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倍半萜类化合物通过抑制乙酰胆碱酯酶治疗阿尔茨海默病的潜力
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摘要: 阿尔茨海默病 (Alzheimer's disease, AD) 是一种神经退行性疾病, 其发病机制假说多样, 其中胆碱能假说

是其主要的发病机制之一, 乙酰胆碱酯酶 (acetylcholinesterase, AChE) 的天然抑制剂如加兰他敏和卡巴拉汀在临床

上用于治疗AD。生物分子如倍半萜具有丰富的结构多样性, 是一类重要的萜类化合物, 并具有广泛的生物活性。

过去的研究证明了各种倍半萜通过抑制AChE改善胆碱能传递的潜力。本文综述了近 5年来各种倍半萜类化合物

对乙酰胆碱酯酶抑制活性的研究进展, 通过分析发现多种倍半萜具有一定的AChE抑制活性, 显示出作为治疗AD

潜在药物的良好前景。
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Abstract: Alzheimer's disease (AD) is a neurodegenerative disorder with a variety of etiological hypotheses, 

among which the cholinergic hypothesis is one of the primary theories. Natural inhibitors of acetylcholinesterase 

(AChE), such as galantamine and rivastigmine, are clinically approved for the treatment of AD. Biologically active 

molecules like sesquiterpenoids exhibit significant structural diversity and are an important class of terpenoids with 

a wide range of biological activities. Previous studies have demonstrated the potential of various sesquiterpenoids 

to improve cholinergic transmission through inhibiting AChE. This review summarizes the research progress on the 

activity of various sesquiterpenoids against AChE over the past five years. Through analysis, it was found that 

several sesquiterpenoids possess AChE inhibitory activity to varying degrees, demonstrating their potential as 

candidate medicines for the treatment of AD.
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阿尔茨海默病 (Alzheimer's disease, AD) 是一种神

经退行性类的痴呆疾病, 以65岁以上人群最为常见, 占

痴呆症病例的 60%～70%[1]。全世界现有 5 500万人患

有各种类型的痴呆症, 每年约有 1 000万新病例被诊断

出来, 预计到 2050年痴呆症患者将达到 1.52亿, 给世

界各地的卫生系统带来了巨大的经济和社会成本[2]。

AD起病隐匿且病情发展不可逆, 轻度的AD患者

的临床显著特征表现为记忆力下降、判断力下降; 后期

收稿日期: 2025-03-09;     修回日期: 2025-05-08.

*通讯作者Tel: 86-10-50927398, E-mail: qujing@imm.ac.cn

DOI: 10.16438/j.0513-4870.2025-0255

·· 1604



孟腾腾等: 倍半萜类化合物通过抑制乙酰胆碱酯酶治疗阿尔茨海默病的潜力

AD 患者则主要表现为严重的认知障碍, 如无法对环

境做出反应、难以控制运动, 最终导致死亡[3,4]。AD的

病理特征主要为以大脑皮质和海马区形成的 β-淀粉样

蛋白 (β-amyloid, Aβ) 为核心的细胞外神经炎症斑块和

由Tau蛋白过度磷酸化组成的神经原纤维缠结 (neuro‐

fibrillary tangles, NFTs)[5-7]。AD的病理机制复杂, 国内

外学者提出了许多关于其发病机制的假说, 包括胆碱

能假说、Aβ级联假说、tau蛋白异常磷酸化假说、神经

免疫炎症假说和氧化应激假说等[8,9]。

在 AD 患者脑内常发现神经递质异常现象, 如去

甲肾上腺素浓度变化、5-羟色胺浓度下降等 , 相比之

下, 胆碱能系统障碍的程度最高。在中枢神经系统中, 

胆碱能神经元广泛分布, 其传递与许多疾病有关。研

究表明, 内源性乙酰胆碱 (acetylcholine, ACh) 是所有

胆碱能神经元共用的神经递质, 通过与胆碱能受体结

合来调节学习、认知及运动相关信息的传递, 对获取、编

码、巩固、再巩固、消退和记忆恢复的调节极其重要, 由

于ACh在认知过程中的重要性, 胆碱能假说被认为是

AD发病机制中的一个重要理论, 其核心观点为AD患

者的认知能力下降是皮层和海马基底前脑的胆碱乙酰

转移酶活性降低而导致的ACh合成和释放的降低[10,11]。

研究表明, 随着病情发展, 90%的胆碱能细胞受损, 通

过上调ACh可显著提高患者的记忆力和认知功能。正

常的生理状态下, 当ACh在突触间隙完成信号传递后, 

乙酰胆碱酯酶 (acetylcholinesterase, AChE) 会将其快速

水解, 因此可以通过抑制剂降低AChE的催化活性, 从

而减少ACh的水解, 提高AD患者脑部ACh的含量, 改

善胆碱能神经传递, 抵消症状的发展[12,13]。临床应用

最广泛的治疗AD药物之一的卡巴拉汀 (rivastigmine), 

其延缓胆碱能神经元对释放的ACh的降解速度, 加快

胆碱能神经传导, 从而提高了 ACh的含量, 减慢淀粉

样前体蛋白片段的形成, 从而缓解AD[11]。

AChE作为治疗AD的关键靶点, 主要由运动神经

元和肌管共同产生[14,15]。AChE的结合口袋是一个深

而窄的凹陷区域, 由位于该区域入口和底部的外周阴

离子位点 (PAS) 和催化位点 (CAS) 组成[16]。PAS 是

ACh的“过渡结合位点”, 其变构调节可影响酶活性中

心与不同配基或底物的亲和性, 从而提高 AChE的催

化效率。此外, Aβ与 PAS的结合会诱导 Aβ的构象从

无规则卷曲或 α-螺旋转变为 β折叠, 加速Aβ聚集, 表

明抑制 PAS位点结合有望减少脑内淀粉样斑块, 缓解

AD 症状[17]。CAS 上包含胆碱结合位点、氧阴离子洞

和催化三联体等 3个主要结合位点。PAS和CAS二者

协同工作, 促使 ACh进入凹陷区域, 再通过催化 ACh

的酯键水解反应, 将ACh水解为乙酸和胆碱, 降低ACh

的浓度[18]。

天然产物的化学结构多样, 为发现新的药物提供

了丰富的资源, 例如从蛇足石杉中提取分离的石杉碱

甲, 是一种具有AChE抑制活性的生物碱, 能穿过血脑

屏障 (blood-brain barrier, BBB), 改善啮齿目动物、哺

乳动物和人的认知障碍[19-21]。以前从天然产物中寻找

AChE抑制剂的研究多集中在生物碱、黄酮及香豆素

等化合物类型上, 近年来发现萜类尤其一些倍半萜类

化合物表现出神经保护方面的活性, 具有防治神经退

行性病变的潜力[22]。

萜类化合物又称类异戊二烯化合物, 是自然界种

类最丰富, 化学结构最多样的植物次级代谢产物, 具有

抗癌、抗过敏、抗病毒、抗溃疡等生物活性。萜类化

合物普遍存在于高等植物, 已鉴定结构的化合物超过

23 000 种, 主要存在于植物的叶片、茎、花、果实和根

中[23,24]。其中倍半萜是萜类化合物中最大的一类, 已

报道的化合物有 7 000多种, 主要以挥发性植物油的形

式存在, 它由 3个异戊二烯单元组成, 含有 15个碳原

子[25,26]。大多数倍半萜为手性分子, 包括单环倍半萜 

(榄香烯型、吉马烷型)、双环倍半萜 (杜松烷型、桉烷

型)、三环倍半萜、倍半萜二聚体 (棉酚)、倍半萜内酯

等[27]。由于倍半萜化合物具有复杂的分子结构、固有

的生物活性和芳香气味, 常被用作香水、药物和生物能

源的前体物质, 在化妆品、食品、药物、能源和化学生产

行业有较高的应用价值[28,29]。倍半萜如青蒿素在抗疟

疾中发挥重要作用[30]。此外, 一些具有各种药理活性

的精油和芳香成分也是由倍半萜组成的[31]。本文主要

综述了近 5年从自然界中发现的具有AChE抑制活性

的倍半萜类化合物。

1 具有AChE抑制活性的倍半萜类化合物的当前进展

1.1　具有 AChE 抑制活性的倍半萜　倍半萜是一类

重要的萜类化合物, 是法尼基焦磷酸 (FPP) 的 15-C前

体的衍生物, 主要存在于植物的分泌细胞、乳管中, 倍

半萜的结构多样性使得其具有抗肿瘤、抗炎、抗病毒、

保护神经系统等广泛的生物活性[32,33]。研究表明, 一

些倍半萜, 如红没药烷型、桉烷型、原伊鲁烷型、愈创

木烷型倍半萜均有明显的 AChE抑制活性, 具体化合

物如图 1 所示, 为进一步研发治疗 AD 药物提供新的

方向。

Alimi 等[34]研究了两种倍半萜 α-红没药醇 (1) 和

红没药醇氧化物A (2) 的AChE抑制活性, 其半数抑制

浓度 (IC50) 分别为 37.09和 28.14 μg·mL-1, 并发现化合

物1和2在分子对接中表现出良好的结合活性, 通过氢

键和疏水相互作用和 AChE的活性位点进行结合, 结

合能分别为−7.289和−7.139 kcal·mol-1。Li等[35]从红树
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林来源的胶孢炭疽菌属 (Colletotrichum sp.) 真菌的丙

