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ABSTRACT

The injury of vascular endothelial cells caused by high glucose (HG) is one of the driving factors of vascular
complications of diabetes. Oral administration is the most common route of administration for the treatment of
diabetes and its vascular complications. Essential oil extracts from Chinese medicine possess potential thera-
peutic effects on vascular endothelial injury. However, low solubility and volatility of essential oils generally
result in poor oral absorption. Development of nanocarriers for essential oils is a promising strategy to overcome
the physiological barriers of oral absorption. In this study, a nanoemulsion composed of bovine serum albumin
(BSA)-dextran sulfate (DS) conjugate and sodium deoxycholate (SD) was constructed. The nanoemulsions were
verified with promoted oral absorption and prolonged circulation time. After the primary evaluation of the
nanoemulsion, essential oil from Alpinia zerumbet Fructus (EOFAZ)-loaded nanoemulsion (denoted as
EOFAZ@BDs/S) was prepared and characterized. Compared to the free EOFAZ, EOFAZ@BDs/S increased the
protective effects on HG-induced HUVEC injury in vitro and ameliorative effects on the vascular endothelium
disorder and tunica media fibroelastosis in a ToDM mouse model. Collectively, this study provides a nano-
emulsion for the oral delivery of essential oils, which holds strong promise in the treatment of diabetes-induced
vascular endothelial injury.

1. Introduction

prevention and treatment of cardiovascular and cerebrovascular dis-
eases, and has the advantages of safety, low toxicity and high safety

The multiple complications of diabetes are the leading cause of death
[1,2]. Complications of diabetes are usually divided into macrovascular
complications (such as cardiovascular disease) and microvascular
complications (such as affecting the kidneys, retina, nervous system,
etc.) [3,4]. Hyperglycemia causes oxidative stress and inflammation,
which in turn leads to damage and dysfunction of vascular endothelial
cells [3,5]. This is thought to be the initiating factor in vascular com-
plications. Traditional Chinese medicine has a long history in the

[6,7]. As important active compounds of Chinese medicine, essential oils
with anti-inflammatory, antioxidant and oxygen free radical scavenging
activities [8,9] hold strong promise in preventing hyperglycemia-
induced vascular endothelial injury.

Since diabetes requires lifelong medication, it is suggested that oral
administration with good compliance is the most common route in the
treatment of diabetes. Due to the poor water solubility and instability of
drugs and the complex gastrointestinal environment, essential oils
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Scheme 1. Schematic illustration of nanoemulsions promoting oral absorption of EOFAZ. EOFAZ@BDs/S increases protection against vascular injury by promoting
oral absorption of EOFAZ, prolonging circulation time, and increasing focal site aggregation.

exhibit poor oral absorption and low bioavailability [10,11]. Various
drug delivery systems, including lipid nanoparticles [12], nano-
emulsions [13,14], chitosan-based hydrogels [15-17], and cellulose
nanocrystals [18], have been reported in recent decades to improve the
solubility and stability of essential oils. Among them, nanoemulsion
with good biocompatibility and stability is an ideal carrier for essential
oils, which can effectively reduce the volatilization and degradation of
essential oils due to the mixture with the oil phase.

Proteins are good emulsifiers that can diffuse at the oil-water inter-
face to form a viscoelastic interface film [19]. Bovine serum albumin
(BSA) has been widely used to prepare nanoemulsions [20]. However,
the interfacial film formed by BSA alone is not stable enough to resist
environmental factors such as pH, ionic strength, and temperature [21].
Since polysaccharides can form extended spatial network structures and
increase steric hindrance between emulsion droplets, protein-
polysaccharide complexes can be used as emulsifiers to enhance the
stability of nanoemulsions [22,23]. It is reported that dextran sulfate
(DS) is a ligand of scavenger receptor-collectin placenta 1 (CL-P1),
which is overexpressed on the damaged vascular endothelial cells.
Therefore, DS was conjugated with BSA to obtain a protein-dextran
emulsifier BSA-DS (BD) [24-26]. This emulsifier possessed enhanced
emulsifying capability compared with BSA and damaged vascular
endothelium targeting capability. In addition, absorption enhancers can
further improve the oral absorption of essential oils. Nanoparticles
modified with specific ligands, such as deoxycholic acid [27], cationic
peptides [28], and lectins [29] are phagocytosed by intestinal epithelial
cells through receptor-ligand interactions. Bile acids and their de-
rivatives have been widely reported to promote the absorption of hy-
drophobic substances, macromolecules and nanoparticles, presumably
due to the specific recognition of the apical sodium-dependent bile acid
transporter (ASBT) by the ileum brush boundary [30,31]. Therefore, the
insertion of bile acids in the nanoemulsion droplets is a potential strat-
egy to further promote the oral absorption of essential oils.

Previously, the essential oil from Alpinia zerumbet Fructus (EOFAZ)
has been confirmed with preventive effects on high glucose (HG)-

induced endothelial injury [32-35]. The mechanisms may be correlated
with the block of the nuclear factor kappa-B (NF-kB) signaling pathway
and the up-regulation of nuclear factor-erythroid 2 related factor 2
(Nrf2), which relieves the inflammation response and oxidative stress
[32,34,36]. The poor water solubility and instability of EOFAZ limit its
absorption through the gastrointestinal tract (GIT). A high dosage was
required in the treatment of HG-induced endothelial injury because of
the low oral bioavailability [37-40]. The protein-dextran nanoemulsion
has great potential to improve the oral bioavailability of EOFAZ, leading
to enhanced protective effects on vascular endothelial injury (Scheme
1).

In this study, a protein-dextran emulsifier BD was synthesized by
Maillard reaction was prepare an oral nanoemulsion with sodium
deoxycholic acid (SD) inserted. Both fluorescein-loaded nanoemulsions
(FL@BDs/S) and EOFAZ-loaded nanoemulsions (EOFAZ@BDs5/S) were
prepared by the microjet high-pressure homogenization method and
optimized in terms of the physiochemical properties of nanoemulsions.
The oral absorption of the process and mechanisms of FL@BDs/S were
investigated. The therapeutic effect of EOFAZ@BDs/S on vascular
endothelial injury was evaluated through in vivo and in vitro studies. This
study shows the potential of nanoemulsion as a drug delivery platform
for the treatment of vascular endothelial injury and provides a strategy
for the development of novel traditional Chinese medicine preparations.

2. Methods

2.1. Preparation and characterization of fluorescein (FL)-loaded
nanoemulsions

According to the research, BDs, BD1g and BDyy were synthesized by
the Maillard reaction [41]. In brief, BSA and DS (molecular weights 5
kDa, 10 kDa, 20 kDa) were dissolved in water at a molar ratio of 1:6. The
pH of the solution was adjusted to 6, and then lyophilized. The lyophi-
lized powder was reacted at 60 °C and 79 % humidity for 12, 24 and 36 h
in order to obtain protein-polysaccharides BDs, BDjp and BDagg.
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Table 1
Parameters of FL nanoemulsions.

