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Introduction

Despite the progress achieved in developing therapeutic 
options for viral hepatitis, such as treatment with antiviral 
agents, no standard therapy has been developed for liver 
fibrosis. Liver fibrosis (LF) is considered the final stage of 
all chronic liver diseases induced not only by chronic viral 
hepatitis but also by autoimmune hepatitis, nonalcoholic 
steatohepatitis, congenital fibrosis, and alcoholic liver injury. 
Millions of people are affected by the symptoms and compli-
cations of LF, such as hepatic failure, jaundice, encephalopa-
thy, liver cancer, and gastrointestinal bleeding.1,2 Antifibrotic 
gene therapy has been studied and shown to be effective 
in controling fibrogenesis3 by targeting the production and 
deposition of extracellular matrix activated hepatic stellate 
cells.1,2 In these studies, various gene delivery systems were 
examined, including viral vectors,4–9 chemical carriers,9–11 
and physical methods.9,12,13 Because chronic viral hepatitis 
is the major etiology of LF,1 and it causes liver cancer,2 the 
viral vector and chemical methods of gene delivery are not 
ideal for use in LF cases, from the stand point of biological 
safety regarding immunogenicity and carcinogenic prop-
erties induced by the carriers. Therefore, we have focused 
on hydrodynamic gene delivery (HGD), one of the physical 
methods, to deliver genes with the physical force produced 
by the rapid injection of a large volume of fluid.14 The major 

advantages of this procedure are (i) that there is no need for 
carriers and (ii) that the simple injection of naked DNA plas-
mid can offer therapeutic gene expression. The modification 
of the procedure achieved site-specific, safe, and effective 
gene delivery in small15 and large animals16–24 with the help 
of a procedure of image-guided liver lobe-specific catheter 
insertion. This method achieved a therapeutic level of gene 
expression in animals with no immunoreaction, or migration 
of plasmid DNA into other organs.23,24

While these previous studies focused on the applicability 
of the procedure and the functional analyses of therapeutic 
genes in animals with normal livers, little is known regard-
ing its effectiveness and safety in animals with liver diseases 
leading to end-stage LF. Yeikilis et al. reported the phenom-
enon of decrease of HGD efficiency in rats with liver cirrhosis 
examining the mechanism of the procedure,25 however the 
degree of LF on the efficiency, safety of the procedure, and 
the impact of antifibrotic gene therapy on its reverse have 
not been analyzed. The effects of fibrotic tissue on HGD are 
determined by the difference of gene expression between 
animal species, due to natural presence of fibrotic structure 
in the liver. For example, pigs, which are known to contain a 
specific amount of fibrotic liver tissue to support their bodies, 
show 100- to 1,000-fold lower gene delivery efficiency than 
dogs and baboons3,22–24 (Kamimura K., unpublished data), 
when the same gene delivery procedure was used. Although 
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Hydrodynamic gene delivery is a common method for gene transfer to the liver of small animals, and its clinical applicability in 
large animals has been demonstrated. Previous studies focused on functional analyses of therapeutic genes in animals with 
normal livers and little, however, is known regarding its effectiveness and safety in animals with liver fibrosis. Therefore, this 
study aimed to examine the effects of liver fibrosis on hydrodynamic gene delivery efficiency using a rat liver fibrosis model. 
We demonstrated for the first time, using pCMV-Luc plasmid, that this procedure is safe and that the amount of fibrotic tissue 
in the liver decreases gene delivery efficiency, resulting in decrease in luciferase activity depending on the volume of fibrotic 
tissue in the liver and the number of hepatocytes that are immunohistochemically stained positive for transgene product. We 
further demonstrate that antifibrotic gene therapy with matrix metalloproteinase-13 gene reduces liver fibrosis and improves 
efficiency of hydrodynamic gene delivery. These results demonstrate the negative effects of fibrotic tissue on hydrodynamic 
gene delivery and its recovery by appropriate antifibrotic therapy.
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these phenomena were observed at the experimental level, 
it becomes important to understand the effects of fibrotic tis-
sue on gene delivery not only for treatment of advanced LF 
but also for treatment of liver diseases that eventually lead to 
end-stage fibrosis.

