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Purpose: APAP-induced liver injury (AILI) is a common cause of acute liver failure (ALF). Nobiletin (NOB) is a potential
hepatoprotective agent for the treatment of APAP-induced liver injury. However, the poor solubility and low bioavailability of
NOB hinders its application. In this study, a novel self-assembly nano-drug delivery system of nobiletin (solid dispersion of NOB,
termed as NOB/SD) was developed based on solid dispersion technology to improve the bioavailability and hepatoprotective ability of
NOB for APAP-induced liver injury therapy.

Methods: The optimized NOB/SD system was constructed using the amphiphilic copolymers of Soluplus and PVP/VA 64 via hot
melt extrusion technology (HME). NOB/SD was characterized by solubility, physical interaction, drug release behavior, and stability.
The bioavailability and hepatoprotective effects of NOB/SD were evaluated in vitro and in vivo.

Results: NOB/SD maintained NOB in matrix carriers in a stable amorphous state, and self-assembled NOB-loaded nanomicelles in
water. Nanostructures based on solid dispersion technology exhibited enhanced solubility, improved release behavior, and promoted
cellular uptake and anti-apoptosis in vitro. NOB/SD displayed significantly improved bioavailability in healthy Sprague Dawley (SD)
rats in vivo. Furthermore, NOB/SD alleviated the APAP-induced liver injury by improving anti-oxidative stress with reactive oxygen
species (ROS) scavenging and nuclear factor erythroid 2-related factor 2 (Nrf2) activation.

Conclusion: These results suggested that NOB/SD could be considered as a promising hepatoprotective nano-drug delivery system
for attenuating APAP-induced acute liver injury with superior bioavailability and efficient hepatoprotection, which might provide an
effective strategy for APAP-induced acute liver injury prevention and treatment.
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Introduction

Drug-induced liver injury (DILI) is one of the most common causes of acute liver failure (ALF), which is considered
a great public health problem to human beings in the world.'* Among them, more than 50% of ALF cases are caused by
acetaminophen (APAP) overdose worldwide, especially in the United States and parts of Europe.> APAP-induced liver
injury (AILI) is developed to hepatocyte necrosis and acute inflammation, with intracellular reactive oxygen species
(ROS) overgeneration and serum alanine aminotransferase (ALT) and aspartate transaminase (AST) increase, and finally
may lead to acute liver failure or even death. To date, N-acetylcysteine (NAC) is the first-line drug for AILI treatment,
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which can effectively attenuate APAP-induced hepatotoxicity by defending against oxidative stress with intracellular
ROS scavenge and glutathione (GSH) supplementation in vivo.*> However, adverse effects such as vomiting, gastro-
esophageal reflux, and allergic reactions may occur after treatment with NAC.® Obviously, efficient therapies for the
treatment of APAP-induced liver injury are limited in clinical practice. Therefore, effective therapeutic strategies for
treating or preventing AILI are urgently needed.

Nobiletin (NOB; 5,6,7,8,3,4-hexamethoxyflavone) is a natural polymethoxylated flavone found in citrus peels that has
been widely used in traditional Chinese medicine. NOB has been demonstrated to possess effective pharmacological
effects on anti-inflammatory and anti-oxidative stress activities.” Notably, NOB ameliorates chemical and drug-induced
liver injury by protecting hepatocytes from necrosis via suppressing nuclear factor-kappa B (NF-kB) activated signaling
pathway to relieve oxidative stress and inflammation, which suggested that NOB might be a potential hepatoprotective
candidate for the treatment of APAP-induced liver injury.®*'° However, the poor solubility and low bioavailability of
NOB hinder its further clinical application in AILI therapy.''"'*> Therefore, a novel drug delivery system is valuably
developed to improve the bioavailability and hepatoprotective ability of NOB for APAP-induced liver injury therapy.'

Solid dispersion (SD) technology is one of the most effective techniques for drug solubility enhancement and has
been widely used in the pharmaceutical industry.'*'> In solid dispersion systems, the poorly soluble drugs are dispersed
in the SD carrier (usually a hydrophilic polymer) in molecular or microcrystalline states, which might contribute to fast
dissolution, enhanced solubility, and improved bioavailability of drugs.'® At present, more than 30 pharmaceutical
products based on solid dispersion technology have been approved by the US Food and Drug Administration (FDA),
including apalutamide, olaparib, regorafenib, tacrolimus, etc.'” 2 Hot melt extrusion is a solvent-free and single-step
technique for SD preparation, which is regarded as a sustainable and appropriate approach for commercial-scale
production of SD. In our previous study, solid dispersions of nimodipine were successfully prepared by hot melt
extrusion technology using Soluplus and PVP/VA 64 as carriers.”! Interestingly, solid dispersion of nimodipine improved
the solubility and bioavailability of nimodipine with Soluplus/PVP/PV 64-based micelles constructed in aqueous media.
Thus, solid dispersion may be an effective strategy for enhancing the solubility of NOB. Moreover, it is hypothesized that
nobiletin-loaded Soluplus nanomicelles might be self-assembled in aqueous media based on amorphous solid dispersion
technology, which would exert an increased hepatoprotective effect by improving solubility in APAP-induced acute liver
injury treatment.

In this study, a novel self-assembly nano-drug delivery system of nobiletin was developed based on solid dispersion
technology (solid dispersion of NOB, NOB/SD, Figure 1). The optimized NOB/SD system was constructed using
amphiphilic copolymers of Soluplus and PVP/VA 64 via HME. NOB/SD was characterized using scanning electron
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Figure | The schematic illustration of NOB/SD for hepatoprotective effect on APAP-induced acute liver injury. The schematic illustration of NOB/SD for hepatoprotective
effect on APAP-induced acute liver injury. (A) The HME process of NOB/SD and its solubilization mechanism based on self-assembly Soluplus nanomicelles of NOB in
aqueous medium. (B) The hepatoprotective mechanism of NOB/SD for APAP-induced acute liver injury treatment.

microscopy, powder X-ray diffraction, thermal analysis, and Fourier transform infrared spectroscopy. The solubility, drug
release behavior, and stability of NOB/SD were evaluated, and the solubilization mechanism was clarified. The
hepatoprotective effects and cytoprotective mechanisms of NOB/SD were evaluated in vitro. Furthermore, the bioavail-
ability of NOB/SD was assessed in healthy SD rats, and the in vivo hepatoprotective effects of NOB/SD were verified in
C57BL/6 mice with APAP-induced liver injury. The novel self-assembly nano-drug delivery system of nobiletin (NOB/
SD) may potentially attenuate APAP-induced acute liver injury with superior bioavailability and efficient hepatoprotec-
tion and can be considered as a promising hepatoprotective nano-drug delivery system for APAP-induced acute liver

injury prevention and treatment.

Materials and Methods

Materials and Reagents

Kollidon VA64 (PVP/VA 64), Polyvinylpyrrolidone (PVP K30), Kolliphor P407, and Soluplus were kindly provided by
the BASF Corporation (Shanghai, China). Hydroxypropyl cellulose (HPC) was kindly provided by Japan Caoda Co., Ltd.
(Hong Kong, China). Hydroxypropyl methylcellulose (HPMC) and Hypromellose acetate succinate (HPMCAS) were
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kindly provided by Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). B-Cyclodexrtin (B-CD) was purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China). The reference standard of nobiletin (NOB) was obtained from Weikeqi
(Sichuan, China) with purity higher than 98%.

