preparative
HPLC with MeOH/H2O (40:60, 10 mL/min) to afford compound 2 (1.8 mg tR = 15.3 min).
Fr. F.5.4 (78.7 mg) was subjected to a silica gel column and eluted with CH2Cl2/MeOH
(30:1 to 1:1) to give five subfractions (Fr. F.5.4.1–5). The purification of Fr. F.5.4.3 (25.8 mg)
and Fr. F.5.4.5 (10.7 mg) was then subjected to preparative HPLC with MeOH/H2O (45:55,
10 mL/min) to obtain compounds 1 (9.9 mg tR = 28.5min) and 5 (3.3 mg tR = 21.6 min).
Fr. F.8 (1.0265 g) was fractioned over flash chromatography eluting with MeOH/H2O
(55:45, 10 mL/min), Fr. F.8.8 (52.4 mg) was subjected to a Sephadex LH-20 column (i.d.
100 × 1.5 cm) to yield compound 6 (12.7 mg, tR = 7.6 min).

3.3.1. Hypersen A (1)

Yellow gum; [α]20
D −32 (c 0.15, MeOH); UV (MeOH) λmax (log ε) 218 (3.90), 282 (4.14),

306 (4.19) nm; ECD (MeOH) λmax (mdeg) 209 (−12.54), 279 (+2.43), 329 (−0.97) nm; 1H
NMR and 13C NMR data, Table 1; HR-ESI-MS m/z 535.1776 [M + H]+ (calcd for C26H31O12,
535.1810).
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3.3.2. Hypersen B (2)

Yellow gum; [α]20
D −2 (c 0.10, MeOH); UV (MeOH) λmax (log ε) 206 (4.16), 281 (3.42),

306 (3.46) nm; ECD (MeOH) λmax (mdeg) 210 (−1.71), 273 (−0.59), 308 (+2.158) nm; 1H NMR
and 13C NMR data, Table 1; HR-ESI-MS m/z 515.1533 [M + Na]+ (calcd for C24H28O11Na,
515.1524).

3.4. ECD Calculations

According to the relative configuration of each compound deduced from the coupling
constant and ROESY spectrum, systematic conformational searches were performed with
Confab [21]. The initial conformations were optimized and re-optimized with the Molclus
program (version 1.9.9.5) [22] by invoking the xtb program (version 6.4) [23,24] and ORCA-
5.0 [25,26] at the B97-3c level. The programORCA-5.0 was used to calculate the ECD spectra
at the PBE0/def2-SV(P) level with a CPCM solvent model (methanol).

3.5. Hydrolysis of Compounds 1 and 2

The compound (0.5 mg) was treated with 3 M hydrochloric acid (0.5 mL) at 90 ◦C for
2 h. After neutralization with 3 M ammonium hydroxide, the reactants were dried by evap-
oration of the solvent. L-cysteine methyl ester (0.5 mg) and pyridine (0.2 mL) were added,
and then stirred at 60 ◦C for 1 h. Finally, phenyl isothiocyanate solution (0.5 mL) was added
and stirred at 60 ◦C for 1 h. [27]. The residue of each sample was subjected to analytical
HPLC (with MeCN/H2O (25:75,1.0 mL/min) using a C18 RP column (4.6 mm × 250 mm,
5 µm, Thermo Fisher Scientific Inc., Waltham, MA, USA). The configuration of the sug-
ars was determined by comparing their retention times with that of derived L-rhamnose
(tR = 20.2 min).

3.6. Biological Assay
3.6.1. Cytotoxicity Assay

The cytotoxicity was measured by the Cell Counting Kit-8 assay (CCK-8, Beyotime,
Shanghai, China). RAW 264.7 mouse macrophages were purchased from Procell Life Science
& Technology Co. Ltd. (Wuhan, China, Product No. CL-0190) and PC12 (rat adrenal
pheochromocytoma cell line) from the Beijing Stem Cell Bank (BSCS) (Beijing, China,
Accession No. TCR 9). Both types of cells were cultured in DMEM supplemented with
10% fetal bovine serum and inoculated in 96-well plates at a density of 5 × 103 cells/well.
Then, the cells were treated with compounds (3.125, 6.25, 12.5, 25, 50 µM) for 24 h. CCK-8
solution (100 µL) was added to each well, and the cells were further incubated for 1.5 h.
The absorbance (OD values) was measured on a microplate spectrophotometer (Synergy
HTX, Biotek, Shoreline, WA, USA) at 450 nm (wavelength).

3.6.2. Neuroprotective Assay

The neuroprotection was analyzed using the CCK-8 colorimetric assay. Compounds
were dissolved in dimethyl sulfoxide (DMSO) (50 mM) solution. CORT (400 µM) served as
an injury model group. PC12 cells were divided into no treatment (normal group), CORT
(400 µM) (negative control group), CORT (400 µM) plus desipramine (10 µM) (positive
control group), and CORT (400 µM) plus compounds (10 µM). Cell suspension (100 µL)
was seeded in 96-well plates (5 × 103 cells/well). The cells were then incubated for 24 h,
and 10% CCK-8 (100 µL) medium was added to each well and incubated further for 2 h.
The absorbance was measured at 450 nm using a BioTek Synergy HTX multimode reader.

3.6.3. NO Production

RAW 264.7 macrophages were seeded in 48-well plates, pretreated with compounds
(10 µM) for 1 h, and subsequently incubated with LPS (1.0 µg/mL) (Escherichia coli, Sigma-
Aldrich, St. Louis, MO, USA) for 24 h. Griess reagent (Beyotime, Shanghai, China) was
used to measure NO production. The absorbance was determined at 540 nm using a BioTek
Synergy HTX multimode reader.
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3.6.4. Determination of IL-6, TNF-α, and IL-1β

The concentrations of IL-1β, IL-6, and TNF-α in the supernatants of RAW 264.7 cells
were investigated by ELISA (ELISA LAB, Wuhan, China) according to the manufac-
turer’s protocols.

3.6.5. mRNA Expressions of IL-6, IL-1β, and TNF-α

Sample RNA was extracted utilizing the triol method (Accurate Biology, Changsha,
China). The RNA concentration of each sample was determined on the DS-11 Spectropho-
tometer (Denovix Inc., Wilmington, DE, USA) and verified for purity. cDNA synthesis
was performed using a 5 × Evo M-MLV RT Master Mix kit (Accurate Biology, Chang-
sha, China). The relative levels of selected mRNAs were measured using a SYBR Green
qPCR Kit (Accurate Biology, Changsha, China) and a CFX96 Real-time RT-PCR detection
system (Bio-Rad Laboratories, Inc., Berkeley, CA, USA). The mRNA expression values
were normalized by internal control β-actin. Primer sequences: β-actin (forward, 5′-
AGTGTGACGTTGACATCCGT-3′; reverse, 5′-TGCTAGGAGCCAGAGCAGTA-3′); TNF-α
(forward, 5′-CACCACCATCAAGGACTCAA-3′; reverse, 5′-AGGCAACCTGACCACTCT
CC-3′); IL-6 (forward, 5′-CTTTGAAGTTGACGGACCC-3′; reverse, 5′-TGAGTGATACTGC
CTGCCTG-3′); IL-1β (forward, 5′-GAGGATACCACTCCCAACAGACC-3′; reverse, 5′-
AAGTGCATCATCGTTGTTCATACA-3′).

3.6.6. Statistical Analysis

IBM SPSS 25.0 software (Armonk, NY, USA) was used for the statistical analysis. Data
are presented as mean ± SD (n = 3).

4. Conclusions

In summary, two new benzophenone glycosides (1 and 2), along with four known
compounds (3–6) were isolated from the aerial parts of H. seniawinii. The absolute configu-
rations of the sugar moiety of benzophenone glycosides were determined by hydrolysis
and the calculation of the ECD spectrum. The neuroprotective and anti-inflammatory
activities of these compounds were evaluated. Based on the results, compound 6 possessed
a significant inhibitory effect on the production of NO, TNF-α, IL-1β, and IL-6 in LPS-
induced RAW 264.7 cells. This study will enrich the chemical diversity of H. seniawinii and
facilitate the development of inflammatory inhibitors and neuroprotective agents.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27207056/s1. Figure S1: HRESIMS data of compound
1; Figure S2: UV spectrum of compound 1 in CH3OH; Figure S3: CD spectrum of compound 1 in
CH3OH; Figure S4: 1H NMR spectrum of compound 1 (500 MHz, Methanol-d4); Figure S5: 13C
NMR spectrum of compound 1 (125 MHz, Methanol-d4); Figure S6: HSQC spectrum of compound
1 (500 MHz, Methanol-d4); Figure S7: HMBC spectrum of compound 1 (500 MHz, Methanol-d4);
Figure S8: ROESY spectrum of compound 1 (500 MHz, Methanol-d4); Figure S9: HRESIMS data
of compound 2; Figure S10: UV spectrum of compound 2 in CH3OH; Figure S11: CD spectrum of
compound 2 in CH3OH; Figure S12: 1H NMR spectrum of compound 2 (500 MHz, Methanol-d4);
Figure S13: 13C NMR spectrum of compound 2 (125 MHz, Methanol-d4); Figure S14: HSQC spectrum
of compound 2 (500 MHz, Methanol-d4); Figure S15: HMBC spectrum of compound 2 (500 MHz,
Methanol-d4); Figure S16: ROESY spectrum of compound 2 (500 MHz, Methanol-d4); Figure S17:
1H-1H COSY spectrum of compound 2 (500 MHz, Methanol-d4).
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Abstract: Hepatocellular carcinoma (HCC) is the most common primary liver malignant tumor,
and the targeted therapy for HCC is very limited. Our previous study demonstrated that prodi‑
giosin(PG), a secondary metabolite from Serratia marcescens found in the intestinal flora of cock‑
roaches, inhibits the proliferation of HCC and increases the expression of CHOP, a marker protein
for endoplasmic reticulum stress (ERS)‑mediated apoptosis, in a dose‑dependent manner. However,
the mechanisms underlying the activity of PG in vivo and in vitro are unclear. This study explored
the molecular mechanisms of PG‑induced ERS against liver cancer in vitro and in vivo. The apop‑
tosis of hepatocellular carcinoma cells induced by PG through endoplasmic reticulum stress was
observed by flow cytometry, colony formation assay, cell viability assay, immunoblot analysis, and
TUNEL assay. The localization of PG in cells was observed using laser confocal fluorescence mi‑
croscopy. Flow cytometry was used to detect the intracellular Ca2+ concentration after PG treatment.
We found that PG could promote apoptosis and inhibit the proliferation of HCC. It was localized in
the endoplasmic reticulum of HepG2 cells, where it induces the release of Ca2+. PG also upregulated
the expression of key unfolded response proteins, including PERK, IRE1α, Bip, and CHOP, and re‑
lated apoptotic proteins, including caspase3, caspase9, and Bax, but down‑regulated the expression
of anti‑apoptotic protein Bcl‑2 in liver cancer. Alleviating ERS reversed the above phenomenon. PG
had no obvious negative effects on the functioning of the liver, kidney, and other main organs in
nude mice, but the growth of liver cancer cells was inhibited by inducing ERS in vivo. The findings
of this study showed that PG promotes apoptosis of HCC by inducing ERS.

Keywords: PG; endoplasmic reticulum stress; apoptosis; hepatocellular carcinoma

1. Introduction
In recent years, the incidence of primary liver cancer has been increasing worldwide.

Hepatocellular carcinoma (HCC) has the highest incidence among primary livermalignan‑
cies, and its morbidity and mortality are roughly equivalent [1,2]. The molecular mecha‑
nism of HCC formation is very complex, and multiple signaling pathways are involved.
These signaling pathways include the PI3K‑AKT‑mTOR signaling pathway, HGF/C‑Met
signaling pathway,Wnt/β‑catenin pathway, andNotch pathway. These pathways interact
with each other and are closely related to the proliferation, survival, andmetastasis of liver
tumor cells [3–5]. Research on the molecular mechanism of liver cancer development can
reveal new targets for liver cancer treatment without causing major side effects.

Endoplasmic reticulum stress (ERS) refers to nutrient deficiency, pH change, hypoxia,
or oxidative stress, which disrupts the folding function of the endoplasmic reticulum, caus‑
ing excessive accumulation of poorly folded proteins. The poorly folded protein enters the
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endoplasmic reticulum, initiates unfolded protein response (UPR), and participates in sev‑
eral tumor biological processes, including metastasis, proliferation, and drug resistance of
tumor cells. The proteins can also induce inflammatory immune responses but inhibit an‑
titumor immune responses. ERS is present in many human solid tumors, including liver
cancer, lung cancer, nasopharyngeal cancer, breast cancer, etc., and is closely related to
drug resistance and poor prognosis of cancers [6,7]. ERS further promotes the release of
inflammatory factors from tumor‑associatedmacrophages and the infiltration of inflamma‑
tory cells. This forms a vicious cycle of ERS, inflammation, and tumorigenesis. However,
very high or prolonged endoplasmic reticulum stress promotes the apoptosis of tumor cells
by regulating the cellular survival pathway that inhibits cell survival and directly removes
cells that have been irreversibly damaged [8,9].

Microbial secondary metabolites are natural products with numerous properties, in‑
cluding antibacterial and antitumor properties. Our previous study revealed that Serra‑
tia marcescens in the intestinal flora of cockroaches procure Prodigiosin (PG), a metabo‑
lite with a strong antitumor effect against nasopharyngeal carcinoma and cervical cancer
cells [10]. PG is a natural red‑pigmented secondary metabolite, mainly produced by Ser‑
ratia marcescens and actinomycetes. The structure of the bioactive agent differs among
different bacteria, but all have a 4‑methoxy‑2‑2 pyrrole ring structure. This metabolite pos‑
sesses antibacterial, anti‑fungal, anti‑malaria immunosuppressive, and antitumor proper‑
ties. PG abnormally activates theWnt/β‑catenin signaling pathway, reverses the abnormal
expression of survivin in liver cancer cells, and promotes the apoptosis of these cells [11].
PG also inhibits the growth of human oral squamous cell carcinoma cells by targeting the
autophagic cell death pathway. Hosseini’s research results showed that PG had a great
affinity for the anti‑apoptotic member MCL‑1 of the BCL‑2 family, and it could activate
the mitochondrial apoptosis pathway by destroying the MCL‑1/BAK complex to cause
apoptosis in melanoma cells [12]. Therefore, it is necessary to clarify the role of differ‑
ent molecular phenotypes in the PG‑induced apoptosis of malignant tumor cells and the
molecular mechanisms underlying this process, which can reveal new and more effective
targets for treating tumors. Our previous research revealed that PG increased the expres‑
sion of CHOP, a marker protein for ERS‑mediated apoptosis of the liver cancer cells, in
a concentration‑dependent manner. ERS can have the dual effects of either promoting or
inhibiting apoptosis, implying that the antitumor activity of PG is related to ERS. In the
present study, we performed in vitro and in vivo experiments to further investigate the
effects of PG on genetically diverse HCC using HepG2 and BEL7402 cells. The molecular
mechanism underlying the effect of PG on HCC was also investigated.

2. Results
2.1. PG Inhibits the Proliferation and Viability but Promotes the Apoptosis of Hepatocellular
Carcinoma Cells

The Cell Counting Kit‑8 (CCK‑8) assay revealed that (Figure 1A,B) PG inhibits the
proliferation of HepG2 and BEL‑7402 cells in a time and dose‑dependent manner. The
CCK‑8 assay demonstrated that the IC50 values of PG on HepG2 and BEL7402 cells at 48 h
were 1.01 µg/mL and 2.69 µg/mL, respectively. The inhibitory effect of PG on the viabil‑
ity of HepG2 was stronger than that of Bel7402. Colony formation assay further showed
that PG had a significant effect on the colony formation property of HepG2 and Bel7402
(Figures 1C and 2D). Flow cytometry showed that PG arrested the cell cycle of HCC in
the G0/G1 phase (Figure 2A) and the toxicity of PG to HCC increased with the increase in
concentration (Figure 2B).
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Figure 1. The effects of PG on the proliferation, cell cycle, and apoptosis of HepG2 and BEL7402 
cells. (A). Inhibition rate of HepG2 and BEL7402 treated by PG for 24 h, 48 h and 72 h, respectively. 
(B). The IC50 values of the cells treated with PG were at 24, 48 and 72 h, respectively. (C). The effect 
of PG on the colony formation property of HepG2 and BEL7402. (D) HepG2: PG (1.6 μg/mL), PG 
(0.8 μg/mL) and PG (0.4 μg/mL) vs. PG (0 μg/mL), * p < 0.05; *** p < 0.001, n = 3; Bel7402: PG (3.2 
μg/mL), PG (1.6 μg/mL) and PG (0.8 μg/mL) vs. PG (0 μg/mL), *** p < 0.001, n = 3. 

Figure 1. The effects of PG on the proliferation, cell cycle, and apoptosis of HepG2 and BEL7402 cells.
(A). Inhibition rate ofHepG2 and BEL7402 treated by PG for 24 h, 48 h and 72 h, respectively. (B). The
IC50 values of the cells treated with PG were at 24, 48 and 72 h, respectively. (C). The effect of PG on
the colony formation property of HepG2 and BEL7402. (D) HepG2: PG (1.6 µg/mL), PG (0.8 µg/mL)
and PG (0.4 µg/mL) vs. PG (0 µg/mL), * p < 0.05; *** p < 0.001, n = 3; Bel7402: PG (3.2 µg/mL), PG
(1.6 µg/mL) and PG (0.8 µg/mL) vs. PG (0 µg/mL), *** p < 0.001, n = 3.

13



Molecules 2022, 27, 7281Molecules 2022, 27, x FOR PEER REVIEW 4 of 18 
 

 

 Figure 2. (A). Effect of PG onHepG2 and BEL7402 cell cycle. (B). Effect of PG on apoptosis of HePG2
and BEL7402 cells. The combined percentage of cells in Q2 and Q3 represents

14



Molecules 2022, 27, 7281

Annexin V‑positive cells. HepG2: PG (1.6 µg/mL), PG (0.8 µg/mL) and PG (0.4 µg/mL) vs. PG (0
µg/mL), * p < 0.05, ** p < 0.01, n = 3; Bel7402: PG (3.2 µg/mL), PG (1.6 µg/mL) and PG (0.8 µg/mL) vs.
PG (0 µg/mL), * p < 0.05, ** p < 0.01 and *** p < 0.001, n = 3.

2.2. The Effect of Inhibiting ERS on Apoptosis of HCC Induced by PG
The effect of PG on apoptosis of HepG2 and Bel7402 was detected by TUNEL assay.

The results showed that the fluorescence intensity of cells increasedwith the concentration
of PG. However, ERS‑inhibitor 4‑Phenylbutyric acid (4‑PBA) pretreatment reduced the flu‑
orescence intensity of cells (Figure 3A,B). Western blotting revealed that PG treatment sig‑
nificantly increased the expression of Bax, caspase3, and caspase9 but decreased that of
Bcl‑2. However, 4‑PBA pretreatment reversed the abnormal expression of the above pro‑
teins (Figure 3C,D). The results showed that PG regulated the expression of apoptotic and
anti‑apoptotic proteins in a dose‑dependent manner, and inhibition of ER stress partially
reversed the PG‑induced apoptosis of HepG2 and Bel7402.

2.3. Effects of PG on ERS in HepG2 and Bel7402 Cells
Calnexin is an endoplasmic reticulum‑bound chaperone protein and an endoplasmic

reticulum stress‑related unfolded response protein. It is amolecular chaperone thatmainly
participates in the folding and processing of protein nascent peptide chains. The cellular
localization of PG in HepG2 cells was observed using a confocal laser fluorescence micro‑
scope (Figure 4A). We found that the correlation between PG and calnexin was stronger
with the increase in PG concentration, indicating that more PG was localized in the ER.
The endoplasmic reticulum also stores Ca2+. Disrupting the Ca2+ balance in the endoplas‑
mic reticulum induces ERS. The fluorescence intensity of HepG2 and Bel‑7402 treatedwith
different concentrations of PG was detected by flow cytometry (Figure 4B). We found that
PG increased the expression of signal strength in a dose‑dependent manner, suggesting
that PG increases the Ca2+ in HepG2 and Bel‑7402 cells. Western blot further revealed that
PG increased the expression of PERK, IRE1α, CHOP, and endoplasmic reticulum chaper‑
one protein Bip in HepG2 and Bel7402 cells via the unfolded protein response signaling
pathway (Figure 5A,B). PG treatment increased the protein expressions of PERK, IRE1α,
CHOP, andBip, but 4‑PBApretreatment for 2 h reversed this phenomenon. The expression
of ATF4, CHOP, XBP1, and Bip genes in HepG2 and Bel7402 after PG treatment was de‑
tected by real‑time fluorescence quantitative PCR (Figure 5C). We found that PG increased
the transcription of mRNAs. However, 4‑PBA pretreatment reversed this phenomenon.

2.4. PG Reduced the Proliferation of HCC In Vivo
The nude mice model of HCC HepG2 was successfully constructed, and the subcuta‑

neously transplanted tumor was dissected and weighed (Figure 6A). The tumor volume
andweight were significantly smaller in the treatment group than that in the normal saline
control group. The inhibitory rates of PG (2.5 mg/kg), PG (5 mg/kg), and the 4‑PBA in
combination with PG (5 mg/kg) were 35.6% ± 0.493、47.0% ± 0.419 and 45.9% ± 0.169,
respectively. The biosafety of PG was also evaluated in vivo. PG had no significant ef‑
fect on liver and kidney function (Figure 6B). The effect of PG on the functioning of the
heart, liver, spleen, lung, and kidney was analyzed based on histomorphological analyses
(Figure 7). Hematoxylin–eosin staining (HE staining) results showed well‑arranged and
dense myocardial myofilaments in the liver and kidney of nude mice were dense; the hep‑
atic lobules and spleen nodules were normal with clear outlines; the alveoli and glomeruli
were also generally normal. These results indicated that PG had no obvious toxic effect on
liver and kidney function and other main organs of nude mice.
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Figure 3. Induction of apoptosis by PG treatment of HCC cells. (A). TUNEL assay for the effect of 
4-PBA pretreatment on the apoptotic effect of PG on HepG2 cells. (B). TUNEL assay for the effect of 
4-PBA pretreatment on the apoptotic effect of PG on Bel7402; (C). Western blot for the effect of 
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16



Molecules 2022, 27, 7281

4‑PBA pretreatment on the apoptotic effect of PG on Bel7402; (C). Western blot for the effect of 4‑PBA
pretreatment on the expression of apoptotic proteins in HepG2; (D). Western blot for the effect of 4‑
PBA pretreatment on the expression of apoptotic proteins in Bel7402 cells. The treatments included
PG (0.4 µg/mL, 0.8 µg/mL, 1.6 µg/mL, 3.2 µg/mL) vs. 0 µg/mL of PG; 1.6 µg/mL of PG vs. 1.6 µg/mL
of PG + 4‑PBA; 3.2 µg/mL PG vs. 3.2 µg/mL of PG + 4‑PBA; * p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.05,
## p < 0.01, ### p < 0.001, n = 3.
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Figure 4. The effects of PG on ERS pathway in HepG2 and Bel7402 cells. (A). Localization of PG
in HepG2 cells as observed under confocal laser fluorescence microscopy; (B). Flow cytometry for
the effect of PG on Ca2+ concentration in HepG2 and Bel7402 cells. The treatments included PG
(0.4 µg/mL, 0.8 µg/mL, 1.6 µg/mL, 3.2 µg/mL) vs. 0 µg/mL of PG, ** p < 0.01, n = 3.
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Figure 5. (A). Western blot assay on the expression of Bip, IRE1α, and PERK in HepG2 and Bel7402 
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Figure 5. (A). Western blot assay on the expression of Bip, IRE1α, and PERK in HepG2 and
Bel7402 cells; (B). Western blot assay for the expression of CHOP in HepG2 and Bel7402 cells;
(C). RT‑qPCR effect of 4‑PBA pretreatment on the effect of PG on the expression of Bip, CHOP,
ATF4, and XBP1 mRNA in HepG2 and Bel7402 cells. The treatments included PG (0.4 µg/mL,
0.8 µg/mL, 1.6 µg/mL, 3.2 µg/mL) vs. 0 µg/mL of PG; 1.6 µg/mL of PG vs. 1.6 µg/mL of
PG + 4‑PBA; 3.2 µg/mL PG vs. 3.2 µg/mL of PG + 4‑PBA; * p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.05,
## p < 0.01, n = 3.
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(TP), creatinine (CR), uric acid (UA) and urea in the blood represent the liver and kidney function 
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Figure 6. The effect of PG on the proliferation of hepatocellular carcinoma in vivo. (A). Effects of
PG on the volume and weight of subcutaneously transplanted tumors; (B). The effect of PG on the
liver and kidney function of nude mice with HepG2. The levels of total aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), albumin (ALB), total protein
(TP), creatinine (CR), uric acid (UA) and urea in the blood represent the liver and kidney function of
nude mice. PG (2.5 mg/kg), PG (5 mg/kg), PG (5 mg/kg) +4‑PBA, DDP vs. NS, * p < 0.05, ** p < 0.01,
*** p < 0.001, n = 6.
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Figure 7. HE staining of heart, liver, spleen, lung, and kidney tissues of nude mice.

2.5. The Apoptosis‑Inducing Effect of PG on Transplanted Tumors in Nude Mice
The effect of PG on the apoptosis of tumor tissue HepG2 cells was analyzed using

the TUNEL assay (Figure 8A). The green fluorescence signal around the nuclei of tumor
tissue increased with PG concentration. To observe the effect of PG‑induced ERS on the
apoptosis of tumor tissue, the expression of Bip, PERK, and caspase3 was detected using
immunohistochemical analysis (Figure 8B). Compared with the control group, we found
that PG increased the expression of Bip, PERK, and caspase3 in a concentration‑dependent
manner. However, 4‑PBA pretreatment decreased the expression of these proteins. The
expression of key proteins in the ERS pathway and apoptosis‑related proteins in tumor
tissues after PG treatment displayed a similar trend (Figure 8C).
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Figure 8. The effect of PG on the apoptosis in the tumor xenografts of HepG2 HCC model.
(A). TUNEL assay for the apoptotic property of PG on HCC; (B). Immunohistochemical analysis for
the effect of PG on the expression of caspase3, Bip and PERK in HCC tissue; (C). Western blot for the
effect of PG on the expression of Bip, PERK, and caspase3 proteins in HCC tissues. PG (2.5 mg/kg),
PG (5 mg/kg) vs. PG (0 mg/kg), * p < 0.05, ** p < 0.01,***p < 0.001, n = 3; PG (5 mg/kg) vs. PG (5 mg/kg)
+ 4‑PBA, n = 3.
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3. Discussion
PG can promote the apoptosis of various tumor cells, such as lung, colon, oral, na‑

sopharyngeal, breast, and liver cancer cells [13]. In recent years, the use of PG in combina‑
tion with other cancer therapies has also been explored as a promising strategy for cancer
treatment. It has been reported that PG inhibits autophagy to sensitize colorectal cancer
cells to 5‑fluorouracil, and the combination therapy significantly reduces the viability of
cancer cells, partly through caspase‑dependent apoptosis [14]. Furthermore, Shian‑ren
Lin [15] found that PG can induce autophagy, promote adriamycin influx and sensitize oral
squamous carcinoma cells. A derivative of PG named obatoclax could promote the release
of cytochromeC from themitochondria of isolated leukemia cells. The combination of oba‑
toclax and Ara C could synergistically induce apoptosis in leukemia cell lines and primary
Acute Myelocytic Leukemia (AML) samples [16]. Several phase I and II clinical studies
used a derivative of PG named obatoclax for cancer therapy on different patients [17–20].
Jelena’s study showed that PG and its Br derivatives showed anticancer potential against
all tumor cell lines and induced apoptosis, but their selectivity to healthy cell lines was
low. The greater lipophilicity of Br derivatives of PG made them good targets for further
structural optimization [12].

Additional evidence suggests that ERS‑induced cellular dysfunction and cell death
are primary contributors to many diseases [21], making modulation of the ERS pathway a
potentially attractive therapeutic target. Moreover, this study further explored the mecha‑
nism of PG‑mediated ERS‑induced apoptosis of liver cancer cells and provided a theoreti‑
cal basis for improving the anticancer effect of the drug.

In this study, the CCK‑8 assay demonstrated that the IC50 values of PG on HepG2
and BEL7402 cells at 48 h were different. The optimal drug concentration was selected
according to the IC50 value in subsequent experiments. The CCK‑8 and cell colony forma‑
tion assay results showed that PG could significantly inhibit the proliferation of HepG2
and Bel7402 cells, and HepG2 was more sensitive to PG than Bel7402 cells, which may be
due to their different genetic backgrounds. Flow cytometry showed that PG blocked the
cell cycle of HCC in the G0/G1 phase and induced apoptosis of HepG2 and Bel7402 cells
in a dose‑dependent manner. Another study showed that PG could reduce the expression
of the anti‑apoptotic protein survivin in liver cancer cells and activate caspase3, resulting
in cell death [11]. However, its specific anti‑hepatocellular carcinoma target and signal
pathway are not clear.

In this study, we further observed the effect of PG on hepatocellular carcinoma cell
apoptosis through ERS using the ERS inhibitor 4‑PBA. TUNEL staining showed that the
apoptosis of HCC cells decreased after 4‑PBA pretreatment, andWestern blot showed that
the 4‑PBA pretreatment reversed the expression change of the apoptotic proteins Bax, cas‑
pase3, caspase9, and anti‑apoptotic protein Bcl‑2. It has been reported that PG‑induced
apoptosis of tumor cells mainly occurs via the regulation of the mitochondrial apoptosis
pathway. Cytochrome C released in themitochondrial apoptosis pathway can activate cas‑
pase9 to shear apoptosis pathway caspase3, thus inducing apoptosis [22]. In melanoma
cells, PG could bind to the BH3 domain and activate the mitochondrial apoptosis pathway
by disrupting the McL‑1/BAK complex, an anti‑apoptotic member of the Bcl‑2 family [23].
Our results suggest that PG induced the apoptosis of hepatocellular carcinoma cells by
triggering ERS. Confocal laser fluorescence microscopy revealed that the action location
of PG was co‑located with calnexin in the endoplasmic reticulum of HepG2 cells. Further,
flow cytometry detected an increase inCa2+ concentration in hepatocellular carcinoma cells
treated with PG. It has been reported [24] that acute release of Ca2+ in the endoplasmic
reticulum can inhibit protein folding and trigger multiple signaling mechanisms to medi‑
ate mitochondrial apoptosis pathways. This study revealed that the endoplasmic reticu‑
lum was the active site of PG action in hepatocellular carcinoma cells, indicating that the
mechanism of this substance is closely related to ER. Western blot analysis was then used
to detect the expression of axon‑related proteins in the unfolded protein signal branches
PERK‑elF2α‑ATF4‑CHOP and IRE1α‑ XBP11‑CHOP. The results showed that PG upreg‑
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ulated the expression of PERK, IRE1α, Bip, and CHOP, but these expressions decreased
significantly after 4‑PBA pretreatment. The expression levels of the downstream transcrip‑
tion factors ATF4, CHOP, and XBP1 genes and the ER chaperone Bip gene of unfolded
protein signal branch were also upregulated following PG exposure but downregulated
by 4‑PBA pretreatment. ERS‑induced apoptosis occurs via the mitochondrial apoptotic
pathway, which is regulated by the Bcl‑2 protein family [25]. CHOP is one of the key pro‑
apoptotic factors of UPR, and its transcription is positively regulated by the PERK‑ATF4
axis. Notably, CHOP can induce apoptosis by promoting the transcription of Bax and
down‑regulating the expression of Bcl‑2 [26].

At present, most previous research on the antitumor activity of PG has been per‑
formed in vitro, with very few conducted in vivo. Our in vivo study demonstrated that PG
has no obvious toxic effects on the main organs and related indicators of liver and kidney
function in nudemice but inhibits tumor growth. These findings concurwithObayemi [27],
who reported that PG does not cause toxic effects in mice. In our study, the expression of
PERK and Bip proteins in the ERS pathway and the related apoptotic protein caspase3
increased with the drug concentration, but the expression levels of these proteins in the
combined 4‑PBA group decreased compared with the PG alone group. This finding of the
in vivo experiments was consistent with the in vitro experiments, but the difference was
not significant. Possibly, the difference in the effect of the drug between the in vivo and
in vitro experiments was caused by variations in the absorption efficiency of the drug in
animals. This study suggests that PG may exhibit anti‑HCC activity by acting via ERS.

4. Materials and Methods
4.1. Cell lines and Laboratory Animals

HepG2 (HCC, ATCC HB‑8065) and Bel7402 (HCC, SNL‑148) were purchased from
Guangdong Provincial Key Laboratory of Pharmaceutical Bioactive Substances. The cells
were cultured at 37 ◦C in RPMI‑1640medium (Gibco) supplementedwith 10% fetal bovine
serum (Gemini) and amixture of 1% penicillin and streptomycin (Hyclone) under 5% CO2.
A total of 36 4–6 weeks old SPF male BALB/C (nu/nu) nude mice weighing 16–20 g were
purchased from Guangdong Medical Experimental Animal Center and were reared in an
IVC system of the Animal Center of Guangdong Pharmaceutical University. The proto‑
col for animal experiments was approved by the Guangdong Medical Experimental Ani‑
mal Center (license number SCXK (Guangdong) 2018–0002). The animals were reared at
23–28 ◦C, at a relative humidity of 30–70%, and a light cycle of 12 h/d.

4.2. Antibodies and Reagents
Antibodies used in this studywere anti PERK (Cell Signaling, D11A8), IRE1α (Cell Sig‑

naling, 14C10), Bcl‑2 (Cell Signaling, D55G8), Bip (Cell Signaling, C50B12), CHOP (Cell Sig‑
naling, L63F7), Bax (Cell Signaling, D2E11), caspase3 (Bioworld, BS6428), caspase9
(Bioworld, BS1731), β‑Actin (Signaling, 8H10D10), Anti‑GAPDH (Genomics, 5A12), and
anti‑Alexa Fluor 488 Labeled Goat Anti‑Rabbit IgG (H+L) (Biyuntian, A0423). All these
antibodies were purchased from Shanghai Biyuntian Biological Company. PG was iso‑
lated from Serratia marcescens, strain WA12‑1‑18, in the intestinal tract of cockroaches.
The metabolite was extracted using 3.0 g/L of PBS from previously described [10]. Flou3‑
AM fluorescent probe, PVDF membrane, (2‑(4‑Amidinophenyl)‑6‑indolecarbamidine di‑
hydrochloride) DAPI, TUNEL apoptosis kit, and ECL kits were purchased from Shanghai
Biyuntian Biological Company (Shanghai, China), whereas 4‑PBA was purchased from
Sigma Aldrich Company (St. Louis, MI, USA). A fluorescent quantitative PCR kit was pur‑
chased from Thermo Fisher Scientific (Waltham, MA, USA). Cell cycle and apoptosis kits
were purchased from Beijing Sizhengbai Biotechnology Company (Beijing, China).

4.3. Cell Viability Assay
HepG2 and Bel7402 cells (5×103 cells/mL) in 100 µL cell suspension were seeded into

96‑well plates and incubated at 37 ◦C for 12 h under 5% CO2. The cells were treated with
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different PG concentrations (0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8 and 25.6 µg/mL) for 24, 48, and
72 h until the cell confluence reached about 80%. Each well was then washed twice with
PBS. The absorbance at 450 nm was measured by Fully automatic enzyme labeling instru‑
ment (BioTek Instruments, Inc. USA) after adding CCK‑8 (Biosharp) solution in the wells
for a 1.5 h culture.

4.4. Colony Formation Assay
HepG2 and Bel7402 cells were seeded into 6‑well plates (1000 cells/mL) and cultured

at 37 ◦C for 24 h under 5% CO2. The cells were treated with different PG concentrations
(0.2, 0.4, 0.8, 1.6, and 3.2 µg/mL) for 1 h. The control group was treated with anhydrous
ethanol. The culture was continued for 10 days after replacing the wells with a complete
medium. Culturing was stopped when the confluence of the clone community cells in
the control group grew above 80%, as observed under a microscope. After discarding the
supernatant, the cells were fixed for 20 min using 1 mL of 4% paraformaldehyde. The
cells were then stained using 1 mL of 0.1% crystal violet staining solution for 15 min at
room temperature. The cells were photographed by digital camera (Nikon D3200, Tokyo,
Japan), and the number of clonal colonies was counted. Number of clusters (Fold change
to control) was calculated as: (Colony counts experiment group/Colony counts medium
control group) × 100%.

4.5. Cell Cycle and Apoptosis Assays Using Flow Cytometry
HepG2 and Bel7402 cells (100 µL; 5 × 103 cells/mL) were added to 6‑well plates and

incubated at 37 ◦C for 12 h under 5%CO2. When the cell confluence was about 80%, the
cells were treated for 48 h with different PG concentrations (0.4, 0.8, 1.6, and 3.2 µg/mL).
The control group was treated with anhydrous ethanol. The cells were then fixed with pre‑
cooled 70% ethanol at 4 ◦C overnight. The cells were stained using 400 µL of propidium
iodide staining solution for 30 min at 37 ◦C before immediately detecting the cell cycle.
For apoptosis rate detection, the cells were digested using trypsin without EDTA and sus‑
pended in Binding Buffer at a concentration of 1~5 × 106/mL. Thereafter, 100 µL of cell
suspension was pipetted into a 5 mL flow tube. Annexin V‑EGFP 5 µL was added to the
flow tube and incubated in darkness for 5 min. The cells were then stained using 10 µL PI
staining solution before adding 400 µL PBS. All sample flow detectionwas then performed
immediately by flow cytometry (FACSCalibur; Becton, Dickinson and Company, Franklin
Lakes, NJ, USA).

4.6. TUNEL Assay
When the cell confluence reached about 80%, the cells were pretreated with ERS‑

inhibitor 4‑PBA (2 mm) for 2 h. The cells were then treated with different PG concentra‑
tions (0.4, 0.8, 1.6, and 3.2 µg/mL) for 48 h. The control group was treated with anhydrous
ethanol. HepG2 and Bel7402 cells (3 × 104/mL) were fixed with 4% paraformaldehyde,
embedded in liquid paraffin, and stored in an oven at 62 ◦C for 1.5 h before gradient de‑
waxing. Thereafter, 50 µL of 20 µg/mL of DNase‑free protease K was added to the tissue
for 20 min at 30 ◦C. TUNEL assay was performed following the manufacturer’s instruc‑
tions. The cell nuclei were then stained using DAPI and observed under a fluorescence
microscope (OX31; Olympus, Tokyo, Japan) [28].

4.7. Immunoblot Analysis
For immunoblot assay, 20–30 µg of total cell extracts were separated in 10% or 12%

SDS‑PAGE and transferred onto the PVDF membranes. The membrane was then stained
with primary antibodies against Bax, caspase3, caspase9, Bcl‑2, PERK, IRE1α, CHOP, and
Bip at a 1:1000 dilution. After rinsing using PBS, the membrane we incubated with HRP‑
conjugated secondary antibodies goat anti‑rabbit or anti‑mouse was at a 1:2000 dilution.
The proteins were detected using enhanced chemiluminescence.
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4.8. The Localization of PG in Cells Using a Laser Confocal Fluorescence Microscopy
HepG2 cells (1.5×105/mL) were seeded into laser confocal dishes and cultured with

different PG concentrations (0.4, 0.8, and 1.6 µg/mL). After fixing with 4% paraformalde‑
hyde for 20 min, the cells were incubated with 1% BSA for 30 min. The cells were then
incubated overnight at 4 ◦C in calnexin diluted with 1% BSA and followed by Alexa Fluor
488‑conjugated goat anti‑rabbit secondary antibodies for 1 h. AfterDAPI staining for 5 min,
the cells were washed three times with 1 × PBS, and added the fluorescence quenching
agent. The intracellular calnexin protein was stained with green fluorescence. Since the
PG itself had a spontaneous red fluorescence, the coincidence of the two can be used to
determine co‑localization. The cells were then observed and photographed using a laser
confocal fluorescence microscope (FV3000; Olympus, Japan). Pearson’s R value was calcu‑
lated by using image J software (v1.8.0)

4.9. The measurement of Ca2+ Concentration in Cells Using Flow Cytometry
Briefly, 1µMfluo‑3AMwas added intoHCC treatedwith different PG concentrations

(0.4, 0.8, 1.6, and 3.2µg/mL) for 50min in the dark. The cells were then suspended in 300 µL
PBS and then incubated for 15 min in the dark. The fluorescence intensity was detected
using flow cytometry [29].

4.10. Real‑Time PCR Analysis
HepG2 and Bel7402 cells (3 × 105/mL) were pretreated with 4‑PBA for 2 h, and there‑

after with different PG concentrations (0.2, 0.4, 0.8, 1.6, 3.2 µg/mL). Anhydrous ethanol was
used as the negative control. RNAwas extracted from the cells and reverse‑transcribed into
cDNA. The primer sequences were as follows:

CHOP‑forward primer: 5′‑GGAGCATCAGTCCCCCACTT‑3′,
CHOP‑reverse primer: 5′‑TGTGGGATTGAGGGTCACATC‑3′;
ATF4‑forward primer: 5′‑GCTAAGGCGGGCTCCTCCGA‑3′,
ATF4‑reverse primer: 5′‑ACCCAACAGGGCATCCAAGTCG‑3′;
XBP1‑forward primer: 5′‑CCTGGTTGCTGAAGAGGAGG‑3′,
XBP1‑reverse primer: 5′‑CCATGGGGAGATGTTCTGGAG‑3′;
Bip‑forward primer: 5′‑TGACATTGAAGACTTCAAAGCT‑3′,
Bip‑reverse primer: 5′‑CTGCTGTATCCTCTTCACCAGT‑3′;
GAPDH‑forward primer: 5′‑GGAGCGAGATCCCTCCAAAAT‑3′,
GAPDH‑reverse primer: 5′‑GGCTGTTGTCATACTTCTCATGG‑3′.

4.11. In Vivo Tumor Model
HepG2 cells (200 µL; 2 × 107/mL) were inoculated in the right lower axilla of 36 nude

mice. The mice were then randomly divided into 6 groups: normal saline group (1‰
ethanol), PG2.5 (2.5 mg/kg), PG5.0 (5 mg/kg), PG5.0 (5 mg/kg) +4‑PBA (150 mg/kg), 4‑PBA
(150 mg/kg) and cis‑platinum (DDP) (2 mg/kg). DDP was a positive group. When the
tumor volume reached 100 mm3, the mice were injected intraperitoneally with saline (1‰
ethanol), PG2.5 (2.5 mg/kg), PG5.0 (5 mg/kg), PG5.0 (5 mg/kg) +4‑PBA (150 mg/kg), 4‑PBA
(150 mg/kg) and DDP (2 mg/kg), once every four days for 24 days. The tumor volume was
calculated as follows; TV (mm3) = (LW2)/2, where TV is the tumor volume, L is the tumor
length, and W is the shortest tumor diameter, measured on a vernier scale.

4.12. Assessment of Liver and Kidney Function
Bloodwas collected from the eyeballs of nudemice, and the serumwas taken after cen‑

trifugation and sent to Jiangsu Enzymatic immunity Industry Co., Ltd. (Yancheng, China)
for testing. AST (blood volume: 15 µL), ALT (blood volume: 15 µL), ALP (blood volume:
15 µL), ALB (blood volume: 5 µL), TP (blood volume: 6 µL), CR (blood volume: 5 µL),
UA (blood volume: 5 µL), and urea (blood volume: 3 µL) content in the serum was then
measured by automatic biochemical analyzer (BK‑280; BIOBASE, Jinan, China).
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4.13. Hematoxylin–Eosin Staining
Tissue sections embedded in paraffin were heated in an oven at 62 ◦C for 1.5 h, de‑

waxed in water, and stained with hematoxylin for 5 min and eosin for 5 s. After dehydrat‑
ing the tissue sections in serial alcohol concentrations, the tissue slices were sealed with
neutral gum and photographed under a microscope (SQS‑40P, Discover echo, San Diego
CA, USA).

