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Introduction: Cinnamomum osmophloeum Kanehira (C. osmophloeum), a
broad-leaved tree species of Taiwan, contains phenolic acids, flavonoids, and
phenylpropanoids such as cinnamaldehyde and cinnamic acid in leaves. Many
reports have shown that the cinnamon leaf extract possesses anti-inflammatory,
hypoglycemic, hypolipidemic and neuroprotective functions. This study aims
to analyze bioactive compounds in C. osmophloeum (cinnamon leaves) by
UPLC-MS/MS and prepare hydrosol, cinnamon leaf extract and cinnamon leaf
nanoemulsion for comparison in improving Parkinson’s disease (PD) in rats.

Methods: After extraction and determination of total phenolic and total flavonoid
contents, cinnamaldehyde and the other bioactive compounds were analyzed in
cinnamon leaves and hydrosol by UPLC-MS/MS. Cinnamon leaf nanoemulsion
was prepared by mixing a suitable proportion of cinnamon leaf extract, soybean
oil, lecithin, Tween 80 and deionized water, followed by characterization of
particle size and polydispersity index by dynamic light scattering analyzer, particle
size and shape by transmission electron microscope, encapsulation efficiency,
as well as storage and heating stability. Fifty-six male Sprague-Dawley rats aged
8 weeks were divided into seven groups with group 1 as control (sunflower oil)
and group 2 as induction (2 mg/kg bw rotenone in sunflower oil plus 10 mL/
kg bw saline), while the other groups including rotenone injection (2 mg/kg
bw) followed by high-dose of 60 mg/kg bw (group 3) or low-dose of 20 mg/
kg bw (group 4) for tube feeding of cinnamon leaf extract or cinnamon leaf
nanoemulsion at the same doses (groups 5 and 6) every day for 5 weeks as well as
group 7 with rotenone plus hydrosol containing 0.5 g cinnamon leaf powder at a
dose of 10 mL/kg bw. Biochemical analysis of brain tissue (striatum and midbrain)
was done to determine dopamine, a-synuclein, tyrosine hydroxylase, superoxide
dismutase, catalase, glutathione peroxidase and malondialdehyde contents by
using commercial kits, while catalepsy performed by bar test.

Results and discussion: An extraction solvent of 80% ethanol was found to be the
most optimal with a high yield of 15 bioactive compounds being obtained following
UPLC analysis. A triple quadrupole tandem mass spectrometer with electrospray
ionization mode was used for identification and quantitation, with cinnamaldehyde
present at the highest amount (17985.2 pg/g). The cinnamon leaf nanoemulsion was
successfully prepared with the mean particle size, zeta potential, polydispersity index
and encapsulation efficiency being 30.1 nm, -43.1 mV, 0.149 and 91.6%, respectively. A
high stability of cinnamon leaf nanoemulsion was shown over a 90-day storage period
at 4 and heating at 100 for 2 h. Animal experiments revealed that the treatments of
cinnamon leaf extract, nanoemulsion and hydrosol increased the dopamine contents
from 17.08% to 49.39% and tyrosine hydroxylase levels from 17.07% to 25.59%, while

01 frontiersin.org


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2023.1229192﻿&domain=pdf&date_stamp=2023-08-02
https://www.frontiersin.org/articles/10.3389/fnut.2023.1229192/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1229192/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1229192/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1229192/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1229192/full
mailto:002622@mail.fju.edu.tw
https://doi.org/10.3389/fnut.2023.1229192
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2023.1229192

Wang et al.

10.3389/fnut.2023.1229192

reduced the a-synuclein levels from 17.56% to 15.95% in the striatum of rats. Additionally,
in the midbrain of rats, an elevation of activities of superoxide dismutase (6.69-16.82%),
catalase (8.56-16.94%), and glutathione peroxidase (2.09-16.94%) was shown, while
the malondialdehyde content declined by 1547-22.47%. Comparatively, the high-dose
nanoemulsion exerted the most pronounced effect in improving PD in rats and may be
a promising candidate for the development of health food or botanic drug.

cinnamon leaves, hydrosol, nanoemulsion, UPLC-MS/MS, Parkinson's disease in rats

1. Introduction

Cinnamomum osmophloeum (C. osmophloeum), a broad-leaved
tree species endemic to Taiwan, belongs to the Lauraceae family and
contains many biologically active compounds. Studies have shown
that the cinnamon leaves contained a variety of bioactive compounds
such as cis-cinnamaldehyde, trans-cinnamaldehyde, isobornyl acetate,
eugenol, cinnamyl acetate, phenolic acids and flavonoids (1), while the
essential oil extracted from cinnamon leaves as identified by GC/MS
was found to contain monoterpenoids, sesquiterpenoids, alcohols,
phenols, aldehydes, ketones, esters, acids, and other compounds (2).
Most importantly, cinnamon leaves have been shown to possess vital
biological activities such as anti-cancer, anti-diabetes, neuroprotection,
and cardiovascular protection (3-6).

Nanotechnology is defined as the design of characteristic products
for application in the fields of food, drug, cosmetics and medicine by
controlling the shape and size to 1-100nm (7). When the material is
at the nanometer level, its surface area and the number of surface
atoms will increase greatly which in turn modify the original physical
and chemical properties, thereby achieving higher physiological
activity and bioavailability (8). Of the various nanosystems,
nanoemulsion is the most common one frequently used. Theoretically,
nanoemulsion can form a transparent, stable and uniform dispersion
system with a size from 10-100nm by using surfactants in two
incompatible liquids, the oil phase and the water phase (9). As the
mean size of human cells is 10-100pm, the employment of
nanoemulsion can be expected to facilitate delivery of drugs through
the blood-brain barrier (BBB) (10). Furthermore, many bioactive
compounds suffer the drawback of poor water solubility and stability,
as well as, bioavailability in vivo, which limit their applications in food
and drug industries. Compared to traditional emulsion, nanoemulsion
possesses the capability of encapsulating bioactive compounds to
improve the stability and bioavailability in vivo (11, 12). In addition,
the release of bioactive compounds or drugs can be controlled in a
slow and prolonged pattern, thus both the frequency and dosage can
be reduced throughout the course of treatment, while the possible side
effect can be minimized as well (13).

Parkinson’s disease (PD), a neurodegenerative disease, is
becoming more common worldwide due to a rise in aging population.
The World Health Organization statistics show that about 18 million
people are expected to suffer from PD in 2030 and the number
continues to rise by multiple growths every year, thereby creating a
huge burden for health care in many countries (14). According to a
health insurance statistics report published by Taiwan Food and Drug
Administration, the total number of PD patients was 77,428 in 2021
and continued to grow every year, which can be closely associated
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with the Taiwan’s aging populations (15). Furthermore, in Taiwan, the
incidence of PD was shown to rise with age with men being more
prone to PD than women. Also, those who are not in the labor force
or with low income were prone to PD due to an increased adjusted-
incidence-rate-ratio of 1.50-1.56 and adjusted-prevalence-rate-ratio
of 1.66-1.71 (16).

PD, a movement disorder, is characterized by the loss of
dopaminergic neurons in the substantia nigra of the midbrain, which
can be attributed to the accumulation of a-synuclein in intracellular
deposits known as Lewy bodies and Lewy neurites (17). The symptoms
associated with inadequate secretion of dopamine will appear such as
the elevation of oxidative stress, possibly caused by the overproduction
of free radicals in vivo reacting with lipids in the brain cell membrane
to generate lipid hydroperoxides and degradation products, leading to
cell membrane damage and neuron death (18). Additionally, a high
iron and low glutathione content was found in the substantia nigra of
PD patients, and an excessive amount of iron has been shown to
accelerate production of lipid hydroperoxides (19). Therefore, the
insufficient intake of antioxidants may also lead to the death of
dopamine neurons. Over the years, many natural antioxidants such as
phenolic acids and flavonoids present in plants are believed to enhance
cognitive performance and maintain brain health (20). The ability to
scavenge free radicals and the presence of major bioactive compounds
such as cinnamaldehyde can make cinnamon plant a potential material
for treatment of PD (21).

As mentioned above, cinnamon plant is rich in cinnamaldehyde
and a significant amount of phenolic acids and flavonoids is shown,
but due to poor water solubility of cinnamaldehyde, the possible
treatment of PD by cinnamon leaves may be invalid. The aim of this
study was to extract cinnamaldehyde and the other bioactive
compounds from cinnamon leaves, followed by identification and
quantitation by UPLC-MS/MS. Also, the cinnamon leaf extract,
cinnamon leaf nanoemulsion and hydrosol (a distilled product from
cinnamon leaves) were prepared to compare their efficiency in
improving PD in rats.

