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Introduction: Oxidative stress has been shown to disrupt B-cell function and promote the development of type 2 diabetes mellitus
(T2DM). Exenatide-4 (Ext-4) is a widely used anti-glycemic drug but cannot restore pancreatic B-cells’ structure and function.
Coenzyme Q10 (CoQ10) has great antioxidant activities but shows suboptimal therapeutic effects because of its poor solubility and
poor bioavailability. To further enhance the therapeutic efficacy of the drugs, a pancreas-targeting liposomal co-delivery system
encapsulating Ext-4 and CoQ10 ((E+Q)-Lip-Apt) was designed, using the aptamers as the targeting ligands.

Methods: (E+Q)-Lip-Apt was prepared by thin film dispersion method and its optimal formulation was obtained through single-factor
experiments and orthogonal experiments. The pancreatic -cell protecting effect of (E+Q)-Lip-Apt was investigated both in vitro and in vivo.
Results: (E+Q)-Lip-Apt exhibited uniform size, good dispersion, and high encapsulation efficiency (EE) for both Ext-4 and CoQ10. The
in vitro results showed that (E+Q)-Lip-Apt manifested superior capacity in scavenging ROS, enhancing mitochondrial membrane potential,
and reducing malondialdehyde (MDA) content compared to Ext-4 in MING6 cells. In vivo investigations demonstrated that (E+Q)-Lip-Apt
significantly improved glucose tolerance, insulin sensitivity, hepatic lipid metabolism, oxidative stress, and enhanced antioxidant enzyme
activity in diabetic mice. Moreover, Hematoxylin-eosin staining (H&E) and Immunohistochemistry (IHC) results indicated that (E+Q)-Lip-
Apt could improve liver and pancreatic lesions, restoring the structure and function of B-cells in diabetic mice.

Conclusion: (E+Q)-Lip-Apt could improve oxidative stress, thereby restoring pancreatic -cell function, and alleviating diabetes.
Keywords: liposomes, type 2 diabetes mellitus, oxidative stress, targeted therapy, reactive oxygen species

Introduction

Diabetes is one of the most common chronic metabolic diseases. According to the International Diabetes Federation
(IDF), it is estimated that by 2030, the number of diabetes patients will reach 643 million, and by 2045, the number of
people with diabetes worldwide could reach 783 million." Type 2 diabetes mellitus (T2DM) patients account for 90% of
diabetes patients.>> The annual cost of diabetes treatment globally is high; nevertheless, millions of diabetes patients still
die each year." Therefore, the efficient treatment of T2DM is extremely important for widespread patients.

The preservation and restoration of functional B-cells are crucial to the treatment of T2DM.* Clinical diagnoses have
demonstrated that most T2DM patients have a 70%~90% reduction in B-cells.” Mitochondrial reactive oxygen species (ROS)
are the main source of endogenous ROS, produced in the mitochondrial electron transport chain. Continuous high-glucose
conditions can lead to increased oxygen consumption by mitochondria and mitochondrial dysfunction, oxidative stress
imbalance, excessive accumulation of ROS, progressive dysfunction of pancreatic B-cells, insulin resistance, and the
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Graphical Abstract

diabetic mice

occurrence of various diabetes complications.® Therefore, in addition to promoting insulin secretion, preventing pancreatic p-
cell apoptosis via reducing ROS is also an important strategy for treating T2DM.

Due to the continuous development of insulin resistance and functional destruction of pancreatic B-cells, the
therapeutic effects of insulin or other antidiabetic drugs such as metformin, dipeptidyl peptidase-4 inhibitors (DPP-4),
and GLP-1 receptor agonists (GLP-1 RA) have certain limitations. Long-term use also presents side effects such as
hypoglycemia, weight gain, renal function impairment, gastrointestinal discomfort, and so on.® GLP-1 RA is the first-
line injectable therapy for T2DM. Exenatide-4 (Ext-4) is the first GLP-1 RA drug to be marketed, which can effectively
reduce cardiovascular diseases and promote insulin secretion. However, like other antidiabetic drugs, it cannot prevent
the apoptosis of pancreatic B-cells.” Moreover, the short half-life of Ext-4 is not conducive to its clinical application.
Coenzyme Q10 (CoQ10) has many important functions within cells, playing a key role in the electron transport chain and
electron transfer in mitochondria.” Additionally, as an endogenous antioxidant, studies have shown that the mechanism
by which CoQ10 enhances insulin sensitivity includes the regulation of insulin and adiponectin receptors, tyrosine kinase
(TK), phosphoinositide 3-kinase (PI3K), glucose transport proteins, as well as improving lipid profiles, redox systems,
advanced glycation end-products receptors (SRAGE), and adipokines.'® However, the poor water solubility of CoQ10
limits its application and effectiveness.

Liposomes are orderly arranged single or multilayer vesicles synthesized from phospholipids and cholesterol. The
properties of liposomes are mainly determined by phospholipids'' while cholesterol improves the stability of

liposomes.'?> Compared to other nanomaterials, the composition of liposomes is similar to that of cell membranes,
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which have high biocompatibility and low toxicity.'*'* Meanwhile, liposomes have a unique bilayer structure that can
encapsulate water-soluble drugs in the center of liposomes and encapsulate fat-soluble molecules in the phospholipid
molecular layer. Liposomal drug products have been successfully marketed and applied to different clinical practices.'*'?