酮提取物中分离出一种具有AChE抑制活性的多手性

倍半萜红没药酸 A (3), 具有中等抑制活性 , 其 IC50为

2.2 μmol·L-1。Yusuf等[36]研究了姜黄 (Curcuma longa) 

中的姜黄酮 (4), 其与 AChE的对接活性较好, 具有强

氢键的相互作用, 结合能为−7.9 kcal·mol-1, 且其ADMET

性能良好, 成为治疗AD的候选药物。

Li 等[37]在翼齿六棱菊 (Laggera pterodonta) 的乙

酸乙酯和石油醚提取物中分离出 laggeranines A (5) 和

laggeranines B (6) 及 6 种已知的桉烷型倍半萜 7～12, 

化合物5～12对AChE均有抑制作用, 且呈剂量依赖性, 

其中化合物 12的 IC50为 437.33 ± 8.33 μmol·L-1, 并具有

良好的ADMET性能。Evelyn等[38]评价了具有桉烷骨

架的化合物 13、14的生物学活性, 二者均具有显著的

AChE 抑制活性 , IC50 分别为 0.26 ± 0.016 和 0.77 ± 

0.016 μmol·L-1, 酶动力学研究及分子对接表明, 化合物

13 和 14 均为非竞争性酶抑制剂。Xu 等[39]从一种来

自烟草 (Nicotiana tabacum) 的内生拟青霉属真菌

Purpureocillium TE-540的乙酸乙酯提取物中分离出杜

松烷型倍半萜, 其中化合物 15、16抑制AChE的 IC50值

分别为 43.02 ± 6.01和 35.97 ± 2.12 μmol·L-1, 通过对接

分析预测, 化合物15与Trp84、Gly117、Ser122和Tyr121

残基通过疏水相互作用结合在 AChE 的催化口袋中, 

而化合物 16 与 Asp72 和 Ser122 残基结合。Li 等[40]从

沉香 (Aquilaria sinensis) 的乙醚提取物中分离出化合

物 17, 其在 50 μg·mL-1浓度下表现出对 AChE 的抑制

活性, 抑制率为 48.33% ± 0.17%。硝基是一种独特的

官能团, 其可以产生与生物靶标相互作用的电子密度

缺陷位点 , 故可在倍半萜类化合物中引入硝基[41,42]。

Jiménez-Estrada等[43]在印第安菊 (Psacalium sinuatum) 

根提取物分离得到 cacalol acetate, 其在10 μg·mL-1浓度

时对 AChE 抑制率为 39.3%, 使用硝酸铈 (IV) 铵和乙

酸酐将 cacalol acetate 硝化 , 获得 2-nitrocacalol acetate 

(18), 其对 AChE 的抑制活性显著提高 , 在 10 μg·mL-1

浓度时的抑制率为 69.9%, 且该化合物与AChE具有良

好的结合能 (−8.68 kcal·mol-1)。此研究证明通过引入

硝基对倍半萜提供新的修饰 , 提高了化合物抑制

AChE的能力, 提供了对倍半萜的研究方向。

Wu 等[44,45]通过蜜环菌 (Armillaria mellea) 与内生

真菌附球菌 (Epicoccum nigrum YUD17002) 共培养, 从

其发酵提取物中分离出两种原伊鲁烷型倍半萜 19、20, 

二者均显示对AChE的抑制活性, IC50分别为 23.85和

9.03 μmol·L-1。Dong等[46]将藏东瑞香 (Daphne bholua) 

全草以 80%乙醇提取, 从中分离得到愈创木烷型倍半

萜类化合物 21、22, 二者对 AChE 具有显著的抑制活

性, IC50分别为0.332 ± 0.034和0.184 ± 0.015 μmol·L-1。

Al-Nagar等[47]研究了姜科植物生姜 (Zingiber offi‐

cinale) 金合欢类倍半萜 (Z,E)-橙花叔醇 (23) 的药理活

性, 发现其对AChE产生抑制作用, IC50为0.02 mmol·L-1。

Formagio等[48]对茜草科植物Palicourea tomentosa的叶

子加氢蒸馏提取出精油, 精油的主要成分吉马烷型倍半

萜烯香叶醇D (29.38%) (24) 和橄榄烷型倍半萜双环大

牻牛儿烯 (25.21%) (25), 二者对大鼠海马、大脑皮层、

下丘脑AChE均产生抑制活性, 且酶−配体分子模型显

示其具有作为AChE抑制剂的潜力。Aggarwal等[49]对紫

茎泽兰 (Ageratina adenophora) 的花进行加氢蒸馏提

取并分离出一种新的杜松烷型倍半萜 26, 其对 AChE

显示出抑制作用, IC50为49.020 ± 0.005 μg·mL-1。

Bendjedou 等[50] 从茄科植物欧洲枸杞 (Lycium 

europaeum) 的根和叶子的乙醇提取物中分离出两

种螺环倍半萜 27、28 及两种倍半萜醇 29、30, 均

显示 AChE 抑制活性。Liu 等[51]从小花八角 (Illicium 

micranthum) 中分离出一种倍半萜醇 illifunone B (31), 

在 50 μmol·L-1 浓度下对 AChE 的抑制率为 46.0%。

Kovács等[52]从菊科植物秘鲁豚草 (Ambrosia peruviana) 

和银香菊 (Santolina chamaecyparissus) 的二氯甲烷提

取物中分离出 4个倍半萜类化合物, 分别为吉马烷型

倍半萜 germacrene B (32)、愈创木烷型倍半萜 dehy‐

droaromadendrene (33) 及倍半萜醇 α-bisabolol (34) 和

manool (35), 4个化合物及两种二氯甲烷提取物均显示

出 AChE抑制活性, 其中从银香菊分离得到的化合物

34对AChE抑制活性的 IC50为6.04 ± 0.23 μmol·L-1。

应用海洋天然产物数据库的化学基因组学技术分

析表明红藻 (Porphyra yezoensis) 中存在的卤代倍半萜

是潜在的AChE抑制剂, 因此, Gonçalves等[53]使用分子

对接和酶抑制实验研究了里约热内卢海岸红藻的代谢

物, 结果表明 (−)-elatol (36)、(−)-dendroidiol (37) 和 (−)-

cartilagineol (38) 3 种卤代倍半萜在 300 μmol·L-1的浓

度下均对AChE产生抑制活性, 抑制率分别为 78.5%、

72.9% 和 61.3%, 同时化合物 36 的分子对接结果也显

示了卤素 Br和 Cl与 Try86和 Try286之间的相互作用

有助于其AChE抑制活性的产生。

综上所述, 一些愈创木烷型倍半萜与桉烷型倍半

萜对 AChE的抑制活性最为显著, 如愈创木烷型倍半

萜化合物21及22对AChE的抑制活性的 IC50值分别为

0.332 ± 0.034和 0.184 ± 0.015 μmol·L-1, 两种桉烷型倍

半萜化合物13及14对AChE的抑制活性的 IC50值分别

为 0.26 ± 0.016 和 0.77 ± 0.016 μmol·L-1。进一步分析

发现, 这 4种化合物均含有 α,β-不饱和羰基结构单元, 

这可能是其表现出显著抑制活性的关键因素之一。此
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外, 在分子对接中, 结合能 ≤ −5.0 kJ·mol-1时, 认为两者