The human hepatocyte cell line L02 cells were purchased commercially from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China). Roswell Park Memorial Institute 1640 medium (RPMI 1640), fetal bovine serum (FBS),
penicillin-streptomycin, and pancreatic enzymes were all purchased from Gibco (California, USA). MTT was purchased
from Solarbio (Beijing, China). The green fluorescent dye coumarin 6 (C6) was purchased from Aladdin (Sichuan,
China). DCFH-DA reagent and the Annexin V-FITC/PI Apoptosis Detection Kit were obtained from Beyotime
(Shanghai, China). The DAPI reagent was purchased from Beibo (Shanghai, China). Both the PrimeScript™ RT
Reagent Kit and ChamQ Universal SYBR qPCR Master Mix were purchased from TaKaRa (Dalian, China).

Healthy male Sprague Dawley (SD) rats (weighted 180-220 g) and male C57BL/6 mice (weighted 18-22 g) were
purchased from Guangdong Zhiyuan Biopharmaceutical Technology Co., Ltd. (Guangzhou, China). All animal experi-
ments were approved by the Institutional Animal Care and Use Committee of Guangzhou Medical University (permis-
sion number SQ2021-024). Animal welfare and experimental procedures were performed in accordance with the rules of
Committee on Animal Research and Ethics of Guangzhou Medical University. Laboratory animals were maintained in
a daily cycle of 12-hour light/12-hour darkness with the humidity of 60 + 5%, the temperature of 22 + 2 °C, and free
access to regular diets and water.

The NOB Solubility Tests in Different Polymers

NOB solubility tests were performed on eight different polymers. Briefly, 10 mg of polymers including HPC, HPMC,
HPMCAS, Kolliphor P407, B-CD, Soluplus, PVP K30, and PVP/VA 64 were dissolved into 25 mL of deionized water,
respectively. Then, 3.5 mg of NOB in 150 pL of ethanol was quickly added into the above polymer media, and the NOB
ethanol solution was added in water as the negative control.”* The mixtures were shaken at 100 rpm and 37 °C in an
electrical shaker for 5 h. Subsequently, 4 mL of the withdrawn samples were filtered through a 0.45 pum filter. NOB
concentrations in the samples were measured using an Evolution 300 UV-visible spectrophotometer at 330 nm (Thermo
Fisher, Massachusetts, USA).*

Preparation of NOB/SD

Solid dispersions of NOB (NOB/SD) were prepared by the solvent evaporation method. The NOB formulations are
shown in Table 1. Briefly, NOB and the polymers were dissolved in 40 mL of ethanol and mixed under ultrasonication at
25 °C for 10 min. Subsequently, the mixture was dried at 80 °C for 24 h and then quickly cooled down at —20 °C for 12

Table | NOB/SD Formulations Prepared by Different Kinds of Carriers, Ratios of NOB/
Carriers and Preparation Methods

Formulation Carriers in NOB/SD Ratio of NOB/Carriers | Preparation Method
(Mass Ratio)

| NOB:PVP/VA 64 I:6 SE

2 NOB:HPC I:6 SE

3 NOB:Kolliphor P407 I:6 SE

4 NOB:Soluplus I:6 SE/HME
5 1:3 SE

6 12 SE

7 NOB:Soluplus:PVP/VA 64 1:5.5:0.5 SE

8 1:5:1 SE/HME
9 1:4:2 SE
10 1:3:3 SE

Abbreviations: SE, solvent evaporation technology; HME, hot melt extrusion technology.
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h. Finally, the NOB/SD was obtained and sieved through an 80-mesh sieve. NOB/SD was stored at room temperature
until further use.

Coumarin 6 labeled solid dispersion with a coumarin 6/SD ratio of 1:5000 was prepared with the same solvent
evaporation method. Briefly, coumarin 6 and polymers (1:5000 mass ratios) were dissolved in 20 mL of ethanol and kept
at 80 °C until dried. Then, the dried mixture was quickly cooled down at —20 °C for 12 h. The coumarin 6 labeled solid
dispersion (C6/SD) was obtained.

Optimized formulations of NOB (NOB/SD) were prepared using hot melting extrusion technology. Briefly, NOB was
homogenously mixed with polymers (Table 1) at different ratios, respectively. The mixture was fed into a HAAKE
MiniCTW extruder (Thermo, Germany) with an extrusion temperature of 170 °C. After HME treatment within 15 min,
the extrudates were cooled down to room temperature, followed with the mill to pass through an 80-mesh sieve. NOB/SD
values were obtained for further use.

The NOB Solubility Assay in Different NOB/SD Formulations
The solubility of NOB in the different solid dispersions was also measured. Briefly, 30 mg of NOB/SD samples were

added to 10 mL of water and then shaken for 6 h in a shaker at 100 rpm and 37 °C, respectively. At the time intervals, the
samples were collected and filtered with a 0.45 um PVC membrane. Finally, the filtrates were diluted with ethanol and
analyzed by UV method at 330 nm.

Characterization of NOB/SD

The optimized formulations of NOB/SD were analyzed by scanning electron microscopy (SEM). SEM images of NOB/
SD were obtained using a SU8010 scanning electron microscope (Hitachi, Tokyo, Japan). The glass transition tempera-
ture (Tg) of NOB/SD was determined by differential scanning calorimetry (DSC) using a 214 Polyma DSC analyzer
(Netzsch, Bavaria, Germany). DSC data were collected at a heating rate of 5 °C/min from 30 °C to 210 °C.?° The
optimized NOB/SD formulation was analyzed by powder X-ray diffraction (PXRD). The PXRD curves of the NOB-
based formulations were obtained using an Empyrean PXRD system (PANalytical, Almelo, Netherlands) with Copper-ka
radiation (40 kV, 30 mA). The optimized NOB/SD formulation was analyzed using Fourier transform infrared spectro-
scopy (FTIR) with a pressed KBr pellet. Fourier transform infrared (FTIR) spectra were recorded using a Nicolet 6700
spectrometer (ThermoFisher, Massachusetts, USA) ranging from 400 to 4000 cm™'.

The mechanism of NOB solubility enhancement in NOB/SD was performed as follows. The morphology of the NOB/
SD in water was characterized using a JEM 2100 transmission electron microscope (TEM) (JOEL, Japan). The particle
size of NOB/SD in water was analyzed by dynamic light scattering (DLS) using a Malvern Zetasizer Nano sizer
(Malvern, UK). The absorption of NOB/SD in water and methanol was measured using an Evolution 300 UV-visible
spectrometer (Thermo Fisher, Massachusetts, USA) at wavelengths ranging from 200 to 450 nm. The nuclear magnetic
resonance hydrogen spectrum (1H-MNR) of NOB/SD was detected by a JINM-ECZ400S/L1 Nuclear magnetic resonance
spectrometer (JOEL, Japan).

In vitro Release Assay

An in vitro release assay of NOB/SD was performed using a dissolution test. Briefly, the optimized NOB/SD formula-
tions and Free NOB (30 mg NOB) were added to the release mediums (pH 6.5 PBS, 500 mL) and shaken at 200 rpm at
37 °C for 2 h. At certain time intervals, 4 mL of the release medium was withdrawn, and equivalent PBS volumes were
immediately added. After filtered through 0.45 um filter membranes, the samples were diluted with methanol and
measured by UV at 330 nm.

Stability of NOB/SD

The NOB/SD formulations (No.4 and 8) were prepared by HME and stored at 25 °C for 3 months. Physicochemical
characteristics of the NOB/SD formulations were measured using DSC and in vitro release assays. Free NOB, SD
carriers, NOB/PM and NOB/SD formulations without storage were used as the controls.
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Cell Culture
L02 human normal liver cells were cultured in RPMI 1640 with 10% FBS, 100 U/mL penicillin and 100 mg/mL
streptomycin. L02 cells were maintained at 37 °C in a humidified atmosphere containing 5% CO,.