For this purpose, in this study, we have systematically 
examined the effect of fibrotic tissue on efficiency of HGD 
using a rat model of LF. In addition, we have tested whether 
antifibrotic gene therapy can improve the gene delivery effi-
ciency in this model using HGD of matrix metalloproteinase 
13 (MMP13) gene.12 Our results showed, for the first time, 
that the amount of fibrotic tissue in cirrhotic livers decreases 
gene expression in the liver depending on the volume of 
fibrotic tissue and that MMP13 gene therapy preserves effi-
ciency of HGD in fibrotic livers.

Results
Effects of fibrosis on the efficiency of liver-targeted HGD
The LF animal model was developed by bile duct liga-
tion (BDL) in rats according to the previously published 

procedure.8,10,12,26–29 Sirius red staining was used to assess 
the distribution of the fibrotic tissue, and the fibrotic level in 
the entire liver was assessed 9 weeks after the procedure 
(Figure 1). Quantitative analysis showed 10.95 ± 2.43% of 
fibrotic tissue in the LF group, which was statistically higher 
than normal control (2.77 ± 0.87%, P < 0.01, Figure 1a). The 
level of the LF in each lobe was analyzed to determine the 
fibrotic tissue distribution. The right lateral, right medial, left 
medial, left lateral, and caudate lobes in LF rats showed 
homogeneous 8.11, 8.65, 13.4, 12.9, and 11.7% of fibrotic 
tissue, respectively, whereas in normal rats, they showed 
3.50, 3.36, 3.06, 2.56, and 1.35% (N.S.), respectively. This 
homogeneous distribution of the fibrotic tissue and the sta-
tistical difference between LF and normal rats suggest the 
efficiency of BDL for developing homogeneous LF in the LF 
group (Figure 1b).

To examine the effects of fibrotic tissue on the efficiency 
of the HGD, pCMV-Luc DNA solution, with a concentration 
of 5 μg/ml and a volume of 5% body weight, was hydrody-
namically delivered into normal rats and LF rats 9 weeks 
after BDL using the liver-targeted HGD procedure. Animals 

Figure 1  Effect of fibrosis on the efficiency of hydrodynamic gene delivery. (a) The standard Sirius red staining was performed to 
evaluate the fibrotic liver tissues in normal rats and LF rats 9 weeks after bile duct ligation. A quantitative analysis of fibrotic tissue positively 
stained was performed using ImageJ software (version 1.6.0_20, National Institutes of Health) as previously reported (a total of 75 sections 
from three rats each were analyzed). (b) The distribution of the fibrotic area (%) in each lobe (15 sections from all lobes). The values represent 
mean ± SD. (c) Each group of three normal rats and LF rats were hydrodynamically injected with pCMV-Luc, and liver samples were collected 
4 hours after the transfection followed by the standard luciferase assay. The values represent mean ± SD (five samples from every liver lobe 
per rat from all three rats in each group, yielding 15 samples per group). (d) Luciferase activity in each lobe of the rat groups (three tissue 
samples from each lobe). *P < 0.05,** P < 0.01, *** P < 0.001, and N.S., no statistical significance. t-test or one-way analysis of variance 
(ANOVA) followed by Bonferroni’s multiple comparison test. LF, liver fibrosis group; RL, right lateral lobe; RM, right medial lobe; LM, left medial 
lobe; LL, left lateral lobe; and CL, caudate lobe.
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were euthanized 4 hours after gene delivery of pCMV-Luc 
plasmid, and the liver tissue was collected. The level of lucif-
erase activity was assessed using the standard luciferase 
assay (Figure 1c,d). The luciferase activity showed a lucifer-
ase level of 2.5 × 106 relative light units (RLU)/mg of protein 
in the LF group, which was statistically lower than 1.4 × 108 
obtained in normal rats (P < 0.01) (Figure 1c). Each liver 
lobe in the LF group showed no significant difference, indi-
cating the homogeneously lower level of luciferase activity in 

fibrotic liver owing to the homogeneous fibrotic tissue (Figure 
1b,d). These results suggest the successful development of 
homogeneous LF in rats, and that fibrotic tissue significantly 
reduced the gene delivery efficiency of the liver-targeted 
HGD.

