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Liver injury can be caused by various harmful factors since the liver is considered the key organ for detoxifying endogenous and
exogenous substances. Hepatocyte growth factor (HGF) can regulate redox homeostasis through the expression of antioxidant
proteins when the liver is under injury. However, HGF is easily degraded. In this study, we produced three kinds of HGF-loaded
poly(lactic-co-glycolic) acid (PLGA) nanoparticles with an initial addition of 2 μg HGF (NPs-HGF-2 μg), 4 μg HGF (NPs-HGF4 μg), and drug-free nanoparticles (NPs) using the W/O/W emulsion-solvent evaporation method in accordance with our
patent. The morphology and physical characteristics were analyzed, and eﬀects of HGF-loaded PLGA nanoparticles on a
CCl4-induced acute liver injury mouse model were investigated and compared with HGF solutions. We observed that the
morphology and the physical characteristics of the nanoparticles were almost the same, with similar sizes, polydispersity,
and zeta potential. HGF-loaded PLGA nanoparticles maintained higher HGF concentrations for a longer period of time in
blood and liver tissues. HGF-loaded PLGA nanoparticles increased the SOD activity and GPX levels, decreased the MDA
levels in the liver, reduced the necrotic areas of the liver, and decreased the levels of AST, ALT, ALP, T-BIL, BUN, and
Scr in blood. In conclusion, our technique for preparing HGF-loaded PLGA nanoparticles was stable and the products
were of good quality. HGF-loaded PLGA nanoparticles could provide greater therapeutic beneﬁts on CCl4-induced acute
liver injury, including antilipid peroxidation and a reduction in indicator enzymes of liver injury.

1. Introduction
Liver injury is caused by various harmful factors since the
liver is considered the key organ for detoxifying endogenous and exogenous substances [1]. It could be induced
by viruses, drugs, alcohol, and parasites [2]. The incidence
of acute liver injury is increasing because of drug abuse or
overdoses of some medications [3, 4]. Oxidative stress is a
major cause of acute liver injury [5]. The CCl4-induced
acute liver injury mouse model is well established and is
widely used in scientiﬁc research. A single dose of CCl4
can cause the release of free radicals, which can lead to

oxidative stress-induced liver diseases and acute necrosis
of the liver [6, 7].
Hepatocyte growth factor (HGF) is a liver cell mitogen
that plays an important role in liver regeneration and repair
after injury [8, 9]. HGF acts as an antihepatitis agent when
the liver is under injury [10]. It can regulate redox homeostasis through the expression of antioxidant proteins [11, 12],
such as superoxide dismutase (SOD) and glutathione peroxidase (GPX). However, HGF has poor stability in vitro and is
easily degraded by enzymes in vivo [13].
To improve the stability and bioavailability of HGF,
our laboratory recently explored an optimal condition for
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preparing HGF-loaded poly(lactic-co-glycolic) acid (PLGA)
nanoparticles and evaluated its bioactivities [14]. However,
the biological activity of HGF-loaded PLGA nanoparticles
has been veriﬁed only at the cellular level. In the present study,
we prepared three kinds of PLGA nanoparticles with diﬀerent
initial additions of HGF. The morphologies and physical
characteristics were analyzed, and the eﬀects of HGFloaded PLGA nanoparticles on a CCl4-induced acute liver
injury mouse model were further investigated.

