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Purpose: While developing huperzine A (HupA) to explore new approaches to treating Alzheimer’s disease (AD), intranasal adminis-
tration was proposed as an alternative route to deliver drugs into the brain. This study aimed to prepare nanoemulsions (NEs) of HupA to
investigate their potential “nose-to-brain” pathways and to evaluate their pharmacokinetic and brain-targeting parameters.

Methods: HupA-NE and Lf-HupA-NE that underwent surface modification with lactoferrin (Lf) were characterized to determine
various physicochemical properties, such as their size, PDI, zeta potential, pH, and loading efficiency; in addition, transmission
electron microscopy and stability assessments were performed. We utilized an aggregation-caused quenching (ACQ) probe to monitor
intact NEs in the brains of olfactory nerve transection model and normal rats. Immunohistochemistry, pharmacokinetic and targeting
index analyses were performed to investigate the in vivo effects of HupA-NE and Lf-HupA-NE.

Results: Based on the live imaging results, HupA-NE and Lf-HupA-NE could be transported into the brain via nerve and blood circulation
pathways. Immunohistochemical staining tests demonstrated that the efflux proteins P-gp, MRP1, and BCRP were expressed in brain tissue.
NEs can inhibit efflux pumps to improve drug concentrations in the brain. The findings of this study showed that NEs (especially Lf-HupA-NE)
had better pharmacokinetic profiles and a better nose-to-brain drug transport efficiency than free HupA.

Conclusion: The newly designed formulations might contribute to the transport and accumulation of HupA to achieve therapeutic
results. The delivery system may be a promising strategy for the brain-targeted delivery of HupA.

Keywords: intranasal administration, nanoemulsions, “nose-to-brain” pathway, pharmacokinetics

Introduction

Alzheimer’s disease (AD) is an acquired disorder that involves cognitive and behavioral disabilities within elderly populations.'
Treatment with huperzine A (HupA), found in the Chinese herb Huperzia serrata, results in significant improvements in memory
and cognitive functions. It has been reported that HupA can effectively decrease oxidative injury by upregulating the activities of
antioxidant enzymes, suppressing the accumulation of f-amyloid peptides, ameliorating mitochondrial dysfunction, and enhan-
cing the viability of neurons.” In the available treatments of AD, HupA is administered orally and through injections. However, the
existing forms of HupA (such as tablets, capsules, and injectables) result in peripheral nervous system and gastrointestinal side
effects.” The drug’s therapeutic effect is reduced by a lack of brain selectivity and a lower concentration of drug in the brain due to
the blood-brain barrier (BBB).? P-glycoprotein (P-gp), breast cancer resistance protein (BCRP) and multidrug resistance-
associated protein 1 (MRP1)® are members of the adenosine triphosphate-binding cassette (ABC) transporter superfamily of
critical efflux transporters in brain tissue. Efflux transporters can pump most exogenous substances from the CNS. These efflux
transporters can rapidly remove these compounds back to the systemic circulation or even block their complete transcytosis.’
Hence, a suitable delivery method for HupA treatments is greatly needed. The intranasal (IN) route has emerged as an alternative
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approach over oral and injected administration. When given via the IN route, drugs can partly bypass the BBB, traveling directly
from the nasal cavity to the brain via the olfactory and trigeminal nerves.'®"'? Moreover, the IN route provides a convenient and
noninvasive means of drug administration, facilitating good compliance.'* Nevertheless, the development of IN routes is limited
by many factors regarding macromolecular drugs, such as their nasal mucociliary clearance, enzymatic degradation, nasal toxicity
and difficulty in passing the nasal mucosa.'*'> Considering the above limitations, nanoemulsions (NEs) have been utilized to
increase effective drug transport by prolonging retention, improving the permeation of mucosal epithelia, and protecting payloads
from biological/chemical degradation.'®'” However, the fate of integral transportation of NEs from the nose to the brain and the
possible pathways remain unclear. This difficulty is due to the lack of functional tools that can trace the transportation of intact
NEs. Recently, the School of Pharmacy, Fudan University, demonstrated sensitive aggregation-caused quenching (ACQ) probes
to discriminate nanoparticle-associated signals from those of free probes in vivo. The ACQ probes emit fluorescent signals in lipid
matrix NEs and are instantly and completely quenched upon contact with water."®'* Our group developed and characterized
a HupA-NE and a targeted HupA-NE that was modified with lactoferrin (Lf) for intranasal administration. Lf is a mammalian
cationic iron-binding glycoprotein that binds to Lf receptors; these receptors are highly expressed in brain endothelial cells and
neurons.?**!

