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Abstract
Silymarin, a known extract, is used in the treatment of liver diseases with various origins,

but its current administration form cannot target the liver because of its poor oral bioavail-

ability. A new type of oral silymarin proliposome aimed at improving silymarin’s poor bio-

availability and hepatoprotective effects, is introduced in this work. Silymarin-loaded liquid

proliposome were prepared using a simple dissolving process. The morphology, particle

size, zeta potential, and entrapment efficiency of the silymarin liposomes were analysed.

The everted gut sac transport model was used to measure the intestinal transport of lipo-

somes. The liposomal hepatoprotective activity was evaluated in three types of experimen-

tal hepatitis animal models. After staining with haematoxylin and eosin, the livers were

microscopically examined to analyse any pathological changes. The prepared silymarin

proliposome formed silymarin liposomes with a multilayer liposome structure and improved

intestinal transport. In an injured liver, the silymarin liposomes produced a stronger hepato-

protective effect through a significant decrease in both the aminotransferase and MDA lev-

els and a significant increase in the SOD and GSH-PX levels compared to orally

administered silymarin tablets. This effect was also confirmed histopathologically. In a

word, incorporation of silymarin into a liposomal carrier system increased intestinal absorp-

tion and showed better hepatoprotective effects compared to silymarin tablets.

Introduction
Silymarin is the main active flavonoid extract in the dried fruits of S. marianum and has been
widely used in the treatment of various liver diseases. Silymarin is a complex mixture of the fol-
lowing four flavonolignans: (1) silybin, (2) isosilybin, (3) silydianin, and (4) silychristin.
Among these compounds, silybin is the major and most active component of silymarin; it is
responsible for silymarin’s pharmacological activity. Silymarin has many advantages for treat-
ing liver disorders, including its ability to inhibit hepatotoxin binding to receptor sites and to
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protect the liver against injury, its ability to reduce glutathione oxidation to enhance its own
levels in the liver, and its ability to stabilize the cell membrane of the liver and increase hepato-
cyte protein synthesis. Furthermore, silymarin can be used to prevent diabetes syndrome and
atheroma by decreasing blood lipids and inhibiting platelet aggregation, etc[1]. The drug is
well tolerated and has relatively few adverse effects. However, the effectiveness of silymarin has
been discounted due to its poor water solubility and low bioavailability after oral administra-
tion[2]. The absorption of silymarin by the gastrointestinal tract is only between 20–50% due
to its poor water solubility and partial degradation by gastric fluid, both of which limit its appli-
cation[3]. To overcome these problems and improve silymarin’s bioavailability, many
approaches have been investigated, including incorporating it into solid dispersion systems[4];
forming polyhydroxyphenyl chromanone salts, soluble derivatives and complexes with phos-
pholipids[5]; encapsulating it into liposomes[6,7]; and solubilising it in self-microemulsifying
drug-delivery systems[8,9]and nanoparticles[10,11].

Liposomes have been able to improve the oral absorption and bioavailability of hydrophobic
drugs. Liposomes consisting of lipid bilayers with an internal water phase can encapsulate both
water-soluble and lipophilic drugs. Liposomes can improve drug stability and bioavailability,
can target specific sites, and can control in vivo behaviour by modifying the drug-surface prop-
erties; thus, liposomes have been widely studied for use in targeted drug-delivery systems, and
several liposomal products have been marketed[12,13,14]. However, liposomes continue to
lack a significant medical impact despite a relatively long history of investigation. Limited
physical and biological stability, including aggregation, sedimentation, fusion, phospholipid
hydrolysis, and/or oxidation, have limited its development. For many years, there have been
attempts to develop liposomes, including making proliposome, which is a dry, free-flowing
powder that can form liposomes upon reconstitution. Because these formulations exist as a dry
powder, proliposomes are both far more stable and more suitable for oral delivery than lipo-
somes. Therefore, proliposomes are a potential vehicle to help improve the oral absorption of
hydrophobic drugs[15]. However, it is difficult to scale up the production of proliposomes
because of the complex techniques required to make them[16].

