
Pharmaceutical Science Advances 2 (2024) 100051
Contents lists available at ScienceDirect

Pharmaceutical Science Advances

journal homepage: www.journals.elsevier.com/pharmaceutical-science-advances
Chemical composition and neuroprotective activity of hemp seed aqueous
extract and their chemotaxonomic significance

Siqing Bu a,1, Jianbo Ji b,1, Mei Yang a, Jieyue Sun a, Jiaozhen Zhang a, Shunmeng Qian a,
Hongxiang Lou a, Peihong Fan a,*

a Department of Natural Product Chemistry, Key Laboratory of Chemical Biology (Ministry of Education), School of Pharmaceutical Sciences, Cheeloo College of Medicine,
Shandong University, Jinan, 250012, PR China
b Department of Pharmacology, School of Pharmaceutical Sciences, Cheeloo College of Medicine, Shandong University, Jinan, 250012, PR China
A R T I C L E I N F O

Keywords:
Hemp seed
Aqueous extract
Cyclic dipeptides
Neuroprotective effects
Chemotaxonomic significance
APP/PS1 AD model mice
* Corresponding author.
E-mail address: fanpeihong@sdu.edu.cn (P. Fan)

1 The two authors contributed equally.

https://doi.org/10.1016/j.pscia.2024.100051
Received 7 June 2024; Received in revised form 16
2773-2169/© 2024 The Authors. Published by Else
creativecommons.org/licenses/by-nc-nd/4.0/).
A B S T R A C T

Fructus Cannabis (hemp seed) is important in food and traditional Chinese medicinal applications. Several studies
have shown it has antioxidant, antiaging, anti-inflammatory, and neuroprotective properties. Studies have re-
ported its anti-Alzheimer's disease effects. However, its active substances have not been defined, and little is
known about the chemical constituents of the aqueous extract. The chemical profile of the aqueous extract of
Fructus Cannabis (EFC) was obtained via isolation, structural identification, and qualitative and quantitative
analyses. Twenty-seven compounds were identified, including seven nucleosides (1–7), five phenylpropanamides
(8–11, and 24), three alkaloids (15, 16, and 26), two cyclic dipeptides (17 and 25), and one pyrimidine (19).
Compounds 1, 3–7, 12, 14–19, and 21–27 were not reported previously in the Cannabis genus. Therefore, their
chemotaxonomic significance is discussed. Neuroprotective activity screening revealed that EFC and the isolated
compounds, particularly 9, 11, and 17, showed significant neuroprotective effects in PC12 cells (rat pheochro-
mocytoma cells). The novel object recognition experiment and Nissl staining showed that EFC improved cognitive
impairment in APP/PS1 mice and that EFC intervention reduced the number of senile plaques. These findings will
contribute to the utility of Fructus Cannabis.
1. Introduction

The genus Cannabis, an essential member of the Moraceae family,
comprises two subspecies and four varieties worldwide. The two sub-
species are C. sativa subsp. sativa (L.) and C. sativa subsp. indica (Lam.).
Fructus cannabis (Hemp seed) is the dry and mature fruit of Cannabis
Sativa L., widely distributed in Heilongjiang, Gansu, Yunnan, Guangxi,
and other regions of China. In China, Fructus cannabis has a history of at
least 3000 years as a food and traditional Chinese medicine [1]. “Hemp
seed longevity soup” is a recipe of the Bama people in Guangxi with a
history of thousands of years. Hemp seeds have attracted much attention
because of their nutritional value as oil, proteins, fiber, vitamins, and
minerals [2,3].

Hemp seed is also an essential component of traditional medicine. In
the Chinese Pharmacopoeia, hemp seeds are prescribed for treating
constipation; their extracts have antioxidant, anti-aging, anti-inflamma-
tory, and neuroprotective properties [4–7]. Alzheimer's disease (AD) is a
.
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devastating neurodegenerative disorder clinically characterized by am-
yloid plaques and neurofibrillary tangles (NFT), leading to progressive
cognitive impairment and memory loss. Publications have provided ev-
idence for the potential of extracts of Fructus Cannabis to improve the
learning and memory ability of aging model rats. Lin et al. [8] reported
that the petroleum ether, ethyl acetate, n-butanol, and water extracts
reduced Aβ1-40 protein accumulation in established AD mice models
after intraperitoneal injection of D-galactose and sodium nitrite.Chen
Ningyuan et al. [9] found that the extract of Fructus Cannabis activated
the SIRT1-ADAM10-APP and SIRT1-YY1-CREB-BDNF signaling path-
ways by up-regulating the expression of SIRT1 in a D-galactose-induced
aging model. Other anti-aging mechanisms were also revealed, including
suppressing the activation of astrocytes and the NF-κB signaling pathway,
reducing the oxidative stress response, down-regulating the mRNA
expression of APP, Tau, and PS1 genes in rat hippocampus, the phos-
phorylation of Tau protein, and the expression level of PS1. These studies
indicate that hemp seed aqueous extract has potential applications in
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improving learning and memory ability and delaying aging.
In addition to oils and proteins, more than 200 small molecules,