Cellular Uptake Study

Cellular uptake of coumarin 6 labeled NOB/SD in L02 cells was performed using confocal laser scanning microscopy
(CLSM). L02 cells at a density of 1 x 10° cells/well were seeded in confocal dishes and incubated overnight.
Subsequently, LO2 cells were treated with C6/SD or Free C6 (at a C6 concentration of 10 nM) for 4 h. The cells were
washed with PBS and fixed with 4% paraformaldehyde for 15 min. Afterwards, cells were stained and incubated with
DAPI for 15 min in dark. Finally, the cellular uptake behavior of C6/SD cells was observed using Al+ confocal laser
scanning microscope (CLSM, Nikon, Japan).

MTT Assay

The cell viabilities of NOB/SD were performed using MTT assay. The L02 cells were cultured in 96-well plates at
a density of 5 x 10° cells/well. After incubation for 24 h, L02 cells were treated with NOB/SD or Free NOB at various
NOB concentrations ranging from 0 to 12 uM for 24 h, followed by APAP (7.5 mM) treatment for another 24 h. Then,
20 mL MTT (5 mg/mL) was added and cells were incubated for 4 h. Finally, Formazan crystals in each well were
dissolved in DMSO (100 pL per well), and the absorbance was measured at 492 nm using an Epoch microplate reader
(BioTek, Vermont, USA).*>** Cells without APAP treatment were also performed using the same procedures described
above.

Annexin V/PI Staining

The cell apoptosis of NOB/SD was evaluated using Annexin V/PI staining. L02 cells at a density of 5 x 10° cells/well
were seeded in six-well plates and incubated overnight. After pre-incubation with NOB/SD or Free NOB (at a NOB
concentration of 12 uM) for 12 h, the L02 cells were treated with APAP (7.5 mM) for 24 h. The treated L02 cells were
collected, washed twice with PBS, resuspended in PBS, and stained using the Annexin V-FITC/PI Apoptosis Detection
Kit according to the manufacturer’s instructions. The apoptosis rates of the cells were detected using a CytoFLEX S.4
flow cytometer (Beckman Coulter, USA).

Reactive Oxygen Species (ROS) Measurement

L02 cells at a density of 1 x 10° cells/well were seeded in six-well plates and incubated overnight. The L02 cells were
incubated with NOB/SD or Free NOB (NOB: 12 uM) for 4 h, followed by treatment with APAP (7.5 mM) for 24
h. Subsequently, the treated LO2 cells were exposed to DCFH-DA for 30 min. The levels of ROS were detected by the
CLSM.

Quantitative Real-Time PCR Analysis

L02 cells at a density of 1 x 10° cells/well were seeded in six-well plates and cultured overnight. After incubation with
NOB/SD or Free NOB at NOB concentrations of 12 pM for 24 h, the treated L02 cells were exposed with 7.5 mM APAP
for another 24 h. Total RNA was extracted using TRIzol (Thermo, Massachusetts, USA) and converted into cDNA using
a reverse transcription kit (Vazyme, Nanjing, China) according to the manufacturer’s protocols. The RNA expression
levels of HO-1 and NQO1 were analyzed using quantitative real-time PCR system (Bio-Rad, USA).*® The primers in the
reaction are shown in Table 2.

In vivo Pharmacokinetic Study

Healthy male SD rats (180220 g) were randomly divided into two groups (n = 3 per group). Then, the SD rats were
orally administrated with NOB/SD and Free NOB with the NOB concentration of 50 mg/kg, respectively.” At time
intervals, blood samples were collected from tail vein after drug administration.
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Table 2 The Primer Sequences for qPCR to Assess the
Expression of HO-1, NQOI and GAPDH in L02 Cells

Target Primer Sequence

GAPDH FP 5'-CTGCACCACCAACTGCTTAG-3'
RP 5-AGGTCCACCACTGACACGTT-3'

HO-1 FP 5-TGCGGTGCAGCTCTTCTG-3'
RP 5'-GCAACCCGACAGCATGC-3’

NQO-I FP 5'-TGGCTAGGTATCATTCAACTC-3’
RP 5'-CCTTAGGGCAGGTAGATTCAG-3’

Abbreviations: FP, forward sequence; RP, reverse sequence.

NOB concentrations in the blood were determined using an HPLC assay. Briefly, plasma was collected by centrifuga-
tion at 6000 g for 10 min. NOB was extracted from the plasma by acetonitrile, and tangeretin was used as an internal
standard. The NOB concentrations were measured by HPLC (Shimadzu, Japan) with a C;g column (4.6 x 250 mm,
5 pum), using water and acetonitrile (40:60) as the mobile phase. The wavelength was set at 330 nm. Method validation
was performed to determine the repeatability, stability, precision, recovery, and linear correlation according to
Pharmacopoeia of the People’s Republic of China (ChP, 2020). The pharmacokinetic parameters of NOB were calculated
using the MaS Studio software (Mobile Application Studio, Nanjing, China).

In vivo Hepatoprotective Effects

The in vivo hepatoprotective effects of NOB/SD were investigated in APAP treated C57BL/6 mice as the acute liver
injury (ALI) model. Male C57BL/6 mice (weighted 18-22 g) were randomly divided into four groups (n = 6/group).
Saline, Free NOB and NOB/SD with a NOB dosage of 50 mg/kg were orally administered to mice before APAP
treatment for 7 days, respectively.” The body weight of the mice was measured daily. On day 8, to induce acute liver
injury (ALI) model, the treated mice were administrated with 350 mg/kg APAP by intraperitoneal injection.”® Mice
injected intraperitoneally with saline were used as the negative control.

At 48 h after the injection, the mice were sacrificed. Whole blood was collected, and serum was obtained by
centrifugation at 3000 g for 10 min. ALT and AST in serum were measured by Chemray Biochemical Analyzer (Leidu,
Shenzhen, China).”” Liver tissues of the treated mice were collected, fixed in 4% paraformaldehyde, and accessed with
the hematoxylin-eosin (H&E) staining. The prominent hepatocyte necrosis, infiltration, and inflammation were estimated
from the H&E section of mice by the software image J, which were defined as the pathological areas induced by APAP.

The pathological areas were expressed as the percentage of the total liver section areas.”®

Statistical Analysis

All data shown in this study were presented as mean + SD of at least 3 independent experiments. Data were analyzed
using the GraphPad Prism 8 software (Prism, USA). Statistical analysis was performed using One-Way ANOVA, and P <
0.05 was considered statistical significance.