2. Materials and Methods
2.1. Cell Culture. Human hepatoma cells (HepG2) were
purchased from ATCC (ATCC HB-8065). HepG2 cells were
maintained in Dulbecco’s modiﬁed Eagle’s medium (DMEM,
Thermo Fisher Scientiﬁc Inc., USA) containing 10% fetal
bovine serum and 1% penicillin/streptomycin solution
(P/S) at 37°C in 5% CO2.
2.2. CCK-8 Assay. HepG2 proliferation was assessed using a
Cell Counting Kit-8 assay (CCK-8 assay; Bimake, USA)
according to the manufacturer’s instructions. A concentration
of 3 × 103 cells was seeded into 96-well culture plates in 100 μl
complete growth medium. The cells were then serum-starved
for 24 h. HGF was added at various concentrations (1, 10, 20,
40, 80, 160, 320, 640, and 1280 ng/ml), and 5 wells were investigated for each concentration. After treatment with HGF for
24, 48, 72, 96, and 120 h, a 10 μl/well Cell Counting Kit-8
(CCK-8) reagent was added and the cells were incubated for
2 h at 37°C until the color changed to orange. The results were
acquired by measuring the absorbance at a wavelength of
450 nm using an ELx800 microplate reader (BioTek Instruments Inc., USA).
2.3. Preparation of HGF-Loaded PLGA Nanoparticles. Empty
nanoparticles were prepared by the double emulsion-solvent
evaporation method, as reported in our previous study.
Twenty-ﬁve milligrams of poly(lactide-co-glycolide) (PLGA,
50 : 50, 24-38 kDa, Thermo Fisher Scientiﬁc Inc.) was dissolved in 750 μl dichloromethane and 250 μl acetone (both
from Guangzhou Chemical Reagent Factory, Guangzhou,
China) as the oil phase (O). Five milligrams of bovine
serum albumin (BSA, GBCBIO Technologies Inc., Guangzhou, China) with 10 mg of mannitol, 5 mg of sucrose, and
5 μl of polyethylene glycol 400 (PEG-400) (all from Guangzhou Chemical Reagent Factory, Guangzhou, China) was
dissolved in 100 μl of water as the water phase (W1). The ﬁrst
emulsion (W1/O) was obtained using an Omni Ruptor 4000
ultrasonic homogenizer (OMNI International, USA) at 70%
power for one minute with a 10% pulse. Then, the ﬁrst emulsion was added into 3 ml of 1% (w/v) poly(vinyl alcohol)

Drug loading =

(PVA, 13-23 kDa, Thermo Fisher Scientiﬁc Inc., USA) (W2)
and sonicated with the previously mentioned parameters to
generate the W1/O/W2 emulsion. Later, the emulsion was
added dropwise to 40 ml of 0.3% (w/v) PVA and stirred at
800 rpm for 4 h at ambient temperature. The nanoparticle suspension was then washed twice in sterile water by centrifugation (Optima XPN-100 ultracentrifuge, Beckman Coulter,
USA) for 20 min at 14000 rpm and 4°C. The preparation of
HFG-loaded nanoparticles was made following the same procedure as the nonloaded particles (NPs) with a dose of 2 μg
and 4 μg HGF (recombinant mouse HGF, R&D Systems)
added into the water phase, respectively. All nanoparticles
were then freeze-dried and lyophilized (Epsilon 1-4 LSCplus,
Christ, Germany) for 24 h and stored at 4°C for further use.
2.4. Characterization of the Nanoparticles
2.4.1. Nanoparticle Morphology. The surface and internal
morphology of the nanoparticles were examined using
transmission electron microscopy (TEM) (H-7650, Hitachi,
Japan). One drop of nanoparticle suspension was placed
directly onto a TEM sample holder coated with 3% phosphotungstic acid solution for 2 min and air-dried for 30 min
before the analysis.
2.4.2. Nanoparticle Size, Polydispersity, and Zeta Potential.
Nanoparticle size, polydispersity, and zeta potential were
analyzed by a zeta potential analyzer (Zetasizer Nano ZS,
Malvern, UK). Approximately 1 ml of nanoparticle suspension was added to the test cells.
2.4.3. The Release Kinetics of the Nanoparticles. A certain
amount of nanoparticles were weighed and placed in the dialysis membrane (Spectrum, USA) and were added into small
glass vials with 5 ml physiological saline. The glass vials were
put into a constant temperature shaker with a temperature of
37°C and a speed of 72 rpm. At 4, 8, 12, 24, 48, 72, 96, 120,
and 168 h, 500 μl solution was taken out and 500 μl fresh
physiological saline was replenished into the glass vials.
Concentrations of HGF were determined by a HGF ELISA
kit (Bioswamp, Wuhan, China), and concentrations of BSA
were measured by a BCA kit (Beyotime Biotechnology,
Shanghai, China) following the manufacturer’s instructions.
2.4.4. The Drug Loading of the Nanoparticles. About 10 mg
nanoparticles were weighted and dissolved in 500 μl dichloromethane. Then, 500 μl distilled water was added to extract
HGF or BSA from the nanoparticles. Extraction liquid was
collected for 3 times. Concentrations of HGF were determined
by a HGF ELISA kit, and concentrations of BSA were measured by a BCA kit following the manufacturer’s instructions:

protein contented in nanoparticles
= concentrations of HGF or BSA ðmg/mlÞ
total amount of nanoparticles
1:5 ml
∗
∗ 100% ðunit : mg BSA or HGF/mg nanoparticle ∗ 100%Þ:
10 mg

ð1Þ
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2.4.5. The Loading Eﬃciency of the Nanoparticles.
protein contented in nanoparticles
initial dose of protein
= total amount of nanoparticles
drug loading
∗ 100%:
∗
initial dose of protein
ð2Þ

Loading efficiency =

2.5. Animal Experiments. Forty-two male C57BL/6 mice aged
6 to 8 weeks and weighing 18-24 g were obtained from the
Southern Medical University Laboratory Animal Center.
The mice were maintained in individual cages on a 12-hour
light and 12-hour dark photoperiod and fed with standard
rodent chow and water. All animal experiments were
performed according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use
Committee (IACUC) at Southern Medical University.
The mice were randomly separated into seven groups
(6 mice/group). Group 1 was a negative control group
(normal). The remaining 6 groups received normal saline
(untreated), empty nanoparticles (NPs), two doses of
HGF solution, and two doses of HGF nanoparticles three
days before they received a single intraperitoneal injection
of 10 ml/kg body weight of 30% CCl4 (carbon tetrachloride,
Shanghai Macklin Biochemical Co. Ltd., Shanghai, China)
suspended in olive oil (Shanghai Macklin Biochemical Co.
Ltd., Shanghai, China). Since the circulating blood volume
accounts for 6% of the body weight of a mouse, a mouse
weighing 18-24 g may have an average blood volume of
1.5 ml [15]. The HGF solution groups were injected with a
dose of 60 ng HGF and 120 ng HGF through the tail vein to
ensure that the mice were administered a blood concentration of 40 ng HGF per milliliter of blood (40 ng/ml HGF)
and 80 ng HGF per milliliter of blood (80 ng/ml HGF),
respectively. The HGF nanoparticle groups (HGF-NPs-2 μg
and HGF-NPs-4 μg groups) were then administered approximately 10 mg of HGF nanoparticles with diﬀerent doses of
HGF that were prepared with our preparation process. The
two doses of HGF nanoparticles could release a total dose
of 60 ng and 120 ng HGF, respectively, until the mice were
sacriﬁced according to our previous study. Mice were sacriﬁced 24 h after acute liver failure was induced. Body weight
and liver weight were analyzed. Liver tissues and blood
samples were collected for subsequent assays.
2.6. Analysis of Biochemical Indicators. HGF levels in the
blood and in the liver tissues were analyzed using a HGF
ELISA kit.
Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (T-BIL), and alkaline phosphatase (ALP) levels were determined using the ALT, AST,
T-BIL, and ALP reagent kits (Changchun Huili Biotech Co.
Ltd., Jilin, China) according to the manufacturer’s instructions. Blood urea nitrogen (BUN) and serum creatinine
(Scr) levels were analyzed using the BUN and Scr reagent kits
(Changchun Huili Biotech Co. Ltd., Jilin, China). Superoxide
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dismutase (SOD), glutathione peroxidase (GPX), and malondialdehyde (MDA) were analyzed using the SOD, GPX, and
MDA standard diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s protocols.
2.7. Histological Examination. Liver tissue samples were ﬁxed
in 4% paraformaldehyde and embedded in paraﬃn after
dehydration with a graded series of ethanol. The tissues
were sectioned at 5 mm, and hematoxylin and eosin
(H&E) staining was performed according to the standard
procedures. All sample sections were observed under a
microscope (Leica, Germany). The diseased regions of each
section were labeled by a pathologist who was not related to
our study from the Department of Pathology of Southern
Medical University, China. The areas of diseased regions
were analyzed using ImageJ software.
2.8. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 7 software. Data are presented as
the mean ± standard error. One-way ANOVA were assessed
for comparisons between groups. A P value of 0.05 was
considered statistically signiﬁcant.