including various lignanamides, have been isolated from hemp seeds [7].
Lignanamides are mainly isolated from hemp seed extracts of medium
polarity (such as the ethyl acetate fraction) and have biological activities
such as anti-inflammatory and antioxidative [10]. However, little is
known about the chemical compositions of aqueous extracts most
commonly used in food, traditional medicine, and experimental research.

To better understand their chemical composition and pharmacolog-
ical substances, a systematic phytochemical study was conducted on the
aqueous extract of Fructus Cannabis (hemp seed) (EFC). The chemotax-
onomic significance of the identified compounds was discussed, and the
chemical profile of the extract was determined using isolated compounds
as a reference. The neuroprotective activity of the isolated compounds
was evaluated, and the neuroprotective effect of EFC was assessed in
APP/PS1 mice as an AD model.
List of abbreviations
AD
 Alzheimer's Disease
 GM1
 Monosialotetrahexosyl Ganglioside

13C
NMR
13C nuclear
magnetic resonance
1H
NMR
1H nuclear magnetic resonance
CD3OD
 Methanol-d4
 HSQC
 1H-detected heteronuclear multiple-
quantum correlation
DMSO
 Dimethyl sulfoxide
 HMBC
 1H-detected heteronuclear multiple
bond correlation
EFC
 Extract of Fructus
Cannabis
HPLC
 High-performance liquid
chromatography
Glu
 Glutamic acid
 Rt
 Retention time
2. Materials and methods

2.1. Materials

Hemp seeds were collected in Bama County, Guangxi Province,
China. Chemicals and materials were obtained from the following sup-
pliers: methanol and acetonitrile (HPLC grade) from Kang Kede Co. Ltd.
(Tianjin, China); analytical-grade solvents such as methanol, dichloro-
methane, ethyl acetate, and petroleum from Tianjin Fuyu Co. Ltd.; pu-
rified water from Wahaha Group Co. Ltd. (Hangzhou, China); D101
macroporous adsorption resin from the Tianjin Guangfu Chemical
Research Institute; Sephadex LH-20 (40–70 μm) from (Amersham Phar-
macia Biotech AB, Uppsala, Sweden); reversed-phase C18 (octadecylsilyl,
ODS) silica gel from (YMC*GEL HG, ODS-A) (YMC, Japan); GF254 plates
from (Qingdao Marine Chemical Inc.); glutamate acid from (Yuanye,
Shanghai); Annexin V-FITC Apoptosis Detection Kit from (Apebio); GM1
(monosialotetrahexosyl ganglioside) from (Henan); PC12 cells from
Shandong University; sodium carboxymethyl cellulose, PBS (phosphate
buffered saline) powder, and 4 % paraformaldehyde solution from Sol-
eibo Technology Co. Ltd. (Beijing); OCT embedding medium from
SKURA Tissue-Tek (USA); normal saline from Chenxin Pharmaceutical
Co. Ltd.; chloral hydrate from Shanghai Titan Technology Co. Ltd.; DAPI
and Nissl dye solutions from Biyuntian Biotechnology Co. Ltd.; and flow
cytometry from (Cytoflex). Thin-layer chromatography (TLC) analysis
was performed on plates precoated with silica gel GF254 (0.20–0.25 mm)
(Qingdao Marine Chemical Inc.).

