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Abstract
Background and objectives: Artemisia argyi H. Lév. & Vaniot essential oil (AAEO) holds significant pharmacological potential, 
but its application is constrained by hepatotoxicity. This study aimed to investigate the feasibility of reducing AAEO’s toxicity 
through storage and to evaluate changes in chemical composition, toxicity, and bioactivity.

Methods: Gas chromatography-mass spectrometry was used to analyze compositional changes during storage. Zebrafish acute 
toxicity tests and the liver-specific transgenic zebrafish model Tg(fabp10:EGFP) were used to assess toxicity. Antimicrobial, 
analgesic, and antioxidant assays evaluated variations in bioactivity.

Results: Over the 150-day storage period, gas chromatography-mass spectrometry analysis identified 39 components. Ze-
brafish acute toxicity tests showed that the LD50 of AAEO stored for 0, 30, 60, 90, 120, and 150 days were 0.10 µL·mL−1, 0.10 
µL·mL−1, 0.10 µL·mL−1, 0.11 µL·mL−1, 0.13 µL·mL−1, and 0.14 µL·mL−1, respectively, demonstrating a 40% reduction in acute 
toxicity after 150 days of storage. Using the liver-specific green fluorescent transgenic Tg(fabp10:EGFP) zebrafish model, the 
inhibition rates of AAEO on hepatic fluorescence intensity were measured at 68.5%, 43.5%, 42.6%, 37.8%, 34.6%, and 31.9% at 
different time points, confirming reduced hepatotoxicity after storage. Additionally, the antioxidant and analgesic activities of 
AAEO were significantly enhanced (p < 0.05) after storage, while the antibacterial activity decreased (p < 0.05).

Conclusions: After storage, AAEO significantly reduces hepatotoxicity, with a 40% decrease in acute toxicity after 150 
days. Meanwhile, the antioxidant and analgesic activities of AAEO increase, while its antibacterial activity decreases after 
storage.
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Introduction
Artemisia argyi H. Lév. & Vaniot essential oil (AAEO) is known 
worldwide as “soft gold” due to its significant research value. It is 
extracted from the dry leaves of Artemisia argyi H. Lév. & Vaniot. 
Modern pharmacological studies have demonstrated that AAEO 
possesses a variety of pharmacological activities, including anti-
inflammatory,1–3 antioxidant,4 antimicrobial,5,6 anti-obesity,7 anti-
stress injury,8 anti-cancer,9–13 and others. It has clinical applications 
in treating gynecological diseases, dermatological conditions, and 
rheumatism. Currently, a range of AAEO-based products have been 
developed and are widely used in various fields. For example, in the 
field of medicine, AAEO is used as a transdermal absorption en-
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hancer in external preparations due to its ability to promote transder-
mal drug absorption.14,15 In agriculture, AAEO is primarily used for 
pest control and preservation due to its ability to repel mites and in-
sects,16,17 as well as its antibacterial and antioxidant properties.18–20 
In consumer products, AAEO is used in the development of mos-
quito repellents,21 hand sanitizers,22 and air fresheners because of its 
fragrance and biological activities.23 Additionally, AAEO serves as a 
flavoring agent in food products and as an antioxidant and anti-aging 
agent in cosmetics.24 However, AAEO is toxic, and a dose of 0.13 to 
0.34 mL·kg−1 has been shown to cause liver damage in mice.25 This 
toxicity is likely due to acute liver injury induced by AAEO through 
structural damage and dysfunction of mitochondria in liver tissue,26 
which significantly restricts its clinical applications and the develop-
ment of related health products.

Storage, a special processing method for medicinal materials, 
involves placing dried medicinal materials in a natural or specific 
environment for a period of time before use. During storage, ex-
ternal physical, chemical, and microbial influences alter the phys-
icochemical properties and composition of the materials, reducing 
their toxicity or enhancing their activity. For example, the activity 
of tangerine peel increases after storage, with a decrease in the 
content of volatile components and an increase in higher molecular 
weight components such as polysaccharides and flavonoids. These 
changes likely occur through processes like oxidation or polym-
erization,27,28 enhancing its antioxidant and immunomodulatory 
activities.29–31 Furthermore, the toxicity and drying properties of 
Euodia rutaecarpa can be reduced after storage.32 Similarly, the 
bioactive constituents of Artemisia argyi H. Lév. & Vaniot leaves 
are primarily volatile components, and the toxicity of Artemisia 
argyi leaves can be effectively mitigated through storage. Yin et 
al.33 compared the efficacy of Artemisia argyi leaves for the treat-
ment of lumbar disc herniation before and after storage in clinical 
experiments, finding that stored Artemisia argyi exhibited lower 
toxicity and enhanced transdermal permeability. Currently, tradi-
tional practice suggests that the best storage time for Artemisia ar-
gyi H. Lév. & Vaniot leaves is three years. However, the leaves are 
not equivalent to AAEO, and the optimal storage time for AAEO 
has yet to be explored through systematic experiments.

This study aimed to investigate the feasibility of reducing the 
toxicity of AAEO through natural storage, while maintaining or 
enhancing its biological activities. To achieve this, we selected 
AAEO as the research object and examined its compositional 
changes over a 0–150-day natural storage period (at room tem-
perature, away from light) using gas chromatography-mass spec-
trometry (GC-MS) combined with orthogonal partial least squares-
discriminant analysis (OPLS-DA). We evaluated acute and 
hepatotoxic effects in zebrafish to assess toxicity changes during 
storage and tested antimicrobial, antioxidant, and analgesic activi-
ties to track variations in biological activity. Our findings confirm 
the feasibility of reducing AAEO toxicity across three dimensions, 
composition, toxicity, and activity, providing a scientific basis for 
enhancing AAEO quality, ensuring clinical safety, and offering key 
insights into storage principles for volatile oils.