3. Results
3.1. HGF Induced HepG2 Cell Proliferation in a DoseDependent Manner. Cultured HepG2 cells were used to
investigate the eﬀects of HGF on cell proliferation, and
HepG2 proliferation was assessed using a Cell Counting
Kit-8 (CCK-8) assay. The CCK-8 assay results showed that
HGF signiﬁcantly promoted HepG2 cell proliferation at the
doses of 40 and 80 ng/ml during the ﬁve-day incubation with
diﬀerent concentrations of HGF (0, 1, 10, 20, 40, 80, 160, 320,
640, and 1280 ng/ml HGF) (Figure 1(b)). The two doses were
used in the following experiments.
3.2. Formulations and Physical Characteristics of HGFLoaded PLGA Nanoparticles and PLGA Nanoparticles. Three
kinds of nanoparticles were prepared using the double
(W1/O/W2) emulsion-solvent evaporation method with
PVA as the stabilizer in accordance with our patent as follows: drug-free nanoparticles (NPs), nanoparticles with an
initial addition of 2 μg HGF (HGF-NPs-2 μg), and nanoparticles with an initial addition of 4 μg HGF (HGF-NPs-4 μg).
The morphologies of nanoparticles are shown in
Figures 2(a)–2(c). The nanoparticles showed a similar size
and zeta potential with a polydispersity about 0.2 (Table 1),
indicating that the nanoparticles were stable. The nanoparticles of both concentrations of HGF were successfully
prepared in terms of morphology, and the physical characteristics of the nanoparticles were the same as those
reported in our previous study [14]. Drug loading of
the HGF-loaded nanoparticles was about 0:001268 ±
0:000058% and 0:002422 ± 0:000030% (unit: mg HGF/mg
nanoparticle ∗ 100%), respectively (Table 1). The release
curves of the three kinds of nanoparticles were shown in
Figure 2(d). The release performance of the three nanoparticles could be summarized as follows: the initial burst release
stage, the slow release stage, and the gradual plateau stage.
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Figure 1: HGF induced HepG2 cell proliferation in a dose-dependent manner. (a) Optical microscope imaging (×10 and ×20) of the
morphology of HepG2 cells; after 24 h, they were seeded into a 96-well plate. (b) The CCK-8 assay showed that HGF signiﬁcantly
promoted HepG2 proliferation at concentrations of 40 and 80 ng/ml. Data are shown as the mean ± SD. ∗ P < 0:05 versus the control group.

At 72 h, the cumulative release percentages of HGF-NPs-2 μg
and HGF-NPs-4 μg were 55:3 ± 0:8% and 52:8 ± 0:3%,
respectively. Approximately 60 ng HGF and 120 ng HGF
could be released from 10 mg of the two kinds of HGFloaded PLGA nanoparticles at 72 h.

3.3. HGF-Loaded PLGA Nanoparticles Maintained Higher
HGF Concentrations for a Longer Period of Time in the
Blood and Liver Tissues. Since the circulating blood volume
accounts for 6% of the body weight of a mouse, a mouse
weighing 18-24 g may have an average blood volume of
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Figure 2: Continued.
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Figure 2: The morphology and physical characteristics of HGF-loaded PLGA nanoparticles. (a–c) Transmission electron microscopy images
of HGF-loaded PLGA nanoparticles (NPs, HGF-2 μg-NPs, and HGF-4 μg-NPs) and their corresponding histograms of size data provided by
DLS. (d) The release curves of the three kinds of nanoparticles.