2.2. Instruments

NMR spectra (1H, 13C, HSQC, HMBC) were generated using a 600
MHz DD2 spectrometer (Bruker, Switzerland). Methanol-d4 (CD3OD) and
dimethyl-d6 sulfoxide were used as analytical solvents (Sigma-Aldrich).
The ESI-MS and MS/MS spectra were recorded using an LTQ-Orbitrap XL
high-resolution mass spectrometer (Thermo Fisher Scientific Co.). HPLC
analyses were performed with a 1260 series quaternary pump equipped
with a DAD detector (Agilent Technologies), using a C18 column (250
mm � 10 mm i.d., YMC-Pack ODS-AS-5 μm) with a guard column (4 mm
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� 4 mm i.d.) of the same material for semi-preparation (the flow rate was
1.5 mL/min) and the C18 column (250 mm � 4.6 mm i.d., 5 μm, ODS-A-
HG C18) with a guard column (4 mm � 4 mm i.d.) of the same material
for analysis (the flow rate was 0.8 mL/min). Microplate analysis was
performed using a BioTek multimode microplate reader (Biotek, USA).
2.3. Animals

The study used 36 27-week-old male SPF-level APP/PS1 double
transgenic mice,and 12 wild-type C57BL/6J 27-week-old male mice of
the same genetic background; the license number is scxk (Beijing)
2019–0008. All the mice were obtained from Beijing Huafukang
Biotechnology Co., Ltd. All animal studies were performed strictly with
the Chinese Society of Laboratory Animal Sciences guidelines to mini-
mize animal suffering, and approved by the Laboratory Animal Ethical
and Welfare Committee of Shandong University Cheeloo College of
Medicine (Approval No. 2000-6).
2.4. Extraction, fraction, and isolation

For the chemical constituent analysis, air-dried hemp seeds (19 kg)
were crushed, soaked in purified water for 12 h, and extracted three
times (1 h each) using boiling water. The extract (340 L) was vacuum-
concentrated to 500 mL and defatted four times with a petroleum ether
1:1 extraction. Finally, the water layer was concentrated to obtain 625 g
of extract. A portion of the crude extract (225 g) was suspended in water
and processed with a column of D101 macroporous adsorption resin (1
kg). Seven fractions (Fr1–Fr7) were obtained by elution with water, 10%,
30%, 50%, 75%, and 95% ethanol. Among them, two fractions (Fr1–Fr2)
were obtained by washing with water, and Fr1 was discarded. The
flowchart see Fig. 1.

Eight fractions (Fr2O1–Fr2O8) were obtained by ODS column chro-
matography and gradient elution with MeOH/H2O. Fr2O2 (15 g) was
separated using ODS column chromatography and eluted with a MeOH/
H2O gradient to obtain six subcomponents (D1–D6). D1 (5 g) was puri-
fied to 19 (20 mg) using ODS column chromatography and semi-
preparative high-performance liquid chromatography (MeOH/H2O
12:88). D2 (620 mg) was purified using silica gel chromatography and
HPLC to obtain 1 (11.89 mg) and 3 (8.38 mg). Fr2O3 (2 g) was purified
using repeated silica gel column chromatography and semi-preparative
HPLC to yield 4 (3.5 mg), 6 (2.23 mg), and 18 (7.8 mg) (MeOH/H2O
40:60 as the mobile phase), and 5 (12.26 mg), 2 (9.87 mg), and 7 (3.96
mg) (MeOH/H2O 30:70 as the mobile phases). Fr2O4 (3 g) was purified
using a silica gel column and semi-preparative HPLC to obtain 15 (10.35
mg). Fr2O4S5 was isolated using a Sephadex LH-20 column (MeOH) and
purified by HPLC to yield 23 (1 mg).

Fr.3 (30 g) was first separated by ODS using a MeOH/H2O gradient to
obtain seven subfractions (fractions D1–D7); 17 (3.6 mg) and 22 (3 mg)
compounds were separated on a Sephadex LH-20 column (1:1 elution
with MeOH/H2O).

Fr4 (77 g) was divided into 11 components (Fr4O1–Fr4O11) by
gradient elution with MeOH/H2O using ODS chromatography. Fr4O2
was purified using a Sephadex LH-20 column (MeOH/H2O 1:1) and semi-
preparative HPLC to obtain compounds 14 (20 mg), 20 (1.2 mg), 13 (10
mg), 21 (5 mg), 8 (4.1 mg), and 27 (2.88 mg). Fr4O6 was treated simi-
larly to Fr4O2 to obtain compounds 16 (1.2 mg), 24 (1 mg), 25 (1.6 mg),
and 12 (14 mg).

Fr5 (62.6 g) was dissolved in water and extracted four times with
equal volumes of ethyl acetate and n-butanol. The ethyl acetate layer was
processed by Sephadex LH-20, silica gel column, and HPLC, and 11 (8
mg), 9 (3.7 mg), and 10 (3.7 mg) were obtained.

