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Background: The short half-life of TRAIL (tumor necrosis factor–related apoptosis-
inducing ligand) greatly limits its clinical application. This study was aimed to improve
its potency on liver fibrosis through PEG (polyethylene glycol) modification prolonging the
half-life of TRAIL.

Methods: PEG, TRAIL, and the chemically synthesized complex PEG-TRAIL were used to
treat 3T3 and LX-2 cells and liver fibrotic mice. In vitro, cell viability, apoptosis, and fibrosis
were investigated using CCK-8 (cell counting kit-8) assay, flow cytometry, and Western
blotting, respectively. In vivo, Sirius red staining, immunohistochemistry, and α-SMA
(α-smooth muscle actin)/TUNEL (terminal deoxynucleotidyl transferase dUTP [2’-
deoxyuridine 5’-triphosphate] nick end labeling) double-labeling immunofluorescence
(IF) were performed after various treatments for liver fibrotic mice. The fibrotic liver was
subjected to DR4 (death receptor 4)/TRAIL double-labeling IF to assess the retention of
TRAIL enhanced by PEGylation.

Results: The cells treated with PEG-TRAIL showed lower cell viability, higher apoptosis
level, and stronger anti-fibrotic effect compared with PEG or TRAIL treatment. In vivo,
PEGylated TRAIL exhibited a longer circulation than TRAIL did. Compared with TRAIL
treatment, PEG-TRAIL caused a significant reduction of α-SMA and amarkedly increase of
apoptotic aHSCs. PEGylation is more likely to prolong the retention of TRAIL in circulation
and enhance the possibility to target aHSCs and DR4-positive (DR4+) cells in the liver.
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Conclusion: PEG-TRAIL presents better anti-fibrotic and proapoptotic effects, for which,
the prolonged circulation half-life in vivomay account. The PEG-TRAIL may serve as a new
clinical therapeutic for liver fibrosis in the future.

Keywords: PEG, TRAIL, long circulation, hepatic fibrosis, hepatic stellate cells (HSCs), LX-2

INTRODUCTION

Liver fibrosis, a serious chronic liver disorder characterized by the
superabundant extracellular matrix (ECM) accumulation, which
induces various liver injury and then leads to substantial
morbidity and mortality (Bansal et al., 2011; Hasenfuss et al.,
2014). Despite tremendous efforts have been made in
experimental and clinical studies (Beljaars et al., 1999;
Poynard et al., 2000; Inagaki et al., 2003), no satisfactory anti-
fibrosis drug has been developed for managing hepatic fibrosis
clinically until now because of the poor drug effectiveness caused
by short half-life and weak liver target ability, as well as the toxic
side effects caused by the drug accumulation in nontarget tissues
or cells in vivo (Beaussier et al., 2005). Thus, exploring the
targeted and long-term drug delivery system has become an
important strategy for hepatic fibrosis therapy, which is the
key to make drug delivery specifically targeting at the specific
populations of hepatic cells (Li et al., 2012). Particularly, activated
hepatic stellate cells (aHSCs) are the currently preferred targeted
cells in anti-liver fibrotic therapy, and a variety of targeted drug
delivery systems for HSCs have been explored and attempted for
treating hepatic fibrosis in recent years (Sato et al., 2008; Bansal
et al., 2011).

TRAIL (tumor necrosis factor (TNF)–related apoptosis-
inducing ligand) is an important member of TNF superfamily.
It is upregulated in aHSCs and has been proposed as a favorable
candidate for therapy of many diseases because it can specifically
induce cellular apoptosis of some tumor cells, aHSCs, and virus-
infected hepatocytes by activating caspase-3 (Holoch and Griffith,
2009; Xu et al., 2016). Based on this, focusing the application of
TRAIL genes is likely to provide a feasible technology to treat liver
fibrosis. For example, Xu et al. (2016) have revealed that TRAIL-
induced HSC apoptosis is a potential critical mechanism of
blocking and reversing liver fibrosis. Although TRAIL triggers
apoptosis in various specific cell types, most normal cells can
escape from TRAIL-induced apoptosis (Yoon and Gores, 2002;
Hellwig and Rehm, 2012).

Previous studies have confirmed the poor pharmacokinetics of
TRAIL characterized by the half-life of TRAIL (∼3 min to 1.1 h in
rats or mice and ∼23 min to 30 min in nonhuman primates)
(Kelley et al., 2001; Kim et al., 2011c; Lim et al., 2011), which has
been a major obstacle for the preclinical or clinical application of
TRAIL. The latest clinical research studies revealed that TRAIL-
based cancer therapy including recombinant TRAIL or agonistic
monoclonal antibodies against death receptors failed to show
clinical efficacy in phase II clinical studies (Lemke et al., 2014;
Holland, 2014), which is mainly because of the short plasma half-
life of recombinant TRAIL in the human body (Lemke et al.,
2014). Therefore, the short half-life of TRAIL in vivo that
indirectly enhances the resistance of aHSCs to TRAIL is also a

main hindrance in enabling the clinically therapeutic application
of TRAIL as a powerful tool in treating liver fibrosis.