Liquid proliposomes have been reported in several articles. They have been reported as a
type of transparent solution that forms drug-loaded liposomes when blank proliposomes are
mixed with water or a 0.9% NaCl aqueous solution containing the drug[17,18,19]. Compared
to that of solid proliposomes, the preparation process of liquid proliposomes is simpler and
requires no specialised devices. Additionally, drug-containing liposomes can automatically
form within a short time without applied force, such as sonication or extruders, when the liquid
proliposomes make contact with a water phase. The reported proliposomes are often made by
first dissolving a mixture of phospholipids and the drug in dehydrated alcohol, forming a light-
yellow, transparent liquid referred to as the proliposomes. Then, the hydrated liposomes are
formed automatically by dropping distilled water into the proliposomes and shaking the mix-
ture manually for several minutes. These proliposomes can be stored until use without any
liposomal physical and biological stability problems because there is no water in their formula.
Their preparation is so simple that complicated devices are not required, and thus, their pro-
duction cost is low. Additionally, as reported, sodium deoxycholate incorporated into the proli-
posomal formulation can facilitate liposome formation so that lipids containing bile salts can
readily transform into vesicular or mixed micelles in the gastrointestinal environment[20, 21,
22]. However, the use of ethanol as a solvent in this proliposomal method has some disadvan-
tages because of its high volatility and pharmacological effects.

Based on these findings, the proliposome method was modified and developed in our labo-
ratory. Unlike the reported proliposomes, our proliposomes do not use ethanol as a solvent so
that we avoid its disadvantages; instead, they use a nonaqueous solvent such as propylene
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glycol, PEG-400, ethyl lactate, etc., according to the drug’s solubility. Furthermore, the effect of
sodium deoxycholate in the formulation was investigated. Sodium deoxycholate and sodium
oleate were compared in the formulation. We observed no differences between sodium deoxy-
cholate and sodium oleate when producing the proliposomes. Thus, our proliposomes are
composed of the drug, soybean lecithin, and cholesterol, as well as sodium oleate, sodium deox-
ycholate, or poloxamer-88. The yellow proliposome liquid solution can be made by dissolving
all of the solid components into a nonaqueous solvent. In previous work in our laboratory, the
anticancer drug tegafur was successfully encapsulated into liposomes with well-distributed par-
ticle sizes, good absorption, high bioavailability, and selective tissue distribution and relative
bioavailability compared to a drug solution at 251.8%[23].

In this study, the highly hydrophobic compound silymarin was trapped into liposomes to
improve its solubility and absorption. The morphology, mean particle size, zeta potential, and
entrapment efficiency of the silymarin proliposomes were investigated after the silymarin lipo-
somes were formed. The absorption in vitro and hepatoprotective activity against acute hepati-
tis induced three ways in mice were also investigated.

Materials and Methods

Materials
Silymarin was obtained from the Jian Herbal Extract Factory (Batch No. 000419, Jilin, China)
with a total flavonolignan purity of>74%, as determined by high-performance liquid chroma-
tography (HPLC). The silybin standard was purchased from the National Institute for the Con-
trol of Pharmaceutical and Biological Products (Beijing, China). Soy lecithin was purchased
from the Jinban Pharmaceutical Company (Shanghai, China). SephadexG-50 was provided by
the Chinese Medical Reagent Company (Shanghai, China). Silymarin tablets were obtained
from the Jiuhui Pharmaceutical Company (Specs: 77 mg/tablet Jiuhui City, China). D-Galac-
tosamine was purchased from the Biomedical Institute of Chongqing Medical University
(Batch No. 050326, Chongqing, China). Superoxide dismutase (SOD), malondialdehyde
(MDA), and glutathione peroxidase (GSH-PX) were obtained from the Jiancheng Bioengineer
Institute (Nanjiang, China). Ten Wistar rats with similar body weights (250–300 g) and 240
kunming mice (18–20 g) were selected from the Xinjiang Medical University in accordance
with the animal experiment regulation. All of the other chemicals were reagent grade.

Preparation of silymarin proliposomes
Silymarin proliposomes were prepared using a new proliposome method, as previously
described by the authors[24]. Briefly, 1.0 g silymarin, 10.0 g soy lecithin, 5 g cholesterol, and
0.5 g sodium oleate were dissolved in 100.0 mL propylene glycol until a light-yellow transpar-
ent solution was formed, which is referred to as the silymarin proliposome solution. Then, 1
mL proliposome solution was mixed with distilled water. A liposomal suspension was obtained
by shaking the mixture manually because the soy lecithin would automatically array the solu-
tion into a lipid multilayer structure and subsequently entrap the silymarin into liposomes[24].