Fr6 (7.8 g) was separated by MCI chromatography using CH2Cl2/
MeOH as the eluent and a silica gel column to obtain 14 fractions
(G1–G14); G6 was purified by HPLC (MeOH/H2O 80:20) to obtain 26 (1
mg).



Fig. 1. Extraction and separation of compounds from hemp seed.
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2.5. Qualitative and quantitative analysis of EFC using HPLC

2.5.1. Preparation of sample solutions for HPLC analysis
EFC solution. Hemp seeds (1 kg) were subjected to extraction twice

with boiling water, and the extraction solution was collected and
concentrated. The dried extract (100 mg) was dissolved in 4 mL 50 %
MeOH aqueous solution and filtrated through a 0.22 μm filtration
membrane.

Standard HPLC solutions for content determination. The uracil (19)
and adenosine (2) powders were accurately weighed and dissolved in 10
mL volumetric bottles to obtain the standard reserve solution of uracil
and adenosine (142 μg/mL and 131 μg/mL, respectively). The purity was
analyzed by HPLC and found to be 99.08% and 98.64%, respectively. The
standard reserve solutions (1 mL) of uracil and adenosine were taken and
carefully diluted with 50 % methanol to obtain seven standard solutions.

2.5.2. HPLC detection conditions
Gradient elution was performed using H2O (A)–MeOH (B) as mobile

phase at 0 min, 0% B; 30 min, 30% B; 45 min, 50% B; 50 min, 100% B.
The column temperature was 25 �C, and the flow rate was 0.8 mL/min.
The detection wavelength was 254 nm. The injection volume was 10 μL.

2.5.3. Methodological verification

2.5.3.1. Linearity, limit of detection (LOD), and limit of quantification
(LOQ). Seven standard solutions of different concentrations were used
for detection under set chromatographic conditions. The concentration
(X) was taken as the abscissa, and the corresponding peak area (Y) was
used as the ordinate to draw the regression curve and calculate the
regression equation. The limits of quantification (S/N ¼ 10) and detec-
tion (S/N ¼ 3) of the components were also determined.

2.5.3.2. Precision, repeatability, and stability. Standard solutions were
prepared. For intra-day precision, six consecutive injections within the
same day were performed under set conditions. For inter-day precision,
injections were administered once a day for six days. The peak areas of
3

uracil and adenosine were calculated. The RSD of the peak area of the
uracil and adenosine were measured and calculated. For repeatability, six
samples of the same test solution were prepared and tested under set
conditions, and the peak areas and RSD of uracil and adenosine were
measured and calculated. For stability, the test solution was injected at 0,
6, 12, 24, 36, and 48 h, and the RSD of the peak areas of uracil and
adenosine were measured and calculated.

2.5.3.3. Investigation of the recovery rate. Nine samples (~100 mg) of
EFC were weighed, and 4 mL 50%MeOH–H2Owere added for ultrasonic
dissolution. High, medium, and low concentrations of uracil and aden-
osine reference solutions were added, and each concentration was
injected in parallel three times. The peak area was measured, and the
recovery rate and RSD were calculated.

2.5.4. Content determination
Six portions of EFC (each 100 mg) were weighed precisely and dis-

solved in 4 mL of 50%MeOH via ultrasonic dissolution. The peak areas of
uracil and adenosine contents were recorded and calculated under set
conditions.

2.6. Neuroprotective potential assay

2.6.1. Cell viability
Glu (glutamic acid)-injured PC12 cells were established and used in

this study. The cells were seeded in 96-well plates at a density of 1 � 106

cells/mL in three parallel wells per group and cultured for 24 h. Subse-
quently, in the control and model groups, only fresh complete DMEM
without the drug was exchanged. The medium containing the compounds
at specific concentrations was added to the PC12 cells in the drug groups.
Glu (12 mM) was added to PC12 cells, except for the control group. After
24 h-culture, 10 μL of MTT solution was added to each well; 96-well plates
were kept in an incubator at 37 �C, 5% CO2 for 4 h. Then, the supernatant
was removed, 100 μL of DMSOwas added to eachwell, and the absorbance
of each well was measured at 570 nm using a microplate analysis system.
Cell viability ¼ ((ATreated - ABlank)/(AControl - ABlank)) � 100%.
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2.6.2. Apoptosis
The cells were cultured as described in section 2.6.1. After culturing

for 24 h, trypsin-digested cells without EDTA were collected by centri-
fugation at 72 rcf, stained with the annexin V-FITC Apoptosis Detection
Kit for 15 min, and centrifuged. The supernatant was discarded, and the
cells were suspended in PBS for flow cytometry analysis.
2.7. In vivo study

