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ARTICLE INFO ABSTRACT

Keywords: The increased prevalence of obesity is recognized as a serious public health problem affecting millions of people.
Bioactive biomaterials Although some anti-obesity drugs are currently licensed for use, these drugs involve diverse side effects such as
Polycitrate

diarrhea, vomiting, and low efficiency. Here we developed a safe and efficient biomaterials-based anti-obesity
nanosystem (PCG-EPL/miR33agonist), which was formed with poly (citric acid)-glycerol-polylysine (PCG-EPL)
and miR33 agonist by self-assembly. The PCG-EPL could efficiently load, protect and deliver the miR33 agonist
into the adipocytes and decreased the obesity-related IL-1p expression in adipocytes in vitro. The high-fat diet
induced obese rat model experiment showed that the PCG-EPL/miR33agonist via caudal vein injection effectively
reduced the body weight by enhancing lipid metabolism and decreasing the inflammatory factors expressions (IL-
1P, TNF-a and IL-6) in vivo, without suppressing the appetite of rat. Compared with the obese mice, mice in PCG-
EPL/miR33 had higher average food intake but lower energy conversion rate. PCG-EPL/miR33agonist signifi-
cantly inhibited the growth of adipocytes. Noteworthy, this weight loss strategy is not only safe and efficient, but
also does not need diet control. Thus, PCG-EPL may serve as an ideal platform for RNA drug delivery in anti-

miRNA delivery
Obesity therapy

obesity therapy, especially for those who need to lose weight but unable to autonomously control their diet.

1. Introduction

The increased prevalence of obesity is now considered to be as one of
the most serious public health problems affecting millions of people
[1,2]. The obesity usually results from a positive imbalance of energy
metabolism, which occurs when the amount of energy ingested exceeds
the amount expended [3]. Obesity is also closely linked to the incidence
of metabolic syndromes such as cardiovascular disease, type-2 diabetes,
hypertension, nonalcoholic fatty liver disease, dyslipidemia, athero-
sclerosis and acute myocardial infarction [4]. Compared with surgical
weight loss, the anti-obesity pharmacotherapy is a potentially important
adjunctive treatment to improve the life quality of patients due to its
ease of use, low cost, and high patient compliance. Although some anti-
obesity drugs such as sibutramine and rimonabant are currently licensed
for long-term use, these drugs involve diverse side effects such as

diarrhea, vomiting, and low efficiency [1]. Therefore, the development
of safe and efficient anti-obesity drug can not only improve the quality of
life of obese patients, but also help prevent the disease progression into
other chronic diseases.

Gene drugs such as miRNAs play important roles the in metabolic
organs such as liver and adipose tissue. Gene medicine has advantages in
medical application due to its strong targeting and small side effects [5].
Regulatory miRNAs have also emerged as important modulators for fat
metabolism [6]. Previous studies have shown that miR33 is closely
related to obesity [6-8]. Genetic ablation of miR33 increases the food
intake/adipose tissue expansion, and promotes insulin resistance/
obesity [8]. By regulating the expression of leptin, insulin and lipopro-
tein, miR33 can control the lipid metabolism [6-10]. Therefore, we
hypothesize that regulating miR33 expression may be a potential
breakthrough for obesity therapy. Gene therapy has become an
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attractive method to restore tissue functions and diseases treatment
[11]. How to effectively and safely transfer therapeutic genes such as
miRNA or siRNA into target cells or tissues was a major obstacle for
successful application of gene therapy. Due to the versatility,
biomaterials-based nanotechnology has exhibited promising application
in gene therapy for disease treatment [12-14]. Compared with con-
ventional viral vehicle, biomaterials mediated drug delivery systems
have been widely used in the treatment of obesity or cancer [15-17].
Among them, polymer biomaterials-based vehicles could effectively
load drugs/or genes and increase their efficiency. Therefore, the poly-
mer biomaterials-based nanosystem could be potentially used for
obesity therapy by the targeted miRNA delivery.

Conventional polymer biomaterials gene vehicles such as dendrimer,
micelles and poly (beta-amino ester) exhibited various disadvantages
including cytotoxicity and non-biodegradable (dendrimers and mi-
celles) and limited tissue penetration and controlled release of cargo
release (poly-beta-amino ester) [18-20]. Polycitrate (PC)-based poly-
mers (PCBP) have been investigated extensively in biomedicine because
of the low cost and high biocompatibility/biodegradation [21]. How-
ever, PCBP-based biomaterials are hydrophobic and have no capacity to
load and release miRNA for potential application in gene therapy [22].
In our previous study, we synthesized an amphiphilic polycitrate-
polyglycol-polyamine (PCGE) copolymer as the vehicle for gene de-
livery and obtained excellent efficiency in tissue regeneration [23].
However, the polyamine in the structure was still not biodegradable and
had potential cytotoxicity [24,25].

As an anti-microbial polypeptide, epsilon-poly-l-lysine (EPL) is
biodegradable, antibacterial and biocompatible, which has the potential
gene delivery ability [26]. Therefore, it is reasonable and promising to
develop the safe and efficient PCG/EPL-based vehicle to deliver miRNA
for anti-obesity therapy. Herein, we develop the polycitrate-
polyglycerol-EPL (PCG-EPL) co-polymers, and investigate their capac-
ity to deliver miR33 agonist to regulate the function of adipocyte and
treat the high-fat diet induced obesity.