To prolong the activity and in vivo half-life of targeting drugs,
various multiple particulate systems have been developed,
including liposomal systems (Martinez-Lostao et al., 2010),
nanoparticles (Kim et al., 2011b; Chu et al., 2020; Wang et al.,
2021), microspheres (Kim et al., 2011c), and polymeric complexes
(Hu et al., 2015). Of which, PEGylation and fusion with human
serum albumin are two of most common protocols (AlQahtani
et al., 2019). Especially, PEGylation is a novel delivery system
utilized recently (Wang et al., 2018), which is a process involving
the covalent attachment of polyethylene glycol (PEG) polymer
chains to varying biomolecules, such as small molecules, proteins,
peptides, and antibody fragments. Generally, the formed
PEGylated analogs usually present better pharmaceutical and
therapeutic properties (Harris and Chess, 2003; Veronese and
Pasut, 2005; Wang et al., 2018). Typically, the serum half-life of
PEGylated protein is significantly prolonged via adjusting the size
of conjugated PEG (Kim et al., 2011a). In the present study, to
address the poor clinical potency of recombinant TRAIL in
hepatic fibrosis clinical studies, we utilized PEG to modify
TRAIL to form the PEG-TRAIL delivery system and explored
anti-fibrotic potency of this novel delivery with a view toward
improving anti-fibrotic and apoptosis inductive effects both
in vitro and in vivo (Supplementary Figure S1). Related
mechanistic studies were also implemented to reveal the
potential regulatory mechanism of PEG-TRAIL in the
development of liver fibrosis. This study offers a novel
approach for addressing the poor clinical efficacy of cytokine
preparation caused by short half-life and may provide a novel
drug delivery method for clinical anti-liver fibrosis therapy.

MATERIALS AND METHODS

Materials
The recombinant human TRAIL was purchased from Cloud
Clone Co., Ltd, United States (#RPA139hu01). Its amino
acid (AA) sequence (168 AAs) is as follows:
VRERGPQRVAAHITGTRGRSNTLSSPNSKNEKALGRKINSWESS
RSGHSFLSNLHLRNGE-LVIHEKGFYYIYSQTYFRFQEEIKENT
KNDKQMVQYIYKYTSYPDPILLMKSARNSCWSKDAEYGLYSIY
QGGIFELKENDRIFVSVTNEHLIDMDHEASFFGAFLVG. For
more information, please check the official website: https://www.
cloud-clone.us/protein/Tumor-Necrosis-Factor-Related-Apoptosis-
Inducing-Ligand-TRAIL-21277.htm. The mPEG5000-ALD was
purchased from Shanghai Ziqi Biotech (Shanghai, China).
Sodium cyanoborohydride and sodium acetate anhydrous were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Acetic acid glacial was purchased from
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Shanghai Heqi Chemical Technology Co., Ltd. Human LX-2 cells
and mouse 3T3 cells were provided by the Cell Bank of Chinese
Academy of Sciences (Shanghai, China). All animal procedures were
approved by the Ethics Committee of Shanghai East Hospital,
Tongji University.

Preparation of PEG-TRAIL
According to the methodsmentioned in the literature (Chae et al.,
2010; Kim et al., 2011c), PEG-TRAIL was prepared. Simply,
500 μl of TRAIL (2.56 nmol), 446.4 μl of mPEG-ALD
(179 nmol), and 1.66 ml of sodium cyanoborohydride
(20 mmol) were added to a flask that contained 5 ml sodium
acetate buffer solution (pH � 5). The final solution was stirred for
12 h at 4°C and then dialyzed in 3.5 kDa dialysis bag against
distilled water for 24 h, during which the distilled water was
changed every ∼1 h. Western blot assay was used to confirm the
successful synthesis of PEG-TRAIL.