有一定的结合活性; 结合能 ≤ −7.0 kJ·mol-1时, 认为两

者有较好的结合活性。化合物 4与AChE的对接结合

能为−7.9 kcal·mol-1; 化合物 18 与 AChE 的结合能为 

 −8.68 kcal·mol-1, 且其在10 μg·mL-1浓度时对AChE抑制

率为 69.9%, 显示出二者均具有较好AChE结合活性。

这些研究均为AD的治疗提供了有效的先导化合物。

1.2　具有 AChE 抑制活性的含倍半萜的精油　精油 

(essential oil, EO) 是一种由芳香植物生物合成的、天然

的、具有挥发性的化合物所构成的混合物, 其大多数呈

油滴状存在[54-56]。它是植物体内次生代谢产物, 主要

由脂肪族、芳香族、萜类 (主要为单萜和倍半萜)、含氮

或含硫化合物等易挥发的成分组成, 是天然产物资源

多样化和独特性的代表。在植物中含精油较为丰富的

科有: 松科、柏科、木兰科、樟科、芸香科、伞形科、唇形

科、姜科、菊科、桃金娘科、龙脑香科等。精油的提取主

要是利用其挥发性及能溶于有机溶剂的性质, 既有传

统技术也有衍生出来的新技术[57,58], 如水蒸汽蒸馏法、

溶剂萃取、冷榨法、超临界流体萃取、膜辅助溶剂萃取

及固相微萃取等。

含萜类的精油生物活性多样, 研究表明一些芳香

植物的精油具有明显的AChE抑制活性, 如罗勒精油、

胡椒精油等, 并发现与含有单萜类的精油相比, 含有倍

半萜类的精油对AChE的抑制活性更为有效[59-61]。由

于这些精油成分不仅具有 AChE抑制活性, 而且易于

吸入, 故为疾病的治疗提供了新方法[62]。表 1[60, 63-76]总

结了植物中主要成分为倍半萜和含氧倍半萜的精油及

其在抑制AChE中的重要作用。

由表 1 可知 , 从毛番樱 (Myrciaria floribunda) 的

果实中提取精油的 AChE 抑制活性最好 , 其 IC50 为

0.08 μg·mL-1。这些精油为缓解 AD 症状带来了新的

希望。

Figure 1　Structures of compounds 1−38
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Table 1　Essential oils containing sesquiterpenoids with acetylcholinesterase (AChE) inhibitory activity. BuChE: Butyrocholinesterase

Valeriana officinalis/

V. jatamansi/

Nardostachys 

jatamansi 

(Caprifoliaceae)

Syzygiella rubricaulis 

(Adelanthaceae)

Hedychium spicatum 

(Zingiberaceae)

Myrcianthes discolor 

(Myrtaceae)

Salvia leucantha 

(Lamiaceae)

Elaeosilenum 

thapsioides (Apiaceae)

Artemisia nakaii 

(Asteraceae)

Eugenia valvata 

(Myrtaceae)

(1) Chamaecyparis 

obtusa (Cupressaceae)

(2) Cymbopogon 

nardus (Poaceae)

(3) Lavandula 

coronopifolia 

(Lamiaceae)

Roots and 

rhizomes

Aerial parts

Rhizomes

Leaf

Aerial parts

Aerial parts

Aerial parts

Leaf

(1) Fruits

(2) Roots

(3) Aerial parts

Steam distillation

Steam distillation

Chloroform 

extraction

Steam distillation

Steam distillation

Hydrodistillation

Hydrodistillation

Steam distillation

Hydrodistillation

Contains essential oils of monoterpenes 

and sesquiterpenes

Contains hydrocarbon sesquiterpenes 

(48.35%) and essential oil containing 

oxygen-sesquiterpenes (46.89%)

Essential oils containing oxygen-

containing sesquiterpenes (43.1%)

Sesquiterpenes make up more than 

75% of the composition. The main 

compounds detected were: 

(E)-caryophyllene (29.40% ± 0.21%); 

bicyclogermacrene (7.45% ± 0.16%); 

β-elemene (6.93% ± 0.499%); 

α-cubebene (6.06% ± 0.053%); 

α-humulene (3.96% ± 0.023%); 

δ-cadinene (3.02% ± 0.002%)

Essential oils containing 6 major 

sesquiterpenes: 

6,9-guaiadiene (19.14%); 

(E)-caryophyllene (16.80%); 

germacrene D (10.22%); 

(E)-β-farnesene (10.00%); 

bicyclogermacrene (7.52%); 

monoterpenoid bornyl acetate (14.74%)

Monoterpene hydrocarbons 

(72.78%−99.13%) were the main 

essential oils, and the content of 

sesquiterpene hydrocarbons collected in 

different regions and different parts was 

0.69%−13.44%

Contains monoterpenes (49.01%) and 

sesquiterpenes (50.76%), the highest 

concentrations of terpenes were 

feropodin (200.46 ± 1.42 μg·mL-1), 

(+)-camphor (154.93 ± 9.72 μg·mL-1), 

β-selinene (57.73 ± 2.48 μg·mL-1) and 

1,8-cineole (17.99 ± 1.06 μg·mL-1)

Contains hydrocarbon sesquiterpenes 

(37.43%), essential oil containing 

oxygen-sesquiterpenes (31.08%)

The content of oxidized sesquiterpenes 

was the highest in (2), and cedr-8-en-

15-ol (28.69%) was the main content. 

Monoterpenes, sesquiterpenes and 

monoterpene oxide lavandulol (26.56%) 

were the most abundant in (3)

Possessing the potential to inhibit 

AChE, 

Vo IC50 = 127.30 μg·mL-1; 

Vj IC50 = 246.84 μg·mL-1; 

Nj IC50 = 67.15 μg·mL-1

Potential inhibitory activity 

against AChE, 

IC50 = 26.75 ± 1.03 μg·mL-1

Molecular docking studies were 

performed using AChE, which is 

considered a potential target for 

organophosphorus and carbamate 

insecticides

Moderate inhibitory effect on 

AChE with 

IC50 = 6.68 ± 1.07 μg·mL-1

Possessing the potential to inhibit 

BuChE with IC50 = 32.60 μg·mL-1 

and weak inhibitory activity 

against AChE with 

IC50 > 250 μg·mL-1

The IC50 of essential oils of leaves, 

stems, flowers and seeds of plants 

in Mahouane area were 67.66, 

52.71, 154.52 and 158.35 μg·mL-1.

The IC50 levels of essential oils of 

leaves, stems, flowers and seeds in 

Megres were 93.86, 67.15, 62.65 

and 78.15 μg·mL-1, respectively

Potential inhibitory activity 

against AChE, the IC50 of EOs is 

37.75 ± 3.59 μg mL-1; the IC50 of 

β-selinene is 6.88 ± 0.48 μg·mL-1

Possessing the potential to inhibit 

AChE, 

IC50 = 53.08 ± 1.13 μg·mL-1

(1) exhibited AChE inhibitory 

activity and BuChE inhibitory 

activity; (2) exhibited BuChE 

inhibitory activity

[63]

[64]

[65]

[66]

[67]

[60]

[68]

[69]

[70]

Name of the plant 

(Species)
Part used

Solvent/Method 

used for 

extraction

Extract/Volatile oil/

Phytoconstituents

Acetylcholinesterase 

inhibitory activities
Ref.
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Clinopodium taxifolium

(Govaerts)

Jungia rugosa

(Asteraceae)

Anisophyllea disticha

(Anisophylleaceae)

Mitrephora poilanei 

(Annonaceae)

Tithonia diversifolia 

(Asteraceae)

Myrciaria floribunda 

(Myrtaceae)

Aerial parts

Leaf

Leaf

Leaf

Fruit

Hydrodistillation

Steam distillation

Hydrodistillation

Hydrodistillation

Methylene 

chloride 

extraction

Hydrodistillation

Contains sesquiterpenes and 

sesquiterpenoids (>70%), 

mainly (E)-β-caryophyllene (17.8%), 

α-copaene (10.5%), β-bourbonene (9.9%), 

δ-cadinene (6.6%), cis-cadina-1 (6%),4-

diene (6.4%) and germacrene D (4.9%)