4.14. Statistical Analysis
Continuous normally distributed data were expressed as means of at least three inde‑

pendent experiments± SEM/SD. The data were analyzed using SPSS software, V 22.0. Dif‑
ferences between two groups were analyzed using Student’s t‑test and One‑way ANOVA
for comparison between multiple groups. GraphPad Prism 8 (GraphPad Software Inc.)
was used for the creation. p < 0.05 was considered statistically significant.

5. Conclusions
In conclusion, this study explored the mechanism of anti‑liver cancer action of PG

in vitro and in vivo. The findings enrich the current literature on the antitumor mecha‑
nism of PG and provide laboratory evidence for its application in precision medicine and
personalized therapy in HCC.
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Abstract: A novel pectic polysaccharide (HPP-1) with high immunomodulatory activity was ex-
tracted and isolated from the immature honey pomelo fruit (Citrus grandis). Characterization of its
chemical structure indicated that HPP-1 had a molecular weight of 59,024 D. In addition, HPP-1
was primarily composed of rhamnose, arabinose, fucose, mannose, and galactose at a molar ratio of
1.00:11.12:2.26:0.56:6.40. Fourier-transform infrared spectroscopy, periodic acid oxidation, and Smith
degradation results showed that HPP-1 had α- and β-glycosidic linkages and 1→ 2, 1→ 4, 1→ 6,
and 1→ 3 glycosidic bonds. 13C NMR and 1H NMR analyses revealed that the main glycogroups
included 1,4-D-GalA, 1,6-β-D-Gal, 1,6-β-D-Man, 1,3-α-L-Ara, and 1,2-α-L-Rha. Immunomodulatory
bioactivity analysis using a macrophage RAW264.7 model in vitro revealed that NO, TNF-α, and
IL-6 secretions were all considerably increased by HPP-1. Moreover, RT-PCR results showed that
HPP-1-induced iNOS, TNF-α, and IL-6 expression was significantly increased in macrophages. HPP-
1-mediated activation in macrophages was due to the stimulation of the NF-κB and MAPK signaling
pathways based on western blot analyses. HPP-1 extracted from immature honey pomelo fruit has
potential applications as an immunomodulatory supplement.

Keywords: immature honey pomelo fruit; pectic polysaccharides; structural characterization; im-
munomodulatory activity and mechanism

1. Introduction

Immature honey pomelo (Citrus grandis) fruit (IPF) is a by-product of pomelo cultiva-
tion, which is in the middle of its growth cycle in April. A small proportion of IPF is used
in traditional Chinese medicine, but the majority of IPF is discarded, which contributes
to environmental pollution [1]. However, our previous research suggests that IPF is rich
in bioactive substances such as essential oils, naringin, and pectin, which have consider-
able medicinal and commercial value. Essential oils and naringin have good antioxidant
activity [2], yet research on the bioactive substances of IPF remains limited. Pectin, a
polysaccharide straight-chain compound, is an abundant and multifunctional component
of terrestrial plant cell walls. It has a high functional value (gelling, thickening, emulsifica-
tion, and stabilization) and is widely used as a food and drug gelling agent [3,4]. Citrus
pectin has strong biological activities, such as immunomodulatory [5,6], antioxidant [7],
anti-inflammatory [8], anti-cancer [9], heavy metal adsorption [10], drug transport [11], and
other properties [12]. Despite numerous studies on pectin, information on its structure and
immune activity in IPF is limited.

Polysaccharides have been widely reported to stimulate macrophages, enhance their
phagocytic function, and release various cytokines such as interleukins (IL-1β, IL-6, IL-8)
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and tumor necrosis factor (TNF-α), as well as nitric oxide and reactive oxygen species (ROS),
thereby supporting the body’s immunity [13–16]. Some plant polysaccharides increase
the secretion of nitric oxide (NO) and the synthesis of cytokines, which in turn increase
macrophage action against pathogenic microorganisms and tumorigenesis [6]. NO is con-
sidered to be the primary effector molecule produced by macrophages. When macrophages
are stimulated and activated, they secrete a series of chemokines and cytokines. This
plays an important role in activating the immune response and immunomodulation of the
body [17]. TNF-α is a cytokine capable of killing tumors to cause hemorrhagic necrosis
and has clear antitumor activity. Moreover, TNF-α is produced mainly from activated
macrophages and is a very important cytokine in the antitumor immune response, and is a
common and important indicator of macrophage activity [18]. IL-6 is a type of pleiotropic
cytokine and it is involved in the body’s immune defense, as well as in promoting the
growth and differentiation of primary bone marrow-derived cells [19]. Polysaccharides
may bind to specific membrane receptors in macrophages and activate immune response
transduction pathways via various signals. Based on previous studies, activator protein
1 (AP-1) and MAPK activity in the macrophage RAW264.7 were stimulated by polysac-
charides from Platycodon grandiflorus (PG). Moreover, further research revealed that PG
activates three subsets of MAPKs (ERK1/2, SAPK/JNK, and p38 MAPK) through increas-
ing the DNA-binding activity of AP-1 [20,21]. However, the exact molecular mechanism
through which IPF pectin activates macrophages remains unclear.

In this study, a crude IPF pectin was obtained from the IPF residue after the extrac-
tion of essential oil and naringin. Honey pomelo pectic polysaccharides (HPP-1) were
systematically purified using anion exchange and gel permeation chromatography. The
structure characterization of HPP-1 was investigated systematically by UV spectroscopy,
chromatography, mass spectrometry, nuclear magnetic resonance (NMR), and other an-
alytical techniques, whereas the immune activity and pattern recognition receptors of
HPP-1 was evaluated using a mouse macrophage RAW 264.7 immune model in vitro. We
analyzed the effect of HPP-1 on the pinocytic and phagocytic capacity, production of TNF-a,
NO, and IL-6, and relevant mRNA expression. Furthermore, western blots were used
to reveal the mechanism of HPP-1 immunoreactivity. In addition, the possible signaling
pathways involved in HPP-1 activating macrophages were discussed, and these should
all help further clarify the structure-effective relationship of HPP-1. The results provide
valuable information for the application of IPF extracts in immunomodulatory activity.

2. Results and Discussion
2.1. Extraction and Purification of Pectic Polysaccharides from IPF

Crude IPF pectin was obtained from the residue after essential separation with a
yield of 20.23% ± 0.66% (w/w). Crude pectin was composed of 71.17% total sugar (59.90%
galacturonic acid), 1.93% protein, and 4.33% ash. The degree of esterification was 44.65%,
indicating that the compound was a low-ester pectin. Based on previous reports, pectin
with esterification below 10% has anti-cancer properties, whereas high-ester pectin has
anti-inflammatory properties [8].

When the extracted pectin was purified, two independent peaks were revealed: HPP-a
(eluted by 0.3 M NaCl) and HPP-b (eluted by 0.3 M NaOH, Figure 1A). When HPP-a was
further purified, a single peak of HPP-1 was observed, which contained a galacturonic
acid reaction, but without protein (Figure 1B). Furthermore, a >98%-pure HPP-1 fraction
was obtained.
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Figure 1. Chromatography of HPP-1 from honey pomelo pectin (HPP) by (A) DEAE-52 cellulose and
(B) Superdex-G200.

2.2. Analysis of the HPP-1 Structure
2.2.1. UV Scan and Molecular Mass Detection

The UV spectral scan of HPP-1 revealed no evident characteristic absorption peaks of
amino acids or proteins (i.e., near 260 and 280 nm; Figure 2A). However, these spectra were
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consistent with the characteristic absorption spectral peaks of polysaccharides [22]. These
results indicate that the separated HPP-1 fraction did not contain protein, suggesting that
the protein in crude HPP could be completely removed during purification.

The structure of HPP-1 was further analyzed by GPC. The GPC results showed that
HPP-1 had a single symmetric peak with a molecular mass of 59,024 Da (Figure 2B),
indicating that HPP-1 has a small molecular mass. In general, the average molecular
mass of pectin is between 50,000 and 150,000 Da [23]. It was hypothesized that pectin is a
concentrated pectin fragment molecule, which requires further experimental confirmation.
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Figure 2. Chromatography results of HPP-1 obtained from (A) UV spectrum, (B) HPGPC, (C) FT-IR
spectrum, gas chromatography-mass spectrometry (GC-MS) of (D) standard monosaccharide, and
(E) monosaccharide composition of HPP-1. (F) GC of HPP-1 after Smith degradation. HPP-1 (G) 13C
NMR spectrum and (H) 1H NMR spectrum.
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2.2.2. FT-IR Spectrum

The FTIR spectrum of HPP-1 is shown in Figure 2C. Absorption peaks were observed at
3403.22 cm−1, and the weak peaks at 2937.74 and 145.22 cm−1 correspond to characteristic
absorption peaks of polysaccharides, which are associated with O-H, C-H, and C-O-C
glycosidic stretching vibrations [24]. These results indicated that HPP-1 is a polysaccharide.
Furthermore, absorption peaks at 1738.96 and 1628.20 cm−1 indicated the C=O stretching
vibration of methylated carboxyl groups and free carboxyl groups on the HPP-1 sugar
chain, respectively, and the absorption peak at 1015.18 cm−1 corresponded to pyranose
structures [25]. The absorption peak at 1738.96 cm−1 likely represents the stretching
vibration of uronic acid, whereas the peaks at 892.02 and 833.60 cm−1 represent β-D-
mannitose and glycoside bonds in the alpha configuration, respectively [25]. Therefore,
HPP-1 contains α-configurational and β-configurational glycosidic bonds.

2.2.3. Monosaccharide Composition Assay

The GC–MS results for the monosaccharide standard and HPP-1 are shown in Figures
2D and 2E, respectively.

By comparing the elution time of HPP-1 with that of monosaccharide standard, HPP-1
was composed of rhamnose (Rha), arabinose (Ara), fucose (Fuc), mannose (Man), and
galactose (Gal), with a molar ratio of 1.00:11.12:2.26:0.56:6.40. The presence of mannose
and fucose indicates the presence of an RG II region in HPP-1. Arabinose and galactose
were the main components of HPP-1, and the arabinose and galactose contents were higher
than those of rhamnose. This finding indicated that the RG I regional fragment existed
simultaneously, and arabinose, galactose, and Arabian galactose were the main components
of the RG I fragment branch chain [26].

2.2.4. Periodate Oxidation-Smith Degradation Analysis

Periodate oxidation revealed that 0.1150 mmol of periodate was consumed by HPP-1
and 0.0306 mmol of methane acid was produced, indicating the presence of (1→ 6)-linked
glucoside residues (Figure 2F). The consumption of sodium periodate was higher than that
of formic acid, indicating additional (1→ 2) and (1→ 4) glycoside bond types [27].

Glycerol, erythritol, rhamnose, arabinose, fucose, mannose, and galactose were ob-
served after HPP-1 underwent Smith degradation (Figure 2F). The formation of glyc-
erol indicates (1 → 2)-or (1 → 6)-linked glycosidic bonds, whereas erythritol indicates
(1→ 4)-linked glycosidic bonds. In addition, the formation of rhamnose, arabinose, galac-
tose, mannose, and galactose indicates the presence of (1→ 3)-linked glycosidic bonds [18].

2.2.5. NMR Analysis

The 13C NMR and 1H NMR spectra of HPP-1 are shown in Figures 2G and 2H,
respectively. The resonance signals between δ 95.0 and 110.0 in 13C NMR belong to
the anomeric carbon atoms of monosaccharides [24,28]. Five anomeric carbon atoms
(99.51, 103.22, 104.39, 107.47, and 173.21 ppm) were detected in HPP-1. In 1H NMR, the
protons between δ 3.5 and 5.5 indicates anomeric hydrogen [18]. The chemical shift of α-
configurational and β-configurational sugars was greater than 4.90 and less than 4.90 ppm,
respectively, indicating the presence of α and β-configurations. This finding is consistent
with the FTIR results. A small peak at δ 173.21 ppm indicated uronic acid, which was
the main chain of the pectin structure, indicating the existence of 1,4-D-GalA [29]. The
signals at δ 68.742 and δ 67.98 ppm, combined with infrared spectrum and monosaccharide
composition, indicate the presence of 1,4-β-D-Gal and 1,6-β-D-Man [18]. The peaks at δ
107.47 and δ 82.36 ppm are characteristic of furanose (arabinose). Peaks at 16.73 and 16.49
ppm indicate hydrogen on rhamnose C6. Combined with previous reports [18,24,27,30],
monosaccharide composition, and Smith degradation results, we identified 1,3-α-L-Ara
and 1,2-α-L-Rha glycosylates in HPP-1.

1,4-D-GalA, 1,4-D-GalA-(1,2-α-Rha), 1,2-α-Rha, 1,2,4-α-Rha, 1,4-β-D-Gal, t-β-D-Gal,
and α-L-Ara sugar residues were detected in pumpkin acid polysaccharides, which had
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a pectic polysaccharide RG I structure similar to that of HPP-1 [29]. The structure of
pectic polysaccharides has a structure–activity relationship with their immunomodulatory
activity [6].

2.3. Immunomodulatory Activities of HPP-1 on RAW264.7 Cells
2.3.1. Effect of HPP-1 on RAW264.7 Cell Viability

After being treated with HPP-1 (10, 50, 100, 200, 400, 600, 800, and 1000 µg/mL) for
24 h [31], the results indicated that RAW 264.7 cells showed no toxicity at concentrations
below 1000 µg/mL of HPP-1 (Figure 3A). At concentrations of 600–1000 µg/mL, HPP-1
significantly improved cell viability and promoted macrophage proliferation.
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 Figure 3. (A) Effect of HPP-1 on the viability of RAW 264.7 cells. (B) Effect of HPP-1 on the uptake
of neutral red by RAW 264.7 cells. Significant differences with control cells were designated as
* p < 0.05 or ** p < 0.01.

2.3.2. Effect of HPP-1 on the Phagocytic Capacities of RAW264.7 Cells

Neutral red is an effective acid–base indicator of living cells that can react with
lysosomes to produce red substances [25]. The amount of neutral red entering the cell
varies depending on the state of the living cell and can be used to assess the ability of
macrophages to produce pinocytes.
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After treatment with HPP-1, the intensity of neutral red cell absorption increased
compared with that in the control group (Figure 3B). The phagocytic rate of cells at
200–1000 µg/mL was significantly higher than that of the control group (p < 0.05). This
result indicated that HPP-1 enhanced the phagocytic capacity of neutral red in murine
macrophages. This finding is in accordance with previous findings, that is, polysaccharides
from purple sweet potato and Chrysanthemum indicum stem polysaccharides could pro-
mote phagocytosis of neutral red by macrophages [32,33]. Acidic polysaccharides derived
from Cucurbita moschata Duch, Persimmon Leaves, and Helicteres Angustifolia L. are pectic
polysaccharides containing D-galacturonic acid, as previously reported. Furthermore, the
improvements in macrophage phagocytic capacity were identified [34–36].

2.3.3. Effects of HPP-1 on Macrophage NO, TNF-α, and IL-6 Production

HPP-1 fractions stimulated NO and IL-6 secretion from macrophages at concentrations
ranging from 1 to 1000 µg/mL in a dose-dependent manner (Figure 4A–C). At increasing
concentrations of HPP-1, TNF-α secretion showed an upward and then a downward
trend. TNF-α is not only an important cytokine in immune regulation but is also a key
cytokine involved in inflammation [37], cellular homeostasis, tumor progression, and
insulin resistance in individuals with obesity and diabetes [38,39]. At 50 µg/mL of HPP-1,
the NO secretion level reached 27.06 ± 1.60 µM, which was significantly higher than that
of the blank control (p< 0.01) and reached the NO secretion effect of 27.68 ± 1.55 µM of the
LPS-positive treatment group (2 µg/mL, Figure 4A). As HPP-1 concentrations increased,
NO secretion significantly increased. When the concentration of HPP-1 reached 400 µg/mL,
NO secretion in the experimental group was higher than that in the LPS-positive control
group (p < 0.01). This finding is in accordance with those of previous studies [27,36].
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Figure 4. Effects of HPP-1 on cytokine secretion of (A) NO, (B) TNF-α, and (C) IL-6, mRNA levels
of (D) iNOS, (E) TNF-α, and (F) IL-6. The group without HPP-1 was used as the negative control,
and LPS (2 µg/mL) was used as the positive control. Significant differences with control cells were
designated as ** p < 0.01.

Compared with the control group, increasing concentrations of HPP-1 from 1 to
1000 µg/mL significantly promoted TNF-α secretion by macrophages (Figure 4B). TNF-α
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secretion exceeded that of the positive and blank control groups at HPP-1 concentra-
tions of 100–1000 µg/mL (p < 0.01). The results showed that 50 µg/mL HPP-1 stimu-
lated the greatest secretion of TNF-α in macrophages, which was substantially higher
than the amount stimulated by the same concentration of the purified fraction of fungal
monkey head mushroom polysaccharide [24]. When the concentration was greater than
50 µg/mL, TNF-α secretion slowed but remained higher than that of the LPS-stimulated
blank control group.

HPP-1 also increased macrophage IL-6 secretion at concentrations ranging from
1 to 1000 µg/mL (Figure 4C). At concentrations of 1–10 µg/mL, the secretion of IL-6 was
30–40 times that of the blank control (p < 0.01). IL-6 secretion reached
1782.17 ± 63.12 pg/mL at HPP-1 concentrations of 1000 µg/mL, exceeding that of the
positive control group (1713.09 ± 62.90 pg/mL).

2.3.4. Effects of HPP-1 on iNOS, TNF-α, and IL-6 mRNA Levels in Macrophages

Expression of immune-related cytokines is associated with activation and immunomod-
ulatory effects of macrophages [40].

HPP-1 increased the expression levels of iNOS, TNF-α, and IL-6 in macrophages at
concentrations of 10–400 µg/mL in a dose-dependent manner (Figure 4D–F). At 50 µg/mL,
the expression of iNOS, TNF-α, and IL-6 was 370, 29 and 3300 times higher than that of the
control group, respectively (p < 0.01), indicating that the HPP-1 fraction was more effective
in upregulating the expression levels of iNOS, TNF-α, and IL-6. When the stimulation
concentration reached 400 µg/mL, the expression levels of iNOS, TNF-α, and IL-6 were
only 3–4 times higher than those in the LPS-positive group. High mRNA expression can
induce the secretion of corresponding immune factors, thereby improving the immune
capacity [41]. In addition, TNF-α expression was not positively correlated with TNF-α
secretion concentration, probably because transcription is only the first step of TNF-α
formation and is affected by post-transcriptional regulation [42,43]. Pectic polysaccharides
from other plants have the same effects on macrophages. Gavlighi [44] used enzymatic
extraction and purification of pectin polysaccharides from pomegranate peel. The fraction
with the best immune effect significantly upregulated the expression levels of iNOS, IL-1β,
TNF-α, IL-6, and IL-10 in a concentration-dependent manner. Moreover, western blotting
showed that the immune effect fraction could affect the expression of cytokine levels and
exert immunomodulatory effects related to the NF-κB and MAPK signaling pathways.
The immunomodulatory molecular mechanism of HPP-1 must be further elucidated by
studying signaling pathways.

2.4. Effect of HPP-1 on Nf-κB and MAPKs Signaling Pathways in Murine Macrophages

Based on previous literature, several intracellular signal transduction routes have been
shown to activate macrophages. NF-κB is an important gene expression regulator [45].
Macrophages usually remain in the cytoplasm because of their non-covalent binding
to the NF-κB-IκB trimer. Upon activation of NF-κB signaling, IκBα serine residues are
phosphorylated, which causes NF-κB to separate from IκBα and move to the nucleus
as an activated transcription factor [46]. The binding sites of the p50–p65 dimer were
revealed after IκB dissociation, allowing them to connect to the κB motif. The NF-κB
p65 subunit then moves from the cytoplasm to the nucleus, inducing the transcription
of a range of genes, including iNOS, ROS, and macrophage-related cytokines [47]. We
used these samples to activate RAW 264.7 macrophage cells via western blot analysis to
determine whether the NF-κB (NF-κB/IκBα) signaling pathway was implicated in HPP-1
(10–400 µg/mL) or LPS (2 µg/mL). NF-κB and IκBα protein levels increased in a dose-
dependent manner with an increase in HPP-1 (p < 0.01), exhibiting significantly higher
expression levels than those in the negative control group (Figure 5A,B; lane 2). Moreover,
when the dose of HPP-1 reached 50 µg/mL, both protein expression levels were higher
than those in the positive control group (Figure 5A,B; lane 1).
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phage membrane receptors attach to glycosyl ligands on polysaccharides, a series of sig-
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Figure 5. Effects of HPP-1 treatment on Nf-κB and MAPK signaling pathways. (A) Representative
Western blotting bands and (B) quantitative analysis of NF-κB/IκBα protein levels (values were
normalized to the GAPDH level). (C) Representative Western blotting bands and (D) quantitative
analysis of p-p38/p38, p-pJNK/pJNK, and p-AKT/AKT protein levels. The group without HPP-1
was used as the negative control, and LPS (2 µg/mL) was used as the positive control. Significant
differences with control cells were designated as * p < 0.05.

MAPKs are a group of serine/threonine-specific protein kinases that play a role in
the activation of NF-κB and in cellular responses to diverse extracellular stimuli [48]. The
MAPK family is divided into three subgroups: ERK1/2, p38, and JNK1/2 [48]. NF-κB is
activated by several intracellular signaling pathways, including the MAPK pathway [48].
We evaluated the effect of HPP-1 on the MAPKS signaling pathway by western blotting.
The addition of HPP-1 (100–400 µg/mL, 50–400 µg/mL, and 10–400 µg/mL) significantly
increased the phosphorylation levels of p38, ERK1/2, and JNK1/2 compared to those in
the control group (p < 0.01, Figure 5C,D). However, for p38 and ERK1/2, no difference in
phosphorylation levels was observed at low doses (10–50 µg/mL) of HPP-1, indicating
that HPP-1 could stimulate the phosphorylation of JNK1/2 at relatively low concentrations.
Furthermore, 100 µg/mL of HPP-1 increased the phosphorylation levels of p38 and JNK1/2
compared to the LPS control group, which showed stronger immune activation than related
polysaccharides [14,44].

Collectively, these results indicate that HPP-1-mediated activation of macrophages is
achieved by activation of the NF-κB and MAPK signaling pathways.

37



Molecules 2022, 27, 8573

2.5. Pattern Recognition Receptors and Potential Molecular Mechanisms of HPP-1-Induced
Macrophage Immunomodulation Activity

Plant polysaccharides interact with a variety of pattern recognition receptors on the
surfaces of immune cells [38]. Pattern recognition receptors on macrophages can identify
polysaccharides that activate macrophages to participate in immune regulation [49]. These
receptors include complement receptor type 3 (CR3), Toll-like receptor (TLRs), β-glucan
receptor (GR), mannose receptor (MR), and scavenger receptor (SR). When macrophage
membrane receptors attach to glycosyl ligands on polysaccharides, a series of signaling
cascades are activated [49]. NF-κB, PI3K/Akt, MAPKs, and MyD88/IRAK-1/TRAF-6
appear to be important signaling pathways in the regulation of macrophage cell immu-
nity [50]. Thus, we used these antibodies to evaluate whether the immunomodulatory
effects involved the participation of TLR2, CR3, TLR4, MR, GR, and SR of HPP-1. Com-
pared to the group treated only with HPP-1, NO, IL-6, and TNF-α, levels were significantly
decreased following anti-GR therapy (p < 0.01, Figure 6A–C). However, no reduction in
NO, TNF-α, and IL-6 levels was observed in the groups treated with anti-CR3, anti-TLR4,
anti-TLR2, anti-MR, or anti-SR. This result indicates that macrophage GR is a receptor
of HPP-1, causing transcriptional factors to be activated and cytokines to be expressed
in the presence of HPP-1. In addition, HPP-1 may contain structural fragments similar
to β-glucan and initiate the same effects as β-glucan, which is widely used as a natu-
ral bioactive modulator in tumor immunotherapy [51]. However, this finding warrants
further investigation.
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Figure 6. Effects of GR, MR, SR, TLR2, TLR4, and CR3 on the secretion of NO (A), TNF-α (B), and
IL-6 (C) in RAW 264.7 cells. The group without HPP-1 was used as the negative control, and LPS
(2 µg/mL) was used as the positive control. Potential signal transduction pathways involved in
macrophage activation by HPP-1 (D). Significant differences with control cells were designated
as * p < 0.05.
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The β-glucan receptor (GR) consists of the scavenger receptor (SR) [51], comple-
ment receptor type 3 (CR3) [52], lactosylceramide (Lac Cer) [53], and dendritic cell–
associated C-type lectin-1 (Dectin-1) [54]. Moreover, Dectin-1 is a major β-glucan receptor
in macrophages [55]. Dectin-1 pathways can activate numerous effects of polysaccharides
on immunomodulation, anti-tumor processes, and anti-radiation functions [56].

Under stimulation by HPP-1, RAW 264.7, cells were likely turned on by MAPK/NF-κB
signaling pathways via GR to activate transcription factors such as mRNA encoding iNOS,
TNF-α, and IL-6, which are responsible for increasing NO, TNF-α, and IL-6 secretion
(Figure 6D).

3. Methods and Materials
3.1. Materials and Chemicals

Dried IPF was obtained from Li Pomelo Guangdong Agricultural Science and Tech-
nology Co., Ltd. (Meizhou, Guangdong, China) and was stored at room temperature.

The murine macrophage cell line (RAW 264.7) was purchased from Kunming Cell
Bank of the Chinese Academy of Sciences Culture Collection. DEAE-52 cellulose and
Sephadex G-200 were obtained from GE Healthcare Life Science (Piscataway, NJ, USA).
Monosaccharide standards (glucuronic acid, rhamnose, arabinose, fucose, xylose, mannose,
glucose, galactose, and inositol) and LPS were obtained from Sigma-Aldrich Company
(St. Louis, MO, USA). Dulbecco’s modified eagle’s medium (DMEM), fetal bovine serum
(FBS), phosphate buffer saline (PBS, pH 7.4), penicillin, and streptomycin were purchased
from Gibco Life Technologies (Grand Island, NY, USA). Antibodies (anti-mannose re-
ceptor (anti-MR), anti-scavenger receptor I (anti-SR), anti-toll-like receptor 2 (anti-TLR2),
anti-toll-like receptor 4 (anti-TLR4), anti-beta glucan receptor (anti-GR), anti-complement
receptor 3 (anti-CR3), nuclear factor-κ-gene binding (NF-κB), phospho-NF-κB (p-NF-κB),
inhibitor of NF-κB (IκBα), phospho-IκBα (p-IκBα), extracellular regulated protein kinase
(ERK1/2), phospho-ERK1/2 (p-ERK1/2), c-Jun N-terminal kinase (JNK1/2), phospho-
JNK (p-JNK1/2), p38, phospho-p38 (p-p38), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)) were obtained from Abcam, Inc. (Cambridge, MA, USA). Chemiluminescence
(ECL) kit and NO-detecting kit were purchased from Beyotime Biotechnology Co., (Shang-
hai, China). Mouse IL-6 enzyme-linked immunosorbent assay (ELISA) kit and mouse
TNF-α ELISA kit were obtained from Neobioscience Technology Co., Ltd. (Shenzhen,
China). Standards of dextrans, uronic acid, phycite, glycerol, glycol reference, neutral
red, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Trizol were
purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). RNA Easy Fast Cell Kit,
First Stand cDNA Synthesis Kit and FastStart Universal SYBR Green Master (ROX) were
acquired from TIANGEN Biotech Co., Ltd. (Beijing, China).

3.2. Extraction of HPP

Approximately 1 kg of dried IPF fruit was ground into a 40 mesh powder and pre-
treated to extract essential oils and naringin using a novel continuous phase-transition
extraction device [57], based on our previously reported methodology [2]. The resulting
IPF residue was subjected to acid extraction and alcohol precipitation to extract pectin [58].
In brief, deionized water was adjusted to pH 1.5 using 0.5 M HCl. The IPF residue and
0.3–0.4% sodium hexametaphosphate were added to deionized water (pH 1.5) at a 1:20
solid-to-liquid ratio. This mixture was extracted at 90 ◦C for 90 min and centrifuged
(9000 rpm) at 4 ◦C for 20 min. The resulting filtrate was concentrated to half its origi-
nal volume at 55 ◦C under reduced pressure. This solution was then passed through an
electrodialysis device (HMTECH-1220, Hangzhou, China) to remove salt.

The demineralized solution was mixed two times the volume of 95% ethanol and kept
at 4 ◦C for 4 h, after which the alcohol precipitate was collected and washed three times
with 95% ethanol. Finally, the precipitate was freeze-dried to obtain crude pectin (HPP).
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3.3. Purification of Crude Pectin

HPP was purified using anion DEAE-52 exchange column chromatography based on
previous methods [21], with the following modifications. HPP (500 mg) was loaded onto
a DEAE-52 cellulose ion exchange column (2.6 × 50 cm) after being dissolved in 40 mL
of deionized water. The DEAE-52 column was eluted with deionized water, 0.1 M NaCl,
0.3 M NaCl, and 0.3 M NaOH solution. The flow rate was set at 1 mL/min. The resulting
eluate (5 mL/tube) was collected, and the total sugar and galacturonic acid contents were
tested. Samples containing sugar and galacturonic acid were collected in a bag for dialysis
(10 kDa) and dialyzed for 48 h at 4 ◦C in deionized water. Sugar and galacturonic acid
contents were determined using previously described methods [59]. Two subfractions of
HPP-1 (HPP-a and HPP-b) were obtained and freeze-dried. HPP-a, the most abundant
component, was further studied.

In 5 mL of deionized water, 50 mg of HPP-a was dissolved before being placed on a
Sephadex G-200 column (2.6 × 60 cm) at a 0.5 mL/min flow of deionized water.

3.4. Analysis of the HPP-1 Chemical Structure
3.4.1. Ultraviolet Full Wavelength Scan

HPP-1 was dissolved in deionized water to a 0.1 mg/mL sample solution, and the
protein content was measured using a UV3010 ultraviolet–visible spectrophotometer with
continuous scanning at 200–400 nm based on previous methods [60].

3.4.2. HPGPC Molecular Mass Detection

The molecular mass of HPP-1 was quantified using high-performance gel permeation
chromatography (HPGPC) as previously described [28]. HPP-1 and dextran standards
5–670 kDa were mixed with deionized water to obtain a 2.0 mg/mL solution. A chromato-
graphic column (TSK G-5000 connection G-3000 PWXL gel column) with a mobile phase
of 0.02 M KH2PO4 solution was used. The column temperature and flow rate were set to
35 ◦C and 0.6 mL/min, respectively. The injection volume was 10 µL.

3.4.3. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The FT-IR spectrum of HPP-1 was obtained using a Nexus Fourier transform infrared
spectrometer (Nicolet Nexus, Thermo Nicolet Company, Wilmington, DE, USA). Dry HPP-1
(1.0 mg) was mixed with 100 mg dried potassium bromide powder using an agate mortar.
After grinding to a uniform consistency, the sample was pressed into thin slices using a
tablet press and scanned from 4000 to 500 cm−1.

3.4.4. Monosaccharide Composition

Pectic polysaccharides are composed of monosaccharides as structural units that are
connected by glycosidic bonds. The glycosidic linkages were disrupted, and the derivatives
were identified using high-temperature acid hydrolysis. The types of monosaccharide
residues, their relative content, and their connection modes in pectic polysaccharides have
been analyzed [30]. The composition of neutral sugars in HPP-1 was determined using gas
chromatography–mass spectrometry [61]. In brief, 5.0 mg of the HPP-1 powder was added
to 5.0 mL of 4 M trifluoroacetic acid and hydrolyzed in a sealed enclosure at 110 ◦C for 3 h.
After hydrolysis, methanol (3.0 mL) was added, and the solution was concentrated under
reduced pressure for 4–5 iterations. The HPP-1-concentrated solution was mixed with
10 mg of hydroxylamine hydrochloride and 1.0 mL of pyridine, and the resulting so-
lution was heated at 90 ◦C for 30 min. Acetic anhydride (0.5 mL) was added to the
mixture and the reaction was continued for an additional 30 min at 90 ◦C. The sam-
ple was then run through a chromatographic column (Agilent-technologies DB-5MS;
0.2 mm × 30 m × 0 25 µm, 110–160 ◦C at 2 ◦C/min, 160–220 ◦C at 1.5 ◦C/min, and then
220–260 ◦C at 5 ◦C/min, and kept at 250 ◦C for 5 min) equipped with a mass detector (MS)
with a flow rate of 1.0 m L/min and an injection volume of 1 µL.
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3.4.5. Periodic Acid Oxidation and Smith Degradation Analysis

The position of the glycosidic linkages in HPP-1 was investigated using the periodate
oxidation-Smith degradation method. Periodate can selectively oxidize and break the
1,2-diol group of sugar to produce the corresponding polyformic acid. Different monosac-
charide connections produce different products [62]. Smith degradation is a process in
which the oxidation products of periodate are reverted to stable polyhydroxyl compounds,
hydrolyzed, and derived, and the hydrolyzed products were identified.

The type and content of glycosidic bond were determined from HPP-1 using previously
published methods [63]. In brief, 10.0 mg HPP-1 was dissolved in 10 mL of 30 mM sodium
periodate solution. After the sample had fully reacted for 10 h, 2 mL of the resulting
oxidation solution and 0.1 mL of ethylene glycol were mixed for 10 min. This solution was
then titrated with a 0.005 M NaOH solution.

The remaining oxidation solution was added to 5 mL ethylene glycol and stirred for
30 min to terminate the periodate oxidation reaction. This mixture was placed in a dialysis
bag (3 kDa), dialyzed with deionized water for 48 h, and then concentrated to 10 mL by
rotary evaporation. NaBH4 (35 mg) was added, and the sample solution was neutralized
with 50% acetic acid to obtain a pH of 5.0. Next, the solution was dialyzed with deionized
water for 48 h, and the composition was determined after hydrolysis and derivatization of
the alcohol product using the aforementioned GC–MS.

3.4.6. NMR Analysis

Twenty milligrams of HPP-1 were dissolved in 1.0 mL of D2O and placed in a nu-
clear magnetic tube. 1H-NMR and 13C-NMR analyses were conducted using a Bruker
AM-600 nuclear magnetic resonance instrument.

3.5. Immunomodulatory Activity of HPP-1
3.5.1. Cytotoxicity Test

The MTT assay was used to investigate the effect of HPP-1 components on the survival
rate of macrophages [64]. In brief, 5 × 103 cells/mL of macrophages were inoculated in a
96-well cell plate and placed in a 37 ◦C and 5% CO2 incubator for 24 h. After discarding
the supernatant, cells were incubated for another 24 h. Then, 100 µL each of 0.5 mg/mL
thiazole blue MTT solution and DMSO solution was added, and the absorbance (OD) was
measured at 570 nm using a microplate ELISA reader (BioTek, Winooski, VT, USA).

3.5.2. Phagocytic Ability

The phagocytic activity of HPP-1 in RAW264.7 cells was investigated using a neutral
red assay [65]. Briefly, 100 µL of 5 × 104 cells/mL macrophages were added to a 96-well
cell culture plate. After culturing in a 5% CO2 incubator at 37 ◦C for 24 h, the supernatant
was discarded and 100 µL of 0.1% neutral red solution were added to each well. After
incubation for 1 h at 37 ◦C, a new supernatant was discarded, and the cells were washed
with PBS. Next, 100 µL of the cell lysate acetic acid-absolute ethanol (1:1, v/v) was added.
After 2 h of incubation, the absorbance at 540 nm was measured using a microplate ELISA
reader to estimate the phagocytic rate.

3.5.3. Effect of HPP-1 Components on the Secretion of NO, TNF-α, and IL-6

The Griess method was used to determine the amount of NO produced by the sam-
ples [66]. An ELISA reader was used to detect the absorbance of each well at a wavelength
of 540 nm. The ELISA kit was used to detect immune factors secreted by RAW264.7 cells
according to the manufacturer’s instructions. Absorbance was measured at 450 nm using a
microplate reader, and standard curves were used to calculate cytokine concentrations [67].
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3.6. Immunomodulatory Mechanism of HPP-1
3.6.1. Effect of HPP-1 Components on the Expression of iNOS, TNF-α, and IL-6 mRNA

RT-PCR was used to assess the effects of HPP-1 components on the secretion of
macrophage RAW264.7 immune factors at the RNA level [67]. The cells were lysed, and
RNA was collected according to the manufacturer RNA total extract kit instructions. Five
microliters of the resulting RNA were electrophoresed on a 1% agarose gel. Nanodrops were
used to quantify RNA concentration and purity. Next, 3 µg of complete total macrophage
RNA was used for reverse transcription into cDNA.

SYBR Green prestaining was used for quantification [66]. The corresponding reagents
were added to a PCR 8-tube to form a 20 µL reaction system according to the manufacturer’s
instructions. Using GAPDH as the internal reference gene, the 2−∆∆Ct method was used to
analyze the expression of the target gene. Gene primer sequences for GAPDH, iNOS, IL-6,
and TNF-α were obtained from the NCBI GenBank database (Table 1).

Table 1. Primers for qRT-PCR.

Primers Sequences (5′——3′)

GAPDH Forward AGGTCGGTGTGAACGGATTTG
Reverse GGGGTCGTTGATGGCAACA

TNF-α Forward CAGGCGGTGCCTATGTCTC
Reverse CGATCACCCCGAAGTTCAGTAG

IL-6 Forward CTGCAAGAGACTTCCATCCAG
Reverse AGTGGTATAGACAGGTCTGTTGG

iNOS Forward GTTCTCAGCCCAACAATACAAGA
Reverse GTGGACGGGTCGATGTCAC

3.6.2. Western Bolt Analysis

Western blot analyses were performed to quantify total protein and phosphorylated
protein kinases [68]. A chemiluminescence (ECL) kit was used to perform densitometry of
each protein.

3.6.3. Receptor of HPP-1 on RAW264.7 Cells Involving in Immunomodulation

RAW 264.7 cells (1 × 105 cells/mL) were loaded onto a 96-well plate to determine
the mechanism by which HPP-1 modulates immunomodulatory function. After 24 h of
incubation, the cells were pre-treated for 1 h with 5 g/mL of anti-MR, anti-GR, anti-SR, anti-
CR3, anti-TLR4, and anti-TLR2 antibodies before being stimulated with 400 g/mL of HPP-1.
The control group was treated with HPP-1 (400 µg/mL) alone, and the positive group
was treated with lipopolysaccharide LPS (2 µg/mL). The negative control group consisted
of serum-free culture medium. After culturing for 1 h, cell supernatants were collected,
and NO and TNF-α levels were quantified as previously described [62] to determine the
involved receptor.

3.7. Statistical Analysis

All experiments were repeated three times, and the results are presented as mean
± SD. Data were analyzed using IBM SPSS 19.0 program (SPS Inc., Chicago, IL, USA).
Differences among groups were assessed using one-way ANOVA. Results were considered
significant at a p-value < 0.05.

4. Conclusions

In this study, a novel pectic polysaccharide (HPP-1) with a molecular weight of
59,024 Da was identified. Mannose, rhamnose, galactose, arabinose, and fucose were the
primary monosaccharide components of HPP-1. The presence of 1,4-D-Gal, 1,6-D-Man,
1,3-L-Ara, and 1,2-L-Rha connections was also confirmed. In vitro bioactivity experiments
revealed that HPP-1 has significant immunomodulatory activity, which might be medi-
ated via phagocytic promotion and might increase NO, IL-6, and TNF production. The
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immunomodulatory effect of HPP-1 is primarily mediated through the NF-κB and MAPK
signaling pathways via the GR receptor. Therefore, HPP-1 has potential applications in
immunological illness treatment and as a functional food.
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Abstract: Macamides are a class of amide alkaloids that are only found in maca and are widely
considered to be its bioactive marker compounds. More than thirty macamide monomers have been
identified in recent years; however, it is difficult to obtain a single macamide monomer from the maca
plant because of their similar structures and characteristics. We used the carbodiimide condensation
method (CCM) to efficiently synthesize five typical macamides, including N-benzyl-hexadecanamide
(NBH), N-benzyl-9Z,12Z,15Z-octadecenamide, N-(3-methoxybenzyl)-9Z,12Z-octadecenamide, N-
benzyl-9Z,12Z-octadecenamide, and N-(3-methoxybenzyl)-9Z,12Z,15Z-octadecadienamide. All the
synthesized macamides were purified by a one-step HPLC with a purity of more than 95%. NBH is the
most abundant macamide monomer in natural maca, and it was selected to evaluate the anti-fatigue
effects of macamides. The results indicated that NBH could enhance the endurance capacity of mice
by increasing liver glycogen levels and decreasing blood urea nitrogen, lactate dehydrogenase, blood
ammonia, and blood lactic acid levels. Macamides might be the active substances that give maca its
anti-fatigue active function.

Keywords: macamides; bioactive marker compounds; synthesis; carbodiimide condensation method;
anti-fatigue

1. Introduction

Lepidium meyenii walp. is an annual or biennial Andean crop, also known as maca
in Peru, where it can be extensively grown at high altitudes (3500–4800 m). Its under-
ground storage hypocotyls have been a traditional medicinal herb and dietary staple since
pre-Columbian times [1]. The underground root of this plant is rich in macamides, maca
alkaloids, glucosinolates, volatile oils, sterols, polyphenols, and macaenes [2,3]. A wide
array of maca extracts has been obtained by petroleum ether [4], pentane [5], methano-
lic [6], alcoholic [7,8], or aqueous [9] extraction and widely used in pharmacological studies.
Macamides, secondary amides with variable hydrocarbon chain lengths and levels of
unsaturation, are formed by combining benzylamine and a fatty acid moiety. Macamides
are considered functional components of the maca plant, unique to this species. Research
in recent years has shown that macamides have a variety of pharmacological activities,
including a vital effect on endurance capacity [10], neuroprotection [10,11], colitis [12],
ovarian injury [13], and testicular function and spermatogenesis [14]. Moreover, some
macamides act as irreversible inhibitors of fatty acid amide hydrolases (FAAH) and have
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anti-fatigue properties [15]. However, the macamides content, especially highly unsatu-
rated macamides, in maca is low, and the extraction steps are more tedious, making it
problematic to obtain abundant and pure single macamides. Therefore, to further validate
the biological activity and mechanisms of macamides, high-purity macamides should
be employed instead of maca extracts. However, due to their special physicochemical
properties, macamides cannot be easily isolated from maca.

The amides of these macamides are derivatives of oleic, linoleic, and linolenic acids
combined with either benzylamine or 3-methoxybenzylamine [16] and contain an amide
bond in their structure. Thus, an investigation of amide-bond synthetic methods could be
useful in acquiring the desired macamides. Conventional amide-synthetic methods include
a nucleophilic substitution of carboxylic acids (and their derivatives) with amines. Due to
its low activity, the carboxylic acid typically converts to an activated derivative and then
reacts with an amine to generate an amide.

In this study, the synthesis of the five main macamides was investigated using the
CCM. Moreover, optimization of their purification processes was examined to increase both
the purity and yield of these macamides. Additionally, the optimal synthetic conditions
for these five macamides should use inexpensive raw materials and provide high product
purity and yield. The structures of these macamides were established by spectrometric and
spectroscopic methods, including ESI-MS, IR, 1H NMR, and 13C NMR. Although maca
extracts in various solvents have occasionally been found to have anti-fatigue properties,
there has not been much research on the anti-fatigue properties of pure components. In
this experiment, NBH was selected, and extracts of macamides were used as controls to
assess the anti-fatigue capacity of the synthetic macamides.