Aptamers (Apt) are a new class of single-stranded oligonucleotides with excellent specificity and affinity for target
molecules.'®'® Compared to protein antibodies, Apt has many advantages, such as high specificity, non-immunogenic,
ease of synthesis, and ease of modification.'” ' In recent years, apt-functionalized nano-drug delivery systems have been
widely applied in the research of various diseases.'®** Pancreatic polypeptide is a hormone secreted by polypeptide cells
located around the islets of Langerhans. Research shows that compared to healthy people, T2DM patients have
significantly increased levels of pancreatic polypeptide in their bodies.”> Research has shown that the Apt with the
sequence (5° to 3") CGTGCAATGTCGAATGCATGAGCAAACATGGCGAT binds efficiently to tryptic polypeptides.**

In this study, Ext-4 and CoQ10 were loaded simultaneously in liposomes, and the attachment between aptamers and
liposomes was achieved by modifying the cholesterol at the 5° end of the aptamer.'® In this way, the prepared liposomes
not only improved the stability and half-life of Ext-4, enhanced the water solubility and bioavailability of CoQ10, but
also enabled the liposomes to achieve active targeting delivery to the pancreas under the mediation of aptamers,
facilitating the therapeutic effect of the drugs in the pancreas. Ext-4 could better promote insulin secretion, while
CoQ10 could more effectively achieve antioxidant effects, restoring the function and amount of pancreatic p-cells,
and fundamentally improving diabetes symptoms, thereby providing new treatment directions for T2DM.

Materials and Methods

Materials

CoQ10 and Ext-4 were purchased from Med Chem Express (Guangzhou, China); Phosphatidylcholine (PC), cholesterol (Chol),
and streptozotocin (STZ) were purchased from Aladdin Biochemical Technology (Shanghai, China). Aptamer with the sequence
(5°-3’) Cholesteryl-CGTGCAATGTCGAATGCATGAGCAAACATGGCGAT-FAM (FAM is a fluorescent dye) was purchased
from Sangon Biotech (Shanghai, China). Glycated hemoglobin ELISA kit and Mouse insulin ELISA kit were purchased from
Jiangsu Enzyme Exemption Industry (Jiangsu, China). JC-1 and DCFH-DA kits were purchased from Beyotime Biotechnology
(Shanghai, China), The malondialdehyde (MDA) content test kit, superoxide dismutase (SOD) activity test kit and total
cholesterol (TC) test kit were purchased from Solarbio (Beijing, China). The triglyceride (TG) test kit and low-density
lipoprotein cholesterol (LDL-C) test kit were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Method

Formulation Study of (E+Q)-Lip-Apt

(E+Q)-Lip-Apt was prepared based on CoQ10-Lip. Therefore, the first step in the formulation study of (E+Q)-Lip-Apt
was to investigate the optimal formulation of CoQ10-Lip. The effects of ultrasound time, power, the molar ratio of
phosphatidylcholine to cholesterol (PC: Chol), and the mass ratio of CoQ10 to lipids (CoQ10: lipids) on encapsulation
efficiency (EE) of CoQ10 were Investigated through the single-factor experiment. Then, the optimal formulation of
CoQ10-Lip was obtained through orthogonal design assistant software (II V3.1) and experiments. Finally, based on the
optimal formulation of CoQ10-Lip, an appropriate amount of Ext-4 was added to prepare the optimized (E+Q)-Lip-Apt.

Preparation of (E+Q)-Lip-Apt

The optimized formulation of (E+Q)-Lip-Apt consisted of 60.00 mg PC, 15.22 mg Chol, and 7.52 mg CoQ10, dissolved
in chloroform. The chloroform was then removed by rotary vacuum evaporation, followed by hydration with a PBS
solution of Ext-4. Then, the apt solution was added, and the mixture was sonicated to obtain (E+Q)-Lip-Apt.

Characterization of Liposomes

Size, Polydispersity Index (PDI), and Zeta Potential (ZP)

Liposomes were diluted with water, and the Size, PDI, and ZP were determined using the particle size analyzer
(HORIBA, SZ-100, Japan).
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Encapsulation Efficiency of CoQI10 (EEc.qi0)

The absorbance of the CoQ10 mixture was determined at 275 nm using a UV—vis spectrophotometer (SHIMADZU UV-
26001, Suzhou, China). The free CoQ10 was separated from liposomes by low-speed centrifugation. The upper super-
natant of the liposomes was taken and demulsified to calculate the mass of encapsulated CoQ10. An equal amount of
uncentrifuged liposome solution was taken and demulsified to calculate the total CoQ10. The EE of CoQ10 using Eq. (1):

The mass of encapsulated CoQ10
The mass of total CoQ10

EEcoqio(%) = £ 100 (1)

Encapsulation Efficiency of Ext-4 (EEg,..4)