Cell Culture and Treatment
Human LX-2 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 2 % FBS and 1X glutamin (Millipore,
MA, United States). The purpose of designing the complex is to
treat human hepatic fibrosis, but before its application in clinics,
there is a long road. In addition to human cells, animals like rats and
mice are still inevitably needed. Therefore, we decide to choose
another cell type 3T3, which is a type of fibroblast cells that resemble
the activatedHSCs. Before the decision, the amino acid sequences of
recombinant mouse TRAIL and recombinant human TRAIL were
aligned using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi), and
a 71 % identity was found between them (data not shown).
Meantime, we noticed that some other researchers also used
rhTRAIL in the treatment of mice (Marcuzzi et al., 2012).
Subsequently, preliminary experiment was performed to validate
the proapoptotic and anti-fibrotic effects of rhTRAIL onmouse 3T3
cells. Based on the eventual positive results, 3T3 cell line was chosen
throughout the study. Mouse 3T3 cells were cultured in DMEM
supplied with 10 % fetal bovine serum (FBS, Gibco, United States).
All cells were cultured in a humidified incubator at 37°C containing
5 % CO2. To investigate the anti-fibrosis impacts of PEG-TRAIL,
the cells were pretreated with TGF-β1 (2 ng/ml) for 48 h. Following
which the cells were, respectively, treated with PEG, TRAIL, and
PEG-TRAIL at the concertation of 0, 0.031, 0.063, 0.125, 0.25, and 0.
5 μg/ml for 12 h. After the cells were harvested, the cell viability was
determined by cell counting kit-8 (CCK-8) assay.

Cell viability/CCK-8 Assay
Cells were plated in 96-well plates at 5 × 103 cells per well and
then transferred into a humidified incubator containing 5 % CO2

at 37°C. Cell viability was evaluated by adding CCK-8 reagent
(Dojindo Molecular Technologies, Kimamoto, Japan) to each
well. After further incubation for 4 h, the absorbance at 450 nm
was detected by a microplate reader (Bio-Rad Laboratories, Inc.,
Hercules, CA, United States).

Cell apoptosis Assay
Prior to the apoptosis assay, the cells were treated with serum
starvation for 48 h. Then the cells were cultured in the complete

DMEM and harvested by centrifugation at 1000 rpm for 5 min.
After being rinsed in precooled phosphate buffer saline (PBS), the
cells were stained with propidium iodide and Annexin V-FITC
(BD Pharmingen, United States) according to the protocol.
Apoptotic cells were analyzed and quantified by a flow
cytometry (FCM, BD Pharmingen).

Animal Model of Hepatic Fibrosis
Male C57BL/6 mice were obtained from Shanghai SLAC
Laboratory Animal Co. Ltd. The liver fibrosis model was
established according to our previous report (Li Q. et al.,
2017). Simply, the mice were subcutaneously injected with
camellia oil containing 20 % CCl4 and during the molding of
liver fibrosis using CCl4 for 8 weeks. Mice with liver fibrosis were
randomly divided into 3 groups (five mice in each group) and
then intravenously injected with 1 μg/ml PEG, TRAIL, or PEG-
TRAIL dissolved in 0.5 ml PBS twice a week. Four weeks later, the
animals were anesthetized with ketamine (80 mg/kg) and
xylazine (10 mg/kg) and sacrificed by cervical dislocation. The
liver tissues were collected and stored at −20°C in refrigerator for
further analysis. Animal experiments were conducted in the
Department of Gastroenterology, Shanghai East Hospital,
Tongji University. All animal procedures were approved by
the Tongji University Ethical Institutional Committee of
Animal Care and Use.

Pharmacokinetic Study
Rats were randomly divided into two groups (four rats in each
group). Each animal was administered with the equivalent of 1 μg/
ml TRAIL or corresponding to PEG-TRAIL. Samples were injected
into the tail vein in a total volume of 0.5 ml. After 15 min, 30min,
1 h, 2 h, 4 h, 8 h, 12 h, 24 h, and 48 h of sample injection, where the
time points were set based on the literature (Kim et al., 2011c), the
rats were anesthetized with intraperitoneal pentobarbital
(50 mg/kg) and blood samples of 0.15–0.2 ml were obtained
from the caudal artery. The ELISA kit (MLBIO, Shanghai,
China) was used to detect the serum rhTRAIL (recombinant
human TRAIL) levels. After the measurement, all rats were
euthanized by CO2 exposure (approximately 50 %) and
confirmed dead with criteria, including lack of breathing (for
∼10min), pulse (for ∼10min), and corneal reflex according to
the AVMA (American VeterinaryMedical Association) guidelines.

Immunohistochemistry
Paraffin-embedded liver tissues were sliced into 4 μm sections.
For α-SMA IHC, the sections were successively deparaffinized,
dehydrated, and treated with 3 % H2O2, and then were blocked
with normal goat serum (Biofavor, Wuhan, China) at 37°C for
30 min. After washing with PBS, the sections were incubated with
the primary α-SMA antibody at 4°C overnight and then incubated
with fluorescence-labeled secondary antibody at 37°C for 1 h.
Finally, the sections were rinsed with PBS and then stained with
hematoxylin.