2. Results
2.1. Synthesis, Purification and Identification of Macamides

The macamide’s structural formulas and synthetic reaction diagram are presented in
Figures 1 and 2. Each macamide required different purification procedures, including an
acid-base reaction, recrystallization, and silica gel column chromatography. The macamide
purification method described herein is markedly different from the methods reported
previously [17]. The results show that experiment 1 is comparable to experiment 5: the
purity of 1 increased from 61.64% to 97.63%. To further investigate the effects of the acid-
base reaction on the purity of 1, the following experiment was carried out: n-hexane was
washed with 10% sodium hydroxide and hydrochloric acid successively, and the lower
aqueous layer was discarded. The n-hexane layer was washed again using the same steps
as above, and it was then quantitatively analyzed by HPLC separately both before and
after washing (Figure 3). This confirms that sodium hydroxide can reduce the impurity
content (mainly fatty acids) and increase the macamide purity. This may be due to the fatty
acid combining with sodium hydroxide, which could lead to decreased solubility of the
impurities in n-hexane. In addition, alkaline substances in the reaction mixture, including
triethylamine, were also easily removed by hydrochloric acid. Macamides are alkaloid
amides which can combine with hydrochloric acid to form unstable compounds. When
this compound dissolves in n-hexane, it can be cleaved into macamides. Macamides would
easily dissolve in n-hexane. Thus, the acid-base reaction enhances macamide purity.

The pure precipitates were analyzed by HPLC-DAD, ESI-MS, IR, and NMR (1H and
13C). Macamides 1–5 were detected by HPLC-DAD, with the highest peak corresponding
to the respective macamide (Figure 4). These macamide peaks accounted for more than
95% of the total. The molecular formulas of these compounds were determined to be
C23H39NO, C25H37NO, C26H41NO2, C25H39NO, and C26H39NO2, respectively, using ESI-
MS (Figures 5a and S1). The UV spectra of compounds 1–5 showed chromophores for a
benzyl group (λmax 210 nm), and the IR spectra revealed absorptions at νmax 3302 cm−1 for
N-H and νmax 1453 cm−1 for a carbonyl group (Figures 5b and S2). The 13C NMR spectra
exhibited an amide carbonyl peak (δC 173.13) and peaks corresponding to monosubstituted
or polysubstituted benzene rings, as well as two or three disubstituted double bonds (δC
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131.99, 130.27, 129.12, 128.44, 127.63, 126.96; each d; C-9, C-10, C-12, C-13, C-15, C-16,
respectively) (Figures 5c and S3). The 1H NMR spectrum (Figures 5d and S4) exhibited
two or three cis-coupled olefinic protons at δ 5.37 (d, J = 4.0 Hz, H-9) and 5.36 (m, H-10),
four other olefinic protons between δ 5.31 and 5.34 (m, H-12, H-13, H-15, and H-16), a
primary methyl group at δ 0.87 (t, J = 4.0, 8.0, H-16) or δ 0.97 (t, J = 4.0, 8.0, H-18), as well
as other protons between δ 1.30 and 1.33, assigned to the methylene group. Compared
with macamide 1 (NBH), the other four compounds (2–5) contain two or three unsaturated
double bonds and a 6-substituted phenyl ring replacing the methoxy group, which is
verified in IR, MS, 1H, and 13C NMR spectra (Supplementary data).
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2.2. Anti-Fatigue Activity of NBH
2.2.1. Forced Swimming Test

It is widely accepted that exercise endurance is a direct and invariable factor in
screening anti-fatigue agents, which is determined by the length of forced swimming
time [9,18–20]. In this study, a forced swimming time (FST) model was developed to assess
the fatigue-relieving effect of NBH by recording the swimming time of mice from the
beginning of day 0; the swimming times of each group showed little difference. With
constant NBH gavage, significant differences were observed in the NBH groups on day
28 (p < 0.05), and the increased ratio of swimming time was 105% (Figure 6). There was
no significant difference between the control groups and the blank groups. The results
showed that NBH played an important role in extending swimming time. Body weight
was recorded on days 0, 7, 14, and 28. Compared to the normal increases, there were no
significant differences in body weight changes between the two groups.
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2.2.2. Effect of NBH on Biochemical Paraments Related to Fatigue

The FST results demonstrate that NBH plays a significant role in fatigue activity.
Therefore, the biochemical parameters related to fatigue were measured to investigate
a possible mechanism. For example, liver glycogen (LG), blood urea nitrogen (BUN),
lactate dehydrogenase (LDH), blood ammonia (BA), and blood lactic acid (BLA) were
measured [21].

Energy depletion and deficiencies can lead to fatigue and reduce the body’s resistance.
Liver glycogen (LG) is energy for exercise which is derived initially from the liver and
converts lactate back to glycogen and releases glycogen into the blood [20]. Therefore, an
increase in liver glycogen indicates enhanced exercise capacity and endurance capacity.
The experimental results show that the content of the NBH group was significantly higher
than that of the blank group, which was 241% (Figure 7a).
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BUN is another indicator of fatigue in the body. It is the metabolic outcome of protein
and amino acids when the body suffers from exhaustive exercise, which is derived initially
from the liver and later excreted out of the body through the kidneys [22]. In brief, the
more exercise the body undergoes, the more vitally the BUN level increases. As shown in
(Figure 7b), BUN levels in the NBH group were significantly reduced by 18% (p < 0.05). The
experimental results show that NBH can effectively reduce the accumulated BUN. LDH
is an enzyme that plays an important role in eliminating lactic acid and providing energy
under anaerobic conditions [23]; in other words, the more severe the muscle damage, the
higher the serum levels of LDH [24]. The activities of LDH in the control group and NBH
group were significantly lower than that of the blank group, by 11% (p < 0.01) and 23%
(p < 0.01), respectively (Figure 7c). This experiment shows that NBH can relieve fatigue
caused by muscle damage. BA is a metabolite produced by the breakdown of amino acids
in the body, which is translated into urea in the liver. The level of BA that was raised may
be associated with the body’s fatigue and liver glycogen decrease [25]. Compared with
the blank group, the control group and NBH group showed significant differences, with
the content of BA decreased by 30% (p < 0.01) and 21% (p < 0.05), respectively (Figure 7d).
BLA, an important glycolysis product, is known to accumulate during intensive prolonged
exercise [26]. In addition, with the repeated accumulation of lactic acid, there is eventually
a decline of power output, leading to impairment of whole-body exercise performance; that
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is, fatigue develops. As shown in Figure 7e, the NBH group decreased the BLA content by
24% (p < 0.05) lower than the blank group.

In summary, five fatigue-related biochemical markers were examined to assess NBH
anti-fatigue activity. The findings imply that NBH could improve mice’s endurance ability
by raising the LG level and lowering the levels of BUN, LDH, BA, and BLA. For all four
measures except LG, there were significant changes between the experimental group and
the control group. These results demonstrated the anti-fatigue activity of NBH.

3. Discussion

A general method for amide synthesis involves the activation of a carboxylic fatty acid
moiety with carbodiimide condensation agents (CCAs), followed by a reaction with an amine
to generate the corresponding amide. CCAs, including N,N′-dicyclohexylcarbodiimide,
N,N′-diisopropylcarbodiimide, and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDAC), are widely used in amide synthesis [27,28]. However, EDAC was
chosen since it contributes to macamide purification. Subsequently, an acylation catalyst
such as 4-dimethylaminopyridine (DMAP) or HOBt·H2O was selected for addition. The
main reason for this addition was that the intermediates formed by nucleophilic substitu-
tion reactions of CCAs were not stable, which led to rearrangement byproducts. Previous
studies have been conducted on the synthesis of macamides. For example, N-benzyl-15Z-
tetracosenamide was rapidly synthesized using cis-15-tetracosenoic acid, DMAP, and dicy-
clohexyl carbodiimide [29] but had low product yield and purity. Another synthetic method
using palmitic acid, 1′-carbonyldiimdazole, and DMAP afforded N-benzylpalmitamide
in large quantities [16]. However, product purification requires silica gel column chro-
matography, which is complicated and inefficient. A previous paper [30] described a
purification method in which 10% sodium hydroxide and hydrochloric acid were added to
the reaction solution, followed by stirring and discarding the lower aqueous layer. This
resulted in a product NBH with higher yield and purity. However, this method could not
be applied on an industrial scale because of the high cost of the reaction raw materials.
Hence, the synthetic method should take into consideration the commercial availability
of raw materials, the content and purity of products, and reaction time. The purification
process is the key point of synthetic reactions, as it is used for removing byproducts, the
remaining materials, and other impurities. In the present study, the reaction materials,
including EDAC, HOBt·H2O, triethylamine, and reaction byproducts, were water-soluble
substances. Thus, extraction using organic solvents could easily reduce impurities and
enrich the final product. For further purification, the acid-base reaction and recrystallization
in the purification process first came up to increase product purity.

The effects of EDAC, HOBt·H2O, triethylamine, and the acid-base reaction on the
yield and purity of NBH (1) are shown in Table 1. These results show that under the
same conditions, experiment 1 produces comparable results with experiments 2–4. The
yield of 1 in experiment 1 is significantly higher than those without treatment with EDAC,
HOBt·H2O, and triethylamine. This is because EDAC, as a CCA, activates the carboxyl
moiety of palmitic acid to form an intermediate by nucleophilic substitution. (Please see
Supplementary Materials).

Because the intermediate is unstable, the use of HOBt as an acylation catalyst can
keep the intermediate stable and stop it from generating related byproducts. In addition,
using triethylamine as an acid-binding agent could accelerate the acylation reaction, which
might mean that triethylamine could significantly improve the solubility of EDAC in DCM.
In conclusion, EDAC, HOBt·H2O, and triethylamine are necessary to obtain macamides
and enhance their yield and purity. Macamides are easily recrystallized from n-hexane
due to their poor solubility at low temperatures when compared with impurities. Based
on the above inference, recrystallization was utilized to increase the product purity. The
recrystallization conditions are at 4 ◦C. Finally, each layer in the experimental section was
analyzed by HPLC-UV, both before and after recrystallization. These results indicate that
the low-polar impurities remained in the solution, and the macamides were easily separated.
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Due to their special physical properties, Macamides 2 and 4 should be recrystallized at
−20 ◦C. However, macamides 3 and 5 were difficult to recrystallize, thus necessitating
purification using silica gel column chromatography. Thus, after the acid-base reaction,
many impurities in the precipitate were removed, and the macamides could be easily
afforded by silica gel column chromatography.

Table 1. Effects of EDAC, HOBt, triethylamine, and acid-base reactions on the yield and purity of
macamide.

No. EDAC HOBt·H2O Triethylamine Acid-Base
Reaction

Precipitate
Yield (%) Purity (%)

1 Y * Y Y Y 39.16 97.63

2 N ** Y Y Y 0 0

3 Y N Y Y 0 0

4 Y Y N Y 100.37 13.21

5 Y Y Y N 64.25 61.64
* Y: addition; ** N: no addition.

FST is a reliable and valid model for evaluating anti-fatigue activity in mice, as several
studies have reported a strong correlation between exercise endurance and the length of
forced swim time [31]. Other biochemical parameters, such as muscle glycogen (MG),
Adenosine Triphosphate (ATP), Adenosine Monophosphate (AMP), Methylenedioxyam-
phetamine (MDA), Superoxide Dismutase (SOD), have also been utilized to assess fatigue
and the anti-fatigue effects of various supplements [32,33]. These parameters can provide
additional insights into the mechanism of action of macamides. For example, increasing
levels of ATP, AMP, and muscle glycogen have been linked to improved endurance, while
reducing the levels of MDA and SOD has been suggested to decrease fatigue and enhance
fatigue resistance. Additionally, 5-HT is a major biochemical marker for assessing fatigue
in different species, and its levels can be detected by ELISA and HPLC with electrochemical
and fluorescence detection [34]. The results of this study showed that NBH extended
swimming time in test mice, increased levels of LG and reduced levels of BUN, LDH, BA,
and BLA, indicating its potential for decreasing physical fatigue and improving exercise
capacity. We have demonstrated that NBH can effectively improve mice’s endurance ability
by altering several fatigue-related biochemical markers. However, it is important to note
that the mechanism underlying this effect remains unclear. Future experiments could
utilize techniques such as transcriptomics or metabolomics to gain a more comprehensive
understanding of the molecular pathways involved in macamide’s anti-fatigue activity.
Unsaturated fatty acids are important components of macamides. The transportation,
metabolism, and action of unsaturated fatty acids in the body are complicated. It is well
known that the degree of unsaturation can influence their biological activities. Studies have
shown that highly unsaturated fatty acids can exhibit potent anti-inflammatory and antiox-
idant effects, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [35].
There are also different reports indicating that DHA and EPA play an important role in
alleviating exercise fatigue. However, the administration of DHA/EPA-triglyceride (TG)
and DHA-phospholipid (PL) rather than DHA-TG can significantly extend the time and
distance to running exhaustion in mice [36]. Future studies could focus on this aspect to
determine if there is a correlation between macamide unsaturation and anti-fatigue activity.

4. Materials and Methods
4.1. Materials and Chemicals

All solvents and reagents were commercially available. Palmitic acid (AR, 99.0% pure),
linoleic acid (99.0% pure), linolenic acid (99.0% pure), 3-methoxybenzylamine (98% pure),
benzylamine (99.0% pure), HOBt·H2O (97% pure), EDAC (98.0% pure), and triethylamine
(AR, 99.0% pure) were purchased from Aladdin (Shanghai, China). HPLC grade acetoni-
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trile, n-hexane, hydrochloric acid, sodium hydroxide, and dichloromethane (DCM) (used
as analytical reagents for the purification of macamides) were purchased from Wenrui
(Guangzhou, Guangdong, China). Ultrapure water (18.2 MΩ cm at 25 ◦C) (MilliQ Millipore,
Billerica, MA, USA) was used for HPLC analysis and synthesis of macamides.

4.2. Instrumental and Chromatographic Conditions

HPLC analysis was carried out on a Waters Alliance 2695 HPLC system (Waters,
Milford, MA, USA), which was equipped with an inline vacuum degasser, a quaternary
gradient pump, an autosampler, a DAD (2998) detector, and a Waters SunFireTU C18 column
(4.6 × 250 mm, 5 µm) and a Waters SunFireTU C18 column with a flow rate of 1 mL/min
for 15 min. The isocratic elution system comprised acetonitrile (95%) and water (5%). The
DAD detection wavelength was set as 210 nm. Gradient elution chromatography was
applied to determine the macamides extract from the maca. The solvent system consisted
of (A) distilled water and (B) acetonitrile, using a gradient of 50:50 to 5:95 in 25 min, and
the UV detection wavelength was 210 nm. The sample volume was 10 µL, and the flow
rate was 1 mL/min. The injection volume of all samples was 10 µL. The optimal MS
parameters were as follows: positive ion mode for MS detection; desolvation gas (N2) flow,
50 L/h; source voltage, 3 kV; transmission voltage, 30 V; all processes were controlled
by Masslynx 4.1 software. In the HPLC-MS method, a Waters Acquity UPLC/Q-TOF
Micro MS system equipped with an electrospray ionization (ESI) interface, working in
positive ion mode, was used. Data processing was performed using Waters Masslynx
4.1 software. 1H and 13C NMR spectra were recorded on a Bruker Avance III instrument
(Bruker, Fällanden, Switzerland) at 400 MHz (1H) and 100 MHz (13C) in CDCl3, using the
residual solvent signal as an internal standard. IR spectra were recorded on a Spectrum 100
FT-IR spectrometer (PerkinElmer, Rodgau, Germany).

4.3. The synthesis of Five Main Macamides
4.3.1. Preparation of NBH (1)

A DCM solution (50 mL) containing HOBt·H2O (103 mg, 0.76 mmol), EDAC (146 mg,
0.76 mmol), and palmitic acid (195 mg, 0.76 mmol) was stirred at 24 ◦C for 20 h. A solution
of benzylamine (83 µL, 0.76 mmol) and triethylamine (264 µL, 1.5 mmol) dissolved in
DCM (10 mL) was then added to the reaction mixture. After 4 h, the final solution was
evaporated to dryness. Subsequently, 10% hydrochloric acid (10 mL) and n-hexane (50 mL)
were added and stirred under ultrasonic conditions (200 W) for 5 min. The n-hexane layer
was washed successively with 10% sodium hydroxide and 10% hydrochloric acid (10 mL),
and the lower aqueous layers were discarded. Finally, the n-hexane solution was cooled
to 4 ◦C and allowed to recrystallize for 24 h. The recrystallized precipitate (39.16% yield,
97.63% pure) was obtained through vacuum filtration as a white powder and dried. IR
νmax 3302, 2919, 2849, 1627, 1551, 1453, 721, 696 cm−1; 1H NMR (400 MHz, CDCl3) and 13C
NMR (100 MHz, CDCl3) spectroscopic data of compound 1–5 were shown in Tables S1 and
S2; MS, C23H39NO, [M + H]: 346.31. The spectroscopic data for the precipitate (MS, 1H, and
13C NMR) correspond to the data previously published for NBH.

4.3.2. Preparation of N-Benzyl-9Z,12Z,15Z-octadecatrienamide (2)

Linolenic acid (233 µL, 0.76 mol, 99.0% pure), HOBt·H2O (103 mg, 0.76 mmol), and
EDAC (146 mg, 0.76 mmol) were dissolved in DCM (50 mL). The reaction mixture was
stirred at 25 ◦C for 20 h. Subsequently, benzylamine (83 µL, 99.0% pure) and triethylamine
(264 µL, 1.5 mmol, 99.0% pure) were added to the resulting mixture. The same operating
steps were followed for the preparation of NBH, except that the recrystallization tempera-
ture was −20 ◦C. Finally, the crystals were dried to yield the product as a brown powder
(37.27% yield, 95.71% pure). IR νmax 3298, 2929, 2856, 1648, 1544, 1455, 730, 699 cm−1; MS,
C25H37NO, [M + H]: 368.30.
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4.3.3. Preparation of N-(3-Methoxybenzyl)-9Z,12Z-octadecadienamide (3)

Linoleic acid (236 µL, 0.76 mol; 99.0% pure), HOBt·H2O (103 mg, 0.76 mmol), and
EDAC (146 mg, 0.76 mmol) were dissolved in DCM (50 mL). The reaction mixture was
stirred at 24 ◦C for 20 h. Subsequently, 3-methoxybenzylamine (98 µL, 98.0% pure) and
triethylamine (264 µL, 1.5 mmol, 99.0% pure) were added to the resulting mixture. The
same operating steps were followed as for the preparation of NBH, except that the n-hexane
solution was subjected to silica gel column chromatography (petroleum ether/ethyl acetate,
1:1) to yield the pure product as a colorless oil after solvent evaporation (31.25% yield,
96.21% pure). IR νmax 3288, 3008, 2928, 2855, 1646, 1254, 1154, 1052, 737, 694 cm−1; MS,
C26H41NO2, [M + H]: 400.32.

4.3.4. Preparation of N-Benzyl-9Z,12Z-octadecadienamide (4)

Linoleic acid (236 µL, 0.76 mol; 99.0% pure), HOBt·H2O (103 mg, 0.76 mmol), and
EDAC (146 mg, 0.76 mmol) were dissolved in DCM (50 mL). The reaction mixture was
stirred at 24 ◦C for 20 h. Subsequently, benzylamine (83 µL, 99.0% pure) and triethylamine
(264 µL, 1.5 mmol, 99.0% pure) were added to the resulting mixture. The same operating
steps were followed for the preparation of NBH, except that the recrystallization tem-
perature was −20 ◦C. Finally, the crystals were dried to yield the product as white oil
(43.97% yield, 95.13% pure). IR νmax 3288, 3009, 2926, 2855, 1645, 1549, 1455, 1252, 1029,
726, 697 cm−1; MS, C25H39NO, [M + H]: 372.31.

4.3.5. Preparation of N-(3-Methoxybenzyl)-9Z,12Z,15Z-octadecatrienamide (5)

Linolenic acid (233 µL, 0.76 mol; 99.0% pure), HOBt·H2O (103 mg, 0.76 mmol), and
EDAC (146 mg, 0.76 mmol) were dissolved in DCM (50 mL). The reaction mixture was
stirred at 24 ◦C for 20 h. Subsequently, 3-methoxybenzylamine (98 µL, 98.0% pure) and
triethylamine (264 µL, 1.5mmol, 99.0% pure) were added to the resulting mixture. The
same operating steps were followed as for the preparation of NBH, except that the n-hexane
solution was subjected to silica gel column chromatography (petroleum ether/ethyl acetate,
1:1) to yield the pure product as a light brown oil after solvent evaporation (30.79% yield,
95.92% pure). IR νmax 3300, 2931, 2856, 1647, 1265, 1154, 1051, 700 cm−1; MS, C26H39NO2,
[M + H]: 398.31.

4.4. The Preparation of Macamides-Rich Extracts

The dried maca powder (40 mesh) 1 g was mixed with diethyl ether 30 mL and then
ultrasonic extracted for 30 min. The solution was centrifuged at 4000 rpm for 15 min, and
then the supernatant was concentrated by a rotary vacuum evaporator to obtain a dry
extract. A certain amount of diethyl ether extract of maca was further washed with ethanol
5 mL and 5 mL sodium hydroxide (1 mol/L) in a water bath at 50 ◦C for 50 min, and 2 mL
carbonic acid was added to neutralize. Finally, the concentrated solution was dissolved
with n-hexane 5 mL and water 30 mL by ultrasonic to obtain n-hexane content. Finally, the
n-hexane layer was dried, and its macamide content was analyzed using HPLC [37,38].

4.5. Anti-Fatigue Activity of NBH
4.5.1. Animals and Groups

The following anti-fatigue activity experiment was designed mainly based on previous
research [19,39,40]. Adult male C57 mice, weighing an average of 20 g, were obtained from
Guangdong Medical Laboratory Animal Center (certificate number SCXK-2013-0002). The
animals were housed under controlled conditions (room temperature of 24 ◦C, relative
humidity of 38–60%,12 h/12 h light/dark cycle) and had free access to food and water.
All experiments were performed by the Animal Care and Use Committee of Guangdong
Pharmaceutical University.

Before the experimental mice were forced to swim, the mice that failed to learn to swim
were eliminated. After that, 18 mice were randomly divided into three groups: (1) blank
group, treated with distilled water; (2) control group: treated with 1000 mg/kg extract of
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maca; (3) experiment group (NBH): treated with 10 mg/kg. Oral gavage was performed at
2 p.m. for 28 days.

4.5.2. Forced Swimming Times and Biochemical Paraments

During 28 days of gavage, the body weight of each group of mice was measured before
being forced to swim on days 0, 7, 14, and 28. The swimming test was as follows: each
time mice had been orally gavaged, they were allowed to rest for 30 min and loaded with
a tin wire (10% of body weight) attached to their tails. Then, the mice were individually
dropped into a plastic swimming pool (50 cm × 50 cm × 40 cm) containing 35 cm deep
water at 25 ± 1 ◦C. The exhaustive swimming time was immediately recorded when mice
failed to rise to the surface of the water to breathe within 3 s. After the forced swimming
test, the mice were allowed to rest for 30 min and then were anesthetized with ether. Blood
samples were collected from the eyeball and centrifugated at 4000 rpm for 10 min, which
was used for BUN, BLA, LDH, and BA determination. After the blood was obtained,
the liver was immediately taken out and analyzed for HG. All kits were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

4.6. Statistical Analysis

Experimental data were represented as mean ± standard deviation. Differences
between groups were estimated by one-way analysis of variance (ANOVA) using GraphPad
Prism and Excel. Differences at p < 0.05 or p < 0.01 were considered significant.

5. Conclusions

We have successfully developed an efficient and simple synthetic protocol for the
synthesis of the five main macamides, achieving a purity of over 95% and a yield of more
than 30%. The macamides were identified using a combination of HPLC, MS, 1H and
13C NMR, and IR techniques. By synthesizing macamides in large quantities rather than
using maca extracts, they can be utilized in pharmacological experiments and for quality
control of maca products. Furthermore, NBH is the representative monomer in macamides.
Animal experiments demonstrated that it has anti-fatigue activity, which can be primarily
attributed to its ability to raise the LG level and reduce the levels of BUN, LDH, BA, and
BLA. NBH may be a promising candidate for alleviating fatigue for further study.
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macamides 2–5; Figure S4: 1H NMR spectrums of macamides 2–5.
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Abstract: Phytochemical investigation of the leaves of Camellia ptilosperma S. Y. Liang et Q. D. Chen
led to the isolation of ten undescribed compounds, including six new triterpenes (1–6) and four new
pheophorbide-related compounds (7–10). Meanwhile, the cytotoxic activity of the six triterpenes
against six cancer cell lines was evaluated by MTT assay. Compound 2 showed potent cytotoxicity
toward HepG2 cells with an IC50 value of 2.57 µM. Compounds 4 and 5 exhibited cytotoxicity
against MDA-MB231 cells, with IC50 values of 11.31 and 5.52 µM, respectively. Additionally, the
cytotoxicity of four new pheophorbides against these cancer cells was evaluated both in the presence
and absence of light treatment. Compound 7 exhibited exceptional photocytotoxicity against Hela,
MCF-7, and A549 cells, with IC50 values of 0.43 µM, 0.28 µM, and 0.92 µM, respectively. Compound
10 demonstrated significant photodynamic cytotoxic activity against BEL-7402 and HepG2 cells with
IC50 values of 0.77 µM and 0.33 µM, respectively. The photodynamic antibacterial activity of 7–10 was
also tested for S. aureus, E. coli, K. pneumoniae, and P. aeruginosa under direct illumination. Compounds
8 and 10 exhibited sensitivity to E. coli and demonstrated a photodynamic antibacterial effect, with a
MIC value of 0.625 µM.

Keywords: Camellia ptilosperma; triterpene; pheophorbide; cytotoxicity; antibacterial activity;
photodynamic therapy

1. Introduction

Yellow camellia, a member of the Theaceae family, is an evergreen shrub or dun-
garunga that was first discovered in Fangchenggang, Guangxi, China in 1933. To date,
more than 43 species, including 5 variants, of yellow camellias have been identified, with
their primary distribution spanning southwest China and northern Vietnam [1]. Distin-
guished from common tea plants with their red, pink, and white flowers, yellow camellia
has unique golden-yellow flowers due to which it is honored as ‘flora panda’ and ‘camellia
queen’. The leaves and flowers of yellow camellias are commonly utilized in the prepa-
ration of a popular tea known as Jin-Hua-Cha among local communities. Furthermore,
local communities have long employed yellow camellias as traditional remedies for con-
ditions such as hypertension, sore throat, and cancer prevention. In 2010, the Chinese
Ministry of Health included yellow camellia in the national list of new food resources,
leading to the continued development of functional foods based on yellow camellia, and
currently available products include oral solutions [2] and instant teas [3] with yellow
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camellia. Camellia ptilosperma, a renowned species of yellow camellia, was discovered in
1982 in Chongzuo, Guangxi. Unlike other yellow camellia, which bloom from September
to November, C. ptilosperma blooms from July to the following April [4].

The biological activity research on yellow camellia has mainly focused on C. tungh-
inensis and C. nitidissima, and has documented the diverse pharmacological properties
of phytochemicals or crude extracts derived from yellow camellia, encompassing antiox-
idant activity [5,6], anti-hypertensive [7] and hyperlipidemic effects [8,9], hypoglycemic
effects [10,11], antibacterial effects [12], anticancer activity [13–16], and anti-depressive
effects [17,18].

The chemical composition of C. ptilosperma is currently unknown. In view of its
potential medicinal and economic value, there is a need for phytochemical research on
it. According to the literature reports, the leaves of plants in Theaceae contain mainly
polyphenols, terpenes, flavonoids, tannins, and chlorophylls [19–22]. Although polyphe-
nols, flavonoids, and tannins have been extensively studied [23–27], there have been no
relevant reports on pheophorbide in the last 5 years. Chlorophyll and pheophorbide be-
long to the porphyrin group and are potential photosensitizers [28–30]. In the presence of
light, they can produce free radicals or reactive oxygen species, which have a powerful
killing effect on bacteria, microorganisms, and viruses [31,32]. Many triterpenoids have
shown anti-tumor activity [33–35]. Therefore, this study focuses on the triterpenoids and
pheophorbides in C. ptilosperma. In the biological activity experiment section, the cytotoxic
activity of triterpenoids against cancer cells, photocytotoxicity against cancer cells, and the
photodynamic antibacterial activity of pheophorbides were evaluated.

2. Results and Discussion

In this work, ten undescribed compounds, including six triterpenes (1–6, Figure 1) and
four pheophorbides (7–10, Figure 1), were isolated from the leaves of C. ptilosperma. The
cytotoxic activity of the six triterpenes against six cancer cell lines, namely Hela, MCF-7,
BEL-7402, A549, HepG2, and MDA-MB-231, was evaluated by MTT assay. The photo-
cytotoxic activity of four pheophorbides on the same human tumor cell lines was tested
under both illuminated and non-illuminated conditions. Furthermore, the antimicrobial
properties of pheophorbides were evaluated against a range of bacteria, including S. aureus,
E. coli, K. pneumoniae, and P. aeruginosa.
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4.00), H-5 (δH 1.55), and H-9 (δH 1.94), respectively. The hydroxy group attached to C-12 
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HMBC spectrum indicated a methoxyl group attached to C-11. In addition, a β-oriented 
H-11 could be deduced from the large 3J values of 10.4 Hz and NOESY correlations of H-
11 (δH 4.26) with H-25 (δH 1.13) and H-26 (δH 1.09). The presence of a methyl ester group 
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178.1), as well as between H-3 (δH 4.00) and C-23 (δC 178.1). Thus, compound 1 was deter-
mined to be 11α-methoxy-3β,12-dihydroxyurs-12-en-23-oic acid methyl ester. 
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Compound 1 was obtained as a colorless solid. Its molecular formula was C32H52O5
given by HR-ESI-MS (539.3718, [M+Na]+, calcd. for C32H52O5Na, 539.3712) with 7 degrees
of unsaturation. Also, the Liebermann–Burchard reaction for 1 was positive, suggesting
a triterpenoid structure. 1H NMR data (Table 1) demonstrated two distinctive methines
at δH 0.92 (d, J = 6.6 Hz, H-29) and 0.93 (d, J = 6.4 Hz, H-30), which coincided with the
ursane-type triterpene skeleton. The 1H and 13C NMR data (Table 1) revealed the presence
of the other five methyl groups (δH 0.80, 1.09, 1.13, 1.18, and 1.21), one oxygenated methine
group at δH 4.00 (dd, J = 11.5, 5.1 Hz) and two methoxyl groups at δH 3.18 (s) and 3.73 (s).
A hydroxy group was located in C-3 (δC 75.3) based on the HMBC correlations (Figure 2)
between H-3 (δH 4.00), C-23 (δC 178.1), and C-24 (δC 11.0). The relative configuration of the
3-OH was a β-orientation, which was established from the trans-diaxial coupling constant
of H-3 (J = 11.5 Hz) and the NOESY correlations (Figure 2) of the proton signals at H-3
(δH 4.00), H-5 (δH 1.55), and H-9 (δH 1.94), respectively. The hydroxy group attached to
C-12 was confirmed by the HMBC correlations of 12-OH (δH 4.53) with C-11 (δC 76.4), C-12
(δC 141.7), and C-13 (δC 118.3). The cross-peak from δH 3.18 (3H, s) to δC 76.4 (C-11) in the
HMBC spectrum indicated a methoxyl group attached to C-11. In addition, a β-oriented
H-11 could be deduced from the large 3J values of 10.4 Hz and NOESY correlations of H-11
(δH 4.26) with H-25 (δH 1.13) and H-26 (δH 1.09). The presence of a methyl ester group
at C-4 was confirmed by the HMBC correlations between 23-OCH3 (δH 3.73) and C-23
(δC 178.1), as well as between H-3 (δH 4.00) and C-23 (δC 178.1). Thus, compound 1 was
determined to be 11α-methoxy-3β,12-dihydroxyurs-12-en-23-oic acid methyl ester.

Table 1. 1H (600 MHz) and 13C (151MHz) NMR data for compounds 1–4 in CDCl3.

1 2 3 4

No. δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC

1
1.32 m

2.27 dt-like
(13.6, 3.4)

38.6
1.21 m

2.34 dt-like
(13.4, 3.5)

39.8
1.22 m

2.38 dt-like
(13.3, 3.3)

39.9
1.22 m

2.40 dt-like
(13.3, 3.5)

41.8

2 1.60–1.71 m 26.8 1.77 m
2.03 m 28.3 1.78 m

2.04 m 28.4 1.79 m
2.04 m 28.2

3 4.00 dd (11.5,
5.1) 75.3 3.11 dd (12.1,

4.3) 77.9
3.11 ddd

(11.9, 11.9,
4.4)

77.9 3.11 td-like
(11.7, 4.3) 77.8

4 54.2 49.3 49.4 49.2
5 1.55 m 51.1 0.95 m 56.7 0.97 m 56.8 0.97 m 56.6

6 1.01 m
1.55 m 21.3 1.66 m

1.82 m 19.9 1.67 m
1.84 m 19.8 1.68 m

1.85 m 19.9

7 1.31 m
1.53 m 33.7 1.35–1.48 m 34.2 1.40–1.49 m 34.5 1.38–1.51 m 34.2

8 43.1 42.7 42.5 42.4
9 1.94 d (10.4) 46.3 1.86 d (10.7) 45.3 1.89 d (10.7) 44.7 1.61 d (9.8) 53.3

10 37.7 38.5 38.6 38.5

11 4.26 d (10.4) 76.4 4.23 d (10.5) 76.5 4.27 d (10.7) 76.3 4.16 br d
(10.7) 70.5

12 141.7 142.8 143.4 145.9
13 118.3 116.6 114.5 112.3
14 40.6 41.0 40.6 40.8

15

0.98 br d
(13.5)

1.77 td-like
(13.5, 5.1)

27.1 1.02 m
1.81 m 26.4 1.13 m

1.79 m 25.6 1.13 m
1.76 m 25.3

16

0.83 br d
(13.5)

2.01 td-like
(13.5, 4.8)

27.5 1.02 m
1.81 m 26.6 1.26 m

2.06 m 28.0 1.26 m
2.05 m 28.1

17 33.3 38.3 47.8 47.7

18 2.24 dd (11.4,
1.3) 47.6 2.62 br d

(11.2) 41.8 2.75 d (11.6) 48.1 2.66 br d
(11.6) 47.7

19 1.37 m 40.8 1.51 m 39.1 1.95 m 38.5 1.95 m 38.4
20 1.03 m 39.5 1.45 m 39.1 1.29 m 47.2 1.30 m 47.3

21 1.26 m
1.41 m 31.2 3.49 dd (10.5,

2.7) 73.5 4.05 dd (11.6,
3.0) 76.4 4.06 dd (11.6,

3.0) 76.4
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Table 1. Cont.

1 2 3 4

No. δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC

22 1.32–1.46 m 41.6 3.40 d (2.7) 78.7 215.3 215.2
23 178.1 1.42 s 23.8 1.43 s 23.8 1.44 s 23.8
24 1.18 s 11.0 178.4 178.3 178.3
25 1.13 s 16.6 0.95 s 14.0 0.97 s 14.0 0.98 s 14.3
26 1.09 s 18.0 1.12 s 18.0 1.12 s 18.1 1.10 s 18.0
27 1.21 s 24.0 1.19 s 24.1 1.29 s 23.6 1.28 s 23.8
28 0.80 s 28.5 0.96 s 21.9 1.09 s 20.1 1.09 s 20.3
29 0.92 d (6.6) 17.0 0.96 d (6.6) 16.8 1.02 d (6.7) 16.0 0.98 d (6.6) 15.8
30 0.93 d (6.4) 21.2 1.06 d (6.1) 16.0 1.20 d (6.3) 16.8 1.19 d (6.3) 16.7

3-OH 3.39 d (11.9) 3.39 d (12.0)
12-OH 4.53 br s 4.69 br s 4.76 s 4.88 br s
21-OH 3.79 d (3.0) 3.80 d (3.0)

11-OCH3 3.18 s 51.3 3.14 s 51.1 3.14 s 50.8
23-OCH3 3.73 s 52.2
24-OCH3 3.69 s 51.3 3.70 s 51.3 3.71 s 51.4
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Figure 2. Key HMBC (A) and NOESY (B) correlations of compounds 1–4.

Compound 2 was isolated as a white powder and showed a molecular formula of
C32H52O7 by HR-ESI-MS (m/z 571.3605, [M+Na]+, calcd. 571.3611). Its 1H and 13C NMR
data (Table 1) closely resembled those of compound 1 except for the presence of two hydroxy
groups at C-21 (δC 73.5) and C-22 (δC 78.7), respectively, as well as a relative difference in
the configuration of the methyl and methyl ester attached to C-4. The positions of the two
additional hydroxy groups were confirmed by the HMBC correlations (Figure 2) from H-21
(δH 3.49) to C-20 (δC 39.1), C-22 (δC 78.7), and C-29 (δC 16.8) and from H-22 (δH 3.40) and
C-21 (δC 73.5), C-17 (δC 38.3), and C-21 (δC 73.5). Cross-peaks (Figure 2) between resonances
at δH 3.49 (H-21), δH 1.06 (H3-30), and δH 1.51 (H-19) in the NOESY spectrum confirmed the
β-orientation of the hydroxy group at C-21. A small coupling constant of 2.7 Hz between
H-21 and H-22 suggested that two protons were in the cis-form and that the 22-OH should
be β-oriented. Observation of NOESY correlations of H3-23 (δH 1.42) with H-3 (δH 3.11)
and H-5 (δH 0.95) indicated the α-configuration of the methyl group at C-4. Therefore,
compound 2 was identified as 11α-methoxy-3β,12,21β,22β-tetrahydroxyurs-12-en-24-oic
acid methyl ester.

Compound 3 was obtained as a pale powder and displayed a molecular formula of
C32H50O7 (m/z 569.3452, [M+Na]+, calcd. 569.3454) based on the HR-ESI-MS data. The 1H
and 13C NMR data (Table 1) were very similar to compound 2 except for the absence of
the hydroxy group at C-22, replaced by the carbonyl group, which was confirmed by the
HMBC correlation (Figure 2) of H-28 (δH 1.09) to C-22 (δC 215.3). Therefore, compound 3 was
established as 11α-methoxy-3β,12,21β-trihydroxy-22-oxours-12-en-24-oic acid methyl ester.
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Compound 4 was obtained as a white powder. The molecular formula was identified as
C31H48O7 by HR-ESI-MS (m/z 555.3298, [M+Na]+, calcd. 555.3298). The NMR spectroscopic
data (Table 1) of 4 closely resembled those of 3 and differed only in the substitution at the
C-11 position, where a hydroxyl group attached at C-11 in 4 instead of a methoxyl group
in 3. It was confirmed by the HMBC correlations (Figure 2) of H-11 (δH 4.16) with C-9 (δC
53.3) and C-12 (δC 145.9). The NOESY (Figure 2) cross-peaks of H-11 (δH 4.16) with H-25 (δH
0.98) and H-26 (δH 1.10) indicated that the hydroxy group at C-11 was an α-configuration. As
a result, compound 4 was elucidated as 3β,11α,12,21β-tetrahydroxy-22-oxours-12-en-24-oic
acid methyl ester.

Compound 5 was isolated as a white powder. Its molecular formula was determined as
C42H60O7 based on HR-ESI-MS results (m/z 699.4236, [M+Na]+, calcd. 699.4237), indicating
13 degrees of unsaturation. Also, the Liebermann–Burchard reaction for 5 was positive,
suggesting a triterpenoid. The NMR data (Table 2) displayed the presence of eight singlets
of the methyl group (at δH 0.79, 0.91, 0.94, 0.96, 1.00, 1.18, 1.47, and 1.67), a distinctive
proton at δH 2.77 (dd, J = 14.3, 4.2 Hz, H-18), and two characteristic unsaturated carbons
at δC 124.0 (C-12) and 140.6 (C-13), revealing an oleanane-type skeleton. In addition, the
HSQC spectrum showed two oxymethine protons connected to the carbons C-3 (δC 78.9)
and C-16 (δC 69.9), respectively, and two methylene protons attached to the carbon C-28
(δC 63.6) appeared as a doublet of doublets at δH 2.93/3.30 (each d, J = 11.5 Hz). Three
hydroxy groups attached to C-3, C-16, and C-28, respectively, were confirmed by the HMBC
correlations (Figure 3) of H-3 (δH 3.24) with C-24 (δC 15.6) and C-23 (δC 28.1), of H-15 (δH
1.37), H-18 (δH 2.77), and H-22 (δH 5.55) with C-16 (δC 69.9), and of H-22 (δH 5.55) with
C-28 (δC 63.6) successively. A typical coupling constant of H-3 (J = 11.5 Hz) and the NOESY
correlations (Figure 3) of H-3 with H-23 (δH 1.00) and H-5 (δH 0.76) indicated the axial
orientation of H-3 and β-configuration of OH-3. The NEOSY correlations of H-15β (δH
1.37) with H-26 (δH 0.91) and H-16 (δH 3.97) indicated that the hydroxy group at C-16 was
α-configuration. Moreover, the 1H and 13C NMR spectra showed five aromatic protons
at δH 7.98 (H-2′ and H-6′, d, J = 7.7 Hz), 7.53 (H-4′, t, J = 7.3 Hz), and 7.41 (H-3′ and H-5′,
dd, J = 7.7, 7.3 Hz), six aromatic carbons at δC 128.3 (C-3′ and C-5′), 129.5 (C-2′ and C-6′),
130.3 (C-1′), and 132.3 (C-4′), and an ester carbonyl at δC 166.3 (C-7′). These data and
HMBC correlations, together with the NOESY correlations of H-21 (δH 6.01) with H3-29
(δH 0.96) and H-19α (δH 2.62), confirmed the presence of a β-oriented benzoyloxy at C-21.
Meanwhile, the NMR spectra also showed another ester carbonyl at δC 169.3 (C-1′′), two
olefinic carbons at 126.9 (C-2′′) and 139.7 (C-3′′), and two methyl groups at 15.6 (C-4′′)
and 20.3 (C-5′′). These NMR data and NOESY correlations of H-22 (δH 5.55) with H-18
(δH 2.77) and H3-30 (δH 1.18), together with HMBC correlation results demonstrated an
α-configuration of the angeloyloxy group at C-22 [36]. Hence, compound 5 was identified
as 21β-benzoyloxy-22α-angeloylolean-12-ene-3β,16α,28-triol.

Table 2. 1H (600 MHz) and 13C (151MHz) NMR data for compounds 5 and 6 in CDCl3.

5 6

No. δH (J in Hz) δC δH (J in Hz) δC

1 1.00 m
1.65 m 38.6 1.01 m

1.64 m 38.6

2 1.54–1.66 m 27.2 1.55–1.67 m 27.1
3 3.24 dd (11.5, 4.3) 78.9 3.23 dd (11.6, 4.4) 79.0
4 38.8 38.8
5 0.76 br d (11.8) 55.1 0.76 br d (10.9) 55.2

6 1.40 m
1.56 m 18.3 1.40 m

1.56 m 18.3

7 1.30 m
1.57 m 32.7 1.31 m

1.57 m 32.7

8 41.0 41.0
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Table 2. Cont.

5 6

No. δH (J in Hz) δC δH (J in Hz) δC

9 1.64 m 46.5 1.64 m 46.5
10 36.9 36.9
11 1.88–1.96 m 23.5 1.88–1.97 m 23.5
12 5.48 t (3.3) 124.8 5.50 t (3.3) 125.1
13 140.6 140.7
14 39.7 39.7

15 1.37 m
1.70 m 33.7 1.38 m

1.70 m 33.7

16 3.97 br s 69.9 4.02 br s 69.8
17 47.7 47.7
18 2.77 dd (14.3, 4.2) 39.2 2.82 dd (14.4, 4.7) 39.2

19 1.32 m
2.62 dd (14.3, 13.2) 46.4 1.32 m

2.66 dd (14.4, 13.9) 46.4

20 36.1 36.1
21 6.01 d (10.2) 78.7 6.19 d (10.2) 78.6
22 5.55 d (10.2) 73.1 5.66 d (10.2) 74.5
23 1.00 s 28.1 1.00 s 28.1
24 0.79 s 15.6 0.79 s 15.6
25 0.94 s 15.6 0.94 s 15.6
26 0.91 s 16.7 0.91 s 16.7
27 1.47 s 27.1 1.47 s 27.1

28 2.93 d (11.5)
3.30 d (11.5) 63.6 2.97 d (11.5)

3.32 d (11.5) 63.6

29 0.96 s 29.1 0.96 s 29.1
30 1.18 s 19.5 1.18 s 19.5
1′ 130.3 130.1

2′, 6′ 7.98 d (7.7) 129.5 7.91 d (7.8) 129.7
3′, 5′ 7.41 dd (7.7, 7.3) 128.3 7.32 dd (7.8, 7.2) 128.4

4′ 7.53 t (7.3) 132.8 7.46 t (7.2) 132.3
7′ 166.3 168.3
1′′ 169.3 129.0
2′′ 126.9 7.88 d (7.8) 129.5
3′′ 5.91 br q (7.2) 139.7 7.33 dd (7.8, 7.2) 128.2
4′′ 1.77 br d (7.2) 15.6 7.42 t (7.2) 132.0
5′′ 1.67 br s 20.3 7.33 dd (7.8, 7.2) 128.2
6′′ 7.88 d (7.8) 129.5
7′′ 166.5
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Figure 3. Key HMBC (A) and NOESY (B) correlations of compounds 5 and 6.