Materials and methods

Samples
The AAEO was purchased from the Huinong Chinese Herbal Med-
icine Professional Cooperative in Qichun County, Hubei Province 
and was stored at room temperature, away from light. After AAEO 
was stored for 0, 30, 60, 90, 120, and 150 days, it was transferred 

to a −20°C refrigerator as a sample for storage for the same time 
points (0, 30, 60, 90, 120, and 150 days).

Animals
Wild-type AB strain zebrafish and liver-labeled green fluorescent 
transgenic (fabp10: EGFP) zebrafish were cultured and propagated 
by the Zebrafish Laboratory of the Pharmacy College of Chengdu 
University of Traditional Chinese Medicine. The breeding of ze-
brafish was carried out according to the zebrafish book standard. 
The zebrafish laboratory was kept in light for 14 h and in darkness 
for 10 h every day, and the indoor temperature was maintained at 
28 ± 2°C. The water quality conditions were as follows: electrical 
conductivity: 450–550 µS·cm−1; pH: 6.5–8.5; hardness: 50–100 
mg·L−1 CaCO3. The male and female zebrafish were kept sepa-
rately and were fed hatching shrimp in the morning and evening.

KM male mice (specific-pathogen-free grade), weighing 18–22 
g, were purchased from Chengdu Dashuo Laboratory Animal Co., 
LTD., license number: SCXK (Sichuan) 2020-030. Ten mice per 
cage were fed standard rat food and bottled water, with a 12-h 
light/12-h dark cycle every day. The experimental study began af-
ter three days of adaptive feeding.

All animal experiments were conducted in compliance with the 
“Guidelines for Ethical Review of Laboratory Animal Welfare” 
(National Standard GB/T 35892-2018). The study was approved 
by the Animal Ethics Committee of Chengdu University of Tradi-
tional Chinese Medicine (ethical number: 2022-73).

The components change rule of AAEO at different storage times

Solution preparation
Preparation of internal standard solution of cyclohexanone: The 
internal standard solution (0.5 µL·mL−1) was prepared by transfer-
ring 5 µL of cyclohexanone into a volumetric flask and diluting it 
to 10 mL with anhydrous ether.

Preparation of test solution without internal standard: A 2 
µL·mL−1 test solution was prepared by accurately transferring 20 
µL of stored 0-day AAEO into a volumetric flask and diluting it to 
10 mL with anhydrous ether.

Preparation of sample solution with different storage times: At 
different storage time points, 20 µL of AAEO was transferred into 
a volumetric flask along with 5 µL of the cyclohexanone internal 
standard solution. The volume was adjusted to 10 mL with anhy-
drous ether to prepare a 2 µL·mL−1 sample solution.

GC-MS condition
Chromatographic conditions: Agilent/5975C gas-phase mass spec-
trometer with computer instrument (Agilent Corporation) was 
used for analysis. The HP-5 MS capillary column (30 m × 250 
µm × 0.25 µm) was used; the carrier gas was He with constant-
flow mode. The injection volume was 1.0 µL, and the column 
flow rate was 1 mL/min. The injection port was set to shunt mode 
with a shunt ratio of 100:1. The inlet temperature was 250 °C. Pro-
grammed heating: 60 °C for 2 min, then ramped at 5 °C·min−1 to 
210°C for 10 min; total retention time: 42 min.

Mass spectrometry conditions: Electron ionization source; ion 
source temperature: 230 °C; quadrupole temperature: 150 °C; 
mass scan range: m/z 15–550.

Methodological investigation
Specificity investigation: The internal standard solution of cy-
clohexanone and the test solution without the internal standard 
were injected as described in the Investigation of GC-MS meth-
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odology section. The specificity of cyclohexanone for AAEO was 
determined according to the GC-MS conditions in the Chemical 
components change detected in AAEO during storage section.

Precision investigation: The sample solution of stored 0-day 
AAEO was injected six times continuously as described in the In-
vestigation of GC-MS methodology section. The relative standard 
deviation (RSD) of the peak area was calculated.

Repeatability investigation: Six samples of stored 0-day AAEO 
were prepared as described in the Investigation of GC-MS method-
ology section. The samples were injected as per the method in the 
Chemical components change detected in AAEO during storage 
section, and RSD of the peak areas was calculated.

Stability investigation: The sample solution of stored 0-day 
AAEO was placed at room temperature for 0, 2, 4, 8, and 12 h. The 
samples were injected as per the method in the Chemical compo-
nents change detected in AAEO during storage section, and RSD 
of the peak areas was calculated.

Zebrafish embryo collection and culture
The 24-h-old eggs and five-day post-fertilization larvae of ze-
brafish used in the experiment were placed in the breeding tank 
in a 1:1 ratio in the afternoon before the experiment. A transparent 
partition was used to separate the male and female zebrafish. The 
partition was removed the following morning, and the male and 
female zebrafish were allowed to spawn. The collected eggs and 
larvae were cleaned with zebrafish culture water and cultured in 
a constant temperature incubator at 28 ± 2°C. Dead eggs and egg 
shells were removed in a timely manner.

