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It is widely accepted that pharmacokinetic
(PK) and pharmacodynamic (PD) considera-
tions are important in terms of understanding
the efficacy, as well as the toxicity, of a drug.
In most cases, PK and PD can be separated by
measuring the drug concentration in plasma
[1]. It is generally assumed that plasma
concentration is proportional to the concen-
tration at the site-of-action, and that the
effect of a drug is controlled by its concen-
tration in plasma. However, in the case of
gene therapy, the concentration of plasmid
DNA or oligonucleotides in plasma is quite
different from their concentration in the
nucleus or cytosol where they exert their action
[2]. Therefore, it has generally been recog-
nized that knowledge of intracellular PK is
required to integrate conventional PK and PD
[3]. The focus of this review is the conven-
tional PK, and the intracellular PK and PD of
a non-viral gene delivery system for use in de-
veloping an optimized system (Figure 1).

PK and PD considerations on gene delivery
When ‘naked’ DNA is administered intra-
venously, it is subjected to rapid degradation
in the blood by DNase and uptake by the
liver. Therefore, it is essential to protect DNA
from the action of DNase. Cationic lipids or
cationic polymers are typically used for the
compaction of plasmid DNA as well as for
enhanced cellular delivery.

Compacting plasmid DNA
The first cationic lipid used in gene delivery,
DOTMA (2,3-dioleyloxypropyl-1-trimethyl
ammonium bromide) was introduced by
Felgner et al. in 1987 [4]. Although cationic
lipids can form complexes with plasmid DNA,
their ability to condense is limited, compared
with cationic polymers. Huang et al. prepared
a core particle of condensed plasmid DNA
with poly-L-lysine (PLL), which was coated
with a lipid bilayer to form positively
charged, small sized (<100 nm) particles
(LPD1) [5]. Particle size is important in terms
of their selective targeting for internalizing
into cells via receptor-mediated endocytosis.
After intravenous administration, transgene
expression was observed in all major organs,
including the lung, heart, liver, spleen and
kidney. The highest expression was found in
the lung. The transfected cells were found to
be primarily vascular endothelial cells, espe-
cially lung endothelial cells. 

Polyethyleneimine (PEI) is one of the most
frequently used cationic polymers [6]. When
plasmid DNA is complexed with PEI and ad-
ministered to mice intravenously, gene expres-
sion can be observed in the lung and liver. The
highest gene expression is usually observed in
the lung, whereas most plasmid DNA are
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During gene therapy the concentration of plasmid DNA or

oligonucleotides in the plasma can be quite different from their

concentrations in the nucleus or cytosol where they exert their actions.

For a better understanding of the apparent discrepancies between

pharmacokinetics (PK) and pharmacodynamics (PD), a new concept for

intracellular PK with an emphasis on the final efficacy of gene transcription

is needed. Here, the conventional PK and intracellular PK and PD of non-

viral gene delivery systems are discussed, together with a new concept,

referred to as controlled intracellular disposition, which integrates these

factors to gain a better understanding of gene expression in the nucleus.

The importance of optimizing the system from a transcriptional point of

view in the nucleus is also discussed. These new concepts must be

integrated to develop an optimized non-viral gene delivery system.
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taken up by the liver. The extensive degradation of
plasmid DNA in the liver is a major reason for this
discrepancy between organ distribution and trans-
gene expression, which clearly indicates the impor-
tance of the intracellular availability of plasmid
DNA for efficient transgene expression.

Tumor targeting
For successful in vivo tumor targeting, a long circu-
lating carrier system is required to protect plasmid
DNA from DNase in the plasma and to pass through
the endothelial barrier to reach the extracellular
space in tumor tissues. Long circulating properties
can be achieved by incorporating polyethylene-
glycol (PEG) to prevent recognition by opsonins, as
well as macrophages in the liver and spleen [7].
Stabilized plasmid–lipid particles (SPLP) were devel-
oped to encapsulate plasmid DNA in a cationic lipid
bilayer, which was surface-coated with PEG [8]. The
SPLP had long circulating properties and permitted
the tumor delivery of plasmid DNA [9]. Although
the cellular uptake of SPLP was minimal in in vitro
experiments, tumor-specific gene expression was
observed after intravenous administration [10].
Although plasmid DNA was distributed in the liver,
spleen, lung and tumor, among others, gene expres-
sion was observed only in the tumor. By contrast, recent
studies report that incorporation of PEG did not necessarily
extend blood circulation time [11,12].