Results and Discussion

NOB Solubility in Different Polymers

To select the carriers for Solid dispersions of nobiletin (NOB/SD) preparation, the solubility of NOB in different 8
polymers including HPC, HPMC, HPMCAS, Kolliphor P407, B-CD, Soluplus, PVP K30, and PVP/VA 64 was measured.
In brief, the solubility of NOB in a water-based solution containing 0.04% carrier was determined after stirring at room
temperature for 5 h, and the solubility data are shown in Figure 2A. Polymers significantly improve the solubility of NOB
within 300 min. Furthermore, the NOB in the polymers of Soluplus, HPC, Kolliphor P407, and PVP/VA 64 reached
faster and higher solubilities than the others within 15 min. Particularly, NOB in Soluplus exhibited the highest solubility
among all the selective polymers. However, these supersaturated states of NOB in polymers were unstable. The solubility
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Figure 2 The solubility of NOB in different polymers and NOB/SD formulations under supersaturated condition. The solubility of NOB in different polymers and NOB/SD
formulations under supersaturated condition. (A) The solubility of NOB in different polymers. NOB dissolved in the methanol solvent was injected into an aqueous solution
containing 0.04% carrier, and the solubility of NOB was measured using a UV spectrophotometer at different time points. (B) The supersaturation solubility of NOB in
different NOB/SD formulations with different carrier systems (including Soluplus, PVP/VA 64, HPC and Kolliphor P407) at the NOB/carrier mass ratio of 1:6. (C) The
solubility of NOB in NOB/SD formulations with different NOB/Soluplus ratios (1:6, 1:3, 1:2, weight ratio). (D) The solubility of NOB in NOB/SD formulations with different
NOB/Soluplus/PVP/VA 64 ratios (1:6:0, 1:5.5:0.5, 1:5:1, 1:4:2, and 1:3:3, weight ratio). In (B—D), the NOB solubility of Free NOB in water was chosen as control. NOB/SD
with different formulations were prepared by SE. n = 3/group, *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

Abbreviations: NOB, nobiletin; SE, solvent evaporation method.

of NOB in the polymers were significantly decreased with increasing incubation time. To maintain the solubility of NOB
at a higher level with the incubation time increased, NOB/SD should be prepared. Therefore, the polymers including
Soluplus, HPC, Kolliphor P407, and PVP/VA 64 were chosen as the carriers for NOB/SD construction, which might
result in increased NOB solubility.

Preparation and Optimization of NOB/SD

Solid dispersion, which maintains insoluble drugs in amorphous states by the soluble excipient matrix, can significantly
increase the drug solubility in water. The enhanced solubility of drug, attributed to its amorphous form, was significantly
related to the selective excipient matrix in the formulation and the solid dispersion preparation. Therefore, the NOB/SD
formulation and preparation should be optimized.

To optimize the NOB solubility in the SD formulation, NOB/SDs with different formulations were prepared using
solvent evaporation method (SE) (Table 1), and the NOB solubilities generated with the solid dispersions were measured.
Firstly, NOB/SDs were prepared by SE with four different single carriers (including Soluplus, PVP/PV 64, Kolliphor
P407, and HPC) at a NOB/carrier mass ratio of 1:6, respectively. The solubility of NOB in different carriers showed that
all the single carriers significantly improved the NOB solubility when formulated as the solid dispersions (Figure 2B). In
particular, Soluplus presented the best supersaturated solubility of NOB among all the NOB/SD preparations, in which
the NOB solubility was approximately 20-fold higher than that of Free NOB (Figure 2B). Meanwhile, PVP/VA 64
exhibited better NOB solubility than Kolliphor P407 and HPC (Figure 2B). Therefore, Soluplus was chosen as the drug

carrier for the further solid dispersion preparations.
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Then, NOB/SDs were prepared with different mass ratios of Soluplus to NOB. As shown in Figure 2C, NOB
displayed an increased solubility behavior in water in a Soluplus dosage-dependent manner. In these NOB/SD systems,
NOB reached rapid dissolution (274 pg/mL) for 15 min and maintained a superior supersaturation (135 pg/mL) for 6
h with an NOB/Soluplus ratio of 1:6 (mass ratio), which was 19.3 times higher than that of Free NOB (7 pg/mL) in
water. The results of the solubility assay in Soluplus-based SD formulations demonstrated that Soluplus maintained NOB
in a high supersaturation with a NOB/Soluplus ratio of 1:6. However, solid dispersions exhibit rapid dissolution owing to
the high energy state of drug in carrier, which might also display poor physical stability with solid dispersion aging and
drug recrystallization. The low glass transition temperatures (Tg) of Soluplus (approximately 64 °C) and Soluplus-based
NOB/SD (approximately 64 °C) (Figure 3D and Supplement Figure 1) shown in the DSC data suggested a high energy

state of NOB in Soluplus-based NOB/SD, which might result in poor physical stability including aging and drug
recrystallization. The data from the physical stability assay were consistent with the DSC curves.

Our previous work demonstrated that the Tg of Soluplus could increase with the addition of PVP/VA 64, which could
effectively slow down the aging of solid dispersions.’ Herein, NOB/SDs were further optimized by different ratios of
NOB/soluplus/PVP/VA 64. The results in Figure 2D indicated that NOB/SD exhibited a high supersaturation of NOB for
6 h (88 pg/mL) with a NOB/soluplus/PVP/VA 64 ratio of 1:5:1. The stability assay also evidenced that NOB/SD
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Figure 3 Physicochemical characteristics of NOB/SD formulations storage for 3 months. Physicochemical characteristics of NOB/SD formulations storage for 3 months. (A)
DSC curves of NOB/SD formulation 8 with NOB:Soluplus:PVP/VA 64 of 1:5:] (mass ratio) for 3 months storage. (B) DSC curves of NOB/SD formulation 4 with NOB:
Soluplus of 1:6 (mass ratio) for 3 months storage. In (A) and (B), NOB/SD formulation 4 and 8 were prepared by HME method. Free NOB, SD carriers of Soluplus and PVP/
VA 64 NOB/PM were chosen as the controls. (C) Dissolution curves of NOB/SD formulation 8 with NOB:Soluplus:PVP/VA 64 of |:5:1 (mass ratio) freshly prepared by HME
or SE, respectively. (D) Dissolution curves of NOB/SD formulation 8 with NOB:Soluplus:PVP/VA 64 of |:5:1 (mass ratio) and NOB/SD formulation 4 with NOB:Soluplus of
1:6 (mass ratio) for 3 months storage. NOB/SD formulations were prepared by HME.

Abbreviations: NOB, nobiletin; NOB/SD, nobiletin solid dispersion; DSC, differential scanning calorimetry; HME, hot melt extrusion; SE, solvent evaporation.
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formulation 8 displayed a faster and higher dissolution rate than NOB/SD formulation 4 after 3 months of storage (The
results could be found in section “The physicochemical stability of NOB/SD”). Consistent with the DSC data, DSC curve
showed that the Tg of NOB/SD was increased from 64.1 °C to 79.8 °C with the addition of PVP/VA 64, which implied
that NOB/SD prepared with the mixed carriers of Soluplus and PVP/VA 64 might be more stable than that of the single
carrier of Soluplus (Supplement Figure 1). Therefore, the optimized NOB/SD formulation with a NOB/Soluplus/PVP/VA
64 ratio of 1:5:1 was chosen and prepared by the HME process for further investigation. Moreover, the stability of these

formulations was assessed further.

Characterization of the Optimized NOB/SD Formulation

The optimized NOB/SD formulation is characterized in Figure 4. Firstly, the morphologies of Free NOB, the mixture of carriers,
NOB/PM and NOB/SD were observed using SEM analysis. As shown in the SEM images in Figure 4A, blocky crystallization of
NOB could be found with the particle sizes of approximately 1-5 um in Free NOB. Moreover, some crystalline forms of NOB
showed prismatic crystal structure with the particle sizes larger than 5 um. The carrier mixture of Soluplus and PVP/VA 64
exhibited spheroid shapes and smooth surfaces. Similarly, the crystalline form of NOB with prismatic crystal structure was
trapped in or attached on the carriers of NOB/PM, indicating that NOB displayed crystalline forms after physically mixing with
the carriers of Soluplus and PVP/VA 64. In contrast, the prismatic crystal forms of NOB were disappeared and only a few needle-
like structures were attached to the surface of the carrier in the NOB/SD. These phenomena confirmed that NOB can display
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Figure 4 Physicochemical characteristics of NOB/SD. Physicochemical characteristics of NOB/SD. (A) SEM images of Free NOB, physical mixture of Soluplus and PVP/VA
64, NOB/PM, NOB/SD prepared by HME and NOB/SD prepared by SE. (B) Differential scanning calorimetry thermograms of Free NOB, mixtures of Soluplus and PVP/VA
64, NOB/PM, and NOB/SD. (C) Powder X-ray diffraction patterns of Free NOB, physical mixture of Soluplus and PVP/VA 64, NOB/PM, and NOB/SD. (D) FTIR spectra of
Free NOB, physical mixture of Soluplus and PVP/VA 64, NOB/PM, and NOB/SD.