Acute toxicity of AAEO
Embryos that developed within 24 h after fertilization were se-
lected in 24-well plates, with 10 embryos per well. The follow-
ing groups were set up: blank group, 0.05% Dimethyl sulfoxide 
(DMSO) solvent group, and stored 0d, 30d, 60d, 90d, 120d, and 
150d groups. Based on preliminary experiments, the different ad-
ministration groups included 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 
0.09, 0.10, 0.12, and 0.16 µL·mL−1. The blank group received 1 
mL of zebrafish culture water, while the other wells received 1 
mL of the corresponding drug prepared with culture water for ze-
brafish. The plates were incubated in a constant temperature incu-
bator at 28 ± 2°C, and all drug administration groups were sealed 
with plastic wrap. The development and death of embryos were 
observed and recorded at 24 h, 48 h, and 72 h, with dead eggs be-
ing removed promptly. The experiment was repeated three times. 
Origin 2021 software was used to calculate the LD50 of each group.

Hepatotoxicity of AAEO

Drug concentration screening
When the development of liver-labeled green fluorescent trans-
genic zebrafish (fabp10: EGFP) reached five-day post-fertiliza-
tion, zebrafish with normal development and no deformities were 
selected and placed in 12-well plates with 10 fish per well. The 
following groups were set up: blank group, 0.05% DMSO sol-
vent group, and different concentration administration groups at 
the same storage time (0.05, 0.06, 0.07, 0.08, 0.09, 0.1 µL·mL−1). 
The blank group was added with 1 mL culture water for zebrafish, 
the DMSO group was added with 1 mL culture water containing 
0.05% DMSO, and the other wells were added with 1 mL of the 
corresponding drugs prepared with 0.05% DMSO culture water 
for zebrafish. The plates were incubated in a constant-temperature 
incubator at 28 ± 2°C. At the same time, all drug administration 

groups were sealed with plastic wrap.
After 48 h of administration, death, liver fluorescence area, and 

intensity changes in each group of zebrafish were observed. The 
drug administration concentration for the liver toxicity experiment 
was screened based on the reduction in liver fluorescence area and 
intensity, without significant death. The drug administration concen-
tration for the activity experiment was selected based on the crite-
rion that there was no significant difference in liver fluorescence 
area and intensity between zebrafish in the administration groups 
and the blank group, and this concentration was used for the follow-
up experiments. The experiment was repeated three times.

Acridine orange staining experiment of AAEO
Five-day post-fertilization AB zebrafish with good development 
were selected and placed in 12-well plates, with 10 fish per well. 
The following groups were set up: blank group, 0.05% DMSO 
group, stored 0d group, stored 30d group, stored 60d group, stored 
90d group, stored 120d group, and stored 150d group. Three millilit-
ers of zebrafish culture water was added to the blank group, 3 mL 
of zebrafish culture water containing 0.05% DMSO was added to 
the DMSO group, and 3 mL of 0.09 µL·mL−1 corresponding drug 
prepared with zebrafish culture water containing 0.05% DMSO was 
added to the other wells. The plates were incubated at 28 ± 2°C for 
48 h. After 48 h, the zebrafish were cleaned three times with ze-
brafish culture water. Then, 2 mL of 5 µg·mL−1 acridine orange so-
lution was added to each well, and the plates were incubated in the 
28 ± 2°C incubator for 20 min away from light. The zebrafish were 
cleaned three times with zebrafish culture water and set aside. The 
zebrafish were anesthetized with 0.003% tricaine and fixed with 3% 
carboxymethyl cellulose sodium (CMC-Na), and the apoptosis of 
liver cells was photographed under a fluorescence microscope.

Lipid deposition experiment of AAEO
Preparation of reagent: Weigh 2.5 g of oil red O, add 50 mL of 
isopropyl alcohol, and dissolve it in the oven at 60°C for 72 h. 
After it is fully dissolved, filter it twice to obtain the oil red O base 
solution. Mix 18 mL of the oil red O base solution with 12 mL of 
ultra-pure water and stir for 10 min. Then filter it twice to obtain 
the working solution.

Dyeing: The administration method of zebrafish was the same 
as described in the Analgesic activity of AAEO section. After 48 h 
of administration, the zebrafish were washed three times with ze-
brafish culture water and fixed overnight with paraformaldehyde. 
They were then washed successively with PBS and bleach solu-
tion three times, immersed in 60% isopropyl alcohol for 3 s, and 
then immersed in the oil red O working solution. The zebrafish 
were stained at 37°C for 60 min away from light. After staining, 
the zebrafish were removed with tweezers and immersed in 60% 
isopropyl alcohol for differentiation. The differentiation process 
was terminated when the lipid in the liver of zebrafish became 
orange-red or bright red, and the other parts were nearly colorless. 
The zebrafish were then cleaned with distilled water. Finally, the 
zebrafish were removed, excess water was absorbed with filter pa-
per, and they were placed on slides. Lipid deposition in the liver of 
zebrafish was observed under an optical microscope.

Zebrafish liver fluorescence experiment of AAEO
Five-day post-fertilization liver-labeled green fluorescent trans-
genic Tg(fabp10: EGFP) zebrafish with good development was 
selected and placed in 12-well plates. They were grouped and 
administered according to the method in the Analgesic activity of 
AAEO section. After 48 h of administration, the zebrafish in each 
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group were cleaned with culture water and anesthetized with 
0.003% tricaine. They were then fixed in 3% CMC-Na and ad-
justed to a lateral position. Fluorescence microscope parameters 
were set and fixed. Liver phenotype changes in zebrafish from 
different administration groups were observed and recorded, and 
liver area and fluorescence intensity data of zebrafish in each 
group were calculated using ImageJ software.