Contains γ-curcumene (47.1% and 49.7%); 

β-sesquiphellandrene (17.0% and 17.9%), 

and two unknown oxygenated 

sesquiterpenes (6.7%−7.2% and 

4.7%−3.3%)

Contains sesquiterpene hydrocarbons 

(67.5%) and oxygen-fold, the main 

components of semiterpene (30.8%) 

essential oil are germacrene D (25.3%), 

δ-cadinene (15.2%), caryophyllene oxide 

(7.0%), and spathulenol (6.4%)

Contains sesquiterpene hydrocarbons 

(63.1%) and oxidized sesquiterpenes 

(22.9%)

Crude extract containing sesquiterpenes

The main ingredients are: δ-cadinene 

(26.8%), γ-cadinene (15.69%), 

γ-muurolene (6.21%), essential oils of 

α-muurolene (6.11%) and (E)-

caryophyllene (5.54%)

Possessing the potential to inhibit 

AChE, IC50 = 31.3 ± 3.0 μg·mL-1

Weak inhibitory activity against 

AChE, the inhibition rate was 

25.9% ± 13.9% (38 μg·mL-1)

Possessing the potential to inhibit 

AChE, the inhibition rate was 

62.5% ± 0.3% (1.00 μg·mL-1)

Possessing the potential to inhibit 

AChE, 

IC50 = 31.16 ± 3.06 μg·mL-1

IC50 = 73.9 ± 11.06 μg·mL-1

High inhibitory effect on AChE 

with IC50 = 0.08 μg·mL-1

[71]

[72]

[73]

[74]

[75]

[76]

Continued

Name of the plant 

(Species)
Part used

Solvent/Method 

used for 

extraction

Extract/Volatile oil/

Phytoconstituents

Acetylcholinesterase 

inhibitory activities
Ref.

1.3　具有 AChE 抑制活性的倍半萜内酯　倍半萜内

酯是一大类次生代谢产物, 其化学结构以 15个碳原子

的骨架为基础, 具有 γ内酯环结构片段, 通常由细胞色

素 P450 单加氧酶 (cytochrome P450 monooxygenases, 

CYP450) 和其他氧化酶修饰倍半萜烯骨架派生而来, 

具有丰富多样的结构类型[32,77]。根据结构骨架、取代

基的类型和位置, 倍半萜内酯类化合物被分为吉马烷

型、桉烷型、苍耳烷型、愈创木烷型倍半萜内酯等[56,78]。

国内外很多研究团队推测吉马烷型倍半萜内酯是以上

各种倍半萜内酯类型的生物起源中间物质, 其他类型

倍半萜内酯可能是由吉马烷型碳骨架在形成内酯环前

或者成环后经过各种各样的修饰而成, 例如环化、裂环

和甲基迁移等[55,79]。倍半萜内酯类化合物具有抗肿

瘤、抗炎、抗菌等多种生物活性, γ内酯环结构被认为是

倍半萜内酯化合物的功能基团, 与生物活性密切相关, 

其他基团如过氧桥、羟基、氯乙醇、不饱和酮基或氧酰

基与其功能基团的偶联进一步增强倍半萜内酯化合物

的生物亲核能力从而影响生物活性[56,80]。研究表明 , 

一些倍半萜内酯, 如具有桉烷型、吉马烷型、苍耳烷型

等骨架的倍半萜内酯具有显著的 AChE抑制活性, 具

体化合物如图2所示, 成为治疗AD的候选物。

Zhang等[81]基于MS/MS的分子网络指导策略, 从

菊科植物天名精 (Carpesium abrotanoides) 的全株 75%

乙醇提取物中分离出一种桉烷型倍半萜内酯 39, 与多

奈哌齐 (donepezil) 相比, 其表现出中等的 AChE抑制

作用, 在 10 μmol·L-1的浓度下抑制率为 77.86%。分子

对接结果表明, 化合物 39与 Glu199和 Hid440残基形

成两个氢键, 同时也被Gly117、Gly118、Tyr121、Ser122

等疏水性氨基酸包围, 通过分子动力学模拟可知, 在整

个模拟过程中, 图形的波动保持在RMSD的标准范围

0.20～2.80 Å内, 表明了对接中的稳定性。Ma等[82]从

大叶土木香花 (Inula grandis) 的 90%乙醇提取物中分

离出一种桉烷型倍半萜内酯 5α -epoxyalantolactone 

(5α-EAL) (40), 研究其对认知障碍的改善作用, 5α-EAL

抑制脂多糖 (lipopplysaccharides, LPS) 刺激的小鼠小

胶质细胞 (BV2) 中 NO 的产生 , 半数效应浓度 (EC50) 

为6.2 μmol·L-1, 并通过平行人工膜渗透测定了5α-EAL

穿透BBB的能力, 采用东莨菪碱 (scopolamine, SCOP) 
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诱导的 AD小鼠模型评估 5α-EAL在体内对认知损伤

