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Abstract
One of the major research focuses in the field of gene 
therapy is the development of clinically applicable, 
safe, and effective gene-delivery methods. Since the 
first case of human gene therapy was performed in 
1990, a number of gene-delivery methods have been 
developed, evaluated for efficacy and safety, and 
modified for human application. To date, viral-vector-
mediated deliveries have shown effective therapeutic 
results. However, the risk of lethal immune response 
and carcinogenesis have been reported, and it is still 
controversial to be applied as a standard therapeutic 
option. On the other hand, delivery methods for non-
viral vector systems have been developed, extensively 
studied, and utilized in in vivo  gene-transfer studies. 
Compared to viral-vector mediated gene transfer, 
nonviral systems have less risk of biological reactions. 
However, the lower gene-transfer efficiency was a critical 
hurdle for applying them to human gene therapy. Among 
a number of nonviral vector systems, our studies focus 
on hydrodynamic gene delivery to utilize physical force 
to deliver naked DNA into the cells in the living animals. 
This method achieves a high gene-transfer level by 
DNA solution injections into the tail vein of rodents, 
especially in the liver. With the development of genome 
editing methods, in vivo  gene-transfer therapy using 
this method is currently the focus in this research field. 
This review explains the method principle, efficiency, 
safety, and procedural modifications to achieve a high 
level of reproducibility in large-animal models.
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Core tip: Among a number of nonviral vector systems, 
hydrodynamic gene delivery has been used to study 
human diseases. The major advantage of the method 
is the simple and easy step to deliver naked DNA 
into living animal cells by physical force. The original 
method modification of injecting the DNA solution 
into a rodent tail vein has made it applicable in large 
animals. This method of delivering naked DNA can 
contribute to treat, not only liver disease but also other 
systemic diseases that can be cured by facilitating/
altering gene expression through the liver.
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INTRODUCTION
The liver is the largest organ in the body and is the 
center of numerous metabolic pathways. Therefore, 
it is involved in various inherited diseases. These 
diseases are often caused by a critical gene-product 
deficiency or overproduction in the hepatocytes. Recent 
advances in diagnostic strategies using molecular 
biology and genetics have helped establish various 
therapeutic methods. Moreover, genetic abnormalities 
are altered by introducing a gene-coding sequence or 
a nucleic-acid sequence into these cells to inhibit the 
specific gene overexpression. Thus, liver-targeted gene 
therapy emerged as a promising therapeutic strategy. 
Originally, human gene therapy was first performed 
using a retrovirus-mediated ex vivo gene-delivery 
method to target adenosine-deaminase deficiency in 
1990[1]. However, serious adverse events occurred in 
the following years, including lethal immune reaction 
to the adenovirus vector and oncogenesis because 
of genetic transformation caused by the retrovirus 
vector[2-4]. Over this time period, viral vectors have 
been improved toward higher levels of safety and 
efficiency, yet concerns regarding biological safety, 
including lethal immune reaction and oncogenesis, 
have remained. On the other hand, various nonviral 
gene-delivery methods have also been extensively 
studied for use in clinical applications. However, the 
major obstacle of the methods was lower gene-delivery 
efficiency compared to the viral vectors. Many ongoing 
studies modify the current strategies to provide a 
better gene-delivery efficiency while maintaining its 
safety features. Among these methods, this report 
focuses on the hydrodynamic gene-delivery (HGD) 
method for human gene delivery. The liver-targeted 

HGD efficacy and safety are described, including 
recent progress of the procedure applied toward 
clinical application. We hope the information described 
will help physicians to understand the principles of 
HGD and lead to new strategies to better treat patient 
diseases compared to the conventional treatment 
methods.

