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ABSTRACT Hydrodynamic delivery has emerged as the
simplest and most effective method for intracellular delivery of
membrane-impermeable substances in rodents. The system
employs a physical force generated by a rapid injection of large
volume of solution into a blood vessel to enhance the
permeability of endothelium and the plasma membrane of
the parenchyma cells to allow delivery of substance into cells.
The procedure was initially established for gene delivery in
mice, and its applications have been extended to the delivery
of proteins, oligo nucleotides, genomic DNA and RNA
sequences, and small molecules. The focus of this review is
on applications of hydrodynamic delivery in pharmaceutical
research. Examples are provided to highlight the use of
hydrodynamic delivery for study of transcriptional regulation
of CYP enzymes, for establishment of animal model for viral
infections, and for gene drug discovery and gene function
analysis.
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INTRODUCTION

Hydrodynamic delivery is one of non-viral methods
developed originally for intracellular gene delivery but later
found applicable to delivery of other macromolecules such
as oligo nucleotides, RNA, proteins, and the compounds
that are not permeable to cell membrane. The procedure

involves a rapid injection of a large volume of solution into
a vasculature to facilitate substance transfer into parenchy-
ma cells. It has been used as a research tool for introducing
macromolecules into cells to study their biochemical, cell
biological, physiological, or/and therapeutic activity in the
context of a whole animal. Excellent reviews are available
in literature comparing the pros and cons of this technique
to other methods of delivery (1–3). The primary focus of
this review is to summarize recent progress in applying
hydrodynamic delivery to pharmaceutical research. The
objective of this article is to inspire the use of hydrodynamic
principle to solve pharmaceutical problems.

A BRIEF HISTORY OF HYDRODYNAMIC GENE
DELIVERY

There are three critical elements in hydrodynamic delivery:
large volume, high injection speed, and a vasculature for
needle placement. Experiments suggesting that intracellular
delivery of nucleic acids could be achieved by injection of a
large volume of solution were first reported by Budker et al.
(4). Using plasmid carrying a reporter gene, the authors
demonstrated that about 1% of the hepatocytes were
transfected when 1 ml of hypertonic solution was intra-
portally injected into a mouse with transient occlusion of
the hepatic vein. Decreasing the volume by half resulted in
a 70-fold reduction in reporter gene expression. It was
hypothesized based on these early observations that the
hydrostatic pressure resulting from the injection of DNA
solution is the driving force for DNA transfer into the
hepatocytes. Further support for this hypothesis was
generated when the same group of researchers showed
successful gene transfer by injecting a large volume of
plasmid DNA solution into the inferior vena cava (IVC) or
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bile duct in mice and rats, and into the bile duct in dogs (5).
However, the principle of hydrodynamic delivery concep-
tualizing the combined effect of large volume and rapid
injection was not established until 1999, when Liu et al. (6)
and Zhang et al. (7) demonstrated efficient gene delivery in
mice by a rapid (5–7 s) tail vein injection of plasmid DNA
in a volume equal to 8–10% of body weight. Under such
experimental conditions, reporter gene expression was
detected in all internal organs examined, including the
lung, heart, spleen, kidney and liver, with the highest level
seen in the liver. By a simple tail vein injection of 10 μg of
plasmid DNA into a mouse, approximately 30–40% of
transfection efficiency in the liver was achieved (6). Such
delivery efficiency remains the highest ever achieved in vivo
without using a viral carrier.