Wagner et al. used transferrin (Tf) to reduce the surface
charge of the complex and to increase selective internaliza-
tion via receptor-mediated endocytosis [13]. As a result, the
transgene expression of the Tf–PEI–DNA complex was one
order of magnitude higher because of its reduced hepatic
uptake, as well as enhanced tumor delivery.

Brain targeting
Brain targeting is one of the most difficult goals in the field
of gene delivery because the blood–brain barrier (BBB) resists
the passage of molecules across it. Pardridge et al. succeeded
in overcoming this barrier by encapsulating plasmid DNA
into long circulating liposomes with targeting ligands, such
as transferrin receptors or insulin receptors and encapsulating
plasmid DNA into liposomes [10,14]. A receptor-mediated
transcytosis system exists in brain endothelial cells for the
transport of transferrin and insulin. PEGylated immuno-
liposomes were developed; these contain a monoclonal
antibody to the insulin receptor, and they encapsulated the
plasmid DNA encoding β-galactosidase. This system was
capable of delivering a reporter gene to brain neuronal cells
and expressing the β-galactosidase activity [15], although

this delivery system delivered only 0.06% of the injected
dose per gram of brain in the case of transferrin receptors
[14]. The precise mechanism for how these carriers pass
through endothelial cells without releasing the encapsulated
plasmid DNA in endothelial cells, as well as how the encap-
sulated plasmid DNA is released from endosomes to deliver
them to the nucleus in parenchymal cells, is unknown.

As described, discrepancies between organ distribution
and the gene expression of non-viral gene delivery system
continue to exist. To better understand this and to develop
a more sophisticated delivery system, a new approach to
the intracellular PK and PD of such systems is required.

Regulation of intracellular trafficking of genes and
carriers: a new concept of intracellular PK
Intracellular barriers governing the gene expression efficiency
Although receptor-mediated endocytosis is a promising
strategy for achieving selective cellular targeting, plasmid
DNA must be released from the endosomes to the cytosol
so as to avoid lysosomal degradation. Therefore, the endo-
somal membrane is the first barrier in the intracellular
trafficking of plasmid DNA for efficient transfection. Most
viruses, such as influenza or adenoviruses, have developed
sophisticated mechanisms to escape from endosomes in
response to the acidic endosomal pH (~5.0). Advantage has
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Figure 1. An optimized/ideal multifunctional non-viral gene delivery
system. A multifunctional, enveloped type gene delivery system was
designed that has specific ligands for selectively internalizing into cells
during a long blood circulation time. After receptor-mediated endocytosis,
this system can escape from endosomes by a pH-sensitive fusion
mechanism similar to that of the influenza virus, and reach the nucleus
using a sorting device such as a nuclear localization signal. This system also
has a specific mechanism to enhance intranuclear transcriptional efficiency
(dumbbell-shaped), thus maximizing the efficacy of gene expression.
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been taken of this in designing non-viral gene vectors to
enhance gene expression [16–20]. Artificial devices such as
pH–sensitive lipids [21,22], dioleoylphosphatidyl ethanol-
amine (DOPE), polyethyleneimine (PEI) [23,24] and
amphiphilic peptides [19,20,25–27], have also been devel-
oped for this purpose (Table 1).

Once the plasmid DNA has escaped from the endosomes,
its stability in the cytosol needs to be considered. Because
plasmid DNA is subject to hydrolysis by DNase in the
cytosol [28,29], it must be protected until it enters into the

nucleus. In most cases, plasmid DNA is condensed with
cationic lipids or polymers, which are resistant to DNase,
and it is important to control the dissociation of plasmid
DNA from the cationic counterparts to enhance nuclear
delivery and transgene expression. If the dissociation is too
rapid, then most of the plasmid DNA will be degraded. If the
dissociation is too slow, the accessibility of transcription
factors in the nucleus might be impaired and the expression
might be low. Therefore, the stability of the complex between
plasmid DNA and cationic counterparts should be optimized
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Table 1. Peptides to regulate the intracellular disposition of genes, proteins and macromolecules