Double Immunofluorescence Staining
Collected liver tissues were permeabilized in 0.2 % Triton X-100
for 10 min and blocked in 10 % BSA for 1 h. For
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immunofluorescence double staining of α-SMA/TUNEL, the
sections were incubated with the anti–α-SMA antibody (1:100
dilution; ab5831; Abcam) at 4°C overnight, followed by
incubation with the corresponding secondary antibodies.
TUNEL was conducted using a commercial kit (Calbiochem,
San Diego, CA, United States). The sections were examined using
an Olympus Inverted System (Olympus, Tokyo, Japan).

Sirius Red Staining
Sirius red staining was performed as the previous report (Marconi
et al., 2013).

Western Blot Assay
The protein was extracted from liver tissues or in vitro cells using
RIPA buffer and then quantified using the BCA protein assay kit
(Pierce, United States) in accordance with the manufacturer’s
protocol. Following which the protein was separated by SDS-
PAGE and loaded on to nitrocellulose membrane (Millipore,
Bedford, MA, United States). After blocking with 5 % skim milk
in TBST buffer, the membranes were incubated with the primary
antibody against TRAIL (ab9959, Abcam), p53 (ab1431, Abcam),
caspase-3 (ab13847, Abcam), tBid (truncated BH3 interacting
domain death agonist; ab10640, Abcam), DR4 (death receptor 4;
ab209412, Abcam), DR5 (death receptor 5; ab8416, Abcam), uPA
(urokinase plasminogen activator; sc-59727, Santa Cruz) or PAI-1
(plasminogen activator inhibitor type-1; sc-5297, Santa Cruz),
β-crystallin (ab13496, Abcam), α-SMA (α-smooth muscle actin;
ab5831, Abcam), collagen I (ab34710, Abcam), and collagen III
(ab7778, Abcam) or GAPDH (glyceraldehyde-3-phosphate
dehydrogenase; ab8245; Abcam) at 4°C overnight, and
subsequently incubated with the secondary antibodies at 25°C for
2 h. The protein bands were visualized using ECL-chemiluminescent
kit (ECLplus, Thermo Fisher Scientific) and quantitated using
ImageJ software (WS Rasband, ImageJ, NIH, Bethesda, MD,
United States) normalized with GAPDH.

Statistical Analysis
All data were calculated from at least three independent
experiments and showed as mean ± standard deviations (SD).
The differences among groups were analyzed by the Student’s
t test or one-way analysis of variance (ANOVA). p values < 0.05
were considered significant difference in all comparisons. All
results were analyzed using SPSS 18.0 software (SPSS, Chicago,
IL, United States).

RESULTS

PEG-TRAIL Attenuates The Viability and
Promotes Apoptosis of 3T3 and LX-2 cells.
To verify whether the complex PEG-TRAIL was successfully
prepared, Western blot assay was performed to determine the
protein level and molecular weight of TRAIL and the synthesized
PEG-TRAIL. As shown in Figure 1A, the molecular weight of
PEG-TRAIL and TRAIL was 26 kDa and 19 kDa, respectively,
indirectly suggesting the successful synthesis of PEG-TRAIL.
Based on three independent tests, the synthesis efficiency of

PEG-TRAIL was about 51 %. Subsequently, we investigated
the effect of PEG-TRAIL on the viability and apoptosis of
aHSCs by CCK-8 assay and flow cytometry. The viability of
both types of cells was significantly inhibited when the
concentration of PEG-TRAIL exceeded 0.125 μg/ml (p < 0.01),
identifying that 0.125 μg/ml is the efficient concentration of PEG-
TRAIL (Figure 1B). For 3T3 cells, PEG-TRAIL and TRAIL
exerted an efficient inhibitive effect on cell viability relative to
PEG (p < 0.01) and no significant difference was found between
these two groups, suggesting that PEG had no or extremely low
cytotoxicity. For LX-2 cells, PEG-TRAIL had more power to
suppress the cell viability at a certain concentration (< 0.5 μg/ml)
than TRAIL alone did (p < 0.01). Besides, no strong suppression
of cell viability was found between PEG-TRAIL and TRAIL at
most concentrations, suggesting that PEG-TRAIL did not exhibit
better long-circulating effect than TRAIL in vitro. The result of
apoptosis analysis is shown in Figures 1C,D, and we observed a
significant increase of apoptotic rate in both PEG-TRAIL–treated
and TRAIL-treated cells compared with the PEG group (p < 0.01)
and no obvious difference existed between them. This finding was
consistent with the results of CCK-8 assay. Besides, this
proapoptotic effect of TRAIL and PEG-TRAIL was more
pronounced in LX-2 cells, which might be caused by species
specificity of rhTRAIL (Figure 1D). Overall, PEGylation showed
slightly enhanced ability to reduce cell viability and enhance
apoptosis by contrast with TRAIL in vitro.

