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Rosemary (Rosmarinus officinalis L) is a medicinal and edible plant. Rosemary essential oil (REO) is the principal
constituent of rosemary and possesses anti-inflammatory and antioxidant properties. In this study, we evaluated
the cell viability and anti-inflammatory activity of REO through the MTT assay and LPS-induced NO production
in mouse RAW264.7 cells, respectively. The optimal formulation for the preparation of REO- microemulsion
(REO-ME) was determined employing reversed-phase emulsification in conjunction with pseudo-triphasic dia-
grams. Transcriptomics, combined with network pharmacology, was employed to identify key signaling path-
ways, and molecular docking analysis was performed to investigate the relationship between the active
ingredients of REO-ME and the key targets. The results showed that REO-ME is an O/W type ME. In addition,
further pharmacodynamic experiments showed that REO-ME inhibits the expression of inflammatory factors
such as IL-6, IL-1B, and TNF-a by regulating the key targets in the IL-17 signaling pathway, thereby to alleviating
UcC.

1. Introduction et al., 2023). Currently, the primary therapeutic options for patients
with mild to moderate UC encompass glucocorticoids, 5-aminosalicylic

Ulcerative colitis (UC) is a distinct colonic mucosal disorder, repre- acid, immunosuppressants, and corticosteroids. However, the utilization

senting one facet of inflammatory bowel disease (IBD), with clinical
manifestations of abdominal pain, diarrhea, and blood in the stool (Zhu
et al., 2021). It is characterized by its propensity for recurrence, pro-
longed disease duration, and challenges in achieving remission (Wang
et al., 2021a). In recent years, there has been a gradual escalation in the
prevalence and incidence of UC, imposing a substantial burden on global
healthcare systems and economies (Wu, 2022). The pathogenesis of UC
is complex, involving factors such as genetic predisposition, epithelial
barrier disruptions, dysregulated immune responses, neutrophil infil-
tration, and pro-inflammatory cytokines (Ordas et al., 2012; Shalaby

of these medications is associated with a range of challenging side ef-
fects, such as susceptibility to relapse, hypertension, and cardiac com-
plications (Zhang et al., 2022b). In cases of intractable diseases or colon
tumors, etc., the removal of the colon is necessary for treatment, which
can effectively alleviate the pain of the patients; however, it significantly
impairs their quality of life (Caprilli et al., 2007; Noviello et al., 2021;
Ordas et al., 2012). Therefore, the limitations of existing drugs and the
shortcomings of surgery underscore the pressing need to explore novel
approaches for UC treatment.

Interleukin (IL)-17 is a marker inflammatory factor associated with
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Th17 cells that promotes the release of inflammatory factors Inflam-
mation is inextricably linked to the development of UC (Fletcher et al.,
2020; Ma et al., 2017; Wei et al., 2014). IL-17A has been implicated in
the pathogenesis of inflammatory diseases and mediates inflammation
by inducing neutrophils and chemokines (Wang et al., 2024a).
Furthermore, IL-6 and IL-1 assume significant roles in inflammation by
regulating immune responses and inflammatory processes (Li et al.,
2022). Some drugs have been shown to exert therapeutic effects by
inhibiting key targets of the IL-17 signaling pathway (Gao et al., 2022).
Therefore, inhibiting the expression inflammatory factors associated
with IL-17 signaling may represent an effective approach for treating
UC.

Rosemary (Rosmarinus officinalis L.) is an aromatic plant belonging to
the Labiatae family and exhibits a distinctive fragrance. It is native to
temperate countries of the Mediterranean region and is presently
cultivated worldwide (Grace et al., 2021; Li et al., 2023). As a medicinal
plant (Yan et al., 2022), rosemary is safe and non-toxic and has gained
extensive utilization in the food industry as a food preservative and a
flavoring agent for beverages (Romo Vaquero et al., 2012). In traditional
medicine, rosemary has been employed to alleviate headaches, inflam-
mation, and stomach pain (Fareed et al., 2023). Brindisi et al. found that
rosemary extract exerts its anti-inflammatory effects by inhibiting the
translocation of nuclear factor (NF)-kB to the nucleus (Brindisi et al.,
2020). Rosemary essential oil (REO) represents the volatile substance of
rosemary and possesses anti-inflammatory, analgesic, and antioxidant
properties (Pelvan et al., 2022). Several studies have elucidated its anti-
inflammatory potential. Oral administration of REO in rats has been
shown to treat peritonitis and paw edema induced by carrageenan gum
by reducing the extent of leukocyte migration and inflammatory exudate
(Takaki et al., 2008). Eucalyptol and a-pinene, the primary components
of REO, can regulate the inflammatory response by inhibiting the
expression of IL-1f and NF-kB. Medicherla et al. (2016) found that REO
treats UC by downregulating the expression of IL-6. However, the
components and mechanisms underlying its therapeutic effects remain
to be elucidated.

Essential oils, being natural extracts, find application in many fields.
However, their bioactivity is susceptible to degradation upon exposure
to light and they are also irritating and allergenic (Jampilek & Kralova,
2022), significantly restricting their utility. Microemulsions (ME), novel
drug carriers, a thermodynamically stabilized system consisting of
aqueous and oil phases along with emulsifiers and co-emulsifiers in
appropriate proportions (Moghassemi et al., 2022), are characterized by
their low viscosity, ease of preparation, small droplet size, high solubi-
lity, and favorable stability. ME have been found to enhance the utili-
zation of essential oils, improve the solubility and stability of drugs, and
are widely used in pharmaceuticals, cosmetics, food, and other fields
(Ding et al., 2009; Shi et al., 2022). Currently, microemulsion-based
drug delivery systems are a promising therapy for the treatment of in-
testinal inflammatory diseases (Vitoria Minzoni de Souza lacia et al.,
2024). Therefore, we investigated the mechanism of action on UC by
formulating REO into a Rosemary Essential Oil Microemulsion (REO-
ME).

