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Abstract

Perilla frutescens essential oil (PFO) is a mixture of volatile compounds extracted from the aboveground part of
Perilla frutescens (L.) Britt. Besides its pleasant aroma, PFO exhibits many biological activities, which have sig-
nificant promise for the creation of functional foods. The present study aimed to reveal the anti-inflammatory
effect of PFO in zebrafish tail fin amputation model by observing neutrophil migration. Our results showed that
perilla ketone (42.41%) is the main component of PFO, and 3.0 pg/mL of PFO significantly inhibited neutrophils
migration to the amputation site. In addition, PFO had the noticeably regulatory effect on the expression of tumor
necrosis factor o, interleukin 6, and interleukin 1. Multi-omics analysis identified two crucial genes (peptide
YYa [pyya] and glula) and 20 significant metabolites affected by PFO, revealing that PFO intervenes in inflamma-
tory response by regulating arginine biosynthesis, alanine, aspartate, and glutamate metabolism, glyoxylate and
dicarboxylate metabolism, and neuroactive ligand-receptor interaction. Subsequent study showed that pyya and
glula sequentially connected these metabolic pathways, and PFO could control the expression of these two cru-
cial genes (P < 0.0001). These results serve as a significant reference for PFO’s worth in development and sensible
utilization as a safe, healthy, and natural functional food in the future.
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Introduction

Perilla frutescens (L.) Britt., an aromatic herbaceous
plant classified in the Lamiaceae family, is a native to
several Asian countries, such as China, Japan, Korea,
and Vietnam. Often known as Zisu in China, it has been
cultivated as a significant medicinal plant for more than
two millennia (Wu et al., 2023). Perilla frutescens leaves
are frequently utilized as a healthy culinary herb and
flavor enhancer because of their fragrant flavor. The oil
extracted from the seeds of Perilla frutescens is often
consumed as a nutritive cooking oil in Mainland China
(Huang et al, 2011). In addition to its culinary use,
Perilla frutescens has attracted considerable attention as
a traditional Chinese medicine for treating ailments such
as cold, cough, and headaches (Ji et al., 2014; Yu et al.,
2017). Extensive research has been conducted on the
leaf, stem, and seed of Perilla frutescens. These studies
have demonstrated that these parts of the plant possess
antioxidant (Masuda et al, 2018), anti-inflammatory
(Chen et al., 2015), antibacterial (Ghimire et al., 2017),
antifungal (Tian et al., 2014), anti-allergic (Makino et al.,
2003), anticancer (Reddy et al., 2021), and antidepres-
sant (Zhong et al., 2024) properties. The pharmacological
benefits of Perilla frutescens are ascribed to its plentiful
bioactive constituents, such as flavonoids, essential oil,
unsaturated fatty acids, triterpenes, and phenolic com-
pounds (Yu et al., 2017).

Essential oil, an intricate blend of secondary metabolites
(Pavela and Benelli, 2016), is synthesized and secreted
by aromatic and spices plants. The unique aroma of
Perilla frutescens leaves is attributed to the essential oil
constituents present in the glandular trichomes located
on the underside of leaves (Zhou et al., 2021). Essential
oil derived from Perilla frutescens (PFO) is granted the
‘generally recognized as safe status’ for use as a food fla-
voring substance in China (Li et al., 2018). It is suitable
for incorporation in various food items, such as baked
goods, drinks, frozen dairy products, and pudding (Li
et al., 2018). In addition, current research predominantly
focuses on the bioactive effect of PFO regarding its anti-
depressive (Nguyen et al, 2024b), antihyperlipidemic
(Omari-Siaw et al., 2016), and antibacterial character-
istics (Ahmed and Al-Zubaidy, 2020), and inhibits the
expression of relevant pro-inflammatory cytokines at cel-
lular level (Wang et al., 2018; Zi et al., 2021). Additional
investigation is required to fully understand the anti-in-
flammatory mechanism of PFO in vivo.

Inflammation serves as the fundamental cause of sev-
eral physiological and pathological processes. It is ini-
tiated by several harmful situations, such as infection
and tissue damage. The incidence and prevalence of
common inflammatory illnesses, such as inflammatory
bowel disease (IBD), have risen significantly globally,

with prevalence proportion exceeding 0.3% in Western
countries, thus presenting a considerable public health
challenge (Ng et al., 2017). The paradigmatic catalysts of
inflammatory process are acknowledged for their role in
driving the migration of leukocytes and plasma proteins
to the site of injured tissue (Wang, 2018). Neutrophils are
the initial cells recruited and dispatched to the injured
tissue, where they contribute to the stimulation of inflam-
matory response (Campos-Sanchez and Esteban, 2021;
Margraf et al., 2019). Inflammation is a complex interac-
tion of immunological, physiological, and behavioral pro-
cesses that involves a wide range of signaling pathways.
Various cell types synthesize inflammatory cytokines,
such as tumor necrosis factor-a (TNF-a), Interleukin 1§
(IL-1p), and Interleukin 6 (IL-6), etc. Their functioning in
inflammatory response involves several actions, includ-
ing stimulating the activation of the endothelium and
leukocytes as well as beginning the acute-phase response
(Chopra et al., 2024). Once the inflammation diminishes,
the body reestablishes its condition of homeostasis.

The zebrafish is widely used as an animal model in bio-
medical research because of its significant advantages,
such as its high genetic resemblance to humans, rapid
developing timeline, transparent embryos, and low-dose
requirements of tested drugs. The transgenic zebrafish
demonstrates genetic stability and is very suitable for
microscopic imaging of cellular activity during the phases
of development and diseases, including both embryonic
and larval stages (Choe et al., 2021).