Compound 6 was obtained as a white amorphous powder and possessed a molec-
ular formula of C44H58O7 based on HR-ESI-MS analysis (m/z 721.4092 [M+Na]+, calcd.
721.4080). The NMR data of 6 (Table 2) were similar to those of 5. The inspection of the
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NMR data showed a benzoyloxy substituent at C-22 in compound 6 instead of an angeloy-
loxy group at C-22 in 5. The cross-peaks (Figure 3) of H-22 (δH 5.66) with H3-30 (δH 1.18)
and H-18 (δH 2.82) in the NOESY spectrum confirmed the β-orientation of the benzoyloxy
group. Thus, compound 6 was ascertained as 21β,22α-dibenzoyloxyolean-12-ene-3β,16α,28-
triol. This structure was previously reported but no NMR spectroscopic data were available
before [37]. This work reports its NMR data for the first time.

Compound 7 was obtained as a dark green amorphous solid with a molecular formula
C37H40N4O6 measured by HR-ESI-MS (m/z 637.3029, [M+H]+, calcd. for C37H41N4O6,
637.3026). The 1H NMR spectrum (Table 3) of 7 indicated the presence of seven methyl
groups at δH 1.12 (CH3-175, t, J = 7.1 Hz), 1.69 (CH3-82, t, J = 7.7 Hz), 1.69 (CH3-181, d,
J = 7.3 Hz), 3.23 (CH3-71,s), 3.42 (CH3-21, s), 3.65 (CH3-134, s), and 3.71 (CH3-121, s), and
three olefinic protons at δH 9.42 (H-5, s), 9.57 (H-10, s), and 8.61 (H-20, s), respectively.
A monosubstituted vinyl proton signal appeared at δH 6.18 (dd, J = 11.5, 1.2 Hz), 6.29
(dd, J = 17.8, 1.2 Hz), and 7.99 (dd, J = 17.8, 11.5 Hz). The peaks of two interchangeable
hydrogens showed at δH 0.42 and −1.73 (both br s), which disappeared with the addition
of D2O to the sample. The 13C NMR (Table 4) and DEPT spectra displayed two methylene
carbons at δC 30.2 (C-171) and 31.2 (C-172), an oxymethylene carbon at δC 60.4 (C-174), a
methyl carbon at δC 14.1 (C-175), and an ester carbonyl carbon at δC 173.0 (C-173). An ethyl
propanoate moiety attached to C-17 (δC 50.2) was confirmed by the analysis of the 1H-1H
COSY spectrum and HMBC correlation (Figure 4). In addition, a carboxylic acid methyl
ester unit and a hydroxyl group connected to C-132 (δC 89.1) were also confirmed based on
the NMR data analyses. A JH-17-H-18 value of 8.5 Hz suggested the trans-orientation of the
CH3-181 and ethyl propanoate units in the D ring. The R-configuration of the carboxylic
acid methyl ester unit was assigned to C-132 based on the downfield signal at δH 4.69
(H-17), in contrast with δH 4.16 ppm for the S-configuration, as concluded by Nakatani [38],
which proposed an α-oriented hydroxyl group at C-132. Consequently, the more downfield
shift of H-17 caused by the deshielding effect of the hydroxyl group also demonstrated
that H-17 and HO-132 lay on the same side of the ring, so the relative configuration of
CH3-18 was established as α-orientation and that of the ethyl propanoate moiety at C-17
as β-orientation. Thus, compound 7 was identified as 132(R)-hydroxypheophorbide-a
ethyl ester.

Table 3. 1H (600 MHz) NMR data for compounds 7–10 in CDCl3.

No. 7 8 9 10

21 3.42, s 3.39, s 3.43, s 3.37, s
31 7.99, dd (17.8, 11.5) 7.99, dd (17.8, 11.6) 8.03, dd (17.8, 11.6) 7.90, dd (17.8, 11.6)

32 6.18, dd (11.5, 1.2)
6.29, dd (17.8, 1.2)

6.23, d, (11.6)
6.37, d, (17.8)

6.20, dd (11.6, 1.3)
6.31, dd (17.8, 1.3)

6.17, d (11.6)
6.35, d (17.8)

5 9.42, s 10.37, s 9.50, s 10.28, s
71 3.23, s 11.11, s 3.28, s 11.00, s
81 3.68, q (7.7) 4.01, m 3.73, q (7.7) 3.91, q (7.5)
82 1.69, t (7.7) 1.80, t (7.7) 1.71, t (7.7) 1.75, t (7.5)
10 9.57, s 9.64, s 9.64, s 9.65, s
121 3.71, s 3.69, s 3.74, s 3.83, s

134 3.65, s 3.66, s 4.09, m
4.25, m

135 0.90, t (7.1)
153 3.79, s
17 4.69, br d (8.5) 4.67, br dd (8.5, 2.2) 4.17 br dd (9.2, 2.5) 4.09, br d (9.2)

171 2.12, m
2.27, m

2.09, m
2.28, m

2.27, m
2.94, m

1.85, m
2.62, m

172 2.04, m
2.44, m

2.09, m
2.46, m

2.25, m
2.52, m

2.27, m
2.51, m

174 4.02, m 4.04, m 4.10, q (7.1) 3.95–4.09, m
175 1.12, t (7.1) 1.14, t (7.1) 1.15, t (7.1) 1.11, t (7.1)
18 4.49, br q (7.3) 4.49, br q (7.3) 4.50, br q (7.3) 4.45, br q (7.1)
181 1.69, d (7.3) 1.71, d (7.3) 1.60, d (7.3) 1.62, d (7.1)
20 8.61, s 8.59, s 8.65, s 8.64, s

132-OH 5.35, br s 5.36, br s 5.51, br s
151-OH 6.34, br s

NH 1 −1.73, 0.42 (br s) −1.62, 0.44 (br s) −1.84, 0.26 (br s) −1.17, −0.71 (br s)
1 Interchangeable proton.
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Table 4. 13C (151 MHz) NMR data for compounds 7–10 in CDCl3.

No. 7 8 9 10

1 142.1 143.6 142.0 143.1
2 131.9 132.3 131.8 131.9
21 12.1 12.1 12.1 12.0
3 136.3 137.9 136.3 137.8
31 129.0 128.6 129.1 128.4
32 122.9 123.7 122.9 123.6
4 136.4 137.0 136.2 137.0
5 97.9 102.0 98.0 103.8
6 155.6 151.2 155.3 151.4
7 136.5 133.0 136.5 132.9
71 11.3 187.7 11.3 187.6
8 145.3 159.4 145.3 159.4
81 19.5 19.1 19.5 19.1
82 17.5 19.4 17.5 19.5
9 151.0 147.1 151.3 146.1
10 104.3 106.7 104.2 106.4
11 137.7 137.7 137.8 141.7
12 129.6 132.9 129.5 131.5
121 12.3 12.5 12.3 12.5
13 126.3 127.1 127.0 112.3
131 192.0 192.0 192.2 160.5
132 89.1 89.0 88.9
133 173.5 173.1 172.3
134 53.8 53.9 62.8
135 14.0
14 150.2 151.1 150.0 136.7
15 107.6 107.4 107.8 102.0
151 100.5
152 170.6
153 54.3
16 161.9 164.7 162.4 169.0
17 50.2 50.4 51.8 53.9
171 30.2 30.0 31.1 31.3
172 31.2 31.3 31.6 32.2
173 173.0 172.9 173.6 173.1
174 60.4 60.5 60.5 60.5
175 14.1 14.1 14.1 14.1
18 50.8 50.8 50.4 50.2
181 22.7 22.7 22.8 22.2
19 172.8 174.6 172.4 173.3
20 93.4 93.7 93.6 94.1
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Compound 8 was isolated as a dark green amorphous solid and showed a molecular
formula of C37H38N4O7 based on HR-ESI-MS analysis (m/z 673.2635, [M+Na]+, calcd.
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673.2638). 1H and 13C NMR data (Tables 3 and 4) for 8 were very similar to those of
compound 7. Compared with 7, compound 8 had an aldehyde group at position C-7
instead of a methyl group in 7, confirmed by the HMBC correlations of H-71 (δH 11.11)
with C-7 (δC 133.0) and C-6 (δC 151.2). Therefore, compound 8 was established as 7-formyl-
132-hydroxypheophorbide-a ethyl ester.

Compound 9 was obtained as a dark green powder with the molecular formula of
(C38H42N4O6) deduced by HR-ESI-MS analysis (m/z 651.3179, [M+H]+, calcd. 651.3183).
Its 1H and 13C NMR data (Tables 3 and 4) were similar to those of compound 7, the main
distinction being the substituent groups and their configuration at position C-132. The
relative up-field shift of H-17 at δH 4.17, as mentioned in the structural elucidation of 7,
indicated the OH-132 as β-configuration. Also, an ethyl formate unit with α-orientation
was assigned to C-132 based on the NMR data analyses. Thus, compound 9 was designated
to be 133-ethoxypheophorbide-a ethyl ester.

Compound 10 was obtained as a dark green powder and had a molecular formula
of C37H38N4O8 as determined by its HR-ESI-MS results (m/z 667.2759, [M+H]+, calcd.
667.2768). Compounds 10 and 8 showed similar 1H and 13C NMR data (Tables 3 and 4) and
2D NMR data. The main differences between 10 and 8 were observed from the chemical
shift changes at C-13 (δC 112.3 for 10 vs. δC 127.1 for 8) and C-131 (δC 160.5 for 10 vs. δC
192.0 for 8), indicating that compound 10 should have a six-membered lactone ring in its
skeleton structure. Furthermore, the downfield shift of H-17 (δH 4.67), which arose from
the inductive effect of OH-151, suggested that OH-151 was β-oriented. Thus, compound 10
was designated as 7-formyl-151-hydroxypurpurin-7-lactone ethyl methyl diester.

The compounds 1–6 isolated from the leaves of C. ptilosperma in the present study were
tested in terms of their cytotoxicity against six human cancer lines, namely Hela, MCF-7,
BEL-7402, A549, HepG2, and MB-231, by MTT assay (Table 5). Compound 2 showed
potent cytotoxicity toward HepG2 cells with an IC50 value of 2.57 ± 0.29 µM. In particular,
the inhibitory effect of compound 2 was comparable to that of the positive control drug.
Compounds 4 and 5 exhibited moderate cytotoxicity against MDA-MB-231 cells, with IC50
values of 11.31 ± 3.05 and 5.52 ± 0.13 µM, respectively. All the compounds were found to
exhibit lower or no inhibitory activity against Hela, MCF-7, BEL-7402, and A549 cancer
cells. The results indicated that triterpenoids were highly selective in inhibiting tumor cells.

Table 5. Cytotoxicity (IC50, µM ± SD, n = 3) of compounds 1–6 and doxorubicin against six
cancer lines.

Compounds 1 2 3 4 5 6 Doxorubicin

Hela >50 >50 >50 >50 >50 >50 5.19 ± 0.26
MCF-7 >50 22.18 ± 8.95 30.93 ± 5.10 19.62 ± 2.16 >50 >50 12.03 ± 1.15

BEL-7402 37.20 ± 5.46 >50 >50 >50 >50 20.04 ± 3.46 4.82 ± 0.76
A549 14.08 ± 1.16 >50 >50 48.02 ± 12.14 >50 >50 8.05 ± 1.12

HepG2 29.07 ± 5.69 2.57 ± 0.29 >50 42.63 ± 3.97 >50 >50 2.49 ± 0.36
MDA-MB231 >50 27.05 ± 7.18 19.09 ± 0.75 11.31 ± 3.05 5.52 ± 0.13 >50 7.96 ± 1.17

Preliminary SAR (structure–activity relationship) analysis indicated that ursane-type
triterpenes were more cytotoxic than oleanane-type triterpenes, and the presence of ben-
zoyloxy and angeloyloxy groups reduced cytotoxicity against these cancer cells. Overall,
among the isolated ursane-type compounds, the presence or absence of methoxy or hy-
droxyl groups at the position of C-11 and hydroxyl or carbonyl groups at the position
of C-22 has no significant effect on cytotoxicity. Compared to the reported triterpenoids
isolated from camellias [39–42], the triterpenoids isolated from C. ptilosperma in this study
showed more potent cytotoxicity against hepatocellular carcinoma and lung cancer cells.

The cytotoxicity for compounds 7–10 in the absence of direct illumination was assayed
against six tumor cell lines, Hela, MCF-7, BEL-7402, A549, HepG2, and MB-231, by the
MTT method (Table 6). Compounds 8 and 9 exhibited limited or negligible cytotoxic
activity against all tested cell lines. In contrast, compound 7 exhibited moderate inhibitory
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activity against MCF-7 cells, yielding an IC50 value of 5.26 ± 0.71 µM, while compound
10 demonstrated moderate cytotoxicity against BEL-7402 and HepG2 cells, with IC50
values of 7.68 ± 1.87 and 3.77 ± 0.49 µM, respectively. The findings for compounds 7
and 10, observed in the absence of direct illumination, indicate that the cytotoxicity of
pheophorbide-related compounds may involve mechanisms distinct from the previously
reported photodynamic action.

Table 6. Cytotoxicity (IC50, µM ± SD, n = 3) of compounds 7–10 against six cancer cell lines
in darkness.

Compounds 7 8 9 10

Hela 18.19 ± 3.62 18.08 ± 2.48 59.26 ± 5.50 35.41 ± 7.62
MCF-7 5.26 ± 0.71 46.26 ± 4.81 59.08 ± 3.09 76.84 ± 4.93

BEL-7402 22.72 ± 4.98 51.04 ± 6.36 75.07 ± 9.73 7.68 ± 1.87
A549 20.48 ± 2.16 76.43 ± 8.75 27.13 ± 6.08 39.31 ± 3.23

HepG2 60.53 ± 9.40 12.65 ± 4.96 53.57 ± 10.28 3.77 ± 0.49
MDA-MB231 25.92 ± 3.30 37.50 ± 5.09 22.06 ± 1.51 40.06 ± 8.33

Furthermore, the photocytotoxicity of compounds 7–10 was assessed against the
above tumor cell lines when exposed to light radiation (Figure 5). Four compounds
demonstrated heightened inhibition of proliferation in all tested cell lines when subjected
to illumination, and this effect intensified with longer light exposure times. Notably,
compound 7 exhibited exceptional photocytotoxicity against Hela, MCF-7, and A549 cells,
with IC50 values of 0.43 ± 0.15 µM, 0.28 ± 0.05 µM, and 0.92 ± 0.21 µM, respectively.
Compound 10 demonstrated significant photodynamic cytotoxic activity against BEL-7402
and HepG2 cells with IC50 values of 0.77 ± 0.34 µM and 0.33 ± 0.04 µM, respectively.
Conversely, compounds 8 and 9 exhibited limited photodynamic activity across all tested
cell lines, despite a noticeable improvement in inhibition effects under light radiation. These
results suggest that certain pheophorbide-related compounds derived from C. ptilosperma
have the potential to serve as potent photosensitizers for photodynamic therapy (PDT).
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Pheophorbide is one of the classes of porphyrins. Porphyrins are a family of het-
eromeric macrocyclic organic compounds containing four pyrrole rings linked by naturally
occurring methine bridges, capable of generating monoclinic oxygen in the presence of
light and oxygen, effectively killing tumor cells. [43–45]. Both natural and synthetic por-
phyrins exhibit photocytotoxicity. Thomas et al. [46] designed and prepared an N-fused
porphyrin (NCP), displaying an IC50 value of 6µM. Hynek et al. [47] synthesized porphyrin
derivatives containing methyl, isopropyl, and phenyl groups, and strong photocytotoxicity
against Hela cells with an IC50 value of 0.45 µM was shown. However, the porphyrins
isolated in this study were less effective in inhibiting tumor cells than other types of
photocytotoxic compounds, such as metal complexes [48–50]. This also suggested that
compounds 7–10 can be further structurally modified to increase their photocytotoxicity.
Preliminary SAR (structure–activity relationship) analysis suggested that the length of side
chain substituents, differences in functional groups, and chiral carbon configurations did
not reflect a significant degree of photocytotoxicity.

Two Gram-positive bacteria (S. aureus and E. coli) and two Gram-negative bacteria
(K. pneumoniae and P. aeruginosa) were selected to evaluate the antibacterial activity of
compounds 7–10 using MIC values. In the absence of light exposure, compounds 7–10
exhibited no activity against the four bacteria at a concentration of 100 µM. However, when
the bacteria were exposed to compounds 7–10 with 30 min of photo-irradiation, four of
the pheophorbides displayed limited antibacterial activity against S. aureus and E. coli
(Table 7). Notably, compounds 8 and 10 exhibited sensitivity to E. coli and demonstrated
a photodynamic antibacterial effect, with a MIC value of 0.625 µM. Conversely, none of
the tested compounds displayed any activity for the two Gram-negative bacteria, whether
subjected to photo-irradiation or not.

Table 7. MICs (µM, n = 3) of compounds 7–10 against four bacteria.

Compounds 7 8 9 10 Positive Control

S. aureus 2.5 5.0 1.25 2.5 1.25 (ampicillin)
E. coli 5.0 0.625 2.5 0.625 2.50 (ampicillin)

P. aeruginosa >10 >10 5.0 >10 0.625 (ceftazidimea)
K. peneumoniae >10 >10 >10 >10 1.25 (ceftazidimea)

3. Experimental
3.1. General Experimental Procedures

HR-ESI-MS was measured on a Waters G2-XS Q-TOF mass spectrometer. All mass
spectrometric data were obtained in positive ion mode using an ESI ion source, with a scan
range from 100 to 1000 (m/z). NMR spectra were recorded on a Bruker AVANCE III HD 600
MHz spectrometer with TMS as the internal standard. Analytical HPLC was carried out on
an SSI 1500 HPLC system equipped with a Model 201 UV detector and a Welch XB-C18
column (5 µm, 4.6 × 250 mm, 1.0 mL/min). Semipreparative HPLC was performed on a
Laballiance HPLC system with a Welch XB-C18 column (5 µm, 10 × 250 mm, 4 mL/min)
and a Model 500 UV detector. Silica gel (100–200 and 300–400 mesh, Qingdao Marine
Chemical Inc., Qingdao, China), neutral alumina (100–200 mesh, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China), and Sephadex LH-20 (20–150 µm, GE Healthcare,
Boston, TX, USA) were used for column chromatography. Thin-layer chromatography
(TLC) was performed on precoated silica gel G plates (Qingdao Marine Chemical Inc.,
Qingdao, China) and detected by heating after spraying a solution of 5% H2SO4 in EtOH.
Photodynamic cytotoxicity and antibacterial activity evaluation used a 10 W halogen
tungsten lamp (Philips, Amsterdam, The Netherlands) as the light source. All reagents
used in the extraction and column chromatography process were analytically pure and in
the HPLC analysis and preparation were of chromatographic purity.

Hela, MCF-7, BEL-7402, A549, HepG2, and MDA-MB-231 cancer cells were pro-
vided by the Chinese Cell Resource Center (National Infrastructure of Cell-Line Resources,
Shanghai, China). Penicillin–streptomycin solution (100X, Beyotime Biotechnology, Bei-

70



Molecules 2023, 28, 7058

jing, China), fetal bovine serum (Gibco, Thornton, Australia), RPMI-1640, and DMEM cell
culture media (Gibco, Beijing, China) were used for cell culture. The absorption values
were recorded on a Synergy LX microplate reader. Tetrazolium bromide (MTT, Beyotime
Biotechnology, Beijing, China) was used for cell colorimetry staining. Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae were provided by the
China Center for Type Culture Collection (CCTCC, Wuhan University, Wuhan, China).

3.2. Plant Material

The leaves of C. ptilosperma were picked in Daxin County, Chongzuo City, Guangxi
Zhuang Region (China) in August 2019. A voucher specimen (No. 20190804-7014) repre-
senting this plant has been deposited at the Guangxi Institute of Botany, Chinese Academy
of Sciences.

3.3. Extraction and Isolation

The dried leaves of C. ptilosperma (5.3 kg) were extracted three times with 95% EtOH
(12 L each) at room temperature, and the combined solvent was evaporated in vacuo. The
EtOH extract (1.4 kg) was suspended in water and successively partitioned with n-hexane and
EtOAc three times (3 L each). Of these partitions, 412 g of EtOAc extract was subjected to a
silica gel column and eluted with gradient mixtures of CH2Cl2-MeOH (from 200:1 to 5:1, v/v).
Eluents were pooled based on TLC analysis to yield 12 combined fractions (Fr. 1-12). Further,
Fr. 3 was chromatographed over a 100–200 mesh Al2O3 column and eluted with gradient
mixtures of PE-EtOAc (20:1 to 8:1, v/v), and the eluents were pooled after TLC analysis to
obtain six subfractions (Fr. 3.1–3.6). Fr. 3.1 was further separated on the LH-20 column and
eluted with MeOH-CH2Cl2 (1:1, v/v) to yield three subfractions (Fr. 3.1.1–3.1.3.). Fr. 3.1.1
was purified by separation over a semi-preparative column, eluted with CH3CN-H2O (60:40,
v/v) to yield compound 1 (tR = 19.56 min, 7.0 mg). Fr. 3.1.2 was chromatographed on a
semi-preparative, eluted with CH3CN-H2O (43:57 v/v) to give compound 2 (tR = 23.33 min,
14.8 mg). Fr. 3.1.3 was subjected to a silica gel column (300–400 mesh) and eluted with a
gradient of CH2Cl2-MeOH (40:1 to 10:1, v/v) to achieve three subfractions (Fr. 3.1.3.1–3.1.3.3).
Fr. 3.1.3.1 was purified on a semi-preparative column, eluted with CH3CN-H2O (50:50 v/v)
to give compounds 3 (tR = 5.61 min, 6.8 mg) and 4 (tR = 15.65 min, 3.5 mg). Fr. 3.1.3.2 was
purified on a semi-preparative column with an elution of CH3CN-H2O (35:65 v/v) to obtain
compounds 5 (tR = 5.05 min, 13.7 mg) and 6 (tR = 10.19 min, 3.0 mg).

Fr.1 was chromatographed on 300–400 mesh silica gel and eluted with PE/CH2Cl2
(40:1 and 20:1, v/v) to yield three fractions (Fr. 1.1 to Fr. 1.3). Fr. 1.1 was subjected to
separation on the Sephadex LH-20 and eluted with CH2Cl2/MeOH (3:1, v/v) to yield
a black eluate. This residue was purified on a semipreparative HPLC with acetonitrile
as the mobile phase to obtain a mixture of 7 and 9, and the mixture was eluted with
90% acetonitrile/10% MeOH to yield 7 (25.7 mg, tR = 10.8 min) and 9 (16.9 mg, tR = 11.1
min). Fr. 1.2 was isolated on the Sephadex LH-20 with the elution of CH2Cl2/MeOH (1:1,
v/v) to give 8 (51.9 mg). Fr. 1.3 was purified using the Sephadex LH-20 and eluted with
CH2Cl2/MeOH (1:1, v/v) to give 10 (10.0 mg).

3.3.1. Compound 1

Colorless solid; [α]20
D + 9.08 (c 0.5, CH2Cl2); UV (CH2Cl2) λmax (logε) 201 (1.16) nm;

HR-ESI-MS m/z 539.3718 [M+Na]+, calcd. for C32H52O5Na, 539.3712; 1H NMR (600 MHz)
and 13C NMR (151 MHz) in CDCl3 (see Table 1).

3.3.2. Compound 2

White powder; [α]20
D + 4.36 (c 0.5, CH2Cl2); UV (CH2Cl2) λmax (logε) 199 (1.32) nm;

HR-ESI-MS m/z 571.3605 [M+Na]+, calcd. for C32H52O7Na, 571.3611; 1H NMR (600 MHz)
and 13C NMR (151 MHz) in CDCl3 (see Table 1).
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3.3.3. Compound 3

Pale powder; [α]20
D + 3.01 (c 0.5, CH2Cl2); UV (CH2Cl2) λmax (logε) 201 (0.94) nm;

HR-ESI-MS m/z 569.3452 [M+Na]+, calcd. for C32H50O7Na, 569.3454; 1H NMR (600 MHz)
and 13C NMR (151 MHz) in CDCl3 (see Table 1).

3.3.4. Compound 4

White powder; [α]20
D + 15.27 (c 0.5, CH2Cl2); UV (CH2Cl2) λmax (logε) 192 (1.40) nm;

HR-ESI-MS m/z 555.3298 [M+Na]+, calcd. for C31H48O7Na, 555.3298; 1H NMR (600 MHz)
and 13C NMR (151 MHz) in CDCl3 (see Table 1).

3.3.5. Compound 5

White powder; [α]20
D − 4.21 (c 0.5, CH2Cl2); UV (CH2Cl2) λmax (logε) 225 (1.30), 262

(0.84), 279 (0.37) nm; HR-ESI-MS m/z 699.4236 [M+Na]+, calcd. for C42H60O7Na, 699.4237;
1H NMR (600 MHz) and 13C NMR (151 MHz) in CDCl3 (see Table 2).

3.3.6. Compound 6

White powder; [α]20
D + 2.90 (c 0.5, CH2Cl2); UV (CH2Cl2) λmax (logε) 230 (1.11), 275

(0.52), 281 (0.29) nm; HR-ESI-MS m/z 721.4092 [M+Na]+, calcd. for C44H58O7Na, 721.4080;
1H NMR (600 MHz) and 13C NMR (151 MHz) in CDCl3 (see Table 2).

3.3.7. Compound 7

Dark green amorphous solid; [α]20
D + 0.42 (c 0.2, CH2Cl2); UV (CH2Cl2) λmax (log ε)

250 (1.06), 410 (2.80), 422 (2.93), 511 (0.40), 539 (0.27), 615 (0.27), 670 (1.53) nm; IR (ATR) vmax
3329, 3110, 1759, 1620, 1249; HR-ESI-MS m/z 637.3029 [M+H]+, calcd. for C37H41N4O6,
637.3026; 1H NMR (600 MHz) and 13C NMR (151 MHz) in CDCl3 (see Tables 3 and 4).

3.3.8. Compound 8

Dark green amorphous solid; [α]20
D + 0.67 (c 0.2, CH2Cl2); UV (CH2Cl2) λmax (log ε)

250 (1.22), 432 (2.71), 447 (2.90), 534 (0.36), 563 (0.23), 606 (0.21), 657 (0.92) nm; IR (ATR) vmax
3344, 3107, 2932, 1764, 1250; HR-ESI-MS m/z 673.2635 [M+Na]+, calcd. for C37H60N4O7Na,
673.2638; 1H NMR (600 MHz) and 13C NMR (151 MHz) in CDCl3 (see Tables 3 and 4).

3.3.9. Compound 9

Dark green powder; [α]20
D + 0.09 (c 0.2, CH2Cl2); UV (CH2Cl2) λmax (log ε) 252 (1.03),

420 (2.65), 439 (2.86), 520 (3.60), 552 (0.20), 609 (0.28), 662 (6.81) nm; IR (ATR) vmax 3320,
3123, 1742, 1230; HR-ESI-MS m/z 651.3179 [M+H]+, calcd. for C38H43N4O6, 651.3183; 1H
NMR (600 MHz) and 13C NMR (151 MHz) in CDCl3 (see Tables 3 and 4).

3.3.10. Compound 10

Dark green powder; [α]20
D + 0.50 (c 0.2, CH2Cl2); UV (CH2Cl2) λmax (log ε) 247 (1.12),

428 (2.92), 433 (2.73), 525 (0.24), 566 (0.17), 606 (0.13), 662 (0.59) nm; IR (ATR) vmax 3358,
3109, 2920, 1777, 1238; HR-ESI-MS m/z 667.2759 [M+Na]+, calcd. for C37H39N4O8, 667.2768;
1H NMR (600 MHz) and 13C NMR (151 MHz) in CDCl3 (see Tables 3 and 4).

3.4. Biological Assay
3.4.1. Cytotoxicity Assays

The cytotoxic activity of compounds 1–6 against Hela, MCF-7, BEL-7402, A549, HepG2,
and MDA-MB-231 cancer cell lines was evaluated using the MTT assay according to the
reported method [51,52] with doxorubicin as a positive control drug. MCF-7 and BEL-7402
cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum, and Hela,
A549, HepG2, and MDA-MB-231 cells were cultured in DMEM medium containing 10%
fetal bovine serum, all of which were incubated in a constant temperature incubator at 5%
CO2 at 37 ◦C. A549 in the logarithmic growth phase were inoculated into 96-well plates at
a density of 4 × 104 cells/mL. MCF-7, HepG2, BEL-7402, MDA-MB-231, and Hela were
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inoculated at a density of 5 × 104 cells/mL, with 100 µL in each well. After the cells were
attached to the wall, the drug treatment was performed. Different concentrations (0.1,
0.5, 1.0, 5.0, 1.0, and 20.0 µM) of doxorubicin (dissolved in PBS) and compounds 1–6 (1.0,
2.0, 5.0, 10.0, 25.0, and 50.0 µM, dissolved in 0.1% DMSO/PBS) were administered. Three
parallel tests were conducted for each concentration and the cells were cultured for 48 h.
An amount of 10 µL of MTT was added to each well, and the cells were incubated. After
incubation for 4 h at 37 ◦C, the medium was aspirated and 150 µL of DMSO solution was
added and shaken for 10 min, the plate was shocked using an enzyme marker, and the
absorbance value was detected at 490 nm to calculate the cell survival rate. The entire
experiment was repeated three times.

3.4.2. Photocytotoxicity Assay

The cytotoxicity of compounds 7–10 with or without photo-irradiation was evaluated
against the same six cancer cell lines by the MTT method. For the photodynamic cytotoxicity
assay, a halogen tungsten lamp was employed as the irradiation source. The lamp was
positioned immediately above the 96-well plate, maintaining a separation distance of 10 cm.
The concentrations of the compounds 7–10 were set at 0.1, 0.5, 1.0, 5.0, 10.0, 50.0, and
100.0 µM. Immediately after the addition of different concentrations of these compounds,
the cells were exposed to continuous light for 0, 60, 120, 210, and 300 s. The subsequent
experimental steps were the same as described in Section 3.4.1.

3.4.3. Photodynamic Antibacterial Activity Assay

The MIC (minimal inhibitory concentration) value was identified as the lowest con-
centration of the compound that inhibited visible bacterial growth following the incubation
period. It was determined using the double dilution method. S. aureus, E. coli, K. pneumoniae,
and P. aeruginosa were inoculated on Mueller–Hinton agar medium and incubated at 37 ◦C
for 24 h. The concentration of the bacterial suspension was adjusted to 1.0 × 106 CFU/mL
by the use of sterile saline solution and then the bacterial solution was inoculated on a
96-well plate with 100 µL per-well.

Compounds 7–10 and positive control drugs were diluted to attain the final concentra-
tions within the range of 0.625–10.0 µM. These different concentrations of solutions and
positive control drugs were inoculated into 96-well plates with an inoculation volume of
50 µL per well, while for the blank control, only 50 µL of culture medium was added. The
solutions were then incubated at 37 ◦C for 24 h. All the above operations were carried out
under light-protected conditions. Bacterial growth in the treated group was determined by
comparing the characteristics of bacterial growth in the blank control group and recording
the minimum concentration corresponding to bacterial growth.

In the photodynamic antibacterial test, the samples were exposed to continuous light
irradiation for a duration of 30 min using a halogen tungsten lamp positioned 10 cm above
the samples after administration. The other procedures were the same as in the light
avoidance condition. The experiment was repeated three times.

3.5. Statistical Analysis

Data from the cytotoxicity assays were evaluated according to their means and stan-
dard deviations. The cytotoxic concentration at 50% was determined to compare with the
control obtained from nonlinear regression. These analyses were performed using SPSS®

Statistics 18.0 (IBM software, Armonk, NY, USA).

4. Conclusions

In summary, ten new compounds were isolated from the leaves of Camellia ptilosperma,
including six triterpenes and four pheophorbides. The structures of the undescribed
compounds were based on NMR and HR-ESI-MS spectroscopic data.

Meanwhile, the cytotoxic activity of the six triterpenes against six cancer cell lines
was evaluated by MTT assay. Among them, compounds 1, 4, and 5 showed no significant

73



Molecules 2023, 28, 7058

cytotoxicity against any of the six cell lines. Compound 2 exhibited potent cytotoxicity
against HepG2 cells with an IC50 value of 2.57 ± 0.29 µM, which was close to that of
the positive control drug doxorubicin, indicating that compound 2 significantly inhibited
HepG2 proliferation. Compound 5 also showed notable cytotoxicity against MDA-MB231
cells with an IC50 value of 5.52 ± 0.13 µM, which was stronger than that of the positive
control drug doxorubicin. Compounds 7–10, the four pheophorbides, did not exhibit more
pronounced cytotoxicity and bacteriostatic activity in the absence of light. The cytotoxicity
of all compounds increased significantly after exposure to light, in a manner shown to
be time-dependent, and the IC50 values of compounds 7–10 were lower than that of the
positive control drug for all cells after 300 s of irradiation. On the other hand, they displayed
a certain degree of inhibitory effect against S. aureus and E. coli after 30 min of irradiation,
and the MIC values of compounds 8 and 10 were lower than those of the positive control
drug ampicillin. However, these compounds did not show any antibacterial activity against
P. aeruginosa and K. peneumoniae in the presence or absence of light.

Therefore, compounds 2 and 5 are promising for the treatment of liver and breast
tumors. Compounds 7–10 have potential as photosensitizers for the treatment of tumors
and bacterial infections. It is hoped that our study can provide a new direction for the
research on and application of Camellia ptilosperma. We look forward to investigating its
exact mechanism of action in further studies.
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Abstract: An iodine-mediated one-pot synthesis of pyrrolo/indolo [1,2-a]quinoxalines and quinazolin-
4-one via utilizing epoxides as alkyl precursors under metal-free conditions has been described. Both
1-(2-aminophenyl)-pyrrole and 2-aminobenzamide could be applied to this protocol. A total of
33 desired products were obtained with moderate to good yields. This methodology was suitable
for wide-scale preparation and the obtained products could be further modified into promising
pharmaceutically active reagents.

Keywords: epoxide; pyrrolo [1,2-a]quinoxalines; quinazolin-4-one; transition-metal free

1. Introduction

N-heterocycles are inseparable from our life for use as drug molecules, functional ma-
terials and dyes [1–3]. Pyrrolo [1,2-a]quinoxalines and quinazolin-4-ones are two essential
heterocyclic skeletons with outstanding biological properties for antimalarial, anticancer,
anti-HIV, antibacterial, etc [4–14]. As shown in Figure 1, compound I exhibits excel-
lent activity towards the 5-HT3 receptor, and compounds II and III have anticancer and
antileishmanial properties, respectively. Glycosminine (Figure 1, IV) and alkaloid bouchar-
datine (Figure 1, V) are present in natural products. Compound VI has anticonvulsant
activity. Given their excellent applications, especially in medicinal chemistry, their efficient
and green synthesis has been a long-pursued research topic in the field of organic synthetic
chemistry. In 1966, Cheeseman and Tuck [15] first synthesized pyrrolo [1,2-a]quinoxalines
using 1-(2-aminophenyl)-pyrrole as the starting material with aqueous formic acid under
reflux conditions. Since then, a number of groups have made tremendous efforts to con-
struct these compounds [16–25]. In 2022, Ma [16] reported a Cu(II)-catalyzed synthesis
of pyrrolo[1,2-a]quinoxalines using N,N-dimethylethanolamine (DMEA) as a C1 synthon.
In addition, the method of Ma’s group was also applicable to the synthesis of quinazolin-
4-one and benzo[4,5]imidazoquinazoline. During the preparation of our manuscript, by
means of an I2-DMSO synergistic system, Lin [17] reported a method for the synthesis of
acyl-substituted pyrrolo[1,2-a]quinolines using epoxides as acyl precursors. As part of our
research interest in the green synthesis of nitrogen-containing heterocycles under metal-free
conditions, PEG-400 [18], DMF [19] and DMSO [20] as carbon synthons have been reported
(Scheme 1).

On the other hand, the synthesis of quinazolin-4-ones has also attracted much at-
tention from chemists. In traditional synthesis methods, quinazolinone was obtained by
an acid/base facilitated condensation reaction of esters, aldehydes or carboxylic acids
with amides by means of some homogeneous catalytic systems and expensive raw ma-
terials [26–30]. In 2018, Wang [31] reported a novel synthetic strategy for the synthesis
of quinazolinones from olefins, carbon monoxide and amines over a heterogeneous Ru
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cluster/cerium oxide catalyst under acid/ base-free and oxidant-free conditions with
H2O as the only by-product. In 2019, Zheng [32] developed a visible light-mediated in-
tramolecular C-N cross-coupling reaction to synthesize a series of fused N-substituted
polycyclic quinazolinone derivatives under mild reaction conditions via long-lived pho-
toactive photoisomer complexes. In 2023, Fan [33] reported a method for the synthesis of
5H-phthalazino[1,2-b]quinazolin-8(6H)-one derivatives via a t-BuOK-catalyzed intramolec-
ular hydrogen amination reaction of quinazolinones. Also in 2023, Zhu [34] reported a
cobalt homeostatic catalysis system for the synthesis of quinazolinones from the coupling
of enaminones and oxadiazolones.
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Epoxides are well-known electrophiles that can react with various nucleophiles. They
are readily available from olefins or ketones and are usually air-stable and easily stored.
The Meinwald rearrangement [35] is an acid-catalyzed rearrangement reaction in which
epoxides form aldehydes or ketones via ring-opening followed by a 1,2-shift of the hydride
or alkyl group. Aldehydes, especially enolizable aliphatic aldehydes, are susceptible to
self-condensation which makes them unstable and hard to store in pure form. Therefore, it
is more desirable to utilize epoxides to replace the original aldehydes. In 2023, Moran [36]
synthesized a series of functionalized isochromans using epoxides as an alternative to
aldehydes. In 2021, Feng [37] reported the first catalytic asymmetric multi-insertion olefin
addition reaction triggered by an epoxy-vinyl Meinwald rearrangement using a chiral N,N′-
dioxide/ScIII complex catalyst. Encouraged by these discoveries and to further explore
the applications of epoxides [38–42], herein, we developed a method for synthesizing
pyrrolo[1,2-a]quinoxalines and quinazolin-4-ones via a tandem Meinwald rearrangement
and cyclization in one pot.

2. Results and Discussion
2.1. Optimization

We commenced our exploration with 1-(2-aminophenyl)-pyrrole (1a; 0.5 mmol) and
styrene oxide (2a; 1.0 mmol) as the model substrates. In the presence of I2 (0.5 mmol) and
AcOH (0.5 mmol) in CH3CN (1.0 mL) at 120 ◦C, the target product 4-benzylpyrrolo[1,2-
a]quinoxaline (3a) was obtained in 52% yield. Then, we screened several common Brønsted
acids, such as HCOOH, trifluoromethanesulfonic acid (TfOH) and p-toluenesulfonic acid
(TsOH) (Table 1, entries 1–5), and 3a had the best yield (76%) when TsOH was used (Table 1,
entry 5). In addition, we found that in the absence of iodine or acid, yields showed a
significant decline (Table 1, entries 6–7). It can be noted that iodine and acid play a crucial
role in this reaction system. Furthermore, when the acid was reduced to 0.5 equivalents,
the yield decreased; when the acid equivalent was increased to 1.5 equivalents, the yield
did not increase significantly (Table 1, entries 8–9). In addition, common solvents, such as
1,2-dichloroethane (DCE), EtOH, toluene, N-methylpyrrolidone (NMP) and PhCl, were
selected, and CH3CN was the best (Table 1, entries 10–14). Lowering the reaction tempera-
ture did not improve the reaction yield (Table 1, entries 15–16). For the sake of economy
and safety, we did not raise the temperature further. We finally determined that subsequent
experiments will be performed with I2 (0.5 mmol) and TsOH (0.5 mmol) in CH3CN at
120 ◦C for 4 h (Table 1, entry 5).

2.2. Scope of Substrates

With the optimal reaction conditions in hand, various substituted 1-(2-aminophenyl)-
pyrroles were first explored, and the results are shown in Table 2. For monosubstituted
1-(2-aminophenyl)-pyrroles, some bearing electron-donating groups (EDGs), like methyl,
methoxy or tert-butyl, work well in this method (3b–3c, 3e–3f and 3k). The method was also
compatible with substrates containing electron-withdrawing groups (EWGs), such as flu-
oro, chloro, bromo and iodine (3d, 3g–3j and 3l). Disubstituted 1-(2-aminophenyl)-pyrroles
were also well tolerated under these conditions; for 4,5-dimethyl-2-(1H-pyrrol-1-yl)aniline,
4,5-difluoro-2-(1H-pyrrol-1-yl)aniline and 4,5-dichloro-2-(1H-pyrrol-1-yl)aniline, the target
products 3m, 3n and 3o were obtained with the yields of 64%, 76% and 65%, respec-
tively. When we replaced the pyrrole ring with indole, the reaction still proceeded with
35–48% yields (3p–3r). The reaction also proceeds smoothly when alkyl epoxides, such as
1,2-epoxybutane, were used (3s); when 3,4-epoxy-1-butene was used, the product 3t’ was
expected to suffer a facile double-bond migration, affording the conjugated structure 3t.

Inspired by the experimental results in Table 2, we then turned our focus to the
synthesis of quinazolin-4-ones. We attempted to react 2-aminobenzamide (4a) with styrene
oxide (2a) under optimal conditions and successfully obtained 2-benzylquinazolin-4(3H)-
one (5a) in 70% yield (Table 3). Whether the R3 group of 2-aminobenzamide was EDG or
EWG participated successfully in the reaction with yields ranging from 58% to 74% (5a-5j).
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Whether the R3 group of the 2-aminobenzamide was an EDG or EWG and could smoothly
participate in this reaction, were demonstrated with yields ranging from 58% to 74% (5a–5j).
The reaction also performed well when styrene oxide (2a) was attached to EWGs, such as
chloro and bromo (5k–5l). When we used 3,4-epoxy-1-butene to react with 4a, the expected
product quinazolinone 5m’ suffered an easy double-bond migration to give the conjugated
product 5m. Unfortunately, we did not obtain the desired products 5n and 5o when the R4
group was replaced with an alkyl or aryl group.

Table 1. Optimization a.
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2.3. Large Scale Reaction and Synthetic Applications

Subsequently, several synthetic applications were performed to demonstrate the practi-
cality of this methodology (Scheme 2). Under standard conditions, the gram-scale synthesis
of 3a and 5a was carried out. Pleasantly, the desired product was successfully obtained
in 60% and 62% yields, respectively, making the procedure suitable for a broad-scale
preparation. Of these, 5a can be used as a cardiovascular agent [14]. In addition, the 2-
benzylquinazolin-4(3H)-one (5a) obtained in this protocol could be further modified into an
active antiurease reagent [43], molecular antagonists of CCR4 [44] and a photoluminescent
probe [45]. The photoluminescent probe could be used for the label-free, highly selective
and sensitive detection of Fe3+ and Ag+ metal ions.

