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Background: Ulcerative colitis (UC) is one of the intractable diseases recognized by the World Health Organization, and paeonol has
been proven to have therapeutic effects. However, the low solubility of paeonol limits its clinical application. To prepare and optimize
paeonol liposome, study its absorption mechanism and the anti-inflammatory activity in vitro and in vivo, in order to provide
experimental basis for the further development of paeonol into an anti-inflammatory drug in the future.

Methods: Paconol loaded liposomes were prepared and optimized by thin film dispersion-ultrasonic method. The absorption
mechanism of paeonol-loaded liposomes was studied by pharmacokinetics, in situ single-pass intestinal perfusion and Caco-2 cell
monolayer model, the anti-inflammatory activity was studied in a mouse ulcerative model.

Results: Box-Behnken response surface methodology permits to screen the best formulations. The structural and morphological
characterization showed that paeonol was entrapped inside the bilayer in liposomes. Pharmacokinetic studies found that the AUC_ of
Pae-Lips was 2.78 times than that of paeonol suspension, indicating that Pae-Lips significantly improved the absorption of paeonol. In
situ single intestinal perfusion and Caco-2 monolayer cell model results showed that paeonol was passively transported and absorbed,
and was the substrate of P-gp, MRP2 and BCRP, and the Papp value of Pae-Lips was significantly higher than that of paeonol. In vitro
and in vivo anti-inflammatory experiments showed that compared with paeonol, Pae-Lips exhibited excellent anti-inflammatory
activity.

Conclusion: In this study, Pae-Lips were successfully prepared to improve the oral absorption of paconol. Absorption may involve
passive diffusion and efflux transporters. Moreover, Pae-Lips have excellent anti-inflammatory activity in vitro and in vivo, which
preliminarily clarifies the feasibility of further development of Pae-Lips into oral anti-inflammatory drugs.
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Introduction

Ulcerative colitis (UC), a common chronic inflammatory bowel disease, the main clinical symptoms contain diarrhea,
abdominal pain, and bloody stools."? It is one of the most intractable diseases recognized by the World Health
Organization.® In addition to surgical resection, currently commonly used treatment drugs include salicylic acid,
glucocorticoids, immunosuppressive agents, and so on.* However, in the long run, they are accompanied by adverse
reactions such as kidney and liver side effects, leukopenia and other adverse reactions.>® Therefore, the development of
innovative and effective drugs from natural resources is particularly significant for reducing side effects and improving
treatment effects. In recent years, traditional Chinese medicine has played an increasingly important role in UC treatment
due to its multi-target and multi-component characteristics.” *

In Chinese medicine, Moutan Cortex, the root bark of Paeonolonia suffruticosa Andrews (Paconoloniaceae), has
antipyretic, analgesic and anti-inflammatory effects.'® Paconol, 2°-hydroxy-4’-methoxyacetophenone, is the main phenolic
component of Cortex Moutan, which has a wide range of pharmacological activities, such as anti-inflammatory activity,''
antibacterial activity,'* anti-allergic activity,'* anti-tumor activity,'* and so on. Among them, the anti-inflammatory effect is
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particularly prominent.'> Studies have shown that paeonol can block the inflammatory response of BV-2 and RAW264.7
cells stimulated by LPS by regulating the mitogen-activated protein kinase (MAPK) and nuclear factor-xB (NF-kB) signal
pathways.'® In addition, DSS induces mice in the UC model, paeconol and its metabolites exert anti-inflammatory and
antioxidant effects by blocking the MAPK/ERK/p38 signaling pathway.'” However, paconol has low oral bioavailability,
low water solubility, and poor stability, which severely restrict its clinical application.'®'® Generally speaking, factors that
affect drug absorption include physiological factors, drug factors, and formulation and dosage form factors. Therefore, it is
necessary to develop suitable formulations to improve the bioavailability of paconol. In the past, different formulations of
paconol have been studied to improve its bioavailability.?*'

Liposomes are mainly composed of phospholipid bilayer membranes, containing hydrophilic and lipophilic mole-
cules, with a cell-like structure similar to biological membranes.”> Many advantages of liposomes were already verified,
such as targeting, low toxicity, biocompatibility, and long-term sustained release.”>** Some studies have reported that
liposomes are not suitable for oral administration, but new findings in the field underscore their effectiveness, especially
when phospholipids are used in high concentrations.”>° Studies have shown that liposome entrapment have the abilities
to improve the dissolution and bioavailability of drugs.>’>° Therefore, in this study, the Box-Behnken effect surface
method was used to optimize the paeconol liposomes, and the overall absorption characteristics were investigated by
pharmacokinetic experiments, which showed that the liposomes significantly enhanced the absorption of paeonol. Then
the specific mechanism by which the liposomes could enhance the absorption of paeonol was further investigated by
in situ single-pass intestinal perfusion experiments and Caco-2 monolayer cell model. Finally, the effects of paconol and
Pae-Lips on LPS-stimulated RAW264.7 inflammation and on DSS-induced UC were investigated, and liposomes were
found to enhance the anti-inflammatory effects of paeonol.

Materials and Methods

Materials

Paconol was purchased from Xi’an Deshengyuan Biotechnology Co., Ltd. (purity 99%, Xi’an, China). Soybean phosphati-
dylcholine (SPC, purity >98%) and cholesterol (CHOL, purity >98%) were purchased from Macleans Biochemical Co., Ltd.
(Shanghai, China). Cell culture material trypsin-0.25% EDTA was purchased from Beijing Sun Technology Co., Ltd. (Beijing,
China), aMDM medium, DMEM medium, Hanks Buffer (HBSS) and penicillin-(100x) were purchased from Boster,
dimethyl sulfoxide (DMSO) was purchased from Sigma, transwell chambers and 12-well Millicell plates were purchased
from Millipol, USA. Verapamil (Ver), Indomethacin (Indo), Reserpine (Res) (purity >98%) came from Shanghai Yuanye
Biotechnology Co., Ltd (Shanghai, China). Dextran Sulfate (DSS) was provided by MP Biomedicals LLC. The mouse
interleukin 6 (IL-6), anti-tumor necrosis factor alpha (TNF-a) and interleukin 10 (IL-10,) ELISA kits for cells were purchased
from Jiangsu Enzyme Immunology Co., Ltd., IL-6, IL-10 and TNF-a (A28210345) for animals were purchased from Jiangsu
Enzyme Immunology Co., Ltd.