The tail fin amputation model in larval zebrafish is a
well-established method for evaluating the effectiveness
of anti-inflammatory agents (He et al., 2020; Zanandrea
et al., 2020). The tail fins of larvae, 3 days post-
fertilization (dpf), were removed surgically. Afterwards,
neutrophils, which are the most abundant type of white
blood cells (WBCs) at this stage of development, moved
toward the injured location. To track the movement of
neutrophils, the zebrafish strain commonly used in this
assay is Tg (mpx: GFP), wherein the myeloid-specific
peroxidase (mpx) was genetically engineered to express
green fluorescent protein (GFP). The quantity of migrat-
ing neutrophils is regarded as an indicator of the inten-
sity of inflammatory reaction (Speirs et al., 2024). The
zebrafish model is widely applied in many essential oils
to investigate toxicity, safety, and bioactivity (Wang et al.,
2023). As far as we know, this iz vivo model has not been
utilized yet to study the anti-inflammatory properties
of PFO.

The present study, aimed to analyze the chemical com-
position of PFO, investigated the application of anti-in-
flammatory activity in transgenic larval zebrafish (Tg
(mpx:GFP)) tail fin amputation model, and reveal the
anti-inflammatory effect of PFO by a combination of
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transcriptomics and metabolomics analysis. Multi-
omics denotes the utilization of two or more omics
methodologies (e.g., transcriptomics, metabolomics,
etc.) to examine genes, metabolites, biomarkers, and
other elements that substantially influence a study. For
instance, by combining transcriptomics and metabo-
lomics analyses, researchers identified PLA2G2A as a
significant biomarker and crucial therapeutic target for
lipid metabolism-associated genes in ulcerative colitis
(Ding et al., 2024). Hence, our discoveries enhance the
comprehension of the anti-inflammatory process of PFO
and offer fresh empirical proof for using PFO in anti-
inflammatory functional foods.

Materials and Methods
Chemicals and reagents

Perilla frutescens were harvested from Baishan city,
Jilin Province in China. The plants were initially identi-
fied using morphological features and then confirmed
by Prof. Mengmeng Sun at Changchun University of
Chinese Medicine. The steam distillation method was
used to extract essential oil from the leaves of Perilla
frutescens. Tween-80 was acquired from Beijing Solarbio
Science & Technology Co. Ltd. (China). Beclomethasone
and tricaine were purchased from Shanghai Yuanye
Bio-Technology Co. Ltd. (China). All organic reagents
(ethyl acetate, trichloromethane isopropanol, etc.) were
acquired from Sigma-Aldrich (USA). The purity of all
chemicals substances exceeded 98%.

Gas chromatography-mass spectrometry (GC-MS)
analysis

Agilent8890 gas chromatography and Agilent7700D
mass spectrometer (Agilent Technologies Inc., USA)
were used to separate and identify the essential oil sam-
ple, respectively. Agilent HP-5 MS column (30mx0.25
mm, 0.25 um) with 5% phenyl methyl siloxane was
equipped with gas chromatography, while an electro-
spray ionization interface was used as an ion source for
mass spectrometry (Liu et al., 2013). Detection con-
ditions are listed in Appendix 1. Subsequently, quali-
tative analysis was conducted using the Mass Hunter
software. Component identification involved matching
their recorded mass spectra with standard mass spectra
obtained from the National Institute of Standards and
Technology (NIST20) libraries provided by the GC-MS
system software as well as referencing literature data
and standards of the main components. For quantita-
tive analysis, the area percentage of each component of
essential oil was determined through peak area normal-
ization measurement.

Revealing anti-inflammatory effect of Perilla frutescens essential oil

Zebrafish Lines and Maintenance

According to the standards of the Zebrafish Model
Organism Database (http://zfin.org), the zebrafish used
in this study were well cared for and managed, and com-
pletely complied with the regulations of the Local Animal
Welfare Council of Changchun University of Chinese
Medicine. To maintain circadian rhythmicity, they were
exposed to a 14-h light and 10-h dark cycle (He et al,
2020). Two healthy pairs of male and female zebrafish,
aged 6-12 months, were selected at the onset of light to
naturally induce fertilization. The eggs were collected
and cultivated at a temperature of 28°C in egg water con-
sisting of 60 pug/mL Instant Ocean sea salts and 0.0025%
methylene blue. In addition to wild type zebrafish (AB),
a transgenic line (Tg (mpx:GFP)) was also employed in
this study for establishing a tail-fin amputation model
and investigating neutrophil migration patterns. All
animal procedures strictly adhered to the Guidelines
for Care and Use of Laboratory Animals set forth by
Changchun University of Chinese Medicine. The exper-
iments received proper authorization from the Animal
Ethics Committee of Changchun University of Chinese
Medicine (No. 2022454).

Toxicity test for PFO

Tween-80 was used as a co-solvent (Lin et al., 2016) to
dissolve PFO in egg water to prepare solutions with con-
centrations of 0.3 pg/mL, 0.6 pg/mL, and 3.0 ug/mL. The
safe concentration of Tween-80 was also evaluated exper-
imentally. Zebrafish larvae, 3-day-old, were exposed
to a solution of egg water with different concentrations
of PFO/Tween-80 for 96 h. During this time frame, the
researchers systematically observed the fatal and terato-
genic effects of PFO/Tween-80 on zebrafish at intervals
of 24 h, 48 h, 72 h, and 96 h.

Tail fin amputation and drug treatments

The tail fin amputation experiments were conducted
using 3-day-old larvae, and subjected to a pretreatment
period of 2 h. During this period, they were exposed to
either a solution containing PFO with 0.03% Tween-80 at
a concentration of 0.5 pg/mkL, 1.5 pg/mL, and 3.0 pg/mL
or 0.03% Tween-80 or beclomethasone, or egg water
(30 larvae in each group, unless otherwise indicated).
Subsequently, the larvae were anesthetized after being
treated with 0.02% tricaine (Yuanye Bio-Technology Co.
Ltd., China), and then placed in petri dishes covered
with a layer of 2% agarose. The Leica M165C stereomi-
croscope and a 1-mm sapphire blade manufactured by
World Precision Instruments (USA) were used for ampu-
tation (He et al., 2020). Following this, after amputation,
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the zebrafish larvae were transferred to either a fresh
solution of PFO or egg water for 4 h. Microscopic real-
time observations were conducted to monitor neutrophil
migration in zebrafish larvae. Referring to a previous
study setting beclomethasone as a positive control drug
(He et al., 2020), this glucocorticoid drug exhibits exten-
sive anti-inflammatory properties and efficiently inhibits
neutrophil migration to inflammation site in the zebraf-
ish tail fin model.