Particle size, zeta potential, and morphology of silymarin proliposomes
The samples were hydrated with distilled water for size measurements. After adding various
amounts of distilled water into 1 mL of the proliposomes, silymarin liposomes at various
diluted concentrations—1:50, 1:100, and 1:250—were formed separately by gentle shaking.
Then, the mean particle size and particle size distribution of silymarin-loaded liposomes were
measured using a dynamic scattering instrument (Nano-2490 particle sizer, Malvern, UK). The
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proliposomes were similarly hydrated in distilled water to meet the zeta potential determina-
tion requirements of the instrument. The results are expressed as the mean ± standard devia-
tion for at least three different batches of each liposome formulation. The morphology of the
liposomes was observed using a transmission electron microscope (TEM) (H-600, Japan) after
being diluted to 1:50. One millilitre of liposomes was diluted with 50 mL distilled water and
dropped onto a carbon-coated copper grid, forming a thin liquid film. The sample excess was
then removed using filter paper. The films on the grid were allowed to dry for several hours,
and then they were observed using the TEM and imaged.

Drug entrapment efficiency of silymarin-loaded liposomes
Various amounts of lecithin and a constant amount of drug were used in the formulation to
prepare silymarin proliposomes with various drug-to-lecithin mass ratios. Next, 1 mL sily-
marin proliposome solution was drawn and mixed with 20 mL distilled water to form sily-
marin-loaded liposomes. The percentage of silymarin encapsulated within the liposomes was
determined using a gel-filtration chromatography method, as described above[24, 25]. Briefly,
1 mL of hydrated silymarin liposomes were eluted from Sephadex, a G-50 column (pre-satu-
rated with empty liposomes), using phosphate buffered saline (PBS) of pH 7.2 with a flow rate
of 1 mL/min[26]. Next, the opalescent part of the eluate was collected. The silymarin in the elu-
ate and in the suspensions was analysed with a UV-spectrophotometer (UV- 2401, Shimadzu,
Japan) at 288 nm, which is the wavelength of the maximum absorption of silymarin in metha-
nol. The concentration of silymarin can be mathematically calculated with a standard curve.
The encapsulation efficiency (EE%) of silymarin in the liposomes was calculated using the fol-
lowing formula:

EEð%Þ ¼ Entapped drug amountðmgÞ
Total amount addedðmgÞ � 100%

Silymarin proliposomes with drug-to-lecithin mass ratios of 1:5, 1:10, and 1:20 were pre-
pared separately, and the silymarin entrapment efficiency was determined according to the
above method to investigate the effect of the drug-to-lecithin mass ratio on the encapsulation
efficiency. Then, 1 mL silymarin proliposome with a 1:10 drug-to-lecithin mass ratio was
hydrated with 20 mL phosphate buffered solution of pH 5.0 and adjusted to pH 5.0, 6.0, 7.0,
and 9.0 with a 1 M sodium hydroxide solution (NaOH) to study the influence of pH on EE%.
The EE% values of silymarin liposomes with different drug-to-lecithin mass ratios and differ-
ent pHs on the first day and the third day after preparation were also compared to investigate
the liposome stability.

Ethics statement
All of the animal studies were conducted in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals. The protocol was approved by the Com-
mittee on the Ethics of Animal Experiments of Xinjiang Medical University (animal certifica-
tion Number: Shengchanxuke(xin)2011-0003). All surgery was performed under sodium
pentobarbital aesthesia, and all efforts were made to minimize suffering.

Everted rat intestinal sac transport studies
One millilitre of silymarin proliposomes was added to 10 mL of distilled water to form the sily-
marin liposomes that were used for the silymarin liposome group. The same amount of sily-
marin that was used to prepare the silymarin proliposomes was dissolved in propylene glycol
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to form a solution, and then 1 mL of the solution was added to 10 mL of distilled water to pro-
duce the silymarin control solution. The everted gut sac transport experiments were performed
in triplicate at 37°C in a water bath. On the day of the experiment, Wistar rats were anesthe-
tised and euthanized using sodium pentobarbital injection, a midline abdominal incision was
made, and the entire length of the intestine was removed; then, the first 15-cm segment distal
to the pylorus was taken. The excised intestine was flushed with ice-cold saline to remove any
intestinal content and the intestinal segment was everted on a thin glass rod. The everted intes-
tine was ligated on one end and infused with the serosal fluid, and then the other end was also
ligated. The full length of the everted intestine was 10 cm. Next, the everted intestine was
placed into 25 mL of silymarin solution or silymarin liposomes, which served as the mucosal
fluid (outer compartment). Six sacs were made. One everted intestine was removed, and 0.5
mL samples of serosal fluid were withdrawn at fixed time points for 1 hour. The diffusion appa-
ratus was kept in a constant-temperature shaking bath at 37°C with a continuous supply of
95% oxygen throughout the experiment. The drawn samples were analysed using UV. The
experiment was performed in triplicate, and the mean of three samples was used in the data
analysis. The area under the absorption curve (AUC) was calculated via the trapezoidal method
and compared with the silymarin solution[27, 28].