Nanoemulsions Fls Carrier materials Concentration (mg/mL)
NR@BD/S NR BD and SD 0.4

DiR@BD/S DiR BD and SD 1

HIQ/NR@BD/S HIQ/NR BD and SD HIQ of 1 and NR of 0.4

Subsequently, SD was dissolved in deionized water containing BD (10
mg/mL BSA) to obtain a water phase. The 1,1-dioctadecyl-3,3,3',3"
tetramethylindotricarbocyanine iodide (DiR), nile red (NR) or 3-hydrox-
yisoquinoline (HIQ)/NR were respectively mixed with medium chain
triglyceride (MCT) to form an oil phase. The water phase and oil phase
were mixed at the volume ratio of 4:1, followed by 5 min vortexing and
3 min ultrasonics at 65 W. Then, the primary emulsions were passed
through a micro-jet high pressure homogenizer (NanoGenizer 20 K,
Genizer LLC, Los Angeles, USA) at a pressure of 6000 psi for 3 cycles to
obtain the nanoemulsion solutions loaded with FLs (Table 1). The
nanoemulsions without DS or SD inserted were also prepared following
the above procedures and denoted as FL@B and FL@BD. The loading
efficiency (LE) of nanoemulsions was measured by fluorescence spec-
trophotometry (FS) (Method S3). The particle size, polydispersity index
and zeta potential of nanoemulsions were measured by dynamic laser
scattering (NanoBrook 90 Plus PALS, Brookhaven, US).

2.2. NR release profile from nanoemulsions in different simulated media

NR@B, NR@BDs or NR@BDs/S were respectively mixed with
simulated intestinal fluid (SIF) containing bile acids (Method S4), and
then the mixtures were placed in a water bath thermostatic oscillator (37
+ 0.5 °C, 100 rpm/min). At the set time, the mixtures were gathered to
determine the particle size and polydispersity index. The mixed solution
was centrifuged at 3000 xg for 5 min, and the supernatant was absor-
bed. Methanol was added to extract NR. The content of NR was deter-
mined by FS. The stability of nanoemulsions was analyzed by measuring
the fluorescence energy transfer ratio (FR) (Method S5).

2.3. The transcellular permeability of nanoemulsions on Caco-2
monolayer cells

Caco-2 cells were seeded at a density of 5 x 10 cells per well on a
polyester membrane of a transwell 24-well plate. A voltohmmeter
(Millicell ERS-2, Millipore Co., Ltd., USA) was adopted for assessing the
transepithelial electrical resistance (TEER) in Caco-2 cell monolayers.
The TEER values reached at 500 Q-cm? could be used in the following
experiment. Free NR, NR@B, NR@BDs, or NR@BDs5/S were added in the
upper chambers, and PBS was added to the lower chambers. The TEER
values were monitored at different incubation times. Samples were
withdrawn from the lower chambers at 2 h to determine the NR content.
Additionally, different inhibitors were added in the process of perme-
ability experiments to investigate the transcellular mechanism of
nanoemulsions (Method S6).

2.4. The distribution of DiR nanoemulsions in GIT

The C57BL/6 mice were fasted for 12 h before the experiment and
randomly classified into 4 groups (n = 3). Free DiR, DiR@B, DiR@BDs
and DiR@BDs/S groups were administered by oral administration at DiR
0.7 mg/kg. At 0.5, 2, 6 and 12 h after administration, the mice were
sacrificed and the GITs were dissected. The fluorescence images of the
GITs were taken by an animal imaging system (IVIS Lumina III, Caliper,
USA). The fluorescence intensities of the images were determined with
Image J software (Image J 1.8.0, National Institutes of Health, USA).
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2.5. Pharmacokinetic study of NR nanoemulsions

The C57BL/6 mice were randomly categorized into 4 groups (n = 5)
and treated with free NR, NR@B, NR@BDs and NR@BDs/S at 3 mg/kg
NR via oral administration. Mice in each group were anesthetized at
specified time points (0.25, 0.5, 1, 2, 4, 6, 12 and 24 h) using inhaled
Active Ingredient with a small animal anesthetic equipment (ZS-
MV-1V, Zhongshi Scientific Instruments Co., Ltd., Beijing, China). Blood
samples were collected through the abdominal aorta and placed in
heparinized tubes. After centrifugation at 1500 x g at 4 °C for 10 min,
the plasma was collected. The plasma was mixed with methanol and
centrifugated at 10000 xg for 10 min. The content of NR in the
supernatant was measured by FS. The plasma NR concentration was
investigated by Win Nonlin 8.3 (Pharsight Corporation, Mountain
View, US).

2.6. Cellular uptake of NR nanoemulsions

Human umbilical vein endothelial cells (HUVECs) were seeded in
96- well plates at a density of 5 x 102 cells/well for 12 h. Afterward,
100 pL of medium containing HG was added to a portion of the wells
to induce an injury model of HUVECs. After being incubated for 24 h,
the medium containing free NR, NR@B, NR@BDs and NR@BDs/S (10
pg/mL NR) was added and incubated for 1 and 2 h, respectively.
After co- incubation, the HUVECs were rinsed with cold PBS and
fixed by im-munostaining fixative for 30 min. Hoechst 33342 was
added to stain the nucleus for 30 min. Images of each sample were
collected by an operetta CLS high content imaging system
(PerkinElmer, Berlin, Germany) at excitation/emission (Ex/Em) of
346,/460 nm (Hoechst 33342) and 535/ 630 nm (NR).

2.7. The distribution of NR nanoemulsions in vivo

The study was carried out on type 2 diabetes mellitus (TeDM) mice.
The C57BL/6 mice were fed a high-fat and high-sugar diet (HFG)
(containing 60 % fat, 20 % carbohydrate and 20 % protein) for 8
weeks and then injected with streptozotocin (STZ) 50 mg/kg for 3 days
in order to obtain the ToDM mouse model. For the ToDM mice, free
NR, NR@B, NR@BD5 and NR@BDs/S were oral administration at a
dose of 3 mg/kg NR. The aorta, heart, liver, spleen, lung and kidney
were collected and weighed. Subsequently, the organs were
homogenized in PBS propor-tionally. After centrifugation at a low
temperature, the supernatant of homogenate was mixed with methanol
and vortexed. The obtained so-lutions were centrifuged at 10000 xg at
4 °C for 10 min. The content of NR in the supernatant was measured by
FS.

2.8. Preparation and characterization of EOFAZ encapsulated
nanoemulsions

The BDs was synthesized and optimized to prepare EOFAZ nano-
emulsions. Then, SD was added to the deionized water containing BDs.
EOFAZ was mixed with MCT at a concentration of 100 mg/mL EOFAZ.
Then, 4 mL of BDs/S mixture solution was mixed with 1 mL of the
EOFAZ/MCT solution. The resultant solution was vortexed for 3 min
and followed with ultrasonics, aiming to obtain a primary emulsion.
Next, the primary emulsion was homogenized by a micro-jet high
pressure homogenizer at a pressure of 6000 psi for 3 cycles and
supplemented with deionized water to obtain the EOFAZ@BDs/S.
Additionally, the nanoemulsions without DS or SD inserted were
also prepared and denoted as EOFAZ@B and EOFAZ@BDs. Dynamic
laser scattering was used to measure particle size, polydispersity index
and zeta potential of the nanoemulsions. The morphology of EOFAZ
nanoemulsions was observed using transmission electron microscopy
(TEM, H-7800, Hitachi Co., Ltd., Japan) at an acceleration voltage of
100 kV. For the content detection of EOFAZ in the nanoemulsion, an
ultraviolet spectropho-tometry method was established (Fig. S5) with
good precision and re-covery (Table S3 and S4). The LE and loading
capacity (LC) of EOFAZ
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were determined by ultraviolet spectrophotometry (UV, 2700, Shi-
madzu, Japan) at 232 nm. LE (%) and LC (%) of EOFAZ are calculated
based on formulas (1) and (2).