RNA-seq assay and transcriptomics analysis

To fully reflect the anti-inflammatory effects of PFO on
zebrafish larvae, we selected the larval zebrafish exposed
to the highest concentration of PFO as well as control
and model group for RNA-seq analysis. More details on
sample preparation and RNA extraction etc. are provided
in Appendix 2 (Du et al., 2023). The raw data from RNA-
seq were processed utilizing the statistical software R
(version 4.0.4). The Trimmomatic program was used to
remove low-quality reads. The expression levels of gene
fragments were standardized by using the transcripts per
million (TPM) algorithm. Genes with TPM > 1 were gen-
erally considered to be expressed, and gene banks were
screened based on this standard. DESeq was used for
differential analysis of gene expression, and the screen-
ing conditions were as follows: |log2Fold change |> 0.585
with P < 0.05. For these differentially expressed genes
(DEGs), gene ontology (GO; http://geneontology.org/)
and Kyoto Encyclopedia of Genes and Genomes (KEGG;
https://www.genome.jp/kegg/) analysis were performed
to study alterations in functioning and pathway.

Metabolomics analysis

Based on the transcriptome, three groups (control,
model, and 3.0 pg/mL of PFO treatment) were subjected
to metabolome analysis to further explore metabolites
related to inflammation regulation. More details on sam-
ple preparation and metabolite identification etc. are
provided in Appendix 3 (Du et al., 2023). The raw data
were converted to the mzXML format and imported
into XCMS (https://xcmsonline.scripps.edu/) for fur-
ther processing. Then all datasets were analyzed by using
MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/)
and subjected to principal component analysis (PCA).
Criteria for the statistical significance of metabolite
changes among the groups were VIP > 1 and P < 0.05.

Gene expression analysis

For gene expression analysis by reverse transcrip-
tion-polymerase chain reaction (RT-PCR), 30 zebrafish

larvae from each group were treated using the same
method as described above. Larval zebrafish were
grinded and the total RNA was extracted with TRIZOL
reagent (Thermo Fisher Scientific, USA). RNA concen-
tration was measured by absorbance in CLARIOstar
(BMG LABTECH, Germany). Then we used reverse
transcription kit (Tiangen Biotech Co. Ltd., China) to
synthesize complementary DNA (cDNA) from 2 ug
of RNA and diluted (1:10). The synthesis of cDNA was
performed with SYBR Green system (Tiangen Biotech
Co. Ltd., China) and CFX96 Deep Well Dx (Bio-Rad
Laboratories, USA) in RT-PCR. The 2-24¢t method was
used for quantification of gene transcription and the
transcription level of f-actin was used to normalize the
relative expression of other genes in all samples (Hedrera
et al., 2013; Pereira et al., 2023). All primer sequences
used in this study were selected from the literature as
presented in Table 1. Additional details, such as product
length, annealing temperature, etc., are provided in the
Appendix of this study (Table Al). For all experiments,
three independent replicates were performed. RT-PCR
was used to measure the levels of TNF-a, IL-6, and IL-1§
in each group.

Statistical analysis

All experiments were conducted in triplicate. The results
were expressed as mean values + standard error of the
mean (SEM). Statistical analysis was performed using
GraphPad Prism 9 by one-way ANOVA with Tukey’s
post hoc test. For measurements, P < 0.05 was consid-
ered statistically significant. Omics analysis was con-
ducted using the tools included in the MetaboAnalyst 6.0
software program, which can be accessed at http://www.
metaboanalyst.ca.

Results
Identification of volatile compounds in PFO

GC-MS was performed to characterize volatile com-
pounds in PFO, and at least 34 volatile compounds were
identified. The peak numbers were recorded according
to the retention time and percentage of each compound
(Table 2). Perilla ketone (PK; 42.41%) was discovered
in maximum proportion, followed by caryophyllene
(9.51%), dehydroelsholtzia ketone (8.01%), elsholtzia
ketone (EK, 6.46%), and cis-a-bergamotene (6.18%).
Additionally, three compounds were present at >2% in
PFO, which were cis-bisabolene (3.18%), pentamethyl-
benzene (3.11%), and 3-methyl-2-prenyl furan (2.97%).
The discovered volatile compounds are the main source
of various biological activities of PFO (Ahmed, 2019;
Hou et al., 2022).
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Table 1. Sequence of primers for RT-PCR analysis.

Gene Forward primer sequence (5'—3’) Reverse primer sequence (5’ —3’)
p-actin GCCAACAGAGAGAAGATGACACAG CAGGAAGGAAGGCTGGAAGAG
TNF-o ACCAGGCCTTTTCTTCAGGT TTTGCCTCCGTAGGATTCAG

IL-6 GATGACAGTGAAGCTCTTGGACAC CCGATTCAGTCTGACCGGAGATTG
IL-1 TGGACTTCGCAGCACAAAATG GTTCACTTCACGCTCTTGGATG
Glula TACTGACGGACACCCCTTTG CAACCTGGAACTCCCACTGAG
Pyya ATGGCAATGATGAAGCTGTGG TCACCACATGTAGGTATCATC

pyya: peptide YYa.

Table 2. Volatile compounds identified in Perilla frutescens essential oil.