Animals and Cells
Sprague-Dawley male rats, body weight (250 + 20) g; Male Balb/c mice (24 + 5) g, the above animals were purchased
from Chengdu Dashuo Experimental Animal Co., Ltd., animal production license number SCXK (chuan) 2020-030. All
animal experiments were approved by the Experimental Ethics Committee of Shaanxi University of Traditional Chinese
Medicine. All animal experiments followed the regulations of Shaanxi University of Traditional Chinese Medicine on the
management methods and use of experimental animals, and all complied with the 3R principle.

Caco-2 cells were purchased from Qishi Biotechnology Co., Ltd. (Wuxi, China); RAW264.7 cells were purchased
from Suzhou Meilum Biotechnology Co., Ltd. (Suzhou, China).

Formulation Preparation and Optimization

HPLC Analysis

The content of paconol was measured by high performance liquid chromatography (1260, Agilent, USA). Chromatographic
conditions: chromatographic column is HyPURITY C;g (250 mm X 4.6 mm, 5 um), mobile phase is methanol and water 80:20
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(v/v), volume flow rate 0.8 mL/min, the injection volume is 10 pL, and the column temperature is 30°C. Paconol was detected
at a wavelength of 254 nm.

Preparation of Pae-Lips

The film dispersion-ultrasonic method was used to prepare Pae-Lips. Weigh the paconol (30 mg), CHOL (33.3 mg) and
SPC (200 mg), add absolute ethanol (20 mL) to dissolve it, and rotate evaporation at 45°C under an evaporator
(N-1200B, JEOL, Japan) until it became a transparent film. Then add PBS (10 mL) to hydrate until there are no
insolubles in the solution, ultrasonic treatment, finally the suspension is passed through 0.22 pm microporous membrane
to form Pae-Lips.

Box—Behnken Effect Surface Method to Optimize Prescription

According to the results of the previous single-factor experiment, the Pae-Lips preparation process was optimized by the
Box-Behnken effect surface method. Select factor A (SPC: CHOL, w/w), B (the concentration of paconol, mg/mL) and
C (pH of PBS) were treated as the impact factors, the entrapment efficiency (EE%) as the response value. The test results
were analyzed by Design Expert 12.0. To resort to the Box-Behnken effect surface optimization experiment, the best
prescription was obtained and verified by 3 parallel experiments.

Characterization of the Pae-Lips
Particle Size and Zeta Potential

The particle size (PS), polydispersity index (PDI) and Zeta potential of the Pae-Lips were measured with the particle size
analyzer (ZS90, Malvern, UK).

EE% and Drug Load (DL%)

The EE% and DL% of Pae-Lips were determined by ultrafiltration centrifugation. In short, put 500 pL Pae-Lips in an
ultrafiltration centrifuge tube, centrifuge at 4°C, 13,500 rpm for 30 min, flowed out liquid was collected and determined
by HPLC, recorded as C,, the total content of Pae-Lips was recorded as C. The EE% and DL% of Pae-Lips was

calculated according to the following formulas:

c-GC

EE% = x 100%

W
DL% — W‘)x 100%

W is the total drug mass; W, is the mass of paeonol in the paconol loaded liposomes.

Transmission Electron Microscopy (TEM)

The morphology of Pae-Lips was characterized by a transmission electron microscope (JEM-1230, JEOL, Japan).
The sample was negatively stained with 2% phosphotungstic acid on a copper mesh and dried at room
temperature.

Differential Scanning Calorimetry (DSC) Analysis

The thermal properties of paconol, CHOL, SPC, physical mixture (PM) and freeze-dried Pae-Lips powder were studied
by DSC (Mettler Toledo TGA/DSC3+, Swiss Schwerzenbach). The temperature ranging from 10°C to 400°C was
selected and the sample was thermally scanned at a heating rate of 5°C/min at a constant nitrogen flow rate.

X-Ray Diffraction (XRD)
The XRD pattern was obtained by using a Cu-K radiation source (40 kV 100 mA) advanced diffractometer (Bruker-AXS
D8, Karlsruhe, Germany). The X-ray scan rate is 0.02°/s, and the range is from 10° to 70°.
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FTIR Spectroscopy (FTIR)
FTIR spectra of paeonol, CHOL, SPC, PM, and Pae-Lips were obtained in an IR diffraction spectrophotometer
(TENSOR-27, Bruker, Germany). The samples were scanned over the range 4000-400 cm .

In vitro Drug Release

The release behavior of paconol from paeonol suspension and Pae-Lips were measured using a dialysis method. In brief,
2 mL of the preparation (containing the same amount of paeonol) were placed in a dialysis bag and separately placed
(containing 0.5% tween-80) in 60 mL of release medium PBS (pH 7.4), artificial gastric juice (SGF), and artificial
intestinal fluid (SIF) incubate with shaking (37°C, 100 rpm). At designated intervals, 1 mL of sample was taken out for
HPLC analysis, and the same volume of fresh medium was added. Calculate the cumulative drug release percentage P%
according to the following formula:

(VxC, + Z:Cisz)><
Qo

C, represents the paconol concentration of the nth sampling point, C; represents the concentration of each previous

P% = %

sampling point, V and Vs represent the release medium volume and sampling volume, respectively, and Q, represents the
initial drug content.

Stability Study

The stability of Pae-Lips was estimated in SGF and SIF, 1 mL of Pae-Lips injected into 50 mL of medium and placed

them on a 37°C shaker (65 rpm), the particle size and PDI were measured using NanoZetasizer at designated intervals.
The paeonol liposomes were placed at 4°C, 25°C and 40°C, respectively, and their particle size, EE% and Zeta

potential were measured at a certain time point within 15 days to investigate their stability.

In vivo Pharmacokinetics Studies

Male Sprague-Dawley rats (250 = 20 g) were randomly divided into two groups with 6 rats in each group. Fasting for 12
hours before administration, but free to drink water. The rats in the two groups were given oral paconol suspension
(dispersed in 0.5% CMC-Na, 100 mg/kg) and Pae-Lips (100 mg/kg). At 0.083, 0.167, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8,
12 h after administration, about 1 mL of orbital blood was taken in heparinized test tube. All collected blood samples
were centrifuged at 13,500 rpm and 4°C for 15 minutes, then the supernatant plasma samples were taken and frozen at
—20°C for further analysis by HPLC.