的改善情况 , 结果表明 , 在用 5α -EAL (每天 10 和

30 mg·kg-1, 腹腔注射) 预处理小鼠 21天后可以显著减

轻记忆损伤并显著抑制 SCOP 诱导的 AD 小鼠脑内

AChE 活性 , 这些发现突出了天然产物 5α-EAL 减轻

AD小鼠认知缺陷的作用。

筛选能够与AChE的PAS和CAS相互作用的先导

化合物是寻找治疗 AD 创新药物的重要趋势。为筛

选潜在的 AChE 双位点抑制剂 , Zhu 等[83]评估了菊科

植物白术 (Atractylodes macrocephala) 中分离的倍半

萜内酯化合物的活性, 双倍半萜内酯 biatractylenolide 

II (41) 和桉烷型倍半萜内酯 atractylenolide III (42) 具

有 AChE抑制活性, IC50分别为 19.61 ± 1.11和 61.26 ± 

3.01 μg·mL-1。通过分子对接研究了化合物41与AChE

的相互作用 , 其结合能为−8.2 kcal·mol-1, 单体之一位

于 PAS位点, 被残基 Leu76、Phe297和 Trp286包围, 形

成强疏水结合, 另一单体位于由Trp86、Phe295和Phe338

组成的CAS位点, 形成稳定的疏水结合, 并在 41与残

基Tyr72、Tyr124和 Ser125之间观察到一个氢键, 键长

为2.6 Å。表明化合物41可与AChE的双重位点CAS和

PAS相互作用。logP值是亲脂性的量度, 亲脂性是预

测治疗AD药物通过BBB能力的重要理化性质, 通常

具有最佳中枢神经系统穿透的 logP值约为 2 ± 0.7, 使

用 ChemDraw Ultra2010 计算化合物 41 的 logP 值为

3.47, 表明其亲脂性较强, 可透过BBB, 可作为治疗AD

的先导化合物进一步研究。

Herrera-Acevedo等[84]从包含 8 593个次级代谢物

的 SistematX数据集中选择潜在的AChE抑制剂, 并使

用 3种类型的分子描述符、虚拟筛选等实验方法预测

了两种吉马烷型倍半萜内酯 43、44能够穿过BBB, 并

在 VolSurf+定量模型中得到验证, 揭示了这两种倍半

萜内酯是 8 593个分子中最有希望抑制 AChE的次级

代谢物。Lan 等[85]从肿柄菊 (Tithonia diversifolia) 和

小白菊 (Leucanthemella linearis) 的乙醇提取物中分

别分离到两种吉马烷型倍半萜内酯 tirotundin (45) 和

parthenolide (46), 二者显示出对 AChE 的中等抑制活

性, IC50分别为 6.89 ± 0.30和 5.51 ± 0.23 μg·mL-1, 且都

是 AChE的可逆抑制剂, 证明了两者可能是具有双结

合位点的AChE抑制剂。

Jaśkiewicz等[86]研究了通过逆流分配色谱技术纯

化从菊苣 (Cichorium intybus) 根的甲醇−水提取物中获

得富含倍半萜内酯的提取物, 使用两种模型等温滴定

量热法 (isothermal titration calorimetry, ITC) 和对接模

拟分析对AChE的抑制情况, 酶和配体络合的 ITC分析

结果显示菊苣提取物及其中主要成分之一的愈创木烷

型倍半萜内酯 lactucopicrin (47) 与 AChE 的强相互作

用。在酶活性抑制测试观察到化合物47具有强抑制神

经递质水解的能力, 同时表现出其结合AChE活性位点

的互补模式, 该研究显示使用菊苣治疗 AD的巨大潜

力。Aydin等[87]从粘毛旋覆花 (Inula britannica) 地上部

分的二氯甲烷提取物中分离得到的苍耳烷型倍半萜内

酯 tomentosin (48) 对AChE和BuChE均显示中等抑制

活性, IC50分别为 6.75 ± 0.208和 6.67 ± 0.307 μmol·L-1。

Nguyen 等[88]从大千年健 (Homalomena pendula) 根茎

中分离得到 teucmosin (49), 其具有中等 AChE抑制作

用 , IC50为 4.53 ± 0.39 μmol·L-1, 分子对接和分子动力

学模拟表明该化合物可以作为 AChE 双结合位点 

(CAS 和 PAS) 抑制剂 , 成为具有治疗 AD 潜力的候选

化合物。

综上所述, 在具有 AChE抑制活性的倍半萜内酯

中, 苍耳烷型倍半萜内酯 48 与单环倍半萜内酯 49 的

效果最好 , 二者的 IC50 分别为 6.75 ± 0.208 和 4.53 ± 

0.39 μmol·L-1; 桉烷型倍半萜内酯 39 在 10 μmol·L-1的

浓度下对AChE的抑制率为 77.86%。此外, 分子对接

表明 , 双倍半萜内酯 41 可与 AChE 的双重位点 CAS

和 PAS 相互作用, 具有较好的结合活性, 其结合能为 

 −8.2 kcal·mol-1, 可对其进行进一步的体内评估实验。

1.4　具有 AChE 抑制活性的杂倍半萜　不同类别的

杂倍半萜如倍半萜香豆素、具有琼脂呋喃骨架的倍半

萜类化合物, 如图3所示, 其AChE抑制作用如下:

Çiçek Kaya 等[89]从伞形科三叶罗伞 (Heptaptera 

triquetra) 果实的二氯甲烷提取物中分离出 4 种倍半

萜香豆素 umbelliprenin (50)、colladin (51)、colladonin 

(52) 和 samarcandin (53), 都表现出AChE抑制活性, 其

中化合物 52 活性显著 , IC50为 8.25 nmol·L-1。结果表

明, 从该植物中分离出的化合物成为治疗 AD新的候

选物。

二氢-β-琼脂呋喃倍半萜类化合物显示高度氧化, 

可形成聚酯和吡啶倍半萜生物碱 , 这些生物合成衍

生物具有广谱的生物活性 , 如免疫抑制剂、抗昆虫

剂、抗HIV等[31]。González-Chavarría等[90]发现二列美

登木 (Maytenus disticha) 总提取物具有显著 AChE 抑

制活性 , 其主要活性成分为二氢 -β -琼脂呋喃倍半

萜 ; Alarcón-Enos 等[91]从二列美登木和麦哲伦美登木 

(Maytenus magellanica) 的种子中分离出 6种二氢-β-琼

脂呋喃倍半萜, 并通过Robinson环化反应合成了 5种

具有相同骨架的衍生物, 天然产物 54和其 4个衍生物

55～58 均显示出对 AChE 的抑制活性 , IC50 范围为

17.0～43.0 μmol·L-1。化合物 57 对 AChE 具有选择性

且抑制活性最佳 , IC50为 17.0 ± 0.016 μmol·L-1。分子
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对接和吡啶置换测定表明, 化合物 56不结合AChE的

CAS, 而是结合酶的 PAS, 这些结果表明其具有阻断

AChE诱导的 β淀粉样蛋白聚集的潜力。基于药物相

似性研究、ADMET研究, 也确定其具有良好的药代动

力学性质, 这些小分子 AChE抑制剂为治疗神经系统

疾病如AD提供了新的可能。

如上所述, 在杂倍半萜中, 倍半萜香豆素类化合物

52含有 α,β-不饱和羰基, 为有效的 AChE抑制剂, IC50

达到8.25 nmol·L-1, 可以作为治疗AD的候选物。

2 总结与展望 

目前, 治疗AD的药物非常有限, 以AChE为靶标

开发的抑制剂是目前被批准用于治疗AD认知缺陷的

主要临床药物[92]。应用最广泛的为第二代药物多奈哌

齐、卡巴拉汀和加兰他敏 (galantamine)。加兰他敏是

一种可逆的竞争性AChE抑制剂和ACh受体变构调节

剂[93]; 卡巴拉汀具有双重抑制作用, 能同时抑制大脑中

AChE和BuChE的活性[94]; 多奈哌齐通过抑制AChE水

解 ACh来增强大脑中胆碱能神经传递, 从而改善 AD

患者的认知功能[95]。临床研究表明 , 当前应用的 AD

药物虽然能延缓疾病进程, 然而大多数情况下, 患者由

于其不良反应而停止使用药物, 评估抑制 AChE新候

选物的毒理学特征至关重要, 研究人员未来可进行有

潜力化合物的衍生化, 以获得临床有效且无毒性或毒

性较小的AChE抑制剂[96-98]。

倍半萜是一类具有广泛生物活性的化合物, 本综

述大多应用改良的 Ellman法, 在特定条件下, 通过测

定AChE水解底物产生的 5-巯基-2-硝基苯甲酸的吸光

值变化来计算抑制率 , 以及通过计算模拟化合物与

AChE的结合模式和亲和力, 预测其抑制活性。一方

面, 有些活性物质, 如从三叶罗伞分离的倍半萜香豆素

对AChE抑制作用显著, IC50达到 8.25 nmol·L-1, 且不会

产生细胞毒性 , 从白术中分离的双倍半萜内酯与

AChE的结合活性良好, 结合能小于−8 kcal·mol-1, 进一

步的结构分析表明, 这些具有显著 AChE抑制活性的

化合物中存在的 α,β-不饱和羰基可能是其AChE抑制

活性的关键结构基础。另一方面AD的病理生理学包

括大脑海马和皮质区域等脆弱点的神经元变性, 故化

合物必须通过BBB, 而倍半萜类化合物的亲脂性和低

极性使其在大脑特定位点具有足够的生物利用度以满

足治疗 AD 所需[99,100]。但是, 倍半萜类化合物结构复

杂, 分子内通常存在多个手性中心, 绝对构型难以确

定; 在分离过程中经常会遇到差向异构体和对映异构

Figure 3　Structures of compounds 50−58

Figure 2　Structures of compounds 39−49
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体, 导致传统色谱分离方法难以高效分离, 这些异构体

构型和构象的差异对其活性的影响尚未深入研究; 另

外, 目前对倍半萜类化合物的研究主要集中在化合物

体外 AChE抑制活性评估上, 体内药效评价和构效关

系研究较少 , 目前的研究存在一定的局限性[101]。因

此, 可以利用分子对接与分子动力学模拟进一步预测

倍半萜类化合物的构型和构象对生物活性的影响, 并

通过高通量筛选技术快速评估大量倍半萜类化合物的

AChE 抑制活性 ; 目前在体外活性实验中展现显著

AChE抑制活性的化合物也应进一步在动物模型中进

行评估。总体来说, 天然倍半萜及其衍生物种类繁多, 

功能多样, 具有广阔的研究前景, 可以作为改善学习和

记忆的候选药物[102]。

作者贡献: 孟腾腾负责文献整理及综述撰写与修改; 刘

凯东和周娇娇对稿件进行了修改和完善; 屈晶负责文章的思

路指导和审阅。

利益冲突: 本文所有作者声明不存在利益冲突关系。

References

[1] Ansari MA, Scheff SW. Oxidative stress in the progression of 

Alzheimer disease in the frontal cortex [J]. J Neuropathol Exp 

Neurol, 2010, 69: 155-167.

[2] Suárez Montenegro ZJ, Álvarez-Rivera G, Sánchez-Martínez 

JD, et al. Neuroprotective effect of terpenoids recovered from 

olive oil by-products [J]. Foods, 2021, 10: 1507.

[3] Thal DR, Von Arnim C, Griffin WST, et al. Pathology of clinical 

and preclinical Alzheimer′s disease [J]. Eur Arch Psychiatry Clin 

Neurosci, 2013, 263: 137-145.