No. Compound RT (min) Concentration (%) Formula MW (g/mol)
1. D-Limonene 11.131 0.91 CioHie 136.23
2. 3-methyl-2-prenylfuran 13.215 297 C,H,0 150.22
3. 3,7-dimethyl-1,6-nonadien-3-ol 13.319 1.72 C,H,,0 168.28
4. 4-Isopropylbenzaldehyde 16.202 1.47 C,H,,0 148.20
5. Elsholtzia ketone 16.369 6.46 C,H..0, 166.22
6. 2,3-Dimethyl-5-(2,6,10-trimethylundecyl) furan 16.736 0.43 CyH, 0 292.50
7. Perilla ketone 18.200 42.41 C,H..0, 166.22
8. L-perillaldehyde 18.552 0.55 C,H.,0 150.22
9. Egomaketone 19.017 0.66 C,H:,0, 164.20
10. Dehydroelsholtzia ketone 19.301 8.01 C,H:,0, 164.20
1. (E)-methyl geranate 19.684 0.27 C,H:0, 182.26
12. 5-elemene 20.077 0.43 CisH,, 204.35
13. Copaene 21.083 0.41 CsH,, 204.35
14. (3-Bourbonene 21.326 0.39 CisH,, 204.35
15. f-Elemene 21.502 0.42 CisH,, 204.35
16. Caryophyllene 22.359 9.51 CisH,, 204.35
17. a-Humulene 23.104 1.16 CisH,, 204.35
18. Cyclosativene 23.659 0.31 CisH, 204.35
19. p-copaene 23.780 1.38 CisH,, 204.35
20. Cis-a-bergamotene 24110 6.18 CisH,, 204.35
21. a-Muurolene 24.155 0.44 CsH,, 204.35
22. a-Farnesene 24.362 0.90 CisH,, 204.35
23. (+)--cadinene 24.787 0.67 CisH,, 204.35
24. 1,6,7-Trimethylnaphthalene 25.662 0.31 (O 170.25
25. Spathulenol 26.104 0.36 C,H,,0 220.35
26. Caryophyllene oxide 26.257 1.00 C,sH,,0 220.35
27. Cis-bisabolene 26.514 3.18 CisH,, 204.35
28. 2,2',5,5'-Tetramethylbiphenyl 29.004 0.30 CieHis 210.31
29, 1,2,3,4-Tetrahydro-9-propylanthracene 30.448 0.30 C,;H,y 224.34
30. 4-methyl-2-prop-2-enyl-phenol 31.504 0.28 C,H,0 148.20
31. Pentamethylbenzene 35.446 3.11 C,H 148.25
32. Androst-5-ene-3,19-diol 3-acetate 35.758 0.31 C,H,,0, 33248
33. 2-Allyl-4-methylphenol 36.295 1.30 C,H:,0 148.20
34. 2-Furoic acid,2,6-dimethylnon-1-en-3-yn-5-yl ester 36.471 117 CleH00, 260.33
Total compounds 99.68

RT: retention time; MW: molecular weight.
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PFO demonstrates anti-inflammatory effect in zebrafish
tail fin amputation model

To evaluate the safety dose of PFO in zebrafish, we first
tested Tween-80 at a volume ratio of 0.02-0.06% to
obtain a concentration that was both safe and able to dis-
solve PFO. As shown in Figure 1A, for Tween-80 concen-
trations below 0.05%, the survival percentage of zebrafish
larvae within 96 h exceeded 80%. Therefore, we selected
0.03% Tween-80 to dissolve PFO. Subsequently, we con-
ducted tests for PFO at concentrations ranging from
0.3 to 3.0 pg/mL. The results, as depicted in Figure 1B,
demonstrated that these doses were deemed safe for
zebrafish larvae based on the observed survival rates.

In order to examine anti-inflammatory effect in vivo, we
performed tests utilizing three distinct concentrations
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of PFO, as outlined previously. In addition, we employed
glucocorticoid beclomethasone as a positive compound
at a concentration of 25 M (He et al., 2020). Our find-
ings indicated that PFO, at concentrations of 1.5 ug/mL
and above, effectively suppressed neutrophil migration
to the amputation site in zebrafish larvae, comparable to
the inhibitory impact of beclomethasone. Furthermore,
the inhibitory effect of PFO was directly proportional
to the dosage administered, as shown in Figure 1C. The
accumulation of neutrophils after trail fin amputation is
shown in Figure 1D.

In order to further examine the anti-inflammatory impact
of PFO in the tail fin amputation assay, we assessed mes-
senger RNA (mRNA) levels of three immune-related
genes using RT-PCR 4 h post-amputation in each exper-
imental group. Three of the examined genes encoded
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Effect of different treatments on neutrophil recruitment in the zebrafish tail fin amputation assay. Safety evaluation

results of (A) Tween-80 and (B) PFO. (C) The number of neutrophils at amputation site 4 h after amputation upon treatment with
beclomethasone (Beclo), Tween-80, and different concentrations of PFO. (D) The fluorescence microscopy images of wound-
induced migration of neutrophils, which merge with white light images, in combination with control, model, beclomethasone
(Beclo), and PFO treatments. ‘Model versus control, ****P < 0.0001; *treatment versus model, #P < 0.05, #P < 0.01, *#P < 0,001,

##P < 0,0001; ns: no significant difference.
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proinflammatory cytokines: TNF-a, IL-6, and IL-1f.
The findings indicated that concentration of 3.0 pg/mL
of PFO had the most effective regulatory impact on the
production of proinflammatory cytokines, as shown in
Figure 2. Consistent with the findings of bioactivity test,
PFO had a regulatory influence on the production of
proinflammatory cytokines that varied depending on the
dose. Both PFO and beclomethasone exhibited the most
pronounced modulation of TNF-«a and IL-1( expression
as compared to the model group. The presence of 0.5-ug/
mL PFO did not have any impact on the regulation of
IL-6 expression. Thus, we opted for a test dose of 3.0 pug/
mL for further omics studies. These results indicate that
PFO had a significant modulating effect on immune cells
and pro-inflammatory cytokines, which provided strong
evidence for the anti-inflammatory effects of PFO.

