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1. Introduction

Advancing diabetes treatment: novel formulation
of polydatin long-circulating liposomes and
their glucose-regulating impact on
hyperlipidemia-induced type 2 diabetic mice

Kepei Zhang, 1 Junlan Chen,t® Faisal Raza, {2 ° Hajra Zafar,” Ye Xu,? Ran Li,
Kamran Hidayat Ullah® and Shigao Zhou*®

Polydatin, a monomer derived from the dried roots and stems of traditional Chinese medicinal herb,
Polygonum cuspidatum, boasts extensive pharmacological activities. Existing nanocarriers of polydatin
have not been able to prolong the circulation time for enhanced antidiabetic potential of the stilbenoid
polyphenol. This study aims to improve the sustained release and antidiabetic potential of polydatin by
fabricating long circulating liposomes (PLLs) via a membrane dispersion method. An orthogonal
optimized PLL composed of lecithin, DSPE-PEG2000, and cholesterol was produced, wherein evaluation
of the physical properties showed that the prepared PLL had a spherical shape with uniform size, small
particle size, and even distribution as well as high encapsulation efficiency and drug loading, along with
good physical stability at 4 and 25 °C for 30 days. In vivo release experiments in different buffers via the
dialysis bag method suggested that the PLL provided a sustained release of polydatin. Also, in vitro cell
uptake and in vivo pharmacokinetics studies of the PLL respectively demonstrated improved cellular
uptake and prolonged in vivo circulation time and bioavailability. Using a high-fat diet-induced obese
type 2 diabetes mellitus (T2DM) mouse model, it was observed that the PLL could lower blood sugar,
improve weight loss, reduce antioxidant stress, lower blood lipids, and ameliorate liver, spleen, and
pancreatic tissue damage. This study successfully prepared long-circulating liposomes of polydatin,
which sustained in vitro release of polydatin, improved bioavailability in vivo, and enhanced the activity
of the drug in treating obese diabetic mice.

the prevalence of diabetes among people aged 20 to 79 years in
China is ranked first.* Ninety percent (90%) of the total number

Diabetes, a chronic metabolic disease, is characterized by
hyperglycemia.' Diabetic patients often have lipid, protein,
and water electrolyte disorders.” Because of its high incidence
rate, increased prevalence of complications and high mortality,
it has become one of the world’s biggest health problems.
Research data suggest that in 2021, the global prevalence of
diabetes among people aged 20 to 79 years was 536.6 million,
which is expected to rise to 783.2 million by 2045. Among them,
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of diabetics are accounted by type 2 diabetes mellitus (T2DM),
which is a sub-type of diabetes.” The occurrence of diabetes has
been closely related to diet, environment and other factors. The
eating habits of people today, the intake of high sugar and
calories, as well as fried food has significantly increased,
coupled with the current fast pace of life, high work pressure,
and lack of exercise, which makes the incidence of type 2
diabetes significantly increased.® After the occurrence of dia-
betes, patients are often accompanied by polydipsia, polyuria,
emaciation, and other conditions. As the disease course devel-
ops, there will also be various acute and chronic complications
that involve multiple organs and tissues such as the kidneys,
eyes, feet, etc., which will seriously affect the health and quality
of life of patients.”

Although there are many different types of anti-diabetic
drugs to select from at present,® only 49.2% of T2DM patients
in China reached the control target of glycosylated hemoglobin
level <7.0%. At present, there is no effective radical cure plan

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for diabetes, whilst exogenous insulin is clinically used to treat
type I diabetes. T2DM is mainly treated with oral hypoglycemic
drugs such as biguanides, sulfonylureas, glucosidase inhibitors,
and thiazolidinedione derivatives.” These drugs treat diabetes
through different modes of action, but there are generally pro-
blems such as large adverse drug reactions, and inability to prevent
diabetes and improve its complications. For example, the long-
term use of insulin preparations can reduce the sensitivity of
pancreatic islets, thus leading to reduced efficacy and insulin
resistance.'® Bisguanidine drugs can cause loss of appetite, amid
patients being prone to diarrhea, malignancy, and abdominal
distension, as well as even liver and kidney failure. Sulfonylurea
insulin secretagogues can compete with plasma protein binding
sites and increase their efficacy when combined with liver inhibi-
tory enzyme drugs, thereby making them more prone to hypogly-
cemia. After taking glucosidase inhibitors, they are rarely absorbed
by the body into the bloodstream, and a large amount of carbo-
hydrates are broken down and digested in the intestines, thus
causing gastrointestinal reactions such as bloating and abdominal
pain.'! In recent years, some new target drugs for the treatment of
diabetes have been approved, such as glucagon like peptide-1
(GLP-1) receptor agonist, dipeptidyl peptidase IV (DPP-4) inhibitor,
glucokinase (GK) agonist, protein tyrosine phosphatase 1B (PTP-1B)
and sodium glucose cotransporter 2 (SGLT2).">™** Single or com-
bined use can effectively control blood sugar and provide patients
with more medication options, but there are drawbacks such as low
activity, poor kinetic characteristics, and toxic side effects."> There-
fore, it was of great significance to find new anti-diabetes drugs to
better control blood sugar by reducing the occurrence of adverse
reactions, delaying or decreasing the complications of diabetes.

In recent years, traditional Chinese medicine and its active
ingredients have shown greater structural diversity and less
side effects than synthetic compounds, thus showing great
advantages and potential in the treatment of diabetes, a
chronic disease, and playing a role in the discovery of new
drug research lead compounds.'® Currently, various natural
active ingredients have been isolated from traditional Chinese
medicine for lowering blood sugar, including capsaicin,"
ursolic acid,"® dioscin'® and polysaccharides.*

As a medicinal plant with long historical use, “Huzhang” is
documented as the dry root and stem of Polygonum cuspidatum
Sieb. et Zucc (Polygonaceae).”’ The main functions include
dispelling wind and dampness, dispelling phlegm and relieving
cough, clearing heat and detoxifying, promoting blood circula-
tion and resolving blood stasis, etc. P. cuspidatum contains
various active ingredients, mainly including resveratrol,
P. cuspidatum glycoside, emodin and its glycosides.*” Polydatin
is a stilbene compound isolated from P. cuspidatum. Modern
pharmacological data shows that polydatin has a series of
different pharmacological activities, including hypolipidemic,
anti-atherosclerosis, antioxidant, anti-inflammatory and neu-
roprotective functions.”* > Further research has shown that
polydatin can significantly reduce blood sugar, glycosylated
hemoglobin value and serum creatine kinase activity in dia-
betes rats and improve the biomarkers of cardiac function.>®
Zheng et al.*” also confirmed that polydatin could regulate lipid
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metabolism by inhibiting adipose tissue inflammation in high-
fat mice. Hao et al.>® used low-dose streptozotocin (STZ) and
high fat and sugar diets to induce a diabetes rat model and
palmitic acid-induced insulin resistance HepG2 cell model. The
results showed that polydatin significantly reduced fasting
blood glucose, glycosylated hemoglobin, glycosylated serum
protein, total cholesterol, triglycerides, and low-density lipo-
protein cholesterol by regulating the Akt signaling pathway,
increased glucose uptake and consumption, and increased
serum insulin levels. It was reported that in the model of
diabetes, polydatin protected the heart from ischemic reperfu-
sion injury via regulation of the renin angiotensin system and
reduction of reactive oxygen species (ROS) production.?**°
Also, earlier works have established the potential of polydatin
to inhibit impaired insulin sensitivity and improve liver
steatosis.®’ Therefore, the hypoglycemic effect of polydatin
was studied to explore a new drug for diabetes.