PEG-TRAIL Alters The Protein Expression of
Apoptosis- and Fibrosis-Related Genes in
3T3 and LX-2 Cells
The expression of some important proteins, including p53, cleaved
caspase-3, tBid, DR4, DR5, uPA, and PAI-1, that are involved in
TRAIL-induced apoptotic signaling pathways, were determined
usingWestern blot assay. As a result, both PEG-TRAIL and TRAIL
treatment contributed to a significant enhancement of the
proapoptotic proteins (p53, caspase-3, tBid, DR4, DR5, and
PAI-1) expression (p < 0.05, p < 0.01), whereas a well-marked
inhibition of antiapoptotic protein (uPA) expression compared to
PEG treatment (p < 0.05, p < 0.01, Figure 2A). The effect of PEG-
TRAIL on the above multiple genes expression was more
pronounced than TRAIL-treated cells (p < 0.05 or p < 0.01,
Figure 2A). Similarly, we also observed an apparent reduction
of fibrotic markers, including β-crystallin, α-SMA and collagen I,
and collagen III, that are linked to the severity of liver fibrosis, in
3T3 and LX-2 cells after treatment with TRAIL or PEG-TRAIL to
various extents (p < 0.05, p < 0.01), and the impact of PEG-TRAIL
was more obvious relative to TRAIL in LX-2 cells (p < 0.05, p <
0.01, Figure 2B), which documented that the anti-fibrotic effect of
PEG-TRAIL on activated human HSCs was greater than that of
TRAIL alone. More visual results were presented in Figure 2C.
Generally, the above findings further verified that PEGylation
enhances the anti-fibrosis effect of TRAIL.

PEG-TRAIL Displays A Longer Circulation
The pharmacokinetics of TRAIL and PEG-TRAIL were evaluated
through the serum TRAIL of rats, and the corresponding results
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are shown in Figure 3. Initially, TRAIL showed a satisfactory
result that its content was higher than PEG-TRAIL within 1 h.
But the active TRAIL was found to be removed from the rat
serum very rapidly, with a circulating half-life (t1/2) of 1.07 ±
0.06 h, whereas PEG-TRAIL had a t1/2 value of 8.01 ± 0.98 h.
In addition, the AUCinf values (% h) of PEG-TRAIL in blood
were also observed to be much greater than that of TRAIL. Taken
together, the above findings revealed a better long-circulating
effect of PEG-TRAIL than TRAIL in vivo.

PEG-TRAIL Enhances AntiFibrosis and
ProApoptotic Effects of TRAIL in Hepatic
Fibrosis Mice Models
Next, we explored the anti-fibrosis and apoptosis inductive effects
of PEG-TRAIL in vivo by establishing mice models of hepatic
fibrosis. After liver fibrosis was induced and intravenously treated
with equal amount of PEG, TRAIL, and PEG-TRAIL,
respectively, for 4 weeks later, liver tissues were collected. As
shown in the images of Sirius red staining, the liver tissues in
PEG-TRAIL group showed significantly decreased positive areas
of collagen deposition staining compared with TRAIL, which
indicated that PEG-TRAIL had more power to alleviate hepatic
fibrosis (Figure 4A). α-SMA is a biomarker of hepatic fibrosis,

and its expression was studied by immunohistochemistry and
Western blotting. Clearly, α-SMA expression was notably
reduced by TRAIL and PEG-TRAIL compared with PEG-
treated group, and particularly, PEG-TRAIL caused the lowest
expression of α-SMA (Figure 4A). In consistency with
immunohistochemistry, similar result was also confirmed by
the Western blot analysis (p < 0.01, Figure 4B). In the result
of α-SMA/TUNEL double-labeling, we found that PEG-TRAIL
caused more apoptotic aHSCs (α-SMA+/TUNEL+) than either
PEG or TRAIL did (p < 0.01, Figures 4C,D), confirming the
stronger apoptosis inductive effect of PEG-TRAIL. These
manifestations revealed that the satisfactory anti-fibrosis of
PEG-TRAIL might be due to the fact that PEGylation
improved the long-circulating activity of TRAIL for aHSCs.
Overall, PEG-TRAIL has the ability to enhance the anti-
fibrosis and apoptosis inductive effects of TRAIL on aHSCs
in vivo.

