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Abstract

Hyperlipidemia, oxidative stress, and excessive inflammatory cytokine production are
risk factors for depression. The potential preventive effects of essential oils (EOs) such
as cumin and fennel EOs on depression may stem from their hypolipidemic, antioxidant,
and anti-inflammatory activities. This work aimed to investigate the effects of cumin
and fennel EO nanocapsules in a mouse model of depression caused by a high-fat diet
(HFD) and chronic mild stress (CMS) using both in silico and in vivo studies. The cumin
and fennel EOs were extracted, analyzed by GC-MS, and encapsulated in nano-form
using gum Arabic and maltodextrin as wall materials. The freeze-dried nanocapsules
were evaluated in HFD/CMS-treated mice. Molecular docking was used to examine the
significance of the oils’ compounds in blocking the active sites of hydroxymethylglutaryl-
CoA (HMG-CoA) and indoleamine 2,3-dioxygenase (IDO). According to the molecular
docking results, the interactions between EO components and HMG-CoA or IDO indicate
that these EOs may have hypercholesterolemic and antidepressive effects. Cumin and
fennel EO nanocapsules showed hypolipidemic, antioxidant, and anti-inflammatory effects
in vivo. This was demonstrated by the down-regulation of oxidants (ROS, MDA, and NO)
and inflammatory markers (TLR4, TNF-α, and IL-6) in the brain, changes in lipid profile
parameters, and the up-regulation of antioxidant enzymes (SOD, CAT, and GSH). The in
silico and in vivo outputs revealed the potential preventive impact of cumin and fennel EO
nanocapsules against depression-like states in the mouse model through the prevention of
dyslipidemia, neuroxidation, and neuroinflammation. More human studies are needed to
fully understand the antidepressive effects of cumin and fennel EO nanocapsules.

Keywords: nanoemulsions; nanoencapsulation; essential oils; Cuminum cyminum;
Foeniculum vulgare; depression

1. Introduction
The rising intake of high-fat fast foods, combined with rising social stress, could be

a risk factor for a variety of health issues, including depression, which in turn increases
the risk of diseases such as diabetes, heart disease, and stroke. High-fat diets (HFDs)
change tryptophan metabolism via the kynurenine pathway (KP), which may constitute
a connection between depression and inflammation. HFDs can raise pro-inflammatory
cytokines that trigger the KP’s first enzyme, indoleamine 2,3 dioxygenase (IDO), which
activates the KP and modifies the metabolism of tryptophan. Reduced serotonin can result
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from increased IDO activation, which depletes the mood-modulating neurotransmitter [1].
HFDs combined with chronic unpredictable mild stress (CUMS), which mimics social stress,
can promote depression and associated comorbidities by activating Toll-like receptors
4 (TLR4) in the gut and central nervous system, resulting in cytokine overproduction [2].
The blood–brain barrier (BBB) allows pro-inflammatory cytokines to enter or be produced in
the brain via active transport, “leaky” areas across the BBB and the afferent vagal pathway,
or activated monocytes, which can produce second messenger signals that cause glial cells
to overproduce cytokines. Cervellati et al. [3] report that unusually increased cytokine
levels affect neurotransmission, the HPA axis, hippocampal neurogenesis, and other brain
structures and functions. HFDs and the disturbance of lipid metabolism cause gut microbial
dysbiosis and a marked decrease in healthy gut microbial products [4]. Through the
microbiota–gut–brain axis, the dysbiosis of gut microbes influences the regulation of brain
function and the behavior of the central nervous system [5]. Additionally, depression may
arise as a result of oxidative stress brought on by an HFD and CUMS, which also increase
oxidant formation and disrupt the functions of antioxidant enzymes. Elevated reactive
oxygen species (ROS) and inflammatory biomarkers stimulate further oxidative stress
and neuroinflammation, ultimately resulting in cellular demise, perhaps contributing to
depression [6].

Essential oils (EOs) are recognized for their capacity to scavenge free radicals, which
contributes to their antioxidant action. This action motivates their application in the
treatment of numerous diseases, including cancer, neurological disorders, cardiovascular
disorders, and immune system disorders, as well as in food preservation [7]. Because
essential oils’ components can pass across the blood–brain barrier and interact with bio-
logical receptors linked to depression, they have long been used to treat the symptoms of
depression [8,9]. The cumin plant (Cuminum cyminum), a member of the Apiaceae family,
is an annual herbaceous plant [10]. The greenish-brown seeds of cumin are native to Iran,
Egypt, and the Mediterranean region [11]. The most significant chemical component of
cumin is its essential oil, which exhibits strong antioxidant activity and has high concen-
trations of phenol chemicals, primarily cuminaldehyde and para-cymene [12]. It has been
demonstrated that cumin EO has anti-inflammatory activity and that it inhibits the mRNA
expression of inflammatory factors such as interleukin (IL)-1β and IL-6 [13]. It was found
that cumin EO reduced blood lipids in pre-diabetic patients [14]. Haque and Ansari [15]
demonstrated that cumin-derived cuminaldehyde reduced cholesterol, triglycerides, and
high-density lipoprotein in the serum and liver of rats fed a high-fat diet, suggesting the
hypocholesterolemic effect of cumin EO. The fennel plant (Foeniculum vulgare), a member of
the Apiaceae (Umbelliferae) family, is used medicinally. Fennel essential oil also possesses
antioxidant and anti-inflammatory properties [16]. Numerous phytochemical studies on
the chemical constitution of fennel essential oil from various sources have revealed that
a-pinene, fenchone, anethole, and estragol are among its main constituents [17]. It was
discovered that fennel EO lowered cholesterol, triglycerides, and high-density lipoprotein
in the serum of rats fed a high-fat diet and may play a function in the modulation of the
central and autonomic nervous systems [18]. According to [19], fennel affects the central
nervous system by increasing the total neurotransmitter content, while its antioxidant
properties protect against stress and stress-related disorders [20].

Encapsulation effectively protects EO ingredients from chemical reactions and un-
favorable interactions with other food components; it improves their solubility, reduces
migration, and maintains bioactive stability during processing and storage. Furthermore,
encapsulation is thought to help manage the release of encapsulated chemicals, as well
as their bio-accessibility and bioavailability [21]. Nanoencapsulation has been shown to
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improve the properties of EOs in a variety of industrial processes. As a result, in this study,
nanoencapsulation was used to develop nanocapsules of cumin and fennel EOs.

Lipid reduction and alterations in oxidative and inflammatory markers may be impli-
cated in the antidepressant response. Therefore, it was postulated that the nanoencapsu-
lated forms of cumin and fennel EOs could prevent depression through their lipid-lowering,
antioxidant, and anti-inflammatory activities. The primary goal of this study was to assess
the effects of cumin and fennel EO nanocapsules on depression-like states in mice induced
by CUMS and a HFD. Characterizing these nanocapsules was the secondary goal.

2. Materials and Methods
2.1. Raw Materials and Chemicals

Cumin and fennel seeds were acquired at a local market (Haraz in Cairo, Egypt).
Arabic gum and maltodextrin were purchased from Loba Chemie in Mumbai, India. Sigma-
Aldrich supplied DPPH (1,1-diphenyl-2-picrylhydrazyl, Cat N: D9132-1G). The ingredients
used in preparing the animal diets were purchased from a local market in Egypt. Cholesterol
(≥99%, Cat N: C8667-25G) and ascorbic acid (Cat N: A92902-25G) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). ELISA kits were purchased from Sunlong Biotech
Co., Ltd. (Hangzhou, China). All chemicals and reagents used in this study were of high
analytical quality.