However, critical cornerstone issues such as low solubility,
chemical instability in an aqueous alkaline medium, short peak
time, and low oral bioavailability of polydatin in vivo still need
to be considered.*” Lv et al.** reported decreased pharmacoki-
netic profile after oral administration of polydatin in male
Wistar rats. Another study showed that the absolute bioavail-
ability of polydatin was as low as 2.9% after administration to
polydatin in rats.** Therefore, researchers have attempted to
address these issues through drug delivery systems. The devel-
opment of a polydatin inclusion complex has increased the oral
bioavailability of polydatin.>® Wang et al.>® prepared a poly-
datin liposome system (PLD) with a smaller particle size (PS)
and acceptably high encapsulation efficiency (EE). The authors
studied the in vitro release of polydatin from the conventional
liposomes within 24 hours, which demonstrated a short time of
drug circulation in the blood.?” Also, the PLD liposomes could
substantially sustain the circulation time of polydatin in vivo
and improve oral bioavailability of the drug. Abdel et al>®
developed a new oral formulation of polydatin-loaded chitosan
nanoparticles (PD-CSNP) to improve the therapeutic potential
of PD for type 2 diabetes. The actual results showed that the EE
of PD-CSNP was high, whereas the particle size (PS) was around
144.25 nm. The release in vitro had a certain sustained-release
effect, while in vivo studies showed that compared with free PD,
PD-CSNPs showed a very significant anti-diabetic effect in
T2DM rats. Despite these results, existing literature suggests
that surface modified liposomes like long-circulating lipo-
somes could prolong the time of circulation for increased
accumulation of drugs in targeted sites compared to conven-
tional liposomal drugs. Besides, the above-mentioned research
did not evaluate the in vitro cellular uptake and in vivo phar-
macological application of polydatin liposomes.

Liposomes are a widely used nano drug delivery system,
which have many advantages such as good histocompatibility,
slow release and high cellular affinity, and are one of the most
promising candidate dosage forms.***° Liposomes can encap-
sulate hydrophilic, lipophilic, and amphoteric drug molecules
in the core or lipid bilayer.*""*> However, after entering the
body’s circulation, ordinary liposomes undergo a regulatory effect
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by adsorbing plasma proteins, which in turn are absorbed by the
reticuloendothelial tissue system (RES) and cleared, thus resulting
in their inability to exert their pharmacological effects.** The
surface property of liposomes is an important factor affecting
the clearance rate of liposomes in systemic circulation.** After
modifying the phospholipids with polyethylene glycol (PEG),
such as N-(carbonyl-methoxypolyethylene glycol 2000)-1,2-
distearoyl-sn-glycerol-3-phosphoethanolamine ~ (DSPE-PEG2000),
long-circulating liposomes could be prepared, which could signifi-
cantly increase the circulation time of drugs in the blood circula-
tion system, and increase the in vivo bioavailability of drugs.*>*°
DSPE-PEG2000 is a polymer material with one end hydrophilic and
one end lipophilic. The mechanism by which PEG prolongs the
half-life of liposomes in the blood circulation was as follows: there
were a large number of ethoxyl groups in PEG molecules that can
form a large number of hydrogen bonds with water molecules,
thus making PEG highly water-soluble and capable of forming a
hydration film on the surface of liposomes.*”*° The PEG inter-
sected and overlapped on the surface of liposomes, thus forming a
dense conformational cloud and steric hindrance, as well as
hindering the adsorption of certain proteins and cell adhesion,
along with masking the hydrophobic binding sites on the surface
of liposomes, reducing the van der Waals force between plasma
proteins and liposomes, and hindering the approach of plasma
components to liposomes, thus effectively avoiding the recognition
and phagocytosis of RES.>**! Nowadays, DSPE-PEG2000 is widely
used in the preparation of long-circulating liposomes to improve
the in vivo bioavailability of insoluble drugs.>*>*

In this study, polydatin long-circulating liposomes (PLLs) were
prepared to improve the in vivo bioavailability of insoluble drugs.
Afterward, the PLLs were characterized in terms of PS, electro-
kinetic potential (EKP), drug loading (DL), EE, stability, and release
behavior. Also, the anti-diabetic effect and mechanism of the PLLs
were evaluated in high fat diet (HFT)-induced diabetes in mice.

2. Materials and methods
2.1 Materials

Aladdin Industrial Corporation (Shanghai-China) supplied
polydatin (99% purity). HPLC acetonitrile was bought from
Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). Bis-
tearyl phosphatidylethanolamine-polyethylene glycol 2000
(DSPE-PEG200) was supplied by AVT Pharmaceutical Co., Ltd
(Shanghai-China). Phospholipid and sodium cholate were
bought from Aladdin Industrial Corporation (Shanghai, China).
Malondialdehyde (MDA), superoxide dismutase (SOD), glu-
tathione peroxidase (GSH-Px), tumor necrosis factor-o. (TNF-
o), high-density lipoprotein cholesterol (HDL-C) and low-
density lipoprotein cholesterol (LDL-C), triglyceride (TG) as well
as total cholesterol (TC) Elisa kits were from Nanjing JianCheng
Bioengineering Institute (Nanjing, China).

2.2 Cells and animals

HCT116 cells were provided by the Academy of Science for cell
bank (Shanghai-China). C57bl/6] mice (6-week-old, male) and
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Sprague Dawley (SD) rats (200 + 20 g) were supplied by Jiangsu
University laboratory center (Zhenjiang-China). The conducting
of animal experiments was carried out in accordance with
guidelines and regulations laid down for Care and manage-
ment of laboratory animals. The protocol for the animal
experiments was subjected to thorough review by The Commit-
tee of Institute of Animal Care and Use of Jiangsu University.

2.3 HPLC analysis of polydatin

The concentration of polydatin was determined via HPLC
(Shimadzu Corporation, Tokyo Japan). First, the maximum
absorption wavelength of polydatin was determined using full
wavelength scanning under an ultraviolet spectrophotometer
(UV2600, Shimadzu, Japan). Then, the chromatographic condi-
tions were established as follows: the mobile phase was acet-
onitrile/water (20/80, v/v), the flow rate was 1.0 mL min ', the
detection wavelength was 306 nm, and the injection volume
was 20 pL. By preparing the gradient concentration of polydatin
standard solution (in vitro: 0.1, 0.2, 0.5, 1, 2, 5, 10, 25, 50,
100 and 200 pg mL™"; in vivo: 0.5, 1, 2, 5, 10 and 25 pg mL ™)
and 40 pg mL™' astragaloside solution (internal standard
in vivo), we established the in vivo (1) and in vitro (2) standard
curves of polydatin as follows:

Y = 102.05C — 39.572 (R? = 0.9999) 1)

A =0.225C + 0.0037 (R* = 0.9984) )

where C is the concentration of polydatin, Y is the peak area of
polydatin, and 4 is the ratio of polydatin peak area to baicalin.
These two equations showed a good linear relation in the range
of 0.1-200 pg mL™ " (1) and 0.1-25 pug mL~" (2).

2.4 Equilibrium solubility of polydatin

Excessive polydatin was added to four flasks containing 20 mL
of the respective dissolution media ((phosphate buffer solution
(PBS)-pH 6.8, 7.4, purified water-pH 7.0 and HCl-pH 1.2)).
Afterward, the flasks were shaken at 37.0 + 0.5 °C for 72 hours
through a constant temperature water bath oscillator. After the
equilibrium had been reached, centrifugation was performed at
10 000 rpm for 10 minutes to remove the undissolved polydatin.
After the supernatant was properly diluted, the drug solubility
could be determined by HPLC analysis.