In this study, ACQ probes were utilized to monitor the possible pathways of nasal NEs in vivo. In addition, we
investigated the influence of NEs on multidrug efflux transporters in the brain. Drug-time concentrations and pharma-

cokinetic parameters of vital organs were helpful for evaluating the beneficial effects of intranasal NEs.

Materials and Methods

Materials

HupA was supplied by MULTI SCIENCES (Hangzhou, China). Propylene glycol monocaprylate (Capryol 90) and
caprylocaproyl macrogolglycerides (Labrasol) were purchased from Gattefossé (Saint-Priest, France). Propan-2-yl tetra-
decanoate (IPM) was provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Anti-P-gp antibody
[EPR10364] (ab168337), anti-BCRP/ABCG2 antibody [EPR20080] (ab207732), anti-MRP1 antibody [EPR21062]
(ab233383), and goat anti-rabbit IgG (H+L)-horseradish peroxidase-conjugated (ab181448) secondary antibody were
purchased from Abcam (Cambridge, UK). The water-quenching near infrared fluorescent probe P2 (Aabs/Aem = 720 nm/
740 nm) was provided by the School of Pharmacy, Fudan University.

Animals

In vivo studies were carried out on adult Wistar rats that weighed 200+20 g and were purchased from the Experimental
Animal Center of Jilin University (Changchun, China). All animal procedures were conducted in strict accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal
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Care and Use Committee of the College of Pharmacy of Jilin University (permit number: 20190056; application date:
Sept. 2019; ending date: Sept. 2020; Changchun, China).

HPLC Analysis

A C18 column (COSMOSIL packed column 5C18-MS-11, SHIMADZU, Japan) was utilized for drug separation, and
methanol combined with water (43:57) was used as the mobile phase. One milliliter of triethanolamine was added to
1000 mL of water until a pH of 7 was reached. The flow rate was 1 mL/min, and the retention time was 15.6 min. The
samples were detected at 308 nm, and the assays were performed at ambient temperature. The basic parameters of HPLC
method validation in vitro and in vivo were illustrated in the Supplementary Material.

Preparation of HupA-NE and Lf-HupA-NE

Based on the prior data obtained from the phase diagrams that were generated and the Box—Behnken design (BBD), our
group prepared an optimal HupA-NE and Lf-HupA-NE. HupA was dissolved in a mixture of oil phase 3.00% IPM and
3.81% Capryol 90. A total of 26.67% surfactant (Cremophor EL) and 13.33% cosurfactant (Labrasol) were added to the
oil mixture. Double-distilled water (53.19%) was added to the mixture dropwise with constant stirring using a magnetic
stirrer at ambient temperature. The final HupA concentration for HupA-NE was 5 mg/mL. The positively charged Lf was
dissolved in the water phase to adsorb the HupA-NE surface. The optimum concentration of Lf was 5 mg/mL. The highly
lipophilic probe ACQ-P2 (Aabs/Aem=720/740 nm), which was dissolved in the oil phase and encapsulated within HupA-
NE and Lf-HupA-NE, was used as a tool for tracking the presence of nanoparticles in vivo. In a previous study, the
formulations were characterized and evaluated for their particle size distribution, zeta potential, in vitro release and
stability and were examined through transmission electron microscopy.”'

Characterization of HupA-NE and Lf-HupA-NE

Droplet Size, Polydispersity Index (PDI) and Zeta Potential Analysis

NE formulations (0.1 mL) were dispersed in 50 mL distilled water. The globule size and PDI were measured by dynamic
light scattering (Nano-ZS90, Malvern, UK). The zeta potentials were also measured by photon correlation spectroscopy
using a Zetasizer (Nano-ZS90, Malvern, UK). All measurements were carried out at 25°C.*

Transmission Electron Microscopy Analysis and pH Measurement

A drop of each diluted HupA-NE and Lf-HupA-NE was placed onto a 300-mesh copper grid and stained with 2% (w/v)
phosphotungstic acid (PTA) for 5 min at room temperature. Excess staining reagent was removed with filter paper. The
samples were situated on the sample holder and analyzed with a transmission electron microscope (TEM, Hitachi, Tokyo,
Japan). The absorption and interaction of drugs with the nasal mucosa is influenced by the pH of the formulations for
nasal delivery. A pH meter was used to test the pH of the NEs.