2.4. Mechanism Investigation

To shed light on the mechanism of the reaction, several control experiments were
performed (Scheme 3). When the radical scavengers 2,2,6,6-tetramethylpiperidinyl-1-oxide
(TEMPO, 3.0 equiv.) and 2,6-di-tert-butyl-4-methylphenol (BHT, 3.0 equiv.) were added
to the reaction system under standard conditions, the desired product was obtained in
65% and 68% yields (Scheme 3a), respectively. This indicated that the conversion was a
non-radical process. When the reaction was carried out without the addition of I2, the yield
exhibited a significant decrease (27%). When the reaction system was performed without
the addition of TsOH, the target product was obtained with a 50% yield; we presumed that it
is the I2, as a Lewis acid, that plays a role in the conversion process (Table 1, entries 6–7). To
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investigate the reaction mechanism in more depth, we used 2-phenylacetaldehyde to react
with 1a under standard conditions to obtain the target product in 65% yield (Scheme 3b).
This indicated that 2-phenylacetaldehyde may be a key intermediate in the reaction. In the
absence of I2, the yield decreased significantly, indicating that iodine plays a key role in the
subsequent cyclization reaction. Under standard conditions, aniline and 1-(2-aminophenyl)-
pyrrole were reacted with styrene oxide (2a), respectively, and the intermediate imide was
detected with HRMS (Scheme 3c,d).

Based on the aforementioned control experiments and related literature studies, a plau-
sible mechanism of this reaction is described in Scheme 4. Initially, in the presence of TsOH,
styrene oxide (2a) underwent a Meinwald rearrangement to afford 2-phenylacetaldehyde.
The 2-phenylacetaldehyde reacted with 1-(2-aminophenyl)-pyrrole (1a) accompanied by
the elimination of H2O to generate the intermediate imine I. Afterwards, intramolecu-
lar cyclization was accomplished with the assistance of molecular iodine to afford the
dihydropyrrolo[1,2-a]quinoxaline II, which was ultimately aromatized to afford the target
product 3a.

Table 2. Substrate Scope of 2-(1H-Pyrrolo/indolo-1-yl)anilines a,b.
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EWGs, such as chloro and bromo (5k–5l). When we used 3,4-epoxy-1-butene to react with 
4a, the expected product quinazolinone 5m’ suffered an easy double-bond migration to 
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5n and 5o when the R4 group was replaced with an alkyl or aryl group. 
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I2, TsOH 

CH3CN, 120 °C 
  

4  2  5 

N

NH

O

    
5a, 70% 5b, 74% 5c, 58% 5d, 71% 

    
5e, 75% 5f, 59% 5g, 60% 5h, 67% 

    
5i, 65% 5j, 64% 5k, 60% 5l, 65% 

    
5m’ 5m, 48% 5n, 0% 5o, 0% 5m’ 5m, 48% 5n, 0% 5o, 0%

a 4 (0.5 mmol, 1 equiv.), 2 (1.0 mmol, 2 equiv.), I2 (0.5 mmol, 1 equiv.) and acid (0.5 mmol, 1 equiv.) in solvent (1.0
mL) were stirred in a sealed tube and allowed to react for 4 h. b Isolated yield.
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obtained based on procedures reported in the literature [46,47]. All other reagents were
market available and used with no further purification. We monitored the reactions using
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as an internal standard (Supplementary Materials). HRMS spectra (ESI) were acquired on a
Bruker impact II spectrograph in positive-ion mode with an ESI ion source.

3.2. General Experimental Procedures for 2-(1H-Pyrrol-1-yl) Anilines (1)

The substituted 2-nitroaniline (2.7626 g, 20 mmol, 1 equiv.) and 2, 5-
dimethoxytetrahydrofuran (2.9075 g, 22 mmol, 1.1 equiv.) were mixed in HOAc (30 mL)
and stirred vigorously under reflux conditions for 2−3 h. To neutralize the reaction mixture,
Na2CO3 aqueous solution was added and extracted three times with EtOAc. The organic
layer was then dried with anhydrous Na2SO4 and the residue was obtained after vacuum
evaporation. Iron powder (4.4680 g, 80 mmol, 5 equiv.) and NH4Cl (1.0698 g, 20 mmol,
1 equiv.) were added to the residue in water (40 mL) and refluxed for 4–9 h. When the
reaction was complete, the mixture was extracted three times with EtOAc. The organic
layer was then dried with anhydrous Na2SO4, and the residue was obtained after vacuum
evaporation. The residue was subsequently purified by silica gel chromatography to yield
the desirable compounds.

3.3. General Experimental Procedures for 2-(1H-Indolo-1-yl)anilines (1)

The substituted fluoro-2-nitrobenzene (2.8220 g, 20 mmol, 1 equiv.), indole (2.3430 g,
20 mmol, 1 equiv.) and NaOH (0.8000 g, 20 mmol, 1 equiv.) were mixed in DMSO (30 mL)
and stirred at room temperature for 4 h. The reaction mixture was extracted with EtOAc
(3 × 30 mL). The organic layer was then dried with anhydrous Na2SO4 and a solid was
obtained after vacuum evaporation. Iron powder (5.6850 g, 100 mmol, 5 equiv.) and NH4Cl
(1.0700 g, 20 mmol, 1 equiv.) were added to the solvent and refluxed for 5−9 h. After
cooling, the reaction mixture was extracted three times with EtOAc and brine solution and
subsequently dried with anhydrous Na2SO4. After filtration, a vacuum was used to remove
the solvent. The resulting solid was then purified by silica gel column chromatography to
obtain the desired compound.

3.4. General Experimental Procedures for Compounds 3a–3t and 5a–5m

Various substituted amines (0.5 mmol, 1 equiv.), epoxides (1.0 mmol, 2 equiv.), iodine
(0.1269 g, 0.5 mmol, 1 equiv.) and TsOH (0.0861 g, 0.5 mmol, 1 equiv.) were added to
CH3CN (1mL) in a sealed tube. The reaction mixture was stirred vigorously at 120 ◦C for 4 h.
After completion of the reaction, monitored by TLC, the reaction mixture was neutralized
with Na2S2O3 and extracted three times with EtOAc and H2O, followed by drying with
anhydrous Na2SO4. The product was purified by silica gel column chromatography to give
the desired compounds 3a–3t and 5a–5m.

3.5. Characterization Data

4-benzylpyrrolo[1,2-a]quinoxaline (3a), purification on a silica gel (petroleum ether/ethyl
acetate = 15:1) afforded compound 3a as a light yellow solid (98.2 mg, 76% yield); 1H NMR
(400 MHz, CDCl3): δ 7.86–7.84 (m, 1 H), 7.65 (dd, J = 2.9, 1.4 Hz, 1 H), 7.60–7.57 (m, 1 H),
7.31–7.24 (m, 4 H), 7.14 (t, J = 8.0 Hz, 2 H), 7.10–7.03 (m, 1 H), 6.69 (dd, J = 4.0, 1.2 Hz, 1 H),
6.62–6.62 (m, 1 H), 4,23 (s, 2 H). 13C NMR (100 MHz, CDCl3): δ 154.1, 136.9, 134.7, 128.5,
127.8, 127.8, 127.4, 126.1, 125.5, 124.7, 124.0, 113.2, 112.6, 112.5, 106.1, 41.5. HRMS (ESI-TOF):
m/z [M + H]+ calcd for C18H15N2

+: 259.1229; found: 259.1233.

4-benzyl-8-methylpyrrolo[1,2-a]quinoxaline (3b), purification on a silica gel (petroleum ether/
ethyl acetate = 15:1) afforded compound 3b as a yellow solid (84.4 mg, 62% yield); 1H NMR
(400 MHz, CDCl3): δ 7.77 (d, J = 8.2 Hz, 1 H), 7.72 (dd, J = 2.7, 1.3 Hz, 1 H), 7.50 (s, 1 H),
7.32 (d, J = 7.4 Hz, 2 H), 7.20–7.10 (m, 4 H), 6.71 (dd, J = 4.0, 1.3 Hz, 1 H), 6.67 (dd, J = 4.0,
2.7 Hz, 1 H), 4.26 (s, 2 H), 2.43 (s, 3 H). 13C NMR (100 MHz, CDCl3): δ 153.2, 137.1, 136.6,
132.8, 128.3, 127.8, 127.4, 126.0, 125.5, 125.3, 124.9, 112.8, 112.6, 112.5, 105.7, 41.5, 20.7. HRMS
(ESI-TOF): m/z [M + H]+ calcd for C19H17N2

+: 273.1385; found: 273.1381.
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4-benzyl-8-methoxypyrrolo[1,2-a]quinoxaline (3c), purification on a silica gel (petroleum ether/
ethyl acetate = 8:1) afforded compound 3c as a yellow solid (85.1 mg, 59% yield); 1H
NMR (400 MHz, CDCl3): δ 7.77 (d, J = 8.9 Hz, 1 H), 7.57 (dd, J = 2.8, 1.3 Hz, 1 H),
7.29 (d, J = 6.8 Hz, 2 H), 7.14 (t, J = 7.4 Hz, 2 H), 7.08–7.03 (m, 2 H), 6.88 (dd, J = 8.9, 2.7 Hz,
1 H), 6.66–6.61(m, 2 H), 4.21 (s, 2 H), 3.75 (s, 3 H). 13C NMR (100 MHz, CDCl3): δ 157.7,
151.5, 137.2, 129.8, 129.2, 127.8, 127.4, 126.9, 125.4, 124.7, 112.7, 112.6, 111.5, 105.5, 96.4, 54.6,
41.4. HRMS (ESI-TOF): m/z [M + H]+ calcd for C19H17ON2

+: 289.1335; found: 289.1339.

4-benzyl-8-fluoropyrrolo[1,2-a]quinoxaline (3d), purification on a silica gel (petroleum
ether/ethyl acetate = 15:1) afforded compound 3d as a yellow solid (102.3 mg, 74%
yield); 1H NMR (400 MHz, CDCl3): δ 7.63 (dd, J = 2.8, 1.3 Hz, 1 H), 7.56–7.50 (m, 2 H),
7.31 (d, J = 7.2 Hz, 2 H), 7.16 (t, J = 7.5 Hz, 2 H), 7.11–7.00 (m, 2 H), 6.74 (d, J = 4.0 Hz,
1 H), 6.64 (dd, J = 4.1, 2.7 Hz, 1 H), 4.22 (s, 2 H). 13C NMR (100 MHz, CDCl3): δ 158.7 (d,
JC-F = 243.4 Hz), 155.4, 136.7, 136.0 (d, JC-F = 11.4 Hz), 127.65 (d, JC-F = 34.6 Hz), 125.6,
124.5, 122.86 (d, JC-F = 2.3 Hz), 113.9 (d, JC-F = 22.2 Hz), 113.7 (d, JC-F = 21.1 Hz), 113.6,
113.5, 113.4, 112.7, 106.4, 41.4. 19F NMR (377 MHz, CDCl3): δ −116.7 (s). HRMS (ESI-TOF):
m/z [M + H]+ calcd for C18H14FN2

+: 277.1135; found: 277.1132.

4-benzyl-7-methylpyrrolo[1,2-a]quinoxaline (3e), purification on a silica gel (petroleum
ether/ethyl acetate = 15:1) afforded compound 3e as a yellow solid (84.4 mg, 62% yield);
1H NMR (400 MHz, CDCl3): δ 7.67 (d, J = 1.5 Hz, 2 H), 7.52 (d, J = 8.3 Hz, 1 H),
7.31 (d, J = 7.2 Hz, 2 H), 7.18–7.12 (m, 3 H), 7.08 (t, J = 7.3 Hz, 1 H), 6.70 (dd, J = 4.0,
1.3 Hz, 1 H), 6.63 (dd, J = 4.0, 2.7 Hz, 1 H), 4.24 (s, 2 H), 2.36 (s, 3 H). 13C NMR (100 MHz,
CDCl3): δ 154.1, 137.0, 134.8, 133.8, 128.5, 127.8, 127.4, 127.2, 125.5, 124.7, 124.1, 112.9, 112.3,
112.2, 105.7, 41.5, 20.0. HRMS (ESI-TOF): m/z [M + H]+ calcd for C19H17N2

+: 273.1385;
found: 273.1384.

4-benzyl-7-(tert-butyl)pyrrolo[1,2-a]quinoxaline (3f), purification on a silica gel (petroleum
ether/ethyl acetate = 20:1) afforded compound 3f as a yellow solid (114.8 mg, 73% yield);
1H NMR (400 MHz, CDCl3): δ 7.90 (s, 1 H), 7.68 (dd, J = 2.8, 1.3 Hz, 1 H), 7.59 (d,
J = 8.6 Hz, 1 H), 7.40 (dd, J = 8.6, 2.3 Hz, 1 H), 7.30 (d, J = 6.8 Hz, 2 H), 7.14 (t,
J = 7.5 Hz, 2 H), 7.08–7.04 (m, 1 H), 6.69 (d, J = 4.0 Hz, 1 H), 6.63 (dd, J = 4.0, 2.7 Hz,
1 H), 4.25 (s, 2 H), 1.30 (s, 9 H). 13C NMR (100 MHz, CDCl3): δ 154.0, 147.3, 137.0, 134.5,
127.7, 127.4, 125.5, 125.0, 124.7, 124.0, 123.8, 112.9, 112.4, 112.1, 105.8, 41.6, 33.7, 30.4. HRMS
(ESI-TOF): m/z [M + H]+ calcd for C22H23N2

+: 315.1855; found: 315.1859.

4-benzyl-7-fluoropyrrolo[1,2-a]quinoxaline (3g), purification on a silica gel (petroleum
ether/ethyl acetate = 20:1) afforded compound 3g as a yellow solid (98.1 mg, 71% yield);
1H NMR (400 MHz, CDCl3): δ 7.67 (dd, J = 2.8, 1.3 Hz, 1 H), 7.59 (dd, J = 9.0, 5.0 Hz, 1 H),
7.53 (dd, J = 9.5, 2.9 Hz, 1 H), 7.32 (d, J = 7.1 Hz, 2 H), 7.18 (t, J = 7.4 Hz, 2 H), 7.12–7.04 (m,
2 H), 6.76 (dd, J = 4.0, 1.3 Hz, 1 H), 6.66 (dd, J = 4.1, 2.7 Hz, 1 H), 4.23 (s, 2 H). 13C NMR
(100 MHz, CDCl3): δ 158.7 (d, JC-F= 243.5 Hz), 155.4, 136.7, 136.1 (d, JC-F = 11.6 Hz), 127.8,
127.5, 125.6, 124.5, 122.9 (d, JC-F= 2.2 Hz), 114.0 (d, JC-F = 22.0 Hz), 113.8 (d, JC-F = 24.0 Hz),
113.6 (d, JC-F= 9.0 Hz), 113.4, 112.7, 106.4, 41.4. 19F NMR (377 MHz, CDCl3): δ −116.8 (s).
HRMS (ESI-TOF): m/z [M + H]+ calcd for C18H14FN2

+: 277.1135; found: 277.1332.

4-benzyl-7-chloropyrrolo[1,2-a]quinoxaline (3h), purification on a silica gel (petroleum
ether/ethyl acetate = 20:1) afforded compound 3h as a yellow solid (92.2 mg, 63% yield);
1H NMR (400 MHz, CDCl3): δ 7.88 (d, J = 2.4 Hz, 1 H), 7.74 (d, J = 1.7 Hz, 1 H), 7.63 (d,
J = 8.7 Hz, 1 H), 7.33 (d, J = 8.6 Hz, 3 H), 7.22–7.18 (m, 2 H), 7.14–7.11 (m, 1 H), 6.81 (d,
J = 4.5 Hz, 1 H), 6.73–6.72 (m, 1 H), 4.27 (s, 2 H). 13C NMR (100 MHz, CDCl3): δ 155.4,
136.6, 135.7, 129.1, 128.0, 127.8, 127.5, 126.0, 125.6, 124.8, 124.6, 113.6, 113.5, 112.9, 106.5, 41.4.
HRMS (ESI-TOF): m/z [M + H]+ calcd for C18H14ClN2

+: 293.0839; found: 293.0837.

4-benzyl-7-bromopyrrolo[1,2-a]quinoxaline (3i), purification on a silica gel (petroleum
ether/ethyl acetate = 20:1) afforded compound 3i as a yellow solid (69.1 mg, 41% yield);
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1H NMR (400 MHz, CDCl3): δ 7.98 (d, J = 2.3 Hz, 1 H), 7.63 (d, J = 1.5 Hz, 1 H), 7.44 (d,
J = 8.8 Hz, 1 H), 7.37 (dd, J = 8.8, 2.3 Hz, 1 H), 7.31 (d, J = 7.6 Hz, 2 H), 7.18 (t, J = 7.5 Hz, 2 H),
7.10 (t, J = 7.3 Hz, 1 H), 6.75 (d, J = 4.1 Hz, 1 H), 6.67–6.65 (m, 1 H), 4.23 (s, 2 H). 13C NMR
(100 MHz, CDCl3): δ 155.3, 136.6, 136.0, 131.1, 128.8, 127.8, 127.5, 125.7, 125.2, 124.6, 116.5,
113.9, 113.5, 113.0, 106.6, 41.4. HRMS (ESI-TOF): m/z [M + H]+ calcd for C18H14BrN2

+:
337.0334; found: 337.0333.

4-benzyl-7-iodopyrrolo[1,2-a]quinoxaline (3j), purification on a silica gel (petroleum ether/ethyl
acetate = 20:1) afforded compound 3i as a yellow solid (76.8 mg, 40% yield); 1H NMR
(400 MHz, CDCl3): δ 8.22 (d, J = 2.0 Hz, 1 H), 7.69 (dd, J = 2.8, 1.4 Hz, 1 H), 7.59 (dd, J = 8.6,
2.0 Hz, 1 H), 7.38 (d, J = 8.6 Hz, 1 H), 7.32 (d, J = 7.5 Hz, 2 H), 7.22–7.15 (m, 2 H), 7.11 (t,
J = 7.3 Hz, 1 H), 6.78 (dd, J = 4.0, 1.4 Hz, 1 H), 6.70 (dd, J = 4.1, 2.7 Hz, 1 H), 4.24 (s, 2 H). 13C
NMR (100 MHz, CDCl3): δ 155.2, 137.3, 136.6, 136.2, 134.5, 127.8, 127.5, 125.9, 125.7, 124.6,
114.2, 113.5, 113.0, 106.7, 87.1, 41.4. HRMS (ESI-TOF): m/z [M + H]+ calcd for C18H14IN2

+:
385.0195; found: 385.0196.

4-benzyl-9-methylpyrrolo[1,2-a]quinoxaline (3k), purification on a silica gel (petroleum
ether/ethyl acetate = 15:1) afforded compound 3k as a yellow solid (87.1 mg, 64% yield);
1H NMR (400 MHz, CDCl3): δ 8.03 (dd, J = 2.9, 1.4 Hz, 1 H), 7.72 (dd, J = 7.9, 1.8 Hz, 1 H),
7.28 (d, J = 6.8 Hz, 2 H), 7.16–7.10 (m, 3 H), 7.07–7.02 (m, 2 H), 6.72 (dd, J = 4.1, 1.3 Hz, 1 H),
6.59 (dd, J = 4.2, 2.8 Hz, 1 H), 4.21 (s, 2 H), 2.68 (s, 3 H). 13C NMR (100 MHz, CDCl3): δ 153.7,
137.0, 136.4, 129.6, 127.7, 127.4, 127.1, 126.5, 126.0, 125.4, 124.2, 123.4, 118.8, 111.8, 105.4, 41.3,
22.7. HRMS (ESI-TOF): m/z [M + H]+ calcd for C19H17N2

+: 273.1385; found: 273.1390.

4-Benzyl-9-chloropyrrolo[1,2-a]quinoxaline (3l). Purification on a silica gel (petroleum
ether/ethyl acetate = 15:1) afforded compound 3l as a yellow solid (95.2 mg, 65% yield); 1H
NMR (400 MHz, CDCl3): δ 8.90 (dd, J = 2.9, 1.3 Hz, 1 H),
7.72 (dd, J = 8.0, 1.5 Hz, 1 H), 7.27 (dd, J = 8.0, 1.5 Hz, 3 H), 7.15–7.09 (m, 3 H),
7.07–7.03 (m, 1 H), 6.76 (dd, J = 4.2, 1.3 Hz, 1 H), 6.60 (dd, J = 4.2, 2.9 Hz, 1 H), 4.18(s,
2 H). 13C NMR (100 MHz, CDCl3): δ 154.6, 137.7, 136.7, 128.5, 127.8, 127.7, 127.4, 125.8,
125.6, 124.4, 123.5, 119.8, 119.8, 112.0, 106.4, 41.2. HRMS (ESI-TOF): m/z [M + H]+ calcd for
C18H14ClN2

+: 293.0839; found: 293.0844.

4-benzyl-7,8-dimethylpyrrolo[1,2-a]quinoxaline (3m), purification on a silica gel (petroleum
ether/ethyl acetate = 10:1) afforded compound 3m as a yellow solid (91.6 mg, 64% yield);
1H NMR (400 MHz, CDCl3): δ 7.64 (s, 1 H), 7.62 (s, 1 H), 7.41 (d, J = 5.3 Hz, 1 H),
7.30 (d, J = 8.1 Hz, 2 H), 7.15 (t, J = 7.4 Hz, 2 H), 7.07 (t, J = 7.3 Hz, 1 H), 6.67 (dd,
J = 4.0, 1.4 Hz, 1 H), 6.62–6.60 (m, 1 H), 4.23 (s, 2 H), 2.29 (s, 3 H), 2.25 (s, 3 H). 13C
NMR (100 MHz, CDCl3): δ 153.1, 137.2, 135.5, 133.0, 132.8, 128.8, 127.8, 127.4, 125.4, 124.8,
124.2, 113.0, 112.6, 112.2, 105.4, 41.5, 19.1, 18.5. HRMS (ESI-TOF): m/z [M + H]+ calcd for
C20H19N2

+: 287.1542; found: 287.1540.

4-benzyl-7,8-difluoropyrrolo[1,2-a]quinoxaline (3n), purification on a silica gel (petroleum
ether/ethyl acetate = 15:1) afforded compound 3n as a yellow solid (108.8 mg, 76% yield);
1H NMR (400 MHz, CDCl3): δ 7.68 (dd, J = 11.0, 8.1 Hz, 1 H), 7.62 (dd, J = 2.7, 1.3 Hz, 1 H),
7.48 (dd, J = 10.5, 7.3 Hz, 1 H), 7.32 (d, J = 6.9 Hz, 2 H), 7.22–7.17 (m, 2 H), 7.14–7.11 (m,
1 H), 6.80 (dd, J = 4.1, 1.3 Hz, 1 H), 6.73 (dd, J = 4.0, 2.8 Hz, 1 H), 4.25 (s, 2 H). 13C NMR
(100 MHz, CDCl3): δ 154.8 (d, JC-F = 2.9 Hz), 148.3 (dd, JC-F = 248.7, 14.4 Hz), 146.9 (dd,
JC-F = 245.2, 13.7 Hz), 136.6, 129.9, 127.8, 127.5, 125.7, 124.4, 122.6 (d, JC-F = 8.7 Hz), 116.2
(d, JC-F = 19.6 Hz), 113.5, 113.2, 106.6, 101.1 (d, JC-F = 22.2 Hz), 41.3. 19F NMR (377 MHz,
CDCl3): δ -135.1 (s), -140.2 (s). HRMS (ESI-TOF): m/z [M + H]+ calcd for C18H13F2N2

+:
295.1041; found: 295.1039.

4-benzyl-7,8-dichloropyrrolo[1,2-a]quinoxaline (3o), purification on a silica gel (petroleum
ether/ethyl acetate = 25:1) afforded compound 3o as a yellow solid (106.3 mg, 65% yield);
1H NMR (400 MHz, CDCl3): δ 7.94 (s, 1 H), 7.75 (s, 1 H), 7.64 (dd, J = 2.8, 1.3 Hz, 1 H),
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7.31 (d, J = 6.9 Hz, 2 H), 7.22–7.11 (m, 3 H), 6.80 (dd, J = 4.0, 1.3 Hz, 1 H), 6.71 (dd, J = 4.0,
2.8 Hz, 1 H), 4.23 (s, 2 H). 13C NMR (100 MHz, CDCl3): δ 155.6, 136.4, 134.3, 129.6, 129.6,
127.8, 127.6, 127.5, 125.7, 125.4, 124.5, 114.1, 113.8, 113.4, 107.1, 41.4. HRMS (ESI-TOF): m/z
[M + H]+ calcd for C18H13Cl2N2

+: 327.0450; found: 327.0455.

6-benzylindolo[1,2-a]quinoxaline (3p), purification on a silica gel (petroleum ether/ethyl
acetate = 25:1) afforded compound 3p as a yellow solid (74.1 mg, 48% yield); 1H NMR
(400 MHz, CDCl3): δ 8.21 (dd, J = 15.8, 8.6 Hz, 2 H), 7.89 (dd, J = 7.9, 1.8 Hz, 1 H), 7.71 (d,
J = 8.0 Hz, 1 H), 7.42–7.23 (m, 6 H), 7.17 (t, J = 7.8 Hz, 2 H), 7.09 (t, J = 8.1 Hz, 1 H), 6.95
(s, 1 H), 4.30 (s, 2 H). 13C NMR (100 MHz, CDCl3): δ 155.6, 136.6, 134.7, 131.7, 129.2, 128.9,
128.1, 127.9, 127.7, 127.5, 127.0, 125.6, 123.1, 122.9, 121.6, 121.4, 113.5, 113.4, 99.5, 41.6. HRMS
(ESI-TOF): m/z [M + H]+ calcd for C22H17N2

+: 309.1385; found: 309.1382.

6-qenzyl-3-methylindolo[1,2-a]quinoxaline (3q), purification on a silica gel (petroleum
ether/ethyl acetate = 20:1) afforded compound 3q as a yellow solid (61.3 mg, 38% yield);
1H NMR (400 MHz, CDCl3): δ 8.31 (d, J = 8.6 Hz, 1 H), 8.14 (s, 1 H), 7.79 (dd, J = 16.9, 8.0 Hz,
2 H), 7.42–7.27 (m, 3 H), 7.29 (t, J = 7.4 Hz, 1 H), 7.23–7.06 (m, 4 H), 6.98 (s, 1 H), 4.33(s, 2 H),
2.51(s, 3 H). 13C NMR (100 MHz, CDCl3): δ 154.6, 137.5, 136.7, 132.7, 131.7, 129.1, 128.7,
128.3, 128.0, 127.7, 127.5, 125.6, 124.0, 122.9, 121.6, 121.5, 113.9, 113.6, 99.4, 41.6, 21.1. HRMS
(ESI-TOF): m/z [M + H]+ calcd for C23H19N2

+: 323.1542; found: 323.1546.

6-Benzyl-7-methylindolo[1,2-a]quinoxaline (3r). Purification on a silica gel (petroleum
ether/ethyl acetate = 15:1) afforded compound 3r as a yellow solid (56.4 mg, 35% yield);
1H NMR (400 MHz, CDCl3): δ 8.44 (t, J = 7.9 Hz, 2 H), 7.99 (s, 1 H), 7.88 (d, J = 8.1 Hz, 1 H),
7.56 (q, J = 7.1 Hz, 2 H), 7.41 (dt, J = 14.1, 7.1 Hz, 2 H), 7.27–7.25 (m, 4 H), 7.20 (q,
J = 4.3 Hz, 1 H), 4.64 (s, 2 H), 2.63 (s, 3 H). 13C NMR (100 MHz, CDCl3): δ 156.8, 137.9, 132.1,
130.6, 130.0, 129.5, 128.9, 128.6, 128.5, 128.4, 128.2, 126.5, 124.8, 124.0, 123.8, 122.0, 120.7,
114.5, 114.4, 29.7, 11.0. HRMS (ESI-TOF): m/z [M + H]+ calcd for C23H19N2

+: 323.1542;
found: 323.1543.

4-propylpyrrolo[1,2-a]quinoxaline (3s), purification on a silica gel (petroleum ether/ethyl
acetate = 10:1) afforded compound 3s as a yellow solid (42.1 mg, 40% yield); 1H NMR
(500 MHz, CDCl3): δ 7.84 (dd, J = 7.9, 1.5 Hz, 1 H), 7.81–7.79 (m, 1 H), 7.73 (d, J = 8.0 Hz,
1 H), 7.35 (dtd, J = 21.0, 7.4, 1.4 Hz, 2 H), 6.82 (dd, J = 3.9, 1.2 Hz, 1 H), 6.75 (dd, J = 3.8,
2.8 Hz, 1 H), 2.91 (dd, J = 8.5, 7.1 Hz, 2 H), 1.86 (dq, J = 15.0, 7.4 Hz, 2 H), 1.00 (t, J = 7.4
Hz, 3 H). 13C NMR (125 MHz, CDCl3): δ 156.4, 135.0, 128.4, 126.2, 125.8, 125.1, 124.0, 113.0,
112.6, 112.4, 105.2, 36.8, 20.9, 13.3. HRMS (ESI-TOF): m/z [M + H]+ calcd for C14H15N2

+:
211.1229; found: 211.1233.

(E)-4-(prop-1-en-1-yl)pyrrolo[1,2-a]quinoxaline (3t), purification on a silica gel (petroleum
ether/ethyl acetate = 10:1) afforded compound 3t as a yellow solid (52.1 mg, 40% yield);
1H NMR (500 MHz, CDCl3): δ 7.90–7.82 (m, 2 H), 7.77–7.72 (dd, J = 8.0, 1.0 Hz, 1 H),
7.42–7.29 (m, 2 H), 7.18–7.09 (qd, J = 13.5, 7.0 Hz, 1 H), 6.93–6.90 (dd, J = 4.0, 1.0 Hz, 1 H),
6.80 (dd, J = 4.0, 1.5 Hz, 1 H), 6.78 (dd, J = 7.0, 2.5 Hz, 1 H), 1.98 (dd, J = 6.8, 1.7 Hz, 3 H). 13C
NMR (125 MHz, CDCl3): δ 149.2, 135.1, 134.4, 128.6, 126.2, 125.9, 125.7, 124.6, 124.2, 113.3,
112.6, 112.5, 105.0, 17.8. HRMS (ESI-TOF): m/z [M + H]+ calcd for C14H14N2

+: 209.1072;
found: 209.1071.

2-benzylquinazolin-4(3H)-one (5a), purification on a silica gel (petroleum ether/ethyl
acetate = 2:1) afforded compound 5a as a white solid (82.7 mg, 70% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.43 (s, 1 H), 8.09 (dd, J = 7.9, 1.6 Hz, 1 H), 7.78 (ddd, J = 8.4, 7.0,
1.6 Hz, 1 H), 7.62 (d, J = 8.5 Hz, 1 H), 7.50–7.44 (m, 1 H), 7.39 (d, J = 7.9 Hz, 2 H), 7.33 (t,
J = 7.6 Hz, 2 H), 7.28–7.22 (m, 1 H), 3.95 (s, 2 H). 13C NMR (100 MHz, DMSO-d6): δ 167.1,
161.2, 154.1, 141.8, 139.6, 134.1, 133.7, 132.2, 132.0, 131.4, 130.9, 126.0, 46.0. HRMS (ESI-TOF):
m/z [M + H]+ calcd for C15H13ON2

+: 237.1002; found: 237.1005.
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2-benzyl-6-methylquinazolin-4(3H)-one (5b), purification on a silica gel (petroleum ether/ethyl
acetate = 5:1) afforded compound 5b as a white solid (92.6 mg, 74% yield). 1H NMR
(400 MHz, DMSO-d6): δ 12.32 (s, 1 H), 7.87 (s, 1 H), 7.59 (dd, J = 8.3, 2.2 Hz, 1 H), 7.51 (d,
J = 8.2 Hz, 1 H), 7.38 (d, J = 6.8 Hz, 2 H), 7.32 (t, J = 7.5 Hz, 2 H), 7.24 (t, J = 7.2 Hz, 1 H),
3.92 (s, 2 H), 2.42 (s, 3H). 13C NMR (100 MHz, DMSO-d6): δ 162.3, 155.5, 147.4, 137.1, 136.3,
136.1, 129.3, 129.0, 127.3, 127.2, 125.5, 121.0, 41.2, 21.2. HRMS (ESI-TOF): m/z [M + H]+

calcd for C16H15ON2
+: 251.1178; found: 251.1177.

2-benzyl-6-methoxyquinazolin-4(3H)-one (5c), purification on a silica gel (petroleum
ether/ethyl acetate = 1:1) afforded compound 5c as a white solid (77.3 mg, 58% yield); 1H
NMR (400 MHz, DMSO-d6): δ 12.38 (s, 1 H), 7.57 (d, J = 8.8 Hz, 1 H), 7.48 (d, J = 2.9 Hz, 1 H),
7.41–7.36 (m, 3 H), 7.32 (d, J = 15.0 Hz, 2 H), 7.24 (t, J = 7.2 Hz, 1 H), 3.92 (s, 2 H), 3.85 (s,
3 H). 13C NMR (100 MHz, DMSO-d6): δ 162.2, 157.8, 154.1, 143.9, 137.2, 129.3, 129.1, 129.0,
127.2, 124.3, 122.0, 106.2, 56.0, 41.1. HRMS (ESI-TOF): m/z [M + H]+ calcd for C15H15ON2+:
267.1127; found: 267.1123.

2-benzyl-6-fluoroquinazolin-4(3H)-one (5d), purification on a silica gel (petroleum ether/ethyl
acetate = 5:1) afforded compound 5d as a white solid (90.3 mg, 71% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.60 (s, 1 H), 7.76 (dd, J = 8.6, 2.7 Hz, 1 H), 7.71–7.65 (m, 2 H),
7.39 (d, J = 6.9 Hz, 2 H), 7.33 (t, J = 7.6 Hz, 2 H), 7.25 (t, J = 7.3 Hz, 1 H), 3.95 (s, 2 H). 13C
NMR (100 MHz, DMSO-d6): δ 161.8 (d, JC-F = 3.3 Hz), 160.2 (d, JC-F = 244.9 Hz), 156.0 (d,
JC-F = 2.2 Hz), 146.2 (d, JC-F = 1.8 Hz), 136.9, 130.2 (d, JC-F = 8.0 Hz), 129.4, 129.0, 127.3, 123.3
(d, JC-F = 24.0 Hz), 122.4 (d, JC-F = 8.4 Hz), 110.8 (d, JC-F = 23.3 Hz), 41.1. 19F NMR (377 MHz,
DMSO-d6): δ −114.1 (s). HRMS (ESI-TOF): m/z [M + H]+ calcd for C15H12OFN2

+: 255.0927;
found: 255.0928.

2-benzyl-6-chloroquinazolin-4(3H)-one (5e), purification on a silica gel (petroleum ether/ethyl
acetate = 5:1) afforded compound 5e as a white solid (101.55 mg, 75% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.61 (s, 1 H), 8.01 (d, J = 2.5 Hz, 1 H), 7.80 (dd, J = 8.8, 2.6 Hz,
1 H), 7.64 (d, J = 8.7 Hz, 1 H), 7.38 (d, J = 6.8 Hz, 2 H), 7.33 (t, J = 7.5 Hz, 2 H), 7.25 (t,
J = 7.2 Hz, 1 H), 3.95 (s, 2 H). 13C NMR (100 MHz, DMSO-d6): δ 161.4, 157.1, 148.1, 136.8,
135.0, 130.9, 129.7, 129.4, 129.0, 127.3, 125.2, 122.5, 41.2. HRMS (ESI-TOF): m/z [M + H]+

calcd for C15H12OClN2
+:271.0632; found: 271.0635.

2-benzyl-6-bromoquinazolin-4(3H)-one (5f), purification on a silica gel (petroleum ether/ethyl
acetate = 5:1) afforded compound 5f as a white solid (93.0 mg, 59% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.65 (s, 1 H), 8.15 (d, J = 2.4 Hz, 1 H), 7.92 (dd, J = 8.7, 2.4 Hz,
1 H), 7.57 (d, J = 8.8 Hz, 1 H), 7.38 (d, J = 6.9 Hz, 2 H), 7.33 (t, J = 7.5 Hz, 2 H), 7.25 (t,
J = 7.2 Hz, 1 H), 3.94 (s, 2 H). 13C NMR (100 MHz, DMSO-d6): δ 161.2, 157.2, 148.4, 137.7,
136.8, 129.8, 129.4, 129.0, 128.3, 127.3, 122.9, 119.0, 41.2. HRMS (ESI-TOF): m/z [M + H]+

calcd for C15H12OBrN2
+: 315.0127; found: 315.0124.

2-benzyl-7-methylquinazolin-4(3H)-one (5g), purification on a silica gel (petroleum ether/ethyl
acetate = 2:1) afforded compound 5g as a white solid (75.2 mg, 60% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.31 (s, 1 H), 7.97 (d, J = 8.1 Hz, 1 H), 7.47–7.37 (m, 3 H),
7.35–7.20 (m, 4 H), 3.93 (s, 2 H), 2.43 (s, 3 H). 13C NMR (100 MHz, DMSO-d6): δ 162.2, 156.5,
149.5, 145.3, 137.1, 129.3, 128.9, 128.0, 127.2, 127.1, 126.0, 118.8, 41.2, 21.8. HRMS (ESI-TOF):
m/z [M + H]+ calcd for C16H15ON2

+: 251.1178; found: 251.1175.

2-benzyl-7-fluoroquinazolin-4(3H)-one (5h), purification on a silica gel (petroleum ether/ethyl
acetate = 2:1) afforded compound 5h as a white solid (85.2 mg, 67% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.54 (s, 1 H), 8.15 (dd, J = 8.9, 6.4 Hz, 1 H), 7.42–7.37 (m, 3 H),
7.36–7.30 (m, 3 H), 7.25 (t, J = 7.3 Hz, 1 H), 3.95 (s, 2 H). 13C NMR (100 MHz, DMSO-d6):
δ = 166.2 (d, J C-F = 250.7 Hz), 161.6, 158.0, 151.6 (d, J C-F = 13.2 Hz), 136.8, 129.4, 129.2,
129.0, 127.3, 118.3 (d, JC-F = 1.8 Hz), 115.2 (d, JC-F = 23.6 Hz), 112.5 (d, JC-F = 21.8 Hz), 41.2.
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19F NMR (377 MHz, DMSO-d6): δ −104.5 (s). HRMS (ESI-TOF): m/z [M + H]+ calcd for
C15H12OFN2

+: 255.0927; found: 255.0930.

2-benzyl-7-chloroquinazolin-4(3H)-one (5i), purification on a silica gel (petroleum ether/ethyl
acetate = 2:1) afforded compound 5i as a white solid (88.1 mg, 65% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.58 (s, 1 H), 8.07 (d, J = 8.4 Hz, 1 H), 7.66 (d, J = 2.1 Hz, 1 H),
7.50 (dd, J = 8.6, 2.1 Hz, 1 H), 7.39 (d, J = 7.0 Hz, 2 H), 7.33 (t, J = 7.5 Hz, 2 H), 7.25 (t,
J = 7.2 Hz, 1 H), 3.95 (s, 2 H). 13C NMR (100 MHz, DMSO-d6): δ 161.8, 158.1, 150.5, 139.5,
136.8, 129.4, 129.0, 128.3, 127.3, 127.0, 126.6, 120.1, 41.2. HRMS (ESI-TOF): m/z [M + H]+

calcd for C15H12OClN2
+: 271.0632; found: 271.0630.

2-benzyl-7-bromoquinazolin-4(3H)-one (5j), purification on a silica gel (petroleum ether/ethyl
acetate = 3:1) afforded compound 5j as a white solid (100.9 mg, 64% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.58 (s, 1 H), 7.99 (d, J = 8.4 Hz, 1 H), 7.81 (d, J = 2.1 Hz, 1 H),
7.62 (dd, J = 8.4, 2.0 Hz, 1 H), 7.39 (d, J = 6.8 Hz, 2 H), 7.33 (t, J = 7.5 Hz, 2 H), 7.25 (t,
J = 7.2 Hz, 1 H), 3.95 (s, 2 H). 13C NMR (100 MHz, DMSO-d6): δ 161.9, 158.1, 150.6, 136.8,
129.7, 129.7, 129.4, 129.0, 128.5, 128.3, 127.3, 120.4, 41.2. HRMS (ESI-TOF): m/z [M + H]+

calcd for C15H12OBrN2
+: 315.0127; found: 315.0131.

2-(4-chlorobenzyl)quinazolin-4(3H)-one (5k), purification on a silica gel (petroleum ether/ethyl
acetate = 2:1) afforded compound 5k as a white solid (89.4 mg, 66% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.43 (s, 1 H), 8.09 (dd, J = 7.9, 1.6 Hz, 1 H), 7.78 (ddd, J = 8.6, 7.1,
1.6 Hz, 1 H), 7.60 (dd, J = 8.3, 1.1 Hz, 1 H), 7.50–7.45 (m, 1 H), 7.44–7.37 (m, 4 H), 3.95 (s,
2 H). 13C NMR (100 MHz, DMSO-d6): δ 162.3, 156.1, 149.3, 136.0, 134.9, 132.0, 131.3, 128.9,
127.4, 126.8, 126.2, 121.3, 40.4. HRMS (ESI-TOF): m/z [M + H]+ calcd for C15H12OClN2

+:
271.0632; found: 271.0633.

2-(4-bromobenzyl)quinazolin-4(3H)-one (5l), purification on a silica gel (petroleum ether/ethyl
acetate = 3:1) afforded compound 5l as a white solid (99.3 mg, 63% yield); 1H NMR
(400 MHz, DMSO-d6): δ 12.43 (s, 1 H), 8.09 (d, J = 9.6 Hz, 1 H), 7.82–7.73 (m, 1 H), 7.60 (d,
J = 7.4 Hz, 1 H), 7.53 (d, J = 8.4 Hz, 2 H), 7.48 (t, J = 7.5 Hz, 1 H), 7.35 (d, J = 8.5 Hz, 2 H),
3.93 (s, 2 H). 13C NMR (100 MHz, DMSO-d6): δ 162.3, 156.0, 149.3, 136.4, 134.9, 131.8,
131.7, 127.4, 126.8, 126.2, 121.3, 120.5, 40.5. HRMS (ESI-TOF): m/z [M + H]+ calcd for
C15H12OBrN2

+: 315.0127; found: 315.0125.

(E)-2-(prop-1-en-1-yl)quinazolin-4(3H)-one (5m). Purification on a silica gel (petroleum
ether/ethyl acetate = 1:1) afforded compound 5m as a white solid (44.7 mg, 48% yield);
1H NMR (500 MHz, DMSO-d6): δ 12.17 (s, 1 H), 8.14–8.01 (m, 1 H), 7.82–7.72 (m, 1 H),
7.60 (d, J = 8.1 Hz, 1 H), 7.44 (t, J = 7.5 Hz, 1 H), 7.21–7.04 (m, 1 H), 6.27 (dd, J = 15.7, 1.7 Hz,
1 H), 1.92 (dd, J = 6.9, 1.5 Hz, 3 H). 13C NMR (125 MHz, DMSO-d6): δ 162.3, 151.6, 149.5,
138.7, 134.9, 127.5, 126.4, 126.2, 125.1, 121.4, 18.7. HRMS (ESI-TOF): m/z [M + H]+ calcd for
C11H11ON2

+: 187.0865; found: 187.0867.