RNA sequencing (RNA-seq) is a high-throughput DNA assay that
enables the investigation of gene function and structure at a holistic
level (Wang et al., 2021b). It is employed for differential gene expression
analysis (Wang et al., 2024b). Weighted gene co-expression network
analysis (WGCNA) is an analytical method based on RNA-seq analysis,
clustering genes with similar expression patterns, elucidating associa-
tions between modules, specific genes, and traits, and assessing gene
expression across multiple samples. It is now widely used to gain bio-
logical insights into multiple diseases and conduct association analyses
between traits and genes (Zhang et al., 2022a). Network pharmacology
leverages computer software technology and network databases to
predict drug-disease target interactions, constructing relationship
network diagrams that unveil drug-disease associations involving mul-
tiple targets and pathways at various levels (Hao et al., 2021).
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Nevertheless, Network Pharmacology soely analyzes the relationship
between a drug and a disease, neglecting the impact of drug components
on the outcome. This oversight can lead to predictions of mechanisms
that may differ from reality. In this study, oral bioavailability (OB) and
the relative content of each REO component were employed as key pa-
rameters. Additionally, the novel algorithm “weighting factor” algo-
rithm (Wang et al., 2023) was employed to reanalyze Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) date to
identify key signaling pathways, and enhance the reliability of the ob-
tained results.

In this study, was aimed to formulate a ME containing REO (REO-
ME) and investigate its mechanism of action upon oral administration in
a dextran sodium sulfate (DSS)-induced UC murine model. Initially, the
anti-inflammatory effects of REO were analyzed in conjunction with in
vitro experiment. Subsequently, the optimal ME formulation was
determined using pseudo-ternary phase diagrams. The therapeutic effi-
cacy of REO-ME was evaluated through animal experiments, while po-
tential signaling pathways of action were elucidated using network
pharmacology. To further validate the therapeutic potential of REO-ME
for UC, we conducted transcriptome sequencing, enzyme-linked
immunosorbent assay (ELISA), WGCNA, immunohistochemistry, and
western blot (WB). Our findings provide novel research avenues for the
treatment of UC using REO-ME.

2. Materials and methods
2.1. Experimental materials

An MTT kit was obtained from Shanghai Yuchun Biotechnology Co.,
Ltd.; while a nitric oxide (NO) kit was sourced from Nanjing Jiancheng
Bioengineering Institute (Catalog No. A012-2-1). IL-17, IL-6, TNF-a, and
IL-1p kits were procured from Jiangsu Meimian Industrial Co., Ltd.

2.2. Extraction and compositional analysis of REO

Rosemary (R. officinalis L.) was purchased from Yuzhou Senmao
Rosemary Biotechnology Co. Fresh herbs were cultivated in Yuzhou
City, Henan Province (33°59-34°24' N, 113°03-113°39 'E) (Li et al.,
2012). Subsequently, the herbs were dried post-harvest for subsequent
experimentation. Prof. Hu Benxiang of Shaanxi University of Chinese
Medicine authenticated the rosemary herb. REO was extracted through
water vapor distillation. Initially, 100 g of dried rosemary was placed in
a round-bottomed flask containing 1200 mL of distilled water and
refluxed for 2 h to obtain REO (Akhbari et al., 2018; Li et al., 2024). The
obtained REO was dehydrated with anhydrous sodium sulfate, and its
composition was determined using GC-MS. The chromatographic con-
ditions included the following: an Agilent HP-5MS column (30 m x 250
pm x 0.25 pm), high-purity helium as the carrier gas, an inlet temper-
ature of 270 °C, an injection volume of 1.5 pL, and a flow rate of 1 mL/
min with a split ratio of 30:1. The column temperature was initially set
at 50 °C and was then increased to 71 °C at a rate of 3 °C/min, and
further increased to 91 °C at 20 °C/min, reaching 140 °C at 3 °C/min,
and finally maintained at 250 °C at 20 °C/min for 1 min. Mass spec-
trometry conditions were as follows: the electron impact (EI) ion source
temperature of 230 °C, the MS quadrupole temperature of 150 °C, a
solvent delay time of 2 min, and a mass scanning mode of full scanning
within a range of 30-550 amu.

2.3. Characterization of REO chemical composition

REO data were processed using DataAnalysis and analyzed against a
standard solution of n-alkanes (C8-C40). The retention index (RI) of the
components were calculated using Equation (1), Subsequently, the re-
sults were employed in conjunction with the NIST Standards Library to
ascertain the composition of the REO.
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RI = 100n + 100(tg (x) — tr(w) | /ta(w + 1) — tr(w) @

In Equation (1), “n” represents the number of carbon atoms in n-
alkane hydrogens preceding the peak of REO, “tg (x)” denotes the
retention time of REO, “tg (w)” signifies the retention time of n-alkane
hydrogens preceding the REO peak, and “tg (w + 1)” represents the
retention time of n-alkane hydrogens following the REO peak. Addi-
tionally, it was considered that tg (W) < tg (X) < tg (w + 1).

2.4. Invitro experiments

2.4.1. Cell culture

RAW264.7 cells were purchased from Wuhan Pu Nosai Technology
Co. and cultured in Dulbecco’-s Modified Eagle’-s Medium (DMEM)
supplemented with 10 % fetal bovine serum and 1 % pen-
icillin-streptomycin. These cells were incubated in a 5 % CO; atmo-
sphere at 37 °C.

2.4.2. Determination of cell viability via MTT assay

Cell viability was determined using the MTT assay. RAW264.7 cells
(100 pL of cell suspension) were seeded in 96-well plates and incubated
at 37 °C for 24 h. For the MTT assay, cells were exposed to various
concentrations of REO and REO-ME (0.5, 1.0, and 2.0 ug/mL) for 24 h.
Control ME was used as a negative control and administered according
to the concentration of REO-ME. Subsequently, 10 pL of MTT solution
was added to each well, followed by further incubation at 37 °C for 4 h.
After incubation, the supernatant was removed, and 110 uL of formazan
lysis solution was added, with agitation for 10 min. The optical density
(OD) value was then measured at 490 nm to calculate cell viability and
determine the optimal concentration of REO and REO-ME. The calcu-
lation formula used was as follows:

Cellviability = (ODXs — ODx)/(ODXc — ODXg) x 100% 2

In Equation. (2), “ODXs” “denotes the OD value of the measuring
wells;” “ODX” “denotes the OD value of the blank well; and” “ODxc”
“denotes the OD values of the control wells”.