Table 1: Properties of the nanoparticles (mean ± SD, n = 3).
NPs

HGF-NPs-2 μg

HGF-NPs-4 μg

Size by intensity (nm)

187:50 ± 3:15

193:03 ± 3:39

193:23 ± 4:24

Polydispersity

0:194 ± 0:012

0:228 ± 0:004

0:251 ± 0:014

Zeta potential (mV)

‐43:13 ± 1:27

‐47:47 ± 0:31

‐47:23 ± 0:57

Drug loading (%)

4:13 ± 0:44∗

0:001268±0:000095∗∗

0:002422±0:000052∗∗

Loading eﬃciency (%)

15:27 ± 1:22

11:78 ± 1:34

11:79 ± 0:35

The 3 measurements of the samples come from 3 diﬀerent samples, which showed that our procedure and nanoparticle quality are stable. Size by intensity,
polydispersity, and zeta potential are measured by a zeta potential analyzer. Drug loading is calculated by drug loading = protein contented in nanoparticles/
total amount of nanoparticles ðunit : ∗ mg BSA/mg nanoparticle ∗ 100%; ∗∗ mg HGF/mg nanoparticle ∗ 100%Þ. Loading eﬃciency is calculated by loading
efficiency = total amount of nanoparticles ∗ drug loading/initial dose of protein ∗ 100%.

1.5 ml [15]. From the previous results, we found that 40 and
80 ng/ml HGF could signiﬁcantly promote HepG2 cell
proliferation and 60 ng HGF and 120 ng HGF could be
released from 10 mg of the two kinds of HGF-loaded
PLGA nanoparticles at 72 h. To determine whether HGFloaded nanoparticles could protect the liver when suﬀering,
10 mg nanoparticles were injected into the blood of
C57BL/6 mice 72 hours before the mice were induced acute
liver injury and 60 ng and 120 ng HGF solutions were also
injected into another two groups for comparison. Besides, a
normal mouse group and an untreated model group were
also set as a control.
Firstly, HGF levels in the blood and liver tissues were
analyzed (Figures 3(e) and 3(f)) using a HGF ELISA kit.
The levels of HGF in the blood and liver tissues were higher
in mice that were administered either HGF-loaded PLGA
nanoparticles or HGF solution when the mice were
sacriﬁced. Compared to the HGF solution groups, the

HGF-loaded PLGA nanoparticle-treated groups maintained
a higher dose of HGF in the blood and liver tissues. This
suggested that our HGF-loaded PLGA nanoparticles could
slowly release HGF in the blood and keep HGF at a
higher level in the blood and in the liver for a longer
period of time.
3.4. HGF-Loaded PLGA Nanoparticles Preserved Liver
Morphology and Histology. The liver might lose its luster
and become larger because of edema upon the induction
of acute liver injury. Livers from HGF-loaded PLGA
nanoparticle-treated groups looked closer to normal liver
morphology (Figure 3(a)). The liver index can be used to
indicate the status of the liver (Figure 3(b)). It was calculated as the liver weight divided by the mouse weight. The
liver index indicated that HGF-loaded PLGA nanoparticles
improved the liver function under CCl4-induced acute
liver failure.
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Figure 3: Morphological and histopathological examination of the liver tissue to investigate the inﬂuence of HGF-loaded PLGA nanoparticles
on acute liver injury induced by CCl4 in experimental mice. (a) Representative images of the livers of the investigated groups, which included
the normal, untreated, NPs, HGF 60 ng, HGF 80 ng, HGF-2 μg-NPs, and HGF-4 μg-NPs groups. The HGF solution groups were injected with
a dose of 60 ng HGF or 120 ng HGF through the tail vein to provide the mice an initial concentration of 40 ng HGF per milliliter of blood
(40 ng/ml HGF) or 80 ng HGF per milliliter of blood (80 ng/ml HGF), respectively. Approximately 10 mg HGF-2 μg-NPs or HGF-4 μgNPs was administered into the blood, and they could release 60 or 120 ng HGF, respectively, until the mice were sacriﬁced. The ruler units
are in mm. (b) The liver index of the investigated groups. The liver index was calculated by dividing the liver weight by the mouse weight.
∗
P < 0:05 versus the untreated group. (c) Histological analysis of liver sections by hematoxylin and eosin staining. Necrotic areas are
encircled with black lines. The pathologic changes of livers from all groups were similar, including necrosis, fatty changes in hepatocytes,
and aggregates of inﬂammatory cells. (d) The injury rate of the tested groups. The injury rate was calculated as the necrotic area divided
by the total area under which ﬁve ﬁelds of the view were analyzed for each group. ∗ P < 0:05 versus the untreated group. (e) HGF levels in
the blood. (f) HGF levels in the liver homogenate. ∗ P < 0:05 versus the normal group, &P < 0:05 versus the HGF 60 ng group, and
#
P < 0:05 versus the HGF 120 ng group.