NUCLEIC-ACID DELIVERY TO THE LIVER 
AND THE PRINCIPLE OF HGD
Concerns regarding carcinogenesis and immune 
reaction because of viral-vector-based gene transfer 
have inspired the efforts to develop methods of nucleic-
acid delivery in its naked form in vivo. The objective 
of naked nucleic-acid delivery is either: (1) express 
gene of which the product is missing or low level; 
(2) gene vaccination; (3) inhibition of specific gene 
expression; and (4) deliver necessary parts of genome 
editing; etc. Table 1 summarizes the nonviral methods 
of nucleic-acid delivery for liver-target gene delivery. 
The barriers for nucleic-acid delivery to hepatocytes 
are the plasma membrane and the endothelium in the 
sinusoidal structure. Therefore, the physical methods 
of intrahepatic nucleic-acid delivery included needle 
injection, gene gun, electroporation, sonoporation, and 
HGD. They were developed to overcome the structural 
barriers using physical forces of pressure, shock wave, 
electric pulse, ultrasound wave, and hydrodynamic 
pressure. Among these methods, HGD to the mouse 
model was reported as an easy and effective in vivo 
gene-delivery method by injecting naked DNA solution 
into the tail vein[5,6]. Various genes were delivered 
into rodent hepatocytes to analyze their function and 
to examine the therapeutic effect within the research 
fields of gastroenterology and hepatology[5,7-15] (Table 2).

The principle of HGD relies on the mechanical force 
developed using a quick injection of a large amount 
of plasmid volume. Briefly, a 10% body weight DNA 
solution is injected within 5-7 s into a 20 g mouse. 
This force created a transient congestion in their right 
ventricle allowing the solution to flow back into the 
hepatic veins. Next, the solution passes through the 
sinusoidal structure to the portal veins allowing the 
force to make transient pores in the hepatocyte cell 
membrane[16-19]. Then, nucleic acids enter into the 
hepatocytes, move to the nucleus, and finally facilitate 
targeted gene expression. The transient pores naturally 
disappears in a short period[18], and the exogenous 
gene can be expressed in the hepatocytes. Due to 
the large amount of solution and its rapid flow rate, 
the blood is transiently cleared away from the vessel, 
and there is no concern regarding DNA degradation 
in the blood by DNase. A number of transfected cells 
are confirmed in the overall targeted area in the liver, 
although relatively higher gene-delivery efficiency was 
seen in the local areas highly impacted by the injection 
flow. The major advantage of the method is a less risk 
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of immune response and oncogenesis. Specifically, 
naked DNA plasmids and saline do not possess any 
immunogenicity reagents or the potential of DNA 
integration, compared to the chemical compounds 
used for viral or other nonviral gene-delivery methods.

EFFICIENCY AND SAFETY
The efficiency of the original procedure was confirmed, 
and various genes were examined for therapeutic 
effects in mouse disease models[5,7-15]. Only one pro-
cedure transfected a large number of hepatocytes 
with a specific protein secreting gene, approximately 
40% of hepatocytes in a targeted area, leading to a 
high level of gene expression in the liver and body[5]. 
In 2013, we reported that only one delivery method 
could achieve a high level of FIX expression in rats, 
which was expected to stop bleeding in patients with 
hemophilia B[20]. Regarding its safety, the impact of 
hydrodynamic injection to the liver is known to only 
elicit slight liver damage. In a microscopic study, 
destruction of cells and tissue was merely seen in the 
liver[5,18]. Also, transient abnormal aminotransferase 
(ALT) increases recover in a short term, and there are 
no signs of hepatic failure[20,21]. Considering the half-life 

of ALT and the small number of destroyed hepatocytes, 
we hypothesize that the ALT increase is derived from 
leakage out of the newly created transient pores and 
not from destroyed hepatocytes.