2.7.1. Grouping of animals and administration of EFC
After five days of adaptation, 36 mice were randomly divided into

three groups: 12 in the EFC low-dose group (EFC-L), 12 in the EFC high-
dose group (EFC-H), and 12 in the model blank control group (Tg). A
wild-aged control group (WT.8m) was established. EFC-L (0.6 g/kg/d)
and EFC-H (1.2 g/kg/d) were intragastric administered for six weeks. The
blank and wild control groups were given a blank solvent, 1% sodium
carboxymethyl cellulose. The mice were weighed every two days during
the study.

2.7.2. New object recognition experiment
Novel object recognition test evaluates cognitive function; the

memory of the tested animals is evaluated according to the length of time
spent exploring familiar objects they have seen and new objects that they
have not seen [11]. The test environment was kept quiet, the room
temperature constant, and the light uniform. Before and after the mice
were tested, the test box and objects were scrubbed with 70% ethanol to
prevent odor interference.

The experimental process, lasting three days, was divided into
habituation, training, and testing periods. The first day was the habitu-
ation period; no object was in the box, and the mice were placed in the
middle of the behavior box in the same position and allowed to explore
freely for 5 min. The second day was the training period; two identical
brown cylinders with a height of five cm and diameter of 2.8 cm were
placed at one end of the box. The center of each cylinder was eight cm
away from the two sidewalls of the box. The mice were placed in a box
and allowed to explore freely for 10 min. On the third day, one of the
cylinders was replaced with a red cube three cm wide and five cm high.
The two objects' exploration times TN (time of new object) and TF (time
of familiar object) were recorded. An Xeye Aba (Xinruan, Shanghai,
China) monitoring systemwas used for identification. The discrimination
index (DI) and recognition index (RI) of the mouse's ability to recognize
objects were used as detection indicators and calculated using the for-
mulas DI ¼ ((TN - TF)/(TN þ TF)) � 100% and RI ¼ (TN/(TN þ TF)) �
100%.

2.7.3. Nissl dyeing
Nissl staining was applied following standard procedure: washed

twice with double distilled water, 2 min each time; dyed with Nissl's stain
solution for 5 min, washed twice with distilled water for several seconds
each time; soaked in 95% ethanol for 5 s, washed twice with 70%
ethanol, and dehydrated by soaking in 95% ethanol two times for 2 min
each time; then made transparent by soaking in xylene two times, 5 min
each time, and applying neutral gum to seal the slides. Images were
captured using an inverted fluorescence microscope.

2.7.4. Thioflavin-S staining
Senile plaques were detected using thioflavin S staining following

standard procedure: incubated with 0.3% thioflavin-S in 50% alcohol,
filtered and incubated at room temperature for 8 min; washed in PBS (pH
7.4) for 5 min three times, dried slightly, DAPI dye solution drop added,
and incubated at room temperature for 10 min in the dark; washed in PBS
(pH 7.4) for 5 min three times, slightly shaken to dry, and sealed with
anti-fluorescence quench. Photographs were taken under an inverted
fluorescence microscope (Olympus, Japan).
4

2.8. Statistical analysis

The significance of the differences betweenmeans was analyzed using
a two-sided t-test. Sample sizes are indicated in the figures or figure
legends. The plotted mean was calculated using the GraphPad software.
Data were shown as mean � SD. P-values below 0.05 are marked as *;
below 0.01 are marked as **; below 0.001 are marked as ***; and below
0.0001 are marked as ****; ns indicates no significant difference.