MAJOR FEATURES OF HYDRODYNAMIC GENE
DELIVERY

Although hydrodynamic gene delivery is well tolerated by
rodents, impacts of the procedure on animals for tail vein
injection are evident. Immediately after the injection, mice
become immobile and manifest labored breathing for about
5 min. Rats react more severely and may stop breathing
after the injection (8). A gentle massage of the animal
abdomen is usually sufficient to stimulate breathing and
facilitate the recovery. These acute signs of hydrodynamic
impact on cardio function occur and recede quickly (9,10).
A sharp increase of intravascular pressure was also observed
and coincided with liver expansion up to 240% of its
original size (10). Sinusoidal expansion and disruption of
fenestrae soon after hydrodynamic injection into a mouse
were also documented (11). Signs of recovery are already
apparent in 5 min after the procedure. The heart rate
returns to normal range in 2 min (9), while the intravascular
pressure (at both the IVC and portal vein) drops sharply
right after the end of the injection and reaches near the
basal level within 3 min (10). The expanded liver returned
to its original size in 30 min (10) and the disrupted
sinusoids return to their original structure and function
24–36 hr after the hydrodynamic delivery (10) and
membrane pores in hepatocytes reseal in less than 2 min
(9). Serum concentrations of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) reach the peak
level soon after the injection and drop to normal range
72 hr post-injection (6,11). No apparent long-term
complication was identifiable, even in animals receiving
8 weekly hydrodynamic injections (Ma and Liu, unpub-
lished data).

At experimental level, a 27-gauge needle is commonly
used for injection in mice, whereas a 20- to 24-gauge needle
appears appropriate for rats with different body weight.

Other sized needles can also be used depending on the
injection volume and speed and the type of blood vessel
receiving the injection. When a local injection is performed,
occlusion of the blood flow from the area of interest can
make a significant difference in gene transfer efficiency
(12,13). Also, the volume administered through the tail
vein to rodents is usually 80–100 ml/kg (6,7,14). The
volume of ~15 ml/kg has been administered to the
isolated liver of the rabbit (15). Hagstrom et al. (12)
demonstrated that the administration of permeability
enhancers prior to the hydrodynamic injection can
decrease the volume required for optimal gene delivery.
For maximal delivery efficiency, mice should be injected as
rapidly as possible, typically in 3–5 s (6). Instead, rats are
typically injected at a rate of 2 ml/s using a power
injector, although a hand-held syringe can be used (14).
The isolated liver of the rabbit is injected at a rate of 15–
20 ml/s, which can only be accomplished by a power
injector (15). DNA dosage employed ranges from 0.1 to
10 mg/kg, depending on the application. An optimal dose
for rats is 3 mg/kg (14) and 7 mg/kg for rabbits (15). For
mice, the plasmid DNA dose range is 0.5–2.5 mg/kg, and
no more than 50 μg/injection should be used, as higher
amount does not appreciably improve the level of trans-
gene product (6). While saline is the most commonly used
vehicle for DNA (6), other solutions have also been
employed, including Ringers solution (7) and phosphate-
buffered saline (16). The highest level of gene product
reported by a single hydrodynamic injection into the
mouse tail vein was 500–1,000 μg per ml of serum (17–
19), and 45 μg of cellular protein per gram of liver. It was
shown that such level of gene expression was sufficient for
restoring the function of blood coagulation in hemophilia
mice (20). It is important to point out that the level of
transgene expression is significantly influenced by the
structure of plasmids used (different promoter and regu-
latory sequence, inclusion of intron sequences, etc.) and
the type of transgene to be expressed. In addition, while
organs including the lung, heart, spleen, kidney and liver
showed significant reporter gene expression, the liver
appears to be the most sensitive organ because the level
of reporter gene expression in liver is at least 10,000-fold
higher than that of other organs (6,7).

The mechanism of hydrodynamic delivery to liver
hepatocytes has been well studied (9,10,21). Anatomically,
a bolus injection of DNA solution into the tail vein induces
immediate congestion in the heart, causing accumulation of
the injected solution in the IVC and elevation of intravas-
cular pressure in this venous section. Consequently, DNA
solution refluxes into the liver via the hepatic vein, pushing
the existing blood in the liver backward toward portal vein,
thereby avoiding immediate mixing of DNA with nucleases
in the blood. Once entering the liver, the dynamic force
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carried by the pressurized solution expands the sinusoids,
enlarges the liver fenestrae, and permeabilizes the plasma
membrane of parenchyma hepatocytes to allow DNA to
enter the cells. With continuous cardiac activity the body
adapts to the volume load, and, over the time, homeostasis
is restored.