2.2. Methods
2.2.1. Essential Oil Preparation

The hydrodistillation technique, carried out using Clevenger apparatus, was used to
extract the EOs from cumin and fennel seeds. Water contaminants were eliminated from
the extracted EOs by passing the oil through anhydrous Na2SO4. The EOs were stored at
4 ◦C in a clean dark glass vial for further investigation.

2.2.2. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

The analysis was carried out using a gas chromatography system (Agilent 8890 GC
System, Santa Clara, CA, USA) connected to a mass spectrometer (Agilent 5977B GC/MSD)
and an HP-5MS fused silica capillary column (30 m, 0.25 mm i.d., and 0.25 mm film
thickness). The oven temperature was originally set to 50 ◦C, and scheduled to rise to 220 ◦C
at a rate of 5 ◦C/min, and then to 280 ◦C at a rate of 15 ◦C/min, before remaining at 280 ◦C
for 7 min. Helium was employed as the carrier gas, with a flow rate of 1.1 mL/minute. The
essential oil was diluted in diethyl ether (30 µL essential oil/mL diethyl ether), and 1 µL of
the solution was injected into the GC with a split ratio of 1:50. The injection temperature
was 230 ◦C. Mass spectra in the electron impact mode (EI) were obtained at 70 eV, with the
scan m/z ranging from 39 to 500 amu. The isolated peaks were found by cross-referencing
them with mass spectrum data from the National Institute of Standards and Technology’s
library (NIST 17).

2.2.3. In Silico Assays of the Potential Inhibition of Indoleamine 2,3-dioxygenase and
Hydroxymethylglutaryl-CoA
Molecular Docking

The 3D crystal structures [22] of the human indoleamine 2,3-dioxygenase (PDB: 6E45)
and hydroxymethylglutaryl-CoA [23] (PDB: 1DQ9) proteins were downloaded from the
RCSB Protein Data Bank database (https://www.rcsb.org/, accessed on 10 March 2024).
The IDO protein contains 4 chains (A, B, C and D) and the resolution equals 2.00 A. The
HMG-CoA protein contains 4 chains (A, B, C and D) and the resolution equals 2.80 A.
The PubChem database (https://pubchem.ncbi.nlm.nih.gov/ accessed on 10 March 2024)

https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
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was used to obtain the 3D chemical structures (SMILE code) of the bioactive molecules
cuminaldehyde (CID: 326), terpinen-7-al (CID: 526762), and trans-anethole (CID: 637563),
as well as indoximod (as IDO inhibitor, CID:) and fluvastatin (as HMG-CoA inhibitor,
CID:). PyRx software (free version 3.12.2) was used to determine the binding affinity score
of cumin and fennel EO bioactive molecules to the IDO and HMG-CoA proteins. The
target proteins and ligands were loaded onto the PyRx software, and then minimized and
converted to PDBQT [24]; the GRID parameters were maximized (center x: 42.7962; y:
49.0390; z: 29.0814, and dimension (angstrom) x: 100.9030; y: 115.5853; z: 99.1823, for the
IDO protein; center x: 7.4730; y: 15.639; z: 13.5675, and dimension (angstrom) x: 82.7190;
y: 111.186; z: 102.6082, for the HMG-CoA protein), and then a blind docking study was
performed [25]. Protein and ligand complexes were visualized using PyMOl (free version
2.5.5) and Discovery Studio software (free version 2021).

Normal Mod Analysis

Normal mod analysis (NMA) was employed to evaluate protein–ligand complex
stability. The iMODS server (http://imod.chaco.nlab.org, accessed on 10 March 2024)
was used to perform MD simulations [26]. While the other parameters were left at their
default settings, the simulation time was changed to 10 ns. The iMODS server was used to
analyze docking complexes’ structural dynamics and determine their molecular mobility.
Protein–ligand complexes’ stability was assessed using deformability, B-factor, eigenvalue,
variance, covariance map, and elastic network analysis. The input files were docked PDB
files and submitted to the iMODS server with default parameters.

2.2.4. Fabrication of EO Nanocapsules

According to the technique described by Mahdi et al. [27], cumin and fennel EO
nanoemulsions were prepared. Because Arabic gum and maltodextrin may protect volatile
components, improve stability, and regulate release, they are frequently utilized as wall
materials in the encapsulation of essential oils. These materials have advantages such
as increased bioavailability, stability, and encapsulation efficiency [28]. Arabic gum
(15.0% w/v) was hydrated in deionized water at 4 ◦C for an entire night. Maltodex-
trin (15.0% w/v) was added to the gum solution, and then Tween 80 (1.0% w/v, based on
water) was added to help form the emulsion. To the aqueous solution, a precise volume
of oil (10 g) was added drop by drop. A high-speed homogenizer (Ingenieurbüro CAT,
Ballrechten-Dottingen, Germany) was used to homogenize the mixture for five minutes
at 10,000 rpm. Using an ultrasonicator (vibra cell; Sonics & Materials, Inc., Newtown,
CT, USA), the nanoencapsulated EOs of cumin and fennel were produced. To obtain a
homogeneous suspension, sonication with amplitude level of 60% for one second and rest
for one second in an ice bath for four minutes were employed. The nanoemulsions were
freeze-dried right away using a freeze dryer (ALPHA 1-4 LSC, Osterode, Germany) for
48 h at −52 ◦C. The dried cumin and fennel EO nanocapsules were kept at 4 ◦C for further
investigation.

2.2.5. Measurement of Particle Size, Polydispersity Index, and Zeta Potential

Zetasizer (Santa Barbara, CA, USA) was used to assess the particle size distribution,
polydispersity index (PDI), and zeta potential at 25 ± 0.1 ◦C. The nanoemulsion was diluted
with distilled water at a ratio of 1:10 v/v. After this, gentle sonication was applied to the
mixture. One milliliter (mL) of the diluted nanoemulsion was used for measurements after
it had been moved to a disposable PVC clear cuvette.

http://imod.chaco.nlab.org
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2.2.6. Encapsulation Efficiency Determination

According to the method described by Dwivedy et al. [29], the encapsulation effi-
ciency (EE) was determined using a UV-Vis spectrophotometer (Jasco V-730, serial No. A
112361798, Tokyo, Japan). The amount of oil loaded into the freeze-dried nanocapsules was
calculated by extracting the oil from 10 mg of the freeze-dried nanocapsules using 3 mL
of ethyl acetate (99.5%) and comparing its absorbance to a standard curve made for the
essential oils at 259 nm. The EE was calculated using Equation (1):

EE (%) =
Total amount o f oil in nanocapsules

Initial amount o f the oil
× 100 (1)

2.2.7. Antioxidant DPPH and FRAP Assays
DPPH Free Radical Scavenging Activity Assay

Using the method described by Asres et al. [30], DPPH activity was assessed. Four
milligrams of DPPH were dissolved in one hundred milliliters of 80% methanol to create a
DPPH stock solution (0.04 mg/mL). A 3.9 mL volume of DPPH solution (in 80% methanol)
was mixed with an 100 µL aliquot of each sample and ascorbic acid standards at different
concentrations. After that, these mixes were allowed to sit at room temperature for 30 min
in the dark. A UV-Vis spectrophotometer (Jasco V-730, serial No. A 112361798, Tokyo,
Japan) was then used to measure the absorbance of each reaction mixture (samples and
ascorbic acid standards) at 517 nm. Equation (2) was then used to determine the scavenging
activity, which was represented as % inhibition:

inhibition (%) =
A1 − A2

A1
× 100 (2)

where A1 indicates the absorption of the blank sample, and A2 indicates the absorption of
tested sample solution. The DPPH radical scavenging activity of the sample was expressed
as mg ascorbic acid equivalents/g freeze-dried nanocapsules.