Histological analysis of the liver was carried out by H&E
staining. The standard morphology of the liver was observed,
as shown for the control group (Figure 3(c)). Necrotic areas
of hepatocytes were observed in the untreated group. The
other groups also showed the same pathologic changes
around the centrilobular vein. Necrotic areas of the sections
were labeled, and the injury rate was analyzed (Figure 3(d)).
HGF-loaded PLGA nanoparticle groups exhibited a slight
reduction in hepatocyte death, and the group treated with

HGF-NPs-4 μg exhibited decreased inﬂammation. The
HGF solution groups showed no eﬀect on liver morphology
or histology, although the HGF levels in the blood and
liver tissues were greater than those of the untreated and
NP groups.
3.5. HGF-Loaded PLGA Nanoparticles Reduce Liver Damage
Markers. To further elucidate the therapeutic eﬀect of HGFloaded PLGA nanoparticles on liver injury induced by CCl4,
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Figure 4: Analysis of serum to investigate the inﬂuence of HGF-loaded PLGA nanoparticles on acute liver injury induced by CCl4 in
experimental mice. (a) Aspartate aminotransferase (AST). (b) Alanine aminotransferase (ALT). (c) Alkaline phosphatase (ALP). (d) Total
bilirubin (T-BIL). (e) Blood urea N (BUN). (f) Serum creatinine (Scr). The results are presented as the mean ± SD of six mice per group.
∗
P < 0:05 versus the untreated group, &P < 0:05 versus the HGF 60 ng group, and #P < 0:05 versus the HGF 120 ng group.
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Figure 5: Analysis of the antioxidant index to investigate the inﬂuence of HGF-loaded PLGA nanoparticles on acute liver injury induced by
CCl4 in experimental mice. (a) Superoxide dismutase (SOD). (b) Malondialdehyde (MDA). (c) Glutathione peroxidase (GPX). The results are
presented as the mean ± SD of six mice per group. ∗ P < 0:05 versus the untreated group.

serum ALT, AST, ALP, and T-BIL were analyzed and are
shown (Figures 4(a)–4(d)). The results indicated that the
AST, ALT, ALP, and T-BIL levels in serum were much higher
in the untreated group compared with the normal group.
HGF solution decreased the levels of AST, ALT, and ALP
in the CCl4-induced mice, but T-BIL did not signiﬁcantly
improve. The levels of AST, ALT, ALP, and T-BIL were
decreased signiﬁcantly in the HGF-loaded PLGA nanoparticle groups in a dose-dependent manner. These results indicated that HGF had preventive eﬀects against liver injury
caused by CCl4 treatment and that our HGF-loaded PLGA
nanoparticles could provide a more eﬀective treatment.
3.6. HGF-Loaded PLGA Nanoparticles Protect Renal Damage.
Since liver and renal functions are closely connected, the
renal function markers BUN and Scr were analyzed to evaluate the eﬀect of HGF-loaded PLGA nanoparticles on renal
damage from CCl4. As shown in Figures 4(e) and 4(f), serum
BUN and Scr levels after CCl4 treatment were increased