Hepatoprotective activity test of silymarin liposomes on acute
experimental hepatitis
To investigate the hepatoprotective activity of silymarin liposomes on differently induced acute
experimental hepatitis, the following three experimental hepatitis animal models were estab-
lished: (1) a model induced by intraperitoneal injection of carbon tetrachloride (CCl4) in mice,
(2) a model induced by intraperitoneal injection of D-galactosamine (D-GalN), and (3) a
model established by a caudal vein injection of Bacillus Calmette-Guerin and lipopolysaccha-
rides (BCG+LPS) in mice. In each model, the animals were divided into eight groups of ten
mice. Group 1 was kept as a control group. The mice in the remaining seven groups received
carbon tetrachloride (0.1%,10 mL/kg) intraperitoneally (i.p.) for the first model, D-galactos-
amine D-GalN (1000 mg/kg) i.p. for the second model, and Bacillus Calmette-Guerin and lipo-
polysaccharides (BCG+LPS) (0.1 mL in each mouse) by caudal vein injection for the third
model to induce hepatic damage. To minimize tissue damage, the smallest possible needle was
used. Group 2 did not receive silymarin and acted as an untreated group. Groups 3, 4, and 5
received silymarin tablets by intragastric administration (75, 150, or 300 mg/kg�d separately)
twice daily every day. Groups 6, 7, and 8 received silymarin liposomes via the same method
(75, 150, and 300 mg/kg�d separately) every day. For the CCl4-induced model and the D-GalN-
induced model, the silymarin tablet and liposome administration was started six days prior to
CCl4 or D-GalN injection and continued until the end of the experiment. For the BCG+LPS-
treated model, the BCG solution was also administered from the first day to the eleventh day
along with silymarin tablets and liposomes; on the twelfth day, LPS saline solution (7.5 μg/0.2
mL) was administered by caudal vein injection to each mouse immediately after the silymarin
liposome and tablets were given by gavage. During the drug treatment, the animals were
housed in a 12-hr light/dark cycle at a controlled room temperature and had free access to food
and water. The experiments were performed during the light cycle. Each mouse in each group
was weighed every other day, and its activity was observed to ensure that each mouse was in
good condition. Furthermore, no unintended deaths of any animals occurred during this
study.

Twenty-four hours after the three models were induced, all of the animals were sacrificed
using cervical vertebra dislocation. Just before the sacrifice, blood samples were procured
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under sodium pentobarbital anaesthesia via retro-orbital bleeding. For each mouse, the blood
was collected, and the serum was separated. The collected serum was biochemically tested for
transaminase levels for both alanine aminotransferase (ALT) and aspartate aminotransferase
(AST). The liver of each mouse was immediately removed. The left part of the liver was fixed in
10% formalin, serially sectioned, and microscopically examined after staining with haematoxy-
lin and eosin to analyse any pathological changes. The right section of the liver was made into a
homogenate and was used to measure malondialdehyde (MDA) levels, superoxide dismutase
(SOD) levels, and glutathione peroxidase (GSH-PX) activities; the nitric oxide (NO) content
was measured only in the BCG+LPS-induced group. Liver pathological injury was observed.
The effects of the silymarin liposomes on all of the biochemical parameters above were
observed and compared with silymarin tablets[29].

Statistical analysis
All of the data were expressed as the mean ± SD. Statistical significance was determined by Stu-
dent’s t-test except for the hepatoprotective activity test results, which were analysed by the q-
test. Data were considered to be significant at P<0.05, unless otherwise indicated.