4. Conclusions

To conclude, we disclosed an iodine-mediated one-pot procedure for the synthesis of
pyrrolo/indolo[1,2-a]quinoxalines and quinazolin-4-ones under metal-free conditions. This
methodology tandems the Meinwald rearrangement and annulation process. A series of N-
heterocycles were obtained with medium to good yields. The protocol has a broad substrate
scope, has a simple work-up and was suitable for wide-scale preparation. Furthermore, the
obtained products could be further modified to afford promising pharmaceutical reagents.
This study injects new vitality into the methodology for the synthesis of N-heterocycles.
Related research is still in progress in our laboratory.
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Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules28217391/s1, Figure S1: 1H NMR spectrum of compound 3a
in CDCl3 (400 MHz); Figure S2: 13C {1H} NMR spectrum of compound 3a in CDCl3 (100 MHz);
Figure S3: 1H NMR spectrum of compound 3b in CDCl3 (400 MHz); Figure S4: 13C {1 H} NMR
spectrum of compound 3b in CDCl3 (100 MHz); Figure S5: 1H NMR spectrum of compound 3c
in CDCl3 (400 MHz); Figure S6: 13C {1 H} NMR spectrum of compound 3c in CDCl3 (100 MHz);
Figure S7: 1H NMR spectrum of compound 3d in CDCl3 (400 MHz); Figure S8: 13C {1 H} NMR
spectrum of compound 3d in CDCl3 (100 MHz); Figure S9: 19F {1 H} NMR spectrum of compound 3d
in CDCl3 (377 MHz); Figure S10: 1H NMR spectrum of compound 3e in CDCl3 (400 MHz); Figure S11:
13C {1 H} NMR spectrum of compound 3e in CDCl3 (100 MHz); Figure S12: 1H NMR spectrum of
compound 3f in CDCl3 (400 MHz); Figure S13: 13C {1 H} NMR spectrum of compound 3f in CDCl3
(100 MHz); Figure S14: 1H NMR spectrum of compound 3g in CDCl3 (400 MHz); Figure S15: 13C
{1 H} NMR spectrum of compound 3g in CDCl3 (100 MHz); Figure S16: 19F {1H} NMR spectrum
of compound 3g in CDCl3 (377 MHz); Figure S17: 1H NMR spectrum of compound 3h in CDCl3
(400 MHz); Figure S18: 13C {1 H} NMR spectrum of compound 3h in CDCl3 (100 MHz); Figure S19:
1H NMR spectrum of compound 3i in CDCl3 (400 MHz); Figure S20: 13C {1 H} NMR spectrum
of compound 3i in CDCl3 (100 MHz); Figure S21: 1H NMR spectrum of compound 3j in CDCl3
(400 MHz); Figure S22: 13C {1 H} NMR spectrum of compound 3j in CDCl3 (100 MHz); Figure S23:
1H NMR spectrum of compound 3k in CDCl3 (400 MHz); Figure S24: 13C {1 H} NMR spectrum
of compound 3k in CDCl3 (100 MHz); Figure S25: 1H NMR spectrum of compound 3l in CDCl3
(400 MHz); Figure S26: 13C {1 H} NMR spectrum of compound 3l in CDCl3 (100 MHz); Figure S27:
1H NMR spectrum of compound 3m in CDCl3 (400 MHz); Figure S28: 13C {1 H} NMR spectrum
of compound 3m in CDCl3 (100 MHz); Figure S29: 1H NMR spectrum of compound 3n in CDCl3
(400 MHz); Figure S30: 13C {1 H} NMR spectrum of compound 3n in CDCl3 (100 MHz); Figure S31:
19F {1 H} NMR spectrum of compound 3n in CDCl3 (377 MHz); Figure S32: 1H NMR spectrum
of compound 3o in CDCl3 (400 MHz); Figure S33: 13C {1 H} NMR spectrum of compound 3o in
CDCl3 (100 MHz); Figure S34: 1H NMR spectrum of compound 3p in CDCl3 (400 MHz); Figure S35:
13C {1 H} NMR spectrum of compound 3p in CDCl3 (100 MHz); Figure S36: 1H NMR spectrum of
compound 3q in CDCl3 (400 MHz); Figure S37: 13C {1 H} NMR spectrum of compound 3q in CDCl3
(100 MHz); Figure S38: 1H NMR spectrum of compound 3r in CDCl3 (400 MHz); Figure S39: 13C {1 H}
NMR spectrum of compound 3r in CDCl3 (100 MHz); Figure S40: 1H NMR spectrum of compound
3s in CDCl3 (500 MHz); Figure S41: 13C {1 H} NMR spectrum of compound 3s in CDCl3 (125 MHz);
Figure S42: 1H NMR spectrum of compound 3t in CDCl3 (500 MHz); Figure S43: 13C {1 H} NMR
spectrum of compound 3t in CDCl3 (125 MHz); Figure S44: 1H NMR spectrum of compound 5a in
DMSO-d6 (400 MHz); Figure S45: 13C {1 H} NMR spectrum of compound 5a in DMSO-d6 (100 MHz);
Figure S46: 1H NMR spectrum of compound 5b in DMSO-d6 (400 MHz); Figure S47: 13C {1 H} NMR
spectrum of compound 5b in DMSO-d6 (100 MHz); Figure S48: 1H NMR spectrum of compound
5c in DMSO-d6 (400 MHz); Figure S49: 13C {1 H} NMR spectrum of compound 5c in DMSO-d6
(100 MHz); Figure S50: 1H NMR spectrum of compound 5d in DMSO-d6 (400 MHz); Figure S51: 13C
{1 H} NMR spectrum of compound 5d in DMSO-d6 (100 MHz); Figure S52: 19F {1 H} NMR spectrum of
compound 5d in DMSO-d6 (377 MHz); Figure S53: 1H NMR spectrum of compound 5e in DMSO-d6
(400 MHz); Figure S54: 13C {1 H} NMR spectrum of compound 5e in DMSO-d6 (100 MHz); Figure S55:
1H NMR spectrum of compound 5f in DMSO-d6 (400 MHz); Figure S56: 13C {1 H} NMR spectrum of
compound 5f in DMSO-d6 (100 MHz); Figure S57: 1H NMR spectrum of compound 5g in DMSO-d6
(400 MHz); Figure S58: 13C {1 H} NMR spectrum of compound 5g in DMSO-d6 (100 MHz); Figure S59:
1H NMR spectrum of compound 5h in DMSO-d6 (400 MHz); Figure S60: 13C {1 H} NMR spectrum
of compound 5h in DMSO-d6 (100 MHz); Figure S61: 19F {1 H} NMR spectrum of compound 5h
in DMSO-d6 (377 MHz); Figure S62: 1H NMR spectrum of compound 5i in DMSO-d6 (400 MHz);
Figure S63: 13C {1 H} NMR spectrum of compound 5i in DMSO-d6 (100 MHz); Figure S64: 1H NMR
spectrum of compound 5j in DMSO-d6 (400 MHz); Figure S65: 13C {1 H} NMR spectrum of compound
5j in DMSO-d6 (100 MHz); Figure S66: 1H NMR spectrum of compound 5k in DMSO-d6 (400 MHz);
Figure S67: 13C {1 H} NMR spectrum of compound 5k in DMSO-d6 (100 MHz); Figure S68: 1H NMR
spectrum of compound 5l in DMSO-d6 (400 MHz); Figure S69: 13C {1 H} NMR spectrum of compound
5l in DMSO-d6 (100 MHz); Figure S70: 1H NMR spectrum of compound 5m in DMSO-d6 (500 MHz);
Figure S71: 13C {1 H} NMR spectrum of compound 5m in DMSO-d6 (125 MHz); Figure S72. HRMS
of intermediate.
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Abstract: The ATP-binding cassette (ABC) transporter ABCG2 is a significant urate transporter with
a high capacity, and it plays a crucial role in the development of hyperuricemia and gout. Therefore,
it has the potential to be targeted for therapeutic interventions. Cortex Fraxini, a traditional Chinese
medicine (TCM), has been found to possess anti-hyperuricemia properties. However, the specific
constituents of Cortex Fraxini responsible for this effect are still unknown, particularly the compound
that is responsible for reducing uric acid levels in vivo. In this study, we propose a target screening
protocol utilizing bio-affinity ultrafiltration mass spectrometry (BA-UF-MS) to expediently ascertain
ABCG2 ligands from the plasma of rats administered with Cortex Fraxini. Our screening protocol
successfully identified fraxin as a potential ligand that interacts with ABCG2 when it functions as the
target protein. Subsequent investigations substantiated fraxin as an activated ligand of ABCG2. These
findings imply that fraxin exhibits promise as a drug candidate for the treatment of hyperuricemia.
Furthermore, the utilization of BA-UF-MS demonstrates its efficacy as a valuable methodology for
identifying hit compounds that exhibit binding affinity towards ABCG2 within TCMs.

Keywords: hyperuricemia; uric acid; ABCG2; ultrafiltration; Cortex Fraxini; fraxin

1. Introduction

Hyperuricemia, a common disease, can arise from elevated urate synthesis or im-
paired renal or intestinal excretion [1]. Gout, the clinical manifestation of hyperuricemia,
is precipitated by urate deposition [2]. Additionally, gout and hyperuricemia have been
linked to various diseases, including chronic kidney disease, hypertension, and metabolic
syndrome [3]. An effective approach to managing hyperuricemia involves inhibiting ex-
cessive uric acid (UA) production and preventing its build-up in the bloodstream, thereby
maintaining a desirable level of serum uric acid (SUA). The elimination of urate primar-
ily occurs through glomerular filtration in the kidney. The ATP-binding cassette (ABC)
transporter ABCG2 has been recognized as a significant urate transporter [4,5], exhibiting
high expression in both intestinal and renal epithelial cells [6,7]. ABCG2 plays a critical
role in the regulation of renal urate overload and extra-renal urate underexcretion, making
it a potentially valuable target for pharmacological intervention in the management of
hyperuricemia or gout [8,9].

Cortex Fraxini comes from the dry bark of Fraxinus stylosa Lingelsh and Fraxinus
rhynchophylla Hance, and has been utilized in China for the treatment of hyperuricemia [10].
However, the specific active compounds within Cortex Fraxini and their relationship with
ABCG2 remain unknown. Since the active ingredients of traditional Chinese medicines
(TCMs) are those that can be absorbed into the bloodstream following oral administration, it
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is imperative to identify the specific components of medicated plasma of Cortex Fraxini that
can regulate ABCG2. Hence, it is imperative to identify the “effective form” of components
in Cortex Fraxini that can efficiently, rapidly, and accurately activate ABCG2.

In order to expedite the process of drug discovery, various protein-ligand interaction-
based methods have been devised. Among these, the integration of bioaffinity ultrafiltration
and LC-MS (BA-UF-MS) has been employed to swiftly screen affinity ligands from intricate
mixtures [11]. This approach proves to be time-efficient, cost-effective, and eliminates the
need for intricate chemical compound isolation procedures.

This study presents an integrated approach, utilizing BA-UF-MS for the screening of
potential ABCG2 ligands from medicated plasma of Cortex Fraxini. Initially, BA-UF-MS
enables the swift separation and identification of the hit compound that binds to ABCG2.
Subsequently, the activity of the identified hit compound is confirmed through in vitro and
in vivo assays. Furthermore, the molecular docking and surface plasmon resonance (SPR)
assay were employed to confirm the affinity between the hit compound and ABCG2. As a
result, a potent ABCG2 activated ligand was successfully identified from the medicated
plasma of Cortex Fraxini. This study represents the first attempt to utilize this integrated
method for screening ABCG2 activated ligands from Cortex Fraxini. The overall research
framework is depicted in Figure 1. It is anticipated that the implementation of this strategy
will expedite the process of natural-product based drug discovery.
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2. Results
2.1. ABCG2 Activated Assay of the Cortex Fraxini Extract

The activity of the Cortex Fraxini extract on ABCG2 was assessed, revealing a sig-
nificant effect with an EC50 value of 35.26 mg/mL as determined by 14C uptake. The
ABCG2 activity of the Cortex Fraxini extract had been observed, but the specific bioactive
constituents responsible for affecting ABCG2 in medicated plasma of Cortex Fraxini have
not been previously identified. Therefore, BA-UF-MS was employed to identify the active
constituents that target ABCG2.

2.2. Optimization Conditions for Ligand Screen

Upon incubation of the medicated plasma of Cortex Fraxini with ABCG2, protein-ligand
complexes were formed. In order to achieve optimal screening performance with BA-UF-MS,
it is necessary to investigate certain important parameters. The protein concentration of
ABCG2 directly impacts the screening results. The results depicted in Figure 2A demonstrate
that the binding quantity of fumitremorgin C exhibited an upward trend with increasing
concentrations of ABCG2 up to 10 mg/mL, beyond which higher concentrations of ABCG2
had a detrimental impact. Furthermore, the duration of incubation influenced the binding
quantity of ligands to target proteins. Figure 2B illustrates a substantial increase in the
binding quantity of fumitremorgin C to ABCG2 from 5 min to 30 min, with no discernible
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changes observed when the incubation time reached 60 min, indicating the saturation of
ABCG2 binding at the 30 min mark. Excessive incubation duration may result in a decline in
protein activity, consequently leading to a diminished degree of binding [12]. The activity of
ABCG2 is influenced by temperature. As depicted in Figure 2C, an incubation temperature of
37 ◦C exhibited the highest level of binding for fumitremorgin C. The size of the ultrafiltration
tube played a significant role, thus necessitating an investigation of ultrafiltration sizes of
10, 30, 50 and 100 kDa. Figure 2D demonstrates that the 10 kDa ultrafiltration tube yielded
the highest amount of ligand binding. In conclusion, the optimal screening conditions were
determined to be as follows: ABCG2 concentration of 10 mg/mL, incubation time of 30 min,
incubation temperature of 37 ◦C, and 10 kDa of ultrafiltration size.
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Figure 2. Impacts of parameters on interaction between the ligand and ABCG2. Impact of the ABCG2
concentration (A), incubation time (B), incubation temperature (C) and ultrafiltration size (D) on the
binding ability between fumitremorgin C and ABCG2.

2.3. Screen for ABCG2 Ligands Using BA-UF-MS

This experiment involves incubating ABCG2 with the medicated plasma of Cortex
Fraxini, where ligands with a high affinity interact with the ABCG2 protein. Other com-
ponents do not exhibit any specific interaction with ABCG2, and thorough washing steps
are employed to eliminate low-affinity ligands. During the releasing phase, an organic
solvent was employed to liberate binding ligands. Subsequently, the bound compounds
were extracted using an organic solution and subjected to analysis via LC-MS. Utilizing the
optimized conditions, medicated plasma was screened using BA-UF-MS, and the resulting
chromatograms of medicated plasma, eluent solution from ABCG2, and a deactivated
control sample solution are presented in Figure 3. By evaluating the peak area, a distinc-
tive peak was observed in the chromatogram of the eluent solution, with a higher peak
area compared to that of the control group, indicating favorable specificity. Based on the
strategy principle, it was observed that this particular constituent possessed the ability to
bind to ABCG2, thereby qualifying it as a potential ligand for ABCG2. The identification of
potential active components was accomplished through the utilization of MS fragments
and a self-constructed database comprising approximately 4500 compounds derived from
natural herbs. Consequently, the compound fraxin was determined to be the hit compound.
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Figure 3. LC-MS chromatograms of the chemical constituents from Cortex Fraxini. (A) medicated
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deactivated ABCG2. Glu: Glucose.

2.4. Activity Test of the Hit Compound In Vitro and In Vivo

It is important to note that the binding of a compound to a protein does not necessarily
imply its role as an inhibitor or activator, as the compound may exhibit non-specific binding
to non-functional sites of the protein [13]. The binding of a compound to a protein does not
necessarily indicate whether it functions as an inhibitor or activator, as the compound may
bind non-specifically to non-functional sites on the protein. Additional pharmacological
investigation is required to determine the activating effect of the hit compound on ABCG2.
The activity of fraxin was confirmed to activate ABCG2 in a concentration-dependent
manner, as evidenced by the promotion of ABCG2 -mediated uptake of 14C -UA with
an EC50 of 7.55 µM, as depicted in Figure 4A. To further validate its efficacy, fraxin was
subsequently assessed for its ability to reduce SUA levels in rats. The findings of the study
demonstrated that intragastrically administered fraxin led to a significant reduction in the
level of SUA in rats (p < 0.05), as depicted in Figure 4B. These results were consistent with
the outcomes of the target screening.
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2.5. Affinity Verification between Fraxin and ABCG2

Molecular docking analysis was employed to investigate the binding sites and inter-
action between the hit compound and ABCG2. Fraxin exhibited a strong affinity towards
the active pocket of ABCG2, as illustrated in Figure 5A, forming hydrogen bonds and π-π
stacking with F439, F349, N436, and T542. The binding energy of fraxin with ABCG2 was
calculated to be −13.145 kcal/mol. The docking results strongly suggested that fraxin
has the potential to act as a ligand for ABCG2. To further validate the binding activity
of ABCG2, the KD value of fraxin was determined using SPR assay. The obtained result
indicated that the KD value for fraxin was calculated as 141.2 µM (Figure 5B).
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3. Discussion

ABCG2 is a crucial urate transporter highly expressed in the epithelial cells of the
intestine and kidney. This transporter plays a pivotal role in both renal urate overload and
extra-renal urate underexcretion. Limited attention is currently devoted to UA-lowering
drugs that target sites beyond the kidney. Additionally, numerous components found in
TCMs exhibit low bioavailability when orally administered, resulting in limited absorption
into the bloodstream and reaching the intended target organs. Conversely, certain com-
ponents directly impact target sites within the intestine, such as by modulating the gut
microbiota to reduce UA levels [14]. Given these considerations, we have selected ABCG2
as the protein target.

Commonly employed drugs for the treatment of hyperuricemia include benzbro-
marone, allopurinol, and febuxostat. Nevertheless, prolonged administration of these drugs
is associated with various adverse effects, such as hepatotoxicity and nephrotoxicity [15].
Consequently, the identification of novel hyperuricemic drugs with reduced toxicity and
fewer side effects has become a prominent research area in recent years. TCMs have been
widely recognized as a valuable resource for identifying hit compounds in the field of drug
discovery [16]. The diverse chemical structures present in these compounds offer a vast
pool from which potential leads for drug development and optimization can be selected
and refined. Considerable attention has been directed towards exploring the bioactive
compounds derived from TCMs, as they hold promise as a novel and safer source for
anti-hyperuricemia drug leads.

It is important to note that the pharmacological effects of TCMs primarily rely on the
absorption of their components into the bloodstream. However, the oral administration of
TCMs results in a significantly low transfer of these components into the blood. Moreover,
the presence of numerous dietary and endogenous substances further complicates the iden-
tification and separation of the absorbed ingredients from TCMs. Given the intricate nature
of the chemical constituents found in natural medicines and the minuscule concentration
of their bioactive components within living organisms, the identification of potential target
ligands from constituents absorbed into the bloodstream poses a formidable challenge [12].
Traditional approaches to isolating target protein ligands involve separation techniques and
bioassay-guided fractionation. However, these conventional methods for screening bioac-
tive compounds from complex systems are both time-consuming and labor-intensive [17].

98



Molecules 2023, 28, 7896

Consequently, a targeted protein-oriented screening method would serve as an efficient
strategy for the identification of active compounds from such intricate systems [18]. The
utilization of target screens offers numerous benefits, primarily due to their enhanced
speed and convenience in directly capturing target compounds, thereby eliminating the
necessity for repetitive separation protocols of non-target analytes [19,20]. Consequently,
the implementation of the BA-UF-MS strategy is anticipated to expedite the process of
natural-product based drug discovery.

Certain parameters, such as protein concentration, incubation time, incubation temper-
ature, and the size of the ultrafiltration tube depend on the characteristics of ABCG2 and
the structure of ligands. The characteristics of ABCG2 are the main factor that influences
protein-ligand interactions, due to the ligand structure beingvariable. Fumitremorgin C,
a potent inhibitor, has been identified as a specific ligand for ABCG2. Consequently, it
has been selected as the focal point for conditional optimization in order to potentially
uncover other bioactive ligands similar to Fumitremorgin C. The correlation between the
molecular weight of a protein and the filter size of an ultrafiltration membrane is not
absolute. Moreover, the observed molecular size of ABCG2 (72 kDa) in a buffer solution
surpasses its theoretical value, and protein interactions can lead to comparable outcomes
in ultrafiltration membranes with filter sizes of 50 kDa and 100 kDa.

Cortex Fraxini has been utilized in the management of hyperuricemia and gout, thus
presenting a promising opportunity to identify potential therapeutic components from
Cortex Fraxini that target hyperuricemia. The assessment of a compound’s binding ability
to a specific protein is essential in evaluating the biological effects of TCMs [21]. Notably,
the Cortex Fraxini extract demonstrated significant activity in 14C-UA uptake experiments,
indicating the presence of potential ABCG2 activated ligands within Cortex Fraxini. Em-
ploying the BA-UF-MS strategy, fraxin was screened and confirmed to exhibit activity both
in vitro and in vivo, thereby suggesting its potential as an anti-hyperuricemia agent [22].

The identification of ligand compounds primarily depends on their comparison with
databases containing natural product standard substances. During the screening process,
we analyze and compare the mass spectrometry data, focusing on the most significant
specific alterations. The compound exhibiting the highest degree of similarity is determined
as fraxin. Furthermore, the compound’s structure is confirmed by examining the fragmenta-
tion pattern of its mass spectrometry fragments. However, the utilization of lower electron
impact energy in the mass spectrometry limits the acquisition of additional secondary frag-
mentation information. In addition to fraxin, several candidate hit compounds identified
in the screening results were not included in this study, necessitating further investigation
into their potential for reducing uric acid levels. Moreover, the limitations of the mass
spectrometry standard substance library restrict its ability to identify entirely novel hit
compounds with unique structural characteristics.

To explore the interaction between the hit compound and ABCG2, we employed
molecular docking and SPR assay. Molecular docking, a virtual method influenced by force
field, temperature, and pH, provides a theoretical understanding of the receptor-ligand
interaction [23]. To complement this, we conducted real experiments and determined the
binding affinity between fraxin and ABCG2 to be 141.2 µM using SPR assay. These findings
substantiate the mechanistic perspective and validate the accuracy and reliability of the
BA-UF-MS strategy.

4. Materials and Methods
4.1. Reagents

Chemical compounds of fumitremorgin C and fraxin were produced from MedChem-
Express (Shanghai, China). Cortex Fraxini (Lot: 220509) was purchased from the GuoDa
drugstore (Shanghai, China), which was obtained from Fraxinus rhynchophylla Hance in
Shanxi province, China. HPLC-grade reagents were obtained from Fisher Scientific (Fair
Lawn, NJ, USA). All other chemicals were bought from standard commercial sources. Re-
combinant ABCG2 was purchased from Feiyue Biotechnology Co., Ltd. (Wuhan, China), and
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centrifugal ultrafiltration filters with a cutoff membrane were provided by Merck millipore
Co., Ltd. (Billerica, MA, USA). 14C-uric acid was purchased from American Radiolabeled
Chemicals (St. Louis, MO, USA). Membrane vesicles obtained from ABCG2-overexpressing
cells were purchased from SOLVO Biotechnology Biotechnology (Budapest, Hungary).

4.2. Preparation of the Cortex Fraxini Extract

The powdered Cortex Fraxini (1.0 kg) was subjected to ultrasonic extraction using 10 L
of 75% ethanol and a power of 500 W for a duration of 1 h. The resulting extracting solution
was then centrifuged at a speed of 4000 rpm for a duration of 3 min. Subsequently, the
filtrate was concentrated under reduced pressure at a temperature of 50 ◦C. The remaining
solution was then subjected to lyophilization in order to obtain a freeze-dried powder of
Cortex Fraxini extract.

4.3. Preparation of Medicated Plasma of Cortex Fraxini

A total of 6 male Sprague Dawley rats, weighing 200 g, were procured from the Exper-
imental Animal Center of Xuzhou Medical University in Xuzhou, China. All experimental
procedures were conducted in accordance with the guidelines and regulations set forth
by the Medical Ethic Committee of Xuzhou Medical University (NO. L20210226100). The
prepared Cortex Fraxini extract, suspended in 0.5% CMC-Na, was administered to the rats
via intragastric gavage at a dose of 1.7 g/kg body weight [24]. Blood samples were collected
via retro-orbital bleeding at specific time intervals (0.5, 1, 3, 6, 12, and 24 h). Approximately
0.5 mL of blood was collected at each time point and immediately centrifuged at 13,000 rpm
for 10 min. The resulting plasma samples from 6 rats were combined and stored at −80 ◦C
until further analysis.

4.4. Screen of Potential ABCG2 Ligands with BA-UF-MS

The method employed for analysis involved three steps: loading, washing, and
releasing [25]. The ABCG2 solution (5 µg/mL) was prepared using a phosphate buffer
solution (PBS, 100 mM, pH 7.4). Subsequently, 100 µL of medicated plasma and 100 µL
of ABCG2 solution were combined in an EP tube and incubated at 37 ◦C for 30 min.
Following incubation, the formed ABCG2-ligand complexes were filtered through a 10 kDa
ultrafiltration (UF) membrane. The target-ligand complexes were retained by centrifugation
at 13,000 rpm for 10 min, while unbound compounds in the UF tube were eliminated
through 6 rounds of washing with 200 µL of PBS and subsequent centrifugation. Unbound
compounds successfully traversed the UF membrane, whereas ligands bound to the ABCG2
protein did not. Consequently, the ABCG2-ligand complexes were isolated and acquired.
Subsequently, the attached ligands were liberated by subjecting them to ultrasonication
and centrifugation at 13,000 rpm for 10 min, repeated three times. The filtrates from each
sample were consolidated for subsequent BA-UF-MS analysis.

To address the issue of nonspecific binding in the ligand screening process, the ABCG2
protein was subjected to denaturation by boiling it in water for a duration of one hour.
A control group was established by co-incubating the denatured protein with medicated
plasma, followed by conducting the subsequent screening procedure in a similar manner.
Subsequently, liquid chromatography, coupled with high-resolution mass spectrometry (LC-
HRMS, Orbitrap Exploris 120, Thermo Fisher Scientific, Waltham, MA, USA), was employed
to analyze and identify compounds that specifically target ABCG2 within the medicated
plasma. By comparing the peak areas of LC-HRMS chromatograms obtained from the
experimental and control samples (representing inactive ABCG2), potential ABCG2 ligands
were identified and screened within the medicated plasma.

LC-HRMS conditions for compound analysis of Cortex Fraxini were listed as follows.
LC analysis was conducted using an UHPLC system equipped with a C18 column (Waters
UPLC BEH, 1.7 µm, 2.1 × 100 mm). The flow rate was set at 0.4 mL/min, and the sample
injection volume was 5 µL. The mobile phase consisted of 0.1% formic acid in water (A)
and 0.1% formic acid in acetonitrile (B). The elution gradient program involved multiple

100



Molecules 2023, 28, 7896

linear steps as follows: 0–3.5 min, 95–85% A; 3.5–6 min, 85–70% A; 6–6.5 min, 70–70% A;
6.5–12 min, 70–30% A; 12–12.5 min, 30–30% A; 12.5–18 min, 30–0% A; 18–25 min, 0–0% A;
25–26 min, 0–95% A; 26–30 min, 95–95% A. The MS and MS/MS data were obtained using
a mass spectrometer coupled with Xcalibur software (v 4.2), employing the IDA acquisition
mode. The mass range during each acquisition cycle was set from 100 to 1500, with the top
four ions screened and their corresponding MS/MS data acquired. The sheath gas flow
rate was 30 Arb, the aux gas flow rate was 10 Arb, the ion transfer tube temperature was set
at 350 ◦C, and the vaporizer temperature was also set at 350 ◦C. The full MS resolution was
set at 60,000, while the MS/MS resolution was set at 15,000. Collision energy was applied
at 16/38/42 in NCE mode, and the spray voltage was set at 5.5 kV (positive).

4.5. Identification of Potential ABCG2 Ligands with LC-HRMS

The identification of potential active components was accomplished through the utiliza-
tion of MS fragments and a self-constructed database, comprising approximately 4500 com-
pounds derived from natural herbs. The database encompasses a wide range of chemical
compounds, including more than 570 distinct alkaloids (such as piperidine alkaloids, quino-
line alkaloids, pyridine alkaloids, and quinoline alkaloids), 800 varieties of flavonoids
(including isoflavonoids, flavones, dihydrochalcones, and dihydroflavonoids), 1100 types of
terpenes (including cyclic sesquiterpenes, lavenderane terpenes, and cyclopentane-cycloene
ether terpenes), 360 types of phenylpropanoids (including coumarins, phenylpropanoic
acids, and lignans), 50 types of steroids, 60 types of quinones, over 90 types of organic
acids, and various other components. The identification of components present in Cortex
Fraxini can be achieved by comparing their mass information with a database. Furthermore,
the utilization of fragmentation patterns from secondary mass spectrometry can aid in the
process of identification.

4.6. Optimization of Experimental Parameters

In order to attain the most favorable screening outcomes, various factors that have the
potential to influence the results were examined. These factors encompassed the concentra-
tion of ABCG2 (ranging from 1 to 20 mg/mL), the duration of incubation (ranging from
5 to 60 min), the temperature of incubation (25, 37, and 42 ◦C), and the size of ultrafiltra-
tion filters (ranging from 10 to 100 kDa). Fumitremorgin C (a known ligand of ABCG2)
was selected as the representative compounds to optimize the screening conditions. The
adsorption ratio (mg/g) of fumitremorgin C was used to evaluate optimization proce-
dure, which was calculated as ma/m0, where ma (mg) represented the mass of adsorptive
and subsequently eluted fumitremorgin C, and m0 (mg) represented the mass of added
fumitremorgin C for incubation.

4.7. Study of 14C-UA Uptake by Membrane Vesicles

The evaluation of the 14C-UA uptake of Cortex Fraxini extract or hit compounds was
conducted using membrane vesicles obtained from ABCG2-overexpressing cells [26]. In
96-well plates, membrane vesicles, 14C-UA, and a hit compound solution were combined
and incubated with PBS buffer for a duration of 30 min at a temperature of 37 ◦C. The
uptake reactions of 14C-UA were initiated by the addition of MgATP, and the membrane
vesicles were subsequently washed three times with ice-cold DPBS (Dulbecco’s phosphate-
buffered saline) in order to terminate the reaction after a period of 5 min. Following
filtration through glass fiber filters, the filters were washed three times with ice-cold DPBS.
The quantity of substrate present within the filtered vesicles was determined by measuring
intracellular radioactivity using a liquid scintillation counter (PerkinElmer, Waltham, MA,
USA) subsequent to the addition of scintillant. Each treatment was measured in triplicate.

4.8. Study of SUA-Lowing Effect of the Hit Compound in Hyperuricemic Rats

The hit compound was assessed in a rat model of acute hyperuricemia induced by hy-
poxanthine and potassium cyanate [27]. Six SD rats were allocated to each of the following
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groups: control, hyperuricemic model, and treatment. The hyperuricemic model group rats
were administered xanthine intragastrically and potassium oxonate subcutaneously. The
treatment group rats were orally administered 10 mg/kg of the hit compound (dissolved in
0.5% CMC-Na) 3 h prior to xanthine and potassium oxonate administration. Blood samples
were collected via retro-orbital bleeding after 6 h of hyperuricemia induction. The levels of
SUA were assessed using the UA ELISA kit (Bioroyee Co., Ltd., Beijing, China).

4.9. Molecular Docking

Molecular docking was conducted to simulate the process of molecular recognition and
determine the binding energies between the hit compound and ABCG2 using PyMOL v1.3
software. The 3D crystal structure of ABCG2 from mitoxantrone (6VXI) was obtained from
the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB).
The 3D chemical structures of ligand compounds were acquired either from the PubChem
website or generated using the ChemDraw software package Pro 12.0. The ligands and
ABCG2 were prepared and processed for minimization, and subsequently saved in pdbqt
format. Following the selection of specific residues within the pocket region, a CHARMm
force field was applied to the ligands and ABCG2 after targeting the grid box [28–30].

4.10. Surface Plasmon Resonance Analysis

The local surface plasmon resonance (LSPR) experiment was performed using an Open-
SPR (NicoyaLifesciences, Waterloo, ON, Canada) for the analysis of SPR [31]. The COOH
sensor chip was utilized for capture-coupling to immobilize ABCG2 protein (50 µg/mL),
and the interaction between ABCG2 and the hit compound was observed at 37 ◦C. The
running buffer utilized in this study was a PBS buffer containing 5% DMSO. Solutions of
varying concentrations of the hit compound were sequentially flowed through the chips at
a rate of 20 µL/min. Simultaneously, running buffer correction was conducted.

4.11. Statistical Analysis

All experimental data were analyzed using SPSS software (19.0) and recorded as
mean ± standard deviation for three replicates. Statistical significance was determined at a
threshold of p < 0.05.

5. Conclusions

In the current investigation, fraxin was identified from medicated plasma of Cor-
tex Fraxini using a rapid and efficient BA-UF-MS strategy. The bioactivity of fraxin was
assessed through in vitro and in vivo experiments, including determination of the EC50
value, evaluation of its SUA lowering effect, analysis of molecular docking scores, and
determination of the affinity constant KD. The findings unequivocally established that
fraxin possesses promising bioactivity in reducing UA levels, making it a potential candi-
date for the treatment of hyperuricemia and gout. In summary, the findings of this study
indicate that medicated plasma derived from TCM holds promise as a valuable resource
for identifying potential hit compounds. Furthermore, the BA-UF-MS approach proves to
be an effective strategy for the discovery of active ingredients from biological samples.
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Abstract: N-glycanase 1 (NGLY1) is an essential enzyme involved in the deglycosylation of misfolded
glycoproteins through the endoplasmic reticulum (ER)-associated degradation (ERAD) pathway,
which could hydrolyze N-glycan from N-glycoprotein or N-glycopeptide in the cytosol. Recent
studies indicated that NGLY1 inhibition is a potential novel drug target for antiviral therapy. In
this study, structure-based virtual analysis was applied to screen candidate NGLY1 inhibitors from
2960 natural compounds. Three natural compounds, Poliumoside, Soyasaponin Bb, and Saikosaponin
B2 showed significantly inhibitory activity of NGLY1, isolated from traditional heat-clearing and
detoxifying Chinese herbs. Furthermore, the core structural motif of the three NGLY1 inhibitors
was a disaccharide structure with glucose and rhamnose, which might exert its action by binding
to important active sites of NGLY1, such as Lys238 and Trp244. In traditional Chinese medicine,
many compounds containing this disaccharide structure probably targeted NGLY1. This study
unveiled the leading compound of NGLY1 inhibitors with its core structure, which could guide future
drug development.

Keywords: N-glycanase 1 (NGLY1); NGLY1 inhibitor; natural compound; structure-based virtual
screening

1. Introduction

N-Glycanase 1 (NGLY1) is a de-N-glycosylating enzyme that catalyzes the hydrolysis
of the amide bond between the proximal N-acetylglucosamine (GlcNAc) residue and the
Asn side chain to which it is attached, removing N-glycans from glycosylated proteins
in the cytosol [1–3]. Discovered in 1993, NGLY1 is known to participate in clearing mis-
folded glycoproteins during the process of glycoprotein synthesis through the endoplasmic
reticulum (ER)-associated degradation (ERAD) pathway [4]. NGLY1 deficiency leads to
disrupted ERAD function. Histological analysis of Ngly1−/− rats demonstrated cytoplasmic
ubiquitinated protein accumulation in neurons of the thalamus and spinal cord [5]. In
2014, it was reported that NGLY1 deficiency could lead to NGLY1-congenital disorder
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of deglycosylation (CDDG), a disease characterized by developmental delay, intellectual
disability, absence of or reduced tears and sweating, abnormal liver function, and motor
dysfunction [6–8]. It was noteworthy that NGLY1-CDDG patients were less susceptible
to viral infections [9]. Additionally, it has been reported that generated Ngly1 knockout
(Ngly1−/−) murine embryonic fibroblasts (MEFs) inhibited vesicular stomatitis virus (VSV)
replication [10]. siRNA knockdown of NGLY1 or Z-VAD-FMK (benzyloxycarbonyl-Val-Ala-
Asp-fluoromethyl ketone) inhibits NGLY1, restricting the infection of enterovirus 71 (EV71)
and coxsackievirus A16 (CA16) in RD cells [11]. Yang et al. [10] also found NGLY1-deficient
human and mouse cells, resulting in severely fragmented mitochondria and the activation
of cGAS–STING pathways, leading to elevated IFN-stimulated genes (ISGs). A schematic
diagram is shown in Figure 1. NGLY1 represents a potential drug target for antiviral
therapy. NGLY1 inhibitors screening is an important pathway for discovering potential
antiviral lead compounds. Currently, Z-VAD-FMK is reported to inhibit NGLY1 irreversibly
by covalently binding to the active site, but it also inhibits pan-caspase [12,13]. Hence, the
pursuit of milder NGLY1 inhibitors holds critical significance.
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Figure 1. Schematic diagram of antiviral effect by downregulating NGLY1 expression. NGLY1 is an
essential enzyme involved in deglycosylation of misfolded glycoproteins. Knocking out the expres-
sion of NGLY1 leads to severe mitochondrial fragmentation, causing the release of mitochondrial
DNA into the cytoplasm. Innate immune detection of self-DNA by the DNA sensor cGAS activates
downstream STING-TBK1-IRF3 signaling cascade, inducing the expression of type I interferons
(IFN) and IFN-stimulated genes (ISGs), effectively promoting an antiviral response [10]. mtDNA:
mitochondrial DNA; cGAS: cyclic GMP–AMP synthase; cGAMP: 2′3′ cyclic GMP–AMP; STING:
stimulator of interferon genes; COP-II: coatomer protein complex II; TBK1: TANK-binding kinase 1;
IRF3: interferon regulatory factor 3; type I IFN: type I interferons; ISGs: IFN-stimulated genes.

NGLY1 is a unique protein that plays a role in the ERDA pathway as well as in the
activation of key signal proteins such as Nrf1 [3], and its regulation may provide new
insights into health and disease. Although efforts have been made on compounds for the
regulation of glycosylation from molecule compounds [13] and natural compounds [14], as
well as those obtained through synthetic methods [15,16], reports of natural compounds
targeting NGLY1 are rare. Commonly used natural compounds from plants, animals, and
microorganisms have various beneficial effects on our health, and natural compounds have
fewer side effects and are, thus, advantageous for therapeutic purposes [17–19]. One exam-
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ple is artemisinin isolated from artemisia annua L., which has been used for the treatment
of malaria [20]. Similarly, paclitaxel, isolated from taxus brevifolia, has been used to treat
some malignancies, such as lung, breast, and pancreas cancers [21]. The natural compound
has been found to exhibit various effects. Yang et al. [22] found that the natural compound
green tea polyphenols exhibited inhibitory effects on proteasomes, suggesting their poten-
tial applications in the prevention and treatment of cancers. It also has been reported that
two substituted derivatives of the natural compound salacinol showed marginal activity
against O-GlcNAcase [23]. Furthermore, many traditional Chinese medicines are known
for their heat-clearing and detoxifying properties [24], and natural compounds isolated
from these medicines exhibit potential antiviral effects. It has been reported that the natural
compound flavonoids acted at different stages of viral infection, such as viral entrance and
replication [25]. They had the potential to impede the attachment and entry of viruses into
cells, disrupt various stages of viral DNA replication, protein translation, and poly-protein
processing [26].

Molecular docking, based on a protein structure, is a method employed to predict
the binding modes and affinity of ligands within complexes [27–29]. This approach is
crucial in screening ligands within chemical libraries, providing valuable insights into
their interactions with biological targets. Consequently, molecular docking studies have
emerged as highly accurate and powerful tools for analyzing the interactions between
active compounds and potential targets [30,31].

In this study, we employed computer-aided drug screening methods to identify three
compounds capable of inhibiting NGLY1 from a library of 2960 natural compounds. The
inhibitory effects were further validated through an electrophoretic mobility shift assay.
They were isolated from monomers of traditional Chinese medicine for clearing heat and
detoxification. We also found that the core structure of NGLY1 inhibitors consists of a
disaccharide structure composed of glucose and rhamnose. These compounds might act as
lead compounds of NGLY1 inhibitors and may have antiviral effects.

2. Results
2.1. Establishment of a Screening Method for Targeting NGLY1 Lead Compounds

Molecular docking plays a pivotal role in the drug screening process. In this study,
we developed a natural lead compound screening method targeting NGLY1. By predict-
ing the three-dimensional structures of NGLY1, we performed molecular docking with
2960 natural compounds derived from plants, animals, or microorganisms. To identify
potential inhibitors, we compared the docking scores of these compounds with that of the
known NGLY1 inhibitor Z-VAD-FMK. Compounds exhibiting docking scores lower than
−4.56 were then selected as primary screening compounds. The enzyme NGLY1 exhibits
the same cleavage effect as PNGase F (Figure S1), and the inhibitory effects of the primary
screening compounds were validated through an electrophoretic mobility shift assay. We
validated the feasibility of this screening method using Z-VAD-FMK, as shown in Figure 2.

The lower binding affinity energy indicates stronger binding affinity. Among the
2960 compounds screened, a total of 215 compounds exhibited docking scores lower than
−4.56. Considering the known biological activities of these compounds, we further nar-
rowed down the selection to 17 compounds associated with glycosylation or possessing
anti-inflammatory, antioxidant, and anti-tumor properties (Table S1). Among these 17 com-
pounds, 13 of them contained glycan structures. Therefore, we speculated that compounds
with glycan structures might have a higher affinity with NGLY1.
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2.2. Verification of Inhibitory Effect of Primary Screening Compounds

The inhibitory effects of primary screening compounds were validated through the
electrophoretic mobility shift assay. Specifically, Poliumoside, Soyasaponin Bb, and Saikos-
aponin B2 demonstrated effective inhibition of NGLY1 activity. The minimum inhibitory
concentrations of Z-VAD-FMK, Poliumoside, Soyasaponin Bb, and Saikosaponin B2 were
found to be 1 mM, 25 mM, 25 mM, and 50 mM, respectively (Figure 3). It is noteworthy that
all three compounds were isolated from traditional heat-clearing and detoxifying Chinese
herbs. The strongest dockings of NGLY1 inhibitors and their binding sites, interactions,
and distances, are shown in Figure 3 and Table 1. NGLY1 inhibitors mainly bind to amino
acids, such as Lys238, Glu239, Trp244, and Glu356, through hydrogen bonding.
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Figure 3. Analysis of interaction mode between NGLY1 inhibitors and NGLY1 protein, and NGLY1
inhibitors’ mediated inhibition of NGLY1 activity were tested at various concentrations using the
electrophoretic mobility shift assay. (A) Sites of Z-VAD-FMK binding to NGLY1 and Z-VAD-FMK
mediated inhibition of NGLY1 activity. (B) Sites of Poliumoside binding to NGLY1 and Poliumoside
Bb mediated inhibition of NGLY1 activity. (C) Sites of Soyasaponin Bb binding to NGLY1 and
Soyasaponin Bb mediated inhibition of NGLY1 activity. (D) Sites of Saikosaponin B2 binding to
NGLY1 and Saikosaponin B2 mediated inhibition of NGLY1 activity. RNase B (g): N-glycosylated
RNase B (NGLY1 is inhibited); RNase B (dg): N-glycosylated RNase B (NGLY1 is not inhibited).
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2.3. The Analysis of Inhibitory Mechanism of NGLY1 Inhibitor

We compared the chemical structures of Poliumoside, Soyasaponin Bb, and Saikos-
aponin B2 (Figure 4A) and found that Poliumoside contains D-glucose and L-rhamnose,
Soyasaponin Bb contains D-galactose (an enantiomer of D-glucose) and L-rhamnose, and
Saikosaponin B2 contains D-glucose and D-fucose (an enantiomer of L-rhamnose). The
results illustrated that the natural compounds with a core disaccharide structure of (D-
glucose/D-galactose) and (L-rhamnose/D-fucose) may have inhibitory effects on NGLY1.
We identified a compound, Rutinose (Figure 4A), which is a disaccharide structure con-
taining D-glucose and L-rhamnose. The electrophoretic mobility shift assay showed that
Rutinose inhibited NGLY1 in a dose-dependent manner at high concentrations (Figure 4B).
As Poliumoside exhibited the highest potency, and the activity of Rutinose was confirmed,
we utilized the disaccharide structure containing glucose and rhamnose as the core struc-
tural element for the NGLY1 inhibitor in this study.
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Figure 4. The inhibitory effect of Rutinose as a core structure of Poliumoside, Soyasaponin Bb, and
Saikosaponin B2 on NGLY1. (A) Chemical structure of Poliumoside, Soyasaponin Bb, Saikosaponin,
Rutinose. (B) Rutinose mediated inhibition of NGLY1 activity. Further quantification of the enzyme
cleavage results was performed using Image J (Version 2.1.0) software. (C) Sites of Rutinose binding
to NGLY1. (D) The activity of NGLY1 mutants. RNase B (g): N-glycosylated RNase B (NGLY1 is
inhibited); RNase B (dg): N-glycosylated RNase B (NGLY1 is not inhibited). Red box: The glycan
structure of the compound.