The BCA kit was used to quantify Ext-4. Ext-4 was separated from liposomes by high-speed centrifugation at 4°C in a 50
kDa ultrafiltration tube. The filtrate from the lower tube was collected to measure the free Ext-4 mass. An equal amount
of uncentrifuged liposome solution was taken and demulsified to measure the total Ext-4 mass. The EE of Ext-4 using

Eq. (2)
Free Ext — 4 mass

EEgxi—4(%) = (1 —
B4 (%) ( Total Ext — 4 mass

) % 100 )

Aptamer Conjugation Efficiency (CE)

The 3’ end of the aptamer was modified with FAM. The free aptamers were separated from liposomes by high-speed
centrifugation using a 50 kDa ultrafiltration tube. The lower filtrate contained free aptamer, while the upper solution
contained Apt-Lip. The fluorescence intensity of the upper solution was measured, which corresponded to the fluores-
cence intensity of the Apt-liposomes. An equal amount of uncentrifuged liposome solution was taken to measure the total
fluorescence intensity. The CE of Apt using Eq: (3)

Fluorescence intensity of Apt — Lip .

CEnpi(%) = 100 3)

Total fluorescence intensity

Morphological Characterization
The (E+Q)-Lip-Apt was placed onto a copper grid and stained. After natural drying, the size and morphology of the
liposomes were observed under a transmission electron microscope (TEM).

In Vitro Study of (E+Q)-Lip-Apt

Cell Culture

Mouse pancreatic B-cells (MIN6) were obtained from the Bowers Type Culture Collection (BTCC, Beijing, China,).
MING cells were cultured in RPMI-1640 with 10% Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin and
cultured at 37 °C in a 5% CO, incubator.

Biocompatibility Analysis
MING cells were plated overnight in a 96-well plate, after which the medium was exchanged for RPMI-1640 medium
containing (E+Q)-Lip-Apt (0.057, 0.285, 0.855, 1.71 uM). After 24 h, cell viability was assessed with a CCK-8 kit.

Cell Viability

MING cells were plated overnight in a 96-well plate, after which the complete medium was removed. Then the control
(CON) group was treated with RPMI-1640 medium, while the other groups were treated with 200 pM Tert-
Butyl Hydroperoxide (TBHP), or with a mixture of 200 uM TBHP and Ext-4 or (E+Q)-Lip-Apt (equal to Ext-4) for
24 h. Cell viability was assessed using CCK-8 kit.

MDA Content Analysis
MING cells were plated in a 10 cm culture dish and cultured with a cell density of 80%. Next, the complete medium was
removed. The CON group was treated with RPMI-1640 medium, while the TBHP group was treated with 200 uM TBHP,
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the Ext-4 group was treated with a mixture of 200 uyM TBHP and 0.285 uM Ext-4, the (E+Q)-Lip-Apt group was treated
with a mixture of 200 uM TBHP and (E+Q)-Lip-Apt (equal to Ext-4). After 24 h, the cells were collected and disrupted
to assess the MDA content using the MDA content detection kit.

Intracellular ROS Analysis

Intracellular ROS levels were evaluated using the DCFH-DA probe. MING cells were plated overnight in a 6-well plate, after
which the complete medium was removed. Cells were washed with PBS and stained for 20 min with DCFH-DA probe. The
excess probe was washed with PBS. Next, the CON group was treated with RPMI-1640 medium, while the other groups
were treated with 200 uM TBHP, or with a mixture of 200 uM TBHP and Ext-4 (0.285 uM) or (E+Q)-Lip-Apt (equal to Ext-
4) for 6 h. A fluorescence microscope was used to image cells (EVOS FL Auto, Life technologies Bothell, USA).

Measurement of Mitochondrial Membrane Potential

MING6 cells were plated overnight in a 6-well plate, after which the complete medium was removed. Next, the CON
group was treated with RPMI-1640 medium, while the other groups were treated with 200 pM TBHP, or with a mixture
of 200 uM TBHP and Ext-4 (0.285 uM) or (E+Q)-Lip-Apt (equal to Ext-4) for 24 h. Next, cells were washed with PBS
and stained for 15 min with JC-1 probe. The excess probe was washed with PBS and cells were then imaged via confocal
laser scanning microscopy (Leica SP8, Germany).

In Vivo Study of (E+Q)-Lip-Apt

Study Design

The SPF-grade male C57BL/6J mice (6 weeks old, approximately 20 g) were purchased from Zhuhai Bestest
Biotechnology (Zhuhai, China) and were housed at the Animal Experiment Center of Guangdong Medical University.
All animal experiments were conducted with the approval of the Animal Ethics Committee of Guangdong Medical
University [Approval No.: GDY2102488], and procedures were performed in accordance with the Chinese Laboratory
animal-guideline for ethical review of animal welfare. Housing conditions were 12 h of light and 12 h of darkness, (25
+2) °C, (55 £ 5) % humidity, and mice were free to access food and water.