3. Results

3.1. Isolation and identification of chemical constituents of EFC

Although the aqueous extract of Fructus cannabis is often used in food
and traditional medicine, little is known about its chemical constituents
except for oils and proteins. In this study, we first separated the aqueous
extract of Fructus Cannabis (EFC) using various chromatographic
methods. Twenty-seven isolated compounds (structures shown in Fig. 2)
were identified through 1H and 13C NMR spectral analyses and compared
with data reported in the literature. The identified compounds were
seven nucleosides: 20-O-methyluridine (1) [12], adenosine (2) [13],
thymidine (3) [14], 20-O-methyladenosine (4) [15], 20-O-methyl guano-
sine (5) [16], guanosine (6) and N, N-dimethyl-guanosine (7) [17]; five
phenylpropanamides: 4-[(E)-p-coumaroylamino]butan-1-ol (8) [18],
N-trans-coumaroyltyramine (9) [19], N-trans-caffeoyltyramine (10)
[20], N-trans-feryroyltyramine (11) [21], and (E)-N-(2-hydrox-
ybutyl)-3-(4-hydroxyphenyl) (24); three organic acids: dihydroferulic
acid (12) [22,23], vanillic acid (13) [24], and phenylalanine (14) [25];
three alkaloids: 1-methyl-1,2,3,4-tetrahydro-β-carboline-3-carboxylic
acid (15) [20], orychophragines-A (16) [26], and perlolyrine (26) [27,
28]; two cyclic dipeptides: cyclo(Phe-Ser) (17) [29] and cyclo(Tyr-IIe)
(25) [30]; one pyrimidine: uracil (19) [31]; one amino acid: trypto-
phan (18) [32]; and five other classes of compounds: p-hydrox-
ybenzaldehyde (20) [33], p-cresol (21) [34], butyl 1H-imidazole
4-carboxylate (22) [35], 1-(β-D-ribofuranosyl)-1H-1,2,4-triazone (23)
[36], 2-(furan-2-yl)-5-(2,3,4-trihydroxybutyl)pyrazine (27a), and
2-(furan-2-yl)-6-(2,3,4-trihydroxybutyl)pyrazine (27b) [37,38]. 27a and
27b were isolated and identified as isomeric mixtures (27).

Among these 27 compounds isolated and identified, 20 compounds
that were first isolated from hemp seed involved various types, including
nucleosides (1–7), phenylpropanamides (8–11, 24), alkaloids (15, 16,
26), cyclic dipeptides (17 and 25), pyrimidine (19), amino acid (18), and
organic acids (12–14), of which cyclic dipeptides, pyrimidine, and amino
acid were reported for the first time from Cannabis genus.
3.2. Qualitative and quantitative analysis of EFC using HPLC

The chemical profile of the EFC was qualitatively and quantitatively
analyzed using HPLC (Fig. 3). Seven known compounds 20-O-methylur-
idine (1) (Rt ¼ 19.20 min), adenosine (2) (Rt ¼ 24.39 min), 20-O-
methyladenosine (4) (Rt ¼ 28.74 min), 20-O-methyguanosine (5) (Rt ¼
21.73 min), guanosine (6) (Rt ¼ 17.69 min), tryptophan (18) (Rt ¼
23.47 min), and uracil (19) (Rt ¼ 8.29 min) were identified on-line by
comparing Rt and UV spectra with isolated references.

The profile revealed that nucleosides and pyrimidines were abundant
in the EFC. Uracil (19) and adenosine (2) were selected as standards, and
HPLC quantitatively analyzed EFC. We first verified the HPLCmethod. At
S/N ¼ 3, the concentrations of uracil and adenosine were 25.92 ng/mL
and 9.57 ng/mL, respectively. When S/N ¼ 10, the concentrations of
uracil and adenosine were 86.4 ng/mL and 31.92 ng/mL, respectively.
The RSD of uracil and adenosine in the intra- and inter-day precision
(Table S1) was less than 1% RSD of repeatability (Table S2), and stability
(Table S3) was less than 1%. The linear regression analysis (Table S4,
Fig. S1) showed that the linear range of uracil was 2.22–142.00 μg/mL,



Fig. 2. Structures of compounds isolated and identified in hemp seed.
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Fig. 3. HPLC chromatograph profile of EFC and peak identification using UV and Rt (A. HPLC chromatograph and UV spectra of reference compounds detected by
DAD detector; B. HPLC chromatograph of EFC).
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and that of adenosine was 2.05–131.00 μg/mL. A good linear relation-
ship existed between the concentration and peak area in the linear range.
The high, medium, and low-level recovery rates of uracil were between
101.90 and 104.27%, while the high, medium, and low-level recovery
rates of adenosine were between 100.76 and 101.74%, with RSD less
than 2%. Finally, the contents of uracil and adenosine in EFC were
determined as 1.30 mg/g and 2.04 mg/g, respectively.
6