In situ Single-Pass Intestinal Perfusion (SPIP)

Before the operation, the rats were fasted for about 12 hours and drunk freely. The rats weighing 250 + 20g were
anesthetized by intraperitoneal injection of 10% urethane, and the back position was fixed on the operating table
Open the abdominal cavity about 4 cm along the midline of the abdomen, separate the duodenum, jejunum, ileum
and colon about 10 cm, respectively. Carefully insert the silicone tube and ligate it. Rinse the intestinal contents
with saline preheated to 37°C, and then balance of 30 min with preheated Krebs—Ringer (K-R) solution and drug-
containing test solution at the flow rate of 0.2 mL/min, respectively. Place a weighing EP tube containing the test
solution at the entrance and another weighing EP tube at the exit to collect the perfusion fluid. The EP tube of the
test solution and the EP tube of the collecting fluid were changed rapidly every 15 min, and the collection time was
0—-120 min. Collect perfusion fluid and weigh it. At the end of the experiment, the corresponding intestinal segments
were cut, and the intestinal segment length (1) and perimeter (r) were measured. The effects of low, middle and high
concentrations (125, 250, 500 pg/mL) of paeonol solution and Pae-Lips, intestinal segments (duodenum, jejunum,
ileum and colon) and different transporter inhibitors, including P-gp inhibitor verapamil (Ver, 100 pmol/L), MRP2
inhibitor indomethacin (Indo, 200 pmol/L) and BCRP inhibitor reserpine (Res, 50 umol/L) on the absorption of
paeonol and Pae-Lips were studied. The effective permeability coefficient (Papp) was calculated using the following
formulas:
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Fapp = el
Cout Vout Qin

Ka = — . .
a ( Cm Vin) 71'11'2

where V;, and V,, are the volumes of the perfusate (mL) entering and leaving the intestine, respectively; Qj, is the
perfusion flow rate; C;, and C, are the drug concentrations in the perfused inlet and outlet, respectively; | and r are the
length (cm) and radius (cm) of the perfused intestinal segment, respectively.

Caco-2 Cell Model

Cell Viability Using MTT Assay

MTT method was used to detect the cytotoxicity of paeonol and Pae-Lips to Caco-2 cells. Caco-2 cells were seeded
in 96-well plates at a density of 10,000 cells per well, and the cells were incubated in a 5% CO, humidified
incubator at 37°C. After 24 h incubation, the cells were, respectively, treated with increasing concentrations of
paconol and Pae-Lips, o-MEM was used as a negative control. After incubating for 4 hours, 10 puL of 0.5% MTT
was added to each well and the plate was incubated at 37°C for 4 h, then discarded the supernatant, and 150 pL of
DMSO was added to each well. The absorbance was measured at 490 nm. The percent of cell viability was
measured from the equation as followed:

oD sample — OD blank

Cell viability(%) = oD oD
control blank

x 100%

Cell Culture in Transwell Chambers

Caco-2 cells were cultivated in a-MEM containing 20% fetal bovine serum, 1% non-essential amino acids, 4 mM-
glutamine, 100 IU/mL penicillin and 100 pg/mL streptomycin at 37°C in an environment of 5% CO,. After the cells
were fused to 80%, the cells were inoculated in transwell chambers at a density of 10,0000 per well and cultivated
for 21 days. The culture medium was changed every two days in the first week, and then every day thereafter. The
TEER value was used to monitor the integrity of the single layer. Single layer TEER value higher than 300 Q-cm?
for experiment.

Transport Study in Caco-2 Cells

Transport studies were carried out in two directions, from the apical to the basolateral (AP to BL) and from the
basolateral to the apical (BL to AP). After the monolayer was washed and balanced with preheated HBSS medium
(pH 7.4), the different concentrations of paconol solution (2.5, 5, 10 pg/mL) or Pae-Lips (2.5, 5, 10 pg/mL) were added
to the apical side (AP, 0.5 mL) for the A to B direction or to the basolateral side (BL, 1.5 mL) for the B to A direction.,
and blank HBSS was added to the other side. After loading, the same amount of 0.2 mL samples were taken from the
receiving side of BL or AP at different time points (30, 60, 90, 120, 150, 180 min). After each sampling, the same
amount of HBSS was added to the receiving room to maintain a constant volume. In this study, we investigated the
effects of different efflux inhibitors, P-gp inhibitor Ver (100 pmol/L), MRP2 inhibitor Indo (200 pmol/L) and BCRP
inhibitor Res (50 umol/L) on transport. All samples were kept at —80°C until analysis. The whole experiment was in
triplicate.

The apparent permeability coefficient (Papp) and efflux ratio (ER) were determined using the following equation:

P AQ
a —
PP = At A -G
Pa; _
R — PP(BL-AP)
Papp(ap_BL)
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The value of AQ/At indicates the change in the cumulative amount of paeonol or Pae-Lips in the receiver solution.
A represents the membrane surface area, and C, is refer to the initial drug.

Determination of Paeonol by LC-MS/MS

HPLC conditions: Shim-pack XR-ODSII column (75 mm X 3.0 mm, 5 um), mobile phase is expressed by the ratio
of methanol and water (v/v), which is 80:20, column temperature is set to 30°C. The flow rate is given by 0.8 mL/
min, and the injection volume is 5 pL by using Shimadzu LC-20AD, which was attached to a Qtrap-4500 Mass
Spectrometer (AB Sciex).

Mass spectrometry detection conditions: ESI as the source. In this procedure, negative ion detection is chosen as the
detection method, multiple detection reaction monitoring (MRM). The optimized instrument parameters are as follows:
the detection ion of paeonol had m/z 164.9-122.1, DP: —68 V, CE: —28 V, other MS parameters were: CUR: 30 psi,
TEM: 550°C, GS1: 55 psi, GS2: 50 psi, CAD: medium.

Pae-Lips Inhibit Inflammation in RAW?264.7 Macrophages Stimulated by LPS
Cell Culture of RAW 264.7

RAW264.7 cells are in DMEM containing 20% fetal bovine serum, 1% non-essential amino acids, 4 mM L-glutamine,
100 TU/mL penicillin and 100 pg/mL streptomycin. Incubate at 37°C in a constant temperature incubator with 5% CO,.
The cells were passaged by trypsinization until the cells were 90% confluent.