2. Materials and methods

2.1. Analysis of cinnamaldehyde and the
other bioactive compounds in cinnamon
leaves and hydrosol

2.1.1. Processing of cinnamon leaves
Fu-Tai Co. (Taipei, Taiwan) provided the cinnamon leaves for this

study which was harvested in November from Pinlin district and
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Taitung County, Taiwan. A total of l1kg cinnamon leaves was
transported to our lab, cleaned, oven-dried at 60°C for 2h and ground
into powder (550g) for subsequent experiments. The moisture contents
in fresh and oven-dried leaves were 45.1 and 5.8%, respectively.

2.1.2. Determination of total phenolic content in
cinnamon leaves

The TPC in cinnamon leaves was determined by Folin-
Ciocalteu’s phenol method as reported by Abeysekera et al. (22)
and Kao et al. (23) and expressed as gallic acid equivalent. Initially
a total of 5 gallic acid standard (in ethanol) concentrations
including 50, 100, 200, 300, and 400 pg/mL were prepared, after
which a portion (50 pL each) was collected and mixed with 200 pL
of Folin’s phenol reagent. Following mixing evenly in the dark for
5min, 1mL of sodium carbonate solution (15%) was added,
followed by mixing well, keeping at room temperature in the dark
for 1 h, measuring the absorbance at 750 nm, and a standard curve
was prepared by plotting concentration against absorbance to
obtain the linear regression equation and the coefficient of
determination. Next, a 50 pL of sample extract was collected and
the same procedure was followed for the absorbance measurement
at 750nm for calculation of TPC using the linear regression
equation of the gallic acid standard curve.

2.1.3. Determination of total flavonoid content in
cinnamon leaves

The TFC in cinnamon leaves was determined based on two
methods reported by Abeysekera et al. (22) and Kao et al. (23) and
expressed as quercetin equivalent. Initially a total of 6 quercetin
standard (in ethanol) concentrations including 5, 10, 25, 50, 100, and
200 pg/mL were prepared, after which a portion (200 uL each) was
collected and mixed with 30 pL of sodium nitrite solution (5%). Then
this mixture was left at room temperature for 5min, followed by
adding 60 pL of aluminum chloride solution (10%), standing at room
temperature for 5min, adding 300 pL of sodium hydroxide solution
(IM) and 200pL of chloroform, mixing evenly, centrifuging,
collecting the supernatant and measuring the absorbance at 510 nm.
Then the quercetin standard curve was prepared by plotting
concentration against absorbance to obtain the linear regression
equation and coeflicient of determination. Next, a 200 pL of sample
extract was collected and the same procedure was followed for the
absorbance measurement at 510 nm for calculation of TFC using the
linear regression equation of the quercetin standard curve.

2.1.4. Extraction of cinnamaldehyde and the
other bioactive compounds in cinnamon leaves
and hydrosol

Cinnamon leaf nanoemulsion is mainly composed of cinnamon
leaf extract, Tween 80, soybean oil, lecithin and deionized water. Of
the various bioactive compounds, cinnamaldehyde is the dominant
one in both cinnamon leaf extract and cinnamon leaf nanoemulsion.
However, the prepared nanoemulsion was used to encapsulate
cinnamaldehyde and the other bioactive compounds in the extract for
elevation of their stability and bioavailability in vivo. Furthermore, the
cinnamaldehyde content remains the same in both nanoemulsion and
extract for the animal study for comparison of the efficiency in
improving PD.

A method reported by Waty and Suryanto (24) was modified and
used for the extraction of bioactive compounds including
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cinnamaldehyde, phenolic acids, and flavonoids from cinnamon
leaves. To 1g of cinnamon leaf powder, 30 mL of 80% methanol or
80% ethanol solution was added and the mixture was sonicated at
60°C for 2h, and then centrifuged at 4000 rpm at 25°C for 20 min. This
procedure was repeated 3 times and the combined supernatants were
collected for filtration using a filter paper and evaporation of solvent
under nitrogen. The residue was then dissolved in 10mL of 80%
methanol or 80% ethanol and analyzed for individual bioactive
compounds by UPLC-MS/MS. In a previous study dealing with
analysis of bioactive compounds in cinnamon leaves grown in Pinlin
district, New Taipei City, Taiwan, a much higher amount of
cinnamaldehyde and the other bioactive compounds was shown with
80% ethanol as the extraction solvent compared with 30% ethanol as
the extraction solvent (4). Thus, in this study we only compared the
effect of 80% ethanol and 80% methanol on the contents of
cinnamaldehyde and the other bioactive compounds in cinnamon
leaves grown in Taitung County, Taiwan. Whereas, the hydrosol
containing 97% of water was directly analyzed by UPLC-MS/MS
without solvent extraction.

2.1.5. UPLC-MS/MS analysis

Using a Luna Omega C18 100A LC column (100x2.1mm
ID,1.6 um particle size) with 0.025% acetic acid in water (A) and
0.025% acetic acid in methanol (B) as mobile phase, flow rate at 0.3 mL/
min, column temperature at 30°C, the elution was carried out in a
gradient mode with 83% A and 17% B initially, raised to 20% B in one
min, 40% B in 5min, 55% B in 10min, 99% B in 14 min, and finally
returned to the initial ratio. A total of 15 components were separated
within 14min, including 5-O-caffeoylquinic acid, caffeic acid,
p-coumaric acid, coumarin, benzoic acid, rutin, quercetin
3-O-galactoside, quercetin 3-O-glucoside, quercetin, cinnamyl alcohol,
cinnamaldehyde, kaempferol, kaempferol-3-B-D-glucopyranoside,
trans-cinnamic acid and eugenol. But the peaks of quercetin-3-O-
galactoside and quercetin-3-O-glucoside overlapped.

The MS/MS detection by multiple reaction monitoring
(MRM) mode was done in both ESI positive and negative ions as
reported by Huang and Chen (4). Identification of cinnamaldehyde
and the other bioactive components in cinnamon leaves and
hydrosol was performed by comparing the retention time and
mass spectra of standards with those of unknown peaks on the
UPLC chromatogram.

2.1.6. Quantitation of bioactive compounds in
cinnamon leaves and hydrosol

All the standards including 5-O-caffeoylquinic acid, caffeic acid,
p-coumaric acid, coumarin, benzoic acid, rutin, quercetin
3-O-galactoside, quercetin 3-O-glucoside, quercetin, cinnamyl
kaempferol-3-p-D-
glucopyranoside, trans-cinnamic acid and eugenol were each

alcohol,  cinnamaldehyde,  kaempferol,
dissolved in 80% ethanol and 8 concentrations including 500, 400,
300, 200, 100, 50, 20, and 10ng/mL for each standard were prepared.
After UPLC-MS/MS analysis, the calibration curves were obtained by
plotting concentration against peak area and the linear regression
equations used for calculation of the content of each bioactive
compound were y=95.239x-1811.4 for 5-O-caffeoylquinic acid,
y=575.78x+663.16 for caffeic acid, y=172.24x+500.63 for
p-coumaric acid, y =868.53x-12,024 for coumarin, y=96x+1360.7 for
benzoic acid, y=349.3x+593.46 for rutin, y=447.31x-936.38 for

quercetin  3-O-galactoside, y=447.31x-936.38 for quercetin
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3-O-glucoside, y=21.489x-242.09 for quercetin, y=135.37x+3793.5
for cinnamyl alcohol, y=120.98x-576.95 for cinnamaldehyde,
y=1413.6x+2789.1 for kaempferol, y=447.87x-2,624 for kaempferol-
3-B-D-glucopyranoside, y=200.98x-137.52 for trans-cinnamic acid
and y=9.5249x+61.521 for eugenol.

2.2. Preparation of cinnamon leaf extract,
nanoemulsion, and hydrosol

The cinnamon leaf extract containing 5,000 ppm cinnamaldehyde
extract (based on UPLC analysis) was prepared by mixing 100g of
dried cinnamon leaves with 500 mL of 80% ethanol and stirring for
1 h, after which a portion (20mL) was collected for preparation of
cinnamon leaf nanoemulsion. To prepare 10 mL of cinnamon leaf
nanoemulsion containing 10,000 ppm of cinnamaldehyde, 0.1g (1%)
of soybean oil, 0.2 g (2%) of lecithin and 0.6 g (6%) of Tween 80 were
mixed and dissolved in 99% ethanol, followed by mixing thoroughly
in a round-bottomed flask, adding 20 mL of the cinnamon leaf extract,
mixing thoroughly, evaporating to dryness under vacuum to form a
thin film, adding 9.1g of deionized water (91%), and ultrasonicating
for 30 min. Hydrosol (30 L) was the aqueous portion obtained through
separation from essential oil by mixing 8 kg of fresh cinnamon leaves
with 50L of pure water in a distiller for steam distillation at 100°C for
2h. Due to the presence of a large proportion of water (97%) and
lower amount of cinnamaldehyde and the other bioactive compounds
in hydrosol, 0.5 g of cinnamon leaf powder was dissolved in 10 mL of
hydrosol to elevate the content of cinnamaldehyde and the other
compounds. Specifically, the cinnamaldehyde content in hydrosol was
increased to 17 mg/kg to attain a dose of 10 mL/kg bw for tube feeding
in rats.