2.5 Preparation of PLLs

Herein, PLLs were prepared by the membrane dispersion
method. Briefly, DSPE-PEG200, cholesterol, lecithin and poly-
datin were dissolved in an appropriate amount of methanol.
After ultrasonic dissolution, methanol was removed at 40 °C
using a rotary evaporator. Afterwards, purified water was used to
disperse the liposomes into a uniform membrane. Subsequently,
the liposomal solution was obtained and stored at 4 °C for further
study. Based on the results of a single factor experiment, an
orthogonal design experiment (as shown in Table 1) was carried
out with the ratio of phospholipid to cholesterol, phospholipid to
drug, phospholipid to DSPE-PEG200 as the investigated factors,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Factor level table of the orthogonal test
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Level Phospholipid : cholesterol Phospholipid : polydatin Phospholipid : DSPE-PEG2000
10:1 10:1 6:1 10:1

8:1 8:1 5:1 8:1

6:1 6:1 4:1 6:1

whereas PS and EE of the PLLs were employed as the investigation
indicators.

2.6 Characterization of the PLLs

2.6.1 Measurement of PS, EKP and polydispersed index
(PDI). The PLLs were diluted with purified water, and then the
PS, EKP and PDI of the diluted solution were measured with the
laser PS analyzer, Nano Brook 90 Plus.

2.6.2 Estimation of EE and DL. In brief, a 0.22 pum micro-
porous membrane was applied for the separation of free and
encapsulated drugs in the PLLs. Then, the PLLs that were
obtained before and after filtration were diluted with methanol.
The solution was filtered with a 0.22 pm microporous membrane,
before injection of 20 pL samples to HPLC according to the
established liquid phase method. The peak area of the drug was
measured and substituted into the standard curve equation to
calculate the EE of the PLLs in vitro.

EE% = 1
% TOtalpOlydatin X 100% (3)
Entrapped,, i daii
DL(%) _ pI;\4 polydatin % 100% (4)

wherein Entrappedpoiydatin is the content of polydatin in the
filtered solution, and Totalpyydatin Means the total content of
polydatin in the preparation, whilst the total amount of PLLs
was denoted by M.

2.6.3 Stability study. The storage stability study of the PLLs
was evaluated by storing them at 4 °C and 25 °C for 30 days. The
DL%, PS, PDI and EE% of the preparations were determined
after 0, 15 and 30 days, respectively.

2.7 Cumulative release testing in vitro

The cumulative release of raw materials and PLL in different
buffer media was tested by the dialysis bag method. The buffer
media were PBS (pH 6.8 and 7.4), purified water (pH 7.0) and
HCl-pH 1.2. The specific operation method was as follows:
1 mg of API or PLLs was added into a 3500D dialysis bag, while
the two ends were fastened and then placed in a triangular
bottle containing 100 mL of the media. The triangular flask was
placed in a water bath that has been set at a constant tempera-
ture of 37 °C and oscillating at 100 rpm. Aliquots (1 mL) of
release solution were collected from four triangular bottles and
placed into a centrifuge tube at different time points (0.167,
0.333,0.5,0.75,1, 1.5, 2, 3, 4, 6, 8, 10, 12, 24, 36, and 48 hours),
whereas 1 mL of fresh release medium (37 °C) was added
simultaneously into the triangular bottle. The samples were
centrifuged at 10000 rpm for 10 min, the supernatant was
detected according to the established chromatographic

© 2024 The Author(s). Published by the Royal Society of Chemistry

conditions. Ultimately, the cumulative drug release rate could
be calculated in vitro. The origin was used to fit the release
kinetics equation of the in vitro release results.

2.8 Cell uptake test in vitro

To evaluate the cellular uptake of PLL, HCT116 cells were used
as a model cell. The cells were seeded at a density of 1 x
10° mL™", 0.1 mL per well in 96-well plates and cultured in
McCoy’s 5A and 10% fetal bovine serum for 24 hours at 37 °C
with 5% CO,. The medium was replaced with fresh medium
containing PLL loaded with coumarin (fluorescent dye) at
10 pg mL™~". The cells were further incubated for 1, 2, 4, 6,
12, and 24 hours under the same conditions. After each time
point, the cells were washed 3 times with cold phosphate-
buffered saline (PBS) to remove any unbound PLL. The cells
were then lysed with 1% Triton X-100 for 45 min and observed
under a fluorescence microscope.

2.9 Pharmacokinetic experiment in vivo

2.9.1 Oral test method in rats. To compare the oral bioa-
vailability of free polydatin and PLL, healthy male SD (with
average weight of 200 + 20 g) rats (supplied by Jiangsu
University Animal Research and Experimental Center, Zhen-
jiang, China) were randomly divided into two groups (n = 5).
One group received an oral dose of free polydatin (200 mg kg™ ),
while the other group received an oral dose of PLL (200 mg kg~ *).>
The rats were fasted for 12 hours before the experiment and had
limited drinking water. Blood samples were collected from the
ophthalmic veins at different time points (0.083, 0.25, 0.5, 0.75, 1,
1.5, 2, 3, 4, 6, 8, 10, 12, and 16 hours) after dosing. The blood
samples were centrifuged at 3700 rpm for 10 minutes to obtain
plasma. The plasma samples were processed according to Sec-
tion 2.9.1 and analyzed by HPLC according to Section 2.3. The
pharmacokinetic parameters were calculated using DAS software
(version 3.2.6).

2.9.2 Plasma sample treatment. Plasma samples were
obtained by centrifuging blood samples collected from mice
at 3700 rpm for 10 minutes. The supernatant (100 pL) was
transferred to another tube, and mixed with 800 pL of ethyl
acetate and 50 pL of astragaloside solution by vortexing for
30 seconds. The mixture was centrifuged again at 10 000 rpm
for 10 minutes, whereas the organic layer was transferred to a
clean tube. The extraction was repeated with another 800 pL of
fresh ethyl acetate. The combined organic layers were evapo-
rated to dryness under a stream of nitrogen at 37 °C. The
residue was reconstituted in 100 uL of chromatographic grade
methanol and vortexed for 30 seconds. The solution was
filtered through a 0.22 pm membrane and 20 pL was injected
into the HPLC system for analysis.

Mater. Adv., 2024, 5, 6516-6534 | 6519
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2.10 Hypoglycemic experiment in vivo

To evaluate the hypoglycemic effect of free polydatin and PLLs,
six-week-old male C57bl/6] mice were randomly divided into
model and control groups and were maintained in a specific
pathogen-free environment for one week. The fasting blood
glucose of all mice was measured prior to the experiment. The
enrolled mice were required to have a fasting blood glucose less
than 7 mmol L', while the mice with congenital abnormal
blood glucose were excluded. After weighing the mice, their
toes were cut and numbered. They were divided into 10 groups
according to the random number table. The groupings were A:
blank group, B: model group, C: blank liposome group (equivalent
to blank liposome in PLL), D: positive drug group (metformin),
E: high dose group of polydatin raw material (200 mg kg™ ),
F: medium dose group of polydatin raw material (100 mg kg™),
G: low dose group of polydatin raw material (50 mg kg™ "), H: high
dose group of PLLs (200 mg kg™ '), I: medium dose group of PLLs
(100 mg kg™ '), and J: low dose group of PLLs (50 mg kg™ '). The
blank group was fed with 11 kcal% fat Surwit Diet (Research Diets
Company, article number: D12329). The other groups were fed
with 60 kcal% fat (Research DIETS, article number: D12492). Mice
fed and drank freely. The mice were fed the HFT regime for
8 weeks to construct a model of type 2 diabetes, while the body
weight of the mice was measured regularly.”® The mice whose
body weight was not up to the standard were excluded. The
screening criteria were x + s of the blank group whose body
weight was greater than or equal to the standard. Those who were
not up to the standard suggested tolerance or insensitivity to
obesity induction and were eliminated. After 8 weeks, the blank
and model groups were administered with normal saline, whereas
the other groups were administered according to the requirements
of group administration.