Correlation between LF and gene delivery efficiency
To determine the relationship between LF and gene deliv-
ery efficiency, the amount of fibrotic liver tissue and gene 
delivery efficiency was analyzed (Figure 2) using Sirius 
red staining and luciferase gene expression. Representa-
tive Sirius red staining images show ~5, 10, 15, and 20% of 
fibrotic tissue in the liver (Figure 2a–d). The linear regres-
sion between the area of LF and luciferase activity is shown 
in Figure 2e and a significant negative correlation was evi-
denced (r = −0.606, P < 0.001). These results suggest that 
the fibrotic liver tissue directly decreased the efficiency of 
the liver-targeted HGD.

Safety of liver-targeted HGD to fibrotic liver
The safety of the procedure was assessed with the careful 
confirmation of the physiological condition of the animals 
using serum biochemical analyses (see Supplementary 
Figure S1). No significant damage to the internal organs was 
seen in LF rats, and no difference was seen in the recov-
ery from anesthesia. The biochemical analyses performed 
at appropriate time points after HGD on LF rats 10 weeks 
after BDL showed a transient increase in hepatic enzymes: 
aspartate aminotransferase, 435.1 ± 322.4 IU/l; alanine 
aminotransferase, 305.1 ± 359.2 IU/l; and lactate dehydro-
genase 2784 ± 1691 IU/l. This hepatic enzyme increase 
occurred just after the HGD (see Supplementary Figure 
S1a), which showed no significant difference compared 
with that in normal rats of the same size: aspartate amino-
transferase, 379.5 ± 177.4 IU/l; alanine aminotransferase, 
209.1 ± 52.3 IU/l; and lactate dehydrogenase, 2001 ± 584.8 
IU/l (see Supplementary Figure S1b). The levels of these 
enzymes decreased in 7 days both in LF and normal rats 

Figure 2 Correlation between liver fibrosis and efficiency of liver-
targeted HGD (a–d) representative images of Sirius red staining; 
(a) ~5% of fibrotic tissue, (b) for 10%, (c) for 15%, and (d) for 20%. 
(e) Correlation analysis between area of fibrotic liver tissue and 
luciferase activity (n = 120, *** for P < 0.001); Scale bar represents 
200 μm (100 ×). r, correlation coefficient.
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Figure 3 Experimental protocol for antifibrotic treatment. The rat liver fibrosis (LF) model was developed by the bile duct ligation (BDL) 
(n = 40). Two groups of LF ( n = 20) and LF-MMP13, BDL simultaneously followed by hydrodynamic delivery of pBGI-MMP13 (n = 20) were 
developed. Each model was analyzed for the severity of the LF at appropriate time points using a serum marker of hyaluronic acid, type 4 
collagen, albumin, and hepatobiliary enzymes. The liver-targeted hydrodynamic gene delivery (HGD) of pCMV-Luc was performed on 5 rats 
in each group at the time points of 0 (n = 10), 5 (n = 10), 8 (n = 10), and 10 (n = 10) weeks after BDL followed by euthanasia and the collection 
of tissue samples.
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(see Supplementary Figure S1). These results suggest 
that the liver-targeted HGD can be safely performed in LF 
rats, and that the decrease in gene expression is not directly 
caused by damage to the hepatocytes.

Effect of antifibrotic gene therapy on gene delivery 
efficiency
To determine whether the antifibrotic therapy for fibrotic 
liver can maintain/reverse the gene delivery efficiency, we 
examined the effect of MMP13 therapy, which was previ-
ously reported to be effective for treating LF.5,11,12 We have 
utilized the MMP13 expressing plasmid which sustained 
serum MMP13 concentration for ~70 days at the highest level 
and showed antifibrotic effect.12 The experimental protocol is 
shown in Figure 3. The rats were divided into two groups: 
rats treated with BDL (LF) and rats treated with the MMP13 
gene following BDL (LF-MMP13) (Figure 3a). Firstly, the BDL 
was performed to both groups and the liver-specific hydrody-
namic delivery of the pBGI-MMP13 solution was performed 
on LF-MMP13 group. And they were carefully monitored for 
the progression of LF by histological analyses and serum 
marker by the collected liver and blood samples. Then, to 
examine the gene delivery efficiency in the fibrotic liver, the 
pCMV-Luc plasmid was hydrodynamically injected at appro-
priate time points (Figure 3b).