Because of its physical nature of the hydrodynamic
delivery, various molecules have been delivered to hepato-
cytes in the liver, including circular DNA (6,7), DNA
fragments (22), bacterial artificial chromosomes (22), RNA
(single- or double-stranded, synthetic or genomic) (16,23–
27), oligo nucleotides (28), proteins (antibodies, enzymes)
(9,29), polymers (29), and small compounds (9,11). Modi-
fied procedures for gene delivery to muscle, kidney, heart
and spleen have been reported for hydrodynamic gene
delivery in different animal species (for review, see 21).

HYDRODYNAMIC DELIVERY FOR ASSESSING
TRANSCRIPTION REGULATION OF DRUG
METABOLIZING ENZYMES

The study of drug metabolism is essential, as it is not only
one of the main determinants for drug disposition,
biological effects, and toxicity, but also the cause of
undesirable metabolism-based drug-drug interactions upon
exposure to multiple xenobiotics. Expression of CYP genes
responsible for drug metabolism is subject to diverse
regulatory controls that display tissue-specific, sex-specific,
and developmental patterns. Certain CYP genes are
constitutively expressed, and others are known to be
induced by various xenobiotics. Most CYP regulation is at
the transcription level, although post-transcriptional regu-
lation is also known (30). Valuable information has been
obtained about CYP regulation using cell lines or primary
culture. However, results from the cell culture studies
showed significant variation depending on the experimental
conditions employed and the physiological conditions of the
tissue samples obtained from the patients (31). This
problem can be solved, at least in part, by adopting the
system of hydrodynamic gene delivery. For example,
reporter plasmids with a human CYP gene promoter
cloned at the 5′ end of a reporter gene can be hydrody-
namically injected into a mouse liver, and the level of
reporter gene expression obtained in the presence or
absence of inducers/suppressors will be a direct indication
of promoter activity. To study the role of nuclear receptor
(NR) in transcription regulation, plasmids containing the
nuclear receptor gene can be co-injected into animal with
the reporter plasmids before the xenobiotic inducers/
suppressors are introduced into the same animal.

The pertinent literature offers a few noteworthy exam-
ples of the application of the hydrodynamics-based proce-

dure to studies of transcription regulation of CYP enzymes.
For instance, Al-Dosari et al. (32) demonstrated the
transcription regulation of human CYP2C9 gene by human
PXR in mice. The use of different deletion construct of
plasmids also allowed the authors to locate the element
responsible for PXR-xenobiotic-mediated regulation within
the promoter of CYP2C9 gene (32). The hydrodynamic
delivery has also been employed to establish a real-time
assay that measures the induced transcription of luciferase
genes under the control of 5′-flanking region of a human
CYP gene (33). By means of quantitative whole body
imaging of bioluminiescence generated by luciferase in
transfected animals, Schuetz et al. (33) were able to measure
the effects on transcription as it occurred when hydrody-
namically transfected mice were administered with phar-
maceuticals known to induce the human CYP3A4 and
multi-drug resistance 1 (MDR1) gene expression. A similar
approach was used by Tirona et al. (34) and Zhang et al. (35)
to elucidate the transcription regulation of the human
CYP3A4 gene by hydrodynamic co-injection of human
NRs in mice and by Merrell et al. (36) to study the induction
of human CYP2B6 gene by the chemopreventive chemical
oltipraz. These examples not only provide evidence that
this system easily offers the possibility to set up the most
informative biological conditions to study drug metabolism,
but it also substantially reduces the time and cost required
for gene expression and regulation analysis.