The molecular docking results between Rutinose and NGLY1 showed five binding sites,
Lys238, Glu239, Trp244, Thr533, and Asp534 (Figure 4C). Mutations were added to each of
the five binding sites, and the results showed that E239K and T533A had no effect on NGLY1
activity, while K238D and D534K mutations led to the partial inactivation of NGLY1. The
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W244A mutation resulted in complete inactivation of NGLY1 (Figure 4D). Lys238, Trp244,
and Asp534 were important catalytic sites of NGLY1. Poliumoside, Soyasaponin Bb, and
Saikosaponin B2 might inhibit NGLY1 by binding to Lys238 or Trp244.

2.4. The Inhibitory Effects of Rutinose as the Core Structural Element for NGLY1 Inhibitor

To validate Rutinose as a core structure for NGLY1 inhibition, we identified two other
compounds, Doismin and Rutin, which also contain D-glucose and L-rhamnose in their
glycoside portion (Figure 5A,C). Through in vitro enzymatic assays, they were found to
inhibit NGLY1 activity as well (Figure 5B,D), but their minimum inhibitory concentration
was different. Therefore, we hypothesized that the glycoside composed of glucose and
arabinose played a major inhibitory role but exhibited varying inhibitory effects due to
different saponin ligands.
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2.5. Toxicity Analysis

To ensure the safety of candidate drugs, toxicity testing of compounds was an impor-
tant step. Calculation-based electronic toxicity measurement is widely utilized due to its
accuracy and accessibility, providing information on any natural compound [32]. In order
to determine the toxicity and adverse effects of the four NGLY1 inhibitors, we used the
freely available testing tool ADMETlab 2.0 [33,34]. The website evaluates several toxicolog-
ical parameters, such as human hepatotoxicity (H-HT), drug-induced liver injury (DILI),
skin sensitization, carcinogenicity, eye corrosion, and eye irritation (Table 2). According to
ADMETlab 2, Z-VAD-FMK and Poliumoside were highly probable to cause a drug-induced
liver injury, with Poliumoside also posing a potential risk of skin allergy. Conversely,
Soyasaponin Bb and Saikosaponin B2 exhibited a lower probability of toxicities.
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Table 2. Predictive toxicity properties of NGLY1 inhibitors.

Target H-HT DILI Skin Sensitization Carcinogenicity Eye Corrosion Eye Irritation

Z-VAD-FMK 0.377 *
(−)

0.924
(+++)

0.401
(−)

0.238
(−−)

0.004
(−−−)

0.01
(−−−)

Poliumoside 0.375
(−)

0.953
(+++)

0.971
(+++)

0.031
(−−−)

0.003
(−−−)

0.311
(−)

Soyasaponin Bb 0.178
(−−)

0.044
(−−−)

0.2
(−−)

0.025
(−−−)

0.003
(−−−)

0.008
(−−−)

Saikosaponin B2 0.281
(−−)

0.008
(−−−)

0.053
(−−−)

0.024
(−−−)

0.003
(−−−)

0.006
(−−−)

*: The value is the probability of being toxic. For the classification endpoints, the prediction probability values are
transformed into six symbols: 0–0.1 (−−−), 0.1–0.3 (−−), 0.3–0.5 (−), 0.5–0.7 (+), 0.7–0.9 (++), and 0.9–1.0 (+++).
H-HT: human hepatotoxicity; DILI: drug induced liver injury.

Subsequently, we also performed CCK-8 assays of HEK293T cells treated with four
NGLY1 inhibitors. After 24 h of compound exposure, Soyasaponin Bb did not significantly
impact cell viability and the impact of Poliumoside, Soyasaponin Bb, and Saikosaponin B2
on cell viability was less than that of Z-VAD-FMK (Figure 6). In summary, the compound
Soyasaponin Bb demonstrated a higher safety profile compared to Z-VAD-FMK, whereas
Poliumoside was predicted to have potential compound toxicity.
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The results were predicted by the ADMETlab 2.0 website (https://admetmesh.scbdd.
com (accessed on 10 October 2023)), but the actual toxicity of the drugs should be deter-
mined through real experiments.

3. Discussion

In this study, we screened three natural compounds that can inhibit NGLY1 activ-
ity. Leveraging the predictive structure of NGLY1, we conducted computational virtual
screening using a natural compound library. In the initial round of screening, seventeen
natural compounds were evaluated, leading to the identification of three promising NGLY1
inhibitors: Poliumoside, Soyasaponin Bb, and Saikosaponin B2. An intriguing revelation
emerged upon comparing the chemical structures of these inhibitors. Remarkably, we
observed a disaccharide structure composed of glucose and rhamnose, which had been
proven to be effective in inhibiting NGLY1 and could serve as a core structural element
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for NGLY1 inhibitors. This core disaccharide structure could also serve as a lead structure
for the design and development of NGLY1 inhibitors. Based on the molecular interaction
analysis, we proposed that Lys238, Trp244, and Asp534 are important catalytic sites of
NGLY1. Our findings suggest that NGLY1 inhibitors likely impede its function by binding
to Lys238 or Trp244. Consequently, during the screening process, it was crucial to focus
on compounds that interact with Lys238 and Trp244, as they may serve as a basis for
subsequent drug screening for NGLY1 inhibitors.

Comparatively, Poliumoside, Soyasaponin Bb, and Saikosaponin B2 demonstrated
less potent inhibitory effects on NGLY1 when compared to Z-VAD-FMK. However, it is
worth noting that these compounds are natural products derived from plants with fewer
drug-related side effects. We conducted preliminary toxicity predictions using ADMETlab
2.0 website (https://admetmesh.scbdd.com (accessed on 10 October 2023)) and assessed
their effects on cellular viability for the three specific compounds, and found that the
compounds Soyasaponin Bb demonstrated higher safety profiles compared to Z-VAD-
FMK, whereas Poliumoside was predicted to have potential compound toxicity. Further
research is necessary to investigate the impact of these compounds on intracellular NGLY1
activity within cells and to conduct metabolomics-based toxicological research, focusing on
aspects such as nephrotoxicity, hepatotoxicity, cardiotoxicity, and central nervous system
toxicity [35–37].

It has been reported that NGLY1 deficiency could upregulate the expression of ISGs,
enhancing the body’s innate antiviral capabilities [10,38]. Consequently, NGLY1 inhibitors
have the potential to complement traditional antiviral drugs by contributing to an enhanced
antiviral response. NGLY1 inhibitors have demonstrated not only antiviral properties but
also significant implications in cancer treatment. In the treatment of blood cancers like
multiple myeloma (MM) and mantle cell lymphoma (MCL), proteasome inhibitors play
a crucial role [39,40]. However, resistance to protease inhibitors primarily arises from the
upregulation of proteasome subunit (PSM) levels, with the expression of the PSM gene
being regulated by the transcription factor Nuclear Factor, Erythroid 2 Like 1 (NFE2L1
or Nrf1) [39,41]. Importantly, Nrf1 is an N-glycosylated transmembrane protein, and its
activation process involves the participation of NGLY1 [42,43]. Tomlin et al. [3] found that
inhibiting NGLY1 in cultured cells disrupts Nrf1 function, enhancing the cytotoxicity of
protease inhibitors. Notably, NGLY1 is highly expressed in certain human cancer cells, such
as melanoma and ovarian cancer, while being low in their corresponding normal tissues like
skin and ovary [44]. It has also been reported that the downregulation of NGLY1 results in
melanoma cell death and a slowdown in tumor growth [45]. Compounds, like Poliumoside,
Soyasaponin Bb, and Saikosaponin, exhibit promising therapeutic potential in various
tumor diseases, including melanoma, multiple myeloma, and acute lymphocytic leukemia.

Our future work will encompass a comprehensive assessment of the broad-spectrum
antiviral properties associated with NGLY1 inhibitors, employing various types of viruses
for thorough evaluation. Additionally, we will also investigate the potential therapeutic
utility of NGLY1 inhibitors in the treatment of melanoma, multiple myeloma, and acute lym-
phocytic leukemia. Current efforts are concentrated on scaffold optimization to refine the
molecular structure of the inhibitors, aiming to enhance their inhibitory potential. Dubbu
et al. [15] utilized the Prins cyclization to synthesize 2-Deoxy-β-C-aryl/alkyl glycosides,
while Chennaiah et al. [16] synthesized vicinal 1,2-azidoacetates catalyzed by TMSOTf,
offering a method for structural optimization of NGLY1 inhibitors.

4. Materials and Methods
4.1. Molecular Docking

A three-dimensional structure of NGLY1 was predicted online using AlphaFold2 based
on the NGLY1 amino acid sequence (https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/AlphaFold2.ipynb?pli=1#scrollTo=kOblAo-xetgx (accessed on 10
January 2022)). The SDF format structures of the natural compound library consist of 2960
compound structures’ information obtained from TargetMol (Boston, MA, USA).
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NGLY1 consists of three domains: PUB, PNG Core, and PAW. The PNG Core plays the
primary catalytic role. Preliminary experiments have shown that mutations of amino acids
Trp236, Trp244, Cys283, Leu318, Cys355, Glu356, and Asp386 in the PNG Core domain
result in protein inactivation. The receptor pocket was generated with the aforementioned
amino acids as the center (x = 5.47, y = 4.28, z = 6.22). The receptor pocket was set as a cubic
grid with a side length of 20 Å. Semi-flexible docking was employed. Structural analysis of
the docking results was performed using PyMOL (2.5.2) software.

4.2. Construction of NGLY1 Mutant

Plasmid pET28a-NGLY1 (WT) was preserved by our laboratory. All NGLY1 mutants
were generated using the reverse complement primers for PCR (Takara, Beijing, China)
with the template of pET28a-NGLY1 (WT) plasmid. The constructed pET28a-NGLY1 (WT)
plasmid and pET28a-NGLY1 (mutant) plasmid were transformed into E. coli BL21 (DE3)
(Tiangen, Beijing, China) separately for protein expression. The primers can be found in
Table 3.

Table 3. PCR primer sequences for constructing NGLY1 mutants.

Mutant Primer 5′-3′

K238D
Forward CACCCAGTGAAAAAATTCTTCGTCAAACCAGTGCAAAAGCTCCAG
Reverse CTGGAGCTTTTGCACTGGTTTGACGAAGAATTTTTTCACTGGGTG

E239K
Forward TCACCCAGTGAAAAAATTCTTTCTTAAACCAGTGCAAAAGCTC
Reverse GAGCTTTTGCACTGGTTTAAGAAAGAATTTTTTCACTGGGTGA

W244A
Forward TGCTGCACAAAACGTTATTCACCGCGTGAAAAAATTCTTCCTTAAACC
Reverse GGTTTAAGGAAGAATTTTTTCACGCGGTGAATAACGTTTTGTGCAGCA

T533A
Forward CCATGTGCCAGTCTGCTTCAACTTTTCTGAATATAGATTCCATT
Reverse AATGGAATCTATATTCAGAAAAGTTGAAGCAGACTGGCACATGG

D534K
Forward CAAATATACCATGTGCCACTTTGTTTCAACTTTTCTGAATATAGATTCCATTTTCC
Reverse GGAAAATGGAATCTATATTCAGAAAAGTTGAAACAAAGTGGCACATGGTATATTTG

4.3. Protein Expression and Purification of NGLY1 and NGLY1 Mutant

Escherichia coli BL21(DE3) cells harboring the NGLY1 and NGLY1 mutant expres-
sion plasmid were grown at 37 ◦C in a Luria-Bertani (LB) medium containing 50 µg/mL
kanamycin. When the culture reached OD600 of 0.6–0.8, 1 mM isopropyl β-d-thiogalactoside
(IPTG) (Sangon Biotech, Shanghai, China) was added to the medium and incubated further
for 12 h at 28 ◦C.

The frozen cells were resuspended in a lysis buffer (20 mM Tris, 300 mM NaCl, and
10 mM imidazole; pH 7.4) and then disrupted by sonication, and insoluble materials were
removed by centrifugation at 12,000 rpm for 30 min at 4 ◦C. The supernatant was loaded
onto a Ni-NTA resin column (1 mL bed volume, Thermo Scientific, Walthamm, MA, USA)
and incubated for 30 min at 4 ◦C. The column was washed with lysis buffers and wash
buffers (20 mM Tris, 300 mM NaCl, and 25 mM imidazole; pH 7.4), and the protein was
eluted with an elution buffer (20 mM Tris, 300 mM NaCl, and 250 mM imidazole; pH
7.4). The purified protein was concentrated using an amicon ultrafiltration concentrator
(30kDa, Millipore, MA, USA). The protein concentration was determined by NanoDrop
One spectrophotometer (Thermo Scientific, Walthamm, MA, USA).

4.4. The Electrophoretic Mobility Shift Assay

The natural compounds were purchased from Targetmol (Boston, MA, USA). Recombi-
nant NGLY1 (2 µg) was incubated with a primary screening compound for 60 min at 37 ◦C,
at which time denatured RNase B (New England Biolabs, Ipswich, MA, USA) (2 µg) was
added. The mixture was incubated for 12–16 h at 37 ◦C before separation by SDS-PAGE
(15%) and Coomassie staining. Further quantification was performed using Image J soft-
ware. RNase B had a molecular weight of ~17 kDa. After NGLY1 mediated deglycosylation,
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the molecular weight of RNase B decreased to ~13.7 kDa. RNase B remained at ~17 kDa
when NGLY1 activity was inhibited.

4.5. Toxicity Test

The safety profile of natural compounds was analyzed through calculation-based
methods. ADMETlab 2.0 (https://admetmesh.scbdd.com (accessed on 10 October 2023))
was used to analyze the toxic effects of the NGLY1 inhibitors [33,34]. The ADMETlab
2.0 predicts the human hepatotoxicity (H-HT), drug induced liver injury (DILI), skin
sensitization, carcinogenicity, eye corrosion, and eye irritation of the query compounds.

4.6. CCK-8 Analysis of Cell Viability Assay

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibico,
Shanghai, China) supplemented with 10% fetal bovine serum (FBS; Gibico, NSW, Australia)
and 1% penicillin-streptomycin (Beyotime, Beijing, China) at 37 °C with 5% CO2. 5000 cells
were seeded in each well of a 96-well plate. Cell viability was measured using the Cell
Counting Kit-8 (Beyotime, Beijing, China) according to the manufacturer’s instructions.

5. Conclusions

In conclusion, NGLY1, an essential enzyme involved in the deglycosylation of mis-
folded glycoproteins through the ERAD pathway, has emerged as a pivotal enzyme with
diverse therapeutic potential. Through a comprehensive structure-based virtual analysis
of a natural compound library, and by validating the inhibitory effects of compounds
using electrophoretic mobility shift assays, we identified three promising NGLY1 inhibitors:
Poliumoside, Soyasaponin Bb, and Saikosaponin B2. These compounds were derived
from traditional Chinese herbs with heat-clearing and detoxifying properties, displaying
inhibitory activity against NGLY1. Preliminary toxicity predictions conducted through
computer programs and analysis of cellular toxicity using the CCK-8 assays indicated that
Soyasaponin Bb exhibited a higher safety profile in comparison to Z-VAD-FMK, while
Poliumoside raised concerns regarding potential compound toxicity.

Moreover, it was revealed that the core structural motif shared by these inhibitors is a
disaccharide structure featuring glucose and rhamnose. This structural insight suggested
that their mode of action might involve binding to critical active sites of NGLY1, including
Lys238 and Trp244, as they might serve as a basis for subsequent drug screening for NGLY1
inhibitors. Furthermore, natural compounds containing a disaccharide structure composed
of glucose and rhamnose might also exert inhibitory effects on NGLY1.

Furthermore, NGLY1 inhibitors offer a multifaceted approach to address critical
challenges in healthcare. They present a compelling solution to protease inhibitor re-
sistance in blood cancer treatment and hold potential application in the management of
melanoma. This study not only highlights the promise of Poliumoside, Soyasaponin Bb,
and Saikosaponin B2 as lead compounds for NGLY1 inhibition but also provides a valuable
foundation for future drug development efforts in the pursuit of effective antiviral and
anticancer therapies.
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Abstract: A series of benzofuran and benzo[b]thiophen derivatives was synthesized via a transition-
metal-free one-pot process at room temperature. This one-pot protocol enables the synthesis of
compounds with high reaction efficiency, mild conditions, simple methods, and a wide-ranging sub-
strate scope. Regioselective five-membered heterocycles were constructed in good-to-excellent yields.

Keywords: one-pot synthesis; transition metal-free; benzofuranamines; benzo[b]thiophenamines;
C-C coupling

1. Introduction

Benzofuran and benzo[b]thiophen derivatives have attracted considerable interest
given their outstanding medicinal and biological properties [1,2]. Compounds with benzo-
furan functionalities have been widely employed to cure different kinds of diseases [3–6].
For example, Tasimelteon [7] is a small-molecule melatonin receptor agonist used to treat
non-24-hour sleep disorders in patients with total blindness. Amiodarone hydrochlo-
ride [8,9] is a third class of antiarrhythmic drugs widely used for the treatment and pre-
vention of arrhythmia and has a direct dilation effect on coronary arteries and peripheral
vessels. Fruquintinib [10,11] can inhibit the formation of tumor neovascularization and
eventually exert a tumor growth inhibition effect. It is a highly selective inhibitor of tumor
angiogenesis. Khellin [12] is a micranochromone that has antiproliferative activity in vitro;
meanwhile, it also has antispasmodic and coronary diastolic effects (Scheme 1). Fused ben-
zofuran and benzothiophen also have antimicrobial, anti-inflammatory, antihypertensive,
and analgesic activities [13].

As a result, all kinds of methods have been developed for the construction of ben-
zofuran and benzothiophen derivatives [14]. Classical methods for the synthesis of these
derivatives are described in the literature. Zhang’s group [15] developed a palladium-
catalyzed aryldifluoroalkylation method that involves the reaction of 1,6-enynes with
ethyl difluoroiodoacetate and arylboronic acids, thereby achieving the desired derivatives.
Jiangs’ group [16] developed a palladium-catalyzed fluoroalkylative cyclization of olefins
with the formation of Csp3–CF2 and C–O/N bonds in one step to obtain difluoroalkylated
2,3-dihydrobenzofuran and indolin derivatives. In the synthesis of 2,3-disubstituted benzo-
furan, the Sonogashira coupling reaction [17] can be completed with a one-step reaction. It
is prepared by coupling–cyclizing o-iodophenol with a terminal alkyne in the presence of
powder potassium-fluoride-doped alumina and a mixture of powder palladium, cuprous
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iodide, and tri-phenylphosphine. However, these methods still suffer from some draw-
backs, such as vigorous reaction conditions and multiple steps (Scheme 2). In this context,
the development of a novel synthetic method to fulfill the atom economy and achieve great
efficiency is highly desired [18–20].
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A one-step synthetic route would be a very useful improvement [21,22]. We focused
on the development of the direct synthesis of heterocyclic systems using tandem reac-
tions. Herein, we report an efficient and convergent one-pot synthetic strategy approach
to benzofuran and benzothiophen derivatives under mild conditions. Benzofuran and
benzothiophen scaffolds were obtained through the reaction of 2-fluorobenzonitriles and
substituted alcohol at room temperature (Scheme 3).
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2. Results

To obtain the optimized conditions, 2-fluorobenzonitrile, 1a, and 1-hydroxypropan-
2-one, 2a, were chosen as models. As shown in Table 1, the reaction base, solvent, and
time were investigated. The reaction proceeded with different bases in DMSO at room
temperature, and Cs2CO3 provided the highest yields (Table 1, entry 5). In weak basic
systems such as K2CO3 or K3PO4 at room temperature, no desired product, 3a, was
obtained (Table 1, entries 1,3). When we used the organic base Et3N in the reaction, no
desired compound, 3a, was detected either. In constructing 3a, Cs2CO3 performed much
better than KOH and t-BuOK, with a yield of 76% (Table 1, entries 5–7). The investigation
of the solvent proved that the yields of the product in DMSO were higher than in CH3CN,
THF, and DMF with the same base system (Table 1, entries 5, 9, 10, 11). Finally, we chose
Cs2CO3 in DMSO as the most efficient system to accomplish the synthesis of the benzofuran
derivatives, 3 (Table 1, entry 5).

Table 1. Optimization of conditions a.
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Entry Base Solvent T (°C) Time (h) Yield (%) b 

1 K2CO3 DMSO r.t. 4 n.d. 
2 K2CO3 DMSO 60 6 6 
3 K3PO4 DMSO r.t. 4 n.d. 
4 K3PO4 DMSO 60 6 18 
5 Cs2CO3 DMSO r.t. 4 76 
6 KOH DMSO r.t. 4 36 
7 t-BuOK DMSO r.t. 1 56 
8 Et3N DMSO r.t. 5 n.d. 
9 Cs2CO3 THF r.t. 4 n.d. 

10 Cs2CO3 CH3CN r.t. 4 n.d. 
11 Cs2CO3 DMF r.t. 4 n.d. 

a Reaction conditions: 2-fluorobenzonitrile, 1a (1.0 equiv.); 1-hydroxypropan-2-one, 2a (1.0 equiv.); 
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Entry Base Solvent T (◦C) Time (h) Yield (%) b

1 K2CO3 DMSO r.t. 4 n.d.
2 K2CO3 DMSO 60 6 6
3 K3PO4 DMSO r.t. 4 n.d.
4 K3PO4 DMSO 60 6 18
5 Cs2CO3 DMSO r.t. 4 76
6 KOH DMSO r.t. 4 36
7 t-BuOK DMSO r.t. 1 56
8 Et3N DMSO r.t. 5 n.d.
9 Cs2CO3 THF r.t. 4 n.d.

10 Cs2CO3 CH3CN r.t. 4 n.d.
11 Cs2CO3 DMF r.t. 4 n.d.

a Reaction conditions: 2-fluorobenzonitrile, 1a (1.0 equiv.); 1-hydroxypropan-2-one, 2a (1.0 equiv.); base (3.0 equiv.).
b Isolated yields. n.d.: not detected.

To explore the range of this methodology, various primary alcohols were studied
(Table 2) under the selected reaction condition (Scheme 2). The structures of products
3a–3q are shown in Figure 1. As shown in Table 2, both ketone and ester led to the
formation of bicyclic products with high yields. However, 2-fluorobenzonitrile with strong
electron-withdrawing groups (Table 2, entry 6, 7, 16, 17) obtained better yields than the
non-substituted derivatives, and 2,4-difluorobenzonitrile obtained the best reaction yield
of all the halogen-substituted scaffolds (Table 2, entry 3–5).
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Additionally, a steric hindrance affected the reaction very slightly. Ethyl 2-hydroxyacetate
(Table 2, entry 11–17) also obtained a high yield of 3.

As shown in Table 3, a variety of substituted methanethiols, 4, were used to expand
the applicability of this methodology. Substituted 2-fluorobenzonitrile bearing methoxyl
obtained a low yield of 31% in the reaction (Table 3, entry 9), whereas 2-fluorobenzonitrile
with electron-withdrawing groups obtained higher yields (Table 3, entries 6–8). The steric
hindrance affected the reaction very slightly, and butyl 2-hydroxyacetate also provided a
high yield of 5 (Table 3, entry 4).
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Table 2. Synthesis of benzofuran-3-amines a.

Molecules 2023, 28, x FOR PEER REVIEW 4 of 12 
 

 

To explore the range of this methodology, various primary alcohols were studied 
(Table 2) under the selected reaction condition (Scheme 2). The structures of products 3a–
3q are shown in Figure 1. As shown in Table 2, both ketone and ester led to the formation 
of bicyclic products with high yields. However, 2-fluorobenzonitrile with strong electron-
withdrawing groups (Table 2, entry 6, 7, 16, 17) obtained better yields than the non-sub-
stituted derivatives, and 2,4-difluorobenzonitrile obtained the best reaction yield of all the 
halogen-substituted scaffolds (Table 2, entry 3–5). 

Table 2. Synthesis of benzofuran-3-amines a. 

 
Entry R1 R2 Time (h) Product Yield (%) b 

1 H -COCH3 6 3a 76 
2 3-F -COCH3 6 3b 80 
3 4-F -COCH3 5 3c 82 
4 4-Cl -COCH3 6 3d 78 
5 4-Br -COCH3 6 3e 56 
6 4-CF3 -COCH3 6 3f 90 
7 4-NO2 -COCH3 6 3g 81 
8 5-F -COOCH3 6 3h 77 
9 4-Cl -COOCH3 6 3i 72 

10 3-F -COOCH3 6 3j 78 
11 H -COOCH2CH3 6 3k 71 
12 6-F -COOCH2CH3 6 3l 73 
13 5-F -COOCH2CH3 6 3m 80 
14 3-F -COOCH2CH3 6 3n 81 
15 4-Cl -COOCH2CH3 6 3o 74 
16 4-CF3 -COOCH2CH3 6 3p 90 
17 4-NO2 -COOCH2CH3 6 3q 87 

a Reaction conditions: 2-fluorobenzonitrile, 1 (1.0 equiv.); primary alcohols, 2 (1.0 equiv.); Cs2CO3 
(3.0 equiv.). b Isolated yields. 

Additionally, a steric hindrance affected the reaction very slightly. Ethyl 2-hydroxy-
acetate (Table 2, entry 11–17) also obtained a high yield of 3. 

Entry R1 R2 Time (h) Product Yield (%) b

1 H -COCH3 6 3a 76
2 3-F -COCH3 6 3b 80
3 4-F -COCH3 5 3c 82
4 4-Cl -COCH3 6 3d 78
5 4-Br -COCH3 6 3e 56
6 4-CF3 -COCH3 6 3f 90
7 4-NO2 -COCH3 6 3g 81
8 5-F -COOCH3 6 3h 77
9 4-Cl -COOCH3 6 3i 72

10 3-F -COOCH3 6 3j 78
11 H -COOCH2CH3 6 3k 71
12 6-F -COOCH2CH3 6 3l 73
13 5-F -COOCH2CH3 6 3m 80
14 3-F -COOCH2CH3 6 3n 81
15 4-Cl -COOCH2CH3 6 3o 74
16 4-CF3 -COOCH2CH3 6 3p 90
17 4-NO2 -COOCH2CH3 6 3q 87

a Reaction conditions: 2-fluorobenzonitrile, 1 (1.0 equiv.); primary alcohols, 2 (1.0 equiv.); Cs2CO3 (3.0 equiv.).
b Isolated yields.
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Entry R1 R3 Time (h) Product Yield (%) b

1 3-F -COCH3 6 5a 78
2 H -COOCH3 6 5b 76
3 H -COOCH2CH3 5 5c 74
4 H -COOCH2CH2CH2CH3 6 5d 77
5 H -ph 6 5e 85
6 5-F -COCH3 6 5f 75
7 3-F -COCH3 6 5g 76
8 5-F -COOCH3 6 5h 75
9 4-OMe -COOCH2CH3 6 5i 31

a Reaction conditions: 2-fluorobenzonitrile, 1 (1.0 equiv.); α-substituted methanethiol, 4 (1.0 equiv.); Cs2CO3
(3.0 equiv.). b Isolated yields.

Aromatic substituted methanethiol also obtained a high yield of 5 (Table 3, entry 5).
The structures of products 5a–5i are shown in Figure 2.
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Based on our previous work [23], a plausible reaction mechanism is presented in
Scheme 4. Compounds 1a and 2a undergo nucleophilic aromatic substitution, providing
compound 6. In the presence of Cs2CO3, the carbanion, 7, that forms attacks the nitrile
group, leading to cyclization and imine anion formation. Then, proton addition and
tautomerism lead to the corresponding product, 3a.
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To demonstrate the structure of benzothiophene, the molecular configuration of prod-
uct 5g was determined through X-ray crystallographic analysis (Figure 3).
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3. Experimental Section
3.1. General

1H and 13C NMR spectra were recorded with a 300 spectrometer or a 400 spectrometer
in CDCl3. HRMS spectra were determined with a Q-TOF spectrograph. Compounds 3a–3q
and 5a–5i were prepared according to the literature. Other reagents (Adamas) were com-
mercially available and were used without further purification. All reactions were moni-
tored via thin-layer chromatography (TLC). For the NMR spectrum of compounds see the
Supplementary Materials.

3.2. General Experimental Procedure for 1-(3-Aminobenzofuran-2-yl)ethan-1-one (3a)

To a solution of DMSO (15 mL), 2-fluorobenzonitrile, 1a (0.12 g, 1.0 mmol); propionic
acid, 2a (0.037 g, 0.5 mmol); and Cs2CO3 (0.98 g, 3.0 mmol) were added and stirred for
1 h at room temperature; then, more propionic acid, 2a (0.037 g, 0.5 mmol), was added
and stirred at r.t. over 4 h. Brine (40 mL) was poured into the solution, and the mixture
was extracted with CH2Cl2 (3 × 40 mL). The organic layers were combined and dried by
over-anhydrous Na2SO4. The product was purified via flash chromatography on silica
gel (Hexane/EtOAc = 5:1). Compound 3a was obtained as a white solid (mp: 175–176 ◦C,
0.13 g, 76% yield). 1H NMR (CDCl3, 300 MHz): δ 7.59–7.56 (m, 1H), 7.52–7.46 (m, 1H),
7.42–7.40 (d, J = 8.1 Hz, 1H), 7.26–7.21 (m, 1H), 5.59 (s, 2H), 2.50 (s, 3H); 13C NMR (CDCl3,
75 MHz): δ 189.8, 154.0, 138.5, 135.4, 129.4, 122.2, 121.3, 120.3, 112.6, 25.9; FT-HRMS (ESI)
calcd for C10H9NO2 [(M + H)+]: 176.0667; found, 176.0691.

3.3. General Experimental Procedure for 1-(3-Amino-7-fluorobenzo[b]thiophen-2-yl)ethan-1-one (5a)

This compound was prepared in the same way as described for 3a by using 2,3-
difluorobenzonitrile (0.14 g, 1.0 mmol), 1,2-difluoro-4-nitrobenzene 4a (0.09 g, 1.0 mmol),
and Cs2CO3 (0.98 g, 3.0 mmol) in DMSO (15 mL) at room temperature. The product was
purified via flash chromatography on silica gel (hexane/EtOAc = 5:1) to obtain 5a (mp:
245–246 ◦C, 0.16 g, 78% yield) as a pale yellow solid. 1H NMR (CDCl3, 400 MHz): δ 7.88 (s,
1H), 7.48 (t, J = 8.8 Hz, 2H), 5.88 (s, 2H), 3.89 (s, 3H); 13C NMR (CDCl3, 75 MHz): δ 165.6,
147.9, 141.3, 128.8 (JC,F = 267 Hz), 125.9, 122.4 (JC,F = 22 Hz), 51.4; FT-HRMS (ESI) calcd for
C10H8FNOS [(M + H)+]: 210.0344; found, 210.0567.

3.4. X-ray Crystal Structure Analysis of Compound 5g [24,25]

Single crystals of 5g suitable for X-ray crystal analysis were obtained via recrystalliza-
tion from a hexane/CH2Cl2 mixed solvent. Intensity data were collected at 293 K with an
X-ray diffractometer with Mo Kα radiation (λ = 0.71073 Å) and a graphite monochrometer.
A total of 1137 reflections were measured at a maximum 2θ angle of 50.0◦, of which 1781
were independent reflections (Rint = 0.0406). The structure was determined with direct
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methods (SHELXS-97)22 and refined by using full-matrix least-squares on F2 (SHELEXL-
97)22. The crystal data are as follows: C10H8FNO2S; FW = 225.03; crystal size, 0.12 ×
0.10 × 0.10 mm3; monoclinic, P21/c, a = 13.7929(8) Å, b = 3.9422(3) Å; c = 22.5228(15) Å;
V = 991.90(12) Å3; Z = 4. The refinement converged to R1 = 0.0637, wR2 = 0.1604 (I > 2σ(I)).

3.5. Characterization Data

1-(3-Amino-7-fluorobenzofuran-2-yl)ethan-1-one (3b): 155 mg (80% yield), white solid,
mp: 188–189 ◦C; 1H NMR (CDCl3, 300 MHz): δ 7.35 (dd, J = 1.5, 7.5 Hz, 1H), 7.25–7.14 (m,
2H), 5.31 (s, 1H), 2.53 (s, 3H); 13C NMR (CDCl3, 75 MHz): δ 190.0, 148.6 (JC,F = 249 Hz),
141.4 (JC,F = 13 Hz), 138.1, 136.1, 124.8, 122.8 (JC,F = 6 Hz), 115.7, 115.1 (JC,F = 16 Hz), 25.97;
FT-HRMS (ESI) calcd for C10H8FNO2 [(M + H)+]: 194.0573; found, 194.0625.

1-(3-Amino-6-fluorobenzofuran-2-yl)ethan-1-one (3c): 158 mg (82% yield), white solid,
mp: 188–189 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.56 (t, J = 8.0 Hz, 1H), 6.79–6.71 (m, 2H),
4.70 (s, 2H), 3.83 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 163.1, 159.7 (JC,F = 257 Hz), 157.9
(JC,F = 11 Hz), 129.70, 109.3, 106.7, 98.5 (JC,F = 23 Hz), 89.6 (JC,F = 16 Hz), 26.0; FT-HRMS
(ESI) calcd for C10H8FNO2 [(M + H)+]: 194.0573; found, 194.0653

1-(3-Amino-6-chlorobenzofuran-2-yl)ethan-1-one (3d): 163 mg (78% yield), white solid,
mp: 217–219 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.50 (d, J = 8.4 Hz, 1H), 7.44 (d, J = 1.6 Hz,
1H), 7.24 (dd, J = 1.6, 8.4 Hz, 1H), 5.58 (s, 2H), 2.50 (s, 3H); 13C NMR (CDCl3, 100 MHz):
δ 189.7, 153.9, 137.8, 135.4, 123.3, 120.9, 120.0, 113.1, 110.0, 25.9; FT-HRMS (ESI) calcd for
C10H8ClNO2 [(M + H)+]: 211.0214; found, 211.0265.

1-(3-Amino-6-bromobenzofuran-2-yl)ethan-1-one (3e): 142 mg (56% yield), white solid,
mp: 247–249 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.61 (d, J = 1.2 Hz, 1H), 7.45 (d, J = 8.4 Hz,
1H), 7.37 (dd, J = 1.6, 8.4 Hz, 1H), 5.56 (s, 2H), 2.49 (s, 3H); 13C NMR (CDCl3, 100 MHz):
δ 189.8, 154.0, 137.8, 135.6, 125.9, 123.1, 121.1, 120.3, 116.1, 26.0; FT-HRMS (ESI) calcd for
C10H8BrNO2 [(M + H)+]: 254.9718; found, 254.9816.

1-(3-Amino-6-(trifluoromethyl)benzofuran-2-yl)ethan-1-one (3f): 219 mg (90% yield), white
solid, mp: 203–204 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.70 (d, J = 8.8 Hz, 2H), 7.50 (d,
J = 8.4 Hz, 1H), 5.60 (s, 2H), 2.53 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 190.3, 152.8,
137.1, 136.6, 131.5 (JC,F = 32 Hz), 130.8 (JC,F = 33 Hz) 125.3, 124.1, 122.6, 119.0 (JC,F = 3 Hz),
110.3 (JC,F = 4 Hz), 26.1; FT-HRMS (ESI) calcd for C11H8F3NO2 [(M + H)+]: 244.0541;
found, 244.0645.

1-(3-Amino-6-nitrobenzofuran-2-yl)ethan-1-one (3g): 178 mg (81% yield), white solid, mp
none; 1H NMR (CDCl3, 400 MHz): δ 8.35 (d, J = 1.6 Hz, 1H), 8.16 (dd, J = 2.0, 8.4 Hz, 1H),
7.72 (d, J = 8.8 Hz, 1H), 5.59 (s, 2H), 2.56 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 190.5, 152.3,
148.3, 138.2, 136.5, 126.4, 120.6, 117.5, 109.1, 26.2; FT-HRMS (ESI) calcd for C10H8N2O4
[(M + H)+]: 221.0518; found, 221.0589.

Methyl 3-amino-5-fluorobenzofuran-2-carboxylate (3h): 161 mg (77% yield), white solid,
mp: 180–182 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.40–7.34 (m, 1H), 7.23 (d, J = 8.0 Hz,
1H), 6.90–6.86 (m, 1H), 5.21 (s, 2H), 3.96 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 163.4,
161.5, 157.3 (JC,F = 250 Hz), 129.4 (JC,F = 9 Hz), 111.1 (JC,F = 18 Hz), 108.7 (JC,F = 5 Hz),
107.8 (JC,F = 18 Hz), 51.5; FT-HRMS (ESI) calcd for C10H8FNO3 [(M + H)+]: 210.0522;
found, 210.0539.

Methyl 3-amino-6-chlorobenzofuran-2-carboxylate (3i): 173 mg (72% yield), white solid,
mp: 210–211 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.49–7.45 (m, 2H), 7.24 (dd, J = 1.6, 8.4 Hz,
1H), 4.99 (s, 2H), 3.97 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 161.6, 153.9, 138.2, 134.9,
125.9, 123.3, 120.4, 120.2, 113.0, 110.0, 103.1, 51.6; FT-HRMS (ESI) calcd for C10H8ClNO3
[(M + H)+]: 227.0163; found, 227.0195.

Methyl 3-amino-7-fluorobenzofuran-2-carboxylate (3j): 164 mg (78% yield), white solid, mp:
180–182 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.35–7.32 (m, 1H), 7.22–7.17 (m, 2H), 5.02 (s, 2H),
3.97 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 161.7, 148.4 (JC,F = 250 Hz), 141.4 (JC,F = 13 Hz),
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138.6, 126.2, 125.0 (JC,F = 3 Hz), 123.0 (JC,F = 6 Hz), 115.2 (JC,F = 4 Hz), 114.7 (JC,F = 16 Hz),
51.6; FT-HRMS (ESI) calcd for C10H8FNO3 [(M + H)+]: 210.0522; found, 210.0598.

Ethyl 3-aminobenzofuran-2-carboxylate (3k): 146 mg (71% yield), white solid, mp: 179–180 ◦C;
1H NMR (CDCl3, 300 MHz): δ 7.57–7.54 (m, 1H), 7.46–7.44 (m, 2H), 7.27–7.22 (m, 2H),
4.96 (s, 1H), 4.45 (q, J = 6.9 Hz, 2H), 1.44 (t, J = 6.9 Hz, 3H); 13C NMR (CDCl3, 75 MHz):
δ 161.67, 154.02, 130.91, 128.85, 128.77, 125.56, 122.30, 121.67, 119.59, 112.66, 65.58, 60.46,
30.59, 29.71, 19.19, 14.66, 13.72; FT-HRMS (ESI) calcd for C11H11NO3 [(M + H)+]: 206.0772;
found, 206.0785.

Ethyl 3-amino-4-fluorobenzofuran-2-carboxylate (3l): 162 mg (73% yield), white solid, mp:
192–193 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.39–7.34 (m, 1H), 7.24 (d, J = 8.4 Hz, 1H),
6.88 (dd, J = 8.0, 9.6 Hz, 1H), 5.19 (s, 2H), 4.44 (q, J = 7.2 Hz, 2H), 1.44 (t, J = 7.2 Hz, 3H);
13C NMR (CDCl3, 100 MHz): δ 161.4, 157.3 (JC,F = 250 Hz), 155.2, 129.3 (JC,F = 7 Hz), 111.1
(JC,F = 20 Hz), 108.8 (JC,F = 5 Hz), 107.7, (JC,F = 18 Hz), 60.5, 14.6; FT-HRMS (ESI) calcd for
C11H10FNO3 [(M + H)+]: 224.0678; found, 224.0693.

Ethyl 3-amino-5-fluorobenzofuran-2-carboxylate (3m): 179 mg (80% yield), white solid,
mp: 192–193 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.44 (d, J = 8.0 Hz, 1H), 7.37–7.32 (m, 1H),
6.94 (dd, J = 8.0, 9.6 Hz, 1H), 6.31 (s, 2H), 4.34 (q, J = 7.2 Hz, 2H), 1.38 (t, J = 7.2 Hz, 3H);
13C NMR (CDCl3, 100 MHz): δ 165.2, 159.6 (JC,F = 250 Hz), 147.6, 142.1, 128.8 (JC,F = 9 Hz),
120.3 (JC,F = 14 Hz), 119.2 (JC,F = 4 Hz), 109.3 (JC,F = 20 Hz), 97.6, 60.4, 14.49; FT-HRMS (ESI)
calcd for C11H10FNO3 [(M + H)+]: 224.0678; found, 224.0695.

Ethyl 3-amino-7-fluorobenzofuran-2-carboxylate (3n): 181 mg (81% yield), white solid, mp:
192–193 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.34–7.32 (m, 1H), 7.22–7.17 (m, 2H), 5.00 (s,
2H), 4.45 (q, J = 7.2 Hz, 2H), 1.44 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz): δ 161.4,
148.4 (JC,F = 250 Hz), 141.4 (JC,F = 13 Hz), 138.4, 126.5, 125.1 (JC,F = 3 Hz), 122.8 (JC,F = 6 Hz),
115.1 (JC,F = 4 Hz), 114.5 (JC,F = 15 Hz), 60.6, 14.5; FT-HRMS (ESI) calcd for C11H10FNO3
[(M + H)+]: 224.0678; found, 224.0689.

Ethyl 3-amino-6-chlorobenzofuran-2-carboxylate (3o): 177 mg (74% yield), white solid, mp:
221–222 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.47 (d, J = 8.8 Hz, 2H), 7.24 (dd, J = 2.0, 8.4 Hz,
1H), 4.97 (s, 2H), 4.44 (q, J = 7.2 Hz, 2H), 1.44 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz):
δ 161.4, 153.9, 134.7, 123.3, 120.3, 113.0, 60.6, 14.6; FT-HRMS (ESI) calcd for C11H10ClNO3
[(M + H)+]: 241.0320; found.

Ethyl 3-amino-6-(trifluoromethyl)benzofuran-2-carboxylate (3p): 246 mg (90% yield), white
solid, mp: 207–208 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.73 (s, 1H), 7.68 (d, J = 8.4 Hz, 1H),
7.50 (d, J = 8.4 Hz, 1H), 5.02 (s, 2H), 4.46 (q, J = 7.2 Hz, 2H), 1.45 (t, J = 7.2 Hz, 3H); 13C NMR
(CDCl3, 100 MHz): δ 161.3, 152.8, 137.5, 131.1, 130.8, 130.3 (JC,F = 30 Hz), 128.0, 127.3, 125.3,
124.4, 122.6, 120.4, 119.1 (JC,F = 3 Hz), 110.2 (JC,F = 4 Hz), 60.8, 14.6; FT-HRMS (ESI) calcd
for C12H10F3NO3 [(M + H)+]: 274.0646; found, 274.0686.

Ethyl 3-amino-6-nitrobenzofuran-2-carboxylate (3q): 218 mg (87% yield), white solid, mp
none; 1H NMR (CDCl3, 400 MHz): δ 7.68 (d, J = 1.2 Hz, 1H), 7.52 (d, J = 8.4 Hz, 1H), 7.20
(dd, J = 1.6, 8.4 Hz, 1H), 5.88 (s, 2H), 4.35 (q, J = 7.2 Hz, 2H), 1.38 (t, J = 7.2 Hz, 3H); 13C NMR
(CDCl3, 100 MHz): δ 165.2, 162.6, 147.7, 140.9, 134.4, 129.8, 124.7, 122.9, 122.0, 99.8, 60.6,
14.5; FT-HRMS (ESI) calcd for C11H10N2O5 [(M + H)+]: 251.0623; found, 251.0635.

Methyl 3-aminobenzo[b]thiophene-2-carboxylate (5b): 157 mg (76% yield), pale yellow
solid, mp: 224–225 ◦C; 1H NMR (CDCl3, 300 MHz): δ 7.73 (d, J = 8.1 Hz, 1H), 7.63 (d,
J = 7.8 Hz, 1H), 7.49–7.44 (m, 1H), 7.39–7.34 (m, 1H), 5.80 (s, 2H), 3.89 (s, 3H); 13C NMR
(CDCl3, 75 MHz): δ 165.9, 148.5, 140.0, 131.3, 128.2, 123.9, 123.4, 121.2, 99.0, 51.5; FT-HRMS
(ESI) calcd for C10H9NO2S [(M + H)+]: 208.0388; found, 208.0398.