Activity change rule of AAEO at different storage times

Antioxidant activity of AAEO
Zebrafish eggs at 24 h post-fertilization with healthy and well-de-
veloped embryos were selected and placed in 12-well plates, with 
15 eggs per well. Two milliliters of a 10 µg·mL−1 lipopolysaccha-
ride (LPS) solution were added to each well, and the plates were 
incubated at 28 ± 2°C for five days in the dark, with half of the 
solution changed daily. Dead eggs or fish were removed in a timely 
manner. After five days, normally developed zebrafish larvae were 
randomly selected and placed in new 12-well plates, with 15 fish 
per well. The following groups were set up: blank group (zebrafish 
culture water), solvent group (0.05% DMSO), model group (10 
µg·mL−1 LPS solution), and six drug administration groups (stored 
0d group, stored 30d group, stored 60d group, stored 90d group, 
stored 120d group, and stored 150d group). The administration 
mode and concentration were selected according to the Antioxidant 
activity of AAEO section, with a concentration of 0.05 µL·mL−1.

After 48 h of administration, 15 zebrafish larvae from each 
group were randomly selected and placed into 24-well plates. 
Zebrafish larvae were washed with zebrafish culture water three 
times. Then, 1 mL of 20 µM 2′,7′-Dichlorodihydrofluorescein di-
acetate (DCFH-DA) was added to each well and incubated for 1 
h at 28 ± 2°C in the dark, followed by washing with zebrafish 
culture water three times. The zebrafish larvae were anesthetized 
with 0.03% tricaine, and the fluorescence of each group was pho-
tographed under a fluorescence microscope. ImageJ software was 
used to analyze the fluorescence intensity and detect the produc-
tion of reactive oxygen species (ROS) in different drug administra-
tion groups.

Analgesic activity of AAEO
Ninety male mice were selected, with 10 mice in each group. Ac-
cording to their body weight, they were divided into the follow-
ing groups: blank group (distilled water), negative control group 
(1.5% Tween-80), positive group (100 mg·kg−1 aspirin), and six 
AAEO administration groups (stored 0d group, stored 30d group, 
stored 60d group, stored 90d group, stored 120d group, and stored 
150d group). Groups were labeled with picric acid. The concentra-
tion in the administration group was determined to be 100 mg·kg−1 
based on preliminary experiments. After three days of adaptive 
feeding, mice were given the corresponding drugs by intragastric 
administration every day for seven consecutive days. On day 7, 1 
h after administration, mice in each group were intraperitoneally 
injected with 0.6% glacial acetic acid (10 mL·kg−1), and the reac-
tion time of the first twist and the number of twists within 15 min 
were recorded for each mouse.

Antibacterial activity of AAEO
Preparation of bacterial suspension: An appropriate amount of 
Candida albicans, Escherichia coli, and Staphylococcus aureus 
were inoculated into broth medium, respectively, and cultured at 
37°C for 24 h. The bacterial suspension was prepared to a con-
centration of 106 colony-forming unit (CFU)·mL−1 and set aside.

Preparation of filter paper: 2 mL of AAEO was measured ac-
curately, emulsified with 1.5% Tween-80, and filled to 10 mL with 
sterile water. The test solution was prepared by the two-fold dilu-
tion method, with concentrations of 200, 100, and 50 mg·mL−1.9 
The filter paper was immersed in the test solution for 20 min and 
set aside.

Determination of antibacterial activity: A sterilized Petri dish 
was divided into four areas with a marker “+” on the clean bench, 
and four concentration marks were made. An appropriate amount 
of the bacterial suspension was dipped into a coating rod and inoc-
ulated in a Z-shape, coating three times. The medium was rotated 
at 60°C for each coating, and the final application was made along 
the inner edge of the medium, ensuring an even coating. The dish 
was left to sit for 3–5 min until the bacteria were fully absorbed. 
The filter paper was gently applied to the medium using tweezers. 
After 24 h of incubation at a constant temperature, the diameter of 
the antibacterial zone was measured to determine the antibacterial 
strength.

Statistical analysis
SPSS 25.0 was used for the statistical analysis of sections Acute 
toxicity of AAEO, Hepatotoxicity of AAEO, and Activity change 
rule of AAEO at different storage times. GraphPad Prism 5 was 
used to plot experimental data. The experimental data were ex-
pressed as mean ± standard deviation, and one-way analysis of 
variance was used for comparisons among multiple groups. Ho-
mogeneity of variance tests were conducted. A p-value of <0.05 
and <0.01 indicated that the difference between the two groups 
was statistically significant.

Results

Components change of AAEO at different storage times

Investigation of GC-MS methodology
Specificity investigation: As shown in Figure 1, the peaks of 
AAEO were well separated from the internal standard of cyclohex-
anone, demonstrating good specificity.

Precision investigation: Five common peaks with a relative 
content greater than 5% were selected: eucalyptol (tR = 5.2 min), 
thujone (tR = 9.9 min), 2-pinen-7-one (tR = 11.9 min), (+)-2-bor-
nanone (tR = 12.1 min), and β-caryophyllene (tR = 14.2 min). The 
RSDs of these peak areas were calculated as 0.02%, 0.02%, 0.02%, 
0.02%, and 0.01%, respectively, indicating that the instrument has 
good precision.