Abbreviations: NOB, nobiletin; SEM, scanning electronic microscopy; FTIR, Fourier transform infrared spectroscopy; Soluplus+PVP/VA 64, mixture of Soluplus and PVP/VA
64; NOB/PM, physical mixtures with NOB, Soluplus, and PVP/VA 64; NOB/SD, nobiletin solid dispersion prepared with Soluplus and PVP/VA 64 by HME method.
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amorphous and microcrystalline states after SD technology using both the HME and SE methods. Moreover, compared with the
SE method, the NOB/SD formulation prepared by HME showed fewer microcrystalline forms of NOB attachment indicating that
the HME method might be superior to SE for NOB/SD preparation.*

To further clarify the amorphization of NOB in NOB/SD, the physicochemical properties of NOB/SD were
characterized by DSC analysis. The DSC curve of Free NOB showed a sharp endothermic peak at 137 °C
(Figure 4B), which could be identified as the melting point of NOB and is consistent with the DSC data reported by
Wu et al.*® The carrier mixture of Soluplus and PVP/VA 64 exhibited no endothermic peak at approximately 137 °C. In
the NOB/PM system, a small endothermic peak was observed at 136 °C, indicating that NOB displayed a crystalline
form in NOB/PM. In contrast, in the NOB/SD system, no crystalline endothermic peak was observed at approximately
137 °C, indicating that NOB was transformed from a crystalline form to an amorphous state after the SD process.

The physicochemical properties of the optimized NOB/SD formulations were also characterized using PXRD
analysis. As shown in the PXRD curves (Figure 4C), a great deal of intense peaks ranging from 5° to 35° were observed
for Free NOB, indicating the crystalline state of NOB, whereas there was no crystal diffraction peak in the carrier
mixture of Soluplus and PVP/PV 64 because of their amorphous nature.>*' Diffraction peaks with 10°—15° and 20°—25°
were still obviously observed in NOB/PM even though their intensities were weaker than those of Free NOB, which
indicated the presence of NOB crystals in NOB/PM. However, the weak diffraction peaks (10°-15° and 20°-25°) were
disappeared in the NOB/SD formulation, which confirmed that NOB existed an amorphous state in NOB/SD formulation.

The functional groups in the different material structures were reflected by the characteristic absorption peaks in the
infrared spectrum. The formation of solid dispersion can be determined by comparing the characteristic absorption peak
intensity or displacement of the drug and solid dispersion in infrared spectrum. FTIR studies were performed to elucidate the
possible intermolecular interactions between NOB and the carriers. As shown in the FTIR curves (Figure 4D), the NOB
molecule in Free NOB exhibited the characteristic peaks at 2840 cm ™' generated by the C-H stretching vibrations, 1646 cm ™
generated by the C=O stretching vibrations, and 1279 cm " attributed to the C-O-C stretching vibrations.** Soluplus and PVP/
VA 64 showed wide characteristic peaks at approximately 3459 cm ' generated by the O-H stretching vibrations, around
2930 cm ' generated by the C-H stretching vibrations, around 1740 and 1640 cm ' generated by the C=O stretching
vibrations, around 1460 cm ' generated by the C-O-C stretching vibrations.**>> NOB/PM exhibited the same wide
characteristic peaks at around 3461, 2930 and 1739 cm ' with the addition of PVP/VA 64. The characteristic peak at
2840 cm ' were overlapped by the carriers compared with the Free NOB. The characteristic peaks at 1646 cm ™' corresponding
to C=0O were broadened with the addition of carriers (Soluplus and PVP/VA 64). NOB/SD also showed the same wide
characteristic peaks at around 3461, 2930 and 1739 cm™ ' with the addition of PVP/VA 64 compared with NOB/PM. However,
the characteristic peak at 1646 cm ™' was shifted to 1635 cm™', which suggested that a possible hydrogen bond was formed
between the proton accepting C=0 groups of NOB and the proton donating —OH groups of the carriers (Soluplus and PVP/VA
64).>° Nevertheless, the wide characteristic peaks of 3461 cm ' generated by the O—H stretching vibrations could still be found
in NOB/SD. This might be because the amount of the carries (Soluplus and PVP/VA 64) in the NOB/SD was more than NOB,
there were plenty of free —OH of the carries left in the NOB/SD. The FTIR data demonstrated strong intermolecular
interactions between NOB and carriers, which might be beneficial for the NOB solubility improvement.

The Dissolution Behavior and Solubilization Mechanism of NOB/SD

The SD products with the poor soluble drug dispersed in the hydrophilic carriers display the fast dissolution and
enhanced solubility via the amorphous state of the poor soluble drug, which can improve the bioavailability and
bioactivity of the drugs.'* Herein, the fast dissolution and enhanced solubility characteristics play important roles in
SD products. NOB/SD prepared with HME was supposed to improve the hepatoprotection of NOB via the fast
dissolution behavior and the enhanced solubility characteristic attributed by the SD technology. Although the enhanced
solubility characteristic of NOB/SD was confirmed, whether NOB/SD exhibited the fast dissolution behavior and what
solubilization mechanism of NOB/SD might occur were still known. Therefore, the dissolution behavior of NOB/SD
should be evaluated, and its solubilization mechanism should be clarified further.

The dissolution behavior of NOB was determined using an in vitro dissolution test. Dissolution profiles in Figure SA
showed that the release of Free NOB reached a plateau at the level of 11% after 90 min. In contrast, NOB/SD showed
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Figure 5 The dissolution behavior and solubilization mechanism of NOB/SD. The dissolution behavior and solubilization mechanism of NOB/SD. (A) Dissolution profiles of
Free NOB and NOB/SD in PBS at pH 6.5. (B) Particle sizes of Free NOB and NOB/SD in water measured by DLS analysis. (C) UV spectra of Free NOB and NOB/SD in
water or methanol. (D) TEM images of NOB micelles constructed by NOB/SD in water. (E) "H-NMR spectra of NOB, PVP/VA 64, Soluplus, and NOB/SD, respectively.
Abbreviations: NOB, nobiletin; NOB/SD, nobiletin solid dispersion; TEM, Transmission electron microscope; 'H-NMR, 'H nuclear magnetic resonance.
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a fast and high dissolution profiles with a NOB release rate of 95% within 5 min, and maintained NOB in
a supersaturated state for at least 120 min. The dissolution profiles demonstrated that NOB presented significantly
enhanced dissolution behavior after the solid dispersion preparation with Soluplus and PVP/VA 64, which might be
attributed to the enhanced NOB solubility in NOB/SD.