A related application of the hydrodynamics-based
procedure concerns the study of NR subcellular distribu-
tion. Analysis of factors controlling the subcellular com-
partmentalization and movement of NRs within cells,
especially nuclear/cytoplasmic shuffling, is vital for under-
standing NR action as transcription regulators of CYP
genes. Immunohistochemical analysis is frequently employed
to analyze the in vivo distribution of endogenously expressed
NRs. However, this approach suffers from the cross-reaction
of antibodies against NR isoforms that differ by a few amino
acid residues. As a consequence, the existence of identical
antibody epitopes shared between multiple NR isoforms may
mask the subcellular localization of the specific NR in study.
Additional complications arise when in vivo analysis of
mutant variant is desired because it requires the time-
consuming and laborious process to generate transgenic
animals. These compounding factors usually are in favour of
cell culture-based systems, which, however, suffer from the
lack of a complex physiological interplay between different
cell types and tissues in the context of a whole organism.
This is especially true for proteins whose action can be
modulated not only by drugs but also by endogenous ligands
potentially produced elsewhere within the body. The use of
the hydrodynamics-based procedure can easily overcome
these daunting drawbacks. In fact, the combined use of
confocal microscopy and delivery of fluorescently labelled
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NR that can be rapidly visualized, processed and analysed
within a short time after the injection allows for the study of
the subcellular distribution of NRs and for dissecting the
structural features that govern their subcellular localization in
a living organism. So far, this approach has been used to
generate important insights into the constitutive androstane
receptor (CAR) signalling pathway (37–39). It is important to
point out that the functions of nuclear receptors appear to be
animal species-dependent. The animal model selected has to
match with the nuclear receptor to be studied.

Hydrodynamics-based procedure can also be used to
express human CYP gene(s) in mice or rats to verify or
predict the pattern of drug metabolism in clinic. To certain
degrees, the system proposed here is more likely to generate
a humanized organ in a whole animal (e.g. liver by
hydrodynamic tail vein injection) with the exception that
it is much faster and highly flexible on the type of human
CYP gene(s) one wishes to study. In principle, such system is
applicable to various toxicological studies as well. For
instance, the hydrodynamic tail vein injection of a plasmid
vector containing the constitutively activated Signal Trans-
ducer and Activator of Transcription 3 (STAT3) protein
has allowed Meng et al. (40) to elucidate the role of STAT3
in mediating the effects of the Farnesoid X receptor (FXR)
in liver repair in mice treated with CCl4.

HYDRODYNAMIC DELIVERY FOR ESTABLISHING
ANIMAL MODEL FOR VIRAL RESEARCH

Diseases caused by viral infection represent a major type of
diseases that could have severe consequences if not properly
treated. Although vaccination is very effective in preventing
many viral infections, the method for effective treatment of
viral diseases such as hepatitis or AIDS is not available.
Among the factors limiting the progress in viral research,
one is the lack of a convenient animal model that people
can work on. For example, hepatitis B virus (HBV) is a
human hepatotropic DNA virus that causes severe morbid-
ity and mortality. Approximately two billion people
worldwide have been infected by HBV (41). Despite
significant effort in vaccine development to reduce the risk
of HBV transmission, an estimated 378 million people (or
6% of the world population) are chronically infected (42)
and at risk of leading to end-stage liver disease or
hepatocellular carcinoma. Chimpanzees appear to be the
only type of animal susceptible to HBV infection (43,44).
However, its large size, high cost, and ethical considerations
severely restrict their usage. The primary reason that HBV
cannot be studied in rodents and other animals is because
HBV cannot infect these animals due to lack of an
appropriate receptor on their liver cells. To solve this
problem, Yang et al. (45) hydrodynamically injected the

HBV genome into a mouse to bypass the requirement of
membrane receptor and force an entry (infection) of HBV
DNA into the mouse hepatocytes. They showed that viral
particles were produced in the hydrodynamically trans-
fected mice and virus persisted for at least 81 days in these
animals. Similar results were also obtained by hydrody-
namic injection of plasmid DNA containing a 1.5-fold
overlength of HBV genome (46). Huang et al. (47)
demonstrated that about 40% of the HBV-injected mice
carry surface antigen for more than 6 months, and HBV
replication intermediates, transcripts and proteins for up to
1 year. The hydrodynamics-based procedure has also been
used to generate mouse models for chronic infection of
HCV (48,49) and HDV (23). In principle, the same strategy
can be used to generate viral infection in mouse for any
human viruses to facilitate viral research and antiviral drug
development. Similarly, any other disease model can also
be created in rodents by expressing the disease-causing
gene(s) using hydrodynamic delivery of plasmids carrying
the disease causing gene(s).