PEG-TRAIL Enhances The Targeting
Efficiency of TRAIL in Hepatic Fibrosis Mice
Models
To explore the potential anti-fibrosis mechanism of PEG-TRAIL
in vivo, we also performed DR4/TRAIL-R1 IF double staining. As

FIGURE 1 | PEG-TRAIL attenuates the viability and promotes apoptosis of 3T3 and LX-2 cells. (A) Successful synthesis of PEG-TRAIL was verified with Western
blotting. (B) Cell viability of 3T3 and LX-2 cells treated with PEG, TRAIL, and PEG-TRAIL was measured with CCK-8 assay. (C) Cell apoptosis of 3T3 and LX-2 cells
treated with PEG, TRAIL, and PEG-TRAIL was detected by flow cytometry assay. (D) Statistical result of cell apoptosis assay. *p < 0.05 and **p < 0.01 compared with
PEG; #p < 0.05 and ##p < 0.01 compared with TRAIL.
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shown in Figure 5A, it is obvious that the DR4+ (DR4-positive)/
TRAIL+ (TRAIL-positive) cells in PEG-TRAIL–treated liver
tissues were significantly more than those in PEG and TRAIL

groups, demonstrating that PEG-TRAIL has longer retention
time in the liver so that DR4+ cells can be targeted by TRAIL
with greater possibility in relative to free TRAIL (Figure 5A).
Then we quantitatively analyzed the intensity in the liver and
found that the percentage of DR4+/TRAIL+ cells in DR4+ cells in
PEG-TRAIL was approximately 56 % and 35 %more than that in
PEG- or TRAIL-treated livers (p < 0.01, Figure 5B). Together, it
can be concluded that PEGmodification enhances the antifibrosis
and apoptosis inductive effects of TRAIL by extending the
circulating time of TRAIL in the serum and retaining more
TRAIL in the liver of hepatic fibrotic mice.

DISCUSSION

Hepatic fibrosis is a major world health problem, which is caused
by the chronic liver injury (Bansal et al., 2011; Hasenfuss et al.,
2014). Credible study has confirmed the importance of aHSCs in
the hepatic fibrogenesis and its apoptosis is a significant
mechanism for liver fibrosis improvement (Friedman, 2003).
Therefore, inhibiting HSCs activation or promoting their
apoptosis is an available method for treating liver fibrosis.
aHSCs are associated with the regulation of various apoptosis-
related molecules, including neural growth factor receptor

FIGURE 2 | PEG-TRAIL alters the protein expression of apoptosis- and fibrosis-related genes in 3T3 and LX-2 cells. (A) The relative protein level of p53, cleaved caspase-3,
tBid, DR4, DR5, uPA, and PAI-1 normalized to GAPDH; (B) The relative protein level of β-crystallin, α-SMA, collagen I, and collagen III normalized to GAPDH; (C) Representative
blots for each protein measured with Western blotting from triplicate results. *p < 0.05 and **p < 0.01 compared with PEG; #p < 0.05 and ##p < 0.01 compared with TRAIL.

FIGURE 3 | Serum concentrations of rhTRAIL at the designed time
points and the corresponding pharmacokinetic parameters (half-life) used in
anesthetized rats.
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(NGFR), NF-κB, Fas/FasL, and Bcl2/Bax. Natural killer (NK) cells
were found to exhibit a strong capacity in inducing aHSCs
apoptosis via NKG2DRAE1 and TRAIL/DR5 pathways (Tacke
and Zimmermann, 2014), as well as an outstanding ability to
alleviate liver fibrosis by targeting aHSCs in a NKG2D- and
TRAIL-dependent manner (Glässner et al., 2012). Considering
the important role of TRAIL in the induction of aHSC apoptosis,
targeting TRAIL-mediated death may provide a promising anti-
fibrotic strategy for fibrotic diseases therapy. However,
unmodified recombinant TRAIL is of a relatively weak cell

lethality and has an extremely short half-life (Yoon and Gores,
2002; Kim et al., 2011c; Hellwig and Rehm, 2012). Although
recombinant human TRAIL has been investigated as an
anticancer drug by several studies, its clinical efficacy never
got along very well mainly owing to the short half-life (Jean-
Charles et al., 2011; Lemke et al., 2014), which greatly limits its
application in drug development.

In the current study, to enhance the pharmaceutical property
of TRAIL against liver fibrosis, we chemically synthesized the
complex PEG-TRAIL and performed series of biochemical