Revealing anti-inflammatory effect of Perilla frutescens essential oil

Transcriptomics analysis demonstrates that PFO
regulates the patterns of gene expression in zebrafish

Through transcriptomics analysis, we identified more
than 26,000 genes expressed differentially between the
control, model, and PFO treatment groups. Next, unsu-
pervised PCA was utilized to characterize differen-
tial profiling between these three groups. Figure 3A
displays PCA results; there was a significant separa-
tion, and the contribution degree of PC1 and PC2 was
60.7% and 34.76%, respectively. Using a threshold of
|log2FoldChange| > 0.585 and P < 0.05, we identified
DEGs between these groups. As shown in Figures 3B and
3C, we performed a comparison of the differential gene
expression between the model and control groups as
well as between the PFO and model groups. The model
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Figure 2. PFO regulates gene expression related to inflammation. Expression levels of pro-inflammatory cytokines—
(A) TNF-cx, (B) IL-6, and (C) IL-1p—were quantified with RT-PCR. Expression was normalized by comparison with the housekeep-
ing gene B-actin. Bars represent mean values + SEM of three independent experiments (each with technical duplicates). **P < 0.01,
P < 0.001, ***P < 0.0001, compared with the control group. *P < 0.05, #P < 0.01, ##P < 0.0001, compared with the model group;

ns: no significant difference.
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Figure 3. Transcriptome demonstrates that PFO modifies the patterns of gene expression in zebrafish. (A) PCA score plot.
Blue, red, and green solid circles represent the control, model, and PFO groups, respectively. (B and C) Statistical analysis of
the number of DEGs in model versus control and PFO versus model groups. (D) Veen diagram of model versus control group,
and PFO versus model group. (E) Heat map of 53 DEGs altered in the control, model, and PFO treatment groups. (F) Chord
diagram of model versus control group. (G) Chord diagram of PFO versus model group.
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group showed differential expression of 68 genes, com-
pared to the control group. Out of these genes, 33 exhib-
ited increased (up-regulated) expression levels and 35
showed decreased (down-regulated) expression levels.
Nevertheless, when comparing the PFO group and the
model group, a grand total of 1,193 genes exhibited dif-
ferential expression across the two groups. A total of 752
genes were found to be up-regulated whereas 441 genes
were down-regulated. Subsequently, a Venn diagram was
employed to graphically illustrate the outcomes of com-
parative analysis of DEGs across the two major cohorts:
the model group compared to the control group, and
the PFO group compared to the model group. Based on
Figure 3D, 53 same DEGs were identified in two distinct
cohorts, which were selected for subsequent studies.

A heatmap was used to visually depict regulatory patterns
in 53 DEGs between the three groups, as shown in Figure
3E. To investigate the functional properties of these
DEGs, a GO analysis was conducted. The study utilized a
significance threshold of P < 0.05. The chord diagram pro-
vided a visual representation of the similarities and differ-
ences in gene function and regulatory patterns between
two main groups: the model and control groups (Figure
3F) as well as the PFO and model groups (Figure 3G).
Although the fundamental activities were identical in
both groups, the model group showed significant alter-
ations in the expression of a few genes, either down-regu-
lated or down-regulated, compared to the control group.
However, in comparison to the model group, a significant
number of genes exhibited up-regulation following PFO
treatment, indicating interference with inflammatory
response. In addition, we focused on the significant regu-
latory effects of PFO on two DEGs: hspb9 and hspbl1. As
key members of the heat shock protein family, both these
DEGs had crucial roles in regulating the body’s immune
process (Bakthisaran et al., 2015; Liu et al., 2022), which
was further illustrated by our results.

Metabolomics analysis demonstrates that PFO regulates
the patterns of metabolites in zebrafish

In order to thoroughly investigate the impact of PFO on
metabolic levels, we conducted a comprehensive study
of metabolites in the control, model, and PFO groups
using a non-targeted metabolomics approach. A score
plot (Figure 4A) was used to depict PCA pattern. Three
unique groups were observed, indicating that treatment
for PFO resulted in considerable differences in the metab-
olomics profiles of zebrafish. PC1 accounted for 62.5% of
variance, while PC2 accounted for 19% variance. Using
the criterion of VIP > 1.0 and P < 0.05, we conducted
screening and comparison of differentially expressed
metabolites (DEMs) between groups. As shown in
Figures 4B and 4C, we conducted a comparison of the

Revealing anti-inflammatory effect of Perilla frutescens essential oil

number of DEMs between model and control groups as
well as between PFO and model groups. In comparison
to the control group, the model group exhibited regula-
tion of 1,444 DEMs, with 75 up-regulated metabolites
and 1,369 down-regulated metabolites. In the compari-
son between PFO and model groups, 1,217 DEMs were
identified. Among these, 1,051 metabolites were up-regu-
lated and 166 were down-regulated. Based on Figure 4D,
1,064 metabolites were screened, which were found to be
common in two major cohorts. These metabolites were
selected for further investigation. Next, a heatmap was
generated to visually represent the findings of the com-
parative study of DEMs among three groups (Figure 4E).
Evidently, the findings indicated that the administration
of PFO treatment inclined to regulate parts of metabo-
lites in a manner similar to the control group.

Combined multi-omics analysis reveals potential
anti-inflammatory mechanism of PFO

In order to explore data from transcriptomics and
metabolomics, we enriched the KEGG pathway through
DEGs and DEMs screened by model versus control and
PFO versus model in transcriptomics and metabolomics,
respectively. The common KEGG pathway was identified
by finding the intersection of analysis results from four
pathways. A significant quantity of genes and metab-
olites in these pathways were acquired using reverse
enrichment utilizing the same pathway function. These
enriched genes and metabolites were compared with
53 DEGs and 1,064 DEMs, as shown in Table 3. When
they are the same, they are the key DEGs and DEMs, and
the pathway that could be compared with them could be
defined as the key pathway.

Subsequently, we constructed a linked network com-
prising two key DEGs, 20 key DEMs, and four key path-
ways (Figure 5A). On the left, three key pathways were
connected to more than half of the 20 key DEMs while
connecting to one of the key DEGs. A big cluster of bio-
markers responding to genes and metabolites was asso-
ciated with amino acid and carbohydrate metabolism,
which was primarily illustrated by key pathways, alanine,
aspartate, and glutamate metabolism, arginine biosynthe-
sis, and glyoxylate and dicarboxylate metabolism. On the
right, only one key pathway, named neuroactive ligand—
receptor interaction, which was critical and connected to
the other half of the core DEMs and another of the key
DEGs. Like a bridge, acetylaspartylglutamate (NAAG),
glycine, succinate, pyruvate, and fumaric acid connect
two key pathways at the same time, and it was evident
that they played a crucial role in PFO regulating inflam-
matory response. Furthermore, aspartate and glutamine
simultaneously intersected three crucial routes, which
was readily apparent and important for deep exploration.
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Figure 4. Metabolomics demonstrates that PFO modifies the patterns of metabolites in zebrafish. (A) PCA score plot. Blue,
red, and green solid circles represent the control, model, and PFO groups, respectively. (B and C) Statistical analysis of the
number of DEMs in model versus control and PFO versus model. (D) Veen diagram of DEMs between model versus control
and PFO versus model. (E) Heatmap of 1,064 DEMs altered by control, model, and PFO treatment groups. DEMs: differentially

expressed metabolites.