Function of the peptide Subtype Examples Refs

Fusogenic peptide pH-insensitive (virus) HIV-1 gp41 (N-terminus) [52]
  SIV gp32(N-terminus) [53]
  Sendai virus F1(N-terminus) [54]

 pH-sensitive (virus) Influenza HA2(N-terminus) [19]
  Semliki Forest virus E1(internal) [55]
  Sindbis virus E1(internal) [56]

 pH-sensitive (synthetic) IFN 1-10 [20]
  GALA [57]
  KALA [20]
  ppTG1,ppTG20 [58]
  JTS-1 [59]

Membrane permeable basic peptide Cell permeable peptide HIV-1 Tat-(48–60) [60]
 Antennapedia (Antp) (43–58) [60]

  Oligo arginine [61]
 HIV-1 Rev-(34–50)

 RNA binding peptide FHV coat-(35–49)  
  BMV Gag-(7–25) [62]
  HTLV-II Rex-(4–16)  
  P22 N-(14–30)  
  Human U2AF-(142–153)  

 DNA-binding peptide Human cFos-(139–164)
  Human cJun-(252–279) [63]
  Yeast GCN4-(231–252)  

Nucear localization signal (NLS) NLS in mammalian genes Cardiac muscle factor 1 (CMF1) [64]
  Mitosin [65]
  Myc [66]
  NF-κB [66]
  DNA helicase Q1 [67]
  M9 [68]

 NLS in polyoma virus Large T (SV40) [66]
  Vp1 (SV40) [69]

 NLS in lenti virus IN (HIV-1) [70]
  MA (HIV-1) [71]

Abbreviations: BMV, Brome mosaic virus; FHV, feline herpesvirus; HA, hemagglutinin protein; HIV, human immunodeficiency virus; HTLV, human T-cell leukemia virus;
IN, integrase; MA, matrix protein; SIV, simian immunodeficiency virus; U2AF, U2 auxiliary factor;.



in the cytosol, as well as in the nucleus
for enhanced gene expression.

The second barrier is the nuclear
membrane, which is composed of dou-
ble lipid bilayers and transport between
the cytosol and nucleus are regulated
by nuclear pore complexes (NPC),
which restrict the passive diffusion of
molecules >40–45 kDa. Plasmid DNA
are usually larger than this threshold,
therefore, the nuclear translocation of
plasmid DNA are strictly limited. It is
generally accepted that free plasmid
DNA can enter the nucleus when the
nuclear membrane disappears during
mitosis [30]. By contrast, the NPC can
transport various karyophilic proteins
>45 kDa only when they have a nuclear
localization signal (NLS), which are par-
tially listed in Table 1. NLS has been
attached to the plasmid DNA itself,
along with DNA condensing proteins,
and polycations in attempts to improve
nuclear delivery and transgene expres-
sion [31–37]. However, strategies for
enhanced nuclear delivery using NLS
remain controversial. Further challenges
remain for overcoming this barrier in
the development of a non-viral gene
delivery system.

Intracellular PK for an optimized gene
delivery system
To maximize the transgene expression
of a non-viral gene delivery system, an intracellular kinetic
model (Figure 2) was developed to analyze the rate-limiting
process and to optimize the intracellular trafficking of the
delivered plasmid DNA [2]. Kinetic modeling enables us to
predict the effect of variations of multiple parameters on gene
expression. Varga et al. collected kinetic parameters from the
literature and reported on an integrated kinetic model [38].
This model predicted the effect of the polymer length of the
vectors on transgene expression. The model successfully
predicted the experimentally observed biphasic gene ex-
pression efficiency by the length of the polymers used.

Despite the advantages of such a kinetic modeling, little
information has appeared to date, owing to a lack of quanti-
tative measure of the distribution of plasmid DNA in each
subcellular compartment. Therefore, it is important to eval-
uate the kinetics of the intracellular distribution of plasmid
DNA. We have traced the kinetics of transfected plasmid