After one week of adaptive feeding, mice were randomly divided into a normal control group (CON, n=8) and a high-
fat diet group (HFD, n=30). After 4 weeks of HFD, the HFD mice were intraperitoneally injected with streptozotocin
(STZ, 50 mg/kg, dissolved in 0.1 M sodium citrate buffer) for 5 consecutive days. Seven days after the final injection,
fasting blood glucose (FBG) levels of the mice were measured, and mice with FBG > 11.1 mmol/L were used as T2DM
mice. Next, the diabetic mice were randomly divided into three groups, with 10 mice in each group: T2DM group (DM),
Ext-4 group, and (E+Q)-Lip-Apt group. During the experiment, the mice had free access to water and food. The CON
group was fed a normal diet, while the diabetic mice continued on a high-fat diet. The CON group and DM group
received daily intravenous injections of saline, the Ext-4 group received daily subcutaneous injections of Ext-4 (240 mg/
kg), and the (E+Q)-Lip-Apt group received daily intravenous injections of (E+Q)-Lip-Apt (equal to Ext-4). The treatment
lasted 8 weeks but one diabetic mouse in the DM group was sacrificed during the experiment.

Intraperitoneal Insulin Tolerance Test (IPITT)
After 6 weeks of treatment, mice were fasted for 4 h, intraperitoneally injected with insulin (0.75U/kg), and blood
glucose levels were measured at 0, 30, and 60 min after insulin injection.

Oral Glucose Tolerance Test (OGTT)

After 7 weeks of treatment, mice were fasted for 12 h and then gavaged with glucose solution (2 g/kg). Blood glucose
levels were measured at 0, 30, 60, 90, and 120 min after gavage.

Assessment of TG, TC, LDL-C, MDA Content, and SOD Activity
The ground liver tissue was tested for TG content, total TC content, LDL-C content, and SOD activity. All test
procedures and the calculation of results were carried out exactly, according to the instructions.
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Ex Vivo Imaging

To demonstrate that the liposomes we prepared had excellent specificity and affinity for islets, the mice were anesthetized
and dissected to obtain their liver, heart, pancreas, and kidneys after the experiment, which were imaged by Small
Animal In Vivo Imaging (IVIS Lumina III, PerkinElmer). The average fluorescence intensity was analyzed to determine
the distribution of (E+Q)-Lip-Apt.

Statistical Analysis

All experiments in this study were repeated at least three times, and all data were presented as mean + standard deviation
(SD). Data processing was performed using GraphPad Prism 9.5, and One-way ANOVA was used for data difference
testing, with P < 0.05 as the threshold of significance.

Results
Single-Factor Analysis of CoQ/10-Lip

The film dispersion method was used to prepare liposomes, the results showed that ultrasonic power, ultrasonic time, the
molar ratio of PC to Chol, and the mass ratio of CoQ10 to lipids all had varying degrees of impact on the EE of CoQ10,
with EE ranging from (55.37+0.25) % to (88.09+0.10) % (Table S1~S4). Thus, an orthogonal design was necessary to
provide the best possible combination of these factors.

Orthogonal Design of CoQI0-Lip

The orthogonal design Ly (4°) was used to optimize the formulation (Tables 1 and 2). The results of Intuitive analysis
showed that the main factors affecting EE of CoQ10 were D>B>A>C, and the optimal combination was A;B;C;D5, with
a ratio of PC: Chol (2:1), a ratio of CoQ10: Lipids (10:1), an ultrasound power of 100 W, and an ultrasound time of
15 minutes (Table 2 and Figure 1). (E+Q)-Lip-Apt was prepared based on A;B;C;D; by adding Ext-4.

Characterization of (E+Q)-Lip-Apt

The physical characterization of the five distinct liposomes was summarized in Table 3. The particle size increased after
the variety of encapsulated drugs increased. The size and ZP of (E+Q)-Lip were (107.4 £+ 3.5) nm and (—15.2 + 3.0) mV,
respectively. Moreover, the size and surface charge of the liposomes increased slightly after aptamers modification. The
size of (E+Q)-Lip-Apt was (112.4 + 2.2) nm, and the ZP was (—=16.3 + 1.9) mV. As shown in (Figure 2A), the (E+Q)-Lip-
Apt solution was yellow, clarified, and did not appear to be precipitated within 18 days, and after 18 days the size and ZP
were (137.3+3.0) nm and (—14.8+1.4) mV, which demonstrated the good stability of (E+Q)-Lip-Apt. Subsequently, (E
+Q)-Lip-Apt was further characterized by TEM, and (Figure 2B) demonstrated that it was spherical and homogeneous in
morphology. (Figure 2C and D) showed that the size and ZP of (E+Q)-Lip-Apt exhibited a unimodal distribution, with
EEgxt.4 was (71.59 + 15.86) % and EEcqq10 Was (98.16 £ 0.20) % (Table 3). These results indicated that (E+Q)-Lip-Apt
has uniform size, good dispersion, and stability.