Repeatability investigation: The RSDs of these peak areas were 
calculated as 0.08%, 0.07%, 0.08%, 0.07%, and 0.09%, indicating 
good reproducibility of the experiment.

Stability investigation: The RSDs of these peak areas were cal-
culated as 0.12%, 0.11%, 0.11%, 0.12%, and 0.12%, indicating 
good stability of the sample.

Chemical components change detected in AAEO during stor-
age
A total of 57 components in AAEO at different storage times were 
detected by GC-MS, with 39 components identified by comparison 
with the National Institute of Standard and Technology (NIST) se-
ries standard spectrum library. Among these, eucalyptol accounted 
for 14.74–15.04% of the relative content, thujone accounted for 
12.38–12.54%; endo-borneol accounted for 7.12–7.22%, 2-pin-
en-7-one accounted for 5.78–6.60%, (+)-2-bornanone accounted 
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for 4.89–4.93%, β-caryophyllene accounted for 4.26–4.46%, and 
terpinen-4-ol accounted for 3.24–3.33%. The internal standard ac-
counted for 15%, and the remaining 51 components accounted for 
32% (Fig. 2a).

Using cyclohexanone as the internal standard, the absolute con-
tent of each chemical component in AAEO was calculated. The 
results showed that most of the chemical components in AAEO 
exhibited a decreasing trend during the storage process. Only four 
of the 39 identified components had increased levels: alpha-phel-
landrene increased by 0.07%, 2,3-dehydro-1,8-cineole increased 
by 0.19%, 3-octanone increased by 0.004%, and trans-(+)-chry-
santhemum acid increased by 0.89%.

Differential components of AAEO at each storage time point 
and storage 0 day
The contents of 57 components were calculated by the internal 
standard, and the data were imported into SIMCA 14.1 software 
for OPLS-DA to screen out the differential components at each 
storage time point and stored 0 day. Using VIP > 1 and p < 0.05 as 
the standard, a total of 13 differential components were screened 
out, as shown in Figure 2 and Table 1.

There were 10 common differential components during storage: 
β-phellandrene, eucalyptol, thujone, (+)-3-thujone, 2-pinen-7-one, 
(+)-2-bornanone, trans-4-(isopropyl)-1-methylcyclohex-2-en-1-ol, β- 
caryophyllene, terpinen-4-ol, cis-verbenol, endo-borneol, germa-
crene D, and (2E,3E)-2-ethylidene-6-methylhepta-3,5-dienal. In ad-

dition, (+)-3-thujone was a differential component in stored 90, 150 
days, and stored 0 day. Trans-4-(isopropyl)-1-methylcyclohex-2-en-
1-ol was a differential component in stored 60, 90, and 150 days 
compared to stored 0 day. Terpinen-4-ol was a differential compo-
nent in stored 30, 90, and 120 days compared to stored 0 day.

Acute toxicity of AAEO at different storage times
Experimental results showed that the overall toxicity of AAEO 
decreased after storage, as shown in Figure 3. The LD50 of the 
stored 0-day group was 0.10 µL·mL−1, the LD50 of the stored 30-
day group was 0.10 µL·mL−1, the LD50 of the stored 60-day group 
was 0.10 µL·mL−1, the LD50 of the stored 90-day group was 0.11 
µL·mL−1, the LD50 of the stored 120-day group was 0.13 µL·mL−1, 
and the LD50 of the stored 150-day group was 0.14 µL·mL−1. This 
indicates that acute toxicity began to decrease after 60 days of stor-
age and decreased by 40% after 150 days of storage.

Hepatotoxicity of AAEO at different storage times

Hepatotoxicity range screening results
As shown in Figure 4, the liver of zebrafish in the blank group, 
the solvent group (0.05% DMSO), and the 0.05 µL·mL−1 AAEO 
group exhibited a transparent shape and normal structure, while 
the liver of zebrafish in the other groups showed atrophy and gray 
color. The results showed that the fluorescence area and intensity 
of zebrafish liver decreased with increasing dose concentration. 

Fig. 1. Total ion chromatogram of Artemisia argyi essential oil and cyclohexanone. (a) Artemisia argyi essential oil; (b) Cyclohexanone.
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Fig. 2. The relative content of high-abundance components in AAEO (a); Score scatter plot of stored 0 day and stored 30 days (b); Scatter plot of stored 
0 day and stored 30 days (c); Score scatter plot of stored 0 day and stored 60 days (d); Scatter plot of stored 0 day and stored 60 days (e); Score scatter 
plot of stored 0 day and stored 90 days (f); Scatter plot of stored 0 day and stored 90 days (g); Score scatter plot of stored 0 day and stored 120 days (h); 
Scatter plot of stored 0 day and stored 120 days (i); Score scatter plot of stored 0 day and stored 150 days (j); Scatter plot of stored 0 day and stored 150 
days (k). AAEO, Artemisia argyi H. Lév. & Vaniot essential oil.
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Compared with the blank group, the fluorescence area and inten-
sity of zebrafish liver in the 0.05 µL·mL−1 AAEO group showed 
no significant differences (p > 0.05), while in the other groups, 
significant differences were observed (p < 0.05), indicating that 
AAEO concentrations below 0.05 µL·mL−1 did not cause hepa-
totoxicity, whereas concentrations above 0.05 µL·mL−1 induced 
hepatotoxicity.