2.3. Characterization of cinnamon leaf
nanoemulsion

2.3.1. Particle size and shape of cinnamon leaf
nanoemulsion

The prepared nanoemulsion was characterized for both particle
size and polydispersity index (PDI) in a dynamic light scattering
(DLS) analyzer by diluting 50 times with 25mM of KH,PO, buffer
(pH 5.5), filtering through a 0.22 pm membrane filter and pouring
into a polystyrene colorimetric tube for analysis. A portion (100 puL)
of this nanoemulsion was diluted 200 times with deionized water for
determination of zeta potential at 25°C. In addition, by using a
transmission electron microscope (TEM), both the particle size and
shape of the nanoemulsion was determined by diluting 50 times with
deionized water and 20 pL was collected and dropped on a carbon-
coated copper grid. After 90, the excessive sample was removed with
a filter paper for negative staining with 20 uL of phosphotungstic acid
(2%) for 30s, followed by removing excessive stain with a filter paper
and drying overnight in an oven.

2.3.2. Encapsulation efficiency of
cinnamaldehyde
Initially, free cinnamaldehyde was extracted from the

nanoemulsion by mixing 400pL of n-hexane and 100pL of
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nanoemulsion for dissolving cinnamaldehyde into the n-hexane phase
(upper layer). In addition, 100 pL of nanoemulsion was mixed with
400 pL of ethanol and the mixture was ultrasonicated for 2 h to release
total cinnamaldehyde for analysis by HPLC with UV detection at
280 nm. The encapsulation efficiency of cinnamaldehyde was then
calculated using the formula shown below:

Encapsulation efficiency of cinnamaldehyde.

total amount of cinnamaldehyde — free cinnamaldehyde y

100

total amount of cinnamaldehyde

2.3.3. Stability of cinnamon leaf nanoemulsion

The storage stability was determined by pouring a 1mL
nanoemulsion into an eppendorf tube in triplicate and storing for a
total of 18 tubes at 4°C for 3 mo for subsequent analysis of mean
particle size, polydispersity index and zeta potential every week, while
the heating stability was conducted by collecting a 0.2mL
nanoemulsion in an eppendorf tube and heating in a water bath
separately at 40, 70, and 100°C for 0.5, 1, 1.5, and 2h in triplicate for
a total of 36 tubes, and analyzing the above 3 parameters for each
heating time length.

2.4. Animal study

Fifty-six male Sprague-Dawley rats, aged 6 weeks, was obtained
from Taiwan BioLASCO Co (Taipei, Taiwan), and these rats were
individually housed in ventilated cages at Fu Jen University Animal
Center maintained at a temperature of 21 +2°C and relative humidity
of 55+ 10% in a 12h dark/light cycle. The ethical approval to conduct
this animal study was previously obtained from the Fu Jen University
Animal Care and Use Committee (permission no. A11053) and all the
procedures adhered to approved guidelines. Throughout the study, the
rats were provided with a standard laboratory rodent diet (LabDiet
Co, St Louis, MO, United States) and uninterrupted access to water.
Weekly measurements of body weight and water intake was recorded
over a period of 5weeks. After a 2 week acclimatization period, the rats
reached 8 weeks of age and were ready for conducting experiments.

2.4.1. Experiment design

The rats were then randomly divided into seven different groups
with 8 rats each: Group 1 (control group): subcutaneous (SC) injection
with sunflower oil at a dose of 1 mL/kg body weight (bw) every day
followed by tube feeding 30 min later with normal saline at a dose of
10mL/kg bw as a vehicle for a period of 5weeks; Group 2 (rotenone-
induced group): SC injection with rotenone at a dose of 2 mg/kg bw
(dissolved in sunflower oil at 2mg/mL) every day followed by tube
feeding 30 min later with normal saline (10mL/kg bw) for 5weeks
successively; Group 3: SC injection with rotenone (2 mg/kg bw) every
day followed by tube feeding 30 min later with HDCE (high-dose
cinnamon leaf extract) at 60mg/kg bw for 5weeks successively;
Group 4: SC injection with rotenone (2 mg/kg bw) every day followed
by tube feeding 30 min later with LDCE (low-dose cinnamon leaf
extract) at 20mg/kg bw for 5weeks; Group 5: SC injection with
rotenone (2mg/kg bw) every day followed by tube feeding 30 min later

frontiersin.org


https://doi.org/10.3389/fnut.2023.1229192
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Wang et al.

with HDCN (high-dose cinnamon leaf nanoemulsion) at 60 mg/kg bw
for 5weeks; Group 6: SC injection with rotenone (2mg/kg bw) every
day followed by tube feeding 30 min later with LDCN (low-dose
cinnamon leaf nanoemulsion) at 20 mg/kg bw for 5weeks; Group 7:
SC injection with rotenone (2mg/kg bw) every day followed by tube
feeding 30 min later with cinnamon leaf powder dissolved in hydrosol
(0.5g/10mL) at a dose of 10 mL/kg bw for 5weeks.

2.4.2. Catalepsy test

Catalepsy test was assessed using the bar test, in which the rats
were positioned in a half-rearing stance with their front paws resting
on a horizontal bar located 9cm above and parallel to the bottom
surface. The rats were then carefully observed to measure the duration
until one paw was lifted from the bar. After the maximum cut-off time
of 180s for observation, the rats were subjected to carbon dioxide
asphyxiation before sacrifice and then both striatum and midbrain
were collected separately and weighed, followed by adding
homogenate for extraction with a homogenizer. The extracts were
then stored at —80°C for subsequent analysis.

2.4.3. Biochemical analysis in brain tissue

Dopamine content was analyzed with a commercial kit (EU0392,
Fine Biotech Co., Wuhan, China). In brief, the antibody-coated
96-well plate was washed with wash buffer twice, followed by adding
50 puL of samples or standards of each concentration (0, 1.562, 3.125,
6.25, 12.5, 25, 50, 100ng/mL), 50 pL of antibody (biotin-labeled
antibody working solution), mixing and reacting at 37°C for 45 min,
washing with wash buffer solution 3 times, adding 100pL of
horseradish peroxidase polymer (HRP-streptavidin conjugate),
mixing at 37°C for 30 min, washing again with wash buffer solution 5
times, adding 90 pL of TMB (3,3’,5,5 - tetramethylbenzidine) substrate,
reacting at 37°C for 15min in the dark, adding 50 pL of stop solution,
and the absorbance was measured at 450nm immediately after
mixing. Then the dopamine content of each sample was calculated
based on the standard curve.

The a-synuclein content was analyzed with a commercially
available kit (ER0921, Fine Biotech Co., Wuhan, China). Briefly, the
antibody-coated 96-well plate was washed with wash buffer solution
twice, and then 100 puL of samples or standards of each concentration
(0, 15.625, 31.25, 62.5, 125, 250, 500, 1,000 pg./mL) were added and
reacted at 37°C for 90 min. Each solution was washed twice with
wash buffer solution and mixed with 100 pL of antibody (biotin-
labeled antibody working solution) for reaction at 37°C for 60 min,
followed by washing 3 times with wash buffer solution, adding
100 puL of horseradish peroxidase polymer (HRP-streptavidin
conjugate), reacting at 37°C for 30 min, washing 5 times with wash
buffer solution, adding 90 uL of TMB as substrate, reacting at 37°C
for 15min in the dark, adding 50 uL of the stop reagent, and
measuring the absorbance at 450 nm immediately after mixing. The
content of a-synuclein in each sample was then calculated based on
the standard curve.

Tyrosine hydroxylase (TH) content was also analyzed with a
commercial kit (ER0534, Fine Biotech Co., Wuhan, China). Briefly,
the antibody-coated 96-well plate was washed twice with wash buffer
solution, and 100 pL of samples or standards of each concentration (0,
0.156, 0.312, 0.625, 1.25, 2.5, 5, 10 ng/mL) were added for reaction at
37°C for 90 min, followed by washing twice with wash buffer solution
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twice, adding 100 puL of antibody (biotin-labeled antibody working
solution), reacting at 37°C for 60 min, washing 3 times with wash
buffer solution, adding 100 uL of horseradish peroxidase polymer
(HRP-streptavidin conjugate), reacting at 37°C for 30 min, washing 5
times with wash buffer solution, adding 90 pL of TMB as substrate,
reacting at 37°C for 15min in the dark, adding 50 pL of the stop
reagent, and measuring the absorbance at 450 nm immediately after
mixing. Then, the TH content in each sample was calculated based on
the standard curve.