2. Materials and methods
2.1. Synthesis of PCG-EPL

Citric Acid (99%), 1,8-Octanediol (98%) and polyethylene glycol
(PEG) (1 kDa) were used for PCG synthesis according to the previous
report [23]. The PCG-EPL was synthesized using PCG and poly-e-lysine
(EPL) under catalytic reaction of 1-(3-Dimethylaminopropyl)-3-ethyl-
carbodiimide (EDC, 99%) and N-Hydroxysuccinimide (NHS, 98%) in a
buffer solution (pH 5-6). Briefly, the carboxyl groups of PCG were
activated by EDC for 30 min, and reacted with EPL at the room tem-
perature for 24 h. The PCG prepolymer and PCG-EPL was dialyzed by the
dialysis tube for 2 d (MWCO 3500), followed by freeze-drying. The
physicochemical structure of PCG-EPL polymer was analyzed by 'H
nuclear magnetic resonance (1H NMR) (Ascend 400 MHz, Bruker) and
the Fourier transformation infrared (FT-IR) instrument (NICOLET 6700,
Thermo). All chemical reagents were purchased from Sigma-Aldrich.

2.2. Preparation and characterization of PCG-EPL/miRNA complexes

In order to find the best combination ratio of PCG-EPL and miRNA,
miRNA33 agomir (RiboBio, China) and PCG-EPL with different ratios
was mixed and incubated at 37 °C for 30 min to obtain self-assembled
PCG-EPL/miRNA. The miRNA binding ability, release and stability
from PCG-EPL were measured using the agarose gel retardation assay.
For miRNA binding ability detection, we blended 1 pL. miRNA (20 puM)
with different doses of PCG-EPL (10 pg/uL) (0, 0.25,0.5,1, 2, 4, 6, 8, 10,
20 pL). The binding ratio of miRNA to PCG-EPL was detected using
agarose gel assay.

The stability of PCG-EPL/miRNA was analyzed by the heparin so-
dium [21]. The complexes solution with v/v ratio of 4:1 (PCG-EPL/
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miRNA was assembled with 4 uL. PCG-EPL and 1 uL 20 uM miRNA) was
cultured with the heparin sodium salt at various concentrations (0, 0.31,
0.63,1.25, 2.5, 5,10 ug/uL) for 1 h at 37 °C. Fetal bovine serum (FBS, cat
No0.10091148, Gibco, New Zealand) solution was used to test the
degradation stability of PCG-EPL/miRNA. The complexes solution (v/v
=4, 4 uL PCG-EPL and 1 pL 20 uM miRNA) was incubated with 5 pL FBS
solution at 37 °C for indicated time intervals (0, 1, 4, 8, 12, 24 h and
nake miRNA at 1 h). Then the mixtures were cultured with heparin
sodium salt (10 pg/pL) for another 1 h at 37 °C. The particle size/zeta
potential of PCG-EPL/miRNA was tested through the dynamic light
scattering (Zetasizer, Malvern Instruments). The particle morphology of
PCG-EPL/miRNA complexes was determined by the transmission elec-
tron microscopy (TEM) (H-8000, Hitachi).

2.3. Cytotoxicity and gene transfection ability

3T3-L1 pre-adipocytes (ATCC, USA) were employed for the cyto-
toxicity analysis. Cells were cultured in a 96-well plate (7000 cells/well)
in a high glucose Dulbecco’s culture medium (DMEM, HyClone) with
10% FBS (Gibco) (37 °C, 5% CO,). After 24 h, culture medium was
replaced by DMEM containing 10% FBS and different concentrations of
PCG-EPL (0, 5, 10, 20, 50, 100, 125 and 150 ug/mL). Subsequently, the
cell viability was investigated using CCK-8 assay (cat No. C0038,
Beyotime, China) by determining the fluorescent intensity with a
microplate reader (Thermo Fisher) at 450/630 nm (excitation/emission)
after 24 h incubation. The cytotoxicity of PCG-EPL (50 ug/mL) on 3T3-
L1 was detected at different time points (0, 4, 8, 12, 24, 48 h). And cell
uptake ability of PCG-EPL/miRNA was evaluated both in 293T and 3T3-
L1 cells. The formulated PCG-EPL/cy3miRNA (miRNA:20 nM, PCG-
EPL:40 ug/mL) was added into the 293T or 3T3-L1 pre-adipocytes cul-
ture medium (10% FBS in DMEM and 1% penicillin streptomycin), and
incubated for 24 h (37 °C, 5% CO5). Photos were collected to verify the
cell uptake ability of PCG-EPL/miRNA by using commercial transfection
agent Lipofectamine2000 (Lipo2000, Thermo) as a control.