The enhanced solubilization mechanism of NOB/SD was further investigated in this study. Solid dispersions prepared
using the amphipathic copolymer Soluplus and PVP/VA 64 were constructed as nano-micelles by encapsulating drugs in
the core once they were dissolved in an aqueous environment.*' Therefore, the morphology and particle size of NOB/SD
in water were measured. TEM images showed that NOB/SD in water could be self-assembled into nano-micelles
exhibiting spherical shapes with particle sizes of approximately 30 nm after dissolution, and no large crystals of NOB
were observed (Figure 5D). The NOB micelles displayed the particle sizes of 68.64 &+ 4.37 nm (PDI: 0.16 £+ 0.04) by DLS
analysis, which were larger than those by TEM (Table 3, Figure 5B). These might be because the particle sizes of NOB
micelles measured by TEM might have volume shrinkage after the drying process of the TEM sample preparations,”’
while the particle sizes measured by DLS were the hydrated diameters of the NOB micelles dispersed in water, which
might be larger than the dry diameters by TEM.*® Conversely, Free NOB dispersed in water displayed larger particle
sizes of 6581.33 £ 1089.80 nm (PDI: 1.00) according to DLS measurements. It was evidenced that NOB/SD could be
self-assembled into nano-micelles by entrapping NOB in the core when dissolved in water, which induced the
solubilization of NOB in the solid dispersion.

The UV spectra of NOB-based formulations dissolved in deionized water or methanol are shown in Figure 5C,
respectively. Both NOB/SD and Free NOB in methanol were transparent and exhibited maximum absorption at 330 nm
with the flavonoid B ring of NOB. Similar to Free NOB, NOB displayed a molecular state and was completely free when
NOB/SD was dissolved in methanol, and no interaction occurred between NOB and the carriers of SD. Meanwhile, Free
NOB suspended in water exhibited large amounts of NOB crystals. Free NOB exhibited a maximum absorption
wavelength of 330 nm with a lower UV absorption than the other groups because of its poor solubility in water.
Unlike Free NOB, NOB/SD was milky in water, exhibiting a maximum absorption wavelength shift to 337 nm. It was
indicated that chemical interactions between NOB and the carriers existed in NOB/SD.

To further investigate the driving force, the micellar structure of NOB/SD was characterized by "H-NMR analysis. As
shown in Figure SE, the signals of NOB (peak 1-10) were detected in the deuterated DMSO solution, in which NOB was
dissolved as free molecules. However, these signals disappeared when the NOB/SD was dissolved in D,O. Meanwhile,
signals of hydrophilic groups including the polyethylene glycol (PEG) fragment in Soluplus (peak 19) and the
polyvinylpyrrolidone (PVP) fragment in PVP/VA 64 (peak 11, 13, and 14) were found in NOB/SD. These 'H-NMR
data confirmed the driving force interaction between NOB and the carriers of Soluplus and PVP/VA 64.

Therefore, NOB/SD exhibited enhanced NOB solubility and improved NOB dissolution behavior in water. The
enhanced solubilization mechanism of NOB/SD might be attributed to the fact that the SD carriers of Soluplus and PVP/
VA 64 could self-construct nano-micelles by encapsulating the hydrophobic NOB in the core once they dissolved in an
aqueous environment. The promoted NOB solubility and improved NOB dissolution behavior may be beneficial for
enhancing the bioavailability of NOB.

The Physicochemical Stability of NOB/SD

The stability of NOB/SD plays an important role in their biomedical applications. To investigate the stability of NOB/SD,
its physicochemical stability of NOB/SD was evaluated by DSC analysis and in vitro dissolution test after 3 months of

Table 3 DLS Measurement of NOB/SD and Free

NOB in Water
Formulation | Z-Average (nm) PDI
NOB/SD 68.64+4.37 0.16+0.04
Free NOB 6581.33+1089.80 1.00+0

Abbreviation: PDI, polydispersity index.
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storage at 25 °C (Figure 3). After the 3 months of storage, the NOB/SD (formulation 8 with a NOB:Soluplus:PVP/VA 64
mass ratio of 1:5:1) had no endothermic peaks at 137 °C (Figure 3A). Interestingly, a minor endothermic peak at 135 °C
was observed in NOB/SD (formulation 4 with a NOB:Soluplus mass ratio of 1:6) after 3 months of storage (Figure 3B).
These DSC data suggested that NOB might sustain an amorphous state in NOB/SD formulation 8 with carriers of
Soluplus and PVP/VA 64, but crystallization of NOB has occurred in NOB/SD formulation 4 with carrier of Soluplus
during the 3 months storage. Furthermore, SD formulation 8 prepared using HME exhibited a better dissolution behavior
than SE (Figure 3C). Consistent with the DSC data, NOB/SD formulation 8 (approximately 76%) displayed a faster and
higher dissolution rate than NOB/SD formulation 4 (approximately 41%) after 3 months of storage (Figure 3D).

The results of the stability investigation suggested that carriers of Soluplus and PVP/VA 64 contributed to the stronger
crystallization inhibitory effects of NOB, which effectively slowed down the aging of NOB solid dispersions. The
enhanced stability of NOB/SD may be useful for promoting the bioavailability and hepatoprotection of NOB.

In vitro Cellular Uptake, Biocompatibility, and Cytoprotective Effects

In the present study, the SD technology was expected to improve cellular uptake of NOB. Herein, the cellular uptake of
NOB/SD in L02 cells was investigated using CLSM in vitro. The poorly water-soluble fluorescent dye C6 was entrapped
in the SD carrier to track the distribution of SD in L02 cells. Cell nuclei were also stained blue with DAPI, which ensured
the position of the L02 cells. As shown in Figure 6A, the cellular fluorescence intensity of C6/SD was significantly
higher than that of Free C6, indicating that C6/SD showed improved cellular uptake in L02 cells compared with Free C6.
The promoted cellular uptake by L02 cells might be ascribed to the self-assembly construction of C6-loaded micelles by
C6/SD in the cellular culture medium, which could be beneficial for the enhanced hepatoprotection activity.'

To evaluate the biocompatibility of NOB and NOB/SD, the cell viabilities of L02 cells incubated with NOB and
NOB/SD were detected using MTT assay, respectively. The MTT assay demonstrated that NOB and NOB/SD (NOB
ranging from 3 to 12 pM) showed no significant cytotoxicity in L02 cells for 24 h, which indicated that Free NOB and
NOB/SD displayed good biocompatibility in L02 cells (Figure 6B).

To investigate the in vitro cytoprotective effects of NOB/SD, the cell viabilities of Free NOB and NOB/SD on APAP-
treated LO2 cells were measured, respectively. As shown in Figure 6C, the cell viabilities were significantly decreased in
LO02 cells with APAP exposure. Interestingly, the NOB formulations including Free NOB and NOB/SD prevented the
APAP-induced cytotoxicity in a NOB concentration-dependent manner (Figure 6C). Furthermore, NOB/SD displayed
better cytoprotective effects than Free NOB (Figure 6C).

These results confirmed that NOB/SD displayed improved cellular uptake of NOB, good biocompatibility with L02
cells, and alleviated APAP-induced cytotoxicity in vitro.

The Anti-Apoptotic Effect and Anti-Oxidative Stress in vitro

The cytoprotective mechanisms of NOB/SD were further investigated. Oxidative stress via the nuclear factor erythroid
2-related factor (Nrf2) signaling pathway plays a pivotal role in APAP-induced hepatocytotoxicity, which induces the
mRNA expression of HO-1 and NQO1 decrease, reactive oxygen species (ROS) overgeneration and cell apoptosis in
APAP-stimulated cells.”>° Thus, the anti-apoptotic effect and anti-oxidative stress are beneficial for APAP-induced
hepatocytotoxicity treatment.