approximately 3 times compared with the normal group,
but HGF signiﬁcantly decreased the BUN and Scr levels.
Our HGF-loaded PLGA nanoparticles could reduce the levels
even further to protect against renal damage.
3.7. HGF-Loaded PLGA Nanoparticles Improve Liver
Antioxidant Ability. To evaluate the eﬀect of our HGFloaded PLGA nanoparticles on CCl4-induced liver antioxidant ability, the levels of SOD activity, MDA, and GPX
were analyzed (Figures 5(a) and 5(c)). SOD activity and
GPX levels in homogenates were signiﬁcantly decreased,
while the MDA level was markedly increased in the
untreated group. No signiﬁcant diﬀerence was observed
among the untreated group and HGF solution groups.
However, the MDA level was signiﬁcantly reduced in the
HGF-loaded PLGA nanoparticle groups, and SOD activity
and GPX levels were increased. These results indicate that
HGF-loaded PLGA nanoparticles could improve liver antioxidant ability.
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Figure 6: The mechanism of HGF-loaded PLGA nanoparticles on acute liver injury induced by CCl4 in experimental mice. A single dose of
CCl4 can cause acute liver injury in mice. SOD and GPX are consumed, and MDA is produced and released into blood. In addition, liver
enzymes, such as AST, ALT, ALP, and T-BIL, are released into the blood. HGF-loaded nanoparticles may release HGF slowly and
maintain HGF at a high concentration. HGF may protect hepatocytes, enhance the antidamage ability of hepatocytes, and protect the
vitality of hepatocytes.

4. Discussion
HGF is a growth factor with a variety of biological characteristics and has potential therapeutic eﬀects on various
types of liver injury [13, 16]. The eﬀects are generated
through the HGF/MET axis [17, 18]. Several studies have
conﬁrmed that HGF can promote cell proliferation and
migration and inhibit apoptosis and tissue ﬁbrosis [19–21].
Our study suggested that HGF can induce HepG2 cell proliferation in a dose-dependent manner, and at doses of 40 and
80 ng/ml, HGF can signiﬁcantly promote the proliferation of
HepG2 cells.
However, the use of HGF is limited since its half-life is
very short (3-5 min). It is unstable in vitro, and it is easily
degraded in vivo [13]. To make better use of HGF, a growth
factor sustained-release system is needed. Our previous study
developed an HGF sustained-release system using PLGA
nanoparticles with a good sustained drug release proﬁle and
good bioactivity [14]. Since the morphologies and physical
characteristics (size, polydispersity, and zeta potential) of
the three kinds of nanoparticles were nearly the same as we
described in the previous study, it was further indicated
in the present study that our process is stable and that
our product has good quality.
CCl4-induced acute liver injury in mice is a widely used
model to investigate the prevention and treatment of injury
by drugs. CCl4 is metabolized in the smooth endoplasmic
reticulum. It can react with the P450 cytochrome and is