2.4. Adipocyte cell culture and differentiation

3T3-L1 pre-adipocytes were cultured at 37 °C under 5% CO; in
DMEM medium containing 10% FBS and 1% penicillin streptomycin (cat
No.15140122, Gibco). Differentiation was induced for 2 days by adding
DMEM containing 10% FBS and 1% penicillin streptomycin supple-
mented with 0.5 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma), 1 uM
dexamethasone (Sigma) and 10 pg/mL insulin (Sigma) for 2 days, and
then continued to be cultured in the medium containing 10% FBS, 1%
penicillin streptomycin and 10 pg/mL insulin for another two days. Then
culture medium (DMEM containing 10% FBS and 1% penicillin strep-
tomycin) was changed every two days for 2 times.

2.5. Functional detection of PCG-EPL/miR33 in vitro

The function of PCG-EPL/miR33 was evaluated by RT-qPCR and Oil-
Red O Staining in adipocytes using commercial transfection agent
Lipo2000 as a control. 20 nM of miR33mimic or miR33mimic NC
(miR33mimic negative control) was respectively transfected into adi-
pocytes (induced from 3T3-L1 pre-adipocytes) according to the
following transfection combination strategy: miR33mimic, PCG-EPL/
miR33 mimic NC, Lipo2000/miR33 mimic and PCG-EPL/miR33
mimic (40 pg/mL of PCG-EPL). After 24 h treatment, the gene expres-
sion was detected by real-time PCR method. Primers information was
shown in Table S1. And Oil-Red O Staining was used to detect the lipid
expression. Quantification of oil drop area by ImageJ software (HIH, for
Windows).

2.6. Mice and diets

The male C57BL/6 mice (8 weeks) were obtained from the Animal
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Centre in Xi’an Jiaotong University. All mice experiments were agreed
by the (ACUC) Animal Care and Use Committee in XJTU. After one
week’s acclimation on a normal chow diet, mice were divided into two
groups. One group was fed with normal chow diet and the other group
was fed with high fat diet (HFD, D12492, 60% fat, Research Diets) to
generate obese model mice. Compared with normal chow diet group
(NCD, n = 7), mice with more than 30% weight gain were randomly
divided into HFD-Ctrl and HFD-Exp group (high-fat diet, n = 7). During
the preparation of obese model mice, the mice with weight gain lower
than 10% of NCD group were regarded as the obese-free mice (HFD-L).
These mice were not obese even though they were fed with high-fat diet.
In order to study the obese-free mice, we listed them in a single group
(HFD-L, which was fed high-fat diet in the whole process, n = 7). Mice
were injected with PBS or 10 mg/kg PCG-EPL/miRNA (v/v = 4) through
the tail vein every two days according to the following strategy: 1) NCD
(normal chow diet control) treated with PBS; 2) HFD-L (high fat diet but
obese-free) treated with PCG-EPL/miR33 negative control agomir
(RiboBio, Guangzhou, China); 3) HFD-Ctrl (hight fat diet, control group)
treated with PCG-EPL/miR33 negative control agomir; 4) HFD-Exp
(high fat diet, experimental group) treated with PCG-EPL/miR33 ago-
mir. Both miR33 mimic and miR33 agomir are miRNA33 agonists. The
difference was that miR33 mimic was often used in vitro, while miR33
agomir is used for in vivo study. The blood glucose, body weight and food
intake were recorded from day O to day 21. GTT was tested on day 20 (n
= 3). And serum samples, abdominal fat, liver, spleen and lung were
collected on day 21.

2.7. Glucose tolerance test

After 20 days of administration of anti-obesity materials, three mice
in each group were randomly selected to fast overnight. The blood
glucose level was measured at 0, 15, 30, 60 and 120 min after injected
with 2 g/kg glucose intraperitoneally on day 21 (ACCU-CHECK, Roche
Diagnostics).

2.8. ELISA and RT-PCR assay

On day 21, the enzyme linked immunosorbent assay (ELISA) analysis
was carried out on the serum sample. High density lipoprotein (HDL,
Hengyuan), low density lipoprotein (LDL, Hengyuan), leptin (RD) and
insulin (Alpco) were measured according to the manufacturers’ in-
struction. Three repeats were used and the microplate reader was used
to test the signal (Thermo Fisher). Total RNA was isolated and purified
using RNAiso Plus (TaKaRa) from abdominal fat (WAT, white adipose
tissue) and liver. And cDNA was synthesized using the Transcriptor First
Strand ¢DNA Synthesis Kit (Roche) in accordance with the manufac-
turer’s instructions. Primers information was shown in Table S1.

2.9. Histological analyses

The histological analysis was employed on the samples of abdominal
fat, liver, spleen and lung tissues. Samples were fixed overnight with 4%
paraformaldehyde and dehydrated, paraffin-embedded, cut into 4 pm
serial sections and mounted on slides before H&E and immunofluores-
cence staining. For immunofluorescence staining, the sections were
deparaffinised with xylene and rehydrated by immersion into
decreasing concentrations of ethanol. Tissue sections were placed in
EDTA antigen repair buffer (pH 8.0) for antigen repair in microwave
oven. Nonspecific protein binding was blocked by with 5% bovine serum
albumin (Vetec) for 30 min. Then the samples were respectively incu-
bated with primary antibody (IL-1p, PPAR-y, Leptin, Servicebio and
Adiponectin from Proteintech) and the matched fluorescence labeled
second antibody (Cy3 labeled Goat anti rabbit and FITC labeled Goat
anti mouse). And the samples were washed with PBS for three times after
each step of antibody incubation.
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2.10. Statistical analysis

All statistical experimental results were expressed as means + SD and
treated through a software (Prism version 7, GraphPad Software Inc.).
An unpaired two-tailed Student’s ¢t test and two-way ANOVA (Sidak’s
multiple comparisons test) were used for comparisons between groups.
A P value of < 0.05 was considered statistically significant.