[4] Castellani RJ, Perry G. The complexities of the pathology-patho‐

genesis relationship in Alzheimer disease [J]. Biochem Pharma‐

col, 2014, 88: 671-676.

[5] Zhang P, Ji H, Hu QH. Clinical treatment of Alzheimer's disease 

and research progress on potential natural source drugs [J]. Acta 

Pharm Sin (药学学报), 2022, 57: 1954-1961.

[6] Mufson EJ, Ikonomovic MD, Counts SE, et al. Molecular and 

cellular pathophysiology of preclinical Alzheimer's disease [J]. 

Behav Brain Res, 2016, 311: 54-69.

[7] Santos TCD, Gomes TM, Pinto BAS, et al. Naturally occurring 

acetylcholinesterase inhibitors and their potential use for 

Alzheimer's disease therapy [J]. Front Pharmacol, 2018, 9: 1192.

[8] Wang SS, Zhang Z, Chen X, et al. Research progress on tradi‐

tional Chinese medicine immunotherapy for Alzheimer's disease 

[J]. Acta Pharm Sin (药学学报), 2018, 53: 1023-1029.

[9] Hu S, Maiti P, Ma Q, et al. Clinical development of curcumin in 

neurodegenerative disease [J]. Expert Rev Neurother, 2015, 15: 

629-637.

[10] Monte-Millán MD, García-Palomero E, Valenzuela R, et al. Dual 

binding site acetylcholinesterase inhibitors: potential new disease-

modifying agents for AD [J]. J Mol Neurosci, 2006, 30: 85-88.

[11] Howes MJR, Houghton PJ. Plants used in Chinese and Indian 

traditional medicine for improvement of memory and cognitive 

function [J]. Pharmacol Biochem Behav, 2003, 75: 513-527.

[12] Grossberg GT. Cholinesterase inhibitors for the treatment of 

Alzheimer's disease [J]. Curr Ther Res Clin Exp, 2003, 64: 216-

235.    

[13] Contestabile A. The history of the cholinergic hypothesis [J]. 

Behav Brain Res, 2011, 221: 334-340.

[14] Chen XQ, Mobley WC. Exploring the pathogenesis of Alzheimer 

disease in basal forebrain cholinergic neurons: converging 

insights from alternative hypotheses [J]. Front Neurosci, 2019, 

13: 446.

[15] Ingram DK, Spangleri EL, Iijima S, et al. Rodent models of 

memory dysfunction in Alzheimer′s disease and normal aging: 

moving beyond the cholinergic hypothesis [J]. Life Sci, 1994, 

55: 2037-2049.

[16] Sivaprakasam K. Towards a unifying hypothesis of Alzheimer's 

disease: cholinergic system linked to plaques, tangles and neuro‐

inflammation [J]. Curr Med Chem, 2006, 13: 2179-2188.

[17] Claassen JAHR, Jansen RWMM. Cholinergically mediated 

augmentation of cerebral perfusion in Alzheimer's disease and 

related cognitive disorders: the cholinergic-vascular hypothesis 

[J]. J Gerontol A Biol Sci Med Sci, 2006, 61: 267-271.

[18] Liu J, Yang B, Zhang X. Theories of Alzheimer's disease: amy‐

loid hypothesis, blood-brain barrier hypothesis and cholinergic 

hypothesis [J]. E3S Web Conf, 2024, 553: 05036.

[19] Oh MS, Huh Y, Bae H, et al. The multi-herbal formula Guibi-

tang enhances memory and increases cell proliferation in the rat 

hippocampus [J]. Neurosci Lett, 2005, 379: 205-208.

[20] Das A, Shanker G, Nath C, et al. A comparative study in rodents 

of standardized extracts of Bacopa monniera and Ginkgo biloba 

anticholinesterase and cognitive enhancing activities [J]. Pharma‐

col Biochem Behav, 2002, 73: 893-900.

[21] Yang G, Wang Y, Tian J, et al. Huperzine A for Alzheimer's 

disease: a systematic review and meta-analysis of randomized 

clinical trials [J]. PLoS One, 2013, 8: e74916.

[22] Wang R, Yan H, Tang XC. Progress in studies of huperzine A, a 

natural cholinesterase inhibitor from Chinese herbal medicine1 

[J]. Acta Pharmacol Sin, 2006, 27: 1-26.

[23] Melikov EM, Serkerov SV, Movsumov GD, et al. Antiamnesic 

properties of the sesquiterpene lactone azerin [J]. Biull Eksp Biol 

Med, 1993, 115: 163-165.

[24] Foglio MA, Dias PC, Antônio MA, et al. Antiulcerogenic activity 

of some sesquiterpene lactones isolated from Artemisia annua 

[J]. Plant Med, 2002, 68: 515-518.

[25] Gao SX, Rong M, Peng JX, et al. Research progress on the role 

of cytochrome P450 in the biosynthesis of plant sesquiterpenoids 

[J]. Acta Pharm Sin (药学学报), 2024, 59: 313-321.

·· 1612



孟腾腾等: 倍半萜类化合物通过抑制乙酰胆碱酯酶治疗阿尔茨海默病的潜力

[26] Little DB, Croteau RB. Alteration of product formation by 

directed mutagenesis and truncation of the multiple-product 

sesquiterpene synthases D-selinene synthase and C-humulene 

synthase [J]. Arch Biochem Biophys, 2002, 402: 120-135.

[27] Zhang LL, Chen Y, Li ZJ, et al. Production, function, and 

applications of the sesquiterpenes valencene and nootkatone: a 

comprehensive review [J]. J Agric Food Chem, 2023, 71: 121-

142.    

[28] Li D, Wang KW. Natural new sesquiterpenes: structural diversity 

and bioactivity [J]. Curr Inorg Chem, 2016, 20: 994-1042.

[29] Zhang H, Sun RR, Liu YF, et al. Research progress on sesquiter‐

penes from the genus Ainsliaea [J]. Molecules, 2024, 29: 5483.

[30] Meshnick SR. Artemisinin: mechanisms of action, resistance and 

toxicity [J]. Int J Parasitol, 2002, 32: 1655-1660.

[31] Spivey AC, Weston M, Woodhead S. Celastraceae sesquiterpe‐

noids: biological activity and synthesis [J]. Chem Soc Rev, 2002, 

31: 43-59.

[32] Paço A, Brás T, Santos JO, et al. Anti-inflammatory and immuno‐

regulatory action of sesquiterpene lactones [J]. Molecules, 2022, 

27: 1142.

[33] Yang JL, Dao TT, Hien TT, et al. Further sesquiterpenoids from 

the rhizomes of Homalomena occulta and their anti-inflamma‐

tory activity [J]. Bioorg Med Chem Lett, 2019, 29: 1162-1167.

[34] Alimi D, Hraoui M, Hajri A, et al. Bioactivity and molecular 

docking studies of selected plant compounds [J]. J Sci Food 

Agric, 2024, 104: 4391-4399.

[35] Li KL, Dai Y, She JL, et al. Bisabolanoic acid A, a new 

polychiral sesquiterpene with AChE inhibitory activity from a 

mangrove-derived fungus Colletotrichum sp. [J]. J Asian Nat 

Prod Res, 2022, 24: 88-95.

[36] Yusuf M, Pal S, Shahid M, et al. Docking and ADMET study of 

ar-turmerone: emerging scaffold for acetylcholine esterase inhibi‐

tion and antidiabetic target [J]. J Appl Organomet Chem, 2023, 

3: 1-11.

[37] Li JL, Li FC, Wu GX, et al. Acetylcholinesterase inhibitory 

activity of sesquiterpenoids isolated from Laggera pterodonta 

[J]. Front Plant Sci, 2023, 14: 1074184.

[38] Evelyn MN, Edgar PN, Soledad QC, et al. Insecticidal, antifeedant 

and acetylcholinesterase inhibitory activity of sesquiterpenoids 

derived from eudesmane, their molecular docking and QSAR [J]. 

Pestic Biochem Physiol, 2024, 201: 105841.

[39] Xu K, Zhou Q, Li XQ, et al. Cadinane- and drimane-type sesqui‐

terpenoids produced by Paecilomyces sp. TE-540, an endophyte 

from Nicotiana tabacum L., are acetylcholinesterase inhibitors 

[J]. Bioorg Chem, 2020, 104: 104252.