Superoxide dismutase (SOD) activity was assayed with a
commercial kit (706,002, Cayman Chemical Co., Ann Arbor, MI,
United States). One unit of SOD is defined as the amount of enzyme
required for 50% superoxide radical dismutation. In brief, the bovine
erythrocyte SOD (Cu/Zn) standard including 0.005, 0.010, 0.020,
0.030, 0.040, and 0.050 U/mL were prepared separately. Then a 10puL
of sample or each concentration from standard was collected and
added to a 96-well plate, and then 200 pL of the radical detector was
added. After mixing thoroughly, 20 pL of xanthine oxidase was added
for the initial reaction to proceed, followed by shaking at room
temperature for 30 min, and the absorbance at 450 nm was measured.
Then the SOD activity of each sample was measured based on the
standard curve.

Catalase (CAT) activity was assayed with a commercial kit
(707,002, Cayman Chemical Company, Ann Arbor, MI, United States).
Initially, a total of 6 concentrations of the formaldehyde standard
including 5, 15, 30, 45, 60, and 75 pM were prepared separately. Then
a 20 puL sample or standard was added to a 96-well plate, followed by
adding 100 pL of buffer and 30 pL of methanol, mixing well and then
adding 20 pL of hydrogen peroxide to start the reaction, shaking at
room temperature for 20 min, adding 30 uL of potassium hydroxide
to stop the reaction, adding 30 pL of catalase purpald, shaking for
10 min at room temperature, and finally adding 10 pL of potassium
periodate. After 5 min, the absorbance at 540 nm was measured. Then
the CAT activity of each sample was calculated based on the
standard curve.

Glutathione peroxidase (GSH-Px) activity was assayed with a
commercially available kit (703,102, Cayman Chemical Co., Ann
Arbor, MI, United States). In brief, a 20 uL sample or GSH-Px standard
was added to a 96-well plate, followed by adding 50 puL of buffer, 50 pL
of co-substrate mixture and 50 pL of NADPH, mixing well and then
adding 20 pL of cumene hydroperoxide to start the reaction. After
shaking at room temperature for a few seconds, the absorbance at
340nm was measured once every minute for 5 times for each
concentration. Then the values at two time points were used to
calculate the GSH-Px activity of each sample.

The malondialdehyde (MDA) content was analyzed with a
commercial kit (700,870, Cayman Chemical Co., Ann Arbor, MI,
United States). Briefly, a total of 7 MDA standard concentrations
including 0.625, 1.25, 2.5, 5, 10, 25, and 50uM were prepared
separately. Then a 100 pL sample or standard was collected and mixed
with 100 pL of the trichloroacetic acid reagent and 800 pL of the
coloring reagent, after which the mixture was boiled in a water bath
(100°C) for 1h, followed by cooling on ice for 10 min and centrifuging
at 1600g at 4°C for 10 min. The supernatant (200 uL) was collected
and added to a 96-well plate, and the absorbance at 535nm was
measured. Then the MDA content in each sample was calculated
based on the standard curve.
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2.5. Statistical analysis

Statistical Analysis System (SAS) with a statistical software
package (25) was used for analysis of variance (ANOVA), and
Duncan’s multiple range test to analyze the mean data for significant
difference (p <0.05).

3. Results and discussion
3.1. TPC and TFC in cinnamon leaves

The effect of 80% methanol or 80% ethanol on both TPC and TFC
in cinnamon leaves is presented in Table 1. Compared to 80% methanol
(17.52mg/g), the use of 80% ethanol as the extraction solvent could
result in a significantly higher TPC (22.27 mg/g). A similar result was
found for TFC with the level being 25.81 mg/g for 80% ethanol and
15.32mg/g for 80% methanol. Apparently, a higher yield of TPC and
TFC in cinnamon leaves was obtained with 80% ethanol as the
extraction solvent. In a previous study a higher content of TPC
(44.57mg/g) and lower content of TFC (12.00mg/g) in cinnamon
leaves from Ceylon was shown with 95% ethanol, while for cinnamon
bark, the TPC and TFC were 33.43 and 3.07 mg/g, respectively (26).
Likewise, the TPC in Cinnamomum cassia bark was reported to
be higher with 80% ethanol than that with 50% or 100% ethanol (27).
As expected, the Ceylon cinnamon leaves showed a higher TPC, but a
lower TFC than the Taiwan cinnamon leaves used in this study, which
may be caused by the difference in cinnamon species, growth location,
harvesting time or variety of extraction solvent.

3.2. Analysis of bioactive compounds in
cinnamon leaves by UPLC-MS/MS

A total of 15 bioactive compounds in cinnamon leaves including
5-O-caffeoylquinic acid, caffeic acid, p-coumaric acid, coumarin,
benzoic acid, rutin, quercetin-3-O-galactoside, quercetin3-O-
glucoside, quercetin, cinnamyl alcohol, cinnamaldehyde, kaempferol,
kaempferol-3-B-D-glucopyranoside, trans-cinnamic acid and eugenol
were separated and identified with the retention time ranging from
2.15-10.68 min (Table 2; Figure 1). Identification of each bioactive
compound was based on comparison of mass spectral data with that
reported by Huang and Chen (4).

The quantitative data of various bioactive compounds extracted
from cinnamon leaves with 80% ethanol is shown in Table 2, with the
contents of 5-O-caffeoylquinic acid, caffeic acid, p-coumaric acid,
coumarin, benzoic acid, rutin, quercetin-3-O-galactoside plus
quercetin-3-O-glucoside, alcohol,

quercetin, cinnamyl

TABLE 1 Effects of different solvents on total phenolic content (TPC) and
total flavonoid content (TFC) in cinnamon leaves.

80% EtOH2* 80% MeOH
TPC* 22.27 £0.72° 17.52 +0.54°
TFC! 25.81 +0.15° 15.32 + 0.54°

“Data are presented as mean + standard deviation of triplicate determinations.

Data with different small letters (a)-(b) in the same row are significantly different at p <0.05.
‘Data expressed as mg/g of gallic acid equivalent (GAE).

“Data expressed as mg/g of quercetin equivalent (QE).
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cinnamaldehyde, kaempferol, kaempferol-3-B-D-glucopyranoside,
trans-cinnamic acid and eugenol being 0.3, 2.0, 3.9, 2.0, 56.4, 4.0, 4.6,
16.6, 76.8, 17985.2, 4.1, 16.6, 387.4, and 183.4 ng/'g, respectively.
Table 2 also presents the contents of individual bioactive compounds
extracted from cinnamon leaves and hydrosol with 80% methanol.
Like TPC and TFC, 80% ethanol could yield a much higher content of
bioactive compounds such as cinnamaldehyde (17985.2 pg/g) and
cinnamyl alcohol (76.8 pug/g) compared to 80% methanol. Thus, 80%
ethanol was chosen as an appropriate extraction solvent for all further
experiments in this study. An analogous outcome was also reported
by Kim et al. (28), showing that compared to pure water (100%), 30,
50, and 100% ethanol, 80% ethanol was the most effective in extracting
cinnamaldehyde (11521.08 pg/g) from cinnamon powder. However, a
study comparing the effect of different extraction methods on the
yield of phenolic compounds from cinnamon bark in China reported
a high content of trans-cinnamic acid (103 pg/g) with 60% ethanol as
the extraction solvent, temperature at 50°C for 90 min and sample to
solvent ratio at 1:20 (w/v) (29).

The contents of individual bioactive compound in hydrosol is also
shown in Table 2, with cinnamaldehyde being present in the largest
amount (1099.60 pg/g), followed by eugenol (12.06 pg/g), benzoic acid
(3.57pg/g), and cinnamyl alcohol (3.36 pg/g). However, the hydrosol
collected from Nantou County, Taiwan and analyzed by GC-MS was
shown to contain cinnamaldehyde, benzaldehyde and cinnamyl
acetate with the levels accounting for 87.7, 7.0, and 5.3%, respectively
(30). In another study Shahpar et al. (31) analyzed chemical
components of hydrosol from Iran market and reported that
cinnamaldehyde was the most abundant one accounting for 63.04-
91.61%. The difference in cinnamaldehyde content in hydrosol can
be dependent upon cinnamon leaf species and distillation condition.