3. Results
3.1. Synthesis and characterization of PCG-EPL copolymer

Scheme 1 describes the synthesis of PCG-EPL and PCG-EPL/miR33,
and the principle of PCG-EPL/miR33 in obesity therapy. PCG-EPL was
synthesized with poly-e-lysine (EPL) and PCG that synthesized with
citric acid, 1,8-octanediol and polyethylene glycol (PEG) (Fig. S1 and
Scheme 1). PCG-EPL polymer was synthesized by two steps of chemical
reaction. Firstly, PCG was synthesized by thermal polymerization of
citric acid, 1,8-octanediol and polyethylene glycol (Fig. S1), and then
PCG-EPL was synthesized by catalytic reaction of PCG and EPL. The
chemical structure of PCG-EPL was determined by H NMR analysis
(Fig. 1A). The multiple peaks between 2.3 and 2.9 ppm were identified
as the methylene (-CHz-) of CA. The peak at 3.6 ppm was attributed to
the methylene (-CH-) of PEG. The multiple peaks between 1.1 and 1.6
were assigned to the methylene (-CH>-) of OD and EPL. The peak at 3.1
ppm was identified as the methylene (-CONH-CH2-) connected to
amido bond of EPL. The peak at 3.3 ppm was belonged to the methine
(-CH-) of EPL. The multiple peaks between 3.9 and 4.3 ppm were
identified as the methylene (-COO-CH2-) connected to the ester bond
of, indicating the successful synthesis of PCG prepolymer. In addition,
the molar ratio of CA, OD, PEG and EPL calculated from'H NMR was
1.00:0.67:0.32:0.18. The chemical structure of PCG-EPL polymer was
further characterized by FTIR analysis (Fig. 1B). The peaks at 3240 cm ™!
and 1560 cm™! were belonged to the amino (-NH-) of EPL. The peak at
1740 cm™! was assigned as the ester bonds (-COO-) of PCG and PCG-
EPL polymer, further indicating the successful synthesis of PCG pre-
polymer. The absorption peak of amido bond (-CONH-) moved from
1670 cm™! to 1648 cm ™! between EPL and PCG-EPL, indicating the
successful synthesis of PCG due to the absorption of amide bond shifted
by further acylation reaction.

3.2. Fabrication and evaluation of PCG-EPL/miR33mimic nanocomplex

The formation and characterizations of PCG-EPL/miR33mimic
nanocomplex are showed in Fig. 2. The miR33mimic binding and
complexes stability evaluation of PCG-EPL at different v/v ratios were
carried out by agarose gel electrophoresis. PCG-EPL could completely
bind miRNA at the v/v ratio of 4 (Fig. 2A-B), suggesting the good gene
binding performance. To detect the release of miR33mimic from PCG-
EPL/miR33mimic nanocomplex, the heparin sodium salt was
employed as a polyanion. The miR33mimic could be highly released
from PCG-EPL when the heparin sodium salt concentration was higher
than 2.5 pg/pL (Fig. 2C-D). The FBS solution was used to assay the
stability of PCG-EPL/miRNA. After different times interval treatment in
FBS, we found that miR33mimic still be protected by PCG-EPL after 24 h
incubation (Fig. 2E-F), but the naked miR33mimic was almost degraded
completely after soaking for 1 h. After mixing PCG-EPL and miR33mi-
mic, the self-assembly spherical nanocomplex with mean size of 220 nm
was formed at the v/v ratio of 4 (Fig. 2G). The average size and zeta
potential of PCG-EPL/miR33mimic are shown in Fig. S2. The pre-
adipocytes (3 T3-L1) were employed to analyze the cytotoxicity of
PCG-EPL. We used different concentrations of PCG-EPL to treat 3 T3-L1
cells to detect the cytotoxicity. And our results showed that PCG-EPL
showed no cytotoxicity at the dose below 50 ug/mL (Fig. 2H). When
the concentration of PCG-EPL was decreased into the 100-150 pg/mL,
the cell viability was about 70%-75% which was significantly low
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Fig. 1. Physicochemical structure evaluation of PCG-EPL polymer. (A) 'H NMR spectra of PCG-EPL polymer. (B) FTIR spectra of EPL, PCG and PCG-EPL polymer.

compared with PCG-EPL groups at low concentrations. Additionally, the
3 T3-L1 cells viability did not show significant decrease after treatment
for different time points (0-48 h) by the PCG-EPL (50 pg/mL) (Fig. 2I).
These results indicated that PCG-EPL was cytotoxic at a certain con-
centration. The cell uptake ability of PCG-EPL/miRNA was tested both
in in 293T and 3T3-L1 cells (Fig. 3). Compared with commercial
transfection reagent Lipo2000 and naked miRNA, PCG-EPL showed the
higher intracellular delivery (red fluorescence) efficiency both in 293T

(Fig. 3A-B) and 3T3-L1 cells (Fig. 3C-D).