Cell Viability Assay

Take log phase RAW 264.7 macrophages and inoculate them in 96-well plates at a cell density of 10,000 cells per well.
After culturing for 24 hours in an incubator, aspirate the supernatant and administer 100 puL per well (different
concentrations of paconol or Pae-Lips), each group was set with 6 repetitive holes. After acting for 24 hours the
supernatant was aspirated, 10 uL 0.5% MTT was added to each well, another 4 hours was needed for incubating, and then
discarded the supernatant, and added 150 pL dimethyl sulfoxide to each well. The absorbance was measured at 490 nm.

NO Release and Enzyme Immunoassay of TNF-a, IL-6 and IL-10

RAW264.7 cells were seeded in 96-well plates at a density of 15,000 cells per well. After 24 hours of incubation, the
supernatant was discarded. Divided into control group, LPS group and administration group, the administration group is
paeonol group (final concentration was 5 pg/mL), low concentration of Pae-Lips group (Pae-Lips-L, final concentration was
2.5 pg/mL), middle concentration of Pae-Lips group (Pae-Lips-M, final concentration was 5 pg/mL), high concentration of
Pae-Lips group (Pae-Lips-H, final concentration was 10 pg/mL). After 2 hours of incubation, all groups except the control
group were incubated with LPS (final concentration was 1 pg/mL). After 20 hours, the supernatant was collected to detect
the NO content according to the NO kit, and the ELISA kit was used to detect mouse interleukin 6 (IL-6), tumor necrosis
factor o (TNF-o)) and interleukin 10 (IL-10) content.

Anti-Inflammatory Effect of Pae-Lips on UC Induced by DSS
DSS Model of Mouse Colitis

Forty-two male Balb/c mice (10 weeks old) were adaptively reared for 1 week and randomly divided into 7 groups (n = 6):
normal control group, DSS model group, SASP group (500 mg/kg), paeonol group (200 mg/kg), Pae-Lips-L (100 mg/kg),
Pae-Lips-M (200 mg/kg), Pae-Lips-H (400 mg/kg). The drug is administered by gavage, once in the morning and once in
the evening, suspended in 0.5% CMC-Na. Except for the normal control group who drank tap water freely, all the other
groups drank 3% (w/v) DSS. The entire treatment program lasts for 7 days.

Enzyme Immunoassay Assay of TNF-a, IL-6 and IL-10
On the 8th day, the eyes of the mice were removed and blood was collected, and the separated serum was stored at
—80°C. The Elisa kit detects serum levels of 1L-6, TNF-a, and IL-10.
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Disease Activity Index (DAI) and Colon Length
DAL is used to assess the symptoms of mice based on daily weight loss, stool consistency, and bleeding. The entire colon
was separated and measured for length, then cut longitudinally and fixed in 10% formaldehyde.

Histological Examination

The distal colon was separated about 2 cm in length for histological examination. All sections were fixed
with 10% formaldehyde and then stained with hematoxylin-eosin (HE). Comprehensive analysis of pathological
changes according to the severity of intestinal wall inflammation, the extent of lesions and the degree of

crypt.

Immunohistochemistry (IHC)

Colon tissue sections were used for IHC analysis. Briefly, NF-xB (1:100) and p38 MAPK (1:150) were used to detect
protein expression in colon tissue, DAB staining showed positive expression reflected as brownish yellow, and the slides
were counterstained with hematoxylin. Protein levels were calculated using Image-Pro Plus 6.0 software to calculate the
integrated optical density (IOD) value at five (200x) fields.

Results

Preparation and Optimization of Pae-Lips
The test was designed by the Box-Behnken response surface method of the Design Expert 12 analysis software.
The level arrangement of each factor is shown in Table S1. The test arrangement and results are shown in Table
S2. EE% is the response value for model fitting, and the fitting equation is obtained as EE% = 89.77-0.4587A -
0.9112B - 0.4850C - 1.13AB + 1.08AC + 0.3657BC - 3.01A% - 4.37B? - 1.78C* (+* = 0.9939, p < 0.001),
analysis of variance was performed on the model, and the results are shown in Table S3. It can be seen from the
table that the model is significant (p < 0.05), and the lack of fit test of the model is not significant (p > 0.05),
indicating that the model fits well and can better predict the best prescription. According to the software
prediction of the best process, combined with the actual conditions, the verification test was carried out.
Repeat three times to determine the best process: SPC: CHOL (6:1); paeonol concentration 3 mg/mL, the pH
of PBS value is 6.5.

According to the equation fitting results, the 3D effect surface map and contour map of the response surface are
obtained, and the results are shown in Figure S1. Both the 3D effect surface map and the contour map are curved to
different degrees, indicating that the interaction of the three factors affects the sealing rate.

Characterization of the Pae-Lips

The preparation of Pae-Lips was shown above, the EE% measured by ultrafiltration centrifugation method was 90.20% +
0.37%; the DL% was 9.62% + 0.44%; the particle size measured by the laser particle size analyzer was 171.9 + 8.7 nm
(Figure 1A), the Zeta potential was —10.9 mV (Figure 1B) and the PDI of 0.223 + 0.024 and low values confirmed its
narrow particle size distribution.

The TEM image (Figure 1C) showed that Pae-Lips were spherical with uniform size distribution and the particle size
further verified the value measured by the particle size analyzer.

In the DSC thermogram (Figure 1D) of Pae-Lips, the endothermic peak (190°C) of paeconol disappeared,
indicating that paeconol was entrapped inside the bilayer in liposomes; in the XRD pattern of Pae-Lips
(Figure 1E), the diffraction peak (10°) of paeconol disappeared, further indicating that paeonol has been encapsulated
in the phospholipid bilayer to form liposomes. The peak of paconol at 1633 cm ' was the aryl ketone carbonyl
stretching vibration peak (C=0). In the Pae-Lips diagram, the peak intensity of this peak was significantly reduced or
even disappeared (Figure 1F), indicating that Lips had a shielding effect on paeonol. Paconol has been successfully
loaded into Liposomes.