Ethyl 3-aminobenzo[b]thiophene-2-carboxylate (5c): 164 mg (74% yield), pale yellow solid,
mp: 235–237 ◦C; 1H NMR (CDCl3, 300 MHz): δ 7.72 (d, J = 8.1 Hz, 1H), 7.63 (d, J = 8.1 Hz,
1H), 7.49–7.43 (m, 1H), 7.39–7.34 (m, 1H), 5.61 (s, 1H), 4.36 (q, J = 7.2 Hz, 2H), 1.39 (t,
J = 7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): δ 165.6, 148.3, 140.0, 131.5, 128.1, 123.8,
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123.4, 121.2, 99.5, 60.4, 14.5; FT-HRMS (ESI) calcd for C11H11NO2S [(M + H)+]: 222.0544;
found, 222.0609.

Butyl 3-aminobenzo[b]thiophene-2-carboxylate (5d): 192 mg (77% yield), pale yellow solid,
mp: 258–259 ◦C; 1H NMR (CDCl3, 300 MHz): δ 7.73–7.66 (m, 2H), 7.48–7.42 (m, 1H),
7.38–7.33 (m, 1H), 5.26 (s, 2H), 4.30 (t, J = 6.6 Hz, 2H), 1.80——1.69 (m, 2H), 1.54–1.41
(m, 2H), 0.98 (t, J = 7.5 Hz, 3H); 13C NMR (CDCl3, 75 MHz): δ 165.6, 147.9, 140.0, 131.5,
128.2, 123.9, 123.4, 121.2, 100.0, 64.3, 30.9, 19.3, 13.8; FT-HRMS (ESI) calcd for C13H15NO2S
[(M + H)+]: 250.0857; found, 250.0903.

2-Phenylbenzo[b]thiophen-3-amine (5e): 191 mg (85% yield), pale yellow solid, mp: 253–255 ◦C;
1H NMR (CDCl3, 300 MHz): δ 7.78 (dd, J = 1.5, 6.9 Hz, 1H), 7.64–7.57 (m, 3H), 7.49–7.44
(m, 2H), 7.42–7.29 (m, 3H), 4.07 (s, 2H); 13C NMR (CDCl3, 75 MHz): δ 137.6, 134.5, 134.3,
133.6, 129.2, 128.4, 127.0, 124.8, 123.9, 122.7, 119.9, 115.6; FT-HRMS (ESI) calcd for C14H11NS
[(M + H)+]: 226.0646; found, 226.0649.

Methyl 3-amino-5-fluorobenzo[b]thiophene-2-carboxylate (5f): 169 mg (75% yield), pale
yellow solid, mp: 237–238 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.67 (dd, J = 4.8, 8.8 Hz, 1H),
7.30 (dd, J = 2.4, 8.8 Hz, 1H), 7.25–7.21 (m, 1H), 5.83 (s, 2H), 3.90 (s, 3H); 13C NMR (CDCl3,
100 MHz): δ 165.6, 160.4 (JC,F = 242 Hz), 147.8, 136.4, 135.2, 132.2 (JC,F = 8 Hz), 130.7, 124.8
(JC,F = 8 Hz), 117.2 (JC,F = 25 Hz), 109.9, 106.9 (JC,F = 23 Hz), 101.2, 51.7; FT-HRMS (ESI)
calcd for C10H8FNO2S [(M + H)+]: 226.0293; found, 226.0356.

Methyl 3-amino-4-fluorobenzo[b]thiophene-2-carboxylate (5g): 171 mg (76% yield), pale
yellow solid, mp: 237–238 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.44 (d, J = 8.0 Hz, 1H),
7.37–7.32 (m, 1H), 7.17 (t, J = 8.8 Hz, 1H), 5.92 (s, 2H), 3.90 (s, 3H); 13C NMR (CDCl3,
100 MHz): δ 165.6, 157.9 (JC,F = 246 Hz), 148.3, 134.5 (JC,F = 10 Hz), 127.1 (JC,F = 20 Hz),
125.4 (JC,F = 7 Hz), 117.1, 117.0, 113.2 (JC,F = 18 Hz), 99.9, 53.4, 51.7; FT-HRMS (ESI) calcd
for C10H8FNO2S [(M + H)+]: 226.0293; found, 226.0348.

Ethyl 3-amino-5-fluorobenzo[b]thiophene-2-carboxylate (5h): 179 mg (75% yield), pale
yellow solid, mp: 249–250 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.67 (dd, J = 4.8, 8.8 Hz, 1H),
7.30 (dd, J = 2.0, 8.8 Hz, 1H), 7.25–7.21 (m, 1H), 5.80 (s, 2H), 4.36 (q, J = 7.2 Hz, 2H), 1.40
(t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz): δ 165.3, 160.4 (JC,F = 242 Hz), 147.6, 135.2,
132.3 (JC,F = 8 Hz), 124.8 (JC,F = 9 Hz), 117.1 (JC,F = 25 Hz), 106.9 (JC,F = 23 Hz), 60.6, 14.5;
FT-HRMS (ESI) calcd for C11H10FNO2S [(M + H)+]: 240.0450; found, 240.0468.

Ethyl 3-amino-4-methoxybenzo[b]thiophene-2-carboxylate (5i): 78 mg (31% yield), pale
yellow solid, mp: 282–283 ◦C; 1H NMR (CDCl3, 400 MHz): δ 7.37–7.28 (m, 1H), 7.24 (d,
J = 4.0 Hz, 1H), 6.75 (s, 2H), 6.71–6.64 (m, 1H), 4.32 (q, J = 8.0 Hz, 2H), 2.62 (s, 3H), 1.37
(t, J = 8.0 Hz, 3H); 13C NMR (CDCl3, 100 MHz): δ 165.5, 157.7, 148.8, 142.0, 129.0, 120.9,
115.8, 104.0, 60.0, 55.6, 14.5; FT-HRMS (ESI) calcd for C12H13NO3S [(M + H)+]: 252.0650;
found, 252.0687.

4. Conclusions

In conclusion, a variety of benzofuran and benzo[b]thiophen derivatives was syn-
thesized in good-to-excellent yields via Smiles rearrangement. At room temperature, an
efficient and simple method was used to construct regioselective five-membered heterocy-
cles. The outstanding features of this approach are mild conditions and transition-metal-free
one-pot synthesis. This green and clean synthetic methodology has potential applications
in the synthesis of biologically and medicinally relevant compounds. Our team is currently
conducting more research to widen the applications of this technology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28237738/s1, Table S1: Details of Crystal Structure
Determination for 5g; Figure S1: X-ray structure of compound 5g; Figure S2: 1H NMR and 13C NMR
spectra of compound 3a; Figure S3: 1H NMR and 13C NMR spectra of compound 3b; Figure S4:
1H NMR and 13C NMR spectra of compound 3c; Figure S5: 1H NMR and 13C NMR spectra of
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compound 3d; Figure S6: 1H NMR and 13C NMR spectra of compound 3e; Figure S7: 1H NMR and
13C NMR spectra of compound 3f; Figure S8: 1H NMR and 13C NMR spectra of compound 3g; Figure
S9: 1H NMR and 13C NMR spectra of compound 3h; Figure S10: 1H NMR and 13C NMR spectra
of compound 3i; Figure S11: 1H NMR and 13C NMR spectra of compound 3j; Figure S12: 1H NMR
and 13C NMR spectra of compound 3k; Figure S13: 1H NMR and 13C NMR spectra of compound 3l;
Figure S14: 1H NMR and 13C NMR spectra of compound 3m; Figure S15: 1H NMR and 13C NMR
spectra of compound 3n; Figure S16: 1H NMR and 13C NMR spectra of compound 3o; Figure S17:
1H NMR and 13C NMR spectra of compound 3p; Figure S18: 1H NMR and 13C NMR spectra of
compound 3q; Figure S19: 1H NMR and 13C NMR spectra of compound 5a; Figure S20: 1H NMR
and 13C NMR spectra of compound 5b; Figure S21: 1H NMR and 13C NMR spectra of compound 5c;
Figure S22: 1H NMR and 13C NMR spectra of compound 5d; Figure S23: 1H NMR and 13C NMR
spectra of compound 5e; Figure S24: 1H NMR and 13C NMR spectra of compound 5f; Figure S25:
1H NMR and 13C NMR spectra of compound 5g; Figure S26: 1H NMR and 13C NMR spectra of
compound 5h; Figure S27: 1H NMR and 13C NMR spectra of compound 5i.
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Abstract: Polysaccharides extracted from Taxus media hrough an aqueous method were further re-
fined by removing proteins via the Sevag technique and purified by dialysis. The separation of
these polysaccharides was accomplished using a DEAE-cellulose chromatog-raphy column, yield-
ing two distinct fractions, named CPTM-P1 and CPTM-P2. Notably, CPTM-P1 emerged as the
primary polysaccharide component within Taxus media. Consequently, a comprehensive analysis
focusing exclusively on CPTM-P1 was undertaken. The molecular weight of CPTM-P1 was estab-
lished through gel permeation chromatography (GPC), and its monosaccharide composition was
deciphered using HPLC-MS. The structure was further elucidated through nuclear magnetic res-
onance (NMR) spectroscopy. The molecular weight of CPTM-P1 was determined to be 968.7 kDa.
The monosaccharide composition consisted of galactose (Gal), arabinose (Ara), galacturonic acid
(Gal-UA), glucose (Glc), rhamnose (Rha), xylose (Xyl), mannose (Man), fucose (Fuc), glucuronic acid
(Glc-UA), and ribose (Rib). The proportional distribution of these components was 30.53%, 22.00%,
5.63%, 11.67%, 11.93%, 1.69%, 8.50%, 1.23%, 5.63%, and 1.17%, respectively. This confirmed CPTM-P1
as an acidic heteropolysaccharide with a glycuronic acid backbone. Moreover, CPTM-P1 showed
immunoenhancing properties, effectively augmenting the secretion of nitric oxide and cytokines
(TNF-α, IL-1β, and IL-6). Additionally, it significantly enhances the phagocytic capacity of RAW264.7
cells. These findings underscore the potential application of these polysaccharides in functional foods
and pharmaceuticals, providing a solid scientific basis for further exploration and utilization of Taxus
media polysaccharides.

Keywords: Taxus media; polysaccharide; structural characterization; immunoenhancing properties

1. Introduction

Polysaccharides, complex biopolymers consisting of 10 or more monosaccharides
linked by glycosidic bonds, stand as some of nature’s most prevalent molecules [1]. Re-
search on polysaccharides is expanding due to their potent anti-tumor [2], hypoglycemic [3],
antioxidant [4], anti-allergic [5], and immunomodulatory [6] effects, and their capac-
ity to shield cells from inflammatory cytokines [7]. The evaluation of polysaccharides’
immunomodulatory capabilities often involves measuring cytokine levels released by
macrophages following polysaccharide stimulation [8,9]. Research has underscored polysac-
charides’ capacity to stimulate macrophages, enhance phagocytosis, and trigger a broad
spectrum of cytokine production, including interleukins (IL-1β, IL-6, IL-8), tumor necrosis
factor (TNF-α), and nitric oxide (NO). Specifically, IL-1β is produced by activated immune
cells, playing a crucial role in driving immune and inflammatory responses, including
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fever induction, immune cell activation, and inflammation mediation. IL-6, a key marker
of acute inflammation, is secreted by various cells and is pivotal in immune regulation,
inflammation, cell growth, and differentiation. IL-8, primarily released by macrophages
and endothelial cells, acts as a chemoattractant that directs white blood cells, especially
neutrophils, to inflammation sites, playing a significant role in both inflammation and
immune regulation [10,11]. Consequently, these actions reinforce the organism’s immune
response [10–13]. Certain plant polysaccharides are capable of augmenting the secretion of
nitric oxide (NO) and cytokine synthesis of cytokines, thereby enhancing the efficacy of
macrophages in combating pathogenic microorganisms and tumors [14]. Nitric oxide is a
key effector molecule produced by macrophages, which upon activation, release various
chemotactic factors and cytokines crucial for activating immune responses and modulat-
ing the immune system [15]. Activated macrophages play an important role in TNF-α
generating, serving as a pivotal cytokine in anti-tumor immune responses and an essen-
tial indicator of macrophage activity [16]. IL-6 plays a versatile role in immune defense,
underscoring the complex interactions within the immune system [17].

The plant kingdom boasts a rich diversity of polysaccharides. Previous studies have
successfully isolated polysaccharides from a variety of plants, including Ziziphus jujuba [18],
Astragalus membranaceus [19], Panax ginseng [4], and persimmon [7], demonstrating their
potent immunomodulatory and outstanding antioxidant activities in vitro. In the genus
Taxus, significant research efforts have yielded notable findings. Complex water-soluble
polysaccharide (T1) and a singular polysaccharide component (CPTC-2) were isolated from
the branches and leaves of Taxus chinensis [20,21]. Additionally, TCFPs, a polysaccharide
from T. chinensis fruits, exhibited significant tumor growth inhibition [22]. Two novel
water-soluble polysaccharides with anticancer properties, TMP70S-1 and TMP70W, were
identified in the branches and leaves of Taxus yunnanensis [23,24]. Taxus cuspidata yielded
four polysaccharides (Pe1, Pe2, Pe3, and Pe4), with Pe4 exhibiting the strongest anti-tumor
and glucosidase inhibitory properties [25]. Moreover, these studies also revealed that Taxus
polysaccharides exhibit minimal toxic side effects and potent pharmacological effects. They
can reduce the dosage of chemotherapy drugs, thereby lowering the toxic side effects of
chemotherapy. As a result, they present themselves as promising adjunctive medications
for clinical chemotherapy in cancer patients, showcasing excellent prospects for medicinal
use [22–25]. Despite these advancements, research into the unique polysaccharides found in
Taxus media branches and leaves, particularly their immunoenhancing properties, remains
unpublished, presenting a gap in the development of therapeutic polysaccharides.

This study focused on analyzing the molecular weight, monosaccharide composition,
and glycan chain structure of CPTM-P1. Additionally, it aimed to explore its immunoen-
hancing properties using RAW 264.7 macrophage cells. This dual approach seeks to deepen
our understanding of CPTM-P1′s structural and biological characteristics.

2. Results and Discussion
2.1. Isolation and Purification of Polysaccharides from T. media

Through a process of staged elution with a NaCl solution, two distinct polysaccharide
components were obtained, named CPTM-P1 and CPTM-P2, as illustrated in Figure 1.
CPTM-P1 was isolated using a wash with 0.1 M NaCl, while CPTM-P2 was separated using
0.2 M NaCl. Among these components, CPTM-P1 constitutes the largest fraction and is
identified as the predominant polysaccharide in T. media. Consequently, the focus of this
study will be primarily on CPTM-P1, aiming to delve into the structural characteristics and
immuno-enhancing properties of this polysaccharide. CPTM-CP, the crude polysaccharide
extract from T. media, serves as the basis for isolating these components.
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Figure 1. Chromatography of eluted crude polysaccharide (CPTM−CP) on a DEAE–cellulose column
(26 mm × 300 mm). CPTM−P1 eluted with 0.1 M NaCl; CPTM-P2 eluted with 0.2 M NaCl.

2.2. Analysis of Structural Characteristics of Polysaccharides
2.2.1. Molecular Weight Analysis

The molecular weight (Mw) of polysaccharides plays a critical role in defining their
properties, which largely depend on their molecular dimensions [26]. Typically, the distri-
bution of Mw is represented by an average value. The Mw and purity of polysaccharide
samples were determined using Gel Permeation Chromatography (GPC) and analyzed
with Empower software (v3.8.0), as shown in Figure 2. This analysis revealed that CPTM-P1
has a molecular weight of 968.7 kDa, a polydispersity index (PDI) of 1.126, and a purity
of 79%. It has been demonstrated that polysaccharides with different molecular weights
possess distinct biological functions. For example, fucoidan with a lower molecular weight
(<50 kDa) exhibits stronger immunomodulatory effects compared to those with a higher
molecular weight (>100 kDa) [27,28]. Similarly, the high molecular weight polysaccharide
from persimmon, DK-H (>345 kDa), shows enhanced physiological effects, including an-
tioxidative, anti-inflammatory, and anti-wrinkle properties, unlike its low molecular weight
counterpart, DK-L (<1 kDa) [7].
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Research has consistently shown that polysaccharides with higher molecular weights
tend to have greater pharmacological efficacy than those with lower molecular weights [29,30].
However, it is imperative to acknowledge that certain low molecular weight polysac-
charides (<10 or 30 kDa) have been reported to lack biological activity under specific
circumstances [31]. The polysaccharide CPTM-P1 (968.7 kDa) investigated in this study
exhibits a greater molecular weight in comparison to the T. chinensis polysaccharide CPTC-2
(73.53 kDa), and the T. yunnanensis polysaccharides TMP70W (36.94 kDa) and TMP70S-1
(17.37 kDa). This molecular weight difference suggests the potential for heightened biologi-
cal activity in CPTM-P1 [20,23,24]. In summary, the molecular weight of polysaccharides
assumes an important role in shaping their biological activities.

2.2.2. Infrared Spectrum Analysis

Fourier-transform infrared (FT-IR) spectroscopy is an essential technique in organic
and polymer chemistry, allowing for the quantitative analysis of specific com-pounds
through infrared spectroscopy [32]. This method was employed to examine the functional
groups and sugar chain structure of CPTM-P1. The FT-IR spectrum of CPTM-P1, depicted
in Figure 3, features a pronounced broad peak between 3600−3200 cm−1, indicative of the
stretching vibrations of hydroxyl (–OH) groups within the sugar units. This observation
suggests the presence of both intermolecular and intramolecular hydrogen bonds. The
weak C−H absorption seen between 3000–2800 cm−1, coupled with an absorption peak in
the 1400−1200 cm−1 range signaling C−H bending vibrations, confirms that CPTM-P1 is
a polysaccharide. Typically, saccharide hydrates display characteristic absorption peaks
within 1665−1635 cm−1, a feature also observed in the CPTM-P1 polysaccharide spectrum.
Moreover, distinct peaks at 1223 cm−1 and 1078 cm−1 signify the presence of pyran rings
in CPTM-P1’s structure. Furthermore, a peak at 746 cm−1 delineates the α-configuration of
this poly-saccharide, providing insights into its molecular architecture.
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2.2.3. Monosaccharide Analysis

Ten different monosaccharides were identified in CPTM-P1. Which included Fuc, Ara,
Rha, Gal, Glc, Xyl, Man, Rib, Gal-UA, and Glc-UA. Fru, Gul-UA, and Man-UA were not
detected (Table 1). Notably, Gal emerged as the most predominant constituent. Following
Gal, Gal-UA exhibited a content of 27.42 mg/g, while Ara demonstrated a concentration
of 26.24 mg/g, and Rha exhibited a measure of 14.23 mg/g. Similarly, Glc and Man
registered values of 13.92 mg/g and 10.14 mg/g, respectively. Conversely, the remaining
monosaccharides were characterized by diminutive peak areas, indicating the relatively
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marginal abundance of their respective CPTM-P1 polysaccharide constituents (less than
10 mg/g).

Table 1. Monosaccharide composition of CPTM−P1.

Monosaccharide Content (mg/g) Percentage (%)

Gal 36.42 30.53
Ara 26.24 22.00
Rha 14.23 5.63
Glc 13.92 11.67

Gal-UA 27.42 11.93
Xyl 2.01 1.69
Fuc 1.47 8.5
Man 10.14 1.23
Rib 1.4 5.63

Glc-UA 6.72 1.17

Research has established a strong correlation between the structural features and
pharmacological activities of polysaccharides [33]. Complex carbohydrates include galac-
turonic and gluturonic acids in their structure [34]. Findings suggest that Gal-UA may
have anti-inflammatory effects and play a role in immune response regulation. Addition-
ally, the amount of Ara in polysaccharides is positively associated with their immune
activity [35]. CPTM-P1 contains elevated levels of both Gal-UA and Ara, which could po-
tentially account for the observed immune activity of CPTM-P1. The presence of glyoxylate
residues has the capacity to alter the physicochemical properties and solubility of associated
polysaccharide couplings, thereby influencing the activity of plant polysaccharides [36].
Fractions characterized by a higher glyoxalate content demonstrate heightened antioxidant
activity. Specifically, ZSP3c and ZSP4b, featuring the highest glyoxalate content among
date polysaccharide fractions, exhibit the most robust in vitro antioxidant activity [37].
Galactose also influences the immune-modulating activity of polysaccharides; research
has identified galactose in A. membranaceus polysaccharides as the primary factor responsi-
ble for immune-regulatory activity [38]. Another study has shown that polysaccharides
with a higher galactose (Gal) content exhibit superior immune-modulating activity [39].
CPTM-P1 also has a significant galactose content, suggesting its activity may be closely
related to its glyoxalate and galactose levels. Furthermore, pumpkin polysaccharides,
which include glucuronic acid, show that higher concentrations of glucuronic acid correlate
with increased biological activity. Among pumpkin polysaccharides, WPP2, which has
the highest glyoxalate content, demonstrated superior activity compared to WPP0, WPP1,
and WPP3 [40]. However, CPTM-P1 contains an equal amount of galacturonic and glu-
curonic acids, possibly contributing to its immunomodulatory properties. Polysaccharides
in plants exist in a variety of forms, such as pectic polysaccharides. Pectic polysaccharides
usually contain components such as Galactose (Gal), Arabinose (Ara), Galacturonic acid
(Gal-UA), etc., so, based on the composition of the monosaccharides, we hypothesized
that the CPTM-P1 polysaccharides might belong to the category of pectic polysaccharides.
In plant cell walls, various substances, including cellulose, hemicellulose, and pectin, are
present [41]. Although our study’s crude polysaccharide extract includes a mix of cellulose,
hemi-cellulose, and starch, the active polysaccharides isolated and purified did not react
with Congo red for cellulose or iodine for starch, excluding them as cellulose, pectin, or
starch components.

2.2.4. Nuclear Magnetic Resonance (NMR) Analysis

To delve deeper into the molecular architecture of CPTM-P1, a detailed nuclear mag-
netic resonance (NMR) spectroscopy analysis was performed. Figure 4 shows the 1HNMR
and 13C NMR spectra of CPTM-P1. In the 1H NMR spectrum, most of the signals appeared
in the range of 4.8–5.5 ppm. Typically, an anomeric signal above 4.9 ppm indicates an
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α-configuration, whereas a signal falling below 4.9 ppm indicates a β-configuration [42,43].
Evidently, the allosteric signal in CPTM-P1′s 1H spectrum is located around 5.0 ppm
(Figure 4A). Therefore, CPTM-P1 has an α-configuration. In the 13C spectrum, resonances
within 50–85 ppm correspond to carbons at positions C-2 to C-6 (Figure 4B). Characteris-
tic signals arising from the carboxyl groups are discernible within the spectral region of
165–180 ppm. Specifically, the distinct peaks at 177.848 ppm and 167.858 ppm in CPTM-
P1′s carbon spectrum indicate –CO signals inherent to the –COOH moiety. This resonance
pattern serves to confirm the presence of uronic acids within the molecular composition
of CPTM-P1; a deduction further substantiated by the findings of HPLC-MS analysis. It
is well known that the type of glycosidic linkage plays a crucial role in determining the
immunomodulatory activity of polysaccharides [44]. For example, the anti-inflammatory
efficacy of Poria cocos polysaccharides has been linked to a 1,3-α-d-Galp backbone and
1,6-α-d-Galp branches [45]. Although the sugar chains in CPTM-P1 exhibit similarities,
future research must investigate the specific linkage patterns within CPTM-P1 and their
influence on immunomodulatory activity.
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Figure 4. NMR analysis results. (A) is the 1H NMR of CPTM−P1, (B) is 13C NMR of CPTM−P1.

Drawing upon the existing literature [46–48], our deductions ascertain the principal
occurrence of the indicated glycan chains within the constitution of CPTM-P1 (refer to
Table 2). However, due to the constraints imposed by the finite data yielded by NMR,
certain glycan chains characterized by lower prevalence could not be definitively resolved.

Table 2. Chemical shifts in the 1H NMR and 13C NMR of CPTM−P1.

Glycosyl Residues
Chemical Shift H/C (ppm)

H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6

α-D-Galp-(1→ 5.12/99.52 3.80/68.68 3.89/69.37 4.024/70.36 4.12/70.69 3.71/61.36
→6)-α-D-Glcp-(1→ 5.12/99.52 3.62/76.71 3.71/73.72 3.55/70.36 3.96/70.69 4.07/67.01
→1-(-α-L-Rhap-(2→ 5.30/95.47 4.14/76.71 3.96/69.37 3.40/73.37 3.80/68.88 1.14/16.78
→1)-α-L-Araf-(5→ 5.12/107.54 4.14/78.74 4.07/76.71 4.18/82.08 3.96/68.88 -
α-D-Manp-(1→ 5.12/99.52 4.07/70.36 3.87/70.69 3.71/68.68 3.78/73.72 4.02/61.33

→2)-α-D-Manp-(1→ 5.30/99.52 4.07/78.74 4.00/70.69 3.67/68.68 3.71/73.72 3.80/61.33
→4)-α-GalpA-(1→ 4.99/99.52 3.89/70.69 4.12/73.37 4.36/78.74 4.68/73.77 177.848
α-D-GlcAp-(-1→ 5.30/99.52 3.62/73.72 3.71/76.71 3.55/73.72 4.02/73.37 -

2.2.5. SEM Analysis Results

Utilizing Scanning Electron Microscopy (SEM) enables the acquisition of high-resolution
data on surface topography, providing detailed insights into the particle size, shape, and
surface characteristics of polysaccharides. This information is pivotal for understanding the
spatial arrangement and structural details of these biomolecules [39,40]. Consequently, SEM
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was used to examine the structure and spatial organization of the CPTM-P1 surface. The
SEM images (Figure 5) reveal that the CPTM-P1 polysaccharide surface is predominantly
smooth and features convex, semi-circular particles within a notable layered structure.
This observation suggests that the polysaccharide’s branched monomers are intricately
intertwined, predominantly existing in states of aggregation and coiling.
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2.3. Effect of CPTM-P1 on RAW264.7 Cell Immunoreactivity
2.3.1. Effect of CPTM-P1 on RAW264.7 Cell Proliferation

The effects of CPTM-P1 on RAW264.7 cells proliferation are shown in Figure 6A.
When compared to the control group (CK), the stimulation of RAW264.7 cell proliferation
by CPTM-P1 exhibited a trend of increase in line with rising concentrations, peaking
at 1.0 mg/mL. However, there were no statistically significant differences between the
experimental groups at varying concentrations and the control group (p > 0.05). This finding
supports the conclusion that CPTM-P1, within a concentration range up to 4.0 mg/mL, does
not show cytotoxic effects on RAW264.7 cells. The optimal conditions for polysaccharide
intervention are often established by evaluating their effects on cell viability [49]. The
investigation revealed that within the concentration range of 0.25–4 mg/mL, there existed a
direct relationship between the concentration and the proliferation rate of RAW 264.7 cells,
reaching its zenith at 1.0 mg/mL. Notably, even at the highest concentration of 4 mg/mL,
no statistically significant distinction was discerned between the control group and the
experimental group. These results indicate that, within a specific concentration range,
CPTM-P1 does not induce cytotoxic effects on RAW 264.7 cells.
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Figure 6. (A) Effects of different concentrations of CPTM−P1 on the proliferation of RAW264.7
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of (D) TNF-α, (E) IL-1β and (F) IL-6. * indicated p < 0.05; ** indicated p < 0.01.

2.3.2. Effect of CPTM-P1 on RAW264.7 Cell Phagocytosis

Data on the impact of different polysaccharide concentrations on RAW264.7 cell
phagocytosis is presented in Figure 6B. The findings underscore that all concentrations of
the polysaccharide CPTM-P1 elicited a discernible enhancement in the phagocytic efficacy
of RAW264.7 cells. The cellular phagocytic activity reached its zenith at a concentration of
2.0 mg/mL (p < 0.01), followed by a modest decline in phagocytic activity.

2.3.3. CPTM-P1 Effect on NO, TNF-a, IL-1β, and IL-6 Production

Activated macrophages perform dual functions: they secrete cytokines and synthesize
nitric oxide (NO). In this research, we further explored NO secretion by RAW264.7 cells
activated with the polysaccharide CPTM-P1 and LPS, as shown in Figure 6C. Notably,
LPS significantly elevated NO levels in RAW264.7 cells. The introduction of varying
concentrations of CPTM-P1 led to increase NO secretion, with the effect intensifying at
higher polysaccharide concentrations. This increase was most significant at 1.0 mg/mL,
equating the effect to that of the LPS positive control. Beyond this concentration, a slight
decline in NO production was noted.

The study also examined the effects of CPTM-P1 on the secretion of TNF-α, IL-1β, and
IL-6 by RAW264.7 cells, considering the critical roles these cytokines play in inter-cellular
communication, immune cell regulation, and inflammatory responses (Figure 6D–F). The
data reveal that varying CPTM-P1 concentrations differently influenced TNF-α, IL-1β, and
IL-6 levels in the cell culture supernatant. A pattern emerged where cytokine concentra-
tions initially increased and then decreased, with TNF-α and IL-6 peaking at 2.0 mg/mL
(p < 0.05), and IL-1β peaking at 1.0 mg/mL (p < 0.05). Past these peaks, a slight decrease in
cytokine levels was observed. These results collectively suggest that CPTM-P1 enhances
the immunomodulatory capacity of RAW264.7 cells by stimulating the secretion of TNF-α,
IL-1β, and IL-6.

One study shows that lipopolysaccharides (LPS) trigger immune stresscan incite
immune stress by stimulating host immune cells to produce nitric oxide (NO) and cytokines,

138



Molecules 2024, 29, 1370

including tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-
6) [50]. Due to their capability to release NO, activated RAW264.7 cells are frequently used
to evaluate the immunomodulatory activity of compounds [27]. Thus, LPS-treated RAW
264.7 cells served as a positive control for assessing the immunomodulatory potential of
CPTM-P1. Significantly, CPTM-P1 induced NO release from RAW 264.7 cells and increased
levels of TNF-α, IL-1β, and IL-6, indicating that CPTM-P1 can activate macrophages and
elicit immune responses akin to LPS. This aligns with observations of polysaccharides
from sweet cherry, berries, Cucurbita moschata, and lavender, which also modulate immune
function by activating macro-phages [51–54]. While CPTM-P1’s immunomodulatory effects
are confirmed, further investigation into its mechanistic pathways is necessary.

2.4. Endotoxin Contamination

Extracting polysaccharides from plants carries a risk of endotoxin contamination,
which can falsely enhance immune stimulation assays due to the potent macrophage acti-
vation by endotoxins [55,56]. To confirm that CPTM-P1’s immunomodulatory effects were
not due to endotoxin contamination, we treated CPTM-P1 with polymyxin B and evaluated
its activity in RAW264.7 cells. As depicted in Figure 7, the solution of lipopolysaccharide
(LPS) (0.5 µg/mL), after passing through a polymyxin B affinity column, exhibited a nearly
complete reduction in nitric oxide-induced activity. This suggests that the polymyxin B
affinity column effectively absorbed almost all of the LPS. However, the CPTM-P1 solution
(1 mg/mL) passed through the polymyxin B affinity column did not exhibit a significant
reduction in nitric oxide-induced activity. To eliminate the potential interference of un-
known substances in the CPTM-P1 solution with the formation of the polymyxin B complex,
CPTM-P1 was mixed with LPS, passed through a polymyxin B affinity column, and then
assessed for nitric oxide-induced activity in RAW264.7 cells. The results, as shown in
Figure 7, indicate that the column effectively eliminated LPS from the mixture, confirming
that CPTM-P1’s immunomodulatory effects are not due to endotoxin contamination.
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Figure 7. Effects of polymyxin B treatment. LPS (0.5 µg/mL), CPTM−P1 (1 mg/mL), or an LPS
(0.5 µg/mL) and CPTM−P1 (1 mg/mL) mixture was added to the polymyxin B-affinity column,
incubated overnight at 4 ◦C, eluted from the column by centrifugation, and then added to the cultures
of RAW264.7 cells (final, 1:80 dilution) for 2 days. The amounts of nitric oxide were measured using a
Griess reagent.

3. Materials and Methods
3.1. Materials and Chemicals

Branches and leaves of Taxus media were collected in November 2022 from Xudu
Garden, Dujiangyan, Sichuan, China, and were authenticated by Professor Xiaohong Chen
from Sichuan Agricultural University. The specimens were archived at the National Forestry
and Grassland Administration Southwest Engineering Technology Research Center for
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Taxus at Sichuan Agricultural University. The MTT kit, along with mouse TNF-α, IL-
1β, and IL-6 ELISA kits, were acquired from Beijing Solabao (Beijing, China). RPMI
1640 medium and phosphate-buffered saline (PBS) for cell immunoreactivity assays were
sourced from Thermo Fisher Scientific (Waltham, MA, USA), while trypsin and penicillin
were obtained from Wistent (Saint-Jean-Baptiste, QC, Canada). Fetal bovine serum (FBS)
was procured from Lanzhou Bailing Company (Lanzhou, China). DEAE–cellulose was
purchased from (Sigma Chemical, St. Louis, MO, USA). Kormas Brilliant Blue G-250 and
Trifluoroacetic acid (TFA) were purchased from (Chengdu Kelong Chemical Company,
Chengdu, China). The Congo red reagent and iodine solution were purchased from Beijing
Solebo. Monosaccharide standards including fucose (Fuc), arabinose (Ara), rhamnose (Rha),
galactose (Gal), glucose (Glc), xylose (Xyl), mannose (Man), fructose (Fru), ribose (Rib),
galacturonic acid (Gal-UA), glucuronic acid (Glc-UA), mannuronic acid (Man-UA), and
guluronic acid (Gul-UA) were obtained from the Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA).

3.2. General Methods

Determination of CPTM-CP total sugars was conducted by the phenol–sulphuric acid
method using glucose as a standard [7]. An HP-GPC system with tandem Ultrahydro-
gelTM2000 and UltrahydrogelTM250 columns was used to analyze the molecular weight
of CPTM-P1. A Fourier-transform IR spectrophotometer (Perkin-Elmer Corp., Waltham,
MA, USA) was used to scan FTIR spectra. A Thermo ICS5000 (Thermo Fisher Scientific
Corp., USA) ion chromatography system with a Dionex CarboPac PA20 (150 × 3.0 mm,
10 um) liquid chromatography column was used for HPLC-MS.

3.3. Extraction, Isolation, and Purification of CPTM-P1

Three hundred grams of powdered Taxus media branches and leaves were initially
treated with petroleum ether and 80% ethanol to remove fat-soluble substances, alcohol-
soluble impurities, monosaccharides, and oligosaccharides. This was followed by triple
water extractions to eliminate remaining impurities. Proteins were then removed using
Sevag reagent (n-butanol: chloroform = 1:4). This procedure was repeated until the su-
pernatant no longer exhibited absorption peaks at 260 and 280 nm, indicating complete
protein removal, thereby allowing progression to the next phase. The extract was mixed
with anhydrous ethanol and left to precipitate overnight at 4 ◦C. The resulting precipitate
was collected, sequentially washed with ethanol, acetone, ethyl acetate, and anhydrous
ethanol, then dissolved in distilled water, decolorized with activated charcoal, filtered, and
finally collected. A freeze dryer was employed to produce the crude polysaccharide. A
1.000 g sample of CPTM-CP was dissolved in 40 mL of distilled water and filtered through
a 0.45-micrometer membrane. The filtrate was then applied to a DEAE-cellulose column
(2.6 × 30 cm). The column underwent washing with water and two concentrations of
sodium chloride, maintaining a flow rate of 1 mL/min at room temperature. After washing,
two distinct polysaccharide fractions, CPTM-P1 and CPTM-P2, were isolated via phased
elution. The DEAE profile was analyzed using the phenol-sulfuric acid method. The entire
extraction and purification process is detailed in Figure 8.
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3.4. Analysis of Gel Permeation Chromatograph (GPC)

For GPC analysis, a total of 5.0 mg of the sample was dissolved in ddH2O for GPC
analysis. The analysis was conducted using a Waters ultra-hydrophilic linear column
(300× 7.8 mm) at room temperature, with 0.2 M phosphoric acid buffer for elution at a flow
rate of 0.70 mL/min. The standard reference for calibration ranged from dextran molecules
of 2500 Da to 2,000,000 Da [43].

3.5. Monosaccharide Analysis

A 5 mg sample of the CPTM-P1 polysaccharide was hydrolyzed with trifluoroace-tic
acid (TFA) at 121 ◦C for two hours. Post-hydrolysis, the sample was washed with methanol
two to three times, dried under a stream of nitrogen gas, and reconstituted in sterile water
for analysis. Ion chromatography was used to analyze the monosaccharide fraction after
adding sterile water to the dry powder. The liquid chromatography column used was a
Dionex™ CarboPac™ PA20 (150 × 3.0 mm, 10 um). The injection volume was 5 uL. The
chromatographic conditions were: mobile phase A (0.1 M NaOH), mobile phase B (0.1 M
NaOH, 0.2 M NaAc), flow rate 0.5 mL/min; column temperature 30 ◦C; elution gradient:
0 min A-phase/B-phase (95:5 v/v), 30 min A-phase/B-phase (80:20 v/v), 30.1 min A-
phase/B-phase (60:40 v/v), 45 min A-phase/B-phase (30.1 min A-phase/B-phase). (30 min
A-phase/B-phase, 80:20 v/v, 30.1 min A-phase/B-phase, 45 min A-phase/B-phase, 45.1 min
A-phase/B-phase, 60 min A-phase/B-phase, 95:5 v/v). The monosaccharide standards,
including fucose (Fuc), arabinose (Ara), rhamnose (Rha), galactose (Gal), glucose (Glc),
xylose (Xyl), mannose (Man), fructose (Fru), ribose (Rib), galacturonic acid (Gal-UA),
glucuronic acid (Glc-UA), mannuronic acid (Man-UA), and guluronic acid (Gul-UA), were
obtained from the Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). The identification and
quantification of different sugars were achieved, respectively, by comparing the retention
time and peak area with those of monosaccharide standards.

3.6. Fourier-Transform Infrared (FT-IR) Analysis

For the FT-IR analysis, purified CPTM-P1 was mixed with potassium bromide (KBr)
powders in a 1:20 weight ratio (w/w), ground thoroughly, and pressed into thin pellets.
These were then analyzed using a Fourier Transform Infrared Spectrophotometer (Perkin-
Elmer Corp., USA) across a frequency range of 500–4000 cm−1 to record the FT-IR spectra.
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3.7. Nuclear Magnetic Resonance Spectroscopy (NMR) Analysis

NMR spectroscopy, known for its high-resolution capability in elucidating molecular
structures, was utilized to examine CPTM-P1 in detail. Fifty milligrams of CPTM-P1 were
dissolved in 0.5 mL of deuterium oxide (D2O) and lyophilized three times. The lyophilized
sample was redissolved in 0.5 mL of D2O and analyzed in an NMR tube using a Bruker
AVANCE IIIHD 600 spectrometer (Bruker, Rheinstetten, Germany) at 600 MHz for both
1H-NMR and 13C-NMR at 25 ◦C. Acetone served as the internal standard for 13C NMR,
with chemical shifts reported in parts per million (ppm).

3.8. Scanning Electron Microscope (SEM) Analysis

For SEM analysis, the dried CPTM-P1 polysaccharide underwent ion sputtering to
ensure electron conductivity. The coated sample was examined under a scanning electron
microscope set to an acceleration voltage of 15 kV and magnifications ranging from 1000 to
10,000×. This SEM analysis facilitated a detailed observation and documentation of the
poly-saccharide’s surface characteristics.

3.9. Measurement of Anti-Inflammatory Activity In Vitro
3.9.1. Culture of RAW264.7 Cells

RAW264.7 cells were sourced from Procell Life Science & Technology (Wuhan, China).
The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Beijing,
China) supplemented with 10% (v/v) fetal bovine serum (FBS, Biological Industries, Bioind,
Kibbutz Beit, Israel), 100 U/mL penicillin, and 100 µg/mL streptomycin. The cell culture
was maintained at 37 ◦C in a 5% CO2 atmosphere.

3.9.2. RAW264.7 Cell Proliferation and Phagocytic Capacity Analysis

RAW264.7 cells in the logarithmic growth phase were diluted and plated in 96-well
plates at a density of 6 × 104 cells per well, with 100 µL of cell suspension per well. The
blank control received fresh medium only. Each concentration gradient had triplicate wells.
After 24 h of incubation at 37 ◦C in 5% CO2, the supernatant was discarded, and wells
were treated with 100 µL of varying concentrations (0.25, 0.5, 1, 2, and 4 mg/mL) of the
polysaccharide CPTM-P1 solution, while controls received fresh medium. Following an
additional 24-hour incubation, cell proliferation was assessed using the MTT assay, with
optical density (OD) measured at 490 nm. For phagocytic capacity analysis, cells were
washed with phosphate-buffered saline (PBS) and stained with 0.075% neutral red for 1 h.
After staining, wells were rinsed with PBS and lysed with an ethanol acetate solution (1:1
v/v), left overnight at room temperature. The OD was measured at 492 nm to evaluate the
cells’ phagocytic capacity.

3.9.3. Analysis of RAW264.7 Cell’s Secretion Ability of TNF-α, IL-1β, IL-6, and NO

Macrophages, maintained in a favorable growth condition at a density of 6 × 104

cells/mL, were subjected to incubation with 0.5 µg/mL of lipopolysaccharide (LPS) along
with various concentrations of CPTM-P1 (0.25, 0.5, 1, 2, and 4 µg/mL) as a positive control.
This incubation process took place at 37 ◦C for a duration of 24 h. The culture supernatant
was collected, and the levels of TNF-α, IL-1β, and IL-6 were determined using an enzyme-
linked immunosorbent assay (ELISA). The content of nitric oxide (NO) in the RAW264.7 cell
culture supernatant was assessed using the Griess method.

3.10. Removal of Endotoxin

To mitigate the potential impact of endotoxin contamination on the immunomodu-
latory activity of CPTM-P1, Affi-Prep Polymyxin Matrix (BIO-RAD, Hercules, CA, USA)
was employed to remove potential endotoxin contaminants in CPTM-P1. Initially, 1 mL of
Affi-Prep Polymyxin Matrix was packed into a Bio-spin column (BIO-RAD) and centrifuged
at 300× g for 3 min. Subsequently, 1 mL of CPTM-P1 (1 mg/mL), LPS (0.5 µg/mL), or a
mixture of CPTM-P1 (1 mg/mL) and LPS (0.5 µg/mL) was added. After overnight incuba-
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tion at 4 ◦C, the liquid eluted under the same centrifugation conditions was collected from
the recovered chromatography column, which was performed in three biological replicates.

3.11. Statistical Analysis

Statistical analysis was performed using IBM SPSS version 27.0. Each experiment
was independently conducted three times, with results expressed as mean ± standard
deviation. Differences between groups were evaluated using a one-way analysis of variance
(ANOVA), with statistical significance set at p < 0.05 or p < 0.01.

4. Conclusions

In this study, we successfully isolated and purified a Taxus media polysaccharide,
CPTM-P1, and meticulously characterized its molecular attributes (Figure 1). Employing
high-performance gel permeation chromatography (HP-GPC) and high-performance liquid
chromatography-mass spectrometry (HPLC-MS), we ascertained CPTM-P1’s molecular
weight to be 968.7 kDa, with a composition rich in monosaccharides like galactose (Gal),
galacturonic acid (Gal-UA), and arabinose (Ara). Nuclear magnetic resonance (NMR)
spectroscopy further detailed the structural intricacies of CPTM-P1’s sugar chains. The
pronounced immunomodulatory activity of CPTM-P1 was highlighted by its capacity to en-
hance the secretion of nitric oxide (NO), tumor necrosis factor-alpha (TNF-α), interleukin-1β
(IL-1β), and interleukin-6 (IL-6), without dampening macrophage function. This under-
scores CPTM-P1’s favorable safety profile. Ultimately, CPTM-P1 emerges as a promising
candidate for immuno-modulatory applications, boasting low toxicity and significant
potential for use in functional foods or pharmaceutical products.
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