Firstly, the anti-apoptotic effect of NOB/SD on APAP-stimulated L02 cells was assessed by flow cytometry using
Annexin V/PI staining. As expected, the cell apoptosis accounted for 53.09 + 3.05% after exposure to APAP (Figure 7A
and B), whereas the ratios of apoptotic cells were reduced to 39.34 + 1.05% and 23.94 + 4.18% in Free NOB and NOB/
SD (12 uM) groups, respectively (Figure 7A and B), which indicated that NOB and NOB/SD protected APAP-induced
L02 cells via anti-apoptotic effect.*” Moreover, compared with NOB, NOB/SD exhibited better cytoprotective effect
against the hepatocyte damage on APAP-stimulated L0O2 cells.

Then, the ROS scavenging activity of NOB/SD was investigated using DCFH-DA staining. Oxidative stress
stimulated by APAP might make contribution on accelerate cell aging by mitochondrial dysfunction via reactive oxygen
species (ROS) overgeneration.*' Compared with the negative controls (L02 cells without APAP treatment), the non-
fluorescent probe DCFH-DA was converted to the green fluorescent dye DCFH-DA in L02 cells with APAP exposure,
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Figure 6 In vitro cellular uptake, biocompatibility, and cytoprotective activity evaluations of NOB/SD in L02 cells. In vitro cellular uptake, biocompatibility, and
cytoprotective activity evaluation of NOB/SD in L02 cells. (A) CLSM images of L02 cells treated with C6 and Cé/SD for 4 h, respectively. Cells were stained green with
C6 or C6/SD, and cell nuclei were stained blue with DAPI, respectively. (B) Cell viabilities of L02 cells treated with Free NOB or NOB/SD for 24 h, respectively. (C) Cell
viabilities of Free NOB and NOB/SD on APAP treated L02 cells. LO2 cells were respectively incubated with Free NOB and NOB/SD at different NOB concentrations for 24
h, followed by APAP (7.5 mM) treatment for 24 h. In (B and C), the cell viabilities were analyzed by MTT assay at 570 nm. n = 3, means + SD. * P<0.05; ** P<0.0[; ***
P<0.001. “ns” indicated not significant, compared with only APAP treated group.

Abbreviations: NOB, nobiletin; NOB/SD, nobiletin solid dispersion; C6, coumarin 6; C6/SD; coumarin 6 labeled solid dispersion; CLSM, confocal laser scanning
microscope; APAP, acetaminophen.
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Figure 7 The evaluation of cellular anti-apoptosis and Nrf2 mediated antioxidative stress induced by NOB/SD in vitro. The evaluation of cellular anti-apoptosis and Nrf2
mediated antioxidative stress induced by NOB/SD in vitro. (A) The antiapoptotic effects of NOB based formulations assessed by flow cytometry with Annexin V-FITC/PI
staining. (B) The apoptosis rates calculated by data from flow cytometry analysis. (C) The mRNA expression in LO2 cells detected by quantitative RT-PCR. Results were
normalized to GAPDH and expressed as fold change compared to the control group. (D) The intracellular ROS levels in L02 detected by CLSM with DCFH-DA staining as
green fluorescence. n = 3/group, **P<0.01; ***P<0.001; ****P<0.0001.

Abbreviations: NOB, nobiletin; RT-PCR, reverse transcription-polymerase chain reaction; ROS, reactive oxygen species; CLSM, confocal laser scanning microscope.
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indicating the ROS overgeneration on APAP-induced hepatocyte damage (Figure 7D). As anticipated, the fluorescent
intensities were decreased in L02 cells pretreated with Free NOB and NOB/SD. Interestingly, the intracellular ROS levels
of NOB/SD in APAP-stimulated LO2 cells were remarkably lower than those of Free NOB. Therefore, NOB/SD
demonstrated to have effective ROS-scavenging ability on L02 cells exposed to APAP.

Furthermore, the activation of the Nrf2 signaling pathway significantly contributes to the prevention of oxidative
stress in APAP-induced liver injury. To confirm the activation of the Nrf2 signaling pathway by NOB/SD, the mRNA
expression of HO-1 and NQO1 was detected by qPCR (Figure 7C). APAP significantly increased the mRNA expressions
of HO-1 and NQOI, suggesting that APAP enhanced Nrf2 mediated oxidative stress in L02 cells. Free NOB and NOB/
SD significantly increased the mRNA expressions of HO-1 and NQO1 (P < 0.05). Additionally, the mRNA expressions
of HO-1 and NQO1 in NOB/SD were significantly higher than those in Free NOB, which suggested that NOB/SD
attenuated APAP-induced oxidative stress by inducing the Nrf2-mediated cytoprotective enzymes of HO-1 and NQO1.*
In order to further explore this interesting phenomenon, more supportive evidence performed by the Western blot
analysis will be provided in our future work.

These results showed that NOB/SD displayed an efficient hepatoprotective effect against APAP-induced liver injury
(AILI) by enhancing anti-apoptosis and improving anti-oxidative stress with ROS scavenge and Nrf2 activation. This
further verified that NOB/SD protected against the APAP-induced hepatotoxicity via cellular anti-apoptosis by Nrf2 anti-
oxidative stress in vitro.

In vivo Pharmacokinetics of NOB/SD

To investigate the improved bioavailability of NOB/SD, an in vivo pharmacokinetic study was performed on healthy SD
rats orally administered Free NOB and NOB/SD, respectively. The plasma concentration—time profiles are shown in
Figure 8F, and the pharmacokinetic parameters are calculated in Table 4. Free NOB reached the maximum plasma
concentration (Cpay) of 1.26 = 0.51 pg/mL at approximately 0.83 h, exhibiting an area under the curve (AUC) of 2.89 +
1.28 pg-h/mL, whereas NOB/SD reached the C,,.x of 7.23 £ 1.62 ug/mL at approximately 0.67 h, displaying an AUC of
9.68 £ 1.74 pg-h/mL.

These phenomena suggested that the C,,,,x and AUC of NOB/SD were 5.74-fold and 3.25-fold higher than those of
Free NOB, respectively. It was verified that NOB/SD displayed better oral bioavailability than Free NOB with its water
solubility improvement by solid dispersion technology, which might achieve an enhanced hepatoprotective efficacy for
AILI treatment.

In vivo Hepatoprotective Efficacy of NOB/SD

Considering the in vitro cytoprotective effects and the in vivo enhanced oral bioavailability of NOB/SD, NOB/SD may
display hepatoprotective efficacy against AILI prevention in vivo. To verify the hepatoprotective efficacy of NOB/SD, an
acute liver injury model was established, and the treatment protocol of NOB/SD was present (Figure 8A). C57BL/6 mice
received 350 mg/kg of APAP by intraperitoneal injection, and the healthy C57BL/6 mice were orally administrated by
NOB/SD with the NOB dosage of 50 mg/kg based on the previous work and our experimental data.”°

Compared to the negative control (mice without APAP treatment), prominent hepatocyte necrosis and inflammatory
cell infiltration were observed in the saline group with APAP treatment, suggesting liver damage caused by the APAP
challenge (Figure 8B). Nevertheless, these histological abnormalities were significantly reduced by the pretreatment with
Free NOB and NOB/SD for 7 days (Figure 8B). The quantitative analysis indicated that the saline group caused an H&E
positive pathological area of 45% (Figure 8B). In contrast, the pre-treatment with Free NOB and NOB/SD decreased the
H&E positive pathological area to 25% and 11%, respectively (Figure 8C), suggesting obvious protective effects on
hepatocytes of Free NOB and NOB/SD against AILL*