2.4.3. Effect of REO on the levels of NO released by LPS stimulated
RAW264.7 cells

NO, a vascular endothelial diastolic factor, is a highly reactive free
radical in biological systems and plays a pivotal role in inflammatory
responses (Ma et al, 2010). In this study, we assessed the anti-
inflammatory potential of REO by using a model of LPS-induced
cellular inflammation. A 100 pL aliquot of cellular suspension (2 x
105/mL) was dispensed into each well of 96-well plates, followed by
overnight incubation at 37 °C in a 5 % CO-, incubator. Subsequently, 90
uL of REO at various concentrations (0.5, 0.7 and 0.9 pg/mL), deter-
mined through the MTT assay for cell viability, were added to each well.
After a 4 h incubation period, an LPS solution (1.0 pg/mL) (Park et al.,
2022) was introduced into each well, and the cells were incubated
overnight to establish an inflammation model. Absorbance values were
measured at 550 nm following the instructions provided with the NO kit.

The following formula was used for the calculation:

NOcontent(pumol/L) = As — Ax /Ap —Ax X Cp x N 3)

In Equation. (3), “As” “denotes the OD value of assay wells;” “Ag”
“represents the OD value of blank wells;” “Ag” “denotes the OD value of
standard wells;” “Cy” “denotes the concentration of the standard (20
umol/L); and “N” denotes four-fold dilution.

2.5. Preparation of REO-ME

2.5.1. Screening for optimal REO-ME preparation

In this experiment, we constructed pseudo-ternary phase diagrams
by titrating water to determine the prescription of REO-ME (Seok et al.,
2018), using 5 g. of prescription. REO-ME was prepared by mixing the
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isopropyl myristate (IPM) and REO at a 1:1 ratio as the oil phase, fol-
lowed by the addition of surfactant and co-surfactant at varying mass
ratios (9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9). The quantity of
aqueous phase added during the preparation process was recorded, and
the mass percentages for the oil phase, aqueous phase, surfactant, and
co-surfactant in the system were calculated. The optimal ratios of sur-
factant, co-surfactant, and oil phase, as well as temperature and
surfactant/co-surfactant (KM) values, were ascertained.

2.5.2. Characterization of REO-ME

REO-ME was contained in a bottle, and its clarity and flowability
were observed. A copper mesh, which contained a Formvar support film,
was positioned on the sealing film. Approximately 10 uL of REO-ME was
then added dropwise on to the carbon film, allowing it to hold for 20 s,
following which any excess sample was carefully removed using filter
paper. Phosphotungstic acid (20 mg/mL) was prepared, with the pH was
adjusted to approximately 7 using NaOH. This solution was subse-
quently filtered through a 0.22 pm organic filtration membrane before
being added dropwise onto the copper mesh. Each application of the
staining solution was allowed to discolor for 20 s, with this procedure
repeated three times. Any excess staining solution was absorbed using
filter paper, and the sample was then dried. Thereafter, the morphology
of the sample was observed using a lanthanum hexaboride projection
electron microscope (Nihon Electronics JEM-2100Plus). Two separate
REO-ME samples of equal volumes were mixed with two dyes: Sudan III,
which is oil-soluble, and methylene blue, which is water-soluble. Ac-
cording to the principle of similarity and dissolution, when the rate of
red diffusion exceeded that of blue, the emulsion was classified as W/O;
conversely, when the rate of blue diffusion exceeded that of red, it was
categorized as O/W. Furthermore, 1 mL of REO-ME was diluted with
pure water, and subsequently, the particle size and Zeta potential were
measured using a particle size meter (ZEN3600, Malvern Instruments
Ltd.).

2.6. Comparison of REO and REO-ME pharmacodynamics

2.6.1. Animal grouping and the establishment of an UC model

Forty Specific pathogen-free (SPF) BALB/c male mice were pur-
chased from Chengdu Dashuo Laboratory Animal Co. Ltd. in China
(Animal License: SYXK [Chuan] 2019-189). All study procedures
adhered to the guidelines set forth by the Ethics Committee of Shaanxi
University of Chinese Medicine (Ethics No.: SUCMDC20210520001).
Following a 7-day feeding acclimatization period, the mice were
randomly divided into control, model, positive drug, REO, and REO-ME
groups. Except for the control group, all other groups were free to drink
a 3 % dextran sodium sulfate (DSS) solution for modeling purposes.
Administration of REO (250 mg/kg), REO-ME (250 mg/kg) calculated
from the amount of REO in the REO-ME, and the positive drug (mesa-
lazine) commenced on the second day of modeling and continued for 10
consecutive days. During the experimental period, the mice were
assessed using disease activity index (DAI) scores, which involved
monitoring changes in body weight, fecal characteristics, and the pres-
ence of blood in stool. The DAI was calculated as (changes in body
weight + fecal characteristics + blood in stool)/3 (Wang et al., 2021c).

2.6.2. Sample collection

Blood was obtained from the eyes of mice 4 h after administration.
The blood samples were subsequently centrifuged, and the resultant
supernatant was collected and stored by freezing. After euthanasia,
mouse Colon were collected. The colons were then purged in saline, and
then fixed, and preserved using 4 % paraformaldehyde.

2.6.3. Hematoxylin-eosin (HE) staining of colon tissue

Colon tissues from each group were fixed in 4 % paraformaldehyde.
Subsequently, residual fixative and impurities were removed through
rinsing with flowing water. The tissues were then dehydrated using an
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ethanol gradient method, followed by xylene transparency treatment,
wax embedding, sectioning, deparaffinization, and staining. photo-
graphing under the microscope for colon pathology assessment.

2.6.4. Determination of TNF-a and IL-6 expression in mouse serum by
ELISA

According to the ELISA kit instructions, the absorbance values of
each well were measured at a wavelength of 450 nm. Subsequently, a
standard curve was constructed, and the concentrations of the inflam-
matory factors TNF-a and IL-6 in serum were calculated.