Determination of HupA Loading Efficiency in HupA-NE and Lf-HupA-NE
Then, 0.5 mL of HupA-NE or Lf-HupA-NE in a 50-mL volumetric flask was diluted in methanol to volume. The
resulting solution (1 mL) was filtered through a 0.45 um membrane filter and subjected to HPLC analysis.

Stability Assessment
The stability of the NEs was assessed by the size distribution, loading efficiency and physical appearance of the NEs at
4°C and room temperature for 0.5, 1, and 3 months.

Nose-to-Brain Delivery

An olfactory nerve transection model was established in rats to study the “nose-to-brain” pathways traveled by NE
formulations. Rats underwent fasting overnight and were anesthetized by an intraperitoneal injection of 10% chloral
hydrate. The rat heads were fixed with a brain stereotaxic apparatus and disinfected with iodine. An incision was made
along the midline of the two ears, and the exposed skull was wiped with sterile skimmed cotton. The incision was
positioned at the intersection of the anteroposterior at 7-8 mm and the mediolateral at 2 mm (AP: +8 mm, ML: £2 mm).
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The dura covering the surface of both olfactory bulbs was pierced. A flexible Teflon blade was inserted, and all olfactory
axons were cut. After the surgery was complete, the incision was sutured. Then, the animals were placed back in their
cages after fully recovering from the anesthesia. The olfactory nerve transection model and normal rats were nasally
administered 50 pL of P2 aqueous solution, P2-HupA-NE or P2-Lf-HupA-NE. Beginning 1 h after administration, IVIS
Spectrum Live Imaging was utilized at maximum excitation/emission wavelengths (P2: 720/740 nm) to obtain live
in vivo images of the dorsal side of the animals.

Immunohistochemistry (IHC)

Twenty male Wistar rats were randomly divided into the following groups: (1) rats in the control group were intranasally
administered 50 pL of 0.9% NaCl solution; (2) rats in the HupA group were intranasally administered 50 pL. of HupA
solution at a dose of 1.25 mg/kg; (3) rats in the HupA-NE group were intranasally administered 50 uL of HupA at a dose
of 1.25 mg/kg; and (4) rats in the Lf-HupA-NE group were intranasally administered 50 pL of HupA at a dose of
1.25 mg/kg. The rats received intranasal doses continuously for 14 days. After 14 days, the animals were anesthetized,
and their hearts were perfused with saline. The brains were removed and fixed in 4% formaldehyde for hematoxylin and
eosin (HE) staining and immunohistochemical analysis. The rat brains were fixed in 4% formaldehyde for 3 days and
embedded in paraffin. Brain sections (5 pm thick) were stained with HE, deparaffinized, rehydrated and immunohisto-
chemically stained using the DAB method. The slides were incubated overnight at 4°C with primary antibodies against
P-gp, BCRP, and MRP1 and then labeled with streptavidin peroxidase. The immunoreactive proteins were visualized
using an optical microscope (OLYMPUS, Japan) at 100x magnification. All staining was assessed by pathologists who
were blinded to the sample origins. The widely accepted German semiquantitative scoring system that considers the
staining intensity and area extent was used. Each specimen was assigned a score according to the intensity (no staining
=0, weak staining =1, moderate staining =2, strong staining =3) and proportion of stained cells (0% =0, 1-24% =1, 25—
49% =2, 50-74% =3, 75-100% =4). The final immunoreactive score was determined by multiplying the intensity score
by its extent, and the scores ranged from 0 (minimum score) to 12 (maximum score).