Results and Discussion

Particle morphology, particle size, and zeta potential
In this study, we observed that the mean particle size of liposomes hydrated from liquid proli-
posomes was small (approximately 70 nm) with a homogenous, narrow size distribution
(Table 1), which is smaller than the reported particle size (378.6±26.5 nm) [30]. This indicates
that liposomes can be formed easily with our method. Table 1 also shows that the particle size
differed when 1 mL of silymarin proliposome was mixed with various amounts of water. The
reason for the difference might be that the hydration degree was different when different
amounts of water were added. All of the particle sizes were below 100 nm when the prolipo-
somes were diluted with various amounts of water. The zeta potential was approximately ‒
31.54 mv when the proliposomes were diluted to 1:50.

We also observed the morphology of the silymarin-loaded liposomes as imaged by trans-
mission electron microscopy, which is shown in Fig 1. The silymarin liposomes formed were
round with multiple layers, which confirms the formation of liposomes from proliposomes.
Additionally, the incorporation of sodium deoxycholate into the formulation could facilitate
liposome formation. In this study, we compared the morphology of liposomal formulation
with or without sodium oleate and found no obvious differences in their morphologies.

Entrapment efficiency of liposomes
The drug encapsulation efficiencies and drug loading efficiencies with various mass ratios of
silymarin to phospholipid are shown in Table 2. The results reveal that the mass ratio of drug
to phospholipid (D/PC) has a clear effect on the drug-entrapment efficiency and drug loading
efficiencies. There is a significant increase in EE% from 30.66±9.62% to 42.17±2.24% when the
drug-to-phospholipid ratio was increased from 1:5 to 1:10 (P<0.01); however, the entrapment

Table 1. Mean particle sizes and zeta potentials of silymarin liposomes at different dilutions with water ratios (n = 3).

Mean particle sizes (nm) Ξ potential (mv)

Diluted times 1∶50 1∶100 1∶250

Silymarin liposome 55.92±8.42 46.43±10.65 75.83±11.62–31.54±10.13

doi:10.1371/journal.pone.0143625.t001
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efficiency was mostly unchanged after increasing the ratio to 1:20 (P>0.05) while drug loading
efficiency decreased. The increased entrapment efficiency along with an increased amount of
phospholipid with a certain limit might indicate that increasing appropriate amounts of phos-
pholipid could be helpful for increasing drug encapsulation into the liposomes. Too large
amount of phospholipid did not improve the drug-encapsulation efficiency but decrease the
drug loading efficiency. Thus, the optimal drug-to-phospholipid mass ratio was determined to
be 1:10.

The entrapment efficiency also changed with changes in pH, as shown in Table 3. When the
pH of the liposome suspension with a drug-to-phospholipid ratio of 1:10 was adjusted to pH
5.0, 6.0, 7.0, and 9.0, respectively, the drug-entrapment efficiency increased correspondingly
with increasing pH, which demonstrated that a larger quantity of the drug was easily entrapped
when the liposome suspension was in a more alkaline environment. The reason may be con-
nected to the structure of silymarin and its interaction with the phospholipid.

Furthermore, an encapsulation efficiency of 40–50% is an acceptable level for the silymarin-
loaded liposomes in this study, especially when compared with other studies in which

Fig 1. Transmission electron images of silymarin loaded liposomes (5×1000 times).

doi:10.1371/journal.pone.0143625.g001

Table 2. Silymarin entrapment efficiency with various drug-to-lipid ratios (EE%) (n = 3).

Drug / Phospholipid (W/W)

1∶5 1∶10 1∶20

EE% 30.66±9.62 42.17±2.24* 44.14±5.53**

% drug loading 10.14±3.18 7.10±0.38 4.25±0.53

* P<0.01 vs Drug/Phospholipid = 1:5 group
** P>0.05 vs Drug/Phospholipid = 1:10 group.

doi:10.1371/journal.pone.0143625.t002
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silymarin’s encapsulation efficiencies for much larger liposomes (i.e., 145–168 nm) have only
been approximately 60%[7].

Most liposomes can aggregate or fuse upon storage, resulting in decreased drug-loading effi-
ciency. However, silymarin proliposomes can be easily stored at room temperature or 4°C
without any change in particle size or drug entrapment efficiency. Furthermore, even when
silymarin-loaded liposomes are formed after hydration with distilled water, they show good
stability at room temperature. Table 3 also shows that the entrapment efficiency was
unchanged after liposomes were stored for three days at room temperature, regardless of drug-
to-PC ratio or pH changes. This finding shows that silymarin liposomes can be stable for three
days at room temperature and that the drug leakage ratio will be low.