3.3. Regulation of gene expression in adipocytes in vitro

Fig. 4 shows the effect of PCG-EPL/miR33 on the lipid and related
genes expression in adipocytes that induced from 3T3-L1 pre-
adipocytes. The commercial gene transfection agent (Lipo2000) was
used as a control. Compared with the control groups (miR33mimic and
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Fig. 2. Preparation and characterizations of PCG-EPL/miR33 nanocomplex. (A-B) Agarose gel electrophoresis results of PCG-EPL/miRNA complexes at various v/v
ratios (0, 0.25, 0.5, 1, 2, 4, 6, 8, 10 and 20), indicating the miRNA binding ability. (C-D) Agarose gel electrophoresis results of PCG-EPL/miRNA with different mass
heparin sodium salt (0, 0.31, 0.63, 1.25, 2.5, 5 and 10 pg/pL), indicating the miRNA release. (E-F) Agarose gel electrophoresis results of PCG-EPL/miRNA with FBS at
different time intervals (0, 1, 4, 8, 12, 24 h and naked miRNA at 1 h), indicating the protecting ability against degradation of enzyme. (G) TEM picture showing the
morphology and size of PCG-EPL/miR33 nanocomplex (v/v = 4). (H) Cytotoxicity of PCG-EPL on 3 T3-L1 cells at different concentrations (All data was compared
with PEG-EPL at 0 pg/mL concentration). (I) Cytotoxicity of PCG-EPL (50 pg/mL) on 3 T3-L1 cells at different time points (All data was compared with cell treatment
at 0 h). Data were expressed as mean + SD. n.s. (no significance). **P < 0.01, ***P < 0.001 (n = 3).

PCG-EPL/miR33mimic negative control), the lipid expression in Lipo/
miR33mimic and PCG-EPL/miR33mimic group was significantly down-
regulated (Fig. 4A-B). The expressions of IL-1f, leptin and PPAR-y were
detected by the real-time PCR method. Compared with the control
groups, the expressions of IL-1f (Fig. 4C) and leptin (Fig. 4D) signifi-
cantly decreased while PPAR-y (Fig. 4E) significantly increased in the
groups treated with miR33 mimic. Additionally, the IL-1f and leptin
genes were significantly down-regulated and the PPAR-y was signifi-
cantly up-regulated in PCG-EPL/miR33mimic group compared with
Lipo2000/miR33 mimic group, which suggests that PCG-EPL may have
higher transfection efficiency of miR33mimic than commercial Lipo
2000.

3.4. Tissue toxicity and gene delivery on fat in vivo

Before analysing the in vivo anti-obesity capacity, we evaluated the in
vivo tissue toxicity of PCG-EPL/miR33agomir nanocomplex. Mice were

injected with PCG-EPL/miR33agomir (10 mg/kg) through the tail vein
every two days for 10 times. Then spleen and lung tissues of mice were
collected for hematoxylin-eosin (H&E) staining (Fig. 5A). And the re-
sults showed that there was no significant difference in tissue integrity
and cell structure. It means that PCG-EPL/miR33agomir has no toxic
effect on main tissues. According to PCG-EPL/miR33 construction
method, we used Cy5 fluorescent labelled RNA to construct PCG-EPL/
Cy5RNA to evaluate the in vivo gene delivery. After intravenous injec-
tion of PEG-EPL/Cy5RNA for 6 h and 8 h, the fluorescence images of
major organs and abdominal fat were detected. The fluorescence signals
could be detected in the abdominal fat (Fig. 5B). The ex vivo semi-
quantitative analysis of fluorescence biodistribution is shown in
Fig. 5C. The result showed that PCG-EPL can deliver RNA drugs to the
abdominal fat after intravenous injection.
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3.5. Obesity therapy and maintained blood glucose balance in vivo

The anti-obesity performance was characterized through investi-
gating the blood glucose, body and tissues weight in high fat diet obese
mice model. The animal experimental time line is shown in Fig. 6A. And
the statistical analysis of body weight in each week was recorded in
Table S2. Compared with HFD-Ctrl (PCG-EPL/miR33agomir NC), the
body weight, abdominal fat (white adipose tissue in the abdominal
cavity of the mouse that near the spine side) and liver weight of mice in
the HFD-Exp (PCG-EPL/miR33agomir) group were reduced (Fig. 6B-D
and 6G-K). But there were no significant differences in the shape and
weight between lung and spleen (Fig. 6E-F and 6L-M). Compared with
body weight changes on day 1 and day 20, we found that PCG-EPL/
miR33agomir significantly reduced body weight (Fig. 6H). Compared
with NCD group, the body weight of mice in obese-free mice group
(HFD-L, which were fed high-fat diet in the whole process) did not in-
crease significantly (Fig. 6H), which indicated that mice in HFD-L group
could effectively control weight gain even if they were fed with high-fat
diet. The average body weight of mice in the HFD-Exp group was
decreased by 16.42% (Fig. 6I). Through the analysis of the weight of
abdominal fat, liver, lung and spleen in mice, the main cause of weight
loss was the decrease of abdominal fat (Fig. 6J-M). The total food intake
in HFD-Exp group was higher than that in other three groups, but the
energy conversion rate was the lowest (Table S3), which suggests that
the effect of PCG-EPL/miR33agomir was not to control appetite, but to
enhance fat metabolism to achieve weight loss.