Pharmacokinetics and Targeting Index Analysis

Male Wistar rats (n=55) were randomly divided into the following groups: nasal administration of HupA-NE or Lf-HupA
-NE and gavage of HupA aqueous solution. The rats in one formulation were further divided into 11 time points with five
rats in each point. The rats were anesthetized by intraperitoneal injection of 10% chloral hydrate. Fifty microliters of
HupA-NE or Lf-HupA-NE was slowly and gently administered via a PE 10 tube attached to a syringe, which was
inserted 1 cm into the nostril.?*> The blood and vital organs (lung, liver, kidneys, heart, spleen, and brain) were excised,
isolated and weighed at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, 16 h and 24 h. The tissues were homogenized
in 1% perchloric acid using a tissue homogenizer. The plasma was added to 6% perchloric acid. The supernatant was
separated, and the proteins were removed by centrifugation and filtration. Two milliliters of ethyl acetate was added to
the supernatant, and the pH was adjusted to 11.8 by 2 mol/L NaOH solution. The HupA in the supernatant was extracted
using ethyl acetate. The ethyl acetate extracts were dried using nitrogen, redissolved in methanol, and injected into the
HPLC.

Pharmacokinetic analysis of intranasal administration of NEs and oral HupA solution was performed and compared
using the computer program DAS 2.0. The relative uptake rate (Re) and peak concentration ratio (Ce) of distribution
parameters were calculated by pharmacokinetic parameters that were used for the evaluation of target ability. The drug
targeting index (DTI) was used to evaluate the brain targeting of the Lf-modified NE.
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Results

Characterization of HupA-NE and Lf-HupA-NE

The physicochemical properties of the NEs are shown in Figure 1. The droplet sizes of HupA-NE and Lf-HupA-NE were
14.39+0.29 nm (PDI = 0.086+0.002) and 16.74+0.47 nm (PDI = 0.066+0.001), respectively. The zeta potentials of
HupA-NE and Lf-HupA-NE were —14.69+0.35 and +5.67£0.39 mV, respectively. TEM (Figure 2) revealed that the
nanodroplets were spherical with a uniform distribution, and the droplet sizes were consistent with the results obtained by
photon correlation spectroscopy. The pH values measured by a pH meter were 5.75 and 6.15, respectively, which were
within the normal nasal pH range, reducing damage to the nasal mucosa. The HupA loading efficiency was found to be
4.94+0.127 mg/mL and 4.87+0.239 mg/mL in HupA-NE and Lf-HupA-NE, respectively. The stability assessments of the
appearance, particle size and loading efficiency for 0.5, 1 and 3 months at 4°C and room temperature are shown in
Table 1. There was no significant statistical variation in the particle size or drug loading efficiency. There was a minimal
increase in the particle size and an acceptable decrease in the drug loading efficiency. Visual observations of HupA-NE
and Lf-HupA-NE revealed that they were still clear and transparent.

Nose-to-Brain Delivery

Figure 3 shows the retention of P2 aqueous solution, P2-HupA-NE and P2-Lf-HupA-NE in the brains of olfactory nerve
transection model rats and normal rats. The live images that were obtained after the P2 quenched solution was
administered showed no fluorescence. Since no fluorescent signal was observed, the interference from the quenched
probes was eliminated. Following the destruction of the olfactory bulb in model rats, the distribution of fluorescence was
still detectable in brain areas after intranasal administration. It was suggested that some HupA-NE and Lf-HupA-NE
could be absorbed into the blood circulation and could be transported into the brain by the indirect nose-to-brain pathway.
The intense P2 signal in the normal group of rats had a higher retention than that in the model group. It was implied that
HupA-NE and Lf-HupA-NE were transported into the brain both directly (via the olfactory nerve) and indirectly (through
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Figure | Characterization parameters of optimized NEs. (A and B) Droplet size distribution of HupA-NE and Lf-HupA-NE. (C and D) Zeta potential of HupA-NE and Lf-
HupA-NE.
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Figure 2 TEM of (A) HupA-NE and (B) Lf-HupA-NE.

the bloodstream). The intensity and ranges of P2 signals were found in the following order: Lf-HupA-NE > HupA-NE,
and this was due to a high percentage of translocation through the nose to the brain.