Although the entrapment efficiency is not significantly high, our study proves that silymarin
can be incorporated into liposomes, as expected, and that its effects can be seen in the following
transport and hepatoprotective-activity studies.

Everted rat sac transport studies
Everted rat sac transport experiments provide an estimate of drug absorption via an in vitro
method. This method is a robust and reproducible assay that is relatively fast (<2 h), inexpen-
sive and straightforward. The in vivo area under the curve could be estimated using the perme-
ation curve, which provides indicators of drug absorption and bioavailability in vivo. In this
study, the formula containing 1 g drug, 10 g phospholipid, 5 g cholesterol, and 0.5 g sodium
oleate was chosen because it had the best liposome-entrapment efficiency. The results are
shown in Tables 4 and 5, which indicate that the silymarin liposome group had better trans-
port, with an approximately 1-fold increase in AUC compared to the control group (P<0.01).

It has been shown that liposomes can be absorbed through the lymphatic and M cells in the
intestine and that soy lecithin can improve drug absorption. Thus, many drugs have been
made into liposomes to improve their bioavailability[31]. Because of its poor water solubility,
silymarin does not possess high bioavailability. In the everted rat sac transport studies, the
increased transport might be due to the transport of the proliposomal drug through the M cells
and the effect of the lecithin. Therefore, the results prove that this proliposomal formula might

Table 3. Silymarin entrapment efficiency at various pH values after three days of storage (n = 3).

Time (day) Drug/phospholipids = 1:10 Drug/phospholipids

pH 5.0 pH 6.0 pH 7.0 pH 9.0 1:05 1:20

First day 28.39±3.65 35.11±4.39 42.17±2.24 52.69±1.69 36.00±3.76 45.84±6.62

Third day 28.99±4.95 35.21±6.20 42.43±3.10 53.38±1.85 30.66±9.62 44.14±5.53

doi:10.1371/journal.pone.0143625.t003

Table 4. Concentration changes in the serosal fluid (n = 5).

Time (min) Conc. of serosal fluid (μg/ml)

Silymarin liposome Silymarin control solution

10 0 0

20 21.21±0.77 6.32±0.10

30 34.07±1.83 17.15±0.78

40 54.67±2.73 34.96±1.64

50 95.97±3.18 47.93±1.11

60 124.05±1.25 91.74±1.79

doi:10.1371/journal.pone.0143625.t004
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serve as a better carrier than other oral dosage forms for silymarin because they have shown a
greater ability to transport drugs through the intestine.

The hepatoprotective effects of silymarin liposomes on experimentally
induced hepatitis
In the experimental hepatitis animal model induced by CCl4, acute CCl4 administration
resulted in a significant (P<0.01) decrease in GSH-PX to 78.74±23.20 U/mg prot and SOD to
53.56±10.04 U/mg prot and an increase in MDA to 1.99±0.61 nmol/mg prot compared to the
normal values, which were 184.78±33.24 U/mg prot, 81.02±10.14 U/mg prot, and 1.29±0.34
nmol/mg prot, respectively (Table 6). Similarly, CCl4 administration also increased the serum
ALT and AST levels sharply (P<0.01) compared to the normal values (Fig 2). Administration
of silymarin liposomes significantly decreased the ALT and AST levels in serum in a dose-
response manner compared to the CCl4-administered group (P<0.01) (Fig 2). The liposomes
also prevented the reduction in the GSH-PX and SOD levels and decreased the MDA content
in the liver homogenate compared to those for the CCl4-administered group (P<0.01)
(Table 6). The effects of silymarin liposomes on the ALT and AST levels in serum and the SOD
and GSH-PX activities in the liver homogenate are more effective than those of silymarin tab-
lets at the same doses (P<0.05) (Fig 2). Pathological observations of the liver show that the
liver injury of silymarin liposomes administered at 300 mg/kg�d is significantly less than that of
the model and silymarin-tablet groups. The massive area of necrosis, hepatic lesions, inflam-
matory cells, ballooning, and vacuolar degeneration of hepatocytes was remarkably reduced by

Table 5. Area under the curve (AUC) of serosal absorption (n = 5).

Sample AUC (μg/ml)*min (×103)

Silymarin liposome 2.679

Silymarin control solution 1.522

doi:10.1371/journal.pone.0143625.t005

Table 6. Effect of silymarin liposomes on SOD, GSH-PX, and MDA in experimental hepatitis animal models induced by CCl4 (x�±s, n = 10).