Acridine orange staining experiment of AAEO
Acridine orange is a selective binding dye that can cross the cell 
membrane and bind to nucleic acids, resulting in uniform green 
fluorescence in normal cells. In apoptotic cells, the chromatin 
breaks into fragments of varying sizes, producing brighter green 
fluorescent fragments. Therefore, acridine orange staining was 
used to distinguish normal and apoptotic cells in the zebrafish 
liver region. As shown in Figure 5, both the blank group and the 
solvent group showed uniform green fluorescence in the liver re-
gion, while in the stored 0, 30, 60, and 90-day groups, partial green 
fluorescence bright spots appeared in the liver region, indicating 
that AAEO caused partial apoptosis of liver cells within the first 
90 days of storage, showing liver toxicity. The fluorescence in the 
stored 120-day and 150-day groups was similar to that of the blank 
and solvent groups, indicating that apoptosis of liver cells induced 
by AAEO disappeared and liver damage was alleviated with the 
extension of storage time.

Lipid deposition experiment of AAEO
Oil red O is a fat-soluble dye that can specifically bind to neutral 
fats. Fat droplets typically occur in fat cells, but if fat droplets are 
found in organs such as the liver, oil red O can be used to deter-
mine whether lipid deposition has occurred. The experimental re-
sults, shown in Figure 5, indicate that the color of the stored 0-day 
group was the darkest, suggesting lipid deposition in the liver area. 
As storage time increased, the color became lighter, indicating that 
lipid deposition was alleviated. This suggests that the liver toxicity 
of high-concentration AAEO may be related to the promotion of 
lipid deposition.

Zebrafish liver fluorescence experiment of AAEO
According to preliminary experiments, a concentration of 0.09 
µL·mL−1 AAEO was selected, as liver toxicity could be detected 
without causing large-scale death in zebrafish at this concentra-
tion. The experimental results are shown in Figure 5. Fluorescence 
microscope observations revealed that the liver area and fluores-
cence intensity of zebrafish in the treatment groups were signifi-
cantly reduced but gradually recovered with the extension of stor-
age time. Image J software was used to calculate the fluorescence 
area and intensity of zebrafish liver, and the experimental results 
showed that the fluorescence area and intensity of the blank group 
were 0.16 and 30.21, respectively. Compared with the blank group, 
the inhibition rates of fluorescence area in the stored 0, 30, 60, 
90, 120, and 150-day groups were 37.5%, 25.0%, 25.0%, 31.3%, 
25%, and 18.7%, respectively. The inhibition rates of fluorescence 
intensity were 68.5%, 43.5%, 42.6%, 37.8%, 34.6%, and 31.9%, 
all of which were negatively correlated with storage time, indicat-
ing that liver damage caused by AAEO gradually decreased with 
longer storage times. Additionally, there was a significant differ-
ence between the stored 0-day group and the stored 30-day group 
(p < 0.05), but no significant differences were observed between 
the subsequent treatment groups (p > 0.05). This suggests that tox-
icity was significantly reduced after 30 days of storage, implying 
that 30 days may be a key time point for reducing liver toxicity in 
stored AAEO.

Activity change of AAEO at different storage times

Antioxidant activity of AAEO
Zebrafish induced by LPS can release inflammatory factors and 
activate nitric oxide synthetase, leading to the production of a large 
number of ROS. DCFH-DA itself has no fluorescence, but after 
entering cells, it is hydrolyzed into DCFH, which is then oxidized 
by ROS into compounds with strong fluorescence. This allows for 
the detection of ROS levels in zebrafish. As shown in Figure 6, 
the ROS fluorescence area in the zebrafish model group was en-
hanced, showing a significant difference compared to the blank 

Table 1.  The content changes of differential components at different storage time points and within 0 day of storage (unit: µL/mL)

Num Rt Chemical formula CAS Stored 
0 day

Stored 
30 days

Stored 
60 days

Stored 
90 days

Stored 
120 days

Stored 
150 days

1 3.80 Beta-Phellandrene 000555-10-2 22.97 31.58 32.54 31.52 31.98 30.53

2 5.19 Eucalyptol 000470-82-6 264.92 244.78 256.76 242.36 245.92 247.60

3 9.94 Thujone 000546-80-5 223.97 206.29 215.36 203.51 205.35 206.39

4 10.40 (+)-3-Thujone 000471-15-8 49.76 45.89 47.61 44.29 45.25 44.53

5 11.96 2-pinen-7-one 000473-06-3 118.53 106.67 108.35 98.83 95.76 95.11

6 12.12 (+)-2-Bornanone 000464-49-3 88.52 81.18 84.72 80.42 80.87 80.88

7 13.33 trans-4-(Isopropyl)-1-Methylcyclohex-2-En-1-Ol 029803-81-4 37.88 34.16 34.89 32.92 33.45 33.17

8 14.09 β-Caryophyllene 000087-44-5 80.20 70.89 73.71 69.93 70.71 71.21

9 14.26 Terpinen-4-ol 000562-74-3 58.98 53.63 56.76 53.46 53.99 54.80

10 15.49 Cis-Verbenol 001845-30-3 9.80 0.00 4.70 0.00 0.00 0.00

11 16.50 Endo-Borneol 000507-70-0 129.78 118.91 123.41 117.33 117.36 118.24

12 16.67 Germacrene D 023986-74-5 28.76 23.97 23.92 22.49 21.68 21.69

13 23.04 (2E,3E)-2-ethylidene-6-methylhepta-3,5-dienal 099172-18-6 41.01 34.86 37.76 33.99 32.27 31.56

CAS, Chemical Abstracts Service Registry Number; Rt, retention time.
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group (p < 0.01). In the solvent group, where only 0.05% DMSO 
was added after LPS induction, there was no significant differ-
ence between the solvent group and the model group (p > 0.05). 
However, significant differences were observed between the six 
medication administration groups and the model group (p < 0.01).