3.3. Neuroprotective activity of EFC and the isolated compounds

Glutamic acid (GLU) treatment induces apoptosis and autophagy in
PC12 cells [39]. Here, the neuroprotective activity of EFC and its com-
ponents was explored in a PC12 cell model of Glu-induced injury. Firstly,
Glu at 12 mM concentration was verified as a suitable damage level
(Fig. S2). GM1, a glycosphingolipid (GSL), was the positive
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neuroprotective control. The cell viability of PC12 was significantly
reduced after treatment with 12 mM Glu, while treatment with 100 μM
GM1 attenuated the damage caused by Glu. EFC (0.125, 0.25, and 0.5
mg/mL) showed a protective effect (Fig. 4A). The protective effects of
some of the compounds isolated from EFC were evaluated. Compounds
11 at 1.11–10 μM, 9 at 5–20 μM, and 17 at 5–10 μM showed the most
potent protective effects comparable to those of GM1 at 100 μM
(Fig. 4B–D). As shown in Fig. 5, Glu treatment significantly induced
apoptosis in PC12 cells. GM1 positive control was used to attenuate
apoptosis. Compounds 11 and 17 reduced cell apoptosis in the injured
model, especially compound 11, attenuating apoptosis significantly at
1.1 μM, 3.3 μM, and 10 μM (Fig. 5A and B). These findings revealed the
neuroprotective potential of EFC.
3.4. New object recognition experiment results

To explore the activity of EFC in vivo, APP/PS1 mice were used as an
AD model. The initial evaluation used behavioral and histological
experiments.

Compared to the traditional water maze experiment, the most sig-
nificant advantage of this behavioral experiment is that it requires less
physical strength. If a mouse recognizes a familiar object, it will tend to
preferentially explore new objects, expressed as a “recognition index.” As
shown in Fig. 6A, the mice's new object recognition index in the model
blank group (Tg) was significantly reduced compared to the wild-type
group. Compared to the Tg group, the different dose administration
groups significantly increased the recognition index of the model mice (P
< 0.05), and the low-dose administration group significantly increased
the cognitive index of the model mice. The low-dose group showed the
Fig. 4. Cell viability of PC12 cell afte
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most significant difference (P < 0.01). The results showed that EFC
enhanced the recognition and memory of new objects in APP/PS1 mice.
3.5. Nissl staining and thioflavin-S results

Nissl bodies reflect the functional activity of the nerve cells; we
stained Nissl bodies to detect the number and distribution of Nissl bodies
in the hippocampus to determine whether EFC improves the functional
activity of damaged neurons. As shown in Fig. 6B, the nerve cells of the
wild mice (WT.8m) were neatly arranged, the intracellular Nissl bodies
were densely arranged and large, and the cytoplasm was abundant and
patchy. The neuronal cells in the hippocampus of mice in the Tg group
were loosely arranged, lightly stained, irregular in shape, and incon-
spicuous in nucleoli. The morphology and staining depth of hippocampal
cells in the EFC administration group were similar to those in the wild
mice after Nissl body staining, indicating that EFC increased the number
of Nissl bodies in the hippocampus of AD model mice. Aβ was labeled
with thioflavin-S and showed green fluorescence (Fig. 6C). Compared
with the wild-type group (WT.8m), the blank model group (Tg) showed
prominent senile plaques. The number of senile plaques decreased
significantly after the EFC intervention.

4. Discussion

Because most of the compounds we isolated were found in cannabis
for the first time, we discuss the chemotaxonomic significance of the
compounds in the genus cannabis. Among the three types of nucleosides
(1–7) from hemp seeds, compounds 1 and 3 have been isolated from
several plants, including the marine drugs Sargassum pallidum,
r treatment with different drugs.



Fig. 5. Apoptosis of PC12 cells after treatment with different drugs.
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Sargassceae [40], Phyllostachys edulis, and Gramineae [41]. Compounds
2 and 4 have been previously reported in Capparis spinosa, Capparaceae
[42], Cordyceps sinensis, Hepialidae [43] and many other plants. Com-
pounds 5–7 have been identified in several plant species, including
Stellaria media, Caryophyllaceae [44] Panax Panaxnotoginseng, Aral-
iacea, Carthamus tinctoriuse [17]. Thus, compounds 1–7 are broadly
distributed in various plants, including the genus Cannabis, and are not
8

characteristic of the genus. According to the literature, phenyl-
propanamides is hemp seed's most widely reported component. Com-
pounds 8–11 and 24 were obtained from Cannabis [10] in our
laboratory. Thus, phenylpropanamides may be helpful taxonomic
markers for Cannabis. Compounds 12, 14, 18, 19, and 21 were isolated
from the Cannabis genus for the first time; however, compounds 12–14
and 18–21 are common in many plants and are, therefore, not