DNA and observed its rapid nuclear delivery by confocal
laser scanning microscopy [39]. We subsequently established
a 3D quantitative assay system to analyze the distribution of
plasmid DNA in endosomes and/or lysosomes, cytosol and
nucleus simultaneously by confocal laser scanning micro-
scopy [40]. Using this system, the intracellular disposition of
the plasmid DNA transfected with octaarginine (R8), stearyl
octaarginine (STR-R8) and LipofectAMINE plus (LFN) was
compared. A kinetic analysis of the intracellular trafficking
satisfactorily explained the order of gene expression
(R8<<STR-R8<<LFN). These results are consistent with our
mechanistic study on R8 and St-R8 [41]. These kinetic
analyses enabled us to clarify the rate-limiting step and to
propose a new mechanism of gene trafficking from a kinetic
point of view. In addition, these quantitative/kinetic analyses
represent a useful strategy for optimizing the intracellular
trafficking of a non-viral gene delivery system.
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Figure 2. A schematic diagram illustrating the intracellular pharmacokinetic model of the
genes. The intracellular disposition of the gene is represented. A complex of DNA and
cationic lipids/polycations bind to the plasma membrane electrostatically and is
internalized via endocytosis (kint). Endosomal plasmid DNA fused with a lysosome is
degraded (klys). A certain fraction of the endosomal DNA is released into the cytosol (kesc)
where a part of the DNA dissociates from the cationic lipids/polycations (kdis). Free
plasmid DNA is subject to degradation by nucleases (kdeg) or is partially translocated to
the nucleus (knuc). Alternatively, DNA enters the nucleus in a complexed form with
cationic lipids/polycations (k’nuc) followed by dissociation in the nucleus (kdis). Finally, free
DNA in the nucleus are transcribed (ktra).

Drug Discovery Today 

DNA

polycation, lipid

RNA

Protein

kesc

Nucleus

EndosomeLysosome

klys

kdeg
Lysosomal
degradation

Degradationkdis

kdis

ktra

kint

k'nuc

Nuclear pore
complex (NPC)

knuc



In addition to the quantification using confocal mi-
croscopy, a subcellular fractionation method was also used.
The nuclear delivery of the plasmid DNA or adenovirus
genome DNA was evaluated using PCR and/or Southern
blotting after subcellular fractionation [42–45]. Although
the PCR technique can be used to quantify the plasmid DNA
in endosomes and/or lysosomes after subcellular fractiona-
tion [46], problems can arise as a result of uncertainties of
the recovery of the endosome/lysosome fraction, or the
leakage of DNA from the endosome/lysosome fraction to
the cytosolic fraction. These problems should be carefully
addressed when quantifying plasmid DNA in these fractions.

Following the PCR technique, Tachibana et al. measured
the nuclear delivered plasmid DNA and transgene expres-
sion [42,43]. They reported a linear increase in plasmid
DNA in the nucleus with increasing dose, and a remarkable
saturation in transgene expression [42,43]. These results
clearly indicate that it is necessary to enhance not only the
nuclear delivery of plasmid DNA, but also the transcription
efficiency in the nucleus.

PD of gene expression: towards controlled
intranuclear disposition
The simplest PK/PD model of gene expression
After entering the nucleus, the disposition of DNA carrying
a target gene depends upon the origin of the DNA – from
what type of DNA it is derived. In general, a transgene that
is inserted into the genome of the host is maintained for a
long period. However, the possibility that the integration
of the exogenous DNA might induce carcinogenesis can
not be excluded. By contrast, DNA that exists as extrachro-
mosomal DNA is likely to be safe from the viewpoint of
cancer promotion, and should be the first choice in clinical

applications of exogenous DNA.
However, the copy number will de-
crease in response to cell division (in
dividing cells) and by degradation,
and a plasmid-based transgene is inte-
grated into the host genome at low
levels. Thus, the expression of a gene
is transient.

It is generally considered that the total
amount of transcript (mRNA) depends
upon the amount of exogenous DNA in
the nucleus. Each DNA molecule is as-
sumed to act as a template with the same
efficiency during transcription. Based on
this assumption, a direct linear correla-
tion between the amount of DNA and
that of the mRNA would be expected, as
shown in Figure 3a. This is the simplest

PK/PD model for transgene expression in the nucleus. The
elimination constant – kel – represents the rate of division of
exogenous DNA (in dividing cells) and degradation by nucle-
ase(s). The PD parameter – ktra – represents the transcription
efficiency. According to this model, the efficiency of gene
delivery into the nucleus (amount of the exogenous DNA)
appears to be the only determinant for transgene expression.