Table | Factor Levels of CoQ10-Lip

Levels | Factors

A: Power (W) | B: Time (min) | C: PC: Chol D: CoQI0: Lipid
(molar ratio) | (WIW)

| 50 5 2:1 1:3
2 75 10 31 1:6.5
3 100 15 4:1 1:10
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Table 2 Orthogonal Experimental Design and Results of

CoQI0-Lip
A B C D EE (%)

| | I | | 44.50
2 | 2 2 2 63.80
3 | 3 3 3 80.64
4 2 | 2 3 82.17
5 2 2 3 | 45.17
6 2 3 I 2 83.10
7 3 | 3 2 66.70
8 3 2 | 3 87.00
9 3 3 2 | 61.82
ki 62.980 | 64.457 | 71.533 | 50.496
ko 70.146 | 65.322 | 69.263 | 71.200
k3 71.840 | 75.187 | 64.169 | 83.270
Ry 8.860 10.73 7.364 32.774
Main Factor D>B>A>C
Recommended | A3;B;C D3

In Vitro Antioxidant Activity of (E+Q)-Lip-Apt

Results in Figure S1 showed that rhodamine B-labeled liposomes could be taken up by MING6 cells. Then the CCK-8
results showed that (E+Q)-Lip-Apt had no significant effect on the cell viability in the concentration range of
0.057-1.71 pM, and the cell viability remained above 90% (Figure 3A). Then, to investigate whether (E+Q)-Lip-Apt
could enhance cell viability under oxidative stress, we induced an in vitro oxidative stress model by treating MING6 cells
with 200 uM TBHP for 24 h. The CCK-8 results showed that the cell viability was significantly reduced in the TBHP
group and could not be improved in the Ext-4 group, but significantly improved in the (E+Q)-Lip-Apt group (P < 0.01 or
P <0.001, Figure 3B), indicating that (E+Q)-Lip-Apt could increase the cell survival rate in the range of 0.057~1.71 pM
in oxidative stress. Importantly, the (E+Q)-Lip-Apt exhibited the best protective effect in the concentration of 0.285 pM
(Figure 3B), so this concentration was used to explore further the in vitro anti-oxidative stress effect of (E+Q)-Lip-Apt.
Under oxidative stress conditions, intracellular MDA levels are elevated. Compared with the control group, the MDA
levels in the TBHP group were significantly elevated and significantly decreased in the Ext-4 group and (E+Q)-Lip-Apt
group (P < 0.001, Figure 3C). Importantly, the MDA levels in the (E+Q)-Lip-Apt group were significantly lower than
those in the Ext-4 group (P < 0.05, Figure 3C), suggesting that (E+Q)-Lip-Apt was more effective in reducing

90
85
80 F
75 F
g7 F -// ‘\\
Hes |
60
55 F
50
45 . . . . d
50 75 100 5 10 15 2: 1 3:1 41 1:10 1: 65 13
Power/W Time/min PC:Chlo/Moles ratio CoQ10:Lipid/ W:W

Figure | Trend chart of factor levels in CoQI0-Lip.
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Table 3 Characterization of (E+Q)-Lip-Apt (n=3) (X £ s)

Size(nm) | Zeta potential (mV) | PDI EE% (Ext-4) | EE% (CoQI10) | CE% (Apt)
CoQI0-Lip 92.7+1.2 —16.6£3.9 0.148+0.148 | — — —
(E+Q)-Lip 107.4£35 | —15.2£3.0 0.209+0.034 | — — —
(E+Q)-Lip-Apt-1 d 1124422 | —16.3%1.9 0.210+0.055 | 71.59£15.86 | 98.16+0.20 84.18x6.14
(E+Q)-Lip-Apt-7 d 124.1£2.5 | —13.4£1.3 0.159+0.064 | — — —
(E+Q)-Lip-Apt-18 d | 137.3£3.0 | —14.8x1.4 0.269+0.137 | — — —

Abbreviations: Apt, aptamers; Ext-4, exenatide-4; CoQI0, coenzyme Q10; (Q+E)-Lip-Apt, aptamer-functionalized co-loading Ext-4 and CoQI0
liposomes; EE, encapsulation efficiency; CE, aptamer conjugation efficiency; PC, phosphatidylcholine; Chol, cholesterol; PC: Chol, the molar ratio of
PC to Chol; CoQI0: lipids, the mass ratio of CoQI0 to lipids.

intracellular lipid oxidation levels when cells undergo oxidative stress. Furthermore, to investigate whether (E+Q)-Lip-
Apt achieved its protective effect by scavenging intracellular ROS, DCFH-DA probe was applied to assess the
intracellular ROS levels. As shown in (Figure 3D), following 200 uM TBHP treatment for 6 h, the green fluorescence
enhancement in the TBHP group, while exposure of MING6 cells to Ext-4 in the presence of TBHP could not decrease the
enhanced green fluorescence. A significant reduction in the green fluorescence signal was noted in the (E+Q)-Lip-Apt
group, indicating that intracellular ROS was cleared by (E+Q)-Lip-Apt, and the ROS level was significantly decreased.
These results suggested that (E+Q)-Lip-Apt may improve oxidative stress and restore cell viability by scavenging ROS.