In vivo Efflux Study

Immunohistochemistry studies were performed to investigate the effects of HupA-NE and Lf-HupA-NE on the expres-
sion of efflux proteins in brain tissue, as shown in Figure 4A. The positive products were expressed as a brown specific
cellular stain mainly on the cell membrane and cytoplasm. Tissue sections were analyzed by the degree of staining using
the scoring method. The scoring system used in immunohistochemical analysis was feasible.”* Figure 4B shows that
HupA solution altered the expression of p-gp, MRP1 and BCRP efflux transporters, which have an important role in
cellular protection because of their ability to remove xenobiotics and endogenous substrates accumulated in cells. The
protein expression levels of p-gp, MRP1 and BCRP were higher in the HupA aqueous solution group than in the blank
control group. The compound of HupA might be the substrates of these efflux transporters. All scores in the NE groups

Table | Stability of HupA-NE and Lf-HupA-NE (n =3)

Nanoemulsion | Temperature (°C) | Time (Month) Appearance Size (nm) Drug Loading Efficiency
(mg/mL)
HupA-NE 4 0.5 Clear and transparent 15.92+0.14 4.94+0.10
| Clear and transparent 16.64+0.31 4.93+0.13
3 Clear and transparent 18.67+0.26 4.91+0.31
25 0.5 Clear and transparent 17.310.18 4.98+0.15
| Clear and transparent 20.97+0.21 4.91+0.37
3 Clear and transparent 22.27+0.37 4.83+0.39
4 0.5 Clear and transparent 16.95+0.16 4.96+0.13
Lf-HupA-NE | Clear and transparent 17.120.11 4.89+0.38
3 Clear and transparent 17.45+0.19 4.86+0.73
25 0.5 Clear and transparent 19.31+0.33 4.88+0.18
| Clear and transparent 22.55+0.51 4.85+0.61
3 Clear and transparent 23.87+0.75 4.71+0.56
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Figure 3 Live imaging in the brains of P2 aqueous solution, P2-HupA-NE and P2-Lf-HupA-NE after intranasal administration to olfactory nerve transection model rats and
normal rats.

were lower than those in the HupA aqueous solution group. The HupA-NE group scored lower than the blank control
group; presumably, the preparation might inhibit the expression of the efflux proteins. The Lf-HupA-NE group scored
lower than the HupA aqueous solution group but higher than the HupA-NE group. Lf-HupA-NE inhibited the efflux
transporter protein levels, but the intensity of the inhibitory effect was weaker than that of HupA-NE.

Measurement of Time—Concentration Relationships

The time—concentration curves of blood and vital organs are shown in Figure 5. The time—concentration curve profiles
showed that the peak time of nasal HupA-NE and Lf-HupA-NE was faster than that of the gavage HupA aqueous
solution in blood and vital organs. The concentration (C) of the drug in brain tissue at the same time point was in the
following order: CLf-HupA-NE>CHupA-NE>CHupA aqueous solution. The duration of action in the brain (T) was in
the following order: TLf-HupA-NE>THupA-NE>THupA aqueous solution. The peak concentrations were higher in the
heart, liver, spleen and kidney for the HupA solution by gavage, while the peak concentrations were higher in the brain
and lung for the NE formulations, suggesting that the NEs changed the distribution of the drug in vivo.

Pharmacokinetic Parameters and Targeting Index Analysis
The pharmacokinetics of NEs were determined in Wistar rats through the intranasal route in comparison to intragastric pure
drug. The pharmacokinetic parameters are shown in Table 2. There was a significant increase in brain Cmax and area under the
curve (AUC(0-t)) for all intranasal NE formulations. The time to reach the maximum concentration (Tmax) in the brains of the
HupA-NE and Lf-HupA-NE groups was faster than that in the HupA solution group. The MRT(0-t) and t1/2 of the NEs were
significantly prolonged, and the clearance rate (CL/F) was reduced, indicating that the HupA nano-formulations entered the
brain and significantly prolonged the duration of action in the brain with sustained release. The alteration of various brain
pharmacokinetic parameters by Lf confirmed that Lf-HupA-NE outperformed HupA-NE. The Lf-HupA-NE formulation
changed the distribution of HupA-NE in vivo. The AUC(0-t) of Lf-HupA-NE was smaller than that of HupA-NE in all tissues
except the brain. The heart, liver and kidney peak concentrations of NEs were significantly lower than those of the HupA
aqueous solution, and the rate of clearance was higher in the liver and kidneys. NEs not only improve brain targeting but also
reduce the cardiac, hepatic and renal toxicity of the drug. The development of HupA into NEs, especially brain-targeted Lf-
HupA-NE, can result in a specific distribution of the drug in vivo.