In the literature reports many studies have shown that cinnamon
tree barks and leaves were effective in improving chronic diseases such
as neurodegeneration, diabetes and cancer, which can be attributed to
the presence of phytochemicals such as cinnamaldehyde, eugenol,
trans-cinnamic acid, flavonoids and phenolic acids (3, 32). As
cinnamaldehyde is the dominant bioactive compound accounting for
>90% in cinnamon leaves, its protective role in the prevention of
various chronic diseases has been extensively studied. For instance, for
neuroprotection of Alzheimer’s disease, Peterson et al. reported that
the aqueous extract of cinnamon from Ceylon was efficient in
inhibiting tau protein aggregation, neurofibrillary tangles and amyloid
beta plaques in vitro (5). In another study dealing with the
neuroprotective effect of cinnamic aldehyde in a MPTP-induced
mouse model of PD, Bae et al. (6) demonstrated that cinnamic
aldehyde was protective against dopaminergic neuron loss and
defective autophagy, which can lead to mitochondrial dysfunction and
a substantial decrease in dopamine levels. Nevertheless, most
published reports focused on the neuroprotective effects of
cinnamaldehyde standard or solvent extracts from cinnamon tree
bark, the possible treatment of PD by nanoemulsion prepared from
cinnamon leaves remain less explored.

3.3. Characteristics of cinnamon leaf
nanoemulsion

As indicated above, cinnamaldehyde is the most abundant
bioactive compound in cinnamon leaves. But due to poor aqueous
solubility of cinnamaldehyde, its bioactivity in vivo may be affected.
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Thus, in this study we prepared cinnamon leaf nanoemulsion for
encapsulation of cinnamaldehyde to enhance its stability in vivo.
Figure 2A shows a deep green appearance of cinnamon leaf
nanoemulsion, but following dilution, a transparent green color was
shown in Figure 2B. The mean particle size of cinnamon leaf
nanoemulsion was 30.1 nm and 30nm as determined by DLS and
TEM (Figures 2C,D), respectively. In addition, the PDI and zeta-
potential was 0.149 and —43.1 mV, respectively, implying that a narrow
and even distribution of nanoparticles in cinnamon leaf nanoemulsion,
as well as, a high stability of this nanoemulsion was obtained. Based
on a report by Lakshmi and Kumar (33), a PDI value between 0.1 and
0.25 indicated a narrow and even distribution of particles in solution
and a PDI value of >0.5 indicated uneven and wide distribution. For
zeta potential, a value of —43.1 mV implied a strong repulsive force
between nanoparticles which is essential to impart high stability, as a
zeta potential value ranging from >30mV or <—30mV represent a
highly stable nanosystem (34). Moreover, this nanoemulsion can also
exhibit high stability in vivo, as a high encapsulation efficiency (91.6%)
was shown for cinnamaldehyde.

In several previous studies Mukerjee et al. (35) prepared a
nanoemulsion by using cinnamon oil, usnic acid, Tween 80,
ethanol and deionized water with a mean particle size of 96.39 nm
and PDI of 0.25. Similarly, a mean particle size of 65 nm and PDI
of 0.136 was found for the nanoemulsion prepared by using
cinnamon oil, Tween 80 and deionized water (36). However, a

10.3389/fnut.2023.1229192

much smaller particle size (8.69 nm) and PDI (0.22) was reported
for nanoemulsion prepared with cinnamon oil, Tween 80 and clove
extract (37), which can be attributed to addition of a high level of
Tween 80. Nevertheless, the incorporation of high-level Tween 80
into a nanoemulsion may elevate health risk. In our study we also
used lecithin as a surfactant to enhance the stability of the o/w
nanoemulsion and thus the amount of Tween 80 addition was
reduced. In another study Davila-Rodriguez et al. (38) prepared 3
nanoemulsions from cinnamon, rosemary and oregano essential
oils and the mean particle size was shown to be, respectively, 176,
267, and 414 nm, and the encapsulation efficiency 98.9, 97.0, and
82.8%, while the mean particle size and encapsulation efficiency of
a similar cinnamon nanoemulsion was reported to be 100 nm and
81%, respectively (39). Apparently the difference in particle size,
PDI, zeta potential and encapsulation efficiency of cinnamon
nanoemulsions can be driven by variety and amount of ingredients
used for nanoemulsion preparation.

Tables 3, 4 show the storage and heat stability data of cinnamon
leaf nanoemulsion respectively, revealing a high stability of this
nanoemulsion prepared in our study as only a minor change in mean
particle size, PDI and zeta potential was observed over a 90days
storage period at 4°C and heating for 2h. However, we have to point
out that after prolonged heating at high temperature, the turbid
appearance of this nanoemulsion can occur and then revert back to
original state following cooling and stirring. This phenomenon may

TABLE 2 Identification and quantitation data of cinnamaldehyde and the other bioactive compounds in cinnamon leaf extract and hydrosol by UPLC-

MS/MS.
Peak Compound? Retention MS/MS (m/z) Content (png/g)©
e Tmemin) Precursor = Product Reported® 80% 80% Hydrosol®
ion ion Ethanol Methanol

1 5-0-Caffeoylquinic 2.15 353 179 353,179 0.3+0.11 ND* ND
acid

2 Caffeic acid 423 179 134 179, 134 2.0+0.06 7.6 +0.07 ND

3 p-Coumaric acid 5.57 164 90 164, 90 3.9+ 0.69 ND ND

4 Coumarin 5.60 147 91 147,91 2.0+0.10 ND ND

5 Benzoic acid 6.52 121 77 121,77 56.4 +0.42 22.8+0.51 357+ 1.51

6 Rutin 7.28 609 300 609, 300 40+0.08 1.7 £0.04 ND

7 Quercetin-3-O- 7.33 463 300 463, 300 46+0.15 3.7 +0.04 ND
galactoside
Quercetin-3-O-
glucoside

8 Quercetin 7.33 301 151 301, 151 16.6 + 1.52 35+0.16 ND

9 Cinnamyl alcohol 8.13 117 115 117,115 76.8 +4.41 71.2 +2.88 3.36 £0.42

10 Cinnamaldehyde 8.33 132 55 132,55 179852 +330.33 | 9963.3 + 150.44 1099.60 + 82.55

11 Kaempferol 8.20 287 153 287,153 4.1+0.48 0.4 +0.07 ND

12 Kaempferol-3-B-D- 8.39 447 284 447,284 16.6 + 0.30 16.1 +0.22 ND
glucopyranoside

13 trans-Cinnamic acid 9.04 147 103 147,103 387.4 +5.61 185.1 +3.96 1.62 +0.07

14 Eugenol 10.68 165 137 165, 137 183.4 + 1.61 72.2+6.75 12.06 + 0.18

“Peaks were positively identified based on comparison of retention time and mass spectra of standards with unknown peaks.
"Reported MS/MS data were based on a reference by Huang and Chen (4).

“Data are presented as mean + standard deviation of triplicate determinations.

“Not detected.

“Directly analyzed by UPLC-MS/MS without solvent extraction.
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FIGURE 1
Ultra performance liquid chromatography-mass spectrometry/mass spectrometry (UPLC-MS/MS) chromatogram of standards (A) and cinnamon leaf
extract (B) detected by multiple reaction monitoring (MRM) mode.

be caused by flocculation due to interaction between particles for
formation of irregular aggregates. Nevertheless, a high level of
cinnamaldehyde in the nanoemulsion may also cause this
phenomenon as evident by formation of a transparent green
appearance after dilution (Figure 2B). Moreover, it is possible that the
surfactant solubility in nanoemulsion follows a temperature-
dependent rise during heating, however, when the temperature
exceeds cloud point, the solubility declines to lower the stability of
nanoemulsion and results in a turbid appearance, which can revert
back to the original transparent appearance after the temperature
decreases to be below cloud point (40). As no irreversible change
occurs for this nanoemulsion during 90days storage at 4°C, this
outcome demonstrates a high storage stability of cinnamon leaf
nanoemulsion prepared in our study.

3.4. Animal study

Figure 3A shows the effect of various treatments on dopamine
contents in the striatum of the rotenone-induced PD rats.
Rotenone, a hydrophorbic neurotoxin, can cross BBB readily
through subcutaneous injection without brain opening and
transportation through a dopamine transporter. Furthermore,
rotenone was capable of inhibiting activity of mitochondria
complex I and leading to production of free radicals and
dysfunction of mitochondria for subsequent loss of dopaminergic
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neuron (41). Compared to the rotenone-induced (RT) group, the
dopamine content for the control (NC) group was significantly
higher (p<0.05) by 56.33ng/g (58.64%), while for the HDCE,
LDCE, HDCN, LDCN, and HP groups, the dopamine contents
were raised by 26.78 ng/g (40.27%), 8.18 ng/g (17.08%), 38.77 ng/g
(49.39%), 15.74 ng/g (28.38%), and 27.85ng/g (41.22%). Thus, the
HDCN was the most effective in raising dopamine contents in the
striatum in the rotenone-induced PD rats.