LE (%) = weight of loaded EOFAZ

- 100 1
weight of initially added EOFAZ M

_ weight of loaded EOFAZ
" total weight of nanoemulsion

LC (%) % 100 2

2.9. The protection effect of EOFAZ nanoemulsions on injured HUVECs

2.9.1. Detection of cell viability

HUVECs were seeded in 96-well plates at a density of 5 x 102 cells/
well. HUVECs were incubated with free EOFAZ (denoted as free EOFAZ
group), EOFAZ@B, EOFAZ@BDs and EOFAZ@BDs/S for 1 h before
being exposed to the HG environment (35 mM) for 24 h. Cell viability
was evaluated by both the trypan blue method and cell counting kit-8
(CCK-8) activity. After trypan blue dye addition, dead (stained) and
viable (unstained) cells were counted. In the CCK-8 assay, We removed
the medium and added 100 pL of 10 % CCK-8. After being incubated
incubation for 1 h at 37 °C, the optical density (OD) of each well was
measured at 450 nm using a microplate reader (LINDY BESSETTE BOX
998, BioTek Instruments, USA), with the blank medium as control. Ac-
cording to formula (3), the cell viability (%) was calculated.

_ ODsample - ODcon[ml

Cell viability (%) = oD —oD_ ~ 100 3)
normal — ‘control

2.9.2. Detection of cell migration and tube formation

To assay the inhibitory effect of EOFAZ and EOFAZ nanoemulsions
on inhibiting endothelial cell wound repair after mechanical injury of
HUVECs. HUVECs were incubated with free EOFAZ, EOFAZ@B,
EOFAZ@BDs and EOFAZ@BDs/S for 1 h before scratched by 200 pL
pipette tips. Then ECM medium (containing 35 mM HG) was added the
scratched monolayer cell area. Images were acquired by a digital camera
(Nikon, Japan) after 0 and 24 h. The migrated cells were quantified by
Image J software.

According to the manufacturer’s instructions, frozen BD Matrigel™
(Growth Factor Reduced, #356231) was melted into liquid at —4 °C.
Matrigel and ECM basic medium were mixed and then incubated at
37 °Cin 5 % CO for 45 min. After the HUVECs were incubated with free
EOFAZ, EOFAZ@B, EOFAZ@BDs and EOFAZ@BDs/S for 1 h before
being exposed to the HG environment (35 mM) for 24 h, the cells were
seeded onto the Matrigel-coated plate and incubated with culture me-
dium. The cultured after 24 h, a microscope was used to evaluate tube
formation. Image J software was used to determine the number of tubes.

2.9.3. Reactive oxygen species (ROS) detection

Intracellular ROS accumulation was measured using Dichloro-
fluorescin diacetate (DCFH-DA, Invitrogen) reaction. Briefly, HUVECs
were cultured with free EOFAZ, EOFAZ@B, EOFAZ@BDs and
EOFAZ@BDs/S for 24 h. Then the cells were washed and replenished
with DCFH-DA (10 pM) in PBS for 30 min at 37 °C in dark. The cells were
then trypsinized and resuspended in 1 mL PBS. Flow cytometry data
were plotted and quantified based on the mean fluorescence intensity by
using the Flow Jo software (Beckman, Indy, USA).

2.9.4. Western blot

HUVECs were incubated with free EOFAZ, EOFAZ@B, EOFAZ@BDs
and EOFAZ@BDs/S for 1 h before being exposed to the HG environment
(35 mM) for 24 h. Cells were gathered and then lysed in RIPA lysis so-
lution containing 100 mmol/L PMSF. The cell lysates were clarified by
centrifugation at 12,000 xg for 10 min at 4 °C. Protein concentrations in
cell supernatants were quantified by adopting a BCA protein assay kit
(Beyotime, Institute of Biotechnology, Jiangsu, China). Equal amounts
(20 pg) of protein in each group were segregated by 10 % sodium
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrotransferred to polyvinylidene fluoride (PVDF) membranes (Mil-
lipore, MA, USA). Subsequently, membranes were blocked with 5 % BSA
(Solarbio, Beijing, China) at room temperature for 1.5 h and incubated
overnight at 4 °C with Nrf2/NFE2L2 rabbit polyclonal antibody (1:1000
dilution), NF-xB p65 rabbit monoclonal antibody (1:1000 dilution) and
GAPDH mouse monoclonal antibody (1:10000 dilution). After washing,
membranes were incubated with secondary antibodies for 1.5 h at room
temperature, and later visualized with an enhanced chemiluminescence
(ECL) kit. A Syngene Gel Imaging System (ChemiDoc XRS + system, Bio
Rad, USA) was employed to capture digital images of blots, which were
then analyzed using Image Lab Software (Bio-Rad, USA).

For tissue samples, RIPA lysis solution containing 100 mmol/L PMSF
was used to lyse the thoracic aortas of mice. Then total proteins were
extracted and measured using a BCA protein assay kit. Protein lysates
were exposed to 10 % SDS-PAGE and transferred to PVDF membranes.
Subsequently, membranes were blocked with 5 % BSA before being
treated with primary antibodies. Membranes were then cleaned and
exposed to secondary antibodies. Next, the Nrf2 and NF-xB p65 protein
bands were visualized and examined.

2.9.5. Detection of intracellular biochemical cytokines

Following a 24-h treatment period, supernatants from treated
HUVECs of free EOFAZ, EOFAZ@B, EOFAZ@BDs and EOFAZ@BDs/S
groups were tested for SOD, GSH, MDA (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China), IL-1p, IL-6 and TNF-a (ZCIBIO,
Shanghai, China) using commercially available kits.

2.10. The treatment of endothelial injury by EOFAZ nanoemulsions in
T2DM mice

2.10.1. Animal grouping and treatment of ToDM mice model

C57BL/6 mice were randomized into 6 groups (n = 7): control,
model, free EOFAZ, EOFAZ@B, EOFAZ@BDs5 and EOFAZ@BDs5/S. Mice
in the control group were fed with water and standard rodent feed. Mice
in the other five groups were fed with the HFG for 8 weeks and finally
injected with 50 mg/kg STZ for 3 consecutive days. The successful
establishment of the ToDM mouse model was evaluated by body
weight, fasting blood glucose (FBG) level, oral glucose tolerance test
(OGTT), Active Ingredient tolerance test (ITT) and homeostasis model
assessment of Active Ingredient resistance (HOMA-IR). The initial
injury of the thoracic aorta was detected by hematoxylin-eosin
(H&E) staining. All the EOFAZ formu-lation groups were subject to
treatment at a dose of EOFAZ 60 mg/kg. Both the control and model
groups were treated with the same volume of saline. During the whole
period of the experiment, the body weights of mice were recorded
every week. After 8 weeks, all mice were sacrificed, and blood and
thoracic aortas were collected for analysis.