The alteration of these key DEMs at metabolic levels are
shown in Figures 5B—5V. Heatmaps were performed to
illustrate differences between three groups in the regula-
tory trends of key DEMs on metabolic level (Figure 5B).
There were 16 DEGs that showed significant down-regu-
lation, as illustrated in Figures 5C—5R. Some examples of
these DEGs are pyruvate, adenosine, NAAG, and cis-ac-
onitic acid. In addition, the up-regulation of taurine, ace-
tylcholine, glycine, and aspartate was observed, as shown
in Figures 55-5V.

For two main DEGs, as shown in the network diagram
(Figure 5A), glula was connected to three core pathways
whose encoded proteins were directly related to the key
DEM, glutamine, while the presence of pyya was signifi-
cantly associated with neuroregulation. In addition, pyya
was usually concerned with endocrine systems, and glula
was predominantly expressed in astrocyte precursors
and astrocytes in zebrafish brain. For further investiga-
tion into their role in the regulation of inflammation by
PFO, we used RT-PCR to detect the expression levels
of two genes in different groups, as shown in Figure 6.
The expression level of glula and pyya were significantly
affected by different concentrations of PFO. Both glula
and pyya regulated inflammatory responses by reducing

their expression levels. These results suggested that the
regulatory impact of PFO on zebrafish inflammation
model was directly associated with glula and pyya at the
basal level.

Discussion
Effects on inflammatory markers

Perilla frutescens (L.) Britt, a traditional Chinese med-
icine, has a long history of treating various ailments.
Chinese Pharmacopoeia records that it can be used to
treat cold, cough, nausea, and vomiting as well as fish and
crab poisoning. Based on the content of main volatile oil
in Perilla frutescens, the plants are categorized into mono-
terpene (MT) and phenylpropylene (PP) types (Wu et al.,
2023). The MT-type plants are composed of seven sub-
types, such as perillaldehyde (PA), PK, citral (C; a mixture
of neral and geranial), perillen (PL), piperitenone (PT),
shisofuran (SF), and elsholtzia ketone. Owing to the high
percentage of PK (42.41%), the PFO utilized in the exper-
iment was categorized as the PK sub-type. Therefore, our
assessment and investigation of its anti-inflammatory
properties were restricted to this specific sub-category. In
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Table 3. Significantly changed genes, metabolites, and pathways revealed by transcriptomics and metabolomics analyses.

Pathway Transcriptomics Metabolomics
Model vs PFO vs Model Model vs Control PFO vs Model
Control
Arginine biosynthesis  glulat glula| Aspartate| Citrulline| Aspartate? Citrulline?
glud1at glud1bt Fumaric acid| Glutamine| Fumaric acidt Glutaminet
got2at gpt2It Glutamate Alpha-KG|
got1t N-Acetylglutamic acid
Argininosuccinic acid|
Alanine, aspartate glulat glula| Asparagine Aspartate | Asparaginet Aspartatet
and glutamate adssl11 agxtat Adenylsuccinic acid| Adenylsuccinic acidt
metabolism agxtbt glud1bt Fumaric-acid| Glutamine| Fumaric acidt Glutaminet
glud1at got1t NAAG| Pyruvate| NAAG1? Pyruvatet
got2at gpt2It Succinate| Alpha-KG| Succinatet
Argininosuccinic acid],
Alanine] GABA|
Glutamate |
Glyoxylate and glulat glula] cis-Aconitic acidt cis-Aconitic acid?
dicarboxylate acat1t aco2t Glutamine| Glycine| Glutamine? Glycinet
metabolism agxtat agxtb? Mesaconic acid| Mesaconic acid?
catp cst Pyruvate| Succinate| Pyruvatet Succinatet
gcshbt grhprbt alpha-KGJ Glutamate
hao11
Neuroactive ligand- pyyat pyyal adcyap1b| UTP? Acetylcholinet  ADP?{
receptor interaction calcal cckal Acetylcholine|  ADP] Adenosinet Aspartatet
crhb| glrbb| Adenosine| Aspartate | Dopaminet Epinephrinet
gnrh2| NPY | Epinephrine Glycine| Glycinet NAAG?
pth1al sst1.1] NAAG| PGD2| PGD2t PGE21
sst3| tac1] PGE2| Taurine| PGI2t Taurine?
tac3al tac3bl UDP| Glutamate GABA?T UDP1?
vipl agtt beta-Alanine|
c3a. 11 21 Leukotriene D4
gh1t insl5at
kng1t plgt
prss59.21  tryt
tspot vipb?

‘1": upregulating in model or PFO group, compared to the control or model group; ‘| ’: downregulating in the model or PFO group, compared to the
control or model group. Terms in bold are significantly changed in both comparison groups: model vs control and PFO vs model.