To directly test the effect of PCG-EPL/miR33agomir on the glucose
tolerance in vivo, three mice in each group were randomly selected to
fast overnight on day 20. Then mice were given acute injection of
glucose followed by an intraperitoneal glucose tolerance test (IPGTT).
The blood glucose level was measured at 0, 15, 30, 60, and 120 min after
injected with 2 g/kg glucose intraperitoneally. The results showed that

PCG-EPL/miR33agomir could maintain blood glucose balance
compared with HFD-Ctrl group (Fig. 6N-O).

3.6. Regulation of fat metabolism in vivo

The changes of morphology and organs weight of mice further arouse
our interest to study the anti-obesity effect of PCG-EPL/miR33agomir in
histological levels. H&E staining of abdominal fat showed that the adi-
pocytes size in the HFD-Ctrl group was much larger than that in the
other three groups (Fig. 7A). According to the statistical results of adi-
pocytes size, PCG-EPL/miR33agomir significantly inhibited adipocytes
growth (Fig. 7B-C). After PCG-EPL/miR33agomir therapy, there was no
significant difference between HFD-Exp group and HFD-L group.

To further assess the effect of obesity-related proteins in adipocytes,
we detected the expression of adiponectin and leptin by double immu-
nofluorescence (Fig. 7D). The adiponectin expression in obese group
(HFD-Ctrl) was lower than that in the anti-obesity therapy group (HFD-
Exp) (Fig. 7E). Compared with HFD-Ctrl, the expression of leptin in HFD-
Exp group was decreased to the same level as that in NCD group
(Fig. 7F). To quantify the obesity-related genes expression at the mRNA
level, we quantified leptin, IL-1f, PPAR-y, fatty acid synthetase (FAS),
TNF-a, IL-6 and IL-10 expression in adipocytes (Fig. 7G and Fig. S3A).
Compared with HFD-Ctrl group, the IL-1p, TNF-a and IL-6 expressions in
HFD-Exp were decreased, while PPAR-y and IL-10 expressions signifi-
cantly increased in adipocytes. The high expressions of leptin and Fas
were observed in adipocytes of obese group. These results indicated that
PCG-EPL/miR33agomir could significantly reduce the expression of
obese related proteins and genes.

3.7. Inflammation regulation in liver and serum

As another important organ, liver plays an important role in lipid
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metabolism. H&E staining showed that there was a large amount of fat
around the hepatocytes in the HFD-Ctrl group, which made the gap
between hepatocytes larger (Fig. 8A). The results of immunofluores-
cence showed that the highest expression of IL-1f and the lowest
expression of PPAR-y were found in the liver tissue of obese group
(Fig. 8B-C). After treatment with PCG-EPL/miR33agomir, the expres-
sions of PPAR-y and IL-10 were increased, while IL-1f, TNF-a and IL-6
expressions related to inflammation were decreased significantly in
liver tissue of HFD-Exp (Fig. 8B-D and Fig. S3B). Those results showed
that PCG-EPL/miR33agomir could effectively down regulate the in-
flammatory response in the liver of obese mice. And our results were
consistent with the previous study that obesity was associated with the
inflammation and chronically elevated IL-1p expression [27].

To determine whether systemic obesity-related proteins secretion in
serum was affected by PCG-EPL/miR33agomir, ELISA analysis was
performed to quantify the serum level of HDL (high-density lipoprotein),

LDL (low-density lipoprotein), leptin and insulin. The expression of
these four proteins (HDL, LDL, leptin and insulin) in obese mice serum
was higher than those in HFD-Exp, NCD control and obese-free (HFD-L)
mice (Fig. 9). These results suggested that PCG-EPL/miR33agomir can
systematically down regulate the expression of lipid metabolism related
proteins through blood circulation.