2.11 ELISA reagent kit test physical and chemical indicators

After 8 weeks, the mice were killed, before collection of blood
from the tail of the mice to measure the glucose level in the
bloodstream through the blood glucose meter. Later, blood
samples (0.5 mL) were taken from orbital veins and placed in
EP tubes containing heparin sodium, prior to centrifugation at
3700 rpm for 10 minutes to collect the upper plasma. The levels
of MDA, SOD, GSH-Px, TNF-0, TC, TG, HDL-C and LDL-C in the
plasma were tested in strict accordance with the standard
operating procedures of the ELISA kit. Briefly, 100 pL of plasma
sample or standard solution was added to each well of a 96-well
plate pre-coated with specific antibodies. After incubation at
37 °C for 30 minutes, the wells were washed three times with
washing buffer and 100 pL of biotinylated detection antibody
was added to each well. After another incubation at 37 °C for
30 minutes, the wells were washed again and 100 pL of horse-
radish peroxidase (HRP)-conjugated streptavidin was added to
each well. After incubation at 37 °C for 20 minutes, the wells
were washed and 100 pL of substrate solution was added to
each well. The color reaction was stopped by adding 50 pL of
stop solution and the optical density (OD) was measured at
450 nm using a microplate reader. The concentration of each
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analyte in the plasma samples was calculated from the standard
curve generated by the standard solutions.

2.12 HE staining

The liver, spleen and pancreas of mice were collected and fixed
in 4% paraformaldehyde solution for 24 hours at 4 °C. The fixed
tissues were dehydrated, cleared and embedded in paraffin
blocks. Sections of 5 pm thickness were cut and mounted on
glass slides. The sections were deparaffinized in xylene and
rehydrated in a graded ethanol solution. Afterward, the sections
were differentiated in 1% acid alcohol for 10 seconds and
rinsed again with water. The sections were blued in ammonia
water for 30 seconds and washed with water. Next, the sections
were stained with eosin for 2 minutes and dehydrated in graded
ethanol solutions. Later, the sections were cleared in xylene
and mounted with neutral balsam. The stained sections were
observed and photographed under a light microscope.

2.13 Statistical analysis

Data were represented by mean =+ standard deviation. Student’s
t-test was used to compare the differences between the two
groups. One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test was used to compare the differences
among multiple groups. A p-value of less than 0.05 was con-
sidered statistically significant. All statistical analyses were
performed using SPSS software version 26.0.

3. Results and discussion
3.1 HPLC analysis results

The UV full wavelength scanning results showed that polydatin
had maximum absorption at a wavelength of 306 nm (Fig. 1(a)).
Therefore, 306 nm was selected as the detection wavelength to
determine the polydatin concentration using the HPLC analy-
tical method. The in vivo and in vitro retention times of
polydatin were around 10.08 minutes, wherein the peak had
good shape without any interference (Fig. 1(b)-(d)). The reten-
tion time of the internal standard was 14.67 minutes, which
indicates that the two peaks of polydatin and the internal
standard were well separated, while endogenous substances
in the body did not interfere with the analysis and detection of
polydatin. Therefore, this chromatographic method was con-
sidered as suitable for the determination of the in vivo and
in vitro content of polydatin. These results are consistent with
previous studies that have used HPLC to measure the concen-
tration of polydatin in different samples. Hence, the HPLC method
is a reliable and accurate technique for quantifying polydatin and
evaluating its pharmacokinetics and bioavailability.

3.2 Equilibrium solubility

The findings of the equilibrium solubility experiment demon-
strated that polydatin solubility in all four media was relatively
low (Table 2). Among them, the solubility in pH 6.8 PBS
solution (712.82 + 7.82 pg mL ") was slightly higher than that
in pH 1.2 HCl solution (676.22 & 5.18 pg mL™ '), and pH 7.4 PBS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Polydatin analysis: (a) full wavelength ultraviolet scanning diagram of polydatin. (b) /n vitro HPLC chromatogram of polydatin. (c) HPLC
chromatogram of a rat blank blood sample. (d) HPLC chromatogram of a polydatin, astragaloside, and rat blank blood sample mixture.

Table 2 The equilibrium solubility of polydatin in different media (n = 3)

Media Hydrochloric acid (pH 1.2)

Phosphate buffer solution (PBS, pH 6.8)

Water PBS (pH 7.4)

Solubility (ug mL™") 676.22 + 5.18

solution (562.56 + 4.18 ug mL™ "), wherein a slight difference in
solubility was observed after comparison with water (701.28 +
4.39 pg mL ™). Based on the above results, polydatin belongs to
the category of insoluble drugs, which may be attributed to its
molecular structure.”” The low solubility of polydatin is a major
challenge for its oral administration and bioavailability. Pre-
vious studies have also reported similar findings on the poor
solubility of polydatin in various media.*® Therefore, this study
aimed to improve the solubility of polydatin through prepara-
tion methods, thereby increasing its in vivo bioavailability and
efficacy. Therefore, this study aimed to improve the solubility of
polydatin through preparation methods, thereby increasing its
in vivo bioavailability and efficacy.

© 2024 The Author(s). Published by the Royal Society of Chemistry

712.82 £ 7.82

701.28 + 4.39 562.56 + 4.18

3.3 Optimization testing of the PLL preparation

The orthogonal design experiment was carried out to optimize
the formulation of PLL with the ratio of phospholipid to
cholesterol, phospholipid to drug, and phospholipid to DSPE-
PEG200 as the investigation factors, wherein PS and EE of PLL
were used as the investigation indicators (Table 3). Based on
the EE and PS results of each group of formulations, it could be
seen that the optimal formula was as follows: phospholipid:
cholesterol = 8:1; phospholipid : drug = 10:1; and phospholi-
pid : DSPE-PEG200 = 5:1. Of note, the optimal formula was
selected according to the principle that EE should be high and
PS should be small.>® The ratio of phospholipid to cholesterol
affects the fluidity and stability of the liposome membrane,*®
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Table 3 Orthogonal design experiment table
Level of factor

Test no. Phospholipid : cholesterol Phospholipid : polydatin Phospholipid : DSPE-PEG200 PS (nm) EE (%)

1 10:1 10:1 6:1 156.81 + 4.39 67.39 + 1.18
2 10:1 8:1 5:1 165.16 + 4.17 81.49 + 1.62
3 10:1 6:1 4:1 204.62 £ 6.64 82.98 + 1.85
4 8:1 10:1 5:1 107.15 £ 5.43 93.31 + 1.86
5 8:1 8:1 4:1 131.61 + 4.18 91.16 £+ 2.17
6 8:1 6:1 6:1 148.41 + 6.14 90.41 £+ 2.01
7 6:1 10:1 4:1 203.82 £+ 6.79 89.32 + 1.98
8 6:1 8:1 6:1 189.87 + 5.17 93.21 + 2.17
9 6:1 6:1 5:1 213.86 + 5.61 92.72 + 2.13

PS: particle size, EE: encapsulation efficiency.

whilst the ratio of phospholipid to drug affects the drug loading
capacity and release behavior of the liposomes.*" Also, the ratio
of phospholipid to DSPE-PEG200 affects the surface properties
and circulation time of the liposomes.®® Thus, the orthogonal
design experiment is a useful method for screening out the best
combination of factors from multiple levels.®’ More impor-
tantly, the PLL was developed with the aim of prolonging the
circulation of polydatin to enhance its ability to prevent dia-
betes induced by HFT and STZ. In this regard, cholesterol was
selected to increase liposomal fluidity and stability as well as
alteration of the rigidity of the liposomal bilayer.®>*® Also,
lecithin as a major natural source of phospholipid was chosen
because it serves as an emulsifier and can potentially enhance
the penetration of other components.®* With regards to DSPE-
PEG2000, it was selected based on its potential to prolong the
circulation time of drugs in the blood.* Thus, we selected these
components after the optimization process for the develop-
ment of polydatin into long-circulating liposomes based on the
above-mentioned criteria.