FIGURE 4 | PEG-TRAIL enhances antifibrotic and proapoptotic effects of TRAIL in hepatic fibrosis mice models. (A) Sirius red staining and α-SMA IHC of liver
tissues after treatment with PEG, TRAIL, or PEG-TRAIL. (B)Western blotting showing the protein expression level of α-SMA in the liver tissues after treatment with PEG,
TRAIL, and PEG-TRAIL. (C,D) TUNEL/α-SMA double-labeling IF of liver tissues after treatment with PEG, TRAIL, or PEG-TRAIL, and the corresponding quantitative
apoptosis rate of aHSCs in liver tissues (C). Arrows indicate TUNEL+/α-SMA+ cells. Scale bar: 20 μm. **p < 0.01, compared with PEG; ##p < 0.01, compared with
TRAIL.
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experiments to evaluate the anti-fibrosis activity and fibrosis-
targeting efficacy of PEG-TRAIL in vitro and in vivo. In vitro,
PEG-TRAIL exerted a better ability to suppress the cell viability at
a relatively low concentration by contrast with TRAIL in LX-2 but
not in 3T3 cells, suggesting the strong affinity of PEG-TRAIL to
aHSCs. Besides, PEG-TRAIL was also found to exhibit extremely
low cytotoxicity in vitro. In fact, PEGylation is a novel approved
technology and more than twenty PEGylated therapies are being
explored in clinic, recently (Swierczewska et al., 2015).
Considering our result and prior report, we can make sure
that PEGylation is a safe and effective approach to enhance
the delivery efficiency of protein drug (Figure 1B). Consistent
with cell viability data, TRAIL and PEG-TRAIL induced a well-
marked enhancement of both 3T3 and LX-2 cells apoptosis
compared with PEG treatment, which can be observed from
an obvious increase of cell apoptosis rate and the significant
upregulation of proapoptotic protein expression and inhibition of
antiapoptotic protein expression (Figures 1C,D, 2A,C). Also,
downregulation of the main fibrotic markers (β-crystallin,
α-SMA and collagen I, and collagen III), which are the main
characteristics of PEG-TRAIL–treated cells (Gregorio et al.,
2017), is considered to be the result of TRAIL-induced cell
apoptosis and recovery from fibrosis in vitro (Figures 2A–C).
What is noteworthy is that the proapoptotic and anti-fibrosis
effects of PEG-TRAIL were more pronounced in LX-2 cells than
in 3T3 cells, characterized by the significant increase of cell
apoptosis and the well-marked reduction of fibrotic-related
protein expression, compared with 3T3 cells. These findings
further identify the stronger anti-fibrosis and apoptosis
inductive ability of PEG-TRAIL than free TRAIL.

According to a previous study, we have known that TRAIL has
a very short half-life and can be quickly cleared in vivo because of
renal clearance (Xiang et al., 2004). In our in vivo study, we first
examined the circulation time of PEG-TRAIL in the blood of rats.
Here, the reason for selecting rats is because rats have more blood
than mice, which is convenient for repeated blood test and
measuring related index. The results showed that PEGylation
could significantly improve the pharmacokinetic profile of TRAIL

by prolonging its half-life time (Figure 3), which was highly in
agreement with the result of one previous research (Kim et al.,
2011c). According to the literature review by Harris et al. (2001),
in addition to increasing the size and molecular weight of
rhTRAIL, PEGylation may also alter the physicochemical
properties of rhTRAIL, including changes in conformation,
steric hindrance, changes in electrostatic binding properties,
hydrophobicity, local lysine basicity, and pI (the pH at which
a protein’s charge is neutral). These physical and chemical
changes not only reduce systemic clearance by a number of
mechanisms, including decreases in renal clearance,
proteolysis, and opsonisation (macrophage uptake), and
influence the binding affinity of the therapeutic protein to
cellular receptors, resulting in changes in the bioactivity of the
agent, but also delay the translocation of rhTRAIL into
extravascular tissue and returning to the blood circulation
again by diffusion (Yamaoka et al., 1994). Therefore, rhTRAIL
without modification quickly ran into the circulation system,
reaches its peak concentration in artery, while PEG-rhTRAIL did
it relatively slow, causing the temporarily higher level of rhTRAIL
in serum in 0.25 ∼ 1 h after intravenous injection.

In a previous large-scale clinical trial for liver fibrosis
treatment, the safety and availability of TRAIL have been
confirmed; however, the usage of TRAIL has to be terminated
at the phase II of clinical trials due to the short half-life and poor
efficacy (Oh et al., 2016). Herein, the half-life of TRAIL was
prolonged significantly through PEGylation, which addresses a
huge defect of TRAIL in clinical application and suggests that it is
likely to become a new strategy to ameliorate liver fibrosis in the
future. Besides, we also found that PEG-TRAIL treatment could
effectively alleviate liver fibrosis in the mice animal model, as
reflected in the decline of Sirius red staining intensity, as well as
the decrease of α-SMA expression and α-SMA-positive cells. As
we know, the intensity of Sirius red staining indirectly represents
the collagen content that is the main component of ECM in liver
tissues (Mahmud et al., 2007); thus, the images of Sirius red
staining revealed the reduction of ECM accumulation and the
improvement of liver injury under the treatment of PEG-TRAIL