The larger quantitative value of Ce has a more desirable change in the drug distribution. Re represents the selectivity
of the pharmaceutical preparation in tissues. The targeting indices Ce and Re were both greater than 1 in the brain,

International Journal of Nanomedicine 2022:17 https: 3449
Dove:


https://www.dovepress.com
https://www.dovepress.com

Jiang et al Dove

A 0.9% NaCl HupA-NE Lf-HupA-NE HupA solution

BCRP

B
154
E3 0.9% NaCl
= = - HupA-NE
= = = E3 Lf-HupA-NE
4 = = =| E3 HupA solution
3 = = =
. = = =

Figure 4 Effects of HupA-NE and Lf-HupA-NE on the expression of efflux proteins in brain tissue (A) Immunohistochemical protein staining at 100% magnification; (B)
immunoreactive score. Values represent the meanSD (n=5).

indicating that the nasally administered NE groups had an ability to target the brain compared to that of the gavage
aqueous group. The results of Ce and Re were shown below. The DTI of Lf-HupA-NE was 2.61, so the Lf-HupA-NE has
stronger brain targeting than HupA-NE.
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Table 2 Pharmacokinetic Parameters of HupA-NE and Lf-HupA-NE (n =5) *p<0.05

Cmax (ng/mL) AUC(0-t) (ng/mL*h) Tmax (h)
Nasal Nasal Gavage HupA Nasal Nasal Gavage HupA | Nasal Nasal Gavage HupA
HupA-NE Lf-HupA-NE Solution HupA-NE Lf-HupA-NE Solution HupA-NE | Lf-HupA-NE | Solution
Brain 50.54+0.81* 57.29+3.61* 14.97+4.25 123.63+12.96* 245.09+17.45% 28.60+5.72 0.41+0.14 0.33+0.14 0.5+0.00*
Plasma 125.93+10.21 108.99+15.09 109.01£8.99 114.04+5.69 86.86+5.24 119.05£10.06* 0.25+0.00 0.25+0.00 0.5+0.00*
Heart 104.92+0.07 145.85+6.63* 162.95+7.33* 138.46+0.89 124.82+1.29 163.28+5.85* 0.083+0.00 | 0.25+0.00 0.5+0.00*
Liver 84.73+5.29 171.7216.48* 256.09+8.27* 316.29+13.34 292.27+14.82 423.62+22.93* 0.36+0.24 0.5+0.00 0.5+0.00
Spleen 181.10£7.58 180.48+7.64 195.15+4.58 415.82+12.03* 286.32+16.03 485.35+5.1 1* 1.00£0.00 1.00£0.00 1.00£0.00
Lung 280.41+9.96 446.86+24.62* 173.18+14.13 879.23+34.37* 661.38+46.78* 287.58+13.04 0.50+0.00 0.50+0.00 1.00£0.00*
Kidney 419.33+7.14 463.87+£5.93 567.41+40.60* 1021.21£10.23 762.39+7.73 1354.02433.28* | 0.50+0.00 0.50+0.00 1.00+0.00*
CL/F (mL*h) MRT(0-t) (h) tl/2 (h)
Nasal Nasal Gavage HupA Nasal Nasal Gavage HupA | Nasal Nasal Gavage HupA
HupA-NE Lf-HupA-NE Solution HupA-NE Lf-HupA-NE Solution HupA-NE | Lf-HupA-NE | Solution
Brain 8.61+0.81 4.35+0.38 42.63+£7.93* 3.03+0.19% 4.07+0.14* 1.49£0.12 3.94£0.47% | 4.47+1.97* 1.27£0.16
Plasma 8.40+1.68 12.34£0.99 9.88+0.89 2.35+0.13 1.71£0.32 1.31£0.12 5.01+2.61* | 3.31+2.03 1.77£0.83
Heart 6.09+0.26 7.52%1.33 7.2610.05 2.75+0.07 2.44+0.14 1.60£0.05 5.69+0.72 8.02+5.01* 2.21+0.68
Liver 3.81%0.15 4.21+0.22 2.88+0.15% 3.33+0.04* 1.69+0.03 1.95+0.04 0.36+0.24 0.5+0.00 0.5+0.00
Spleen 2.68+0.18 4.3240.25*% 2.45+0.03 2.47+0.05 1.42+0.03 2.03+0.06 1.00+0.00 1.00+0.00 1.00+0.00
Lung 1.41£0.06 1.83+0.13 4.03£0.09* 3.06+0.05* 1.79+0.15 2.28+0.06 1.71£0.25 3.66+0.25* 2.49+0.13
Kidney 1.17£0.00 1.54+0.04* 0.91+0.02 2.55+0.04 2.39+0.04 2.78+0.05 2.13+0.14 3.42+0.82 2.10+0.10
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Discussion