4. Discussion

In this study, we developed a biocompatible and biodegradable PCG-
EPL polymer for delivering the therapeutic miR33 gene for obesity
therapy. The results showed that PCG-EPL polymer could efficiently
load/release miR33 and protect it against degradation. PCG-EPL/miR33
nanocomplex was safe and nontoxic both in cellular and tissue level in
vitro and in vivo. PCG-EPL could efficiently deliver miR33 into adipo-
cytes and significantly down-regulate the expression of lipid in vitro and
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Fig. 5. Tissue toxicity and gene delivery in vivo after intravenous injection. (A) Mice were injected with 10 mg/kg PCG-EPL or equal volume PBS through the tail vein
every two days for 10 times. Then the lung and spleen of mice were collected for H&E staining. NCD (normal chow diet control) treated with PBS. HFD-L (high fat
diet) treated with PCG-EPL/miR33 negative control agomir. HFD-Ctrl (hight fat diet) treated with PCG-EPL/miRNC negative control agomir. HFD-Exp (high fat diet)
treated with PCG-EPL/miR33 agomir (n = 4). The biodistribution of nanocomplex was detected after intravenous injection of Cy5 labeled PCG-EPL/RNA (2 mg PCG-
EPL with 2 nmol Cy5RNA). (B) Representative ex vivo fluorescence image of major organs and abdominal fat at 6 h and 10 h after intravenous injection of PEG-EPL/
Cy5RNA. (C) Ex vivo semi-quantitative anslysis of fluorescence biodistribution. Fluorescence value in each organ was determined using Living Image software from
PerkinElmer IVIS. Data were expressed as mean + SD (n = 3). **P < 0.01, ***P < 0.001.

in vivo. PCG-EPL/miR33 agonist effectively reduced the high fat diet-
induced body weight by enhancing lipid metabolism and regulating
inflammatory reaction [27].

Diet-induced obesity represents a pre-diabetic state with overweight,
lipid accumulation and inflammation [28]. Therefore, body weight,
lipid metabolism and inflammation protein can be used as reference
factors to evaluate obesity therapy. In this study, the body weight and
abdominal fat weight were reduced after 3 weeks of PCG-EPL/miR33
agomir therapy (Fig. 6). Through the analysis of the weight of abdom-
inal fat, liver, lung and spleen in mice, the main cause of weight loss was
the decrease of abdominal fat (Fig. 6B-M). The total food intake in HFD-
Exp group was higher than that in other three groups, but the energy
conversion rate was the lowest (Table S3). This suggests that the effect of
PCG-EPL/miR33agomir is not to suppress appetite, but to enhance fat
metabolism to achieve weight loss.

As a regulator of inflammatory response, IL-1p plays important roles
in various diseases such as rheumatoid arthritis, inflammatory bowel
diseases and type 1 diabetes, atherosclerosis and type 2 diabetes [29].
Obesity is associated with inflammation and circulating IL-1p concen-
trations were elevated in obesity mice. Elevated concentrations of
glucose and other metabolites drive the production of IL-1p by macro-
phages. Blocking IL-1p with IL-1Ra could improve glycemic control and

B-cell function in diet-induced obesity mice [27]. Peroxisome
proliferators-activated receptor-y (PPAR-y) is a ligand-inducible tran-
scription factor that exerts glucose and lipid metabolism regulation,
anti-inflammatory and anti-oxidant properties [30,31]. Down-
regulation of vascular PPAR-y enhanced inflammation in response to
pro-inflammatory cytokines, resulting in endothelial dysfunction. In
contrast, over expression of vascular PPAR-y was protected against in-
flammatory cytokine IL-1f-induced endothelial dysfunction through
inhibition of oxidative stress [32,33]. And PPAR-y expression and ac-
tivity are down-regulated in the peripheral tissues such as colons or
adipose tissue in high-fat diet induced obesity mice [34]. In this study,
we found that the expression of IL-1p decreased when inhibiting the
lipid expression in adipocytes with PCG-EPL/miR33mimic (Fig. 4C). The
in vivo results also showed that the expressions of IL-1p, TNF-a and IL-6
in liver, abdominal adipose in the PCG-EPL/miR33agomir therapy
group were significantly lower than that in the obese group (Fig. 7G, 8B-
D, and S3). In contrast to IL-1p, PPAR-y and IL-10 were up regulated in
liver and abdominal adipose after PCG-EPL/miR33agomir treatment
(Fig. 7G, 8B-D and S3). These results suggested that the PCG-EPL/miR33
induced downregulation of inflammatory response was probably one of
reasons on efficient obesity therapy.

Leptin is associated in body energy homeostasis, and the fed levels of
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Fig. 6. PCG-EPL/miR33 agomir regulated body weight and circulating blood glucose concentration in HFD-induced obese mice. Mice were injected with 10 mg/kg
PCG-EPL or equal volume PBS through the tail vein every two days for 10 times. (A) Timeline of animal experiment. (B-F) Morphological differences of mice (B),
abdominal fat (C), liver (D), lung (E) and spleen (F) on day 21 (Group NCD, HFD-L, HFD-Ctrl and HFD-Exp from left to right. All scale bar = 1 cm). (G) Body weight
change of mice from day 0 to day 20. (H) Body weight of mice on day 0 and on day 20. (I) Percentage of average weight gains per mouse between day 0 and day 20.
(J-M) Tissues weight of abdominal fat (J), liver (K), lung (L) and spleen (M) on day 21. (N) Serial changes in circulating blood glucose levels in 3 weeks (B-N, n = 7).
(O) IPGTT glucose levels and (P) area under curve (AUC) of glucose levels after intraperitoneal injection of glucose. Glucose tolerance test (GTT) was measured at O,
15, 30, 60, and 120 min after injected with 2 g/kg glucose intraperitoneally (O-P, n = 3). Data were expressed as mean =+ SD. n.s. (no significance). *P < 0.05, **P <
0.01, ***P < 0.001.
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Fig. 7. PCG-EPL/miR33 agomir regulated lipid metabolism in abdominal adipose tissue. On day 21, abdominal adipose tissues were collected for lipid metabolism
analysis. (A) H&E staining of abdominal adipose tissue. (B) Mean size and (C) size distribution of adipocytes (pmz). (D) Double immunofluorescence to detect
adiponectin (green) and leptin (red) expression in adipocytes (nuclear: blue by DAPI). (E-F) Quantification of adiponectin (E) and leptin (F) fluorescence intensity.
(G) Expressions of leptin, IL-1p, PPAR-y and FAS in abdominal adipose. Data were expressed as mean + SD. n.s. (no significance). *P < 0.05, **P < 0.01, ***P < 0.001
(n = 4). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. PCG-EPL/miR33 agomir inhibited the inflammatory response in obese mice liver. On day 21, the liver tissues were collected. (A) H&E staining of liver tissue.
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at the protein level in liver tissue (the nuclear was stained as blue by DAPI). (D) Quantification of PPAR-y and IL-1f fluorescence intensity. Data were expressed as
mean =+ SD. n.s. (no significance). *P < 0.05, **P < 0.01, ***P < 0.001 (n = 4). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