The results of the in vitro release test are shown in Figure 2A. Compared with the paeonol suspension, the
cumulative release percentage (P%) of the drug-loaded liposomes in PBS (pH 7.4) for 24 hours increased from
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Figure 2 (A) In vitro release curve of paeonol and Pae-Lips. (B) The stability of Pae-Lips at SGF, SIF and different temperatures.
Notes: The data were presented as the mean * SD (n = 3). Compared with the paeonol group, *p < 0.05, *p < 0.01.

(36.05 + 2.94) % to (65.11 + 5.5) %, SGF and SIF also increased significantly, indicating that liposomes can
improve the dissolution of paeonol, and Table 1 shows that release mechanism of paeonol and drug-loaded
liposomes conformed to the first-order kinetic model, that is, passive diffusion. The stability test results are
shown in Figure 2B. Pae-lips are basically stable within 15 days, and the stability is the best at 4°C, which may
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Table | Cumulative Release Percentage-Time Model Fitting Equation

Sample Fitting model Fitting equation r
Paeonol Zero-order kinetic model p =0.7137t + 23.281 0.5731
First-order kinetic model Ln(1-p) = —0.1644t - 0.8096 0.8957
Higuchi model p =0.1278t"2 + 0.4861 0.7714
Hixcon-Crowell model (100-p)' = —0.0138t + 4.2481 0.5986
Pae-Lips Zero-order kinetic model p = 1519t + 38.089 0.6024
First-order kinetic model Ln(1-p) = —0.1705t - 0.6373 0.8874
Higuchi model p = 0.1494t"? + 0.3994 0.7979
Hixcon-Crowell model (100-p)'"® = —0.0372¢ + 3.9529 0.6621

be related to the low system energy and low phospholipid oxidation rate under low temperature environment.
Therefore, Pae-lips were stored at 4°C.

In vivo Pharmacokinetic Studies

The plasma concentration-time curves of paeonol suspension and Pae-Lips are shown in Figure 3, and the pharmaco-
kinetic parameters are shown in Table 2. The AUC oy of Pae-Lips is significantly higher than paeonol, which was
increased by 2.78 times. Compared with paeonol, the C,,., of Pae-Lips was increased by 2.56 times, and t;, was
extended from 3.37 h to 10.69 h. These results confirmed that the oral absorption of Pae-Lips was better than that of
paeonol suspension. Pae-Lips can improve the oral bioavailability of paconol and has a sustained release effect.

In situ SPIP Study

SPIP was used to study the intestinal absorption of paeonol suspension and Pae-Lips. As shown in the Figure 4A and
Table 3, the Papp and Ka values of Pae-Lips in the duodenum, jejunum, ileum and colon were all higher than that of
paconol suspension at different dosages. Pae-Lips significantly increased the Papp of colonic at low, medium and high
doses, and the Papp of ileum increased significantly at low and medium doses. These showed that Pae-Lips can improve
the intestinal absorption of paeonol.

There was no significant difference in the Papp values of paeonol suspension at different concentrations, which
indicated that the absorption mechanism of paconol was mainly passive diffusion. As shown in the Figure 4B-D, after
adding Ver, Indo and Res, the Papp of paconol suspension in each intestinal segment was significantly increased,
indicating that paeconol may be a substrate of P-gp, MRP2 and BCRP. However, the Papp value of Pae-Lips did not
change significantly, which may be due to the special structure of liposomes.

20
- Pae

-y T
15 Pae-Lips

10

Concentration(pg/mL)

Time(h)

Figure 3 Paeonol and Pae-Lips plasma concentration-time curves.
Note: The data were presented as the mean * SD (n = 6).
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Table 2 Pharmacokinetic Parameters of Paeonol and Pae-Lips

Parameters Unit Paeonol Pae-Lips
tin h 337+ 1.20 10.69 + 5.58*
Crnax ug/mL 8.46 £ 0.70 21.67 + 1.26%*
AUC . pg/mL h 33.60 = 7.56 93.33 £ 14.99%%*
AUCo.) pg/mL h 3859 £ 6.71 162.22 * 38.| |*¥*
MRT 0.4 h 3.83 £ 061 4.92 + 0.28**
CLz/F L/h/kg 2.65 + 041 0.64 £ 0.] 4%+

Notes: the data were presented as the mean + SD (n = 6). Compared with the paeonol suspension, *p < 0.05, ¥p <
0.01, *p < 0.001.

Caco-2 Cell Model

Cytotoxicity Test Results

MTT method was used to detect the influence of paeonol and Pae-Lips on cell viability. The survival rate of cells within
10 pg/mL was greater than 90%. When the administration concentration exceeds 10 pg/mL, the cell viability was
significantly reduced (Figure 5). Therefore, transportation studies were conducted at concentrations of 2.5, 5, 10 pg/mL.

Transport Test Results

The Caco-2 monolayer cell model was used to study drug delivery. The paconol solution and Pae-Lips were
transported in two directions. The effect of different concentrations on the Papp values of paeonol and Pae-Lips
are shown in Figure 6A. The effect of efflux transporter inhibitors on the Papp values of paeonol and Pae-Lips are
shown in Figure 6B-D. The transport volume of paconol and Pae-Lips in the direction of AP-BL at 2.5 ug/mL, 5 pg/
mL and 10 pg/mL are shown in Figure 7. The Papp value (AP-BL) of paeonol at low, medium and high
concentrations were (3.25 + 0.32, 3.62 £ 0.13, 3.65 £ 0.52) x 10°® cm/s, the Papp value (AP-BL) of Pae-Lips
was (4.59 + 0.20, 4.42 + 0.35, 5.57 = 0.90) x 10 ® cm/s, which were an increase of 1.47, 1.22 and 1.53 times,
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Figure 4 The effect of concentrations and efflux transporter inhibitors on the Papp values of Paeonol and Pae-Lips. (A) Low, medium and high concentration. (B) Added
P-gp inhibitor, verapamil (Ver). (C) Added MRP2 inhibitor, indomethacin (Indo). (D) Added BCRP inhibitor, reserpine (Res).
Notes: The data were presented as the mean + SD (n = 3). Compared with the paeonol group, *p < 0.05, *p < 0.01, **p < 0.001.
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Table 3 Ka Values of Different Concentrations of Paeconol and Pae-Lips