The droplet size, PDI and zeta potential are important physicochemical properties of NEs.?> The transport of HupA from
the nasal formulations to the brain is associated with a small globule size. Formulations showed nanoscale droplet sizes
less than 20 nm with a low polydispersity index. Nanosized droplets have a greater surface area and high free energy,
assuring that higher and faster drug permeation and absorption occurs.?® Lf is an iron-binding glycoprotein that belongs
to the transferrin family and carries a positive charge.”’ There are negative charges in the BBB that can adsorb positive
charges. Lactoferrin receptor (LfR) is highly expressed in brain neurons and endothelial cells that are connected
with AD.?*7° Negatively charged HupA-NE was modified with the ligand Lf to enhance the nose-to-brain delivery of
Lf-HupA-NE after intranasal administration.*' > Although Lf-HupA-NE has a lower value of zeta potential than that of
other NEs, Kakumanu et al stated that a lower zeta potential maintained the stability and efficacy of nanodroplets.** The
pH values of HupA-NE and Lf-HupA-NE were acceptable, within the limits of the human nasal pH range (4.5-6.5) and
did not result in nasal irritation upon intranasal administration.*> The stability of the NEs was evaluated based on whether
the NEs maintained their size distribution and based on the loading efficiency and physical appearance of NEs, and the
test evaluations were performed at 4°C and room temperature for 0.5, 1, and 3 months. The stability of NEs for the longer
period was due to the cosurfactant effect, which imparted stability to the formulation as the result of their lower globule
sizes.

The interior section of the nasal cavity has a neuronal network and blood vessels. Our group tried to determine the
pathways by which NEs enter the brain through nasal administration. Tracking the transportation of NEs provided
information that was very important for elucidating the mechanisms of the nose-to-brain delivery of HupA-NE and Lf-
HupA-NE. The in vivo fate of NEs can be accurately monitored by using a novel environment-responsive fluorescent
probe. Based on the maximum excitation/emission wavelengths, P2 was employed in this study for live imaging. Some
signals were still observed in the olfactory nerve transection model rats, which might be due to NEs uptake into the brain
also occurring through blood circulation. The rate and extent of P2 signals in the brains of the rats without operations
were much higher, which suggested that nerves play an important role in the nose-to-brain pathways. This finding was
consistent with the literature that reported that the main neuronal route of drug delivery is via olfactory and trigeminal
sensory neurons.>*>® The prepared NEs were in accordance with a previous report that nanoparticles with a particle size
<20 nm can achieve extracellular transport from the nasal cavity to the brain.>® Ejaj Ahmad reported that only NEs with
a very small particle size can be translocated to the brain in an intact form and exhibit a prolonged duration of residence.
The overall trend in the amount of NE retained was found to depend on particle size.'” Therefore, HupA-NE and Lf-
HupA-NE generally enter the brain from the nasal cavity by direct and indirect pathways. Drug transport via the BBB to
the brain also occurs through blood circulation.