The change of fibrotic area in the livers showed a time-
dependent increase in the LF group (Figure 4a). The liver 
collected 10 weeks after BDL achieved the highest level of 
16.4 ± 7.67%, which was significantly higher than that of the 
LF-MMP13 group (6.09 ± 5.04%; P < 0.001). Importantly, 
the area of fibrotic tissue of the LF-MMP13 group showed 
a peak level at 5 weeks after the BDL and MMP13 therapy, 

and decreased in a time-dependent manner. These results 
suggest that the liver-targeted MMP13 HGD showed a time-
dependent antifibrotic effect (Figure 4a). Then, the efficiency 
of the HGD was examined at selected time points (Figure 4b).  
The control rats showed the highest level of luciferase activity 
with the liver-targeted HGD (~1.5 × 108 RLU/mg of protein), 
and the activity decreased in a time-dependent manner in 
the LF group, with the lowest level (2.5 × 106 RLU/mg of pro-
tein) seen in animals 10 weeks after BDL. Conversely, ani-
mals in LF-MMP13 treated group showed an initial decrease 
in luciferase activity until 5 weeks after the procedure to 
the lowest level of 1.6 × 107 RLU/mg of protein. Luciferase 
expression level recovered from the lowest point and fully 
recovered in 10 weeks after the procedure with luciferase 
activity at 1.9 × 108 RLU/mg of protein, which was signifi-
cantly higher than that of the LF group at the same time 
point (P < 0.001) (Figure 4b). These results suggest that the 
MMP antifibrotic therapy triggered the recovery of the gene 
delivery efficiency of the HGD by reducing the fibrotic tissue.

The number of positively stained cells with antiluciferase 
antibody was quantitatively analyzed in samples collected 
from the rats 10 weeks after BDL (Figure 5a–d). The level 
of positively stained cells indicating luciferase expression 
was 5.88 ± 1.37% in normal rats after HGD (Figure 5a). In 
the LF-MMP13 group, it was similar level at 6.93 ± 2.66% to 
none fibrotic, normal rats (N.S.) (Figure 5c), and significantly 
higher than the LF group (Figure 5b) with 0.92 ± 0.40% (P < 
0.05) (Figure 5d).

The level of MMP13 in 10 weeks after the procedure 
showed similar level at 66.1 ± 10.3 pg/ml and 73.0 ± 25.6 pg/
ml in normal rats and LF-MMP13 group (N.S.) and signifi-
cantly higher than LF group with 9.7 ± 2.8 pg/ml (Figure 5e).

Figure 4 Effect of antifibrotic gene therapy on gene delivery efficiency. (a) Time-dependent change in fibrotic liver tissue. The Sirius red 
staining was followed by the quantitative analysis of fibrotic tissue using ImageJ software  (version 1.6.0_20, National Institutes of Health). 
The values represent mean ± SD (five sections from five lobes of five rats each in the group, yielding 125 sections for each value from 40 rats). 
(b) Effect of the degree of liver fibrosis (LF) on hydrodynamic gene delivery. The pCMV-Luc plasmid was hydrodynamically delivered to the rats 
at different time post bile duct ligation (BDL) and luciferase activity in the liver was analyzed 4 hours after gene delivery. The values represent 
mean ± SD. (All five lobes from five rats in each group, n = 25 samples for each value from 40 rats) *for P < 0.05, ** P < 0.01, *** P < 0.001, 
and N.S., no statistical significance between the level in LF and LF-MMP13 groups. One-way analysis of variance (ANOVA) followed by 
Bonferroni’s multiple comparison test.
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Figure 5 Histological analysis of luciferase expression in the liver. Immunohistochemical staining with antiluciferase antibody was 
performed on liver tissues collected 10 weeks after the treatment. Scale bar represents 200 μm (100 ×). (a) Normal, (b) liver fibrosis (LF), and 
(c) LF-MMP. (d) Quantitative analysis of positively stained cells. Five different liver sections from five lobes of five rats each in three groups 
were immunohistochemically stained with antiluciferase antibody, and a quantitative analysis was performed using ImageJ software (version 
1.6.0_20, national Institutes of Health). The values represent mean ± SD. (n = 125 for each value) (e) The level of MMP13 in 10 weeks after 
the procedure. Serum concentration of MMP13 was quantified by enzyme-linked immunosorbent assay (ELISA). The values represent mean 
± SD. (n = 5 for each group) **P < 0.01, *** P < 0.001, and N.S., no statistical significance. One-way analysis of variance (ANOVA) followed 
by Bonferroni’s multiple comparison test.
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Figure 6 Serum biochemical analysis. The standard serum biochemical analysis was performed on the serum collected 10 weeks after the 
bile duct ligation and MMP13 gene transfer. The values represent average concentrations of (a) aspartate aminotransferase (AST), (b) alanine 
aminotransferase (ALT), (c) lactate dehydrogenase (LDH), (d) alkaline phosphatase (ALP), (e) albumin (ALB), (f) hyaluronic acid (HA), and 
(g) type IV collagen (Type IV Col) in serum. The values represent mean ± SD (n = 5 rats for each value). * P < 0.05, ** P < 0.01, and NS, no 
statistical significance. One-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test.
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These results suggest that the antifibrotic therapy for the 
fibrotic liver decrease the level of LF, and reinstalled the 
capacity of liver in responding to HGD.