Ferric Reducing Antioxidant Power (FRAP) Assay

The ferric reduction capacity of the fennel and cumin oils was measured using the
method described by Asres et al. [30]. A freshly prepared FRAP reagent solution consisting
of 25 mL of 0.3 M acetate buffer, 40 mM HCl, and 2.5 mL of 20 mM FeCl3·6H2O was mixed
with around 100 µL of the sample aliquot. After that, the mixture was incubated for 30 min
at 37 ◦C in a water bath. A UV-vis spectrophotometer (Jasco V-730, serial No. A 112361798,
Tokyo, Japan) was used to determine the absorbance at 593 nm. A standard curve for the
concentration of the ascorbic acid and the FRAP reducing power rate was plotted. The
FRAP reducing power of the sample was expressed as mg ascorbic acid equivalents/g
freeze-dried nanocapsules.

2.2.8. Release of the EO at Gastrointestinal pH

The pH conditions of intestinal and stomach fluids were simulated [31] by mixing
30 mg of the freeze-dried nanocapsules with 7 mL of phosphate-buffer solution (PBS) at
2.5 and 6.5, respectively. Four milliliters of ethanol was added in order to make the EO
more soluble. At regular intervals, the suspension was incubated at 37 ◦C and 100 rpm.
The aliquots (1 mL) that were removed from the suspension were filtered. At a wavelength
of 232.4 nm, a UV-Vis spectrophotometer was used to measure the amount of released EO.
The cumulative amount of released EO was calculated using Equation (3):

Cumulative release (%) =
Mx
Mo

(3)
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where Mx and Mo are the amount of the EO released and the amount of the EO in the
capsules initially, respectively.

2.2.9. Scanning Electron Microscopy (SEM)

A high-resolution scanning electron microscopy (SEM) model (TESCAN VEGA 3 with
a field emission gun, Brno-Kohoutovice, Czech Republic) was utilized to investigate the
morphological structure of the freeze-dried EO nanocapsules. The samples were coated
with gold for 60 s using a Quorum Q 150 ES (Quorum Technologies, Oxford, UK).

2.2.10. Bioassays
Experimental Animals

Adult male white albino mice (40 mice, 8 months of age) weighing 30–40 g were
obtained from the National Research Centre animal house in Cairo, Egypt. Each group
(n = 10) was housed in a stainless steel cage. The feeding environment was maintained at a
consistent temperature (23 ± 2 ◦C) and relative humidity (45–50%), and had a light/dark
cycle of 12 h.

Diets

Diets were prepared in the nutrition and food sciences department, National Research
Centre, Egypt. Animals were fed either an AIN-93 balanced diet (58.5% maize starch,
5% fiber, 3.5% corn oil, 10% sucrose, 12% casein-supplemented protein, 3.5% AIN-93 salt
mixture, and 1% AIN-93 vitamin mixture) prepared as described by Mohamed et al. [32],
or a high-fat diet (37.5% maize starch, 35% lard, 1% cholesterol, 10% sucrose, 12% casein-
supplemented protein, 3.5% AIN-93 salt mixture, and 1% AIN-93 vitamin mixture) prepared
according to Lippi [33]. Food and water were freely available to the mice. The animals
were weighed weekly throughout the study to monitor weight changes. Food intake was
also monitored throughout the trial. Due to group living, the average intake per mouse
was determined as [(daily food consumed)/Number of animals in the cage].

Chronic Mild Stress (CMS)

According to the method described by Lippi [33], the animals were exposed to CMS,
and the stressors were modified and modeled. Over four weeks of stress exposure, the
order of stressors was given at random. Every week, the mice were subjected to four days
of stressors, two on each day. The two stressors, one of which occurred in the first half of
the light cycle and the other in the second half, were assigned at random. The stressors
included swimming in cold water (8–10 ◦C) for 5 min, bright-light/open-field exposure
(10 min), soaking the animals’ bedding in water and leaving them in the cage for 2 h,
removing the bedding and placing the mice in an empty cage for 2 h, and adjusting the
light cycle during the dark phase.

The Design of the Animal Experiment

According to the diagram (Figure 1), mice were acclimatized for one week before
being divided into four groups (n = 10 per group). The control normal (CN) group was fed
a balanced diet and given 1 mL of distilled water orally. The second group (HFD/CMS),
the positive control, was fed a high-fat diet, exposed to CMS, and given 1 mL of distilled
water orally. The third group (cumin oil nanocapsules, CON) was fed an HFD, exposed to
CMS, and orally given 1 mL of distilled water containing 8 mg of freeze-dried cumin oil
nanocapsules (equal to 50 mg of oil per kg of body weight). The fourth group (fennel oil
nanocapsules, FON) was fed an HFD, exposed to CMS, and orally given 1 mL of distilled
water containing 8 mg of freeze-dried fennel oil nanocapsules (equal to 50 mg of oil per kg of
body weight). The dose of EOs was selected according to the studies of Moubarz et al. [34]
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and Asaad et al. [35]. As a dietary supplement, this dosage has demonstrated antioxidant
and anti-inflammatory properties. The treatment period lasted for 28 consecutive days.
Food intake was recorded daily. Body weight gain or loss was calculated as follows:
body weight gain or loss = [body weight at the end of the experiment-body weight at the
beginning of the experiment].

 

Figure 1. A schematic diagram of the animal experiment design.

All experiments were carried out according to research protocols approved by the
Medical Research Ethics Committee (MREC) at the National Research Centre, which are in
accordance with the provisions of the relevant Egyptian laws and with the Helsinki Decla-
ration, as well as the Institutional Animal Care and Use Committee (IACUC) guidelines
and recommendations and WHO rules regarding the ethics of scientific research. Approval
Certificate No. 180572022.

Sucrose Preference Test

The test used to assess an animal’s preference for pleasure is called the sucrose prefer-
ence test (SPT). This test was conducted to determine whether exposure to an HFD and
CMS caused anxious or depressive-like behavior, as well as to determine the potential
preventive effect of the EO nanocapsules. The SPT was performed right away following
a 4-week HFD and CMS exposure period. First, mice were given two bottles of sucrose
solution and given 48 h to acclimatize to the consumption of 1% sucrose. The mice were
denied food and drink for twelve hours before the test. To conduct the SPT, each mouse
was housed in a different cage and given two pre-weighed bottles, one of which contained
1% sucrose solution and the other drinking water. The bottles were weighed an hour later,
and the volume of water or sucrose solution that had been drunk was noted. To determine
whether distinctive anhedonia was present, the percentage preference for sucrose was
calculated [36].