FIGURE 5 | PEG-TRAIL enhances the long-circulating efficiency of TRAIL in hepatic fibrosis mice models. (A) TRAIL/TRAIL-R1 double-labeling IF of the livers after
treatment with PEG, TRAIL, or PEG-TRAIL. (B) A histogram showing the percentage of DR4+/TRAIL+ cells in DR4+ cells in liver tissues after treatment with PEG, TRAIL,
or PEG-TRAIL. **p < 0.01, compared with PEG; ##p < 0.01, compared with TRAIL.
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(Figures 4A,B). Upon the liver injury, a large number of HSCs
would be activated and then exhibit an ability to enhance the
expression of α-SMA and production of ECM (Sato et al., 2003;
Higashi et al., 2017). Besides, it has been verified that there is a
direct association between the number of α-SMA–positive cells
and the reduction of fibrogenesis (Iimuro et al., 2003).
Considering the reduction of ECM along with the decrease of
α-SMA–positive cells in this study, we speculate that the
decreased expression of collagen may have resulted from the
suppression of HSCs activation induced by PEG-TRAIL. Not
surprisingly, the following α-SMA/TUNEL IF double staining
revealed that long circulation of PEG-TRAIL may result in the
increased number of TRAIL halted on aHSCs of the liver
compared with free TRAIL (Figures 4C,D). We believed it
was one of the potential mechanisms for PEG-TRAIL exerting
greater anti-fibrosis and apoptosis inductive ability in the animal
models of liver fibrosis.

Under physiological conditions, TRAIL exerts its function by
directly triggering cell apoptotic signaling in aHSCs via binding to
its receptors, including DR4 andDR5. For example, the sensitivity
of cancer cells would shift from one TRAIL death receptor to
another upon DR4 internalization under the treatment of
anticancer drugs (Bychkov et al., 2014). In the present study,
the recombinant TRAIL was modified with PEG. To investigate
whether the interaction between TRAIL and its receptor is
associated with the inhibitive effect of PEG-TRAIL on liver
fibrosis, DR4/TRAIL-R1 double IF staining was implemented.
We found that the number of DR4+/TRAIL+ cells in PEG-TRAIL
group was significantly greater than those in the groups only
treated with TRAIL (Figure 5), which indicated that the
PEGylation did notimpair TRAIL functions, but rather make it
retained in the circulation for a long time, making it possible that
more TRAIL molecules anchoring at their receptors on aHSCs. In
particular, TRAIL-DR5 interaction was not included in the
current study because TRAIL/DR5 is a well-established signal
axis for aHSC apoptosis. However, the exact role of the
internalized TRAIL/DR4 complex in the process of aHSCs
remains unclear. Based on the finding that a higher
concentration of TRAIL is necessary for DR4-mediated
apoptosis (Macfarlane et al., 2005; Arabpour, 2016), we can
confirm the involvement of TRAIL/DR4 interaction in aHSCs
apoptosis that was not well documented in previous reports,
which may provide more valuable information about the DR4-
mediated signaling.

Liposomes, synthetic vesicles that consist of phospholipid
membranes, are able to transport drug molecules across cell
membranes and have been broadly used as a drug delivery
system in basic and clinical experiments. Although further
research about dosage regimen needs to be done, the existing
evidence has proven that they seem to be the first choice for drug
delivery systems for various diseases (Beltrán-Gracia et al., 2019).
Lipid nanoparticles are a relatively new colloidal drug delivery
system, and their kinetic stability and rigid morphology are major
advantages over liposomes. But the liposomes or the
nanoparticles can be PEGylated to further extend their
circulating time and enhance their stability (Shen et al., 2018).
However, researchers have raised some concerns about the safety

of PEGylation because PEG itself shows toxicity at high
parenteral doses and/or causes potential immunogenicity
issues (Webster et al., 2009; Shiraishi and Yokoyama, 2019).
Therefore, there is still a long road for PEGylation’s
application in clinical use.

It is likely that all the cells that express TRAIL receptors have
the access to be targeted by TRAIL. For example, one study has
proven that apoptosis of pro-inflammatory Th17 cells is
induced by PEGylated rhTRAIL in experimental rheumatoid
arthritis mouse models (Park et al., 2017). Increased Th17 cells
are a type of well-documented risk factors in liver fibrosis
nowadays (Li X. et al., 2017; Milosavljevic et al., 2018; Zhou
et al., 2019). However, in the present study, we can only focus
on one of the key target cells which are believed to directly
trigger liver fibrosis due to the limited funds and time. More
detailed information about the mechanism that PEGylated
rhTRAIL effectively alleviates liver fibrosis is worth further
exploration.

CONCLUSION

In this study, a PEG modified complex PEG-TRAIL was
synthesized and used for the treatment of hepatic fibrosis, and
it exerted better anti-fibrosis and apoptosis inductive effects
mainly through prolonging the half-life time of TRAIL. Based
on these, we believe that PEGylation is an effective method to
improve the clinical efficacy of cytokine preparation with short
half-life. Overall, in spite of the potential renal toxicity and
immunogenicity issues of PEGylation, PEG-TRAIL presents
promising prospect in the therapy of liver fibrosis, and clinical
transformation of TRAIL-based therapies for liver fibrosis in
future is now expected.
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