Dopamine was analyzed as PD is a movement disorder disease
caused by degeneration of brain cells of the basal ganglia and
substantia nigra for inadequate production of dopamine as mentioned
above. This symptom occurs when the dopamine level secreted is
lower than 80% of normal. Additionally, the striatum in the human
midbrain possesses the function of regulating muscle tension and
coordinating complex movements, both of which need to rely on
dopamine to work normally (17). Therefore, the presence of dopamine
level in the striatum is a vital index of PD.

In several similar studies the administration of PD rats with
cinnamon powder for 7 days was shown to raise the dopamine
content in the striatum by 35% (42), which can be ascribed to the
presence of high amount of cinnamaldehyde in cinnamon powder.
In another study investigating the effect of eugenol on dopamine
contents in the striatum in 6-OHDA induced PD rats, a significant
rise (p<0.05) of 56.5, 54.5, and 44.4% was observed for the
treatments of two doses (1.0 and 0.1 mmol/kg) before induction
and one dose (1.0mmol/kg) after induction, respectively. This
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with mean particle size at 30 nm (D).

Appearance of cinnamon leaf nanoemulsion (A) and diluted cinnamon leaf nanoemulsion (B), as well as, particle size distribution and polydispersity
index as determined by dynamic light scattering (DLS) method (C) and transmission electron microscopic (TEM) image of cinnamon leaf nanoemulsion

outcome also implied that in addition to cinnamaldehyde, eugenol
also plays a critical role in improving PD in rats. In addition to
cinnamaldehyde and eugenol, the effect of flavonoids such as
quercetin and phenolic acids such as caffeic acid on improving PD
syndrome in rats cannot be ignored. For instance, compared to the
6-OHDA induced group, the dopamine content in the striatum of
PD rats was raised by 34.56% following intake of quercetin at
30 mg/kg for 14 days (43). Similarly, after intraperitoneal injection
of PD rats with quercetin at 25, 50, and 75 mg/kg for 4 days, the
dopamine contents in the striatum rose by 9, 25, and 39%,
respectively, when compared to the induction group (44). In a later
study Ablat et al. (45) further demonstrated that kaempferol-3-O-
rutiniside, the major flavonoid in safflower, was effective in
increasing the dopamine contents in the striatum of PD rats by 27
and 25%, respectively, after tube feeding with the safflower extract
at 70 and 35 mg/kg for 24 days. More recently, Kumar et al. (46)
prepared a fisetin nanoemulsion with the mean particle size being
154nm for subsequent tube feeding at 20mg/kg (high-dose
fisetin), 10 mg/kg (low-dose nanoemulsion), and 20 mg/kg (high-
dose nanoemulsion) into PD rats for 35days, the dopamine
contents in the striatum rose by 35, 42, and 50%, respectively, when
compared to the induction group. Compared to most published
reports, the dopamine contents in PD rats were higher for the
high-dose cinnamon leaf nanoemulsion (raised by 49.39%) in our
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study, probably due to the presence of much smaller particle size
(30.1nm) in this nanoemulsion, making it more susceptible to
cross BBB. The cross efficiency of nanoparticles into BBB has been
controversial. In a previous International Nanomedicine Workshop
held at London, United Kingdom, Dawson (47) reported that
nanoparticles with size <100 nm can enter into cells, while the size
<40 nm can enter into nucleus and that <35 nm can cross BBB. Tang
et al. (48) studied the effect of silver nanoparticle on BBB and
reported that the smaller the particle size, the higher the content
of silver nanoparticles in brain. In another study Betzer et al. (49)
compared the effect of nanoparticle size (nanogold conjugated with
insulin) on the ability to cross BBB in mice, a size of 20nm
nanogold was the most widely distributed in brain compared to the
nanogold with a size of 50 or 70nm, probably caused by
conjugation of nanogold insulin with insulin receptor in brain
cells. Interestingly, in a report investigating the effect of
nanoparticle size (nanogold) on the delivery into brain assisted by
focused ultrasound-induced BBB opening, a size of 15 nm was the
most effective in crossing BBB, followed by 3 nm and 120 nm (50).
It may be inferred that the smallest nanogold size (3 nm) should
be the most efficient in crossing BBB, however, it may also undergo
a fast kidney excretion. Thus, the cross efficiency into BBB as
affected by nanoparticle size needs to be further explored.
Nevertheless, the nanoemulsion size prepared in our study is small
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(30nm), which should be able to cross BBB to activate brain cells
for secretion of more dopamine in improving PD syndrome in rats.

Furthermore, it has been well established that BBB can inhibit
entrance of about 98% of small-molecule drugs and 100% of large-
molecule drugs into brain, but with the small size nature and
capability of encapsulating drugs of nanoparticles, it is possible
that nanoparticles can cross BBB in a more efficient way (51, 52).
Of the various nanosystems, the nanoemulsion (o/w) has been
shown to be able to enhance aqueous solubility and encapsulation
of lipophilic drugs for prevention of enzyme degradation in vivo
(53). In addition, it was reported that the surfactant Tween 80 used
for preparing nanoemulsion in our study could facilitate ApoE
adsorption from circulation for conjugation with the LDL receptor
of brain cell membrane for easier penetration into BBB, and for
subsequent uptake of nanoparticles by brain endothelial cells
(54-56).

The a-synuclein levels in the striatum of rats as affected by various
treatments are also shown in Figure 3B. Compared to the RT group,
the a-synuclein level was lowered by 23.06% for the NC group, but for
the HDCE, LDCE, HDCN and HP groups, the a-synuclein levels were
reduced by 17.56, 0.50, 15.95, and 3.10%, respectively. This outcome
indicated that both high-dose cinnamon leaf extract and
nanoemulsion were the most effective in decreasing a-synuclein levels
in the striatum of rats.

Synuclein, including a-, -, and y-synuclein, is a small soluble
protein family, in which a-synuclein is a relatively small and soluble
protein which can be expressed presynaptically and perinuclearly in

TABLE 3 Particle size and zeta-potential changes of cinnamon leaf
nanoemulsion during storage for 90 days at 4°C.

Particle Polydispersity Zeta-
size (nm)? index®< potential
(mV)ee

0 30.1 0.149 +0.02° —43.1+0.77°
7 323 0.175 + 0.03* —35.6+0.70°
14 32.1 0.176 + 0.01° —35.1+ 1.50°
21 30.7 0.168 + 0.06* —-37.6+0.71°
30 28.9 0.156 + 0.02° —35.3+0.06°
60 27.9 0.148 + 0.04° —38.3+0.68"
90 30.5 0.186 + 0.01° —41.3 £ 1.05¢

“Data shown are mean of triplicate analyses.

"Data shown are mean + standard deviation of triplicate analyses.

‘Data with different small letters (a)-(d) in the same column are significantly different at
p<0.05.
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the central nervous system for regulation of neuronal stability,
presynaptic signaling and membrane trafficking of vesicles (17).
However, a-synuclein can undergo aggregation to form Lewy bodies,
which in turn cause PD, Lewy’s dementia and multiple system atrophy.
In addition, various cellular diseases such as oxidative stress, synaptic
and mitochondrial dysfunction, dysregulation of calcium signaling
and microvascular damage can occur (17). Thus, the determination of
a-synuclein level in the striatum is imperative.

In a similar study Raha et al. (57) studied the effect of cinnamon
on a-synuclein aggregation in transgenic mice (A53T) and reported
that the a-synuclein level was reduced by 66% after tube feeding of
cinnamon powder at 100 mg/kg for 60 days. In addition to cinnamon
leaf, the effect of some other plants rich in phenolic acids and
flavonoids on a-synuclein levels in mice/rats has been reported. For
example, the Cyanara scoluymus extract was effective in diminishing
a-synuclein levels in PD rats by 73.90% after tube feeding at 200 mg/
kg for 20 days. Likewise, after tube feeding of PD mice with Tribulus
terrestris extract at 100, 300, and 1,000mg/kg for 21days, the
a-synuclein levels were decreased by 27.8, 44.0, and 52.0%, respectively
(58). A similar outcome was reported by Tikhonova et al. (59) and
Guo et al. (60), with the former showing a reduction of a-synuclein
level in transgenic mice A53T by 50% after tube feeding with grape
polyphenol at 1.5mL/kg for 4 months, and the latter showing a decline
of 78.5% in PD mice after tube feeding with resveratrol at 100 mg/
kg/d, when compared to the induction group. Collectively, the
presence of bioactive compounds such as cinnamaldehyde, phenolic
acids and flavonoids were effective in diminishing a-synuclein levels
in the striatum of PD mice/rats. However, compared to most published
reports, a less reduction of a-synuclein levels in PD rats was observed
in our study, probably due to the difference in animal strain, variety
and amount of bioactive compounds, feeding dose and period, and
induction mode.