2.10.2. H&E staining

The thoracic aortas of mice were embedded in paraffin after being
fixed in 10 % formalin. The samples (thoracic aortas and tissues) were
cut into 5 pm slices and stained with H&E for optical microscopy anal-
ysis of vascular lesions and anomalies.

2.10.3. Detection of intracellular biochemical cytokines

Using kits as directed by the manufacturer, SOD, GSH, MDA, IL-1p,
IL-6 and TNF-u levels in mice serum after treatment were measured.
The absorbance was detected by a microplate reader at 450 nm.

2.10.4. Safety evaluation

Blood from the mice was added into a disposable vacuum Active
Ingredient tube (Jiangxi Hongda Medical Equipment Group Co.,
Ltd., Jiangxi, China) and analyzed by a fully automatic blood cell
analyzer (CAL 8000, Shenzhen Mindray Bio-Medical Electronic Co.,
Ltd., Shenzhen, China). The harvested tissues (heart, liver, spleen,
lung and kidney) were immersed in a 10 % paraformaldehyde

4 solution, followed by paraffin
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Fig. 1. Characterizations of NR nanoemulsions. (A) The appearance of BD,, materials with different reaction times (the material was taken out at different reaction
time points and photographed). (B) SDS-PAGE of the various components. Marker and BSA (1-2 tracks from left to right), BDs, BD;o and BD2q (3-11 tracks from left
to right) with different reaction times. (C) The OPA method was used to detect the reaction percentage of the amino group of BSA and the carbonyl group of DS. *p <
0.05, **p < 0.01 and ***p < 0.001 relative to BDs, *p < 0.05, **p < 0.01 and *##p < 0.001 relative to BD;,. (D) The inclusion encapsulation efficiency of NR (LE-bars
and LC-dots), (E) particle size (bars) and polydispersity index (dots), (F) zeta potential in different nanoemulsions. (G and J) The release of NR, (H and K) particle size
and (I and L) polydispersity index of nanoemulsions after 12 h in SIF (containing bile acid) at 37 °C. (G, H and I) $p < 0.05, $“‘;p < 0.01 and $$$p < 0.001 relative to
NR@B, *p < 0.05, **p < 0.01 and ***p < 0.001 relative to NR@BDs, *p < 0.05, **p < 0.01 and *##p < 0.001 relative to NR@BD;. (J, K and L) *p < 0.05, **p < 0.01
and $$$p < 0.001 relative to NR@B/S, *p < 0.05, **p < 0.01 and ***p < 0.001 relative to NR@BDs/S, #p < 0.05, ##p < 0.01 and ###p < 0.001 relative to NR@BD1o/
S. Data are shown as mean + SD (n = 3).

embedding for H&E staining. significance.

3. Results and discussion
2.11. Statistical analysis

3.1. Preparation and optimization of nanoemulsions
The mean standard deviation (mean + SD) was used to express all

experimental data. The data were processed using GraphPad Prism 8 (La The Maillard reaction involves a series of non-enzymatic reactions
Jolla, CA). The one-way ANOVA followed by the post-hoc Tukey test was between the free amino groups of proteins and the carbonyl groups of
used to detect the statistical significance among groups. *p < 0.05, **p reducing carbohydrates, which is one of the synthesis methods for

< 0.01 and ***p < 0.001 were considered to be of statistical
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Fig. 2. (A) Representative fluorescence images of the GITs of the mice excised at 0.5, 2, 6 and 12 h after oral administration with free DiR and DiR nanoemulsions.
The fluorescence intensities of (B) stomach, (C) duodenum, (D) jejunum and (E) ileum of the mlce after the oral administration. p < 0.05, 89 ’p < 0.01 and $$$p <
0.001 relative to free DiR, ¥p < 0.05, “*p < 0.01 and ¥*%p < 0.001 relative to DiR@B, °p < 0.05, ®*p < 0.01 and **®p < 0.001 relative to DiR@BDs. FRET intensity of
nanoemulsions prepared with HIQ and NR after incubation in (F) SGF and (G) SIF for different times. The residual fluorescent intensity represented the structural
integrity of nanoemulsions. (H) Schematic illustration of the transwell Caco-2 cell monolayer experiment. (I) P,p,, values of free NR and NR nanoemulsions in Caco-2
cell monolayers. (J) Relative TEER changes of the Caco-2 cell monolayers in different groups. *p < 0.05, **p < 0.01 and **%p < 0.001 relative to free NR, “p < 0.05,
&&5 < 0.01 and “**p < 0.001 relative to NR@B, °p < 0.05, **p < 0.01 and **°p < 0.001 relative to NR@BDs. The nanoemulsions were permeated from the Caco-2 cell
monolayers after 2 h incubation. (K) P, values of the NR@BDs/S in Caco-2 cell monolayers treated with various inhibitors. #p < 0.05, ##p < 0.01 and ###p < 0.001
relative to control. Data are shown as mean 4 SD (n = 3).

protein glycosylation [42]. In this study, the free amine groups on BSA suggesting that it was beyond the primary stage. The SDS-PAGE results

and the reduced carbonyl groups on DS through irreversible rear- confirmed that DS was covalently attached to BSA and a larger molec-
rangement to generate the covalently conjugates. The glycosylation ular weight of conjugates was generated (Fig. 1B). The grafting rates of
degree of proteins is influenced by reaction conditions, of which reac- BD prepared above were measured by the o-phenylenedicarboxaldehyde
tion time is the most important. As the Maillard reaction does not have (OPA) method (Fig. 1C). The results demonstrated that the grafting rate
significant discoloration at the initial stage, yellow or brown products of the DS gradually increased with time. Furthermore, the grafting rate
are produced at the intermediate or final stages of the reaction. There- of DS decreased with the increased molecular weight. It might be
fore, we optimized the reaction time and limited the reaction to the correlated with the length of the DS chain, which impeded the reaction
initial stage to avoid the formation of by-products. DS of different mo- between BSA and DS through spatial resistance. By contrast, smaller
lecular weights were used to obtain a series of BD grafts by controlling molecular weight (5 kDa) DS is easier to conjugate with BSA to obtain
the reaction time (12, 24 and 36 h). Fig. 1A displays the appearance of BDs5 and form short and dense hydrophilic shell layers on the emulsion
BD. The graft showed an obvious colour change after 24 h reaction, droplets.
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A Pharmacokinetic parameters of the NR-loaded formulations after a single oral administration to mice plasma (mean = SD, n = 5).
Pharmacokinetic parameters Free NR NR@B NR@BD, NR@BD,/S
T1/2 (h) 2,67 +0.41 3.85+0.75 4.34+0.84 6.28 + 3.22¢
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Fig. 3. (A) The pharmacokinetic parameters and (B) drug concentration-time curves of free NR and NR nanoemulsions at a dose of 3 mg/kg in mice after oral
administration (n = 5). The distribution of NR in ToDM mice at (C) thoracic aorta, (D) heart, (E) liver, (F) spleen, (G) lung and (H) kidney after oral administration of
free NR and NR nanoemulsions at a dose of 3 mg/kg for 12 h. $p < 0.05, *%p < 0.01 and 3*%p < 0.001 relative to free NR, *p < 0.05, “4p < 0.01 and ¥*%p < 0.001
relative to NR@B, 6p < 0.05, 56p < 0.01 and 566p < 0.001 relatives to NR@BDs. Data were shown as mean =+ SD (n = 3). (I) In vitro cellular uptake. Operetta CLS high
content imaging system of the intracellular distribution of free NR, NR@B, NR@BDs and NR@BDs/S in normal or HG for HUVECs after 1 and 2 h incubation (scale