GABA: 4-aminobutyric acid; NAAG: N-acetylaspartylglutamate; NPY: neuropeptide Y; PGD2: prostaglandin D2; PGE2: prostaglandin E2; pyya:

peptide YYa; UDP: uridine 5-diphosphate; UTP: uridine 5'-triphosphate.

recent years, according to modern biological and phar-
macological research on Perilla frutescens, this medicinal
and edible plant exhibits a variety of biological activities,
which are meticulously assessed using cell models. The
anti-inflammatory activity of PK-type monoterpenoid via
inhibiting inflammatory mediator and pro-inflammatory
cytokines (TNF-a, IL-1f, and IL-6) in lipopolysaccharide-
stimulated RAW?264.7 cells (Zi et al., 2021), the outcomes

of this investigation supported our in vivo findings. In
addition, PFO effectively controlled neuro-inflammatory
responses by lowering the plasma levels of IL-1, IL-6, and
TNF-a in a mice model (Hou et al., 2022). Moreover, it
demonstrated efficacy in reducing reflux oesophagitis in
a mice model (Hou et al., 2022). The results of these stud-
ies on inflammation in mammals also corroborated our
findings.
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Figure 5. Analysis results of combined omics. (A) Interaction network of core pathway with key genes and metabolites.
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compared with the model group. DEGs: differentially expressed genes.
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significant difference.
Role of DEMs and DEGs

Moreover, the combined application of zebrafish model
and multi-omics technology provided more possibilities
for in-depth analysis of the mechanism of phytomedi-
cine in many disease models (Liu et al., 2024; Wang et al.,
2024). In this study, transcriptomics and metabonomics
helped us to screen out two DEGs and 20 DEMs to under-
stand the anti-inflammatory mechanism of PFO in zebraf-
ish model. As a key DEG, peptide YYa (pyya) is a member
of the neuropeptide Y family (NPY), which is expressed
in the brain of zebrafish, particularly in the hypothalamus
and pituitary (Larhammar and Bergqvist, 2013).

NPY and its receptors have a crucial role in controlling sig-
nificant biological and pathological processes, including
blood pressure, neuroendocrine secretion, seizures, neu-
ronal excitability, and neuroplasticity (Chandrasekharan
et al., 2013). Furthermore, the protein encoded by glula
belongs to the glutamine synthetase family. It catalyzes
the synthesis of glutamine from glutamate and ammo-
nia in an ATP-dependent reaction. Glutamine is a potent
anti-inflammatory agent and can reduce both systemic
and gut elaboration of proinflammatory cytokines (de
Oliveira et al., 2016). Our investigation revealed that both
pyya and glula exhibited down-regulation following PFO
administration, effectively suppressing inflammation.
These data clearly indicate the likely mechanism of PFO’s
anti-inflammatory impact in zebrafish.

These key DEMs are reported to participate in the
modulation of particular inflammation-related mole-
cules or mediators (NAAG, pyruvate, glutamin, PGE2,
etc), oxidative stress (succinate and PGD2), growth

and development of zebrafish (especially in relation to
angiogenesis, glycine, and PGE2) and had a crucial role
in neuroactive protective effect (asparagine, acetylcho-
line, epinephrine, fumatic acid, etc) (Zheng, 2009). Prior
studies noted the importance and different functions of
these DEMs related to inflammatory responses in the
zebrafish tail fin model. For example, PGE2 facilitated the
clearance of neutrophils by promoting reverse migration.
Moreover, elevation of the lactate pathway following tis-
sue amputation involved the conversion of pyruvate to
lactate, while a deficiency in calcium-dependent citrul-
lination resulted in impaired resolution of inflammation
and regeneration (Golenberg et al., 2020; Scott et al.,
2022).

Additionally, a study conducted on mice models investi-
gated the effects of administering inhibitors of enzymes
that deactivated NAAG on the reduction of responses
to inflammatory pain (Adedoyin et al., 2010). In another
study, glutamine was found to ameliorate lipopolysac-
charide-induced acute lung injury in mice by mediating
the toll-like receptor—mitogen-activated protein kinase
(TLR4/MAPK) signaling pathway (Huang et al., 2021).

The aforementioned metabolites had a pivotal role in
inflammatory response and exhibited a considerable
down-regulation in metabolomics results. Furthermore,
half of the 20 DEMs are either neurotransmitters or have
a direct connection to them. In this study, epinephrine,
glutamine, adenosine, adenosine 5-diphosphate (ADP),
and fumaric acid affected inflammation by regulating
trends of the control group, and acetylcholine, aspar-
agine, glycine, and taurine affect inflammation by sig-
nificantly decreased expression level, compared to the
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model group. This finding broadly supports the work of
other studies in this area, linking neurotransmitters with
inflammation (Nguyen et al., 2024a; Soares et al., 2022;
Wu et al., 2019). PFO reverted the regulation tendency of
these metabolites by significantly creating huge opportu-
nities for further research.

Metabolic pathways

In this research, arginine biosynthesis, alanine, aspartate,
and glutamate metabolism, glyoxylate and dicarboxylate
metabolism, and neuroactive ligand—receptor interaction
are the most important pathways enriched by core DEGs
and DEMs. Multiple studies have demonstrated the sig-
nificant involvement of arginine biosynthesis and alanine,
aspartate, and glutamate metabolism in the body’s inflam-
matory and immunological responses (Miyajima, 2020;
Zaccherini et al., 2021; Zhang et al., 2022). For instance, it
was discovered that arginine was identified as a pivotal reg-
ulator of body’s immune response; its availability, synthe-
sis, and catabolism are intricately interconnected elements
of immune responses, and their fine-tuning can determine
varying pro-inflammatory or anti-inflammatory outcomes
(Marti i Lindez and Reith, 2021). Our results confirmed
that PFO interferes with inflammation by regulating
amino acid metabolism, carbohydrate metabolism as well
as neuroactive ligand—receptor interaction. Nguyen et al.
employed network pharmacology methods to forecast the
KEGG pathways associated with the therapeutic effects of
PFO on nervous system disorders (Nguyen et al., 2024a).
The authors also identified neuroactive ligand—receptor
interaction as a potentially significant target of essential
oil. This discovery reinforced our findings and strongly
suggested that PFO regulated inflammation by modulat-
ing the neuroactive ligand—receptor interaction pathway.
This indicated that future research could concentrate on
investigating the correlation between nervous system reg-
ulation and inflammation in the tail fin of zebrafish. These
investigations could delve further into the neural and
inflammatory mechanisms that interact during the heal-
ing of tail fin tissue.