100 o ——
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80 / \/
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3.4 Characterization of the PLLs

The average PS of the PLLs was 107.15 + 5.43 nm, with a single
and narrow particle size distribution (as shown in Fig. 2(a)).
The EKP of the PLLs was —23.19 £ 0.18 mV, indicating that the
liposomes had relatively good stability. As indicated by the TEM
image, particles of the PLLs showed spherical shapes with a
small size, which was consistent with the DLS results.
In addition, the prepared liposomes showed high EE and DL,
which were 93.31 + 1.86% and 7.21 £ 0.12%, respectively.
These results demonstrate that PLLs were successfully prepared
with desirable characteristics for drug delivery. Smaller
PS is important for drug delivery in vivo, as it can enhance the
penetration and accumulation of liposomes in target tissues.®®
Higher EE and DL can also improve the drug loading efficiency
and reduce the waste of drugs.®” Negative EKP can reduce the
aggregation and clearance of liposomes in the blood circu-
lation.®® Besides, spherical shape can facilitate the interaction
and uptake of liposomes by cells.®

10.00 100.00

Diameter (nm)

Fig. 2 Characterization of polydatin long-circulating liposomes (PLLs). (a) Particle size diagram of the PLLs. (b) TEM image of the PLLs.
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3.5 Stability study

After storage at 25 °C and 4 °C for 1 month, the drug content,
EE, PS, and PDI of the PLLs were estimated (Table 4).
The average PS slightly increased from 107.23 £+ 4.19 nm to
109.55 £ 4.17 nm and from 107.15 £ 5.43 nm to 110.46 +
6.42 nm at 4 °C and 25 °C, respectively. After one month of
storage under these two conditions, the EE and drug content of
the PLLs were still relatively high, with EE higher than 92% and
drug content still above 6.9%. These results indicated that the
physical stability of the PLLs was good at 4 and 25 °C for
30 days. The relatively good stability of the PLLs could be
ascribed to the increased encapsulation of polydatin in the
core of the PLLs and the protective effect of DSPE-PEG200 on
the surface of the liposomes.”® The molecular weight and chain
length of PEG are closely related to the stability of the lipo-
somes, while the optimal PEG chain length for prolonging the
circulation time of the liposomes is between 1000 and 2000.>"”*
Liposomes should be stable at physiological temperatures to
prevent release of drugs prematurely in vivo.”” Thus, to confirm
the stability of the PLLs, the formulation should be stored in
the long-term (about 12 months) at various conditions of
temperature and relative humidity.

3.6 In vitro release testing

To maintain, the sink volume of a poorly soluble drug like
polydatin, it is important that the dissolution volume should be
selected to ensure that the drug concentration should remain
low relative to its solubility. In this case, 100 mL of each of the
four media was selected to ensure accurate and reproducible
results. The cumulative release rates of free polydatin and the
PLLs in the above-mentioned four media are shown in Fig. 3.
The experimental results showed that in pH 7.4 PBS, the
cumulative release rate of both free polydatin and PLLs was
slower than that of HCI, (pH 6.8), and water. In the same pH
release media, similar rates of cumulative release of free poly-
datin and PLLs after 72 h were observed. However, the PLLs
exhibited certain sustained-release characteristics in all four
media. These findings indicate that PLLs could slowly release
polydatin in vitro, which might result in maintaining a high
blood drug concentration in vivo for a long time, thereby
prolonging the circulation time of the polydatin in vivo, increas-
ing in vivo bioavailability and the therapeutic efficacy of poly-
datin. Previous studies have also shown that DSPE-PEG2000
modified liposomes could have a certain sustained-release
effect compared to free drugs.’”>’* The fitting results of
the in vitro release kinetics equation are shown in Table 5.

Table 4 Stability study (n = 3)

View Article Online
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By comparing the R values of the three equations, it was found
that the release process of the active ingredient of polydatin in
all four media conforms to the first-order release equation
fitting, while the release process of the PLL in pH 1.2 and
PH 7.4 media conforms to the Higuchi release equation fitting.
The release process in pH 6.8 and DDW media conforms to the
first-order release equation fitting. This result indicates that the
PLL has a sustained-release effect.

3.7 Cell uptake test experiment

To efficiently and accurately image the uptake of fluorescently
labelled drugs using fluorescent spectroscopy, it is important
that the cells are lysed to break their cell membranes in order to
access the intracellular components.”® The results of the in vitro
cell uptake experiment are shown in Fig. 4. It could be observed
that with the prolongation of time, the fluorescence intensity
inside HCT116 cells significantly weakened and the cell uptake
substantially decreased. This suggested that over time, the
uptake of liposome nanocarrier systems by HCT116 cells
decreased. This result might be explained by the fact that PLLs
were internalized by HCT116 cells through endocytosis, and
then released polydatin into the cytoplasm through endosomal
escape or lysosomal degradation.”® As more polydatin was
released from the PLLs, less fluorescence was detected inside
the cells. This result also implied that PLLs could effectively
deliver polydatin into HCT116 cells, which might prospec-
tively enhance the anticancer activity of the stilbenoid gluco-
side. However, this preliminary study did not investigate the
influence of liposomal size and variations in PS on cellular
uptake of the PLLs. Also, the mechanism of PLL uptake by
HCT116 cells was not investigated in this study. More impor-
tantly, the intracellular fate after the PLLs had been trafficked
and their toxicity have not been studied. In view of the
importance of the above-mentioned parameters for drug dis-
covery, our future experiments will comprehensively investi-
gate these variables.

3.8 Pharmacokinetics experiment

Compared to free polydatin, the plasma drug concentration of
PLL was higher at most time points (Fig. 5). The pharmaco-
kinetic parameters in rats (Table 6) showed that compared to
free polydatin (T;,, = 1.02 £ 0.07 h, and MRT = 3.32 &+ 1.20 h),
the in vivo Ty, (5.15 £ 0.47 h) and MRT (12.02 £+ 2.28 h)
of the PLLs were significantly longer, which indicates that
the PLLs prolonged the circulation time of polydatin in vivo,
which may be beneficial for enhancing the therapeutic effect of

Drug content (%) EE (%) PS (nm) PDI
Time (days) 4 °C 25 °C 4°C 25 °C 4°C 25 °C 4°C 25 °C
0 7.19 £ 0.11 7.21 £ 0.12 93.27 £ 1.17 93.31 + 1.86 107.23 + 4.19 107.15 + 5.43 0.241 £+ 0.011 0.242 £+ 0.013
15 7.21 £ 0.18 7.11 £ 0.22 92.67 + 1.26 92.18 + 1.98 108.39 + 4.28 109.42 + 5.82 0.245 £ 0.011 0.251 £+ 0.021
30 7.16 + 0.26 6.91 + 0.33 92.43 + 1.12 92.01 + 2.31 109.55 + 4.17 110.46 + 6.12 0.251 £+ 0.014 0.253 £+ 0.017

PS: particle size, EE: encapsulation efficiency, PDI: polydispersed index.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cumulative release in vitro of polydatin long-circulating liposomes (PLLs) in different media (hydrochloric acid—pH 1.2, phosphate buffer solution

(PBS—pH 6.8), PBS—pH 7.4, water).