2.7. Network pharmacology

2.7.1. Construction of a “REO component-UC-key target” network map

PubChem (https://pubchem.ncbi.nlm.nih.gov/) and SwissTarget
Prediction (https://www.swisstargetprediction.ch) databases were
employed to predict targets associated with REO components. The search
term “ulcerative colitis” was used to retrieve disease targets from Dis-
GeNET (https://www.disgenet.org), Genecards (https://www.genecards.
org), and OMIM (https://omim.org). The Gene Expression Omnibus
(GEO) database was selected as the data source, with the GSE87466
dataset chosen for our study. Differential genes were identified using the
limma package in R (Lu et al., 2021) (https://bioconductor.org/packag
es/release/bioc/ht-ml/limma.html), applying criteria set at |log FC| > 1
and p < 0.05. The online software Venny 2.1.0 (https://bioinfogp.cnb.csic
.es/tools/venny/index.html) was used to identify the intersecting genes
among GEO differential genes, UC, and REO components. These inter-
secting genes were imported into Cytoscape 3.7.2 software and analyzed
using the network analyzer tool, sorted by degree value. GO and KEGG
enrichment analysis of the intersecting targets was performed using the R
language and the enrichment results were reordered by introducing
weight coefficients.

2.7.2. Determination of weighting factors

Traditional network pharmacology often overlooks the relative
content of each component, thereby impacting experimental outcomes.
Weighting coefficients play a crucial role in elucidating the significance
of active ingredients and their relative proportions in experiments. OB
serves as a pivotal parameter in drug metabolism in the body. The
methodology employed in this study aligns with that established in a
prior laboratory work (Wang et al., 2021c). The OB value of a constit-
uent was associated with its respective weighting factor, as follows:

W = m x b(OB) ©)]
T=Y " Wi 5)
r=SN"Ti (6)

i=1

In Equation (4), “W” denotes the weight coefficient assigned to each
component, “m” signifies the relative content of individual components,
and “b(OB)” represents the OB of these components, reflecting their
proportions within the body following oral administration. As shown in
Equation (5), where “T” denotes the weight coefficient of the target.
Equation (6) then introduces “P” as the weight coefficient of the
pathway.

2.8. Molecular docking

Utilizing the enriched targets in the pathway, the 3D structures of the
heat shock proteins HSP90AA1, IKBKB, and RELA target proteins were
downloaded in pdb format from the RSCB PDB, while the 2D structures
of the components and characterized ligands were downloaded in sdf
format from the PubChem database. Subsequently, molecular docking
was performed using the LibDock tool within the Discovery Studio 4.0
software.
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2.9. REO-ME pharmacodynamics

2.9.1. Experimental animals

To further evaluate the pharmacodynamics of REO-ME, we pur-
chased 60 male SPF BALB/c mice from Chengdu Dashuo Laboratory
Animal Co. in China. Following a 7-day acclimatization period, we
randomly divided the mice into six groups: the control group, the model
group, the positive drug group (mesalazine), and the REO-ME groups
receiving low-dose (125 mg/kg), medium-dose (250 mg/kg), and high-
dose (500 mg/kg) treatments (Takaki et al., 2008). Except for the con-
trol group, all other groups were induced with a 3 % DSS solution ad
libitum for the purpose of modeling, and drug administration
commenced on the second day of modeling, continuing for 10 consec-
utive days. The DAI scores were determined for each mouse. All animal
experiments conducted were approved by the Ethics Committee of
Shaanxi University of Chinese Medicine. Following the final adminis-
tration, blood samples were collected from the eyeballs of mice in each
group, centrifuged, and the resulting serum was stored at —80 °C.
Subsequently, after euthanasia, the colon was dissected and with saline.
Subsequently, its length was measured, recorded, and divided into two
segments for future use.

2.9.2. ELISA for assessment of inflammatory factors in mouse serum

The levels of inflammatory factors TNF-a, IL-6, IL-17, and IL-1p in
mouse serum were performed according to the ELISA kit instructions,
and the absorbance values of each well were measured at 450 nm.

2.10. Mouse RNA-seq analysis

Total RNA was extracted from the colon using Trizol lysate, followed
by mRNA enrichment and reverse transcription into double-stranded
cDNA. Subsequently, the double ends of the cDNA, along with the
joints, were repaired, and an online library was constructed through
PCR amplification. The library construction and sequencing processes
were conducted by Jidiao Biotech Ltd. The RNA-seq data were subjected
to bioinformatic analysis using Omicsmart (https://www.omicsmart.
com), a real-time interactive online data analysis platform. Screening
criteria for GO and KEGG pathway enrichment analysis included a sig-
nificance level of p < 0.05 and a fold change of log|2FC| > 1.

2.11. WGCNA

A scale-free network was constructed using the R-package WGCNA,
employing soft thresholding to identify modules with distinct expression
patterns. The soft threshold function was utilized to calculate power
parameters. A dynamic cutting method was employed for the identifi-
cation of co-expression gene modules, and gene dendrograms were
generated through hierarchical clustering based on the dissimilarity of
the topological overlap matrix. Finally, genes displaying similar
expression profiles were clustered into the network graph.

2.12. Assessment of protein expression of IL-17 and p-IKKa in colon
tissues via immunohistochemistry

Paraffin sections of colon tissues fixed with 4 % paraformaldehyde
weresubjected to antigenic repair, followed by blocking with 10 % goat
serum for 1 h. The primary antibody was applied and incubated over-
night at 4 °C. Subsequently, the sections were incubated with a sec-
ondary antibody for 60 min, followed by dropwise staining with DAB
solution and subsequent hematoxylin re-staining. The sections were
dehydrated and sealed for microscopic examination (Liu et al., 2023).

2.13. WB analysis of IL-17A, p-P65 inflammatory factors in colon tissues

The colon tissue was incorporated into the prepared tissue lysate and
kept on ice for mixing. Subsequently, it was centrifuged at 13,000 rpm
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for 10 min at 4 °C, and the supernatant was collected. Sample proteins
were separated through sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) before being transferred onto a poly-
vinylidene fluoride (PVDF) membrane. This membrane was subse-
quently blocked with 5 % skimmed milk powder for 1 h, followed by
overnight incubation with primary antibodies (IL-17A, P65, p-P65,
p-actin) at 4 °C. The following day, the membrane was washed with a
Tris-buffered saline Tween (TBST) solution and incubated with the
secondary antibody for 1 h. Afterward, the membrane was washed three
times with a TBST solution, followed by the preparation of an electro-
chemiluminescence (ECL) luminescent solution. Finally, protein bands
on the membrane were visualized using a chemical imaging system
(Duan et al., 2024).

2.14. Statistical analysis

GraphPad Prism 8.0 software was employed for the analysis of
experimental data. Results were expressed as mean + standard devia-
tion, and the differences between the two groups were assessed using a
one-way ANOVA. A threshold of p < 0.05 indicated statistical
significance.