Blood Collection

The animals were sacrificed through decapitation under sodium pentobarbital anes-
thesia at a dose that did not interfere with the biochemical measurements (50 mg/kg,
i.p.) [37], and their blood was collected from the body trunk in EDTA-free tubes before
being centrifuged (3000 rpm; 10 min). All serum samples were kept at −80 ◦C for analysis.
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Tissues Collection

The brain of each animal was removed to make homogenates (10% w/v) in a cold
homogenization buffer (100 mM potassium phosphate buffer, pH 7.4). After centrifuging
the homogenates, the supernatants were utilized to carry out the biochemical analysis.

Biochemical Analysis of the Brain and Serum

Using ELISA kits (Sunlong Co., Ltd. China) in accordance with the manufac-
turer’s instructions, the brain levels of acetylcholinesterase (AChE), dopamine (DA), 5-
hydroxytryptamine (5-HT), tumor necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), Toll-
like receptors 4 (TLR4), and reactive oxygen species (ROS) were determined. Using the
colorimetric techniques, the levels of malondialdehyde (MDA), reduced glutathione (GSH),
superoxide dismutase (SOD), nitric oxide (NO), and catalase (CAT) in the brain were
measured as described previously by [38]. The serum of each mouse was colorimetrically
analyzed for total cholesterol (T. Ch), high-density lipoprotein cholesterol (HDL-Ch), low-
density lipoprotein cholesterol (LDL-Ch), triglycerides (TGs), alkaline phosphatase (ALP),
lactate dehydrogenase (LDH), aspartate transaminase (AST), alanine transaminase (ALT),
creatinine, urea, and albumin as described previously by [32]. The ratio of total cholesterol
levels to HDL-Ch, non-HDL-Ch, and VLDL levels were calculated.

Statistical Analysis

Statistical analysis was carried out using SPSS software version 21 (IBM SPSS Inc.,
Chicago, IL, USA). The results were provided as the mean ± standard error (SE) and
statistically evaluated using one-way ANOVA and the Duncan test. A difference was
considered statistically significant at p < 0.05.

3. Results and Discussion
3.1. The Composition of Cumin and Fennel EOs

The quality of the sample and many geographic and climatic factors influence the
chemical profile of essential oils. So, before assessing the possible bioactivity of the cumin
and fennel essential oils, their chemical composition was determined. Hydrodistillation of
the cumin seeds produced 3% (w/w) clear yellowish liquid oil, whereas that of the fennel
seeds produced 4% (w/w). Six and sixteen distinct compounds, respectively, were identified
by GC–MS analysis of the fennel and cumin oils (Figure 2A,B). The isolated peaks were
identified by matching the retention time (RT) with data from the library of mass spectra
(National Institute of Standards and Technology, NIST 17). The primary constituents of
cumin EO (Table 1) were cuminaldehyde (26.48%), γ-terpinen-7-al (19.32%), α-terpinen-7-al
(13.87%), γ-terpinene (11.02%), and p-cymene (7.94%). The primary constituents of fennel
EO (Table 2) were trans-anethole (81.46%), D-limonene (11.16%), and L-fenchone (4.48%).
The results obtained are generally in line with Moradi et al. [39] and Stefănescu et al. [40],
who found that the major compounds in cumin EO were cuminaldehyde (27.99%), p-
cymene (17.31%), and γ-terpinene (16.67%), while those in fennel EO were trans-anethole
(64.6%) and fenchone (24.5%).
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Figure 2. GC-MS chromatogram of cumin (A) and fennel (B) EOs.

Table 1. Cumin EO constituents (%).

Retention Time
(min) Compound Chemical

Formula
Molecular Weight

(g/mol) %

6.143 α-Thujene C10H16 136.23 0.22
6.311 α-Pinene C10H16 136.23 0.64
7.281 β-Phellandrene C10H16 136.23 0.72
7.379 β-Pinene C10H16 136.23 6.67
7.685 β-Myrcene C10H16 136.23 0.58
8.066 α-Phellandrene C10H16 136.23 0.74
8.615 p-Cymene C10H14 134.22 7.94
8.713 D-Limonene C10H16 136.23 2.41
9.551 γ-Terpinene C10H16 136.23 11.02

12.877 Terpinen-4-ol C10H18O 154.25 0.3
13.334 3-p-Menthen-7-al C10H16O 152.23 2.18
13.449 Estragole C10H12O 148.2 6.49
14.697 Cuminaldehyde C10H12O 148.2 26.48
15.880 α-Terpinen-7-al C10H14O 150.22 13.87
16.071 γ-Terpinen-7-al C10H14O 150.22 19.32
20.766 Acoradiene C15H22O 218.33 0.42

Table 2. Fennel EO constituents (%).

Retention Time
(min) Compound Chemical

Formula
Molecular Weight

(g/mol) %

6.311 α-Pinene C10H16 136.23 1.5
8.708 D-Limonene C10H16 136.23 11.16
8.806 Eucalyptol C10H18O 154.25 0.73
8.921 trans-β-Ocimene C10H16 136.23 0.68

10.382 L-Fenchone C10H16O 152.23 4.48
13.461 Trans-Anethole C10H12O 148.2 81.46

3.2. Findings of the In Silico Studies

Molecular docking is a promising computational assay that simulates the potential
binding status, complexation, and ligand–receptor interactions [41]. Hypercholesterolemia
has been linked to depression and reduced brain functioning because a fat- and cholesterol-
rich diet affects the BBB, resulting in neuroinflammation and cognitive impairment [42].
Therefore, one of the goals of the current study was to investigate the cholesterol-lowering
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effect of cumin and fennel EO nanocapsules, both in vivo and in silico, by investigating
the possibility of inhibiting HMG-CoA reductases, the rate-limiting enzyme in cholesterol
biosynthesis. Indoleamine 2,3-dioxygenase catalyzes the first and rate-limiting step in the
conversion of L-tryptophan to N-formyl kynurenine indoleamine. One approach to treating
depression is to directly target kynurenine synthesis and reduce its downstream neurotoxic
metabolites. As a result, the easiest method is to avoid the accumulation of kynurenine
metabolites by reducing IDO activity with enzyme inhibitors [43]. IDO inhibitors have been
identified as promising therapeutic targets for depressive disorders. Molecular docking
was performed between the IDO and HMG-CoA proteins and the primary compounds in
cumin and fennel EOs to anticipate the possibility of EO components blocking the binding
sites on these enzymes and thus potentially disrupting their function. Figure 3 displays
the 2D interactions of IDO and its inhibitor indoximod, as well as HMG-CoA and its
inhibitor fluvastatin. Figures 4–9 display the outputs of molecular docking and normal
mod analysis for IDO-cuminaldehyde, IDO-terpinen-7-al, IDO-trans-anethole, HMG-CoA-
cuminaldehyde, HMG-CoA-terpinen-7-al, and HMG-CoA-trans-anethole, respectively.
According to Table 3, compared to indoximod and fluvastatin as inhibitors of IDO and
HMG-CoA, terpinen-7-al recorded a high binding affinity with both HMG-CoA and IDO,
and trans-anethole interacted with the active sites of the HMG-CoA and IDO receptors via
both hydrophobic interactions and a hydrogen bond. However, more research on the other
components is needed. It has been suggested that masking the residues on active sites is a
useful tactic to inhibit enzymes [44]. The presence of both hydrophobic interactions and
hydrogen bonds, as reported by Noshad et al. [45], suggests a potentially stronger and
more specific interaction. This could have implications for the ligand’s binding affinity
and therapeutic potential as an enzyme inhibitor that blocks the receptors of the enzyme.
Thus, inhibiting IDO prevents the conversion of L-tryptophan to N-formyl kynurenine
indoleamine, and inhibiting HMG-CoA reductase, which is required by the body to produce
cholesterol, reduces the amount of cholesterol in the bloodstream.