Fig. 6. Initial evaluation of the protective activity of EFC in vivo using APP/PS1 mice. A. Effect of EFC administration on the performance of mice in the novel object
recognition test; B. Effect of EFC on Nissl bodies; Scale bar ¼ 200 μM (4X); Scale bar ¼ 200 μM (40X). C. Thioflavin-S staining of hippocampus tissue, Scale bar ¼
500 μM.
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considered valuable markers to support the taxonomic classification of
Cannabis. Among the three alkaloids, compound 15 was previously iso-
lated from the Starfish Asterias rollestoni Asteriidae [16]. This is the first
report of compound 15 being isolated from the family Moraceae.
Therefore, compound 15 can be considered a specific marker of Mor-
aceae. Compound 16 has been previously isolated from Orychophragmus
violaceus, Brassicaceae [26]. Compound 26 has been identified in Trib-
ulus terrestris L and Zygophyllaceae [28]. Compounds 15, 16, and 26
provide new information on the chemistry of Moraceae. Compounds 22
and 23 were found in Peganum nigellastrum, Zygophyllaceae [35],
Glyptocidaris crenularis, and Phymosomatidae [45]. Interestingly, com-
pounds 22 and 23 were only isolated from hemp seeds in the Moraceae
family and thus appeared to be characteristic compounds of hemp seeds
identified from other plants in the Moraceae family. Two cyclic di-
peptides, 17 and 25, commonly found in highly polar plants, were iso-
lated from hemp seeds for the first time but not from other plants of the
Cannabis genus and Moraceae families. Hence, the two cyclic dipeptides
may serve as chemotaxonomic markers for the Cannabis and Moraceae
families. The discovery of these two cyclic dipeptides provides new in-
formation on the chemotaxonomy of Moraceae.

EFC and isolated compounds (9 (N-trans-coumaroyltyramine), 11 (N-
trans-feryroyltyramine), and 17 (cyclo (Phe-Ser)) were found to have
neuroprotective activity (MTT assay) in the PC12 cell injury model at
0.125–0.5 mg/mL. The neuroprotective activity (apoptosis assay) of EFC
and compounds 11 and 17 attenuated the apoptosis induced by Glu.

Using the isolated compounds as references, the chemical profile of
the EFC was determined, and the contents of the main compounds, uracil
and adenosine, were measured for quality control of the extract in animal
experiments. Hemp seeds have been reported to have a possible anti-AD
effect in a d-galactose-induced senescence model. We evaluated the
health-promoting effect of EFC in APP/PS1 mice as an AD model. EFC
significantly enhanced the new object recognition ability of APP/PS1
mice, increased the number of hippocampus of APP/PS1 mice, and
reduced the deposition of senile plaques in the hippocampus.

Overall, this study supplemented the database of the chemical com-
ponents and the neuroprotective activities of the aqueous extract of hemp
seeds. However, the mass of the compounds obtained in this study was
relatively small, possibly because of the aqueous extract's complex
composition and low content.

Compared with the previously published studies of Fructus cannabis,
ours presents more comprehensive research from chemistry to health
effects studies. Although the direct material basis for its health effect has
not been disclosed, this study provides the detailed chemical constituents
of the aqueous extract qualitatively and quantitatively. It proves their
effect in cellular and APP/PS1 ADmodels. Fructus cannabis is both a food
and a commonly used traditional medicine; our study contributes to its
development in both the food and medicine fields.

5. Conclusions

In summary, aqueous extraction of air-dried fruits of hemp seeds,
followed by various separation techniques, produced 27 compounds.
Compounds 1, 3–7, 12, 14–19, and 21–27 are the first-reported com-
ponents of the genus Cannabis; compounds 8–11, 22, 15–17, 22, 23, 25,
and 26 are considered characteristic of the Cannabis genus. Identifying
these compounds documented the chemical diversity of cannabis seeds,
providing a basis for further research into their chemical classification. In
addition, the neuroprotective effects of EFC and the isolated compounds
were revealed, suggesting that EFC might offer therapeutic activity in
neurodegenerative diseases; the presented in vivo data support this
hypothesis.
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