3. Results
3.1. Compositional results of REO

The REO components were analyzed through GC-MS, yielding the
ion mass spectra depicted in Fig. S1 (A). The obtained results were

subsequently cross-referenced with NIST14. Employing RI calculations
for each n-alkane, in combination with relevant literature, we identified

G w0000
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a total of 19 distinct REO components. Their respective structures are
illustrated in Fig. S1(B-T), and with detailed information provide in
Table S1.

3.2. REO-ME results

3.2.1. Preparation of REO-ME

The ME was prepared by combining the oil phase, water phase,
surfactant, and co-surfactant in certain ratios. The larger area of the ME
region in the lower left corner of the pseudo-ternary phase diagram
indicates greater stability. These results are shown in Fig. 1 (A-E),
illustrating the influence of five factors (surfactant, co-surfactant, tem-
perature, KM, auxiliary oils) on the formation of REO-ME. Experimental
data showed that the most extensive ME area was achieved when
employing Tween-80 as the surfactant, anhydrous ethanol as the co-
surfactant. isopropyl myristate (IPM) with REO (1:1) as the oil phase
(REO accounted for 1.75 % of the REO-ME system), a 2:1 ratio of KM,
and a preparation temperature of 25 °C.

3.2.2. Characterization of REO-ME

REO-ME exhibited clarity, and transparency, with a particle size of
14.14 £+ 0.49 nm, and a polydispersity index was 0.082 + 0.02, as
shown in Fig. 1(F). The Zeta potential value was —5.013 + 0.684 mV, as
shown in Fig. 1(G). As shown in Fig. 1(H), transmission electron mi-
croscopy revealed spherical emulsion droplets with a neat shape and
uniform distribution, with the size of the particles in accordance with
the requirements. Additionally, the selection of Tween-80 prevented the
coalescence of oil droplets (Shi et al., 2022). The diffusion rate of water-
soluble methylene blue in the ME surpassed that of Sudan III. confirming
that the prepared ME was of the O/W type, as shown in Fig. 1(L).

F Size Distribution by Intensity

Intensity (Percent)
-
=)

01 1 10 100 1000 10000
Size (d.nm)
Zeta Potential Distribution

BO00D0 T ++«+0swiviis omoisianm vaisiobismns swnisms woisasois os

200000

Total Counts

100000

0+

-100 0 100 200
Apparent Zeta Potential (mV)

Fig. 1. REO-ME characterization. (A) Surfactants: a, castor oil polyoxyethylene ether (EL-40); b, polyoxyethylene hydrogenated castor oil (RH-40); ¢, Tween-80; d,
Tween-20. (B) Co-surfactants: a, 1,2 propylene glycol; b, polyethylene glycol-400 (PEG-400); ¢, anhydrous ethanol; d, glycerine. (C) Temperatures: a, 25 °C; b, 30 °C;
¢, 40 °C; d, 50 °C. (D) KM: a, 1:1; b, 2:1; ¢, 3:1; d, 4:1. (E) Oil phase: a, IPM; b, isopropyl hexadecanoate (IPP); c, oleic acid. The ME areas formed by the four
surfactants were Sgy.49 = 0.00069, Sgy.40 = 0.00015, Stiyeen-80 = 0.00439, and Styeen-20 = 0.00044. The area of the regions formed by the four co-emulsifiers was S; -
propanedio = 0.000019, Spgg.400 = 0.000337, Sanhydrous ethanol = 0.000676, and Sgiycerine = 0.000613. The area of MEs formed by the four preparation temperatures was
stoc = 0.0042, Sgooc =0.0033, S40°C = 0.00408, and Ssooc = 0.0030. The KM values of the four types were S];] = 0.00025, Sz;] =0.00133, and 53;1 = 0.00089, S4;1
= 0.00093. The ME area formed by the three auxiliary oil was Sipp = 0.00083, Sipy = 0.0018, and Sjeic acia = 0.00075. (F) REO-ME particle size. (G) REO-ME Zeta
potential map. (H) REO-ME transmission electron microscopy map. (L) REO-ME type identification map.
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3.3. Effect of various REO concentrations on RAW264.7 cell viability

The efficacy and cell viability of the drug can be evaluated by
cytotoxicity. As a study of food function, the most important thing is to
investigate the safety of the research object (Liu et al., 2021b). In this
study, the toxicity of REO and REO-ME on RAW264.7 cells was evalu-
ated by MTT experiment, as shown in Fig. 2(A), cell viability exceeded
95 % at REO concentrations of 0.5-1.0 pg/mL. Therefore, these con-
centrations were employed for subsequent experiments. The survival
rate of REO-ME against RAW264.7 cells at 0.5-2.0 pg/mL was greater
than 95 %, as shown in Fig. S2(A). The control ME was used as a carrier,
indicating that cytotoxicity would not be induced, as shown in Fig. S2
(B). In this study, REO-ME was less cytotoxic than REO at the same
concentration.

3.4. Effect of various concentrations of REO on NO content in RAW264.7
cells

Measurement of NO content indicated that, compared to the control
group, the model group exhibited a significantly higher NO content.
Conversely, the administered group displayed a significantly lower NO
content compared to the model group, as shown in Fig. 2(B). These re-
sults indicate that REO could effectively reduce the expression of the
inflammatory factor NO.

3.5. Pharmacodynamic evaluation of REO and REO-ME

3.5.1. DAI score in mice

On the third day of the modeling process, mice began exhibiting
associated with UC. Feces became dilute, adhering to the anus, with the
appearance of blood in stools on the fourth day. Additionally, mice
displayed rough fur, weight loss, and decreased water intake. In the REO
and REO-ME groups, mice gradually began to regain weight from the
fifth day onward. The consistency of feces-stools gradually became
normal, occasionally showing traces of blood. The DAI scores for each
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group are shown in Fig. 2(C), indicating the efficacy of both REO and
REO-ME in alleviating UC in mice, with REO-ME group exhibiting su-
perior therapeutic effect compared to the REO group.

3.5.2. Serum IL-6 and TNF-a concentrations

To investigate the therapeutic effects of REO and REO-ME on UC, we
assessed the concentration of IL-6 and TNF-a in the serum of mice.
Compared to the control group, the model group exhibited a significant
increase in both IL-6 and TNF-a concentrations. Conversely, the REO
and REO-ME groups demonstrated a significant decrease in IL-6 and
TNF-a concentration compared to the model group, as illustrated in
Fig. 2(D, E). These experimental results showed that both REO and REO-
ME could reduce the expression of the inflammatory factors, with a more
significant effect observed in the REO-ME group.