High glucose levels would increase ROS levels and oxidative damage to mitochondria. The mitochondrial membrane
potential is one of the functional indicators of mitochondria.”> Thus, the mitochondrial function of MING6 cells was
further investigated. As shown in (Figure 3E), JC-1 existed in the mitochondrial matrix as a polymeric form in normal
cells, and obvious red fluorescence could be observed. After treatment with 200 uM TBHP for 24 h, the red fluorescence

A
- S J’
—
30
C D
204
254
15 4 204
8 &
[T} 73
. < @,
3 15 =
S 2 9
10 H [T} N
104
5
54
0- T T T 0-
-200 —150 —100 50 0 50 100 150 100 1000

Zeta potential(mV) Size(nm)

Figure 2 Characterization of (E+Q)-Lip-Apt (A) Appearance on day |, 7, and 18 of preparation; (B) TEM morphology, scale bar: 400 nm; (C) Size distribution on the
first day; (D) ZP distribution on the first day.
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of cells in the TBHP group significantly decreased, while the green fluorescence significantly increased, which indicated
that the mitochondrial membrane potential significantly decreased and mitochondrial dysfunction. The Ext-4 treatment
group could not improve the decreased mitochondrial membrane potential. While, distinct green fluorescence could not
be detected in the (E+Q)-Lip-Apt group, suggesting recovery of mitochondrial function.

In Vivo Targeting Analysis of (E+Q)-Lip-Apt

To assess the pancreatic targeting ability of (E+Q)-Lip-Apt, the internal organs of mice undergoing (E+Q)-Lip-Apt
treatment were imaged using Small Animal In Vivo Imaging System. Figure 4 showed the organs’ representative
fluorescence images and the quantitative comparison results of average fluorescence intensity. These results indicated
that (E+Q)-Lip-Apt was primarily concentrated in the pancreas, suggesting that (E+Q)-Lip-Apt had a high affinity for the
pancreas and exhibited good pancreatic targeting ability.

Anti-T2DM Effects of (E+Q)-Lip-Apt

FBG was first conducted to assess the effect of (E+Q)-Lip-Apt in T2DM mice. As shown in (Figure 5A), the FBG of
T2DM mice was significantly higher, and decreased significantly under the treatment of Ext-4 and (E+Q)-Lip-Apt.
Subsequently, the effect of (E+Q)-Lip-Apt on the improvement of glucose tolerance in T2DM mice was further analyzed
by OGTT. The results in (Figure 5B) showed that the blood glucose of mice in the CON group slightly increased and then
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recovered to the normal value, which indicated that the mice exhibited a normal glucose tolerance capacity. The blood
glucose levels of mice in the T2DM group were significantly higher than those in other groups at all time points,
suggesting seriously impaired glucose tolerance in T2DM mice. Compared with the Ext-4 group, the blood glucose
values of the (E+Q)-Lip-Apt group were lower, and these results were consistent with the AUC results of the OGTT in
(Figure 5C), which indicated that both Ext-4 and (E+Q)-Lip-Apt improved glucose tolerance in T2DM mice, but the
improvement effect of (E+Q)-Lip-Apt was more obvious.

Subsequently, the therapeutic effect of (E+Q)-Lip-Apt on insulin resistance was also analyzed by IPITT. The results
showed that mice in the control group were sensitive to insulin, and their blood glucose decreased significantly after
insulin injection. The blood glucose in the DM group was higher than the normal value at 60 min after insulin injection,
which indicated that insulin resistance had occurred. Treatment with Ext-4 and (E+Q)-Lip-Apt could obviously improve
insulin resistance of T2DM mice, with their blood glucose progressively declining and approaching the normal value
(Figure 5D). Results in (Figure SE) showed that in comparison with the control group, HOMA-IR levels were
significantly elevated in T2DM mice (P < 0.001). Treatment with Ext-4 or (E+Q)-Lip-Apt significantly decreased the
HOMA-IR level (P < 0.001), and it was noteworthy that the HOMA-IR in the (E+Q)-Lip-Apt group was significantly
lower than that in the Ext-4 group (P < 0.05).

Studies have shown that serum insulin levels in T2DM mice often appear elevated due to the development of insulin
resistance and compensatory secretion of insulin.® As shown in (Figure 5F), the serum insulin levels were significantly
increased in T2DM mice (P < 0.01) but significantly decreased to near normal levels after treatment with Ext-4 or (E+Q)-
Lip-Apt (P < 0.05 or P < 0.001). Besides, compared to the Ext-4 group, the serum insulin levels in the (E+Q)-Lip-Apt
group were lower (P < 0.05), indicating that (E+Q)-Lip-Apt had a more significant effect on improving insulin resistance
and compensatory insulin secretion.

The detection of glycosylated hemoglobin (HbAlc) represents a simplistic yet dependable approach to the diagnosis
of diabetes, and it has already been employed clinically as a diagnostic guideline. As shown in (Figure 5G), HbAlc
levels were significantly increased in T2DM mice (P < 0.01) and reduced after treatment with Ext-4 or (E+Q)-Lip-Apt
(P <0.05 or P <0.001). Notably, (E+Q)-Lip-Apt was more effective than Ext-4 in reducing HbAlc levels (P < 0.01). All
these data demonstrated that compared to Ext-4, (E+Q)-Lip-Apt possessed a better therapeutic effect in the treatment of
T2DM mice.
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Improvement Effect of (E+Q)-Lip-Apt on the Structure and Function of the Liver and