bar 50 pm).
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NR was loaded for in vitro and in vivo fluorescence tracking of the
nanoemulsions (Fig. 1D-F). Compared with @B, @BD exhibited no sig-
nificant changes in drug LE, LC, particle size, or particle size distribu-
tion, while the modification of negatively charged DS resulted in a
significant decrease in zeta potential. DS modification may hinder the
interaction of the nanoemulsion with the intestinal epithelial cells (IECs)
membrane due to its negative charge, causing poor epithelial cell
transport. Therefore, we incorporated a certain percentage of bile salt-
SD on the nanoemulsion surface to improve the IECs’ transport. It was
found that the admixture of SD has no significant effect on the basic
physicochemical characteristics of the nanoemulsion.

Following oral administration, the drug-loaded nanoemulsion
should be able to withstand the destruction of various enzymes and
endogenous bile salts in the GIT, and overcome the gastrointestinal
barrier to transport through the digestive tract [43,44]. Particularly, the
effect of intestinal fluid containing endogenous bile salts on the structure
of the emulsion droplets should not be neglected. We studied the sta-
bility of NR-loaded nanoemulsions in SIF containing bile salt. After 12 h
of incubation, NR@B showed 66.34 + 0.61 % cumulative release, while
protein-polysaccharide nanoemulsions exhibited lower cumulative
release of NR, especially for NR@BDs (Fig. 1G). It was indicated that
proteins can be enzymatically cleaved to peptides after digestion, and
most of the polysaccharides were able to retard the release rate and
reduce the protein cleavage percentages, maintaining the structural
integrity of the nanoemulsion. However, the particle size in the SIF
increased to over 400 nm after 12 h, even for @BD (Fig. 1H, I). Sur-
prisingly, the insertion of SD exhibited better integrity of the nano-
emulsion in SIF (Fig. 1J-L). After incubation for 12 h, NR@BDs/S
showed 22.23 + 1.38 % cumulative release of NR, and the particle size
increased slightly to 135.61 + 4.40 nm. Since bile salts play important
roles in the absorption of fat, they are supposed to be inserted into the oil
phase of nanoemulsions during incubation, resulting in the incorpora-
tion of emulsion droplets. Enlightened by the function of bile salts, SD
was involved in the preparation of nanoemulsions to prevent further
insertion and destruction by the bile salts in the medium. According to
the results, the SD-involved nanoemulsions slightly increased as the
incubation time lasted. It is speculated that the ordered arrangement of
SD and BD constitutes the @BD, which is much more stable than the
disordered arrangement formed by the uncontrolled insertion of bile
salts into the nanoemulsion. Therefore, an appropriate ratio of SD
inserted into the surface of @BD is a good strategy that can be used to
resist the destruction of endogenous bile salts that further enhance the
stability of EOFAZ nanoemulsions in GIT. Based on the above-mentioned
results, BD and SD were used to prepare nanoemulsions in subsequent
studies.

3.2. Effect of oral absorption of FL-loaded nanoemulsions

Above all, the properties and LE/LC of fluorescence-loaded nano-
emulsions were characterized (Fig. S1-3). Free DiR, DiR@B, DiR@BDs
and DiR@BDs/S were orally administered to mice, respectively. The
gastrointestinal organs of the mice were removed at different time points
and fluorescence signals were detected. As displayed in Fig. 2A-E, the
retention time of DiR@BDs/S in the stomach was longer than that of
DiR@B and DiR@BDs. All of the nanoemulsions were higher than that of
free DiR. After 2 h of administration, the overall fluorescence intensity in
the small intestine of the nanoemulsions groups was higher than that of
free DiR group, especially for DIR@BDs group. Combined with the re-
sults of the FRET study (Fig. 2F, G), this may be caused by the longer
maintenance of the intact form of DiR@BDs/S in the gastric and intes-
tinal fluid and its better stability during gastrointestinal transport,
causing the retention of fluorescence in the stomach and small intestine.
Particularly, the overall fluorescence intensity of the DiR@BDs/S group
in the ileum was significantly higher than that of free DiR group at 12 h
(Fig. 2E). It might be attributed to SD-mediated retention of DiR@BDs/S
in the ileum and ASBT receptors mediating cellular uptake of IECs.

International Journal of Biological Macromolecules 249 (2023) 125918

IECs are the main barriers that limit the penetration and absorption
of oral drugs through the GIT [45,46]. In this study, a single-layer model
of Caco-2 cells was used to simulate the intestinal absorption barrier. In
order to evaluate the permeability of NR-loaded nanoemulsions across
IECs, P,pp values of NR via Caco-2 monolayer cells were calculated
(Fig. 2H). As shown in Fig. 21, in relative to free NR group, the P, value
of NR in NR nanoemulsion groups was around 2-3 times that of free NR
group. Noteworthy, the NR@BDs/S group consistently shows the opti-
mum penetration effect. TEER is commonly used to predict the contri-
bution of paracellular permeation to oral absorption [47]. As shown in
Fig. 2J, TEER was immediately decreased in all nanoemulsions, in
contrast to the constant value in the free NR group. Furthermore, the
gradually increasing TEER after the removal of nanoemulsion indicated
that the tight junctions had been restored. Therefore, we suggest that
nanoemulsion can instantly and reversibly open the tight junctions of
the Caco-2 monolayer, which is the main mechanism of paracellular
permeation. Endocytosis provides an effective way of getting substances
into cells through membrane phagocytosis, which is mainly divided into
clathrin-mediated endocytosis, caveolin-mediated endocytosis and
micropinocytosis [48,49]. The mechanisms by which the NR@BDs/S
group promotes penetration on the monolayer of Caco-2 cells were
investigated (Fig. 2K). Active Ingredient made a significant effect on the
Papp value in the NR@BDs/S group, indicating that clathrin-mediated
endocytosis was involved in the transcellular transport of nano-
emulsion. Active Ingredient can inhibit the polymerization of tubulin to
lower membrane fluidity and inhibit cell micropinocytosis uptake
[50]. The Pypp value of the NR-loaded nanoemulsion slightly decreased
after the addition of Active Ingredient, implying that micropinocytosis
was not the main transmembrane route of NR@BDs/S. The P, value
of the NR@BDs/S group decreased significantly after the addition of
genistein, which indicated that caveolin-mediated endocytosis mainly
contributed to the transport of nanoemulsions. Additionally, SD
significantly reduced the P,,, value of the NR@BDs/S group. In
summary, the transport of NR@BDs/S via IECs mainly relied on the
transcellular pathway and cellular bypass pathway, where the
transcellular pathway was probably achieved through the clathrin,
caveolin and ASBT.