leptin were significantly increased in miR33 deficient mice [8].
Although leptin could enhance the reduction in food intake, the high
consistently levels also could promote the leptin resistance. Leptin is
secreted from adipose tissue and these changes are likely due to the
increased mass of adipose tissue in these animals [35,36]. However,
contrarily to other adipokines, adiponectin was decreased in obesity and
correlated directly with insulin sensitivity [37]. We found that after
treatment with PCG-EPL/miR33agomir, adiponectin in adipose tissue
was slightly higher than that in obese mice (Fig. 7), while the expression
of leptin was significantly inhibited. In addition, circulating high-
density lipoprotein (HDL), low-density lipoprotein (LDL) and insulin
in obesity therapy mice were down regulated compared with obese mice
(Fig. 9). Although inhibition of miR33 could increase circulating HDL
and reduce atherosclerotic plaque burden [38], the increase of HDL was
accompanied by the increase of LDL expression [39]. Compared with the
miR33 deficient mice, the expressions of LDL and HDL were decreased in
miR33 over-expressed mice [39], which was consistent with our results
that LDL and HDL was decreased in HFD-Exp compared with HFD-Ctrl.

In preparation of obese model mice, we found that some mice were
not obese even though they were fed with high-fat diet. In order to study
the obese-free mice, we listed them in a single group (HFD-L, which was
fed high-fat diet in the whole process). As far as we know, this is the first
time to study obese-free mice in anti-obesity therapy studies. Compared
with obese mice, although the average energy conversion rate of obese-
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free mice was higher, the body weight and food intake were significantly
lower (Table S3). And these individuals also performed very well in
maintaining blood glucose stability and glucose tolerance (Fig. 6N-O).
From the perspective of energy conversion, an important way to lose
weight is to control diet. From gene and protein levels, these mice can
better maintain the dynamic balance of pro-inflammatory and anti-
inflammatory reactions than fat prone mice. Low expression of pro-
inflammatory IL-1p and high expression of anti-inflammatory gene
PPAR-y may control the inflammatory response induced by high-fat diet
[27]. Compared with normal chow diet group, even if fed with high-fat
diet, the ability of obese-free mice to maintain lipid metabolism balance
not only benefits from the high expression of HDL, but also from the
relatively low level of LDL (Fig. 9).

There were also some limitations in this work as shown below.
Firstly, although we have found that PCG-EPL/miR33 can reduce weight
without controlling appetite, it is unknown whether this method has any
effect on the hypothalamus and another neurosexual organ and adipose
tissue transformation related to weight loss. Secondly, the safety and the
long-term weight control of this gene therapy need to be verified by
more comprehensive testing. Although lots of miRNA mimics have been
used in many preclinical studies [40-43], it is worth further studying by
increasing the tissue specificity of the drug delivery system.
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Fig. 9. Obesity related proteins expression in mice serum after injection of
PCG-EPL/miR33 agomir for 10 times. (A) HDL, (B) LDL, (C) Leptin, (D) Insulin.
Data were expressed as mean + SD. n.s. (no significance). *P < 0.05, **P <
0.01, ***P < 0.001 (n = 7).

5. Conclusions

In conclusion, we developed a biocompatible and biodegradable
PCG-EPL polymer for delivering the therapeutic miR33 gene for obesity
therapy. The results showed that PCG-EPL polymer could efficiently
load/release miR33 and protect it against degradation. PCG-EPL/miR33
nanocomplex was safe and nontoxic both in cellular and tissue level in
vitro and in vivo. PCG-EPL could efficiently deliver miR33 into adipo-
cytes and significantly down-regulate the expression of lipid in vitro and
in vivo. PCG-EPL/miR33 agonist can effectively reduce the high fat diet-
induced body weight by enhancing lipid metabolism and regulating
inflammatory reaction. This study brings good news to obese patients,
especially for those who are required to lose weight but are unable to
autonomously control their diet.
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