Compared to the blank group, the fluorescence area of ROS in 
zebrafish in the model group increased by 130.49%. After treat-
ment with AAEO at different storage times, the fluorescence levels 
of ROS in zebrafish in the stored 0, 30, 60, 90, 120, and 150-day 
AAEO groups increased by 71.52%, 63.89%, 38.13%, 60.49%, 
33.89%, and 20.56%, respectively, indicating that the antioxidant 
stress activity of AAEO increased with the extension of storage 
time.

Analgesic activity of AAEO
AAEO exerts its analgesic effects by reducing PGE2 in the blood. 
Its analgesic activity was evaluated using the acetic acid writh-
ing test in mice. The experimental results are shown in Figure 6. 
Compared to the blank group, the positive group showed a sig-
nificant difference (p < 0.05), while the negative control group 
showed no significant difference (p > 0.05). The medication ad-
ministration groups exhibited significant differences compared to 
the blank group (p < 0.05). The analgesic rate of the positive group 
was 47.62%, while the analgesic rates of the stored 0, 30, 60, 90, 
120, and 150-day AAEO groups were 46.32%, 66.67%, 81.82%, 
89.61%, 92.64%, and 100%, respectively. This indicates that the 
analgesic activity increased with the extension of storage time.

Fig. 3. Acute toxicity concentration-lethal curves of AAEO at different storage times (n = 20). (a) Stored 0 day; (b) Stored 30 days; (c) Stored 60 days; (d) 
Stored 90 days; (e) Stored 120 days; (f) Stored 150 days. AAEO, Artemisia argyi H. Lév. & Vaniot essential oil.
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Antibacterial activity of AAEO
The experimental results are shown in Figure 6. AAEO exhibited 
a strong inhibitory effect on Staphylococcus aureus, Escherichia 
coli, and Candida albicans, and the antibacterial effect was posi-
tively correlated with the concentration. After 150 days of stor-
age, the inhibition zone of 200 µL·mL−1 AAEO against the three 
bacteria decreased by 27.45%, 10.58%, and 24.74%, respectively. 
The inhibition zone of 100 µL·mL−1 AAEO decreased by 25.56%, 
1.47%, and 13.19%, while the inhibition zone of 50 µL·mL−1 
AAEO decreased by 11.76%, 1.63%, and 17.33%.

Compared to the blank group, the antibacterial activity of AAEO 
against Staphylococcus aureus and Candida albicans showed sig-
nificant differences after 30 days of storage (p < 0.05), but there 
was no significant difference in antibacterial activity against Es-
cherichia coli (p > 0.05). These results indicated that the antibacte-
rial activity of AAEO decreased with storage time.

Discussion
In this study, GC-MS combined with OPLS-DA was used to track 
the composition changes of AAEO during storage. The experimen-
tal results showed that while the types of components in AAEO 
remained unchanged, their content did change. Additionally, the 
contents of some components in AAEO increased, suggesting that 

there were mutual transformations between components during the 
storage process.

Through the analysis of the chemical structure of AAEO, it was 
speculated that the increase in the content of four components may 
be caused by the following reactions:
1.	 It was speculated that there were two pathways for the increase 

in the content of α-phellandrene. First, it could be produced by 
the metal ion-catalyzed isomerization of β-phellandrene, which 
has the same skeleton, under a polar environment. The reaction 
process is shown in “3. Isomerization Reaction” in Figure 7. 
The second is the dehydration of trans-4-isopropyl-1-methylcy-
clohex-2-en-1-ol under polar conditions, as shown in “1. Dehy-
droxylation Reaction” in Figure 7.

2.	 The content of 2,3-dehydro-1,8-cineole increased, while euca-
lyptol, which shares the same skeleton, decreased. This suggests 
that an oxidation reaction occurred, as shown in “2. Oxidation 
Reaction” in Figure 7.

3.	 The content of 3-octanone increased while 1-octen-3-ol de-
creased. It was speculated that the hydroxyl group on 1-octen-
3-ol provided a polar environment, causing the tertiary carbon 
to lose a hydrogen atom and form a double bond with oxygen. 
This resulted in an oxidation isomerization reaction, producing 
3-octanone, as shown in “4. Oxidation Isomerization Reaction” 
in Figure 7.