Figure 3. The 2D interactions of the IDO-indoximod complex (A) and HMG-CoA-fluvastatin (B).
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Figure 4. The outputs of molecular docking and normal mod analysis for the IDO-cuminaldehyde
complex. (A) The 3D interaction; (B) the 2D interaction; (C) elastic network model; (D) covariance
map; (E) deformability; (F) B-factor plot; (G) eigenvalue plot; (H) variance plot.

Figure 5. The outputs of molecular docking and normal mod analysis for the IDO-terpinen-7-al
complex. (A) The 3D interaction; (B) the 2D interaction; (C) elastic network model; (D) covariance
map; (E) deformability; (F) B-factor plot; (G) eigenvalue plot; (H) variance plot.
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Figure 6. The outputs of molecular docking and normal mod analysis for the IDO-trans-anethole
complex. (A) The 3D interaction; (B) the 2D interaction; (C) elastic network model; (D) covariance
map; (E) deformability; (F) B-factor plot; (G) eigenvalue plot; (H) variance plot.

Figure 7. The outputs of molecular docking and normal mod analysis for the HMG-CoA-
cuminaldehyde complex. (A) The 3D interaction; (B) the 2D interaction; (C) elastic network model;
(D) covariance map; (E) deformability; (F) B-factor plot; (G) eigenvalue plot; (H) variance plot.
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Figure 8. The outputs of molecular docking and normal mod analysis for the HMG-CoA-terpinen-7-al
complex. (A) The 3D interaction; (B) the 2D interaction; (C) elastic network model; (D) covariance
map; (E) deformability; (F) B-factor plot; (G) eigenvalue plot; (H) variance plot.

Figure 9. The outputs of molecular docking and normal mod analysis for the HMG-CoA-trans-
anethole complex. (A) The 3D interaction; (B) the 2D interaction; (C) elastic network model;
(D) covariance map; (E) deformability; (F) B-factor plot; (G) eigenvalue plot; (H) variance plot.
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Table 3. Binding affinity and interactions between EO molecules and target proteins.

Protein Ligand Binding Affinity
(kcal/mol)

Interactions

Hydrogen Bonds Hydrophobic Interaction

IDO

Cuminaldehyde −6.3 (1) at HEM 501 residue (2) at PHE 291 and PHE 387 residues
Terpinen-7-al −9.9 (1) at HEM 501 residue (2) at PHE 291 and PHE 387 residues

Trans-anethole −5.9 (1) at HEM 501 residue (3) at PHE 291, PHE 387, and LEU
384 residues

Indoximod −6.2 (1) at ARG 231 residue -

HMG-CoA

Cuminaldehyde −5.9 (3) at ILE 733, VAL 738,
and LEU 780 residues -

Terpinen-7-al −8.5 (1) at GLU 730 residue (2) at ILE 733 and LEU 780

Trans-anethole −5.7 (5) at THR 557, THR 758, GLU 559,
ASN 755, and ASP 767 residues

(5) at ILE 536, ILE 762, LUE 562, ALA
768, and ALA 769 residues

Fluvastatin −8.2 (3) at TYR 514, ARG 515, and TYR
533 residues

(4) at TYR 511, PRO 513, TYR 517,
and PRO 813 residues

The iMODS server was used to run normal mod analysis (NMA) in order to assess the
docked complexes’ physical movements and stability. The slow dynamics of the free IDO
and HMG-CoA proteins and docked complexes were examined, and their large-amplitude
conformational changes were demonstrated, using NMA. iMODS is a quick and easy tool
for determining a protein’s flexibility. Using NMA, which is integrated with the docked
complex’s coordinates, it examines both molecular motion and structural flexibility. The
foundation of NMA of proteins is the idea that the maximal movements in a protein that
are functionally significant are indicated by the vibrational normal modes that exhibit the
lowest frequencies [46]. The covariance matrices of the IDO-cuminaldehyde (Figure 4C),
IDO-terpinen-7-al (Figure 5C), IDO-trans-anethole (Figure 6C), HMG-CoA-cuminaldehyde
(Figure 7C), HMG-CoA-terpinen-7-al (Figure 10C), HMG-CoA-trans-anethole (Figure 9C),
free IDO (Figure 9A), and free HMG-CoA (Figure 11A) complexes show the relationships
between a complex’s residues. While the white hue in the matrix denotes uncorrelated
motion, the red color shows a respectable correlation between residues. Additionally,
the blue hue exhibits anti-correlations. The quality of the complex increases with the
correlation. The elastic maps of the IDO-cuminaldehyde (Figure 4D), IDO-terpinen-7-
al (Figure 5D), IDO-trans-anethole (Figure 6D), HMG-CoA-cuminaldehyde (Figure 7D),
HMG-CoA-terpinen-7-al (Figure 8D), HMG-CoA-trans-anethole (Figure 9D), free IDO
(Figure 10B), and free HMG-CoA (Figure 11B) proteins show the relationships between the
atoms, with the stiffer parts indicated by the darker-gray areas. The mobility profiles of the
docked proteins are provided by the B-factor and deformability. The deformability and
B-factors of the IDO-cuminaldehyde (Figures 4E and 4F, respectively), IDO-terpinen-7-al
(Figures 5E and 5F, respectively), IDO-trans-anethole (Figures 6E and 6F, respectively),
HMG-CoA-cuminaldehyde (Figures 7E and 7F, respectively), HMG-CoA-terpinen-7-al
(Figures 8E and 8F, respectively), HMG-CoA-trans-anethole (Figures 9E and 9F, respec-
tively), free IDO (Figures 10C and 10D, respectively), and free HMG-CoA (Figures 11C
and 11D, respectively) complexes depict the peaks that correspond to deformable areas in
proteins, with the greatest peaks representing strong deformability. The eigenvalues and
variance of the IDO-cuminaldehyde (Figures 4G and 4H, respectively), IDO-terpinen-7-al
(Figures 5G and 5H, respectively), IDO-trans-anethole (Figures 6G and 6H, respectively),
HMG-CoA-cuminaldehyde (Figures 7G and 7H, respectively), HMG-CoA-terpinen-7-al
(Figures 8G and 8H, respectively), HMG-CoA-trans-anethole (Figures 9G and 9H, respec-
tively), free IDO (Figures 10E and 10F, respectively), and free HMG-CoA (Figures 11E and
11F, respectively) complexes have an inverse relationship with each normal mode. The
energy required to alter the structure is intimately related to the eigenvalues produced for
the docked proteins. It represents the protein–ligand complex’s stiffness of motion. The
complex’s deformability increases with decreasing eigenvalue [47]. The variance graph
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uses purple-shaded bars to show individual variance and green-shaded bars to show cu-
mulative variance. Based on the NMA, it was observed that every complex exhibited a
substantial level of deformability of the bound proteins. Furthermore, all of the complexes
exhibited low eigenvalues, suggesting that the molecular motions of the docked protein
complexes were flexible and stable.

Figure 10. The normal mod analysis for IDO. (A) Elastic network model; (B) covariance map;
(C) deformability; (D) B-factor plot; (E) eigenvalue plot; (F) variance plot.