Plasma ALT and AST levels are the most sensitive markers of acute hepatocyte injury. Normally, plasma ALT and
AST levels showed low concentrations in blood ranging from 0 to 40 U/L. ALT and AST are released from the liver cells,
inducing a large amount of plasma ALT and AST, once the liver cells were damaged. As shown in Figure 8D and E, the
mice treated with APAP exhibited significantly high levels of ALT (1115.43 + 241.69 U/L) and AST (622.43 + 69.24 U/
L), respectively, suggesting the successful establishment of the acute liver injury model by APAP treatment. The ALT and
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Figure 8 The in vivo hepatoprotective efficacy and bioavailability of NOB/SD. The in vivo hepatoprotective efficacy and bioavailability of NOB/SD. (A) The schematic illustration of
APAP induced liver injury mice model and the treatment protocol of NOB. (B) The H&E images of liver from the APAP induced liver injury mice after different treatments. The
morphologies of whole liver were shown in the upper panel (Scale bar: 500 mm). The representative HE staining images of liver sections were shown in the middle panel (Scale bar:
600 pm) and the lower panel (Scale bar: 200 um). The pathological area was circled by the dotted line. (C) The quantitative analysis of liver damage by HE staining positive area with
Image | software. (D) The plasma ALT levels from the APAP induced liver injury mice after different treatments. (E) The plasma AST levels from the APAP induced liver injury mice
after different treatments. (F) The plasma concentration-time profiles of NOB in the healthy SD rats after a single oral administration of Free NOB and NOB/SD, respectively. (G)
Body weight changes of the mice during the oral administration period of NOB/SD. n = é/group, meansSD. **P <0.01; ***P <0.001; ****P <0.0001.

Abbreviations: HE staining, hematoxylin-eosin staining; APAP, acetaminophen; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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Table 4 Pharmacokinetics Parameters of Free NOB and NOB/SD in Healthy SD Rats

(n=3)
Formulations | Tax (h) | Chax (ng/mL) | AUC_;, (ug-h/mL) Fr (%)
Free NOB 0.83£0.14 1.260.51 2.89+1.28 100
NOB/SD 0.67+0.14 7.23£1.62% 9.68+1.74*% 325135

Note: *P<0.05.

AST levels were significantly decreased in treatment with Free NOB (692.90 + 170.98 and 457.53 + 95.32 U/L) and
NOB/SD (300.94 + 128.48 U/L, 178.56 + 65.51 U/L), respectively. The results showed that Free NOB and NOB/SD
significantly reduced the APAP induced acute liver damage. Furthermore, NOB/SD exhibited more effective than Free
NOB in AILI mice. Meanwhile, there was no statistically significant change in weight during the 7 days administration,
indicating that NOB and NOB/SD had no obvious side effects in mice (Figure 8G).

Consequently, treatment with NOB/SD attenuated acetaminophen-induced acute liver injury in vivo without any side
effects, as demonstrated by the reduced liver necrosis, decreased plasma levels of ALT and AST, and no significant
change in weight. Therefore, NOB/SD displayed superior biocompatibility and desirable protective effects against AIL.

Healthy SD rats are commonly used as the animal model on the pharmacokinetic study, which provide adequate
plasma for bioavailability assay, according to the references published,**** while C57BL/6 mice were used to construct
the acute liver injury model caused by APAP.**** Moreover, the APAP-induced liver injury mice models were
successfully established by C57BL/6 mice in our present works (Figure 8B—E). Therefore, the bioavailability of NOB/
SD was assessed in healthy SD rats, and the in vivo hepatoprotective effects of NOB/SD were verified in C57BL/6 mice
with APAP-induced liver injury.

APAP overdose-induced liver injury is a common cause of acute liver failure. Once the APAP overdose-induced liver
injury (AILI) occurs, it will develop to serum alanine aminotransferase (ALT) and aspartate transaminase (AST) increase,
intracellular reactive oxygen species (ROS) overgeneration, and may lead to hepatocyte necrosis, acute inflammation, or
even death.'® Traditionally, the clinical treatment for AILI was focused on alleviating the APAP-induced hepatotoxicity
by the antioxidative stress with N-acetylcysteine. However, NAC therapy might suffer from adverse effects such as
vomiting and allergic reactions.® More effective therapeutic strategies for preventing AILI are in great demand. In this
present work, a novel self-assembly nano-drug delivery system of nobiletin (solid dispersion of NOB, termed as NOB/
SD) was developed to alleviate the AILI, in which the amphiphilic copolymers of Soluplus and PVP/VA 64 were used to
load the potential hepatoprotective agent NOB via hot melt extrusion technology (HME).

The therapeutic agents for alleviating tissue damage via cytoprotection mechanism have demonstrated to be an
effective approach for different kinds of disease treatments.**>* Ascribed to the cytoprotection mechanism, the ther-
apeutic agents showed great protection on tissue damages such as acute liver injury and ocular hypertension, which were
attributed to the anti-apoptosis, anti-oxidative stress and ROS scavenge via Nrf2 activation. Based on the fact that NOB
protects hepatocytes from necrosis by relieving oxidative stress and inflammation via NF-kB pathway, the potential
hepatoprotective agent NOB was applied to prevent the APAP-induced acute liver injury in this current work.>® The
results showed that NOB could attenuate APAP-induced acute liver injury with the improved bioavailability and
enhanced efficient hepatoprotection by solid dispersion technology.

Solid dispersion is a promising strategy for drug delivery. Solid dispersion with poor soluble drugs dispersed in
amphiphilic copolymers could maintain drugs at amorphous states, which could improve the in vivo bioavailability and
bioactivity of drugs.'® In this current work, the novel self-assembly nano-drug delivery system NOB/SD for liver injury
prevention is achieved by the solid dispersion of NOB with Soluplus and PVP/VA 64 via HME technology. NOB/SD is
demonstrated to attenuate APAP-induced acute liver injury, with the following advantages. Firstly, NOB/SD could self-
assembly construct to NOB micelles when dissolved in an aqueous environment. Secondly, the NOB micelles formed by
NOB/SD enhance the bioavailability of NOB in vivo. Thirdly, the NOB micelles formed by NOB/SD promote the anti-

apoptosis and antioxidative stress of NOB with Nrf2 activation and ROS scavenge in acute liver injury. Overall, a novel
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self-assembly nano-drug delivery system NOB/SD may serve as a promising strategy to alleviate APAP-induced acute
liver injury with the increased hepatoprotective efficacy.

Conclusion

In conclusion, a novel self-assembly nano drug delivery system of nobiletin (NOB/SD) was successfully developed based
on solid dispersion technology. The optimized NOB/SD system was constructed using the amphiphilic copolymers of
Soluplus and PVP/VA 64 by the HME method. NOB/SD could maintain NOB in a stable amorphous state with SD
carriers, and then self-assembled nano-micelles with the encapsulation of NOB in the core once dissolved in an aqueous
environment. The nanostructures displayed enhanced solubility, improved release behavior in vitro, and enhanced
bioavailability of NOB in vivo. NOB/SD also showed enhanced cellular uptake, promoted anti-apoptosis, and alleviated
the APAP-induced liver injury by improving anti-oxidative stress via ROS scavenge and Nrf2 activation. Therefore,
NOB/SD might have great potential in attenuating APAP-induced acute liver injury with efficient hepatoprotection,
which could be a promising hepatoprotective nano-drug delivery system for the prevention of APAP-induced acute liver

injury.
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