decomposed into·CCl3 and·Cl. CCl3 covalently binds with
membrane lipids and proteins, causing protein metabolism
disorders and destruction of the membrane structure and
function. In addition, CCl3 can inhibit the activity of calcium
pumps on cell membranes and microsomal membranes. The
two pathways eventually result in a series of biochemical
changes in the blood [22–24].
In the current study, the protective eﬀects of HGF-loaded
PLGA nanoparticles on the CCl4-induced acute liver injury
mouse model were evaluated by the serum ALT, AST, ALP,
and T-BIL levels. These enzymes have been widely regarded
as important indicators to estimate the severity of acute liver
injury since they are released from damaged hepatocytes into
the blood [24, 25]. The results showed that our HGF-loaded
PLGA nanoparticles could decrease the levels of the four
enzymes in the blood in a dose-dependent manner. Our
HGF-loaded PLGA nanoparticles were able to slowly release
HGF and maintain it at a higher level in the blood and in the
liver compared with the HGF solution groups. Although the
pathologic changes of livers from all groups were similar,
including necrosis, fatty changes in hepatocytes, and aggregates of inﬂammatory cells, the hepatic necrotic areas were
shown to be reduced in the HGF-loaded PLGA nanoparticle
groups in a dose-dependent manner. HGF levels in the
solution groups were also improved, but the necrotic areas
did not improve compared with the untreated groups. We
speculated that this might be because the HGF concentrations in the HGF solution groups were not suﬃciently high
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to cause a marked improvement to hepatic tissues, although
the enzyme levels signiﬁcantly decreased in blood.
In addition, CCl4 has been reported to induce oxidative
injury of the kidney through free radicals (⋅CCl3) produced
by action on the liver [26, 27]. Furthermore, the HGF protein
can inhibit tubular cell apoptosis and renal dysfunction and
promote the proliferation of cells [8]. In our experiment,
serum BUN and Scr were analyzed and showed the same
trend as the liver indicator enzymes. Our HGF-loaded PLGA
nanoparticles were able to greater inhibit the enzymes than
its nonencapsulated form.
Since the main mechanism of CCl4-induced acute liver
injury is lipid peroxidation [24], SOD activity and MDA
and GPX levels in the liver were analyzed. SOD is the primary
substance that scavenges free radicals in organisms and is the
frontline enzyme against free radicals under oxidative stress
[28, 29]. MDA is a lipid peroxidation product and is considered an important feature of liver injury [30]. GPX is an
important member of antioxidant enzymes [31]. It can eﬀectively eliminate free radicals in CCl4-induced acute liver
injury models. The current study showed that our HGFloaded PLGA nanoparticles increased SOD activity and
GPX levels and decreased MDA levels in the liver compared
with the HGF solution groups. These results demonstrated
that our HGF-loaded PLGA nanoparticles were more eﬃcient in enhancing the antioxidant capabilities of the liver
exposed to CCl4.

5. Conclusion
HGF is a multifunctional growth factor, but it is unstable and
easily degraded. Our study used the W/O/W technique to
prepare HGF-loaded PLGA nanoparticles. We demonstrated
that our preparation process is stable and that our products
are of good quality. This study suggests that HGF-loaded
PLGA nanoparticles can provide greater therapeutic beneﬁts
for CCl4-induced acute liver injury, including antilipid
peroxidation and a reduction in indicator enzymes of liver
injury. These results suggested that the HGF-loaded PLGA
nanoparticle sustained-release system may improve the use
of HGF and thus promote liver recovery activities (Figure 6).
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Supplementary Table 1: properties of NPs. Physicochemical
characterizations of NPs with the 3 measurements from 3
diﬀerent samples, including size, polydispersity, zeta potential, drug loading, and loading eﬃciency. Their average and
standard deviation (SD) were given. Supplementary Table
2: properties of HGF-NPs-2 μg. Physicochemical characterizations of HGF-NPs-2 μg with the 3 measurements from 3
diﬀerent samples, including size, polydispersity, zeta potential, drug loading, and loading eﬃciency. Their average and
standard deviation (SD) were given. Supplementary Table
3: properties of HGF-NPs-4 μg. Physicochemical characterizations of HGF-NPs-4 μg with the 3 measurements from 3
diﬀerent samples, including size, polydispersity, zeta potential, drug loading, and loading eﬃciency. Their average and
standard deviation (SD) were given. Supplementary Figure
1: size of the nanoparticles by intensity. Particle size distribution curves of the three kinds of nanoparticles: red is for NPs,
green is for HGF-NPs-2 μg, and blue is for HGF-NPs-4 μg.
The nanoparticle sizes were analyzed by a zeta potential
analyzer (Zetasizer Nano ZS, Malvern, UK). Supplementary
Figure 2: zeta potential of the nanoparticles. Zeta potential
distribution curves of the three kinds of nanoparticles: red
is for NPs, green is for HGF-NPs-2 μg, and blue is for
HGF-NPs-4 μg. The nanoparticle zeta potentials were
analyzed by a zeta potential analyzer (Zetasizer Nano ZS,
Malvern, UK). (Supplementary Materials)
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