Table 5 Results of in vitro release kinetics fitting equations

Polydatin Fitted equation PLLs Fitted equation
pH 1.2 M, = 1.521t + 38.567 R* = 0.439 pH 1.2 M, = 2.925¢t + 8.077 R* = 0.768
M, = 94.409(1 — e %) R* = 0.993 M, =79.993(1 — e *"*3%) R* = 0.952
M, = 13.063x"2 + 22.538 R? = 0.657 M, = 17.047x"? — 4.571 R* = 0.987
pH 6.8 M, = 0.662t + 75.985 R* = 0.094 pH 6.8 M, = 2.504t + 8.086 R* = 0.743
M, = 94.477(1 — e~ %%) R* = 0.988 M, = 94.284(1 — e *'*'¢) R* = 0.990
M, = 8.492x"% + 57.149 R* = 0.657 M, = 17.705x"% — 3.099 R* = 0.931
DDW M, = 1.332t + 47.137 R* = 0.282 DDW M, = 2.105¢ + 8.094 R* = 0.855
M, =92.300(1 — e ***°¢) R* = 0.993 M, = 94.176(1 — e *'2%¢) R* = 0.994
M, = 12.942x"2 + 28.811 R? = 0.657 M, = 15.467x"% — 2.227 R* = 0.958
pH 7.4 M, = 2.116t + 37.009 R* = 0.421 pH 7.4 M, = 2.895¢t + 4.993 R* = 0.993

M, = 92.338(1 — e~ %3%%) R*> = 0.996
M, = 17.242x" + 15.187 R* = 0.723

polydatin. Moreover, compared with free polydatin (AUCO-t =
3.58 £+ 0.14 h mg mL™ "), the AUCO-¢ of the PLLs significantly
increased (13.03 + 0.30 h mg mL™*, P < 0.01) with about
372.50% of Fr, thereby suggesting that the PLLs improved the
bioavailability of polydatin. These results demonstrated that
long-circulating liposomes could significantly increase the peak
concentration of polydatin in the blood, improve the bioavail-
ability of polydatin, and prolong the circulation time of polydatin
in vivo. The long-circulating liposomal system has been
suggested to increase the bioavailability of lipophilic drugs like

6524 | Mater. Adv., 2024, 5, 6516-6534

M, = 65.744(1 — e~ %" R*> = 0.921
M, = 16.465x"% — 5.257 R* = 0.989

polydatin by extending the time of blood circulation of drugs
via reduction of their uptake by the mononuclear phagocytic
system (MPS).”” The enhanced pharmacokinetics of the PLLs
could be attributed to the effects of lecithin, cholesterol, and
DSPE-PEG2000 on the liposome membrane. Lecithin, as a
component of lipid membranes, had a high affinity with cell
membranes and could reduce the protein binding level of
liposomes in the human body, thereby prolonging the drug
circulation time, promoting drug absorption, and improving
drug bioavailability.”® Cholesterol could increase the rigidity and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Results of the in vitro cell uptake experiment.

stability of the liposome membrane and prevent drug leakage.” liposomes by proteins, antibodies, cells, etc., and cover the
DSPE-PEG2000 can prevent the adsorption and adhesion of hydrophobic part of the phospholipid molecules, so that particles
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Fig. 5 Profiles of the drug concentration—time curve in the plasma of
rats after administration of free polydatin and polydatin long-circulating
liposomes (PLLs).

Table 6 Pharmacokinetic parameters of free polydatin and polydatin
long-circulating liposomes (PLLs) (mean + SD, n = 5)

Parameters Free polydatin PLLs

Crax (mg mL™") 3.48 £ 0.37 3.11 £ 0.44
Tmax () 0.5+ 0 1+0
AUC,, (h mg mL ™) 3.58 £ 0.14 13.03 £ 0.30°
Ty, (h) 1.02 £ 0.07 5.15 + 0.47%
MRT (h) 3.32 + 1.20 12.02 + 2.28°

“ P < 0.01, compared with free polydatin.

can avoid the combination with blood components, and avoid
the recognition and phagocytosis of MPS, thus prolonging the
internal circulation time.*”> Among the currently marketed lipo-
somes, there are also many formulations that have used DSPE-
MPEG2000 as an excipient to improve the pharmacokinetics of
drugs.®® One of the significant approaches to improve bioavail-
ability is through targeted distribution of drugs to tissues and
sites of diseases. In this regard, our subsequent experiments will
investigate approaches to ideally target PLL delivery using spe-
cific ligands to modify the surface of the liposome for its
enhanced retention in tissues.

3.9 Hypoglycemic effect of PLLs

3.9.1 Blood glucose, AUC of the OGTT level and weight in
mice. As shown in Fig. 6, it could be intuitively seen that
compared with the blank control group, the blood glucose level
and AUC of OGTT in the model group significantly increased
(P < 0.01), thus indicating successful establishment of a
hyperglycemic animal model. The blood glucose and AUC of
the OGTT levels in the blank formulation group were like those
in the model group, which suggests that the excipients in the
PLLs had no effect on these parameters. In comparison with the
model group, the mice in the positive drug group showed a
significant decrease in blood glucose and AUC of the OGTT

6526 | Mater. Adv, 2024, 5, 6516-6534
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levels (P < 0.01), thus demonstrating the excellent hypoglyce-
mic effect of metformin. It was discovered that the blood
glucose and AUC of the OGTT levels in mice decreased signifi-
cantly (P < 0.01) after the administration of free polydatin and
PLLs compared to the model group. Specifically, as the dosage
of polydatin increased, the reducing effect of free polydatin and
PLLs on blood glucose as well as the AUC of the OGTT levels in
mice gradually increased, thereby showing a dose dependent
relationship. In addition, compared with the free polydatin
group, the blood glucose and AUC of the OGTT levels in the PLL
group decreased further (P < 0.05 or P < 0.01). Among them,
high-dose PLL had the strongest hypoglycemic effect compared
to the model group, thereby respectively reducing blood glu-
cose and the AUC of the OGTT levels in mice by about 40.8%
and 15.9% (PLL high-dose group) as well as roughly 16.5% and
12.2% (model group). This indicates that polydatin may reg-
ulate the uptake and utilization of glucose in hyperglycemic
mice, thereby reducing their blood sugar levels and increasing
their OGTT levels. It could be seen that polydatin improved the
glucose tolerance of hyperglycemic mice, while PLLs enhanced
this effect, further improving the blood glucose regulatory
function of mice.