Broader perspectives

Our experiment was straightforward and visually
revealed the anti-inflammatory activity of PFO, which
relied on the zebrafish embryos having the ability to effi-
ciently absorb small molecules quickly. The combination
of complicated gene editing and live high-resolution
imaging in zebrafish models allowed for the study and
documentation of developmental progress and illnesses
with unparalleled molecular precision and resolution
(Huang et al., 2018). The development and widespread
use of zebrafish models provide improved prospects for

evaluating the biological efficacy of natural products and
their key active components (Lin et al., 2022). In addi-
tion, by using the zebrafish model, the safety and bio-
activity of many essential oils are evaluated extensively,
such as developmental toxicity (da Silva et al., 2023),
anxiolytic properties (Batista et al., 2024; Silveira et al.,
2022), and impact on angiogenesis (Elsayed et al., 2020).
For studying the essential oil’s anti-inflammatory effects,
the researchers found that Artemisia vulgaris essential oil
could enhance the gut’s immunological function by con-
trolling oxidative stress by using a zebrafish IBD model
(Meng et al., 2022). Moreover, several studies employed
an adult zebrafish model of induced inflammation to
evaluate the anti-inflammatory properties of essential
oils (Pereira et al., 2024). In our study, by using the tail fin
amputation model in larval zebrafish, we discovered that
the anti-inflammatory effects of PFO were directly linked
to the regulation of neutrophils. The zebrafish model is
characterized by its rapid and efficient nature, making it a
valuable tool for evaluating the anti-inflammatory activ-
ity of PFO and complements other animal models. In the
future, for different categories and subtypes of Perilla,
zebrafish models could be used to study the difference in
biological activity caused by differences in its main essen-
tial oil components to explore further the potential appli-
cation value of PFO in anti-inflammatory drug.

Conclusions

In this research, we revealed that PFO exhibits robust
anti-inflammatory properties by effectively suppressing
aggregation of neutrophils and lowering the expression of
pro-inflammatory genes. Furthermore, we observed a cor-
relation between the anti-inflammatory effect of PFO and
the regulation of neural activity by using the combination
of transcriptomics and metabolomics. These findings indi-
cate that PFO regulates inflammation by modulating the
neuroactive ligand—receptor interaction pathway, advanc-
ing our understanding of essential oil-mediated molecu-
lar mechanisms of inflammation, paving the way for novel
natural therapeutics. However, the limited relevance of
zebrafish model to human inflammatory responses neces-
sitates validation in more intricate systems. Assessing the
anti-inflammatory properties of PFO would enhance our
comprehension and advancement of the medicinal and
practical benefits of Perilla frutescens. Future research on
PFO should continue with multi-omics studies to explore
additional metabolic pathways and validation in mamma-
lian models to assess clinical potential.
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Appendix

GC-MS detection conditions: For gas chromatogra-
phy (GC), the initial oven temperature was set to 45°C
and held for 2 min. Next, the temperature was gradually
increased to 280°C at a rate of 5°C per minute, and was
maintained at 280°C for additional 10 min. Helium car-
rier gas flowed through the system at a linear velocity of
2.2 mL/min. For mass spectrometry, the mass-to-charge
range was set to 40—-500 m/z, and the ion source tem-
perature to 230°C.

2. RNA sequencing (RNA-Seq) assay detection con-
ditions: After treatment using the same method as
described above, 10 whole zebrafish larvae were collected
in a 1.5-mL centrifuge tube; each group had three tubes.
Water was removed and each tube was put into liquid
nitrogen and transferred to -80°C refrigerator. Total RNA
was isolated from larval zebrafish with Trizol reagent
(Thermo Fisher Scientific). NanoDrop 2000 (Thermo
Fisher Scientific) and Bioanalyzer 2100 system (Agilent
Technologies Inc.) were performed to assess the concen-
tration and integrity of isolated RNA, respectively. After
adding fragmentation buffer, mRNA was fragmented
and ¢cDNA was synthesized under the guidelines from
Ilumina (USA). Next, for qualified libraries, PCR was
used to construct final cDNA libraries, and paired-end
technology was used for next-generation sequencing
(NGS) using Illumina sequencer with a read length of
2x150 base pairs long (bp). Each group contained three
biological replicates.

3. Metabolomics detection conditions: In each group,
10 whole zebrafish larvae were collected and pooled fol-
lowed by quick-freezing in liquid nitrogen. The zebraf-
ish larvae were homogenized with a homogenizer after
adding 400-uL methanol and 125-uL water. The samples
were subjected to vortex for 1 min and shaking for 5 min
at room temperature after addition of 400-puL chloroform
and 200-uL water. Samples were centrifuged at 12,000

Revealing anti-inflammatory effect of Perilla frutescens essential oil

revolutions per minute (rpm) for 10 min at 4°C, and the
supernatant was used for metabolomics analysis. Each
group contained three biological replicates.

Subsequently, Agilent 1290 Infinity ultra performance
liquid chromatography (UPLC; Agilent Technologies
Inc.) and Agilent 6540 UHD Accurate-Mass Q-TOF mass
spectrometer (Agilent Technologies Inc.) were used to
separate and identify the extracts, respectively. Acquity
UPLC HSS T3 column (2.1x100 mm, 1.8 pm; Waters,
USA) was equipped with UPLC whereas an electrospray
ionization interface was equipped with mass spectrome-
try. Detection conditions were as follows: for UPLC, the
column oven was maintained at 40°C with 0.3-mL/min
flow rate, and injection 2 pL into column. The mobile
phase consisted of (A) acetonitrile and (B) 0.2% formic
acid in water, which were applied for the following gra-
dient elution program: 95-80% A, 0—2 min; 80—40% A,
2-5 min; 40-1% A, 5-6 min; 1% A, 6-7.5 min; 1-95%
A, 7.5-7.6 min; and 95% A, 7.6—10 min. For mass spec-
trometry, the mass-to-charge range was set to 50—1,000
m/z, scanned at 2 spectra/s. Desolvation was done with
nitrogen at 320°C at a flow of 10 L/min.

Table A1. Additional details about RT-PCR.

Gene Product length  Annealing References
(bp) temperature

B-actin 110 60°C (Hedrera et al., 2013)
TNF-a 182 60°C (He et al., 2020)
IL-6 119 60°C (He et al., 2020)
IL-1B 150 60°C (Hedrera et al., 2013)
glula 197 60°C (Gong et al., 2020)
pyya 291 60°C (Gong et al., 2020)

pyya: peptide YYa;
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