Concentration (pg/mL) Group Duodenum Jejunum lleum Colon
*10%cmis) | (x 10%cmls) | (x 107* ecmls) | (x 107 cmis)
125 Pae 1.58 £ 0.16 1.80 £ 0.26 1.84 £ 0.06 1.69 £ 0.33
Pae-Lips 1.62 £ 0.23 1.81 £ 0.08 2.50 + 0.05% | 2.54 & 0.7+
250 Pae 1.36 £ 0.10 1.63 = 0.004 1.47 £ 0.03 1.57 £ 0.04
Pae-Lips 1.75 £ 0.23 1.97 £ 0.11 2.19 £ 031* 2.74 £ 0.18%*
500 Pae 1.39 + 0.05 1.75 + 0.03 1.86 £ 0.20 1.80 £ 0.29
Pae-Lips 1.47 £ 0.10 1.81 £0.21 2.02 £ 0.15 226 £ 022

Notes: the data were presented as the mean * SD (n = 3). Compared with the paeonol group, *p < 0.05, **p < 0.001.

significantly improved the penetration efficiency of paeonol and promoted absorption (p < 0.05). Moreover, the
transport volume of paeonol and Pae-Lips (AP-BL) gradually accumulates with concentration and time, and the
transport volume of Pae-Lips was higher than that of paeonol, indicating that Pae-Lips had better transport capacity.
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Figure 5 Effects of paeonol and Pae-Lips on the cell viability of Caco-2 cells.
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Figure 6 The effect of concentrations and efflux transporter inhibitors on the Papp values of paeonol and Pae-Lips. (A) Low, medium and high concentration. (B) P-gp
inhibitor. (C) MRP2 inhibitor. (D) BCRP inhibitor.

Notes: The data were presented as the mean * SD (n = 3). Compared with the paeonol group, *p < 0.05, *p < 0.0, **p < 0.001.
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Figure 7 Transport volume of paeonol and Pae-Lips in the direction of AP-BL at 2.5 pg/mL (A), 5 ug/mL (B) and 10 pg/mL (C).

In addition, the Papp value (BL-AP) of paeonol at low, medium, and high concentrations were (4.17 £ 0.22, 5.19 £
0.30, 5.32 + 0.67) x 10 %cm/s, and the Papp value of Pae-Lips (BL-AP) was (3.67 £ 0.21, 4.62 £ 0.09, 4.71 + 0.37)
%10 cm/s, respectively. The ER values of Paeonol and Pae-Lips were both less than 1.5. Generally speaking, we
believe that ER >1.5 may involve active transportation. Therefore, the transportation mechanism may be passive
diffusion, involving efflux transportation.

When different inhibitors and drugs were used together, Ver, Indo, and Res significantly increased Papp value of
paconol (AP-BL) on average; while Papp value of Pae-Lips (AP-BL) had no significant effect. These results indicated
that paconol may be a substrate of P-gp, MRP2 and BCRP. However, Pae-Lips, due to the phospholipid bilayer structure,
avoided the efflux of efflux proteins, thereby enhancing absorption.

Anti-Inflammatory Ability of Pae-Lips on LPS-Induced RAW?264.7 Cells
Cell Viability Research

As shown in Figure 8. the cytotoxicity was measured by the MTT method, and the cell viability >80% was selected for the
experiment. The concentration of paconol solution was 5 pg/mL, and the concentration of Pae-Lips was 2.5, 5, 10 ug/mL.

NO Release and Enzyme Immunoassay of TNF-a, IL-6 and IL-10
As shown in Figure 9, LPS stimulated RAW264.7 macrophages significantly increased the levels of NO and pro-
inflammatory factors IL-6 and TNF-a, while after adding paeonol solution and Pae-Lips treatment, the concentration-
dependent decreased (p < 0.05). The NO content and inflammatory factor levels of Pae-Lips-M and Pae-Lips-H were
significantly lower than the paeonol solution group (p < 0.05). While the level of anti-inflammatory factor IL-10
increased in a concentration-dependent manner, Pae-Lips-M and Pae-Lips-H were significantly higher than paconol
solution (p < 0.05).

The above results showed that both paeonol solution and Pae-Lips have obvious anti-inflammatory effects, and the
anti-inflammatory effect was stronger with the increase of drug concentration, the anti-inflammatory effect of Pae-Lips
was significantly better than that of paeonol solution.
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Figure 8 Effects of paeonol and Pae-Lips on the cell viability of RAW264.7 cells.
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Figure 9 The levels of NO (A), IL-6 (B), IL-10 (C), TNF-a (D) in RAW264.7 cells.
Notes: The data were presented as the mean % SD (n = 3). Compared with the Cell group, ¥p < 0.01, *¥p < 0.001; compared with the LPS group, #p < 0.05, *p < 0.01,
###p < 0.001; compared with the paeonol group, %p < 0.05, #%p < 0.01, %%%p < 0.001.

Anti-Inflammatory Effect of Pae-Lips on UC Induced by DSS
DAI and Colon Length
The DAI was used to evaluate the symptoms of mice. As shown in Table 4, compared with the Model group, the DAI of

the drug treatment group was reduced, and all reached statistical significance on the 7th day (p < 0.05). Generally, the
length of the colon will shrink due to inflammatory infiltration, which will be improved after drug treatment. Figure 10
shows that the colon length of the Model group and Pae-Lips-L group was significantly shorter than that of the Control
group (p < 0.01), while the colon length of the other treatment groups was significantly higher than that of the Model
group (p < 0.05), and there was no significant difference from the Control group.