3.5.3. HE staining results

The HE staining results for each group of mice are presented in Fig. 1
(F). In the control group, the colonic tissue exhibited a generally normal
structure, with well-organized cells in the mucosal layer and an abun-
dance of cup-shaped cells interspersed among the epithelial cells.
Conversely, the model group displayed disrupted colon tissue structure,
characterized by inflammatory cell infiltration in the mucosal layer,
along with mucosal congestion and edema. In contrast, the drug-
administered group exhibited a more orderly arrangement of colon
mucosal layer cells, along with the presence of cup-shaped cells between
epithelial cells. These observations indicated that both REO and REO-
ME could treat UC in mice.

3.6. Network pharmacology results

3.6.1. Identification of key targets

A total of 397 REO targets were obtained from the Swiss Target-
Prediction database, while 5,548 targets associated with UC were ob-
tained from the DisGeNET, Genecards, and OMIM databases.
Additionally, we identified 1,524 differentially expressed genes from the
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Fig. 2. (A) MTT assay results. (B) NO concentrations. ###p < 0.001vs control, *p < 0.05, **p < 0.01, ***p < 0.001vs model. (C) DAI scores in mice. (D, E) TNF-q, IL-
6 ELISA results (n = 6). ##p < 0.01, ###p < 0.001 vs control group, *P < 0.05, **P < 0.01, ***p < 0.001 vs model group. (F) HE staining of mouse colons (yellow
arrowheads indicate cup-shaped cells, and red arrows indicate inflammatory cell infiltration). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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GEO dataset, with upregulated genes highlighted in red and down-
regulated genes in highlighted green in Fig. 3(E). Subsequently, a total
of 40 genes were found to overlap among the REO components, disease-
related targets, and GEO data, as shown in Fig. 3(B). These 40 key tar-
gets were imported into Cytoscape 3.7.2 for visualization, as presented
in Fig. 3(F), and the targets with the highest degree values included IL-6,
TNF, PTPRC, STAT3, chemokine ligand 8 (CXCL8), and PTGS2, among
others.

3.6.2. Biological pathway enrichment analysis

The R software was utilized to conduct enrichment analyses on the
set of 40 target proteins. Subsequently, alterations in the outcomes of
both GO and KEGG analyses were observed upon the incorporation of
weights. Specifically, the analysis yielded 790 entries for biological
processes (BP), 6 entries or cellular components (CC), 44 entries for
molecular functions (MF), and a total of 76 KEGG pathways. Among the
top three BP entries, the initial classifications of “neuroinflammatory
response”, “regulation of inflammatory response”, and “microglia
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activation” were replaced with “lipolysis”, “steroid metabolism”, and
“fatty acid metabolism”, respectively. In terms of KEGG pathways, the
initial top three pathways, “hepatitis B”, “coronavirus-COVID-19”, and
“IL-17 signaling pathway”, were replaced with “IL-17 signaling
pathway”, “nitrogen metabolism”, and “PPAR signaling pathway”,
respectively. The IL-17 signaling pathway ascended from the third po-
sition to the first, underscoring its significance (Fig. 3[H]).

3.7. Molecular docking

The components of three targets in the IL-17 signaling pathway,
namely HSP90AA1, IKBKB, RELA, and REO, were selected for molecular
docking studies using the characterized ligands geldanamycin, tamox-
ifen, and fostamatinib in the LibDock module of Discovery Studio. The
results showed relatively high binding affinity between HSP90AA1 and
L-a-terpineol, IKBKB and a-pinene, and RELA and eucalyptol. These
results indicate that L- alpha -terpineol, alpha -pinene, and eucalyptol
are key components of REO, showing potential for the treatment of UC.
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Fig. 3. Network pharmacology diagrams. (A) REO component-UC-key target network diagram. (B) REO target-UC target-GEO differential gene Venn diagram. (C, D)
GO-BP and KEGG pathway enrichment analysis results prior to sorting. (E) A volcano plot of differential genes. (F) Visualization of key target PPL (G, H). Results of
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The corresponding results are shown in Fig. 3(I-O), and detailed docking
scores can be found in Table S2.

3.8. REO-ME pharmacodynamic analysis results

3.8.1. Changes in DAI score and colon length in mice

The control group of mice remained in a normal state, exhibiting no
discernible changes in their diet, water consumption, or body weight. In
contrast, starting from the second day, mice in the model group began to
display weight loss, loose feces, diarrhea, and blood in their stool on the
fourth day. These symptoms persisted until the end of the experiment.
However, mice in the administered group receiving treatment exhibited
varying degrees of symptom reduction and a significant decrease in DAI
scores, as shown in Fig. 4(A). The colon length of mice in each group is
presented in Fig. 4(B). Compared to those in the control group, mice in
the model group had shorter colons, while mice in the administered
group demonstrated longer colons than those in the model group. These
results suggest that REO-ME has the potential to alleviate DSS-induced
UcC.

3.8.2. Serum concentrations of TNF-a, IL-6, IL-17, and IL-1§ in mice

The results of ELISA are shown in Fig. 4(C). Concentrations of TNF-a,
IL-6, IL-17, and IL-1§ were significantly higher in the model group
compared to those in the control group. Moreover, the serum concen-
trations of TNF-a, IL-6, IL-17, and IL-1$ were significantly decreased in
the REO-ME groups compared to those in the model group. These results
suggest that REO-ME reduces inflammatory factor expression in the
serum.

3.9. Transcriptome sequencing analysis

Leveraging pharmacodynamic data, we analyzed the mechanism of
action in treating REO-ME in treating UC across the control, model, and
REO-ME high-dose groups. Using a threshold of P < 0.05 and |log2FC| >
1 as the criteria for judgment, we identified a total of 3,268 genes that
exhibited significant differential expression. Among these, 1,581 genes
were upregulated and 1,687 were downregulated. The sample clustering
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is illustrated in Fig. 5(A), and the differential gene expression between
the control and model groups is illustrated in a volcano plot in Fig. 5(B).
GO analysis of differential genes revealed enrichment in 22 BP, 7 MF,
and 14 CC, as shown in Fig. 5(C). KEGG analysis of REO-ME regulation
showed that the genes were enriched in a total of 337 pathways, pri-
marily in the TNF and IL-17 signaling pathways, as shown in Fig. 5(E).