Based on this method’s efficiency and safety shown 
in rodent studies, recent efforts have safely applied this 
method for large-animal studies to show the clinical 
applicability. The essential key was to decrease the 
injection volume of 10% BW used in rodents, which 
is 5 L in 50-kg patient, to maintain the gene-delivery 
efficiency. Several reports showed the modification of 
the original procedures for this purpose, and we have 
applied catheter-based, target-organ-specific, and 
target-site-specific HGD in 2009[22]. By this procedure, 
the hepatocytes were hydrodynamically delivered 
genes of interest with < 1% of BW solution in each 
liver lobe. As a result, the gene-delivery efficiency was 
maintained showing a therapeutic level of human factor 
IX expression in dogs (manuscript in preparation). 
This procedure involves a catheter insertion through 
the jugular vein to each hepatic lobular vein. This is 
followed by the hydrodynamic injection of naked DNA 
plasmid solution with temporally occlusion of blood 
flow using balloon placed at the tip of the catheter 
(Figure 1A). By this technique, a sufficient intravascular 
pressure was provided upon the hydrodynamic in-
jection (Figure 1B), a key of successful gene transfer. 
In addition, no significant solution leakage with the 
added pressure is seen within the systemic dynamics, 
which normally impacts cardiopulmonary function. The 
safety and impact of HGD in large-animal models were 
carefully evaluated in previous reports as well[22-24]. 
Hydrodynamics of the procedure were also validated 
using CT scans during the injection[25]. These studies 
confirmed the site specificity of the gene-delivery 
efficiency, and the target-region-specific impacts 
caused by the injection. In addition, histochemical 
analyses of the transiently expanded sinusoidal 
structure showed the same as the phenomena seen 
in small animals and recovered within a few days[24]. 
While the systemic inflammatory cytokines including 
interferon-α, interleukin (IL)-6, IL-8, IL-18, and IL-4 
showed increase in mice after HGD through their tail 
vein affecting the systemic condition, however, the 
liver-targeted HGD showed an increase in cytokines 
related to the myocytes and vascular stretching 
including tumor necrosis factor-α, IL-10, MCP-1, 
and Canine KC, but not in systemic inflammatory 
cytokines[24]. This is probably due to the localized effect 
of injection pressure, flow, etc. Recently, laparoscopy 
was used to monitor the change in the lobe of the 
liver upon injection to confirm the site specificity and 
overall impact on the lobe (Figure 1C). The findings 
presented the precise site-specific distribution of the 
DNA solution upon the liver-targeted, lobe-specific 
HGD resulted in the site-specific expression of injected 
transgene (Figure 1D). Using a computer-controlled 
injection device (Figure 2), HGD was performed to 
the right lateral lobe with approximately 1.5% BW 
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Table 1  Non-viral gene delivery systems toward the liver

Method Functional component

Lipids Cationic lipids
Polymers Cationic polymers
Proteins Natural or chemically modified proteins in 

cationic nature
Peptides Lysine or arginine residues in peptides 
Needle injection Mechanic force
Gene gun Pressure
Electroporation Electric pulse
Sonoporation Ultrasound
Hydrodynamic delivery Hydrodynamic pressure

Table 2  Summary of the applications of hydrodynamic 
delivery for functional analysis of therapeutic genes related to 
the diseases of gastroenterology and hepatology

Disease Therapeutic Genes Ref.

Nonalcoholic steatohepatitis Inducible nitric oxcide synthetase [8]
Hepatitis HBV knockdown [5,9]

HCV knockdown
Fulminant hepatitis NKG2D knockdown [7,10]

osteopontin knockdown
Liver injury c-met [7,11]

IL-37
caspase knockdown

Liver fibrosis platelet-derived growth factor 
receptor beta knockdown

[12]

Liver Regeneration fibroblast growth factor 7 [13]
Fabry disease alpha-galactosidase A [7]
Pancreatitis pancreatitis associated protein 1 [14]
Colon cancer IL-15 [15]

HBV: Hepatitis B virus; HCV: Hepatitis C virus; IL: Interleukin.
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Specifically, the efficient and safe HGD to the liver is 
associated with a peak pressure level in the vessel and 
tissue, duration of the pressure, and concentration 
of plasmid solution (Figure 2). The reproducibility 
in gene-delivery efficiency for any target is the ad-
vantage of using this system. The system function 
involves: (1) preload of an arbitrary time-pressure 
curve to the computer; (2) placement of a sensor to 
detect an intravascular pressure at the portal vein; (3) 
insertion of a catheter for a hydrodynamic injection 
into the inferior vena cava (IVC); (4) beginning of a 
hydrodynamic injection after occluding the supra- and 
infra-portions of the hepatic IVC; (5) transmission of 
the intravascular pressure data to the computer every 
50 milliseconds; (6) regulation of the injector power 
to reproduce the time-pressure curve, which was 
input before the injection; and (7) repetition of step 
5 and 6 until injection completion (Figure 2). Further, 
the flexibility of the system can control various types 
of time-pressure curves in vivo[20] so that the safe, 
efficient, and reproducible injection can be repeatedly 
performed. Overall, this computer-controlled injection 
system has the potential of achieving reproducible 
HGD, even if anyone performs the procedure for any 
kind of target (Figure 2)[21-24].

solution completed within 7.5 s (Figure 1). Although 
the hydrodynamically injected DNA solution transiently 
made the liver pale, no destruction nor bleeding were 
seen.