3.3. Pharmacokinetic study on NR-loaded nanoemulsions

The plasma drug concentration-time curves of NR after oral admin-
istration of free NR, NR@B, NR@BDs and NR@BDs/S are presented in
Fig. 3B. The plasma drug concentration-time curves were processed by
the software, and the pharmacokinetic parameters after non-
atrioventricular fitting were shown in Fig. 3A. The area under the
curve (AUC) of nanoemulsions increased significantly in relative to the
free NR group. AUCy., of the NR@B, NR@BDs and NR@BDs/S groups
were 1.45, 2.65 and 3.83 times greater than that of the free NR group,
respectively. These results indicated that the NR nanoemulsions had
higher oral bioavailability than the free NR. NR@BDs/S showed
improved Cpax, AUC of NR in vivo, which could lay a good foundation
for drug-carrying nanoemulsions to better exert their efficacy in vivo.
In addition, MRT in the NR@B, NR@BDs and NR@BDs/S groups
were 1.40, 1.64 and 1.89 times longer than those in the free NR
group. It indicated that the surface of NR@BDs/S maintained
hydrophilicity and electronegativity. This reduced the binding of
opsonin in plasma and prolonged blood circulation time in order to
target injured vascular endothelial cells in vivo.

3.4. The targeting efficacy of NR-loaded nanoemulsions

The biodistribution of nanoemulsions in ToDM mice was further
investigated. NR concentrations in the major organs (thoracic aorta,
heart, liver, spleen, lung and kidney) were measured 12 h after oral
administration. The tissue concentrations of the NR nanoemulsions
were higher in each organ than in the free NR group (Fig. 3C-H).
Compared with the NR nanoemulsions, free NR showed the lowest

8 accumulation in
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Fig. 4. Characterization of EOFAZ nanoemulsions. (A) Illustrative scheme with the most important bioactive constituents of essential oil from Alpinia zerumbet
Fructus (EOFAZ) and pharmacological properties. (B) The representative TEM images and appearance of EOFAZ@B, EOFAZ@BDs and EOFAZ@BDs/S (scale bar 100
nm). (C) The particle size (bars) and polydispersity index (dots), (D) zeta potential and (E) the percentage contents (compared with 0 d) of EOFAZ of nanoemulsions
after 90 days at 4 °C. Data were shown as mean + SD (n = 3). ¥p < 0.05, “*p < 0.01 and “**p < 0.001 relative to EOFAZ@B, °p < 0.05, ®*p < 0.01 and %% < 0.001

relative to EOFAZ@BDs.

the main metabolic organs (liver and kidney). It was consistent with the
longer MRT of NR nanoemulsions after oral administration. Notably, the
cumulative concentrations of NR@BDs and NR@BDs/S in the thoracic
aorta were significantly higher than those of NR@B. Therefore, it was
speculated that NR@B had low oral bioavailability and was not selective
for injured vascular endothelium. It has been reported that the scav-
enger receptor CL-P1 is overexpressed on injured vascular endothelial
cells, which is the targeting receptor of DS [26,51]. To confirm the
targeting ability of DS modified nanoemulsions to injured vascular
endothelial cells, an in vitro HG induced endothelial cell model estab-
lished on HUVECs was constructed to investigate the distribution of NR
nanoemulsions (Fig. 3I). The fluorescence intensities of the NR nano-
emulsions were slightly higher than those of the free NR in normal
HUVECs at different times, while there was no notable difference among
the NR nanoemulsions. In HG-induced injured HUVECs, the fluores-
cence intensities of NR@BDs and NR@BDs/S were significantly higher
than those of the NR@B group. It is speculated that although CL-P1
expressed on the surface of injured HUVECs might promote the inter-
nalization of @BD, the specific mechanism remains unclear and needs
further study.

3.5. The characterization of EOFAZ-loaded nanoemulsions

Alpinia zerumbet Fructus is the fresh or dried mature fruit of Alpinia
zerumbet (Pers.) Burtt. et Smith [32]. The EOFAZ was extracted and
identified based on our previous methods [52]. The main active com-
ponents of the EOFAZ include o-pinene, camphene, 1,8-cineole and
B-pinene [53,54]. GC-MS/MS chromatography was used to analyze the
main components of EOFAZ (Method S6) [55,56]. By comparison with
the database, four main components in EOFAZ and EOFAZ nano-
emulsions were confirmed (Fig. S4) and the percentage of content were
calculated (Table S2). EOFAZ shows a wide range of pharmacological
activities, including anti-inflammatory, antioxidant, anti-ulcer, anti-
anxiety/depression, anti-tumor, hypotensive, analgesic, etc. (Fig. 4A).
As shown in Fig. 4B, EOFAZ nanoemulsions were characterized by TEM.
It was shown that the emulsion droplets were all spherical. The nano-
emulsion prepared with BD5 instead of BSA, has smaller particle sizes,
suggesting that BDs has a stronger emulsification ability and is benefi-
cial for forming smaller emulsion droplets. The particle size of
EOFAZ@B was 89.38 + 2.06 nm, whereas EOFAZ@BDs and
EOFAZ@BDs/S decreased to 54.15 + 0.75 nm and 38.90 + 0.41 nm,
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Fig. 5. Protective effects of the EOFAZ nanoemulsions on the viability and angiogenesis of HUVECs. Cell viability was assessed using a CCK-8 assay (n = 6). (A) The
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um). Data were shown as mean + SD (n = 3). #p < 0.05, *#p < 0.01 and *##p < 0.001 relative to control, *p < 0.05, **p < 0.01 and ***p < 0.001 relative to model,
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relative to EOFAZ@BDs.

respectively. After the insertion of negatively charged BDs, the surface flocculation, coalescence, delamination and precipitation during stor-
charge of the nanoemulsion changed from nearly neutral to negative age. The variation of EOFAZ nanoemulsions concerning particle size,
(—12.68 + 1.10 mV). After SD was involved, the zeta potential of distribution, zeta potential and drug content at 4 °C was monitored to
nanoemulsions further decreased to —17.26 + 1.62 mV, indicating that evaluate the stability. As shown in Fig. 4C, the particle size of EOFAZ@B
SD was presented on the surface of nanoemulsions. The LE of EOFAZ was increased by 100 nm after 90 days. Nevertheless, the nanoemulsion
higher than 71 % in all the nanoemulsions, and the modification of DS prepared with BDs showed only an increase of 60 nm on the 90th day.
and SD made no effect on the drug encapsulation (Table S5). The The insertion of SD further strengthened the stability of the
emulsion is a thermodynamically unstable system that is prone to EOFAZ@BDs/S. In addition, no variation in zeta potential for all the
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nanoemulsions was shown after 90 days of storage (Fig. 4D). The
decrease in repulsion force between nanoemulsion droplets, which leads
to droplet merger, could be the primary cause of particle size increase.
During storage, the content of EOFAZ in nanoemulsions was measured
(Fig. 4E). On the 90th day, the content of EOFAZ decreased to 30.72 +
0.18 %, while EOFAZ@BDs and EOFAZ@BDs/S remained higher than
55 % of EOFAZ. Since the leakage of EOFAZ is closely related to the
integrity of nanoemulsion droplets, EOFAZ@BDs and EOFAZ@BDs/S
exhibited better stability in vitro.