Figure 11. The normal mod analysis for HMG-CoA. (A) Elastic network model; (B) covariance map;
(C) deformability; (D) B-factor plot; (E) eigenvalue plot; (F) variance plot.
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3.3. The Particle Size, Polydispersity Index, and Zeta Potential of Cumin and Fennel
EO Nanoparticles

According to Baranauskaite et al. [48], emulsion properties such as the z-average, zeta
potential, and polydispersity index (PDI) have a direct relationship with encapsulation
efficiency. Figure 12 shows the size distribution (A and B) and zeta potential (C and D) of the
cumin and fennel EO nanocapsules, respectively. Table 4 summarizes the values of particle
size (z-average hydrodynamic diameter), zeta potential, PDI, and EE% of the cumin and
fennel EO nanoencapsules. Z-averages, PDI, and zeta potential are important indicators of
emulsion physical stability during storage. The zeta potential describes the difference in
electric potential between the particle’s surface and the medium. Therefore, zeta potential
values (negative or positive) near to 0 are related to unstable systems that sediment in a
specific period [49]. The zeta potential plays a vital role in ensuring the physical stability
of emulsions. A higher zeta potential, positive or negative, suggests increased emulsion
stability. The zeta potential values of the cumin and fennel EO nanoemulsions indicated
good colloidal stability. The PDI value represents the width of droplet size distribution
and shows the homogeneity of generated nanodroplets in nanoemulsions. PDI values
range from 0 to 1, with a closer to zero value indicating a more uniform distribution of
particles [48]. Thus, the low PDI values of the cumin or fennel EO nanoemulsions indicate
homogeneous distribution of the particles.

Figure 12. The size distribution of the cumin (A) and fennel (B) nanocapsules and the zeta potential
of the cumin (C) and fennel (D) nanocapsules.

Table 4. Characteristics and antioxidant activity of cumin and fennel EO nanoparticles.

CON FON

Particle size (nm) 193.7 ± 77.30 269.3 ± 59.80
Zeta potential (mV) −35.5 ± 2.34 −22.8 ± 1.55

PDI 0.159 ± 0.00 0.049 ± 0.00
EE (%) 89.36 ± 1.11 86.42 ± 0.94

DPPH (mg ascorbic acid equivalents/g nanocapsules) 68.36 ± 1.23 64.17 ± 1.35
FRAP (mg ascorbic acid equivalents/g nanocapsules) 57.23 ± 0.21 55.33 ± 0.17
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3.4. In Vitro Antioxidant Activity of Cumin and Fennel EO Nanoparticles

According to the results (Table 4), the cumin and fennel EO nanocapsules demon-
strated in vitro antioxidant activity via DPPH and FRAP assays. The antioxidant activity
of natural products is mostly due to their ability to donate hydrogen, also known as rad-
ical scavenging. As hydrogen is transferred to DPPH, the color disappears. The greater
the ability to transfer hydrogen, the stronger the bleaching impact [50]. The existence
of aromatic rings, as well as the number and configuration of hydroxyl groups in EOs,
may all contribute to the oil’s antioxidant effects [51]. The retention of EOs within the
nanostructure enables their dispersion in water, which improves their antioxidant action, as
described by Jayari et al. [21]. An increase in free radicals is directly connected to a variety
of health hazards, including reduced brain function. As a result, using natural products
that are high in antioxidants will catch free radicals and minimize their detrimental impact
on brain function [52]. The radical scavenging activity of cumin and fennel EO nanocap-
sules may contribute to the prevention of depression via inhibition of an increase in ROS,
which stimulate oxidative stress in the brain, ultimately resulting in cellular demise and
depression [6].

3.5. Release of the EO at Gastrointestinal pH

At 37 ◦C, the release behavior of fennel and cumin essential oils from the nanocapsules
was assessed at several pH values, simulating the pH of intestinal (SIF; pH 6.5) and stomach
(SGF; pH 2.5) fluids (Figure 13). Both oils showed a similar pattern. Rapid release (burst
effect) from the nanocapsules was noted for the first half hour for both pH levels, which
may have been caused by disruption of the nanocapsules in the presence of the fluid salts.
The increased effect at pH 2.5 may be attributed to the fact that the hydrolysis of ester
linkages in the acidic environment assisted the degradation of maltodextrin into acidic
monomers, occurring through auto-catalytic mechanisms [53]. After this, a gradual growth
rate was noted, with cumulative release values for cumin oil of 83% and 82%, and values for
fennel oil of 84% and 82%, after 300 min in SGF and SIF conditions. Citrus limon essential
oil microcapsules showed a similar pattern [31].
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Figure 13. Release of the cumin (A) and fennel (B) EOs at gastrointestinal pH.

3.6. Scanning Electron Microscopy (SEM)

Using a scanning electron microscopy (SEM) assay, the size and shape of the freeze-
dried cumin and fennel nanocapsules were observed. Figure 14 depicts cumin oil (A and
B) and fennel oil (C and D) nanocapsules embedded in the structure of maltodextrin and
Arabic gum polymers. The SEM images reveal that the EO nanocapsules have a round
surface shape with a mean size of less than 200 nm.
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Figure 14. Scanning electron microscopy (SEM) images of the freeze-dried cumin and fennel EO
nanocapsules. (A,B) SEM images of the cumin EO nanocapsules with magnifications of 1.5 and
6.8 kx, respectively. (C,D) SEM images of the fennel EO nanocapsules with magnifications of 3 and
9 kx, respectively.

3.7. In Vivo Study Findings
3.7.1. The Effect of Cumin and Fennel EO Nanoparticles on Sucrose Preference

The sucrose preference test was used to validate the presence of anhedonia, a key fea-
ture of depression. According to the sucrose preference results (Figure 15), the HFD/CMS
group ingested considerably less sugar than the other groups (p < 0.05), indicating the
presence of typical anhedonia, a hallmark of depression. These results are in line with
those of Yang et al. [54], who found that obese rats exposed to CMS for three weeks had a
lower sucrose preference percentage. Also, Parasuraman et al. [55] found that rats exposed
to chronic unpredictable stress had a lower sucrose preference percentage. In contrast to
the HFD/CMS group, the group treated with cumin and fennel EO nanocapsules had a
significantly higher sucrose preference percentage (p < 0.05), indicating the capsules’ an-
tidepressant effect. The forced swim test (FST) and tail suspension test (TST), as additional
depression indicators, were used by Asadi et al. [56] to confirm the antidepression-like
effect of cumin EO. However, sucrose preference, as a dietary test, was more appropriate
for our purposes.