Table 4 The Disease Activity Index (DAI) Score

Days Control Model SASP Paeonol Pae-Lips-L Pae-Lips-M Pae-Lips-H
I 0 0.83 + 0.27 0.61 +0.26 0.75 + 0.27 0.67 + 0.26 0.58 + 0.20 0.67 £ 0.26
2 0 1.58 + 0.58 1.06 + 0.41 1.50 + 0.45 1.25 + 0.69 1.17 + 0.41 1.08 + 0.49
3 0 2.83 + 0.93 1.18 + 0.26 2.58 + 0.80 1.67 + 0.87 1.50 + 0.55 1.50 + 0.55
4 0 3.92 + 0.66 246 + 0.69 3.25 + 0.76 2.58 + 0.86 2.75 + 0.76 2.67 + 0.6l
5 0 533 +0.82 342 + 0.80 4.92 +0.59 5.50 + 0.84 3.92 + 0.59 3.75 + 0.52
6 0 7.33 + 0.6l 3.22 + 0.52 5.83 + 0.68 6.42 + 0.80 442 + 0.58 3.75 + 0.61
7 0 8.75 + 0.82 3.48 + 0.86"" 5.75 + 0.82 6.92 + 0.66" 4.92 + 0.49%& | 408 + 0.86" &

Notes: The data were presented as the mean * SD (n = 6). Compared with the Model group, *p < 0.05, #p < 0.01, *#p < 0.001; compared with the paeonol group, %p <

0.05, %%p < 0.01.
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Figure Il The levels of IL-6 (A), TNF-o (B) and IL-10 (C) in the serum of Balb/c mice.
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0.01, ##p < 0.001; compared with the paeonol group, %p < 0.05, %%p < 0.01.

Enzyme Immunoassay of TNF-a, IL-6 and IL-10

As shown in Figure 11, compared with the Control group, the levels of IL-6 and TNF-a in the Model group were significantly
increased, and the level of IL-10 was significantly decreased, indicating that the DSS-induced mouse UC model was successfully
constructed. After drug treatment, compared with the Model group, the levels of IL-6 and TNF-a in each drug treatment group
were decreased, and the level of IL-10 was increased. The Pae-Lips group showed a concentration-dependent change with the
increasing dose. Compared with the paeonol suspension, the levels of IL-6 and TNF-a in Pae-Lips-M and Pae-Lips-H were
significantly decreased, the IL-10 level in Pae-Lips-H group was significantly increased.

Histological Examination

Histopathology was analyzed to assess the damage to the colonic mucosa, including severity of bowel wall inflammation,
extent of lesion involvement, and degree of crypt damage. In normal mice, the wall mucosa epithelial cells were intact,
without ulcers, the lamina propria had no inflammatory cell infiltration, and no obvious lesions were found in other
layers. After DSS induction, inflammatory cells in the colon of mice in the model group infiltrated and invaded the

5040 "o International Journal of Nanomedicine 2022:17
Dove!


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

Dovepress Huang et al

Control Model SASP paeonol

20+

wokx

Histological Score

IR RBINI

o

S S > N
&Y & ¢ R
o

Figure 12 (A) Colon tissue H&E staining, and representative pictures. Scale bars, 50 ym, (200 x). (B) Histopathological scores were calculated.
Notes: The data were presented as the mean * SD (n = 3). Compared with the Control group, **p < 0.001; compared with the Model group, “*p < 0.001; compared with
the paeonol group, &b < 0.05, %%%p < 0.001.

submucosa and the crypts were severely damaged. The administration groups showed mild colon damage and lower
histological scores, and no obvious lesions were found in the SASP group and Pae-Lips-H group. Compared with the
paeonol group, the colonic lesions in the Pae-Lips-M and Pae-Lips-H groups were significantly improved (Figure 12).
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Figure 13 (A) Representative images of IHC staining of NF-kB and p38 proteins in colon tissue. Scale bar, 50 pm (200 x); (B) IOD values.
Notes: The data were presented as the mean + SD (n = 5). Compared with the Control group, **p < 0.001; compared with the Model group, *p < 0.05, *#p < 0.001;
compared with the paeonol group, %p < 0.05, #%%p < 0.001.
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Immunohistochemistry

As shown in Figure 13, compared with the Control group, the expression of NF-kB and p38 in the Model group was
significantly up-regulated (p < 0.001). After drug treatment, this up-regulation was significantly inhibited (p < 0.05), and
compared with the paconol group, Pae-Lips-M and Pae-Lips-H groups were significantly down-regulated (p < 0.05). The
cytokine levels regulated by paeonol and Pae-Lips were closely related to the expression of NF-kB and p38. Previous
studies have suggested that the potential anti-colitis mechanism of paeonol may involve inhibition and transactivation of
NF-kB/STAT1? and MAPK/ERK/p38 pathways.'” Our findings are consistent with those reported in the literature.

Discussion

Now, there are paeonol tablets, paeonol ointments, paconol patches and paeonol injections on the market. However, paeonol
has poor water solubility and fast metabolism, resulting in low bioavailability.*® Compared with injections, paconol tablets,
ointments and patches have low bioavailability, but injections contain high concentrations of tween 80 and ethanol to stimulate

3233 cyclodextrin inclusion,”® and derivatization

blood vessels and muscles.*’ Modern research has used nanotechnology,
technology to modify it.** Although these preparation techniques have improved the problem of low bioavailability of
paeonol, there is a lack of relevant pharmacodynamic experiments to verify the anti-inflammatory effects of their preparations.
The most remarkable advantages of liposomes are their biocompatibility and safety due to resemblance to biomembranes.
Moreover, the oral absorption of the drug can be improved. Therefore, after making paeonol into Pae-Lips, we not only studied
the changes of its absorption, but also studied its anti-inflammatory activity in vivo and in vitro. First, optimized liposome
preparation process through Box-Behnken effect surface method, the morphology of Pae-Lips was characterized by TEM, and
the liposome structure of Pae-Lips was characterized by DSC, XRD and FTIR. The results showed that paconol had
successfully entered the phospholipid bilayer to form Pae-Lips. The results of in vitro stability experiments and in vitro
drug release experiments showed that liposomes have good stability in SGF and SIF, and the drug dissolution of Pae-Lips is
significantly enhanced. In vivo pharmacokinetic experiments found that Pae-Lips significantly increased the AUC, C,,,.x and
t1» of paconol, which proved that liposome formulations can prolong the action time of the drug, increase absorption, and
improve oral bioavailability. Then, through the Caco-2 monolayer cell model and SPIP experiment, the absorption mechanism
of paeconol was further explored from the cell level and the intestinal level. The results of the study found that the preparation
of paeonol liposomes significantly improved the intestinal absorption of paeonol. It showed that when the drug with poor
water solubility was administered, it could be made into liposome to improve its oral absorption.*> Caco-2 cells are derived
from human colon cancer and can form monolayers in vitro and differentiate into the luminal side (AP) and the basolateral side
(BL). The differentiated cells are similar in shape and function to the human small intestine, have good homology, and the
Caco-2 cell culture method is simple, time-saving and economical, and has been widely used in the screening of new drugs and
the study of drug absorption mechanisms.*® In this paper, the transport of paeonol and Pae-Lips at different concentrations and
the addition of inhibitors were discussed from in vitro cell-level studies through the Caco-2 monolayer cell model. The results
showed that the Papp value (AP-BL) of Pae-Lips was significantly increased, and the absorption of paconol was significantly
improved. After adding the inhibitor, the absorption of paeonol was significantly improved, but there was no significant
change in Pae-Lips, which might be the structure of the Lips prevented paeonol from being recognized for efflux. The
absorption mechanism of paeonol is passive diffusion and involves efflux transport.