Previous studies have shown that efflux transporters weaken the brain uptake of drugs after nasal administration.***
Thus, the effectiveness of therapeutic drugs may be restricted by ABC transporters, such as P-gp, BCRP and MRP1.’
Efflux transporters pump most exogenous substances from the central nervous system (CNS). In vitro experiments that
were performed in our laboratory verified that Pgp, BCRP, and MRP1 efflux transporters exist in brain vascular
endothelial cells, and they are present to promote resistance to HupA when treating neurological diseases. The
immunohistochemistry results revealed efflux transporter staining in brain tissues and found that P-gp, MRP1, and
BCRP had strong reactions. HupA aqueous solution may increase the expression levels of P-gp, MRP1, and BCRP efflux
transporters in the brain. Simultaneously, we found that the expression of efflux transporters treated with HupA-NE was
lower than that treated with HupA solution. HupA-NE may be used to overcome drug resistance to improve AD therapy.
It has been reported that NE can protect drugs by encapsulating and preventing the recognition of efflux transporters.****
The pharmaceutical excipients of NEs can inhibit efflux pumps and increase drug absorption.***” However, Lf-HupA-NE
attenuated this inhibitory effect. There is no direct evidence to clarify whether Lf can inhibit the expression of exocytosis
proteins. Lf plays critical roles in various physiological processes. It reduced ROS levels and upregulated the expression
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of nuclear factor erythroid 2-related factor 2 (Nrf2) protein.*® Some bioactive compounds increase the expression of
efflux transporters through activation of the Nrf2-mediated signaling pathway.**° Therefore, we speculated that Lf
might reduce ROS production to induce the expression of efflux transporters, which are involved in the upregulated
expression of Nrf2 proteins.

The time—concentration curve profiles indicated that the absorption rate of NEs nasal administration is faster than that
of conventional gavage administration. Nasal administration of Lf-HupA-NE was superior to HupA-NE and gavage of
HupA aqueous solution in terms of both drug distribution and sustained release in the brain. The highest concentration of
intranasal NEs decreased in untargeted organs (heart, liver, spleen and kidney), and this result can not only improve the
efficacy but also reduce the toxic side effects of the drug. HupA is a reversible and selective inhibitor of acetylcholi-
nesterase (AChE) resulting in bradycardia, heart block and prolonged QT interval.’' It is reported that there was once
a case of acute renal failure related to HupA in China.>

The prepared intranasal nanoformulations of HupA-NE and Lf-HupA-NE in this paper showed different pharmacoki-
netic characteristics of drug absorption, distribution and elimination in vivo compared with those of conventional oral
formulations. The Tmax, Cmax and AUC (0-t) of the nasal nanoformulations were significantly higher than those of the
gavage administration in brain tissue. The intranasal NEs continuously accumulated HupA absorption to the brain. The
increase in MRT(0-t) and t;, in the brain and the decrease in CL/F prolonged the duration of action of the drug with
sustained release. The small particle size of NEs plays a crucial role in pharmacokinetics, in which the residence times are
prolonged.> In the heart, liver and kidney tissues, the nasal nanoformulations reduced the absorption and distribution of the
drug. The nasal HupA-NE and Lf-HupA-NE increased the elimination rate of the drug and accelerated the elimination of
the drug in the liver, kidney and spleen. Pharmacokinetic parameters showed that Lf-HupA-NE exhibited significant
advantages in rapid absorption, high concentration, long retention time, large area under the curve and low clearance rate.
The results of Ce (Ce HupA-NE=3.38, Ce Lf-HupA-NE=3.83) indicated that intranasal HupA-NE and Lf-HupA-NE
resulted in an increased distribution and concentration of the drug in the brain compared to that of the HupA solution.
Re HupA-NE=4.32 and Re Lf-HupA-NE=8.57 (Re>1) revealed that the drug formulations were targeted to the brain; in
general, a higher Re value indicates more effective targeting of drugs. Ce and Re showed that HupA-NE and Lf-HupA-NE
can be used as intracerebral drug delivery systems. The DTI=2.6 for Lf-HupA-NE demonstrated the superiority of Lf as
a functional brain-targeting molecule. In the context of targeted therapy, ligands can bind to brain endothelial cells and
neurons with high affinity and specificity. Lf~-HupA-NE is more targeted to the brain and can improve the capacity of BBB
transport.

Conclusion

This study provided evidence indicating that some small integral NEs entered the brain by the nose-to-brain pathways,
which comprise the nerve pathway (the main pathway) and the blood circulation route. An in vivo efflux study implied
that P-gp, MRP1, and BCRP were involved in the development of resistance to HupA during the treatment of AD.
Utilizing the HupA-NE system may be an effective strategy for enhancing drug absorption with a controlled efflux and
increasing the concentration of drugs in the brain. Nasally administered HupA-NE and Lf-HupA-NE exhibited improved
pharmacokinetic and brain-targeting parameters compared to those of the gavage HupA aqueous solution. Furthermore,
the special organic distribution of NEs also reduced non-targeted organs toxicity of the HupA.
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