The effect of various treatments on tyrosine hydroxylase contents
in the striatum in PD rats is shown in Figure 3C. Compared to the RT
group, the tyrosine hydroxylase content was higher by 21.81% for the
NC group, as well as, higher by 16.57, 17.07, 25.59, 21.50, and 14.75%
for the HDCE, LDCE, HDCN, LDCN, and HP groups, respectively.
This result indicated that the high-dose nanoemulsion was the most
effective in elevating tyrosine hydroxylase content. Tyrosine
hydroxylase in the striatum needs also to be analyzed as it can convert
tyrosine into L-dopamine in human body. Specifically, the lack of
tyrosine hydroxylase can cause inadequate production of dopamine
due to neurotransmitter blockage in the central and peripheral
nervous system.

In several similar studies, after intraperitoneal injection of
cinnamaldehyde at 10mg/kg into mice for 1week, the tyrosine

TABLE 4 Particle size and zeta-potential changes of cinnamon leaf nanoemulsion during heating at 40°C, 70°C, and 100°C for varied time length.

Temperature Particle size (nm) Polydispersity index Zeta-potential (mV)
(°C)
Timelength* Oh 05h 1h 15h Oh 05h 1h 15h 2h 0.5h 1h 15h 2h
Control 30.1 - - - - 0.149 - - - - —43.1 - - - -
40 - 28.9 26.6 26.9 253 - 0.159 0.179 0.155 0.152 - —41.3 —40.7 —40.6 —40.3
70 - 25.6 26.1 26.4 24.8 - 0.175 0.166 0.185 0.173 - -39.9 -39.3 —-39.2 —38.2
100 - 252 24.6 23.7 24.4 - 0.187 0.165 0.176 0.153 - —38.1 -37.5 —36.1 -35.0
“Data shown are mean of triplicate analyses.
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FIGURE 3

Effects of cinnamon leaf extract, nanoemulsion and powder
hydrosol on dopamine (A), a-synuclein (B), and tyrosine hydroxylase
(C) contents in striatum of rotenone-induced Parkinson’s disease
(PD) rats. Data are presented as mean + standard deviation (n = 6).
NC, normal control group; RT, rotenone (2 mg/kg bw) dissolved in
sunflower oil and administered daily for a period of 5weeks (35 days);
High-dose cinnamon extract (HDCE), administration of cinnamon
leaf extract at a cinnamaldehyde dose of 60 mg/kg bw and rotenone
(2mg/kg bw) for 35days; Low-dose cinnamon extract (LDCE),
administration of cinnamon leaf extract at a cinnamaldehyde dose of
20 mg/kg bw and rotenone (2 mg/kg bw) for 35 days; High-dose
cinnamon nanoemulsion (HDCN), administration of cinnamon leaf
nanoemulsion at a cinnamaldehyde dose of 60 mg/kg bw and
rotenone (2 mg/kg bw) for 35days; Low-dose cinnamon
nanoemulsion (LDCN), administration of cinnamon leaf
nanoemulsion at a cinnamaldehyde dose of 20 mg/kg bw and
rotenone (2 mg/kg bw) for 35 days; Powder in hydrosol (HP),
administration of leaf powder dissolved in hydrosol (0.5g/10 mL) at a
dose of 10 mL/kg bw and rotenone (2 mg/kg bw) for 35 days; bw,
body weight. Data are presented as mean + standard deviation (n = 8)
and data with different small letters (a)—(e) are significantly different
atp<0.05.

hydroxylase level was raised by 50% (6), while a rise by 38.11% was
also shown in PD mice following intraperitoneal injection of
cinnamaldehyde at 30 mg/kg for 48h (61), when compared to the
induction group. In addition to cinnamaldehyde, the tyrosine
hydroxylase level was raised by 68.7% after tube feeding of PD rats
with safflower extract at 70 mg/kg for 24 days (45), while a mounting
amount by 42.8% was found in PD mice after tube feeding with
resveratrol at 100 mg/kg/d for 33 days (60), when compared to the
induction group. Apparently, the presence of cinnamaldehyde and the
other bioactive compounds such as phenolic acids and flavonoids may
play a vital role in elevating tyrosine hydroxylase contents in PD rats/
mice. However, in our study the tyrosine hydroxylase level was less
reduced compared to published reports, which may be due to the
difference in the variety and amount of sample, feeding period, animal
strain and feeding dose.

As reactive oxygen species (ROS) have been demonstrated to be a
vital factor in causing neurodegenerative disease such as PD, the effect
of various treatments on activities of antioxidant enzyme in the
midbrain of PD rats needs to be explored. The SOD activity in the
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midbrain of PD rats as affected by various treatments is shown in
Figure 4A. Compared to the RT group, the SOD activity for the NC
group was significantly higher (p<0.05) by 12.79%. Similarly, for the
HDCE, LDCE, HDCN, LDCN and HP groups, the SOD activities rose
by 13.00, 9.36, 16.82, 8.62, and 6.69%, respectively, implying that the
high-dose nanoemulsion showed the most prominent effect in
enhancing SOD activity.

An analogues trend was found for the CAT activity as illustrated
in Figure 4B. Compared to the RT group, the CAT activities for the
NC, HDCE, LDCE, HDCN, LDCN, and HP groups were raised by
19.87,9.16, 10.43, 19.94, 14.43, and 8.56%, respectively, revealing that
the high-dose nanoemulsion was the most efficient in increasing CAT
activity. Likewise, for the GSH-Px activity shown in Figure 4C, it was
increased by 17.91, 16.73, 8.59, 16.94, 4.46, and 2.09% for the NC,
HDCE, LDCE, HDCN, LDCN and HP groups, respectively. By
comparison, both high-dose extract and nanoemulsion showed the
most pronounced effect in elevating the GSH-Px activity in PD rats.
On the contrary, a different result was observed for the MDA content,
a degradation product formed from linolenate hydroperoxide during
thermal oxidation of oil, which can be used to assess the degree of
lipid oxidation. The MDA content changes as affected by various
treatments are also shown in Figure 4D. Compared to the RT group,
the MDA contents in rat midbrain were reduced by 17.83, 15.47,
17.98,22.47,20.37, and 16.19% for the groups of NC, HDCE, LDCE,
HDCN, LDCN, and HP respectively, with the high-dose
nanoemulsion being the most effective in lowering MDA contents in
PD rats. Obviously, the increase of antioxidant enzyme activity and
decrease of MDA contents in midbrain of PD rats can be due to the
presence of bioactive compounds such as cinnamaldehyde, phenolic
acids and flavonoids in cinnamon leaves. In several previous studies
Mehraein et al. (62) reported that compared to the induction group,
the CAT activity rose by 42% while the MDA level reduced by 32% in
the midbrain of PD rats following intraperitoneal injection of
cinnamaldehyde oil at 30 mg/kg into MPTP-induced rats for 2 weeks.
In a study reporting the effect of gold-cinnamon leaf nanoemulsion
(30-50nm) on neuroprotection of PD rats, Ling et al. (63)
demonstrated that compared to the induction group, the SOD activity
increased by 25.9 and 37.5%, respectively, after administration of this
nanoemulsion at 5 and 10mg/kg for 15days. In addition to
cinnamaldehyde, eugenol, one of the main bioactive compounds in
cinnamon leaves, was also shown effective in reducing the MDA
content by 34.4% in PD rats after intraperitoneal injection at 1.0 or
0.lmmol/kg for 7days (64). Also, the effects of plant extract
nanoemulsion rich in phenolic acids and flavonoids on improving
antioxidant enzyme activities in PD rats were investigated by several
authors. For instance, compared to the induction group, the SOD,
CAT, and GSH-Px activities rose by 68.1, 15.0, and 25.5%, respectively,
while the MDA content decreased by 38.9%, after administration of
PD rats with Tribulus terrestris extract at 1000 mg/kg for 21 days (58),
which may be due to kaempferol being present in high amount.

In a comparative study on neuroprotection of nerve-damaged and
movement disordered rats, the SOD activities, respectively, rose by
26.2 and 33.6% and the MDA contents declined by 20.1 and 25.6%
after administration with rutin extract and nanoemulsion (65)
Likewise, Kumar et al. (66). prepared fisetin nanoemulsion and
reported that the high-dose nanoemulsion was the most effective in
diminishing MDA contents in PD rats by 72.3%, followed by high-
dose extract (65.2%), low-dose nanoemulsion (55.8%) and low-dose
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significantly different at p <0.05.