The intestine, as the main absorption site for oral administration, is an important prerequisite for oral efficacy. In
addition to the physical and chemical properties of the drug itself, the barrier function of intestinal epithelial cells
also directly affects the bioavailability of oral drugs, and the barrier function of the intestine depends on the specific
membrane transport protein.’’** P-glycoprotein (P-gp), multidrug resistance protein 2 (MRP2) and breast cancer
resistance protein (BCRP) are the main ABC transporters distributed in the intestinal barrier.>*** Among them, P-gp
is most expressed in the colon and ileum, and MRP2 and BCRP are highly expressed in the small intestine.*' The
drug efflux mediated by these ABC transporters limits the absorption of the substrate drug and has a significant
impact on the efficacy of oral drugs. Therefore, it is necessary to clarify the relationship between the effective

41,42

ingredients of traditional Chinese medicine and these proteins, and on this basis, add related inhibitors or modify

their structure to improve the absorption in the gastrointestinal tract.**** In situ SPIP represents the natural
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environment of the intestine to a certain extent and provides the closest situation to oral administration.*> The results
showed that after making paeonol into Pae-Lips or adding protein inhibitors, the Papp value was increased and oral
absorption was improved. By studying the effects of different concentrations and different protein inhibitors on
paeonol and Pae-Lips, it was showed that the absorption mechanism of paeonol was passive transport, involving the
participation of three efflux proteins, which was consistent with the experimental results of the Caco-2 monolayer cell
model. Therefore, the in vitro cell experiments and in vivo intestinal absorption experiments further confirmed that
the absorption mechanism of paeconol was passive transport and involved the participation of P-gp, MRP2 and BCRP
efflux proteins, which was consistent with the reported literature.*®

According to reports, paconol has anti-inflammatory effects.*’”"*® In this paper, LPS stimulated RAW264.7 macrophages
were used to study the anti-inflammatory effects of paconol and Pae-Liposomes. Macrophages are heterogeneous, the
stimulation of LPS will cause the cell polarization to be classically activated (M1).** M1 type macrophages mainly secrete
pro-inflammatory factors to promote the development of inflammatory response.” After paconol and Pae-Lips protection,
compared with the LPS group, the oxidative stress product NO and inflammatory factors IL-6, TNF-a in the supernatant of
RAW264.7 were decreased in a concentration-dependent manner. Conversely, the level of the anti-inflammatory factor IL-10
was elevated. These results proved that paconol and Pae-Lips have a good inhibitory effect on the M1 polarization of
RAW?264.7 macrophages. The inhibitory effect was: Pae-Lips-H > Pae-Lips-M > paeonol > Pae-Lips-L. These results showed
that liposomes significantly enhanced the anti-inflammatory effect of paconol.

DSS-induced ulcerative colitis in mice is the most common experimental model and is widely used because it is
similar to human UC in morphology, pathophysiology and cytokines.>' Therefore, this paper used the DSS-induced
mouse UC model to evaluate the therapeutic efficacy of paconol and Pae-Lips on UC. The experimental results found
that compared with the model group, the DAI of the drug treatment groups were significantly reduced, the length of
the colon was increased, and the inflammation observed by histopathology was significantly improved, confirming
that paconol and Pae-Lips significantly improved the UC process. Next, we studied the effect of drug treatment on
inflammatory factors. IL-6 and TNF-a are recognized pro-inflammatory factors that mediate UC,’*>® IL-10 is an anti-
inflammatory factor that plays a major role in inhibiting the release of inflammatory factors and inflammatory
response, regulating the differentiation of diverse immune cells.>**> The results of the Elisa kit showed that
compared with the DSS group, the levels of IL-6 and TNF-a in the drug treatment groups were significantly reduced,
and the level of IL-10 was increased, which once again demonstrated the anti-UC effects of paeonol and Pae-Lips. In
order to further study the possible anti-inflammatory molecular mechanism, the expression of related proteins was
determined by immunohistochemistry. Previous studies have shown that NF-kB and MAPK were the two main signal
pathways that mediated the inflammatory response.’®>* NF-kB comprises a family of inducible transcription factors
that serve as important regulators of the inflammatory response.’” p38 MAPK is one of the key MAPK signals, and
recent research results indicate that the p38 MAPK signaling pathway was activated during the development of
UC.%%¢! Therefore, p38 and NF-kB were chosen to measure protein expression. The experimental results found that
the drug treatment group significantly inhibited the protein phosphorylation of p38 and NF-xB in the DSS-induced
UC model and reduced protein expression, indicating that paconol and Pae-Lips might inhibit the production of
inflammatory factors by blocking the NF-kB and MAPK pathways, which is consistent with previous reports.®* ** In
short, in the anti-DSS-induced mouse UC experiment, paeonol and Pae-Lips have superior effects, and all anti-UC
results are shown as: SASP > Pae-Lips-H > Pae-Lips-M > Paeonol > Pae-Lips-L. Compared with the paeonol group,
the liposome groups have significantly enhanced anti-UC effect.

Conclusion

In this paper, paeonol liposomes were successfully prepared, and their quality was evaluated. The absorption mechanism
of liposomes was investigated through in vivo pharmacokinetic experiments, in situ single-pass intestinal perfusion in
rats and Caco-2 cell monolayer model. The liposome improves the bioavailability of paeonol and promotes the
absorption of paeonol in the body. The absorption mode of paeonol is passive transport, and it is the substrate of
P-gp, MRP2 and BCRP. Through in vitro and in vivo anti-inflammatory experiments, it was found that the anti-
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inflammatory effect of drug-loaded liposomes was significantly better than that of paconol suspension, which provided an

experimental basis for further development of paeonol liposomes.
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