HYDRODYNAMIC DELIVERY FOR GENE DRUG
DISCOVERY

The advantage for the use of hydrodynamic gene delivery
to study therapeutic functions of a gene is obvious. A
candidate gene in plasmid or DNA fragment with regula-
tory sequence for its expression can be hydrodynamically
injected into an animal (mouse or rat) carrying a target
disease. The therapeutic effect of the gene product (protein
or RNA) on disease progression or regression is then
evaluated with time. Similar to a conventional drug study,
repeated gene transfer, different amount of DNA, and
different regiment can be used to maximize the therapeutic
outcome. Compared to conventional biotech approach that
relies on purified protein for therapeutic assessment,
hydrodynamics-based protocol makes the liver the manu-
facture site for therapeutic proteins, eliminating the steps
and cost for protein production and characterization. In
addition, since therapeutic evaluation is directly conducted
in animals, no issues about formulation development and
bioavailability need to be addressed.

Numerous examples are available demonstrating the
effectiveness of hydrodynamic delivery for identifying gene
(s) with therapeutic activity. Although many of the studies
focused on genetic diseases, the underlying principle is the
same, i.e. therapeutic activity of a gene sequence can be
evaluated in a diseased animal by hydrodynamic injection
of the gene sequence properly oriented in an expression
vector. Nakamura et al. (50) demonstrated that the
hydrodynamics-based transfection of the plasmid pKSCX-
α-Gal A, carrying a human alpha-galactosidase A gene,
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partially reduces systemic accumulation of globotriaosylcer-
amide in Fabry mice. Hydrodynamic injection of plasmid
carrying FIX gene into hemophilia mice resulted in
sufficient FIX protein and cure of disease (20). Chen and
Woo demonstrated a complete cure of phenylketonuria
(PKU) in PKU mice by hydrodynamic injection of plasmid
containing phenylalanine hydroxylase gene (51). Additional
examples include the use of hydrodynamic gene delivery to
demonstrate therapeutic effect of the human growth
hormone gene in hypophysectomized mice (52); arylsulfa-
tase A and formylglycine-generating enzyme genes for
metachromatic leukodystrophy (53); α-L-iduronidase gene
for mucopolysaccharidosis I disease (54); short-chain acyl-
CoA dehydrogenase gene for short chain acyl-CoA dehy-
drogenase deficiency (55); α-1 antitrypsin gene for treat-
ment of alpha 1 deficiency (17,19); insulin gene for diabetes
(56); hepatocyte growth factor gene for diabetic nephrop-
athy (57); uncoupling protein 1 gene (58) and leptin or
ciliary neurotrophic factor genes (59) for obesity; interleukin
(IL)-22-immunoglobulin (60), IL-13-immunoglobulin (61)
and IL-1 receptor antagonist-immunoglobulin (62) fusion
genes for myocarditis; IL-10 gene for glomerulonephritis
(63); paraoxonase gene for reducing organophosphate
toxicity (64); endo-beta-galactosidase C (65) and cytotoxic
T-lymphocyte antigen 4-immunoglobulin (66) genes for
prolonging the survival of xenotransplantation; eritropoietin
gene for hypoxic-ischemia encephalopathy (67); nitric oxide
synthase-2 gene for liver regeneration (68); and cytokine
genes for cancer treatment (69–82).