Group Dose SOD GSH-PX MDA
(mg/kg.d) (U/mgprot) (U/mgprot) (nmol/mgprot)

Blank group — 81.02±10.14 184.78±33.24 1.29±0.34

Model group — 53.56±10.04◆◆ 78.74±23.20◆◆ 1.99±0.61◆◆

Silymarin tablets 75 52.05±14.14 89.21±32.26 1.62±0.44

Silymarin tablets 150 55.07±12.05 94.21±20.95 1.63±0.21

Silymarin tablets 300 57.07±9.82 107.93±16.38$ 1.61±0.21

Silymarin liposomes 75 63.00±8.80 115.56±21.20$ 1.69±0.36

Silymarin liposomes 150 66.82±12.21 147.40±20.13$$▲▲ 1.58±0.23

Silymarin liposomes 300 72.46±8.98$$▲ 167.12±23.02$$▲▲ 1.27±0.20$$

vs the blank group
◆◆P<0.01; vs the model group
$P<0.05,
$$P<0.01;
vs silymarin tablets
▲P<0.05,
▲▲P<0.01.

doi:10.1371/journal.pone.0143625.t006
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the oral administration of silymarin liposomes (Fig 3). Similar results were observed in the
experimental hepatitis animal model induced by D-GalN. Silymarin liposomes significantly
reduced the ALT and AST levels in serum (P<0.01) (Fig 4), increased the SOD and GSH-PX

Fig 2. Effect of silymarin liposome on ALT, AST in experimental hepatitis animal model induced by
CCL4.

doi:10.1371/journal.pone.0143625.g002

Fig 3. Photomicrograph (100×) of histological sections(hematoxylin and eosion stained)representing
liver of mice treated with (a) saline; (b) CCl4; (c) CCl4 and received oral silymarin tablets with 300 mg/
kg�d, (d) CCl4 and received oral silymarin liposomes with 300 mg/kg�d.
doi:10.1371/journal.pone.0143625.g003

Fig 4. Effect of silymarin liposome on ALT, AST in experimental hepatitis animal model induced by
D-GalN.

doi:10.1371/journal.pone.0143625.g004
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activities, and decreased the MDA content in the liver homogenate (P<0.01), especially when
larger doses were administered (Table 7). The effects of silymarin liposomes on the ALT levels
in the serum and the GSH-PX levels in the liver homogenate are more obvious compared to
those for the silymarin tablets, whereas there were not large changes in the ALT, SOD, and
MDA levels between the two groups (Fig 4 and Table 7). The liver histopathological observa-
tions showed that the silymarin liposome groups had more positive effects on liver injury com-
pared to the silymarin tablets when larger doses (300 mg/kg�d) were administered (Fig 5). In
the animal model induced by BCG+LPS, silymarin liposomes significantly decreased the ALT

Table 7. Effect of silymarin liposomes on SOD, GSH-PX, and MDA in the experimental hepatitis animal model induced by D-GalN (x�±s, n = 10).

Group Dose SOD GSH-PX MDA
(mg/kg.d) (U/mgprot) (U/mgprot) (nmol/mgprot)

Blank group — 101.42±19.99 193.76±31.42 2.38±0.58

Model group — 58.87±13.12◆◆ 96.57±26.96◆◆ 6.49±1.07◆◆

Silymarin tablets 75 66.32±12.79 103.63±31.00 6.06±2.01

Silymarin tablets 150 77.31±22.24$ 112.52±39.28 5.03±2.01

Silymarin tablets 300 79.48±15.10$ 123.57±34.22 4.87±1.06

Silymarin liposomes 75 86.85±22.42$$▲ 135.91±45.02 4.66±2.84

Silymarin liposomes 150 89.80±14.47$$ 153.71±28.54$$▲ 3.59±1.45$$

Silymarin liposomes 300 95.90±15.68$$ 176.24±22.78$$▲▲ 3.10±0.76$$

vs the blank group

◆◆P<0.01; vs the model group,

$P<0.05,
$$P<0.01;
vs silymarin tablets

▲P<0.05;
▲▲P<0.01.