Figure 15. Percentage preference for sucrose in control normal (CN), HFD/CMS, cumin oil nanocap-
sule (CON), and fennel oil nanocapsule (FON) groups. The data are displayed as the mean ± SE
(n = 10). The parts with different superscripts (a, b, c and d) are significantly different (p < 0.05).
HFD/CMS, high-fat diet/chronic mild stress. a < b < c < d.
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3.7.2. The Effect of Cumin and Fennel EO Nanoparticles on Growth Performance

Although the HFD/CMS group consumed less food, they gained significantly more
body weight than the control group (Table 5). These findings are consistent with those
revealed in the study by Lippi [33], which found that HFD/CMD-treated mice ate less
and weighed substantially more than normal mice. Treatment with cumin and fennel
EO nanocapsules resulted in a significant trend of reduced body weight gain when com-
pared to the HFD/CMS group, which could be attributed to moderate effects of reduced
lipid formation in adipocytes. Jafari et al. [14] found that pre-diabetic participants lost
weight and had a smaller waist circumference after consuming 75 mg of cumin oil per day.
Haque and Ansari [57] reported that cuminaldehyde prevented weight gain in high-fat
fed rats by lowering the visceral fat pat weight. As reported by Kang et al. [58], beige
adipocyte-specific genes were expressed when mice were treated with trans-anethole. Addi-
tionally, by boosting mitochondrial biogenesis in white adipocytes and stimulating brown
adipocytes, trans-anethole demonstrated thermogenic activity. The trials also demonstrated
that trans-anethole enhanced lipolysis and fat oxidation while decreasing adipogenesis and
lipogenesis. Kang et al. [58] also discovered that trans-anethole activated sirtuin1 (SIRT1)
and the β3-adrenergic receptor to cause browning in 3T3-L1 adipocytes. SIRT1 stimulated
the expression of proteins (UCP1, PRDM16, PGC-1a, AMPK, and pAMPK) involved in
lipid metabolism.

Table 5. The growth performance of the control normal (CN), HFD/CMS, cumin oil nanocapsule
(CON), and fennel oil nanocapsule (FON) groups.

CN HFD/CMS CON FON

Initial body weight (g) 35.40 a ± 0.72 35.10 a ± 0.92 35.40 a ± 1.14 35.10 a ± 0.91
Final body weight (g) 69.20 a ± 1.47 76.80 b ± 1.73 69.60 a ± 1.13 71.40 a ± 1.49
Body weight gain (g) 33.80 a ± 0.93 41.70 b ± 1.05 34.20 a ± 0.70 36.30 a ± 0.84
Daily food intake (g) 13.94 13.23 13.56 13.47

Data are displayed as mean ± SE (n = 10). Different superscripts (a and b) in each row indicate significant
differences (p < 0.05). HFD/CMS, high-fat diet/chronic mild stress. a < b.

3.7.3. The Effect of Cumin and Fennel EO Nanoparticles on Neurotransmitters and
Inflammatory Markers in the Brain

Measurements of pro-inflammatory TLR4, TNF-α, and IL-6 can be used to quantify
inflammation. Our results (Figure 16) show that the HFD/CMS group had significantly
(p < 0.05) lower levels of serotonin and dopamine than the CN group, indicating anxiety and
depression. On the other hand, the HFD/CMS group exhibited significant (p < 0.05) increase
levels of AChE, TLR4, TNF-α, and IL-6 in comparison to the CN group. Abbasi-Maleki
and Maleki [59] proposed that fennel EO has an antidepressant effect via stimulating the
dopaminergic and serotonergic neural systems, and they discovered that fennel EO-treated
mice swam longer in the forced swim test than normal mice. Furthermore, earlier research
has demonstrated that the major ingredient of fennel EO, anethole, produces antidepressive-
like effects in animal models via various pathways [60,61]. The present results are consistent
with other studies [62] that have shown elevated levels of AChE, TNF-α, and CRP in rats
fed a high-fat diet. According to Felger et al. [63], patients with major depression had
lower concentrations of IL-10 and higher concentrations of inflammatory cytokines (TNF-α,
IL-1β, IL-6, and CRP) when compared to healthy controls. These findings suggest that
inflammation plays a critical role in the pathophysiology of depression. According to Gao
et al. [2], increased inflammatory damage is the mechanism via which HFD/CUMS causes
behavior resembling depression. TLR4 activation is linked to the inflammatory response,
which modifies the structure and function of the tissues in the brain and small intestine.
Therefore, medications that inhibit TLR4 activation may help to lessen the symptoms
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associated with depression. Additionally, cuminaldehyde and trans-anethole may help to
reduce stress-induced behavioral and psychological disorders by altering the structure of
the gut microbiota through the microbiota–gut–brain axis [64,65].

Figure 16. Neurotransmitters and inflammatory cytokines in the control normal (CN), HFD/CMS,
cumin oil nanocapsule (CON), and fennel oil nanocapsule (FON) groups. The data are displayed
as the mean ± SE (n = 10). The parts with different superscripts (a, b, c and d) are signifi-
cantly different (p < 0.05). HFD/CMS, high-fat diet/chronic mild stress. (A) acetylcholinesterase;
(B) 5-hydroxytryptamine; (C) dopamine; (D) TLR4; (E) TNF-α; (F) IL-6. a < b < c < d.

In this investigation, the CON and FON groups had significantly (p < 0.05) higher
levels of 5-HT and dopamine than the HFD/CMS group. Conversely, the CON and
FON groups had significantly (p < 0.05) lower levels of AChE, TLR4, TNF-α, and IL-6
than the HFD/CMS group. Mice treated with cumin EO nanocapsules had significantly
(p < 0.05) higher levels of AChE, TLR4, TNF-α, and IL-6 than mice treated with fennel EO
nanocapsules. Fennel and cumin essential oils have an anti-inflammatory action that may
help to prevent depression. Wei et al. [13] proposed that cumin oil inhibited the signaling
of mitogen-activated protein kinases and NF-κB to produce anti-inflammatory effects.
The constituents of cumin and fennel EOs may be responsible for their anti-inflammatory
properties. Cuminaldehyde has been discovered to have an anti-inflammatory impact
and reduce pro-inflammatory cytokines in rat models [66]. Yu et al. [67] declared that
trans-anethole has been demonstrated to exert an anti-inflammatory impact in many types
of inflammatory disorders and reduces activation of the TLR4/NF-κB signaling pathway.

3.7.4. The Effect of Cumin and Fennel EO Nanoparticles on Oxidant and Antioxidant
Markers in the Brain

Measurements of oxidative stress biomarkers such MDA, SOD, CAT, and GSH can
be used to quantify oxidative stress in the brain. As seen in our results (Figure 17), the
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HFD/CMS group’s mice showed significantly lower levels of GSH, CAT, and SOD, and
significantly higher levels of ROS, NO, and MDA, when compared to the normal mice.
After feeding rats on a high-fat diet, Azmi et al. [62] observed similar outcomes. Conversely,
in contrast to the HFD/CMS group, the administration of cumin and fennel EOs, and par-
ticularly cumin nanocapsules, afforded antioxidant activity, as evidenced by a decrease in
ROS, NO, and MDA values and an increase in GSH, CAT, and SOD values. The constituents
of fennel and cumin EOs may be responsible for their antioxidant properties. A study
by Chen et al. [68] demonstrated that cumin oil has an excellent capacity to reduce lipid
peroxidation and exhibits better antioxidant activity than BHT. Chen et al. [68] found that
the potent antioxidant present in cumin oil was γ-terpinene. Anethole, the quantitatively
dominant component in fennel essential oil, is thought to be responsible for the antioxidant
and anti-inflammatory properties of fennel. As stated by Mohamed et al. [69], anethole
possesses anti-inflammatory and anti-apoptotic properties, which are demonstrated by
elevated GSH and CAT levels and decreased levels of MDA, TNF-alpha, interferon-gamma,
and interleukin 10.

Figure 17. Oxidant and antioxidant markers in the control normal (CN), HFD/CMS, cumin oil
nanocapsule (CON), and fennel oil nanocapsule (FON) groups. The data are displayed as the mean
± SE (n = 10). The parts with different superscripts (a, b, c and d) are significantly different (p < 0.05).
HFD/CMS, high-fat diet/chronic mild stress. (A) ROS; (B) nitric oxide; (C) MDA; (D) CAT; (E) GSH;
(F) SOD. a < b < c < d.