The body weights of different groups of mice are shown in
Fig. 6(b). It could be seen from the figure that the weight of the
blank control group mice slowly increased over time, while
after the induction of HFT, the mice showed a typical weight
loss phenomenon of hyperglycemia. The weight of the blank
formulation group mice decreased over time, whereas the
situation was like that of the model group. A comparison of
the model group with the positive drug group showed that the
body weight of mice that received positive drug slowly
increased over time. Compared with the model group, the
weight of the mice increased slowly with time after free poly-
datin and PLL administration, which indicates that polydatin
could alleviate weight loss caused by hyperglycemia. Moreover,
the body weight of PLL mice was slightly higher than that of the
free polydatin and positive drug groups, thus implying that PLL
enhanced the effect of polydatin. The effect of polydatin and
PLLs may be a preventive mechanism against diabetes through
mitigation of damage to beta cells of the pancreas via its
antioxidant property.®" In view of the susceptibility of beta cells
of the pancreas to endogenously ROS-triggered oxidative stress
coupled with very low antioxidant enzymes levels, protection
of the function of the beta cells with natural compounds that
possess antioxidant properties may be the best strategy for
diabetes treatment.®” Hence, the mechanism underlying the
protective effect of PLLs on pancreatic beta cells will be
investigated in our not-too distant future works. More impor-
tantly, the potential of PLLs to target beta cells of the pancreas
will be studied in detail.

3.9.2 Detection of physical and chemical indicators in
mice. This study further determined whether polydatin had
the effect of regulating related enzymes. The SOD is an impor-
tant antioxidant enzyme system in biological systems, while
GSH is a widely present peroxidase lyase, and MDA is a product
of the lipid peroxidation reaction.®* TNF-o has been proven to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of free polydatin and polydatin long-circulating liposomes (PLLs) on blood glucose levels, body weight, and glucose tolerance AUC in mice
with high-fat diet induced hyperglycemia: (a) blood glucose levels in each group. (b) Body weight of mice in each group at different times. (c) Glucose
tolerance AUC of mice in each group. Statistical significance was indicated as follow: ##P < 0.01 (compared with blank control group), *P < 0.05
(compared with model control group), **P < 0.01 (compared with model control group), ®P < 0.05 (compared with free polydatin group), P < 0.01
(compared with free polydatin group). A: blank group, B: model group, C: blank liposome group, D: positive drug group, E: high dose group of polydatin
raw material, F: medium dose group of polydatin raw material, G: low dose group of polydatin raw material, H: high dose group of PLLs, |: medium dose

group of PLLs, J: low dose group of PLLs.

be involved in the occurrence and development of diabetes.®*
Studies have revealed that TNF-o upregulated the expression of
sterol regulatory element binding protein 1 in both liver cells
and sebaceous gland cells, thus leading to intracellular lipid
accumulation.®®

As shown in Fig. 7, compared with the blank control group,
the model group mice had significantly increased MDA and
TNF-o levels (P < 0.01), while the SOD and GSH-Px levels
substantially decreased (P < 0.01), thus suggesting successful
establishment of a hyperglycemic animal model. Blank formu-
lation group mice had similar levels of MDA, TNF-o,, SOD and
GSH-Px as the model group, thus indicating that the excipients
in the PLLs had no effect on these parameters. Compared with
the model group, the positive drug group mice showed a
significant decrease in MDA and TNF-o (P < 0.01), while the
SOD and GSH-Px levels substantially increased (P < 0.01), thus
suggesting that metformin could effectively regulate the anti-
oxidant enzymes of hyperglycemic mice. Compared with the
model group, treatment with free polydatin and PLL signifi-
cantly reduced the MDA and TNF-a levels (P < 0.01), but
substantially increased the SOD and GSH-Px levels (P < 0.05
or P < 0.01), wherein the findings showed a dose dependence.
This result indicates that polydatin had a certain effect on

© 2024 The Author(s). Published by the Royal Society of Chemistry

regulating antioxidant enzymes in hyperglycemic mice. The
results are consistent with previous studies.®>®” It was specu-
lated that polydatin may have a hypoglycemic effect by improv-
ing the level of oxidative stress in vivo. In addition, compared
with the free polydatin group, the PLL group displayed a further
decrease in MDA and TNF-o levels (P < 0.05 or P < 0.01), as
well as a further increase in SOD and GSH-Px levels (P < 0.05 or
P < 0.01). This observation indicates that PLL could signifi-
cantly enhance antioxidant capacity and inhibit lipid peroxida-
tion compared to free polydatin. Overall, the high-dose PLL
showed the strongest effect.

As shown in Fig. 8, compared with the blank control group,
the model group demonstrated significantly increased serum
TC, TG, and LDL-C levels (P < 0.01), while the HDL-C levels
significantly reduced (P < 0.01), further confirming the suc-
cessful establishment of a hyperglycemic mouse model. The
blank formulation group had similar serum TC, TG, HDL-C,
and LDL-C levels as the model group, thus indicating that the
inactive components in the PLLs had no effect on these para-
meters. Compared with the model group, the positive drug
group displayed substantially reduced serum TC, TG, and LDL-
C levels (P < 0.01), while the HDL-C levels significantly
increased (P < 0.01), thus suggesting that metformin could
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Fig. 7 Effect of free polydatin and polydatin long-circulating liposomes (PLL) on plasma SOD, GSH-Px, MDA and TNF-« levels in mice with high-fat diet-
induced hyperglycemia. Statistical significance is indicated as follows: *#P < 0.01 (compared with blank control group), *P < 0.05 (compared with model
control group), **P < 0.01 (compared with model control group), ®P < 0.05 (compared with free polydatin group), ¥¥P < 0.01 (compared with free
polydatin group). SOD: superoxide dismutase, GSH-Px: glutathione peroxidase, MDA: malondialdehyde, TNF-o: tumor necrosis factor-a. A: blank group,
B: model group, C: blank liposome group, D: positive drug group, E: high dose group of polydatin raw material, F: medium dose group of polydatin raw
material, G: low dose group of polydatin raw material, H: high dose group of PLLs, I: medium dose group of PLLs, J: low dose group of PLLs.

significantly reduce blood lipid levels in hyperglycemic mice.
Compared with the model group, free polydatin and PLL
administration markedly reduced the serum TC, TG, and
LDL-C levels (P < 0.01), but significantly increased the HDL-C
levels (P < 0.01). The blood lipid levels showed a dose-
dependent effect. Specifically, high doses of free polydatin and
PLLs had more significant lipid-lowering effects than low doses.
This result indicates that polydatin could reduce blood lipid
levels in hyperglycemic mice. More importantly, compared with
the free polydatin group, the PLL group further reduced the
serum levels of TC, TG, and LDL-C (P < 0.05 or P < 0.01), but
the HDL-C levels increased further (P < 0.01). The data showed
that compared to the model group, the serum TC, LDL-C, and TG
levels were respectively reduced by about 38.3%, 63.2%, and
37.4% in the low-dose PLL group, but the serum HDL-C levels
increased by about 145.1%. The respective serum TC, LDL-C,
and TG levels decreased by approximately 28.7%, 46.4%, and
29.8% in the same dose of free polydatin, but the HDL-C levels
increased by approximately 69.4%. This discovery indicates that
the lipid-lowering effect of the PLLs was more significant than
that of free polydatin. Zhou et al.®® also showed that polydatin
treatment significantly improved blood glucose, serum ALT,
AST, TC, TG, LDL-C and HDL-C levels, as well as changes in
MDA, SOD and miR-214 content in the liver tissue (P < 0.05),

6528 | Mater. Adv, 2024, 5, 6516-6534

thereby reducing the blood glucose and lipid levels in athero-
sclerosis mice and protecting liver function. In addition, related
studies have shown that polydatin could inhibit the increase in
the levels of ROS, activity of NADPH oxidase, and production
of in vitro and in vivo hyperglycemic-induced inflammatory
cytokines.*®