3.6. Protection effects of EOFAZ-loaded nanoemulsions in vitro

To further explore the protective effect of EOFAZ-loaded nano-
emulsions on injured vascular endothelial cells, we constructed an HG-
induced endothelial cell injury model. The blank nanoemulsions
(equivalent to 40 pg/L BSA) or the free EOFAZ (0.125-16 pg/mL)
showed no toxicity to HUVECs, indicating good safety and biocompat-
ibility (Fig. S6). When the p-Glucose concentration was 35 mM, the
activity of HUVECs decreased to 71 % (Fig. 5A). Based on the previous
studies [57], p-Glucose of 35 mM was used as the model concentration.
Subsequently, it was shown that EOFAZ concentration of 1 pg/L could
effectively reverse the damage of 35 mM p-Glucose to HUVECs, and the
cell activity recovered from approximately 70 % to 81 % (Fig. 5B).
Therefore, we selected 1 pg/L EOFAZ as the dose of cell experiment to
investigate the effect and mechanism of EOFAZ in vitro. As shown in
Fig. 5C, it was found that the EOFAZ@BDs/S could enhance the pro-
tective effect of EOFAZ to maintain 85.07 £ 0.92 % cell viability in

< 0.05, %%p < 0.01 and **%p
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HUVEGCs. In addition, we also stained HUVECs with trypan blue to
observe the effects of HG on HUVEC cell activity and cell membrane
integrity (Fig. 5D, G). Cells that are normally inactive or have an
imperfect cell membrane with enhanced permeability, can be stained by
trypan blue. Normally, trypan blue-stained cells can be considered dead
cells. The number of dead cells in the model group increased by 30.28 %
compared with that in the control group. Among free EOFAZ and EOFAZ
nanoemulsion groups, the EOFAZ@BDs/S group had the least number of
dead cells stained, which proved that EOFAZ@BDs/S could significantly
increase the effect of EOFAZ on maintaining HUVEC vitality. Endothe-
lial cell migration is a hallmark of angiogenesis and vascular repair [58].
To investigate the effect of free EOFAZ and EOFAZ nanoemulsions on
endothelial cell migration in vitro, we performed a wound healing assay.
The results illustrated that HG inhibited wound healing in vitro, while
free EOFAZ and EOFAZ nanoemulsions rescued healing (Fig. 5E, H).
Compared with the model group, the migration distance of the free
EOFAZ, EOFAZ@B, EOFAZ@BDs and EOFAZ@BDs/S groups increased
by 4.11 %, 12.80 %, 18.34 % and 26.60 %, respectively. EOFAZ@BDs/S
showed the strongest promotion effect on wound healing in vitro.
Vascular endothelial cell tube formation is one of the indicators used to
evaluate the functional integrity of vascular endothelial cells [59]. As
shown in Fig. 5F and [, it was demonstrated that the free EOFAZ and
EOFAZ nanoemulsions enhanced the tube formation ability of HUVECs
under HG conditions, while EOFAZ@BDs/S exhibited the strongest
promoting effect of tube formation. The above dates indicate that the
EOFAZ@BDs/S not only reduces the structural damage of HG to
vascular endothelial cells, but also restores the function of HG-damaged
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Fig. 7. Evaluation of treatment effects by EOFAZ nanoemulsions on T;DM mice of vascular injury. (A) Schematic diagram of ToDM mice of vascular injury model
replication and treatments schedule. Variation on (B) body weight and (C) FBG of mice during the treatments (n = 7). (D) OGTT, (E) ITT and (F) HOMA-IR were
measured after treatment. HOMA-IR = FBG value x fasting serum Active Ingredient value/22.5. (G) Statistical analysis of data on the intimal and medial layer
thickness of the thoracic artery in each group. (H) Morphology and histologic analysis of thoracic aorta tissues of mice by H&E stain (x40, scale bar reads 20 pm,
black arrows indicate the intima and medial layer is the area between the two red arrows). Data were shown as mean + SD (n = 3). *p < 0.05, **p < 0.01 and

#H##

0.05, “*p < 0.01 and “**p < 0.001 relative to EOFAZ@B.

vascular endothelial cells, so as to better play the protective effect of
EOFAZ on vascular endothelial cells.

Further study showed that EOFAZ nanoemulsions had better anti-
oxidant and anti-inflammatory activity than free EOFAZ (Fig. 6). Firstly,
EOFAZ nanoemulsions could significantly up-regulate the expression of
antioxidant proteins by activating the expression of Nrf2 and alleviate
the oxidative stress of HG-damaged vascular endothelial cells (Fig. 6A,
B). The antioxidant capacity of EOFAZ nanoemulsions was also evi-
denced by the detection of oxidative stress-related indexes in HG-
damaged HUVECs. It was found that EOFAZ nanoemulsions up-
regulated the activity of SOD and the expression level of GSH
(Fig. 6D, E), and thus alleviated intracellular ROS accumulation
(Fig. S7). The down-regulation of intracellular ROS can also reduce the
oxidation of lipids to form MDA, so that the MDA content in HUVECs
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'p < 0.001 relative to control, *p < 0.05, **p < 0.01 and ***p < 0.001 relative to model, *p < 0.05, 3%p < 0.01 and **%p < 0.001 relative to free EOFAZ, &p <

treated by EOFAZ nanoemulsions is significantly decreased compared
with that in the free EOFAZ or model group (Fig. 6F). Besides, EOFAZ
nanoemulsions can also inhibit inflammatory response caused by
vascular endothelial cell injury via inhibiting the NF-kB expression
(Fig. 6A, C). After treatment with EOFAZ nanoemulsions, the secretion
of pro-inflammatory cytokines such as IL-1p, IL-6 and TNF-o was
significantly reduced in HG-damaged HUVECs (Fig. 6G-I). In general,
EOFAZ nanoemulsions, especially the EOFAZ@BDs/S group, enhanced
the antioxidant and anti-inflammatory effects of EOFAZ on HG injured
HUVEGs.
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Fig. 8. Protective role of EOFAZ in vascular injury by inhibiting oxidative stress and inflammation. (A) The expression of Nrf2 and NF-kB p65 in thoracic aorta were
detected by western blot and (B and C) quantitative analysis by densitometry. Expressed relative to GAPDH. The expression of (D) SOD, (E) GSH, (F) MDA, (G) IL-1p,
(H) IL-6 and (I) TNF-a in serum were measured by ELISA. Levels of inflammatory cells in the blood of T,DM mice treated with EOFAZ nanoemulsions, (J) leukocyte,
(K) neutrophil, (L) lymphocyte, (M) monocyte, (N) eosinophilic granulocyte and (O) basophilic granulocyte number of mice. Data were shown as mean + SD (n = 3).
#p < 0.05, ##p < 0.01 and *##p < 0.001 relative to control, *p < 0.05, **p < 0.01 and ***p < 0.001 relative to model, *p < 0.05, **p < 0.01 and ***p < 0.001 relative
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3.7. Therapeutic effects of EOFAZ-loaded nanoemulsions on diabetes-
induced endothelial injury

Previous studies have shown that vascular endothelial injury is the
initiating factor and key link in the development and deterioration of
cardiovascular complications in DM, and endothelial cell dysfunction
generally occurs at the early stage of DM [60,61]. To investigate study
the protective effects of EOFAZ-loaded nanoemulsions on vascular
injury, the ToDM mouse model was established by HFG combined with
STZ, and normal diet-fed mice were used as control group (Fig. 7A) [62].