In addition, hydrodynamic gene delivery has also been
employed to define gene functions in whole animal. For
example, the hepatocyte growth factor receptor proto-
oncogene MET, which encodes a tyrosine protein kinase, is
believed to be involved in development of hepatocellular
adenomas. Its oncolytical activity was demonstrated when a
MET plasmid was co-injected into mouse with plasmid
carrying ΔN90-CTHNB1 (constitutively active version of β-
catenin) or DNHNF1α (a dominant-negative hepatocyte
nuclear factor 1α version of TCF1) gene. Approximately
74% of injected mice developed hepatocellular adenomas,
compared to none in animals injected with MET, ΔN90-
CTHNB1 or DNHNF1α alone (83).

Practically, any genomic sequence (coding and non-
coding) or its mutated form can be cloned and studied for
its function in the liver of either a mouse or rat employing
the technique of hydrodynamic tail vein injection.

CONCLUSIONS AND FUTURE PERSPECTIVES

The goal of any delivery method is to transfer molecules to
desired cells and tissues with sufficient efficiency and
minimal toxicity. In this regard, the hydrodynamics-based

delivery system has established itself as the leading strategy
to perform in vivo studies. In fact, its transient and minimal
toxicity together with unprecedented delivery efficiency
have made the hydrodynamics-based transfection the most
desirable procedure to study the function of coding or non-
coding sequences in whole animals. Also, its simplicity and
flexibility offer great convenience for the in vivo intracellular
delivery of DNA, RNA, proteins or other membrane-
impermeable compounds. For gene delivery studies, the use
of tissue-specific promoter to drive transgene expression
could limit the site of gene expression to a selected tissue/
organ. Although similar to many physical methods, such as
microinjection, particle bombardment and electroporation,
the hydrodynamic delivery is actually different from these
device-based methods because it doesn’t require any
sophisticated equipment. Other than a syringe, saline
and the test substance, no other additional materials are
needed. Since its establishment in 1999, an ever-increasing
number of laboratories have thus chosen and adapted this
method for their studies in rodents requiring intracellular
delivery of membrane-impermeable substances. In this
context, it is worth noting that the first demonstration of
effective gene knockdown by small interfering RNA in vivo
was conducted by using the hydrodynamics-based delivery
(27).

Perhaps the greatest potential for the hydrodynamic
delivery procedure is to reduce the cost associated with
research and discovery of protein drugs. This is noteworthy
especially in the field of pharmaceutical research, considering
that on average every new drug requires 12–15 years to reach
the patient and costs $400–650 million (84). In most cases,
a large amount of proteins has to be prepared and
characterized in vitro before in vivo evaluation can be
conducted. When the hydrodynamics-based gene delivery is
employed, there is no need to go through the difficult and
time-consuming process of using transgenic animals or less
reliable cell-based systems for protein production. In fact, the
hydrodynamic procedure allows to draw reliable conclusions
under the most informative setting, i.e. in a whole animal
where all of the physiological processes are recapitulated.
Also, no expensive devices or specialized expertise, which
might not be available to most investigators, is required. As
discussed in the previous sections, the elucidation of NR
pathways and study of drug metabolism under humanized
conditions, the establishment of human disease models in
animals, the unravelling of gene function by delivery of
siRNA and discovery of gene drug are some of the
pharmaceutical research-related fields which are already
benefiting from the advantages of the hydrodynamic
delivery.

Despite the fact that the physical nature of intrahepatic
gene delivery following hydrodynamic injection has been
firmly established, many other aspects of the procedure still
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have to be explored. For example, gene transfer into cells in
organs other than the liver needs to be elucidated, as there
is evidence that the hydrodynamic delivery is applicable not
only to fenestrated but also continuous capillaries (7,12). In
addition, feasibility to perform the hydrodynamic proce-
dure in large animals has been demonstrated using an
image-guided hydrodynamic procedure using a computer-
controlled injection device (85). It is foreseeable that in the
near future, the pharmaceutical research will take great
advantage of the efficiency of the hydrodynamic gene
delivery procedure not only for drug discovery but also for
treatment of human diseases.
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