The enhanced efficacy may be attributed to the drug being
encapsulated in long-circulating liposomes, which could slowly
release the drug in the body and prolong its retention time in
the body. In general, the reduction of the PS of nanoparticles
could improve the rate of drugs’ dissolution by increasing the
surface area, which could increase the drugs’ absorption in
the gastro-intestinal tract and be conducive to the drug’s
effectiveness.”® Moreover, it might be because the PEG mole-
cules in DSPE-PEG2000 could form hydrogen bonds with the
aqueous phase, thus forming a hydration membrane structure
on the liposomal surface to reduce the binding of liposomes
with proteins, enzymes, and other components in plasma,
thereby enhancing its stability in the blood.**°" In addition,
phospholipids could increase the solubility of drugs through
their amphiphilic surfactants’ properties and their wetting
and dispersing effects.”> Better solubility may play an impor-
tant role in improving polydatin bioavailability and efficacy.
In general, nanoparticles that have increased aqueous solubility

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of free polydatin and polydatin long-circulating liposomes (PLLs) on the plasma lipid profile level in mice with high-fat diet-induced
hyperglycemia. Statistical significance is indicated as follows: *#P < 0.01 (compared with blank control group), *P < 0.05 (compared with model control
group), **P < 0.01 (compared with model control group), P < 0.05 (compared with free polydatin group), ®¥P < 0.01 (compared with free polydatin
group.) TG: triglyceride, TC: total cholesterol, LDL-C: low-density lipoprotein cholesterol, HDL-C: reduction in high-density lipoprotein cholesterol.
A: blank group, B: model group, C: blank liposome group, D: positive drug group, E: high dose group of polydatin raw material, F: medium dose group of
polydatin raw material, G: low dose group of polydatin raw material, H: high dose group of PLLs, |: medium dose group of PLLs, J: low dose group of PLLs.

are well absorbed into the blood circulation after oral delivery,
which may result in quick action and possibly heightened the
efficacy of the encapsulated drug. In recent times, scientists have
explored delivery of liposomal insulin and other lead diabetic
compounds via the oral route.”® Shafiq and colleagues success-
fully developed fat globule membrane-based liposomes to orally
deliver insulin to diabetic rats, wherein the nanoparticles
displayed substantial hypoglycemic performance in diabetic
animals.®® Also, Zhang et al. fabricated biotinylated liposomes
for oral delivery of insulin, amid increased absorption and
bioavailability of the peptide.®®

3.9.3 Pathological observation of each tissue in mice. The
HE staining diagram (Fig. 9(A)) showed that the liver cells of the
blank control group mice had a clear structure, regular arrange-
ment, uniform size, normal nuclear morphology and good
cell status. On the contrary, the liver cells of the model group
mice were irregularly arranged, swollen, contained abnormal
unstained particles, had vacuoles of different sizes in the
cytoplasm gap, and showed severe tissue damaged, steatosis
and inflammatory cell infiltration, thus indicating successful
modeling. The liver tissue morphology of the blank preparation
group was like that of the model group, which implies that
blank preparation had no effect on liver damage in mice. In the

© 2024 The Author(s). Published by the Royal Society of Chemistry

positive control group, and the free polydatin high-dose and
PLL high-dose groups, the liver cell structure of the mice was
significantly improved, with the cell arrangement being tidier
than that of the model group. Also, cell swelling, and inflam-
matory cell infiltration were improved, whilst abnormal parti-
cles and necrotic cells were decreased. Again, almost no
vacuolar degeneration of hepatocytes was observed, amid being
close to the normal liver cell tissue morphology. The results
indicate that polydatin had a significant alleviating effect on
HFT-induced liver injury in rats.

As shown in Fig. 9(B), the spleen tissue structure of the
blank control group mice was normal. The spleen tissue
membrane of the model group mice shrank with the structure
at the boundary between red and white pulp being disordered,
whilst the edge area became thinner. Besides, the number of
splenic nodules decreased, whereas the number of silted red
blood cells increased with a large amount of hemosiderin
deposition, amid the arrangement and number of lymphocytes
being sparse and reduced. The spleen status of the blank pre-
paration group mice was like that of the model group. Compared
with the model group, each medication group showed gradual
improvement in membrane shrinkage with red and white pulp
structure and hemosiderin deposition, as well as lymphocyte

Mater. Adv., 2024, 5, 6516-6534 | 6529
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Fig. 9 Pathological observation of the livers (A), spleens (B) and pancreas (C) of mice in different groups. a: blank group, b: model group, c: blank
liposome group, d: positive drug group, e: high dose group of polydatin raw material, f: medium dose group of polydatin raw material, g: low dose group
of polydatin raw material, h: high dose group of polydatin long-circulating liposomes (PLLs), i: medium dose group of PLLs, j: low dose group of PLLs.

arrangement and number, and splenic nodule number. Damage
to the mouse spleen tissue was alleviated, especially in the high-
dose PLL group, which approached the level of the blank control
group. The results indicate that polydatin had a significant
alleviating effect on high-fat diet-induced spleen injury in rats.
The experimental results shown in Fig. 9(C) showed that the
pancreatic tissue of the blank control group mice was normal,
with normal pancreatic cell structure, and clear cell membrane.
There were no abnormalities in the morphology and number
of pancreatic islets. The pancreatic tissue in the model group
was abnormal, with irregular atrophy of pancreatic islets and
blurred boundaries. The acinar cells were loosely arranged
and detached. The number of cells in the pancreatic islets
decreased. Also, some cells showed obvious vacuolar degenera-
tion and vascular basement membrane thickening in pancrea-
tic islet stroma. The pancreatic tissue morphology of the blank
preparation group was like that of the model group, thus
indicating that the blank preparation had no effect on pan-
creatic tissue damage in hyperglycemic mice. Compared with
the model group, each medication group showed improvement
in pancreatic tissue cell arrangement, number of pancreatic

6530 | Mater. Adv, 2024, 5, 6516-6534

islets, and reduction of pathological changes such as conges-
tion, swelling, and glassy degeneration in cells. The pancreatic
tissue damage was well recovered after treatment. The free
polydatin and PLL dosage groups showed closer arrangement
of pancreatic tissue and cells than the model group, and partial
recovery of the pancreatic islets. The higher the dosage of
polydatin, the more normal the pancreatic tissue morphology.
Notably, the high-dose PLL group had normal pancreatic
islet morphology, without any signs of pancreatic atrophy.
The number of pancreatic islets was large, while the boundary
was clear. The results suggest that polydatin demonstrated
a substantial protective effect on the pancreas of hyper-
glycemic mice.

4. Conclusion

In this study, successful preparation of polydatin long circulat-
ing liposomes (PLLs) was accomplished using DSPE-PEG2000
as a modifier to enhance the solubility, bioavailability, and
hypoglycemic effect of polydatin. An HPLC method was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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established to measure the concentration of polydatin in vitro
and in vivo. Also, it was discovered that polydatin was a poorly
soluble drug in different media. Furthermore, optimization of
the formulation of PLL was performed using orthogonal design
experiments to obtain PLLs with small and uniform PS, high EE
and DL, and stability. Also, evaluation of the in vitro release,
in vivo pharmacokinetics, and hypoglycemic activity of the PLLs
showed that the PLLs could prolong the release of polydatin,
increase its blood concentration and bioavailability, and
improve the anti-diabetic effect on HFT-induced hyperglycemia
in mice. Therefore, PLL is considered as a promising drug
delivery system for polydatin and deserves further research and
development.
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