We first investigated the contents of EOFAZ in the blood of ToDM
mice 1 h after administration of free EOFAZ and EOFAZ nanoemulsions
(Method S8). The EOFAZ component analysis before and after entering
the blood is shown in Table S2 and Table S6. Before entering the blood,
the percentage contents of the four main active components a-pinene,
camphene, p-pinene and 1,8-cineole of free EOFAZ were 3.83 + 0.21 %,
1.82 + 0.14 %, 6.93 + 0.15 % and 4.54 + 0.27 %, respectively. After
oral administration of free EOFAZ, the percentage contents of the four
main active components in the plasma of mice were decreased to 1.98 +
1.02 %, 1.01 4 0.50 %, 2.16 + 0.82 % and 1.49 + 0.60 %, respectively.
After oral administration of EOFAZ nanoemulsions, the percentage
contents of the main active ingredients in the plasma of mice also
changed to different degrees. Among them, the percentage contents of
a-pinene, camphene, p-pinene and 1,8-cineole in EOFAZ@BDs/S group
decreased from 3.95 + 0.18 %, 1.74 + 0.13 %, 6.87 + 0.16 % and 4.57
+0.11 % to 2.39 £+ 0.82 %, 1.18 £ 0.0.51 %, 2.46 + 0.80 % and 1.69 +
0.57 %, respectively. The concentrations of the four main active com-
ponents in the plasma at 1 h after oral administration (Table S7).
Compared with the free EOFAZ group, the concentrations of a-pinene,
camphene, p-pinene and 1,8-cineole in the plasma of mice were
increased by EOFAZ nanoemulsions to varying degrees. The concen-
tration of a-pinene, camphene, p-pinene, 1,8-cineole in EOFAZ@BDs/S
group were increased by 1.41, 1.47, 1.48 and 1.37 times, respectively
compared with the free EOFAZ group. These results indicate that
nanoemulsion can improve the oral absorption of the active ingredients
of EOFAZ to a certain extent, which further validates the potential of
nanoemulsion as an oral delivery carrier for hydrophobic essential oil
drugs.

Subsequently, ToDM mice were treated orally at a dose of 60 mg/kg
EOFAZ for 8 weeks. To evaluate the therapeutic effect of different
EOFAZ nanoemulsions on vascular endothelial injury caused by dia-
betes. It was found that the rapid body weight loss of TeDM mice was
alleviated by the oral administration of EOFAZ nanoemulsions (Fig. 7B).
With the FBG was detected during the treatments. The model group
exhibited a high level of FBG at 12.5-16.7 mmol/L. After the interven-
tion by EOFAZ-loaded nanoemulsions, the FBG of EOFAZ@BDs5 and
EOFAZ@BDs/S groups increased slowly (Fig. 7C). Previous studies have
shown that EOFAZ may ameliorate oxidation imbalance to reverse or
restore islet B cell function [63], which was supposed to contribute to
blood glucose control. After 8 weeks of treatment, the OGTT was carried
out in different groups (Fig. 7D). The oral glucose tolerance test (OGTT)
is the gold standard for the diagnosis of diabetes [64,65]. The highest
glucose value of the model group was much higher than control group,
indicating the poor ability of mice to regulate glucose, which confirmed
the successful establishment of the ToDM mouse model. After oral
administration of EOFAZ nanoemulsions, the blood glucose level was
maintained in 12.0-14.3 mmol/L, indicating partial recovery of glucose
regulation ability. The studies of ITT and HOMA-IR further evaluate
the sensitivity of mice to Active Ingredient. It was indicated that
EOFAZ nano-emulsions may restore the Ingredient
sensitivity of TyDM mice that contributed to blood glucose
regulation (Fig. 7E, F).

Histological analysis of the thoracic aorta in mice suggested that
hyperglycemia could induce vascular endothelial injury, a disorder of
elastic fibers in the tunica media, degeneration of intimal eminence,
and obvious surface lesions in ToDM mice. After 8 weeks of treatment,
the injury of the aortic vessels was relieved to different degrees (Fig.
7H).

Active
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EOFAZ@BDs/S significantly alleviated the injured vascular endothe-
lium indicated by reduced intima surface injury and the thickness of the
tunica media (Fig. 7G). Inflammatory cells are widely distributed in the
intima-media of the blood vessel walls, and the tunica media of the
blood vessel wall of ToDM mice are thickened to varying degrees, which
may be related to the inflammatory response [66]. Furthermore, the
expression level of Nrf2 and NF-kB p65 were detected and quantified
(Fig. 8A-C). The levels of oxidative stress-related indexes (SOD, GSH
and MDA) and pro-inflammatory factors (IL-1f, IL-6 and TNF-a) were
monitored after treatments (Fig. 8D-I). The changes of different cells in
the abdominal aorta blood of model mice after administration in
different groups were measured (Fig. 8J-0). The results showed that
inflammatory cells, including leukocyte, neutrophil, lymphocyte,
monocyte, eosinophilic granulocyte and basophilic granulocyte, were
increased to varying degrees in the model group. EOFAZ nanoemulsion
lower these cells, although there was no significant statistical difference,
probably due to the small sample size. These results suggest that free
EOFAZ and its nanoemulsion may reduce the recruitment of leukocytes
in the vascular region by down-regulating the secretion of inflammatory
cytokines. It was clarified that EOFAZ and its nanoemulsions could
relieve the oxidative stress of HG-induced vascular endothelial cells by
up-regulating the level of Nrf2 and prevent inflammatory-induced
vascular endothelial injury by down-regulating the level of NF-xB. It
was demonstrated that EOFAZ@BDs/S achieved the most impressive
protective effect against HG-induced vascular endothelial injury by
improving the stability, oral bioavailability and targeting capability of
free EOFAZ. In addition, we assessed the safety of EOFAZ and EOFAZ
nanoemulsions treatments via tissue morphology observation (Fig. S8D)
and blood routine detection (Fig. SSA—C). The results suggested that
EOFAZ treatments exhibited no toxicity in the mice.

4. Conclusions

To conclude, vascular endothelial injury is a key point and initiating
factor in the development and deterioration of diabetic cardiovascular
complications. The development of an effective oral drug delivery sys-
tem for treating vascular endothelial injury induced by hyperglycemia is
urgently needed. We designed and constructed a nanoemulsion pre-
pared by BDs and SD. The nanoemulsion has a longer gastrointestinal
retention time, is easier to penetrate the gastrointestinal barrier, can be
absorbed and has a longer systemic circulation time. In addition, the
nanoemulsion successfully loaded EOFAZ, a vascular endothelial pro-
tection drug. EOFAZ@BDs/S improved the stability of EOFAZ in vitro
and in vivo, and enhanced the protective effect of EOFAZ on vascular
endothelial injury induced by hyperglycemia by improving oxidative
stress and inhibiting inflammation. This study provides a new strategy
for the treatment of hyperglycemic-induced vascular endothelial injury,
and also provides a nanodelivery platform for the application of essen-
tial oils in oral drug delivery protocols.
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