INNOVATION OF INJECTION SYSTEM
Overall, the catheter-based procedure of liver-
targeted, lobe-specific HGD showed safe and efficient 
gene delivery in large-animal models. Therefore, the 
next step toward clinical application was to ensure 
the procedure reproducibility using various gene 
targets. For the liver, the size and elasticity of its 
tissue can vary between species, age ranges, and 
even individual subjects. In addition, it is known that 
many liver diseases show liver fibrosis during their 
final stage. During HGD, the specific intravascular 
pressure resulted in various patterns and differences 
in the gene-delivery efficiency with the same injection 
pressure (i.e., hydrodynamic pressure). Therefore, the 
intravascular pressure was used to control the injection 
speed, and the efforts have been made to develop the 
computer-controlled HGD system[20,21]. The system 
was set to control the injection power to reproduce 
the intravascular pressure during HGD to any target. 

Yokoo T et al . liver-targeted gene therapy

Figure 1  Image-guided, computer-controlled hydrodynamic gene-delivery to the dog liver. The balloon catheter was placed at the appropriate position in the 
hepatic veins of right lateral lobe and the occlusion of the blood flow by the balloon was confirmed by injecting a small amount of contrast medium into the hepatic 
vein. Then the hydrodynamic injection of naked DNA solution was performed under the real time monitoring of liver structure by the laparoscope using the computer-
controlled injection system (A). B: Time-pressure curve and the volume of injected solution recorded in the injection system. Solid and dotted lines represent actual 
and preloaded time-pressure curves. A gray area shows cumulative volume of injected saline (mL). C: Laparoscopic findings of the hydrodynamically injected right 
lateral lobe of the dog. The injected lobe was swollen and the injected DNA solution transiently made the liver pale. No destruction nor bleeding were seen on the 
surface of the liver (arrowheads). D: The effect of lobe-specific hydrodynamic gene delivery of luciferase expressing plasmid. The immunohistochemical analyses 
showed positively stained cells in the injected right lateral lobe. No stained cells were found in non-injected left lateral lobe. 
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Our recent and current studies[26,27] utilizing real-
time monitoring of the computer-controlled injection 
under fluoroscopy and laparoscopy (Figure 1) demon-
strated its precise controllability. Therefore, the current 
ongoing studies are focusing on treating diseased-
animal models, such as liver fibrosis with the different 
liver structure characteristics and various levels of 
fibrosis. This scenario provides the best disease model 
to examine the intravascular-pressure-based injection 
control. For these purposes, we are continuously 
modifying the injection system for its clinical trial 
application, in collaboration with GMP-grade engineers, 
physicians, and industrial companies. 

GENE THERAPY THROUGH THE LIVER
While improving the injection system, we are investi-
gating hepatic gene therapy for systemic diseases as 
well as for the liver diseases. The target diseases in-
clude hemophilia, human alpha-1 antitrypsin deficiency, 
etc. which can be treated by increasing the hepatic 
expression of normal proteins in the liver and then 
their secretion into blood plasma. For liver disease 
gene therapy, Abe et al[28] recently reported that HGD-
mediated MMP13 expression in the rat liver prevented 
liver fibrosis. Surprisingly, rat liver treated by MMP13 
gene therapy did not suffer from significant fibrosis 
after at least 10 wk. Hyaluronic acid levels of MMP13-
treated rats with bile-duct ligation were statistically 
equivalent to those of normal rats. Therefore, MMP13 
is a promising candidate for liver fibrosis gene therapy. 

Further studies focusing on the therapeutic effect in 
advanced stage liver fibrosis are currently ongoing. 
In addition, HGD procedure from hepatic artery is 
also being examined in our lab to treat hepatocellular 
carcinoma by this method since hepatocellular 
carcinoma is fed by the hepatic artery. While early 
study showed transient increase of platelet count 
injecting large volume of thrombopoietin-expressing 
plasmids into human hepatic veins[29], which is the 
only human trial to date, strict adjustment of injection 
parameters and setting of the system are necessary to 
apply HGD for human.

CONCLUSION
Nucleic-acid-based medicine is quickly developing 
with the detailed analyses of disease-related genes. 
A simple, safe, effective, and reproducible method 
is essential before applying this strategy to human 
diseases. The development of HGD-based gene therapy 
for large animals provides a great milestone to this 
point, and further studies are necessary to make the 
procedure clinically applicable.
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Figure 2  Scheme of computer-controlled injection system. The schema of the newly developed hydrodynamic gene-delivery system. This figure is partly reused 
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