A PK/PD model based on the intranuclear disposition
However, when the number of plasmid DNA molecules
and the activity of the encoded enzyme (chloramphenicol
acetyltransferase) were analyzed after transfection with
cationic liposomes, a dramatic saturation of the enzymatic
activity was found [42,43]. This result suggests that it is
necessary to optimize not only the nuclear delivery of the
genes but also the subsequent transcriptional process after
nuclear entry. We recently found that transgenes (luciferase
and green fluorescence protein genes) on linearized DNA
capped at each end with a highly stable loop (dumbbell-
shaped constructs, DNA dumbbells) were expressed about
tenfold more than those on circular plasmid DNA of the
same size when the same amount of DNA was transfected or
intranuclearly microinjected into simian COS-7 cells ([47],
Yamazaki et al., unpublished data). It was also found that
transgene expression is dependent on the length of the DNA
dumbbell. Moreover, intranuclear microinjection and trans-
fection of plasmid DNA isolated from a dcm- Escherichia coli
strain, which lacks the major cytosine methylase (the Dcm
protein), into simian COS-7 cells revealed an enhanced
expression of the gene on the unmethylated molecule,
compared with the conventional, methylated DNA
(Yamazaki et al., unpublished data). Although the actual
molecular mechanisms of the effects of DNA structure and
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Figure 3. A pharmacokinetic/pharmadynamic (PK/PD) model of transgene gene
expression in the nucleus. (a) The simplest PK-PD model in which a direct correlation of
the amounts of DNA and mRNA is hypothesized. (b) A model of intranuclear disposition
of exogenous DNA. The two states, active and inactive, are hypothesized. (c) Our
simplified PK/PD model based on the intranuclear disposition model shown in (b).
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methylation on expression are currently being examined in
our laboratory, these results suggest that not every exoge-
nous DNA molecule is transcribed with the same efficiency.
Gene expression in the nucleus is regulated by various fac-
tors, including histone modification [48–50]. Thus, exoge-
nous DNA molecules might be present in various states,
from the maximally expressing state to the completely sup-
pressed state. To simplify, we hypothesize the presence of
the two kinds of exogenous DNA molecules in a PK/PD
model: one, ‘active DNA’, that is transcribed and the other
‘inactive DNA’, in which transgene expression is suppressed.

As described previously, the expression of a transgene on
a plasmid is transient. This is partly due to the degradation
of exogenous DNA by cellular nuclease(s) and to cell divi-
sion (in dividing cells). Recently, Ludtke et al. reported that
plasmid DNA was mainly cytoplasmic in divided cells,
even after an intranuclear microinjection, suggesting that
the exogenous DNA is excluded during division [51]. Thus,
the exclusion of exogenous DNA from the nucleus and
its loss by division in dividing cells must be considered in
addition to its degradation.

Based on these factors, the intranuclear disposition of ex-
ogenous DNA could be described as shown in Fiure 3b. To
simplify a PK/PD model, only a decrease in active DNA (or
inactive DNA) can be considered. Figure 3c shows the sim-
plified PK/PD model for exogenous DNA. The elimination
constant – kel – represents the rate of degradation, division
and exclusion from the nucleus of the exogenous DNA. The
constants k1 and k2 represent the conversion efficiencies
from the active to the inactive state, and from the inactive
to the active state, respectively. The effects of DNA structure
and methylation on expression, as described previously,
can be regarded as changes in the ratio of k1 to k2.
Alternatively, the effects might be a result of a decrease in
the elimination constant, kel. At present, the measurement
of amounts of DNA in the active and inactive DNA compart-
ments is difficult. However, the molecular mechanism(s)
corresponding to the conversion efficiencies from the
active to the inactive, and from the inactive to the active
state, will help to establish a method to estimate the
amounts of DNA in the active and inactive compartments.

As described here, an improvement in transcription effi-
ciency in the nucleus is also important in developing non-
viral vector systems for clinical applications. To this end,
the disposition of transcriptionally active DNA (molecules
in the active DNA compartment) should be regulated
properly. In our model shown in Figure 3, the constants,
k1, k2 and kel are key parameters that determine the efficacy
(amounts of the corresponding mRNA and therapeutic
protein). This ‘controlled intranuclear disposition’ of
exogenous DNA can possibly be achieved by alternation of

the DNA structure and base modification, as shown in our
recent study ([49], Yamazaki et al., unpublished data).

Conclusion
There are apparent discrepancies between PK and PD in
gene delivery. The principal reason was that intracellular
events were considered as a black box. For an improved
understanding, a new concept – controlled intracellular
disposition – was introduced, which integrates conven-
tional PK, intracellular PK and intranuclear disposition.
The new concept postulated here is useful for the rational
design of gene delivery vectors and could open up a new
field in drug delivery system.
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