3.7.5. The Effect of Cumin and Fennel EO Nanoparticles on the Lipid Profile

It has been observed that when dyslipidemia and depression coexist, both of them
may cause acute anxiety symptoms [70]. Our results (Figure 18) show that in comparison to
the normal mice, the HFD/CMS group’s mice had significantly higher levels of cholesterol,
TGs, LDL, non-HDL cholesterol, and VLDL, and a higher Ch/HDL ratio, while the HDL
value was significantly lower. These findings concur with those reported by Wang et al. [71],
who observed elevated levels of TGs, LDL, and cholesterol in rats given a high-fat diet and
subjected to CMS. As confirmed by Azmi et al. [62], feeding on an HFD is involved in this
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change in lipid profile that leads to dyslipidemia. Depression has been linked to blood lev-
els of total cholesterol, low-density lipoprotein cholesterol, triglycerides, and high-density
lipoprotein cholesterol, in accordance with studies by Jia et al. [72] and Han [73]. In the
study by Lin et al. [74], rats subjected to mild stress demonstrated antidepressant-like re-
sponses to lipid-lowering agents. It is interesting to note that as compared to the HFD/CMS
group, the CON and FON groups, particularly the CON group, showed significantly
(p < 0.05) lower levels of cholesterol, TGs, LDL, non-HDL cholesterol, and VLDL, along
with a lower Ch/HDL ratio and higher levels of HDL. A study conducted by Jafari et al. [14]
found that the consumption of 75 mg/d of cumin oil improved the pre-diabetic participants’
lipid profile parameters, and the researchers reported that cuminaldehyde is responsible
for stimulating LDL-C receptors, leading the removal of LDL-C from the bloodstream and
a decrease in the production of oxidized LDL. Also, Hong et al. [18] found that fennel EO
suppressed lipid and metabolic abnormalities in rats fed a high-fat diet. The hypolipidemic
effects of cumin and fennel EOs may be attributed to their constituents, as explained by
Haque and Ansari [57], who found that cuminaldehyde reduced cholesterol, TGs, and
LDL while increasing HDL in rats fed a high-fat diet. Similarly, Samadi-Noshahr et al. [75]
reported that trans-Anethole decreased the levels of cholesterol, TGs, and LDL in dia-
betic rats.

Figure 18. The lipid profiles of the control normal (CN), HFD/CMS, cumin oil nanocapsule (CON),
and fennel oil nanocapsule (FON) groups. The data are displayed as the mean ± SE (n = 10). The
parts with different superscripts (a, b, c and d) are significantly different (p < 0.05). HFD/CMS,
high-fat diet/chronic mild stress. (A) Total cholesterol; (B) triglycerides; (C) HDL-Ch; (D) LDL-Ch;
(E) non-HDL-Ch; (F) Ch/HDL ratio; (G) VLDL. a < b < c < d.

3.7.6. The Effect of Cumin and Fennel EO Nanoparticles on Liver and Kidney Function

Liver function and kidney function were assessed to examine the effect of cumin
and fennel nanocapsules on the liver and kidneys, as well as the effectiveness of these
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nanocapsules in protecting the liver and kidneys from free radicals and inflammatory
cytokines, which increase not only with high-fat diet consumption, but also as a result of
chronic stress exposure. According to the findings (Table 6), mice in the HFD/CMS group
had significantly higher values for AST, ALT, ALP, urea, creatinine, LDH, and albumin
than normal mice. Wang et al. [71] disclosed that rats given an HFD and exposed to CMS
had elevated levels of ALP, globulin, and albumin. Interestingly, the antioxidant and
anti-inflammatory actions of cumin and fennel EOs helped to restore liver and function in
the CON and FON groups, which had significantly lower AST, ALT, ALP, urea, creatinin,
LDH, and albumin levels than the HFD/CMS group. Haque and Ansari [57] reported that
cuminaldehyde reduced AST and ALT in rats fed a high-fat diet.

Table 6. Liver and kidney function of control normal (CN), HFD/CMS, cumin oil nanocapsule (CON),
and fennel oil nanocapsule (FON) groups.

CN HFD/CMS CON FON

AST (U/L) 46.78 b ± 0.61 73.20 c ± 1.41 48.70 b ± 1.11 42.00 a ± 0.75
ALT (U/L) 27.66 a ± 0.41 63.80 c ± 1.07 36.90 b ± 0.94 38.30 b ± 1.03
LDH (U/L) 240.80 a ± 0.85 381.70 d ± 1.58 259.00 b ± 1.32 278.90 c ± 1.75

Urea (mg/dL) 26.50 a ± 0.34 37.20 d ± 0.49 29.50 b ± 0.69 33.20 c ± 0.83
Creatinine (mg/dL) 0.35 a ± 0.01 0.81 c ± 0.02 0.47 b ± 0.02 0.51 b ± 0.02

Albumin (g/dL) 4.26 d ± 0.06 2.18 a ± 0.05 4.01 c ± 0.07 3.70 b ± 0.10
ALP (U/L) 125.90 a ± 0.78 159.10 d ± 1.69 130.70 b ± 0.75 143.20 c ± 1.25

Data are displayed as mean ± SE (n = 10). Different superscripts (a, b, c and d) in each row indicate significant
differences (p < 0.05). HFD/CMS, high-fat diet/chronic mild stress. a < b < c < d.

4. Conclusions
Cuminaldehyde, γ-terpinen-7-al, α-terpinen-7-al, γ-terpinene, and p-cymene are the

primary constituents of cumin EO, while trans-anethole, D-limonene, and L-fenchone are
the primary constituents of fennel EO. In silico molecular docking revealed that terpinen-
7-al exhibited the highest binding affinity for the IDO and HMG-CoA receptors, and also
interacted with their active sites through both hydrophobic interactions and hydrogen
bonds. Trans-anethole strongly interacted with the active sites of the HMG-CoA receptor via
both hydrophobic interactions and a hydrogen bond. The cumin and fennel nanocapsules
showed in vitro antioxidant activity. The in vivo findings demonstrated that an HFD
combined with CMS exposure caused a depression-like state, as evidenced by a decrease in
sucrose preference and changes in brain dopamine and serotonin levels. HFD and CMS
elevated inflammatory and oxidative markers in the brain, while reducing antioxidant
enzyme activity. In contrast, the cumin and fennel EO nanocapsules showed protective
efficacy against a depression-like state. The cumin and fennel EO nanocapsules lowered the
levels of inflammatory cytokines (TLR4, TNF-α, and IL-6) and oxidant markers (ROS, MDA,
and NO) in the brain, while enhancing sucrose preference, dopamine levels, serotonin
levels, and antioxidant enzyme activity (GSH, SOD, and CAT). The cumin and fennel EO
nanocapsules lowered cholesterol, TG, and LDL-ch levels. The cumin EO nanocapsules
showed more promise for improvement. The results reveal the potential hypolipidemic and
antidepressant effects of cumin and fennel EO nanocapsules. Further studies on humans
are required. Also, future studies on the effect of cumin and fennel nanocapsules on gut
microbiome dysbiosis induced by high-fat diets may be useful in further explaining the
mechanism of action of these nanocapsules.
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