Biochemical analysis
To examine the recovery of the hepatic function and antifi-
brotic effect of the treatment, biochemical analyses were 
performed on blood samples collected 10 weeks after 
treatment  (Figure 6a–g). No significant differences in 
aspartate  aminotransferase  (Figure 6a), alanine amino-
transferase  (Figure 6b),  lactate dehydrogenase (Figure 6c),  
and alkaline phosphatase (Figure 6d) were observed 
(Figure 6a–d).  However, significantly lower levels of hyal-
uronic acid (24.4 ± 25.0 ng/ml;  Figure 6f) and type IV col-
lagen (3.49 ± 1.73 ng/ml; Figure 6g) were observed in the 
LF-MMP13 group than in the LF group (190.7 ± 140.6 ng/
ml; Figure 6f; P < 0.05, 7.98 ± 3.85 ng/ml; Figure 6g; P < 
0.01). In addition, a statistically higher level of albumin (ALB) 
(2.01 ± 0.49 g/dl; Figure 6e) was evidenced in the LF-MMP13 
group than in the LF group (1.32 ± 0.81 g/dl; Figure 6e; P < 
0.05). These results suggest that the suppression of LF by 
MMP13 gene transfer is the basis for the liver to regain its 
sensitivity to HGD by supporting the hepatic function and 
protein synthesis capability of the hepatocytes.

Discussion

HGD has been developed as a safe and effective method 
for gene transfer to the liver of small animals.9,13,14,30 In small 
animals, the principle of HGD relies on a rapid tail vein injec-
tion of a volume of DNA solution equivalent to 10% of the 
body weight over 5 seconds.31,32 This procedure leads to an 
increased pressure in the inferior vena cava and cardiac 
congestion that drives the solution into the hepatic veins in 
retrograde. The injected solution enlarges the fenestrae and 
induces transient hepatocyte pore formation, which allows 
entry of DNA solution into the hepatocytes.31,32 Regarding 
efficiency of the procedure, it can achieve ~30% of hepato-
cytes with successful gene transfer, resulting in therapeutic 
effect in different animal models.33–36 Based on this evidence, 
the catheter-based liver lobe-targeted HGD has been devel-
oped and was reported to achieve safe, effective, and site-
specific gene delivery to the liver of large animals.16–19,22–24,37,38 
Building on these promising results, this methodology is cur-
rently under study for its further application to diseased liver, 
including LF, which is the final stage of various liver diseases, 
including viral hepatitis, alcoholic liver injury, autoimmune 
hepatitis, and nonalcoholic steatohepatitis, all of which may 
lead to liver failure and cancer at the end of pathological pro-
gression. To apply HGD to LF, we recently reported the antifi-
brotic effect of MMP13 using liver-targeted HGD.12 Our results 
showed that the overexpression of MMP13 in hepatocytes 
has a significant effect in prevention against LF, suggesting 
the clinical applicability of this procedure for antifibrotic liver 
therapy. The effect of fibrotic tissue on the efficiency of HGD 
was suggested in our previous study, in which we performed 
liver-targeted HGD in pig liver. Pig liver contains a significant 
amount of fibrotic tissue naturally, and we observed that the 
fibrotic tissue decreased the HGD efficiency.22 Based on 

these previous observations using the pig liver model, we 
conducted the current study to examine the effects of fibrotic 
tissue on the efficiency of liver-targeted HGD and to further 
extend the applicability of HGD to later stages of fibrotic liver.