Pancreas

The liver is one of the target organs of insulin, and the regulation of blood glucose by the liver depends on the blood
insulin level and the sensitivity to insulin. Insulin resistance is closely related to abnormalities in liver lipid metabolism.®
The levels of TG, TC, and LDL-C were significantly elevated in the DM group (P < 0.001), indicating lipid metabolism
abnormalities in T2DM mice and lipid accumulation in the liver. After treatment with Ext-4 and (E+Q)-Lip-Apt, the
levels of TG, TC, and LDL-C in diabetic mice were significantly reduced (P < 0.001). It was worth noting that,
regardless of the ability to clear TG, TC, or LDL-C from the liver, (E+Q)-Lip-Apt significantly outperformed Ext-4 (P <
0.05 or P <0.001) (Figure 6A—C). To investigate whether the effect of lipid clearance was related to the improvement of
(E+Q)-Lip-Apt on hepatic oxidative stress, liver MDA content and SOD activity were further measured. The results
showed that the liver MDA levels in T2DM mice were significantly higher than those in normal mice (P < 0.05). Ext-4
could not improve the elevated liver MDA, but (E+Q)-Lip-Apt could significantly reduce liver MDA levels (P < 0.01)
(Figure 6D). SOD is an important antioxidant enzyme. Compared to normal mice, the SOD activity in T2DM mice was
impaired (P < 0.01). Although Ext-4 treatment could improve FBG and insulin resistance in T2DM, it could not restore
the impaired SOD activity. Notably, in addition to enhancing the FBG and insulin resistance, (E+Q)-Lip-Apt could also
significantly increase the SOD activity in the liver of T2DN mice (P < 0.01) (Figure 6E). The above results indicated that
(E+Q)-Lip-Apt may enhance the liver’s lipid metabolism capacity by improving hepatic oxidative stress.

Subsequently, the pathological changes in the mouse liver were assessed via Hematoxylin-eosin (H&E) staining
(Figure 6F). In normal mice, liver cells were arranged in a single-row structure centered around the central vein. In the
DM group, liver cells were disordered, with significant infiltration of inflammatory cells, the appearance of round vacuoles
of varying sizes and high tension within the cells, the cell nucleus pushed to one side, and obvious fatty degeneration. In the
Ext-4 group and (E+Q)-Lip-Apt group, the inflammatory cell infiltration and the intercellular vacuoles were reduced, and
the arrangement tended to be neat. The improvement effect of (E+Q)-Lip-Apt was more noticeable.

Thereafter, the pancreatic H&E and insulin Immunohistochemistry (IHC) staining were carried out to assess pancreatic
function. The results (Figure 6G) showed that the pancreatic islets of normal mice were spherical cell clusters, the B-cells in the
islets were tightly arranged, the inter-cellular capillaries were abundant, and the IHC staining area was relatively large and the
color was clear (Figure 6H). However, in T2DM mice, the number of pancreatic islets was reduced, the size became smaller,
the arrangement of pancreatic islet B-cells was unclear, and the cells were necrotic. Meanwhile, the IHC staining area of
pancreatic islets in T2DM mice was smaller and the color became unclear distinctly. Ext-4 and (E+Q)-Lip-Apt could improve
these lesions, and the islets of the T2DM mice treated with (E+Q)-Lip-Apt were normalized, the number and the size of islets
increased significantly. Moreover, the IHC results demonstrated that (E+Q)-Lip-Apt exhibited a superior improvement in the
pancreatic islet, with the area and quantity of insulin-positive B cells increasing significantly. All these data demonstrated that
(E+Q)-Lip-Apt manifested a superior therapeutic efficacy in restoring the liver and pancreas damages induced by oxidative
stress and maintaining the functions of liver and pancreatic -cells in T2DM mice.

Discussion

As early as 1982, oxidative stress had been discovered in laboratory diabetes.> Oxidative stress refers to the excessive
production and/or reduced clearance of reactive molecules such as ROS and reactive nitrogen species (RNS), which
disturbs the balance between ROS production and antioxidant defense function in the body.?® In a high-glucose state, -
cells are particularly susceptible to attack by ROS, and their regenerative potential is extremely limited.® Oxidative
stress-mediated pathophysiological mechanisms such as autoimmune reaction, inflammation, insulin resistance, hyper-
glycemia/glucotoxicity, and lipotoxicity, typically occur in diabetic conditions. These pathophysiological processes will
lead to various types of P cell death, such as apoptosis, necrosis, necroptosis, ferroptosis, and autophagy,® which is
extremely detrimental to diabetic patients. Moreover, oxidative stress can also lead to reduced antioxidant enzyme
activity,27 mitochondrial dysfunction,28 reduced insulin secretion, and insulin resistance.’ Besides, many researches have
indicated that oxidative stress is also involved in the mechanisms of various diabetic complications, such as diabetic
retinopathy,”® endothelial dysfunction,” diabetic nephropathy,® and so on. Existing antidiabetic drugs mainly exert their
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effects by promoting insulin secretion, reducing hepatic gluconeogenesis, increasing peripheral glucose uptake, or
delaying intestinal glucose absorption. However, it does not fundamentally solve the problem, as a significant number
of diabetic patients still cannot control their blood glucose levels and endure many adverse reactions, such as weight
gain, allergic reactions and even life-threatening hypoglycemia.***' Most importantly, the aforesaid therapy cannot
restore the dysfunction of B-cells and maintain their amount.*® Therefore, improving oxidative stress and thereby
ensuring the survival and function of pancreatic B-cells may be key to the treatment of diabetes and its complications.
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Dietary antioxidants were commonly used in clinical practice, such as CoQ10.> However, they exhibited restricted
therapeutic efficacy owing to their inferior water solubility, poor stability, poor gastrointestinal absorption, and subeffective
concentration in the target tissue.”*** Therefore, our study established a novel antioxidant system based on liposomes to
achieve targeted antioxidation and ensure the efficacy of antioxidants. The optimal composition and physical characterization
of (E+Q)-Lip-Apt were investigated in this study. The results showed that (E+Q)-Lip-Apt was successfully constructed with
high loading efficacy, uniform size and shape, and a diameter of approximately 110 nm.