Effects of cinnamon extract, nanoemulsion and powder hydrosol on superoxide dismutase (SOD) (A), catalase (CAT) (B), glutathione peroxidase (GSH-
Px) (C), and malondialdehyde (MDA) (D) contents in midbrain of rotenone-induced PD rats. NC, normal control group; RT, rotenone (2 mg/kg bw)
dissolved in sunflower oil and administered daily for a period of 5weeks (35 days); High-dose cinnamon extract (HDCE), administration of cinnamon
leaf extract at a cinnamaldehyde dose of 60 mg/kg bw and rotenone (2 mg/kg bw) for 35 days; Low-dose cinnamon extract (LDCE), administration of
cinnamon leaf extract at a cinnamaldehyde dose of 20 mg/kg bw and rotenone (2 mg/kg bw) for 35 days; High-dose cinnamon nanoemulsion (HDCN),
administration of cinnamon leaf nanoemulsion at a cinnamaldehyde dose of 60 mg/kg bw and rotenone (2 mg/kg bw) for 35 days; Low-dose
cinnamon nanoemulsion (LDCN), administration of cinnamon leaf nanoemulsion at a cinnamaldehyde dose of 20 mg/kg bw and rotenone (2 mg/kg
bw) for 35 days; Powder in hydrosol (HP), administration of leaf powder dissolved in hydrosol (0.5g/10 mL) at a dose of 10 mL/kg bw and rotenone
(2mg/kg bw) for 35days; bw, body weight. Data are presented as mean + standard deviation (n = 8) and data with different small letters (a) and (b) are

extract (43.3%). More recently, the high-dose curcumin nanoemulsion
was shown to be the most efficient in lowering the MDA content in
PD rats by 75.4%, followed by low-dose nanoemulsion (73.1%), high-
dose curcumin extract (62.6%) and low-dose curcumin extract
(52.7%) (67). All the results shown above are in agreement with our
finding that the nanoemulsion is superior to the extract in improving
PD in rats through elevation of the antioxidant enzyme activity and
decline in MDA content.

3.5. Catalepsy test

The catalepsy test data as affected by various treatments is depicted
in Figure 5. Compared to the RT group, the catalepsy time was
reduced by 92.31, 42.31, 15.38, 61.54, 38.46, and 19.23% for the CD,
HDCE, LDCE, HDCN, LDCN, and HP groups, respectively.
Comparatively, with the exception of CD, the high-dose nanoemulsion
was the most effective in decreasing catalepsy time of PD rats.
Nevertheless, a paucity of data does exist to demonstrate the effect of
cinnamon extract and nanoemulsion on reduction of catalepsy time
in PD rats. In a recent study Churihar et al. (68) evaluated the effect
of cinnamaldehyde on haloperidol induced catalepsy in albino mice
and reported that following tube feeding of cinnamaldehyde at two
doses (100 and 200 mg/kg), the catalepsy time remained unaffected,
probably caused by the cinnamaldehyde instability in vivo and lack of
some other bioactive compounds such as phenolic acids and
flavonoids. Several other studies dealing with the effect of plant

Frontiers in Nutrition

12

extracts rich in phenolic acids and flavonoids on improving catalepsy
time in PD rats have been reported. For example, compared to the
induction group, the catalepsy time declined by 88.6% after tube
feeding of PD rats with Cynara scolymus (artichoke) at 200 mg/kg for
20days (69). Similarly, following administration of PD mice with
Tribulus terrestris (caltrop) extract at 100, 300, and 1,000 mg/kg for
21days, the catalepsy time was lowered by 54.6, 54.6, and 81.9%,
respectively (58). In a study dealing with the effect of fisetin extract
and nanoemulsion on improving catalepsy time in PD rats after tube
feeding of two doses (10 and 20 mg/kg) for 35days, the high-dose
nanoemulsion was the most efficient in reducing catalepsy time by
32.9%, followed by low-dose nanoemulsion (29.9%), high-dose extract
(20.4%) and low-dose extract (11.45%) (66). A similar outcome was
reported for rutin extract and nanoemulsion as evidenced by a
reduction of catalepsy time by 38.8 and 50.6%, respectively, in nerve-
damaged rats when compared to the induction group (65). These
results are in accordance with our finding, demonstrating that the
nanoemulsion was superior to the extract in improving catalepsy
performance, probably due to enhanced protection of bioactive
compounds such as cinnamaldehyde, phenolic acids and flavonoids
in the nanoemulsion through encapsulation.

The foregoing discussion demonstrated the efficiency of high-dose
cinnamon leaf nanoemulsion in improving PD in rats and thus can
be further evaluated through clinical trials for patients with
PD. However, prior to in vivo/human trials, verifying the efficiency of
cinnamon leaf nanoemulsion by a preclinical model is pivotal, as the
new law enforced in December 2022 states that FDA no longer
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FIGURE 5

Effects of cinnamon leaf extract, nanoemulsion, and powder hydrosol
on catalepsy of rotenone-induced PD rats. NC, normal control group;
RT, rotenone (2mg/kg bw) dissolved in sunflower oil and administered
daily for a period of 5weeks (35days); High-dose cinnamon extract
(HDCE), administration of cinnamon leaf extract at a cinnamaldehyde
dose of 60mg/kg bw and rotenone (2mg/kg bw) for 35days; Low-dose
cinnamon extract (LDCE), administration of cinnamon leaf extract at a
cinnamaldehyde dose of 20mg/kg bw and rotenone (2mg/kg bw) for
35days; High-dose cinnamon nanoemulsion (HDCN), administration of
cinnamon leaf nanoemulsion at a cinnamaldehyde dose of 60mg/kg
bw and rotenone (2mg/kg bw) for 35days; Low-dose cinnamon
nanoemulsion (LDCN), administration of cinnamon leaf nanoemulsion
at a cinnamaldehyde dose of 20mg/kg bw and rotenone (2mg/kg bw)
for 35days; Powder in hydrosol (HP), administration of leaf powder
dissolved in hydrosol (0.5g/10mL) at a dose of 10mL/kg bw and
rotenone (2mg/kg bw) for 35days; bw, body weight. Data are presented
as mean+standard deviation (n=8) and data with different small letters
(a)—(e) are significantly different at p<0.05.

requires animal testing for new drugs and can rely on in vitro
experiment before conducting clinical trial studies (70). From the
brain structure point of view, this is particularly important as the BBB
severely hinders drug access to CNS and the global burden of
neurological disorders has increased substantially over the past two
decades (71, 72). Consequently, researchers have attempted to develop
reliable in vitro models to screen the ability of novel drug delivery
systems to cross the BBB, thereby preventing the therapeutic
inefficiency of drugs during in vivo and clinical trial studies. Many
cell-based in vitro models have been developed to determine the
permeability of drugs into the BBB, with the Transwell models being
the most widely applied cell-based in vitro BBB models (73). But these
2D in vitro models fail to fully reproduce the complexity of human
BBB, resulting in the inability to accurately predict the in vivo/clinical
permeation. Therefore, for effective clinical translation from bench to
bedside, a therapeutic drug requires to be screened by robust and
physiologically relevant microvascular 3D in vitro models and some
recent reviews have comprehensively elucidated the emerging 3D vitro
models including hydrogel-, spheroid- and organoid-based static BBB
models as well as microfluidic-based BBB-on-a-chip models
highlighting their application, advantages and disadvantages in
screening drugs (73, 74). Thus, a future study is warranted to evaluate
the therapeutic efficiency of cinnamon leaf nanoemulsion by a 3D in
vitro BBB model prior to clinical trial experiments.

4. Conclusion

In conclusion, an UPLC-MS/MS method with ESI mode was
employed to separate, identify and quantify 15 bioactive compounds
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in cinnamon leaves, with cinnamaldehyde being the dominant
compound (17985.2 pg/g). The nanoemulsion composed of soybean
oil, lecithin, Tween 80 and deionized water was successfully prepared
with a mean particle size of 30.1 nm, PDI of 0.149, zeta potential of
—43.1mV and encapsulation efficiency of 91.6%. Additionally, a high
storage ability (4°C for 3 mo) and heating stability (100°C for 2h) was
observed. Of the various treatments, the high-dose nanoemulsion
showed the most pronounced effect in elevating both dopamine and
tyrosine hydroxylase contents, as well as, the antioxidant enzyme
activities including SOD, CAT and GSH-Px, while decreasing
a-synuclein aggregation and MDA contents. Taken together, the high-
dose nanoemulsion showed the most pronounced effect in improving
Parkinson’s disease in rats and should possess a great potential to
be developed into a health food or botanic drug. Nevertheless, a future
study is warranted to evaluate the cinnamon leaf nanoemulsion by a
3D in vitro BBB model prior to testing their therapeutic potential
through clinical trials for patients with Parkinson’s disease.
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