doi:10.1371/journal.pone.0143625.t007

Fig 5. Photomicrograph (100×) of histological sections(hematoxylin and eosion stained)representing
liver of mice treated with (a) saline; (b) D-GalN; (c) D-GalN and received oral silymarin tablets with 300
mg/kg�d, (d) D-GalN and received oral silymarin liposomes with 300 mg/kg�d.
doi:10.1371/journal.pone.0143625.g005

Silymarin Proliposome and Its Hepatoprotective Effects

PLOS ONE | DOI:10.1371/journal.pone.0143625 December 16, 2015 11 / 15



and AST levels in the serum (Fig 6), reduced the NO content, increased the SOD and GSH-PX
activities, and decreased the MDA content in the liver homogenate compared to those for the
BCG+LPS-treated group (P<0.01) (Table 8). Additionally, the administration of silymarin
liposomes produced stronger biological effects than the administration of the silymarin tablets
for all of the administered doses (P<0.05) (Table 8). The liver pathological observations
showed that the massive area of necrosis and hepatic lesions induced by BCG+LPS were
remarkably more reduced by the administration of oral silymarin liposomes (300 mg/kg�d)
than by silymarin tablets (Fig 7).

Conclusion
We have successfully prepared a new silymarin proliposomal formulation that can be scaled up
easily for large-scale production. The drug-to-phospholipid ratio and pH affected the encapsu-
lation efficiency of silymarin into the liposomes. A significant increase in the entrapment effi-
ciency was achieved when the drug-to-phospholipid mass ratio or pH was increased. In this

Fig 6. Effect of silymarin liposome on ALT, AST in immunological hepatitis animal model induced by
BCG+LPS.

doi:10.1371/journal.pone.0143625.g006

Table 8. Effect of silymarin liposomes on SOD, GSH-PX, MDA, and NO in the experimental hepatitis animal model induced by BCG+LPS (x�±s,
n = 10).

Group Dose SOD GSH-PX MDA NO
(mg/kg.d) (U/mgprot) (U/mgprot) (nmol/mgprot) (nmol/mgprot)

Blank group — 114.63±29.88 187.40±29.34 2.22±0.60 1.06±0.48

Model group — 77.23±13.63◆◆ 115.95±28.13◆◆ 5.39±2.08◆◆ 4.51±1.31◆◆

Silymarin tablets 75 84.77±12.38 131.80±26.22 5.28±2.02 3.99±1.00

Silymarin tablets 150 92.63±14.78 160.05±22.18$$ 3.52±1.45$$ 2.95±1.43$$

Silymarin tablets 300 103.27±10.77$ 168.20±19.82$$ 2.97±0.93$$ 1.64±0.63$$

Silymarin liposomes 75 101.1 172.13 3.16 2.35

±14.72$ ±22.00$$▲▲ ±0.69$$▲▲ ±1.19$$▲▲

Silymarin liposomes 150 103.19±17.82$ 170.75±27.51$$ 2.60±0.50$$ 2.07±0.66$$

Silymarin liposomes 300 100.66±20.29$ 178.32±24.73$$ 2.98±1.00$$ 1.21±0.72$$

vs the blank group
◆◆P<0.01; vs the model group,
$P<0.05,
$$P<0.01;
vs silymarin tablets
▲▲P<0.01.

doi:10.1371/journal.pone.0143625.t008
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study, even though the entrapment efficiency is somewhat low, we can still prove that this
method can be used to prepare effective liposomes.

According to the simple everted rat sac transport experiments, silymarin liposome transport
across the intestinal barrier is better than for a silymarin solution, which shows that silymarin
liposomes are a potential delivery system for silymarin to improve its bioavailability in vivo.
Positive hepatoprotective effects demonstrated that silymarin is an effective hepatoprotective
drug and that silymarin liposomes can improve these hepatoprotective effects. An obvious pro-
tective effect for experimental liver damage was achieved. The results of this study show that
this proliposome formulation can serve as an efficient oral drug-delivery system for silymarin.

Supporting Information
S1 Table. Raw data of entrapment efficiency of liposomes and everted rat intestinal sac
transport results.
(XLS)

S2 Table. Raw data of the hepatoprotective effects of silymarin liposomes on experimental
hepatitis induced by CCL4.
(XLS)

S3 Table. Raw data of the hepatoprotective effects of silymarin liposomes on experimental
hepatitis induced by D-GalN.
(XLS)

S4 Table. Raw data of the hepatoprotective effects of silymarin liposomes on experimental
hepatitis induced by BCG+LPS.
(XLS)
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