[40] Li W, Yang YL, Yang L, et al. New sesquiterpenoids bearing 

11-methyl ester group of agarwood [J]. Fitoterapia, 2020, 143: 

104557.

[41] Nepali K, Lee HY, Liou JP. Nitro-group-containing drugs [J]. J 

Med Chem, 2019, 62: 2851-2893.

[42] Chen JC, Li WL, Yao HQ, et al. Insights into drug discovery 

from natural products through structural modification [J]. Fitote‐

rapia, 2015, 103: 231-241.

[43] Jiménez-Estrada M, Tavera-Hernández R, Alvarado-Sansininea 

JJ, et al. Preparation of 2-nitrocacalol acetate from a sesquiter‐

pene isolated from roots of Psacalium decompositum. Evaluation 

of α -glucosidase and acetylcholinesterase inhibition [J]. Nat 

Prod Commun, 2023, 18: 1934578X231188846.

[44] Wu YM, Zhou QY, Yang XQ, et al. Induction of antiphytopatho‐

genic metabolite and squalene production and phytotoxin elimi‐

nation by adjustment of the mode of fermentation in cocultures 

of phytopathogenic Nigrospora oryzae and Irpex lacteus [J]. J 

Agric Food Chem, 2019, 67: 11877-11882.

[45] Li H, Xie F, Sun Y, et al. A new protoilludane sesquiterpene aryl 

ester from Armillaria sp. YUD17010 [J]. Chin J Org Chem (有机

化学), 2021, 41: 4493.

[46] Dong SH, Duan ZK, Ai YF, et al. Guaiane-type sesquiterpenoids 

with various ring skeletons from Daphne bholua uncovered by 

molecular networking and structural revisions of previously 

reported analogues [J]. Bioorg Chem, 2022, 129: 106208.

[47] Al-Nagar NMA, Abou-Taleb HK, Shawir MS, et al. Compara‐

tive toxicity, growth inhibitory and biochemical effects of 

terpenes and phenylpropenes on Spodoptera littoralis (Boisd.) 

[J]. J Asia Pac Entomol, 2020, 23: 67-75.

[48] Formagio ASN, Vilegas W, Volobuff CRF, et al. Exploration of 

essential oil from Psychotria poeppigiana as an anti-hyperal‐

gesic and anti-acetylcholinesterase agent: chemical composition, 

biological activity and molecular docking [J]. J Ethnopharmacol, 

2022, 296: 115220.

[49] Aggarwal G, Singh PP, Gupta MK, et al. NADES-based essen‐

tial oil extraction and isolation of new epoxysesquiterpene from 

Ageratina adenophora flowers [J]. J Mol Struct, 2023, 1292: 

136077.

[50] Bendjedou H, Barboni L, Maggi F, et al. Alkaloids and sesquiter‐

penes from roots and leaves of Lycium europaeum L. (Solana‐

ceae) with antioxidant and anti-acetylcholinesterase activities 

[J]. Nat Prod Res, 2021, 35: 2784-2788.

[51] Liu L, Lv XM, Hua T, et al. Two new prenylated C6-C3 

compounds from Illicium micranthum Dunn [J]. Nat Prod Res, 

2020, 34: 425-428.

[52] Kovács B, Hohmann J, Csupor-Löffler B, et al. A comprehensive 

phytochemical and pharmacological review on sesquiterpenes 

from the genus Ambrosia [J]. Heliyon, 2022, 8: e09884.

[53] Gonçalves KG, Da Silva LL, Soares AR, et al. Acetylcholines‐

terase as a target of halogenated marine natural products from 

Laurencia dendroidea [J]. Algal Res, 2020, 52: 102-130.

[54] Burt S. Essential oils: their antibacterial properties and potential 

applications in foods-a review [J]. Int J Food Microbiol, 2004, 

94: 223-253.

[55] Ordóñez PE, Quave CL, Reynolds WF, et al. Sesquiterpene 

·· 1613



药学学报 Acta Pharmaceutica Sinica 2025, 60(6): 1604−1615

lactones from Gynoxys verrucosa and their anti-MRSA activity 

[J]. J Ethnopharmacol, 2011, 137: 1055-1059.

[56] Chadwick M, Trewin H, Gawthrop F, et al. Sesquiterpenoids 

lactones: benefits to plants and people [J]. Int J Mol Sci, 2013, 

14: 12780-12805.

[57] Turek C, Stintzing FC. Stability of essential oils: a review [J]. 

Compr Rev Food Sci Food Saf, 2013, 12: 40-53.

[58] Zhang P, Wang H, Huang S, et al. Optimizing the extraction 

process, analyzing the composition and biological activity of 

essential oil from Artemisia scoparia using enzyme-assisted 

steam distillation [J]. Sustain Chem Pharm, 2025, 44: 101940.

[59] Sangwan NS, Farooqi AHA, Shabih F, et al. Regulation of 

essential oil production in plants [J]. Plant Growth Regul, 2001, 

34: 3-21.

[60] Barbeche Z, Laouer H, Erenler R, et al. Chemical composition, 

acetylcholine esterase and anti-bacterial activities of essential 

oils of Elaeosilenum thapsioides (Desf.) maire from Algeria [J]. 

Curr Top Med Chem, 2021, 21: 2610-2619.

[61] Adorjan B, Buchbauer G. Biological properties of essential oils: 

an updated review [J]. Flavour Fragr J, 2010, 25: 407-426.

[62] Saad NY, Muller CD, Lobstein A. Major bioactivities and 

mechanism of action of essential oils and their components [J]. 

Flavour Fragr J, 2013, 28: 269-279.

[63] Cornara L, Ambu G, Trombetta D, et al. Comparative and func‐

tional screening of three species traditionally used as antidepres‐

sants: Valeriana officinalis L., Valeriana jatamansi Jones ex 

Roxb. and Nardostachys jatamansi (D. D on) DC. [J]. Plants 

(Basel), 2020, 9: 994.

[64] Morocho V, Benitez Á, Carrión B, et al. Novel study on chemi‐

cal characterization and antimicrobial, antioxidant, and anticho‐

linesterase activity of essential oil from Ecuadorian Bryophyte 

Syzygiella rubricaulis (Nees) Stephani [J]. Plants (Basel), 2024, 

13: 935.

[65] Rawat A, Prakash O, Nagarkoti K, et al. Chemical composition, 

pesticidal activities and in-silico investigation of Hedychium 

spicatum Sm. chloroform extract [J]. An Acad Bras Cienc, 2023, 

95: e20220964.

[66] Romero D, Cartuche L, Valarezo E, et al. Chemical profiling, 

anticholinesterase, antioxidant, and antibacterial potential of the 

essential oil from Myrcianthes discolor (Kunth) McVaugh, an 

aromatic tree from southern Ecuador [J]. Antibiotics (Basel), 

2023, 12: 677.

[67] Villalta G, Salinas M, Calva J, et al. Selective BuChE inhibitory 

activity, chemical composition, and enantiomeric content of the 

essential oil from Salvia leucantha Cav. collected in Ecuador [J]. 

Plants (Basel), 2021, 10: 1169.

[68] Liu JY, Hua J, Qu B, et al. Insecticidal terpenes from the essen‐

tial oils of Artemisia nakaii and their inhibitory effects on acetyl‐

cholinesterase [J]. Front Plant Sci, 2021, 12: 720816.

[69] Calva J, Silva M, Morocho V. Composition and anti-acetylcholin‐

esterase properties of the essential oil of the Ecuadorian endemic 

species Eugenia valvata McVaugh [J]. Molecules, 2023, 28: 

8112.

[70] Eltayeb LMH, Yagi S, Mohamed HMM, et al. Essential oils 

composition and biological activity of Chamaecyparis obtusa, 

Chrysopogon nigritanus and Lavandula coronopifolia grown 

wild in Sudan [J]. Molecules, 2023, 28: 1005.

[71] Espinosa S, Bec N, Larroque C, et al. A novel chemical profile 

of a selective in vitro cholinergic essential oil from Clinopodium 

taxifolium (Kunth) Govaerts (Lamiaceae), a native Andean 

species of Ecuador [J]. Molecules, 2020, 26: 45.