Our study clearly showed that fibrotic liver tissue reduced 
the gene delivery efficiency of HGD in a fibrotic tissue vol-
ume-dependent manner. In addition, successful prevention 
of fibrotic tissue accumulation by liver-targeted HGD of the 
MMP13 gene re-established the procedure’s efficiency by 
increasing gene expression and number of cells successfully 
transfected. The serum biochemical analyses showed the 
recovery of liver function with the increase in ALB concen-
tration. This indicated the improvement in protein synthesis 
capability of hepatocytes by the MMP13 transfection, prob-
ably owing to a reduction in the fibrotic tissue. Furthermore, 
the hepatocyte growth factor, which was previously reported 
to be useful for gene therapy for liver cirrhosis39 and is 
released through MMP13 activation,4,5,40 seems to have con-
tributed to such recovery. These results establish a significant 
correlation between fibrosis volume and gene expression by 
HGD, and suggest that MMP13 gene therapy contributed to 
the recovery of gene expression by improving delivery effi-
ciency and possibly hepatocyte function.

This is the first report to show the effects of fibrotic tissue on 
HGD efficiency and the maintenance effect of MMP13 gene 
therapy on the liver. We used the BDL method to develop LF 
in rats, as this has been considered a model of time-depen-
dent progression of LF41 and has been validated in various 
studies.8,10,26–29 Therefore, we saw this as the ideal model to 
achieve the aim of our study: to compare the gene delivery effi-
ciency in fibrotic tissue in a volume- and time-dependent man-
ner. Additionally, this was the only animal model allowed in our 
animal facility considering the strict regulations of the usage of 
CCl4. In this study, it is clearly demonstrated that it is desirable 
to start the antifibrotic treatment as early as possible once the 
diagnosis of liver disease is made. It is also obvious that further 
studies will contribute to the improvement of HGD efficiency in 
the fibrotic liver, focusing on the adjustment of hydrodynamic 
parameters, including flow rate, injection pressure, injection 
volume, and catheter position using various types of experi-
mental models of LF. The strategy of optimization that we have 
reported in various animal species and various tissues22,23,37 
using our computer-controlled HGD system15,42 can provide 
the adjustment of these parameters. Finally, a combination of 
the methods of removing or eluting the collagen fibers, includ-
ing cell therapy,43–45 may help improve the gene delivery effi-
ciency and therapeutic effect of HGD in advanced LF.

In summary, we report in this study the effect of fibrotic liver 
tissue on the efficiency of HGD to the rat liver. Further studies 
are required to fine-tune the HGD parameters of our com-
puter-controlled injection system and improve the efficiency 
of liver-targeted HGD in patients with extensive LF.

Materials and methods

Materials. The MMP13 expressing plasmid (pBGI-MMP13) 
was constructed as previously described.12 Briefly, the plas-
mid contains a CAG promoter-MMP13-IRES-tdTomato-polyA 
cassette. The pCMV-Luc plasmid, containing firefly luciferase 
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cDNA driven by a CMV promoter, was purified using Plasmid 
Mega Kit (Qiagen, Hilde, Germany). The purity of the plasmid 
preparation was checked on the basis of absorbency at 260 
and 280 nm and 1% agarose gel electrophoresis. Luciferase 
assay kits were purchased from Wako Pure Chemical Indus-
tries (Chuo-ku, Osaka, Japan). Wistar rats (n = 50, female, 
200–250 g) were purchased from Japan SLC (Hamamatsu, 
Shizuoka, Japan).

Development of LF model and analysis of fibrotic changes. 
All animal experiments were approved by and conducted in 
full compliance with the regulations of the Institutional Animal 
Care and Use Committee at the Niigata University, Niigata, 
Japan.

LF was induced using the BDL method as previously 
reported.12 In brief, the common bile duct was exposed 
under general anesthesia and ligated. To determine the 
amount of fibrotic liver tissue, liver tissue samples were col-
lected at the appropriate time points, fixed in 10% formalin 
upon collection, and embedded in paraffin. Sections (10 μm) 
were made and standard hematoxylin and eosin staining 
and Sirius red staining counterstained with were performed 
on the samples.