3.10. WGCNA results

A scale-free network was constructed with a soft threshold of eight.
Fig. 6(A) displays the R? fit index for the scale-free network across
various thresholds, with the blue and red horizontal lines representing
correlation coefficients of 0.8 and 0.9, respectively. In total, 19 gene
modules were identified in this network, as illustrated in Fig. 6(B).
Analysis revealed that the tan module contained the most genes, totaling
6,858, as shown in Fig. 6(C). In the correlation heatmap between the
modules (Fig. 6[D]), the darker colors of the squares, indicate stronger
correlations. Fig. 6(E) illustrates the relationship between traits and
modules, with red indicating positive correlations and green indicating
negative correlations. Additionally, Fig. 6(F) presents the correlation
heatmap between the modules and individual genes, with darke colors
at each point signifying stronger correlations. Subsequently, KEGG
enrichment analysis was performed on the tan module, which exhibited
the highest number of genes. The results are shown in Fig. 6(H), where
in the IL-17 signaling pathway ranked high, securing the sixth position.
This indicates that the IL-17 signaling pathway may be a key pathway
involved in the therapeutic effect of REO-ME in UC.

3.11. Immunohistochemical results

The immunohistochemical results are presented in Fig. 7(A-C).
Compared to the control group, the model group exhibited significantly
elevated levels of the inflammatory factors p-IKKa and IL-17.
Conversely, compared to the model group, the high-dose REO-ME
group demonstrated a significant reduction in the expression of p-IKKa
and IL-17. These results suggest that REO-ME may effectively treat of UC
by modulating the expression of IKKa and IL-17 in colonic tissues.
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Fig. 4. Pharmacodynamic results of REO-ME. (A) DAI scores of REO-ME for UC. (B) Mouse ELISA results from left to right for TNF-a, IL-6, IL-17, and IL-1. (C)
Immunohistochemistry results. “P < 0.05, #*#P < 0.01, #*#P < 0.001vs control group, *P < 0.05, **P < 0.01, ***P < 0.001vs model group.
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3.12. REO-ME modulates the expression of key proteins on the IL-17 group compared to the control group. Compared with the model group,
pathway the protein expressions of IL-17 and p-P65 in the colon of mice in the
REO-ME groups was significantly decreased.
As shown in Fig. 7(D), WB analysis demonstrated a significant in-
crease in the protein expression levels of IL-17 and p-P65 in the model
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Fig. 7. (A) Immunohistochemical results. (B, C) Statistical analysis of p-Ikka and IL-17A, (D) WB results of IL-17A/p-actin, p-P65/P65 levels. (E, F) The expression
levels of IL-17A, p-P65, P65, and p-actin. *#P<0.01, *##P < 0.001vs control group, *P < 0.05, **P < 0.01, ***P < 0.001vs model group.

4. Discussion

The treatment of RAW264.7 cells with LPS is widely employed in
inflammation studies (Xiang et al., 2015). In this study, utilizing the
MTT assay, we observed that cell viability exceeded 95 % at REO con-
centrations of 0.5-1.0 pg/mL. Subsequently, we induced cellular
inflammation using LPS and found that REO effectively inhibited the
expression of the inflammatory cytokine NO. The area of the ME region
by depicted in the pseudo-ternary phase diagram indicates stability and
the capacity to load essential oils. These results, revealed that the
optimal formulation of REO-ME involves a combination of Tween-80,
anhydrous ethanol, IPM: REO (1:1), and water at 25 °C in a certain
ratio. Tween-80, a widely employed surfactant in food and industrial
applications, exhibits minimal irritation and hemolysis. According to the
literature, anhydrous ethanol is primarily used as a co-surfactant in the
preparation of microemulsions (Chen et al., 2013; Liang et al., 2020) and
are inexpensive, hydrophilic, safe and non-toxic, and are currently used
in multiple fields (Li et al., 2019). IPM has low irritation and low toxicity
(Shi et al., 2022) and is used in the preparation of microemulsions
(Karadag et al., 2022). Zeta potential measures the stability of micro-
emulsions and characterizes the surface charge of the emulsion. It has
been found that the zeta value changes under different conditions,
which affects the stability of microemulsions. In this paper, the zeta
value was —5.013 + 0.684 mV, which is consistent with the character-
ization results of curcumin nanoemulsions (Sari et al., 2015). REO is
unstable and volatile. As shown in Fig. S3 (A-B), the release rate of REO
was 1.91 % when REO-ME was placed at 25 °C for 24 h. Based on the
experimental results, it was hypothesized that the sealed storage of REO-
ME at 4 °C might improve its stability (Yan et al., 2023).

The DSS-induced UC model is a common animal model. In this study,
we found improvements in fecal blood and an increase in body in mice
treated with REO-ME and REO. The experimental results showed a more
significant reduction in the serum concentration of the inflammatory
factors IL-6 and TNF-« in REO-ME-treated mice compared to REO. This
may be attributed to the excellent drug dispersion, bioavailability, and
stability of the ME, potentially mitigating issues associated with the

10

volatility and limited oral absorption of essential oils (Kim et al., 2017
Zeng et al., 2010). To delve deeper into the mechanistic action of REO-
ME in the DSS-induced UC model in mice, we assessed mouse colon
length, performed immunohistochemical analysis of IKKa and IL-17
expression in the colon, and ascertained the levels of the inflammatory
factors TNF-a, IL-6, IL-17, and IL-1p in the serum, with assessment of the
protein expression of IL-17A in colon tissue as validation criteria. The
experimental results showed a significant reduction in the expression of
inflammation-related proteins and the concentration of serum inflam-
matory factors in the colon of mice following administration of REO-ME.
Therefore, we posit that the treatment of UC with REO-ME is associated
with the regulation of the expression of p-IKKa, IL-6, IL-17, IL-1p, and p-
P65.