[72] Calvopiña K, Malagón O, Capetti F, et al. A new sesquiterpene 

essential oil from the native Andean species Jungia rugosa Less 

(Asteraceae): chemical analysis, enantiomeric evaluation, and 

cholinergic activity [J]. Plants (Basel), 2021, 10: 2102.

[73] Salleh WMNHW, Khamis S, Rahman MNA, et al. Chemical 

composition and acetylcholinesterase activity of the essential oil 

of Anisophyllea disticha [J]. Chem Nat Compd, 2021, 57: 371-

373.   

[74] Doan TQ, Dinh D, Nam Tran T, et al. Chemical composition and 

acetylcholinesterase inhibitory activity of essential oil from the 

leaves of Mitrephora poilanei Weeras. & R. M K Saunders [J]. 

Nat Prod Res, 2024, 38: 1882-1886.

[75] Pantoja-Pulido KD, Rodríguez J, Isaza-Martínez JH, et al. Insec‐

ticidal and cholinesterase activity of dichloromethane extracts of 

Tithonia diversifolia on Atta cephalotes Worker Ants (Formici‐

dae: Myrmicinae) [J]. Insects, 2020, 11: 180.

[76] Barbosa DCDS, Holanda VN, De Assis CRD, et al. Chemical 

composition and acetylcholinesterase inhibitory potential, in 

silico, of Myrciaria floribunda (H. West ex Willd.) O. Berg fruit 

peel essential oil [J]. Ind Crops Prod, 2020, 151: 112-372.

[77] Cao CM, Peng Y, Shi QW, et al. Chemical constituents and 

bioactivities of plants of chloranthaceae [J]. Chem Biodivers, 

2008, 5: 219-238.

[78] Leitolis A, Amoah SKS, Biavatti MW, et al. Sesquiterpene 

lactones from Hedyosmum brasiliense induce in vitro relaxation 

of rat aorta and corpus cavernosum [J]. Rev Bras Farmacogn, 

2016, 26: 363-368.

[79] Duan H, Takaishi Y, Momota H, et al. Immunosuppressive 

sesquiterpene alkaloids from Tripterygium wilfordii [J]. J Nat 

Prod, 2001, 64: 582-587.

[80] Rasul A, Parveen S, Ma T. Costunolide: a novel anti-cancer 

sesquiterpene lactone [J]. Bangladesh J Pharmacol, 2012, 7: 

6-13.

[81] Zhang X, Han MJ, Han XY, et al. MS/MS-based molecular 

networking discovery of sesquiterpenes from Carpesium abro‐

tanoides L. with their cytotoxic and acetylcholinesterase inhibi‐

tory activity [J]. Fitoterapia, 2024, 175: 105947.

[82] Ma R, Feng XY, Tang JJ, et al. 5α -Epoxyalantolactone from 

Inula macrophylla attenuates cognitive deficits in scopolamine-

·· 1614



孟腾腾等: 倍半萜类化合物通过抑制乙酰胆碱酯酶治疗阿尔茨海默病的潜力

induced Alzheimer′s disease mice model [J]. Nat Prod Bio‐

prospect, 2024, 14: 39.

[83] Zhu QN, Lin M, Zhuo WY, et al. Chemical constituents from the 

wild Atractylodes macrocephala Koidz and acetylcholinesterase 

inhibitory activity evaluation as well as molecular docking study 

[J]. Molecules, 2021, 26: 7299.

[84] Herrera-Acevedo C, Perdomo-Madrigal C, Herrera-Acevedo K, 

et al. Machine learning models to select potential inhibitors of 

acetylcholinesterase activity from SistematX: a natural products 

database [J]. Mol Divers, 2021, 25: 1553-1568.

[85] Lan MX, Gao X, Duan XA, et al. Nematicidal activity of tiro‐

tundin and parthenolide isolated from Tithonia diversifolia and 

Chrysanthemum parthenium [J]. J Environ Sci Health B, 2022, 

57: 54-61.

[86] Jaśkiewicz A, Budryn G, Carmena-Bargueño M, et al. Evalua‐

tion of activity of sesquiterpene lactones and chicory extracts 

as acetylcholinesterase inhibitors assayed in calorimetric and 

docking simulation studies [J]. Nutrients, 2022, 14: 3633.

[87] Aydin T, Saglamtas R, Dogan B, et al. A new specific method for 

isolation of tomentosin with a high yield from Inula viscosa (L.) 

and determination of its bioactivities [J]. Phytochem Anal, 2022, 

33: 612-618.

[88] Nguyen LTK, Nguyen PQD, Nguyen CBH, et al. Sesquiterpe‐

noids from the rhizomes of Homalomena pendula (Blume) Bakh.

f showing acetylcholinesterase inhibitory activity: in vitro and in 

silico studies [J]. Chem Pap, 2023, 77: 1573-1581.

[89] Çiçek Kaya A, Özbek H, Yuca H, et al. Phytochemical content 

and enzyme inhibitory effect of Heptaptera triquetra (Vent.) 

Tutin fruit against acetylcholinesterase and carbonic anhydrase I 

and II isoenzymes [J]. Chem Pap, 2023, 77: 5829-5837.

[90] González-Chavarría I, Duprat F, Roa FJ, et al. Maytenus disticha 

extract and an isolated β-dihydroagarofuran induce mitochondrial 

depolarization and apoptosis in human cancer cells by increasing 

mitochondrial reactive oxygen species [J]. Biomolecules, 2020, 

10: 377.

[91] Alarcón-Enos J, Muñoz-Núñez E, Gutiérrez M, et al. Dyhidro-

β -agarofurans natural and synthetic as acetylcholinesterase and 

COX inhibitors: interaction with the peripheral anionic site 

(AChE-PAS), and anti-inflammatory potentials [J]. J Enzyme 

Inhib Med Chem, 2022, 37: 1845-1856.

[92] Prvulovic D, Hampel H, Pantel J. Galantamine for Alzheimer's 

disease [J]. Expert Opin Drug Metab Toxicol, 2010, 6: 345-354.

[93] Scott LJ, Goa KL. Galantamine: a review of its use in 

Alzheimer's disease [J]. Drugs, 2000, 60: 1095-1122.

[94] Onor ML, Trevisiol M, Aguglia E. Rivastigmine in the treatment 

of Alzheimer's disease: an update [J]. Clin Interv Aging, 2007, 2: 

17-32.

[95] Howard R, McShane R, Lindesay J, et al. Donepezil and meman‐

tine for moderate-to-severe Alzheimer's disease [J]. N Engl J 

Med, 2012, 366: 893-903.

[96] Blanco-Silvente L, Castells X, Saez M, et al. Discontinuation, 

efficacy, and safety of cholinesterase inhibitors for Alzheimer′s 

disease: a meta-analysis and meta-regression of 43 randomized 

clinical trials enrolling 16 106 patients [J]. Int J Neuropsycho‐

pharmacol, 2017, 20: 519-528.

[97] Darvesh S, Walsh R, Kumar R, et al. Inhibition of human cholin‐

esterases by drugs used to treat Alzheimer disease [J]. Alzheimer 

Dis Assoc Disord, 2003, 17: 117-126.

[98] León R, Garcia AG, Marco ‐ Contelles J. Recent advances in 

the multitarget ‐ directed ligands approach for the treatment of 

Alzheimer's disease [J]. Med Res Rev, 2013, 33: 139-189.

[99] Selkoe DJ. The cell biology of β -amyloid precursor protein and 

presenilin in Alzheimer's disease [J]. Trends Cell Biol, 1998, 8: 

447-453.

[100] Hu J, Liu CC, Chen XF, et al. Opposing effects of viral mediated 

brain expression of apolipoprotein E2 (apoE2) and apoE4 on apoE 

lipidation and Aβ metabolism in apoE4-targeted replacement 

mice [J]. Mol Neurodegener, 2015, 10: 6.

[101] Camps P, El Achab R, Morral J, et al. New tacrine-huperzine A 

hybrids (huprines): highly potent tight-binding acetylcholinesterase 

inhibitors of interest for the treatment of Alzheimer's disease [J]. 

J Med Chem, 2000, 43: 4657-4666.

[102] Rhee IK, Van Rijn RM, Verpoorte R. Qualitative determination 

of false ‐ positive effects in the acetylcholinesterase assay using 

thin layer chromatography [J]. Phytochem Anal, 2003, 14: 127-

131.    

·· 1615