Images were captured from each tissue section randomly 
and a quantitative analysis of fibrotic area was performed 
using ImageJ software (version 1.6.0_20, National Institutes 
of Health) as previously reported.46

Hydrodynamic gene delivery to rat livers. Liver-targeted HGD 
to the rats was performed as previously described.15 Briefly, 
a midline skin incision was made on the rats under general 
anesthesia using isoflurane and 2,2,2-tribromoethanol (con-
centration, 0.016 g/ml in 0.9 % saline; dose, 1.25 ml/100 g 
bodyweight). An injection catheter (SURFLO 22 gauge, 
Terumo, Shibuya-ku, Tokyo, Japan) was inserted into the 
inferior vena cava and its tip was placed at the junction of the 
inferior vena cava and hepatic veins. Saline-containing plas-
mid DNA (either pBGI-MMP13 or pCMV-Luc, 5 μg/ml) was 
hydrodynamically injected into the liver via the catheter with 
temporal blood flow occlusions at the supra and infrahepatic 
inferior vena cava. Injection volume and flow rate were fixed 
at 5% bodyweight and 1 ml/s. The abdominal median incision 
was sutured after the procedure.

Luciferase assay. The HGD of pCMV-Luc plasmid DNA 
was performed 5, 8, and 10 weeks after the MMP13 gene 
delivery. Rats were euthanized 4 hours after the injection 
of pCMV-Luc plasmid DNA, and tissue samples were col-
lected from each hepatic lobe. Tissue samples for lucifer-
ase assays were kept at −80 °C until use. Lysis buffer (2 ml) 
(0.1 mol/l Tris–HCL, 2 mmol/l ethylenediaminetetraacetate 
(EDTA), and 0,1% Triton X-100; pH 7.8) was added to 
each sample (~200 mg wet tissue), and the samples were 
homogenized for 30 seconds with the tissue homogenizer 
(ULTRA-TURRAX T25 digital, IKA, Staufen, Germany) 
at maximum speed. The tissue homogenates were cen-
trifuged in a microcentrifuge for 10 minutes at 13,000× g 
at 4°C. The protein concentration of the supernatant was 
determined using a protein assay kit (BIO-RAD, Hercules, 
CA) based on Coomassie blue assay strategy. Supernatant 

(10 μl) was mixed with luciferase assay reagent (100 ul), 
and the luciferase activity was measured in a luminometer 
(Luminescencer Octa AB-2270, ATTO, Bunkyo-ku, Tokyo, 
Japan) for 10 seconds according to the previously estab-
lished procedure.15

Serum biochemical analyses. Serum biochemical markers 
including, AST, ALT, LDH, ALP, ALB, hyaluronic acid, and type 
IV collagen were analyzed by BML (Shibuya-ku, Tokyo, Japan).

Immunohistochemical staining. Tissue samples for immu-
nohistochemical staining were collected at 2, 5, 8, and 10 
weeks after BDL. All five lobes from three rats in each group 
were collected 4 hours after HGD of pCMV-Luc plasmids and 
fixed in 10% formalin upon collection before embedding in 
paraffin. A total of five sections (10 μm) were cut for each 
lobe of the rat (n = 75 per group), and standard immunohis-
tochemistry was performed using goat antiLuciferase poly-
clonal antibody (G7451, 1:100 dilution; Promega, Madison, 
WI), Vecstain Elite ABC Goat IgG kit (PK-6105; Vector Labo-
ratories, Burlingame, CA), and DAB chromogen tablet (Muto 
Pure Chemicals, Bunkyo-ku, Tokyo, Japan).

Serum MMP13 concentration. Blood samples were collected 
at appropriate time points and serum was used to analyze 
the serum level of MMP13 by enzyme-linked immunosorbent 
assay using Human MMP13 ELISA Kit (ELH-MMP13, Ray-
Biothech, Norcross, GA).

Statistical analyses. The data of luciferase assays, histo-
logical analyses, and biochemical analyses were statistically 
evaluated by analyses of variance followed by Bonferroni’s 
multiple comparisons test and t-test.

Supplementary material

Materials and Methods.
Figure S1. Safety of hydrodynamic gene delivery to fibrotic 
liver.
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