Our results showed that TBHP-induced oxidative stress resulted in reduced survival, diminished antioxidant capacity,
and decreased mitochondrial membrane potential in MING6 cells. We assumed that (E+Q)-Lip-Apt improved damaged -
cells through antioxidant effects. The results indicated that Ext-4 could not scavenge intracellular ROS and also failed to
enhance the viability of MING6 cells. However, after treatment with (E+Q)-Lip-Apt, MING6 cells exhibited decreased
levels of intracellular ROS and MDA, increased mitochondrial membrane potential, and enhanced cell viability more
effectively. It indicated that oxidative stress impaired B-cells, leading to -cell death, and (E+Q)-Lip-Apt protected MIN6
cells through their antioxidant effects.

Targeted drug delivery can elevate the drug concentration in the requisite area, and thereby enhance the therapeutic
efficacy. The (E+Q)-Lip-Apt we constructed with active target capacity to the pancreas via binding to the aptamers of
pancreatic polypeptide. The in vitro imaging results showed that compared to other organs, the pancreas exhibited
significant fluorescence, indicating that (E+Q)-Lip-Apt displayed a strong affinity for the pancreas and could achieve
active targeting antioxidation. Moreover, it indicated that the aptamers of pancreatic polypeptide could achieve an ideal
targeting capability in the treatment of T2DM for antioxidation.

The therapeutic effects of (E+Q)-Lip-Apt on the functionality and mass of B cells were also validated in vivo. The T2DM
mice we constructed exhibited typical diabetic symptoms during the experiment, with elevated FBG levels, significantly reduced

glucose tolerance, and decreased insulin sensitivity,>>*

along with elevated liver MDA levels, reduced SOD activity, and obvious
liver lesions. It indicated that oxidative stress has occurred in diabetic mice. The application of (E+Q)-Lip-Apt was capable of
reversing these alterations in T2DM mice. Additionally, it was worth noting that the H&E and IHC results showed significant
pathological changes occurring in the diabetic pancreas, with damage to the structure and function of the islet f-cells. Similarly,
we assumed that (E+Q)-Lip-Apt could improve damaged B-cells through antioxidant effects in vivo. It could be seen that,
although Ext-4 had good anti-diabetic effects, it could not improve the function of damaged pancreatic B-cells. In contrast, (E
+Q)-Lip-Apt not only exhibited more pronounced anti-glycemic effects but also reduced MDA levels and enhanced SOD
activity. Compared to Ext-4, (E+Q)-Lip-Apt could more prominently improve the pancreatic lesions, specifically manifested by
an increase in the number and area of islets, a shape closer to a spherical form, and clearer, bigger staining areas in IHC, indicating
the structure and function of pancreatic f-cells have been restored. These results confirmed that oxidative stress was closely
related to the structure and function of pancreatic B-cells. In the report of Deng et al, the protective effects of antioxidants on -
cells have also been confirmed.® (E+Q)-Lip-Apt facilitated the accumulation of Ext-4 and CoQ10 in the pancreas, achieving anti-
glycemic and antioxidant effects, reducing oxidative stress, and restoring the function of pancreatic -cells. Hence, the strategy of
antioxidant stress exhibited great potential in the treatment of B-cell death and diabetes.

Conclusion

In summary, a dual-drug-loaded liposome with pancreatic targeting capacity was successfully constructed. (E+Q)-Lip-
Apt possessed excellent characteristics as a nano drug carrier, with good dispersion and stability, and high drug
encapsulation efficiency. The antioxidant activity effects bestowed by CoQ10 endued (E+Q)-Lip-Apt with a superior
protective effect on the structure and function of pancreatic B-cells. Therefore, targeted antioxidant strategies are
expected to become a new direction for diabetes treatment.

Abbreviations

Apt, aptamers; Ext-4, exenatide-4; CoQ10, coenzyme Q10; (Q+E)-Lip-Apt, aptamer-functionalized co-loading Ext-4 and
CoQ10 liposomes; EE, encapsulation efficiency; CE, aptamer conjugation efficiency; PC, phosphatidylcholine; Chol,
cholesterol; PC: Chol, the molar ratio of PC to Chol; CoQ10: lipids, the mass ratio of CoQ10 to lipids; TBHP, Tert-
Butyl Hydroperoxide; ROS, reactive oxygen species; FBG, fasting blood glucose.
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