4.	 The synthesis process of trans-(+)-chrysanthemic acid was rela-

Fig. 4. Toxicity range screening of AAEO (n = 6). (a) Liver phenotype of zebrafish; (b) Zebrafish liver fluorescence; (c) Fluorescence area of zebrafish liver; (d) 
Fluorescence intensity of zebrafish liver; Compared with the blank group, *p < 0.05, **p < 0.01. AAEO, Artemisia argyi H. Lév. & Vaniot essential oil; DMSO, 
dimethyl sulfoxide.
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tively complex. By comparing the content changes and skeleton 
structure, it was speculated that it was produced by the oxida-
tion rearrangement of (2E,3E)-2-ethylidene-6-methylhepta-3,5-
dienal. The reaction process is as follows: In a polar environ-
ment, two double bonds open to form a ternary ring. In this 
process, a four-stage carbon forms a positive charge under the 
polarity of the carbonyl group, but this positive charge is un-
stable and transfers to the methyl group of the branch chain. 
Consequently, the methyl group of the branch chain transfers to 
the ternary ring with the positive charge, making the compound 
more stable. Finally, the carbonyl group oxidizes to form trans-
(+)-chrysanthemic acid, as shown in “5. Oxidation Rearrange-
ment Reaction” in Figure 7.
In addition to the mutual conversion of these four components, 

other conversion reactions between components may also occur. 
The possible reactions are listed in Figure 7.

After storage, the chemical compositions of AAEO changed, 
and its toxicity changed accordingly. The acute toxicity in zebrafish 
showed that the acute toxicity of AAEO decreased with storage 
time. Combined with the quantitative results of GC-MS, it was ob-
served that the reported toxic components of AAEO, thujone and 

(+)-2-bornanone, all showed a downward trend after storage. This 
suggests that the reduction in toxicity was related to the volatiliza-
tion of these components. The zebrafish liver fluorescence experi-
ment showed that 30 days of storage was the key time point for re-
ducing liver toxicity of AAEO. Compared to stored 0-day AAEO, 
the reduction rates of (+)-2-bornanone in stored 30-day AAEO and 
stored 150-day AAEO were 8.29% and 8.63%, respectively, indi-
cating that (+)-2-bornanone was mainly volatilized within 30 days 
of storage. Therefore, it was speculated that (+)-2-bornanone was 
the primary source of liver toxicity in AAEO.

At the same time, the activity of AAEO changed after storage. 
After storage, the contents of (+)-2-bornanone and endo-borneol, 
which were identified as the quality markers of antibacterial activ-
ity in earlier experiments by our research group, decreased.34 The 
results of OPLS-DA showed that (+)-2-bornanone and endo-bor-
neol were differential components at different storage time points 
and at stored 0 day. The GC-MS results showed that the contents of 
(+)-2-bornanone decreased by 8.63%, and endo-borneol decreased 
by 8.89%. Modern studies have confirmed that these components 
have significant antibacterial activity. (+)-2-bornanone can exert 
antibacterial effects by affecting the protein synthesis of Escheri-

Fig. 5. Hepatotoxicity of AAEO on zebrafish. (a) Acridine orange staining (n = 6); (b) Lipid deposition results (n = 6); (c) Liver fluorescence changes of zebrafish 
(n = 6), i: liver fluorescence image, ii: liver fluorescence area, iii: liver fluorescence intensity. AAEO, Artemisia argyi H. Lév. & Vaniot essential oil; DMSO, 
dimethyl sulfoxide.
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chia coli and regulating its gene expression,35 while endo-borneol 
acts as a bacteriostatic agent by disrupting bacterial cell mem-
branes, causing leakage or altering the membrane potential, lead-
ing to cell death.36,37 Therefore, it is speculated that the decreased 
antibacterial activity of stored AAEO may be due to the volatiliza-
tion of (+)-2-bornanone and endo-borneol.

However, the antioxidant and analgesic activity of AAEO in-
creased after storage. After 150 days of storage, AAEO reduced 
the ROS levels in zebrafish induced by LPS to levels that showed 
no significant difference from the blank group, and the analgesic 
rate reached 100%. This indicates that 150 days of storage was 

the key time point for the antioxidant and analgesic activities of 
AAEO. Combined with the GC-MS results, it was observed that 
the smaller molecules of AAEO volatilized more quickly after 
storage, while β-caryophyllene, which had analgesic and antioxi-
dant stress activity,38–40 was a macromolecular component with 
relatively less volatilization. At the same time, β-caryophyllene 
might undergo oxidation, producing its oxide, α-humulene, which 
also had antioxidant stress activity.41 Therefore, the increased an-
tioxidant and analgesic activity of AAEO after storage may be re-
lated to the reduced volatilization of macromolecular components 
and the biological activities of their oxides.

Fig. 6. Antioxidant activity, analgesic activity, and antibacterial activity of AAEO at different storage times. (a) Antioxidant activity (n = 6), ROS fluorescence 
in zebrafish (i), ROS fluorescence area (ii), ROS fluorescence intensity (iii); (b) Analgesic activity (n = 6), twisting number (i), incubation period (ii); (c) Antibac-
terial activity (n = 9). AAEO, Artemisia argyi H. Lév. & Vaniot essential oil; DMSO, dimethyl sulfoxide; ROS, reactive oxygen species.
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Fig. 7. Interconversion of components during storage of AAEO. AAEO, Artemisia argyi H. Lév. & Vaniot essential oil.
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However, this study only investigated AAEO from a single pro-
duction area, using steam distillation for extraction, with a storage 
time of only 150 days. Whether different production areas, extrac-
tion methods, and storage times would yield different results re-
mains to be further explored, which also provides a direction for 
future research.

Conclusions
AAEO reduces its acute toxicity while enhancing its antioxidant 
and analgesic activities after storage. This demonstrates the fea-
sibility of reducing toxicity while enhancing bioactivity through 
storage and offers valuable insights for the detoxification of other 
essential oil products.
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