Network pharmacology, in conjunction with GEO, revealed 40 key
targets, which were subsequently ranked based on their degree values.
The top-ranking targets encompassed IL-6, TNF, PTPRC, STAT3, CXCLS,
and PTGS2, among others. IL-6 and TNF are recognized as pro-
inflammatory factors associated with UC (Zhang & Shi, 2020).
Although IL-6 can aid the host resisting acute environmental stress,
prolonged IL-6 expression leads to a range of inflammatory responses
(Pinci et al., 2020; Rose-John, 2012; Tanaka & Kishimoto, 2012). TNF, a
central mediator of inflammation, exerts a pro-inflammatory influence,
and inhibiting TNF effectively prevents the development of colitis
(Bejeshk et al., 2022; Pinci et al., 2020). In addition, CXCLS8, released in
response to IL-1 has been implicated in the development of inflamma-
tion (Wei et al., 2018). These findings suggest a close association be-
tween these targets and the therapeutic potential of REO-ME in UC.
Subsequently, we reevaluated the KEGG enrichment results by incor-
porating OB values. This reordering placed the IL-17 signaling pathway
the forefront, previously ranked third. In addition, utilizing tran-
scriptome sequencing to analyze differential genes, and KEGG pathway
analysis of the most gene-enriched tan module revealed that most of the
enriched pathways were associated with inflammation, with the IL-17
signaling pathway being a prominent component among these path-
ways. Based on the integrated approach of network pharmacology and
transcriptome analysis, we postulate that the IL-17 signaling pathway
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may play a pivotal role in the mechanism of REO-ME in the treatment of
UC.

To further explore the role of the active ingredient in REO-ME in the
IL-17 signaling pathway, we conducted additional validation through
molecular docking. The docking scores revealed superior binding af-
finities of HSP9OAA1, IKBKB, RELA, and the active ingredients, along
with their characterized ligands. The results provided further evidence
that L-alpha-terpineol, alpha-pinene, and eucalyptol were the key active
components of REO-ME for managing UC. L-alpha-terpineol is a natural
epoxide monoterpene with recognized anti-inflammatory and antioxi-
dant properties. It exerts its inhibitory effects on UC by modulating NF-
kB, TNF-o, among others, thereby inhibiting the release of pro-
inflammatory cytokines. RELA is a member of the NF-xB family, and
NF-xB/RELA overactivation has been implicated in IBD (Yin et al.,
2023). Therefore, we postulate that the active ingredients in REO-ME
mitigate UC by modulating key targets of the IL-17 signaling pathway.

IL-17 represents a class of inflammatory factors produced by the
Th17. Receptor IL-17R, which consists of five related proteins, namely
IL-17R (A-E). Among them, IL-17RA and IL-17RC bind to IL-17A and IL-
17F, orchestrating cellular responses (Levin, 2009). Upon binding to
their respective receptors, IL-17 activates the NF-xB cascade, leading to
the release of the pro-inflammatory factors IL-6, TNF-a, and IL-1f,
thereby promoting inflammation (Geremia & Jewell, 2012; Zhou et al.,
2021). NF-kB activating factor 1 (Actl) serves as a crucial intermediary
connecting the IL-17 signaling pathway with TNF-related factor 6
(TRAF6). Additionally, HSP90 interacts with Actl to facilitate down-
stream IL-17 signaling. A decrease in Actl activity inhibits the NF-xB
pathway downstream of the IL-17 signaling cascade, resulting in
diminished inflammation (Swaidani et al., 2019; Wu et al., 2014).
Studies have shown that TRAF6 binds to the TAK1 complex, subse-
quently activating the IKK complex, which in turn leads to NF-«xB acti-
vation and the regulation of the inflammatory factors TNF-a and IL-6.
Therefore, this study proposes that REO-ME treats UC by targeting
HSP90AA1 through its constituent L-alpha-terpineol. This action
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disrupts the interaction between Actl and TRAF6, consequently inhib-
iting the activation of the IKK complex. Simultaneously, alpha-pinene
acts on IKKB, inhibiting its phosphorylation. When IKKB is down-
regulated, in conjunction with the effect of eucalyptole on the target
RELA, the activation of NF-kB is suppressed. This regulation influences
the expression of downstream the inflammatory factors such as TNF-a,
and IL-6, et, thereby inhibiting the IL-17 signaling pathway and yielding
a therapeutic effect on UC (Liu et al., 2021a). This mechanism is illus-
trated in Fig. 8.

In summary, this study introduced weighting coefficients for both the
OB and ingredient content, utilizing traditional network pharmacology
principles to model the compositional changes of drugs in vivo. This
approach enhances the objectivity and accuracy of experimental out-
comes. Therefore, we hypothesize that the mechanism underlying the
therapeutic action of REO-ME in treating UC may involve the effects of
L-alpha-terpineol, alpha-pinene, and eucalyptole on the targets
HSP90AA1, IKBKB, and RELA, thereby inhibiting the expression of pro-
inflammatory factors such as TNF-a, IL-17, IL-6, and IL-1f in the IL-17
signaling pathway. This Indicates that REO-ME therapy for UC oper-
ates through a multi-component, multi-target, and multi-pathway.
Nonetheless, our study exhibits many shortcomings. The consistent
anti-inflammatory effect observed across REO components, as evidenced
the results of network pharmacology and molecular docking warrants
further investigation. Subsequent monomeric anti-inflammatory phar-
macodynamic studies should be conducted to validate the specific anti-
inflammatory effects of each REO component. In addition, we only
initially discussed the preparation method of REO-ME and did not study
the variation of the content of each component in REO-ME. The content
of anhydrous ethanol, a volatile component in REO-ME, should be
determined in future studies.

5. Conclusion

In this study, we investigated the therapeutic potential of REO-ME on
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Fig. 8. Diagram of the mechanism of action of REO-ME.
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DSS-induced US through combining network pharmacology, tran-
scriptomics technology and WGCNA. Through pharmacodynamic ex-
periments, we further elucidated the mechanism of action of REO-ME on
US. The results showed that L-alpha- terpineol, alpha-pinene and euca-
lyptol in REO-ME inhibited the release of inflammatory factors by
modulating the key targets within the IL-17 signaling pathway,
HSP90AAI1, IKBKB, and RELA, treating UC. Given the wide range of
applications of rosemary in our daily life, the preparation of rosemary
into oral microemulsions can be used to develop and utilize anti-
inflammatory effects of functional foods or nutritional supplements,
providing a new direction for the treatment of ulcerative colitis with
rosemary.
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