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Abstract

Poly(vinylpyrrolidone-co-dimethyl maleic acid) (PVD) was found to have high renal-targeting capability and safety as a
drug carricr. To optimize the renal drug delivery system using PVD, the relationship between the molecular weight of PVD and
its renal accumulation were evaluated in mice by their intravenous injection. It was found that the molecular size of 6-8 kDa
was associated with the highest renal accumulation. The specific bioactivity of PVD-conjugated superoxide dismutase (SOD)
relative to that of unmodified SOD gradually decreased with an increase in the degree of modification to SOD with PVD6K.
The conjugated SOD (L-PVD-SOD) with the molecular size of 73 kDa, which had comparable specific bioactivity with native
SOD, showed longer plasma half-life than native SOD. About sixfold more L-PVD-SOD was distributed to the kidneys than
native SOD 3 h after intravenous injection, whereas extensive PVD modification did not enhance the renal accumulation of
SOD. This L-PVD-SOD effectively accelcrated recovery from mercuric chloride-induced acute renal failure in vivo. These
results suggest that L-PVD-SOD may be the optimal derivative as a potential therapeutic agent to various renal diseases.
© 2004 Elsevier B.V. All rights reserved.

Keywonds: Renal targeting: Vinylpyrrolidone: Dimethy! maleic acid; Polymeric carrier; Acute renal failure; Drug delivery system

1. Introduction been studied. However, most of these proteins are
limited in their clinical application because of their

In recent years, clinical application of bioactive various side effects [1.2]. In general, the plasma half-

proteins, such as cytokines and growth factors, have

Abbreviations: DMMAn, dimethyl maleic anhydride; PVP,
polyvinylpyrrolidone; VP, vinylpyrrolidone; SOD, superoxide
dismutase; PVD-SOD, PVD-modified SOD; PEG, Polyethylene
glycol.
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lives of bioactive proteins in vivo are very short [3-
3], so that their frequent administration at a high
dosage are needed to obtain sufficient therapeutic
effects. This administration markedly destroys ho-
meostasis, resulting in unexpected side effects. In
addition, since bioactive proteins exhibit diverse phar-
macological actions in various tissues, it is difficult to
obtain only the favorable actions (therapeutic effects)
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selectively. To overcome their problems, bioactive
proteins have been conjugated with water-soluble
polymeric carriers. We have already reported that
polymer conjugation of cytokines typified with tumor
necrosis factor-a (TNF-a), interleukin-6 (IL-6), and
immunotoxin (IT), with polyethylene glycol (PEG),
and polyvinylpyrrolidone (PVP) improved its resis-
tance to proteinase and plasma half-lives and resulted
in greater therapeutic potency {6~ t0]. We have also
shown that conjugation with polymeric carriers regu-
late the tissuc distribution of cytokine, resulted in a
selective increase its desirable therapeutic effects, and
decrease its undesirable side effects. However, for
further enhancement of the therapeutic potency and
safety of conjugated bioactive protein, more precise
control of the in vivo behavior of each protein for
selective expression of their therapeutic effect is
necessary. Thus, it is expected to develop novel
polymeric carriers with targeting capability to specific
tissue, whercas PEG and PVP are useful and powerful
polymetic carriers for improving the plasma half-lives
of proteins.

Renal disease is a serious problem on the increase
in the world. There is no cure for renal disease, and
few strategies are available for prevention {11.12].
Bioactive proteins, such as superoxide dismutase
(SOD) and interleukin-10 (IL-10), have been ex-
pected to prevent the progression of renal disease,
but their therapeutic potency were too low because
they were poorly distributed to the kidney. The
development of a renal delivery system that selcc-
tively carries drugs to the kidneys is a promising
approach for limiting tissue distribution and control-
ling toxicity. Several renal drug delivery systems
have been previously described. One approach
involves prodrugs that are cleaved by kidney-associ-
ated enzymes to release the drugs in the kidney |13
However, these prodrugs gencrally do not accumu-
late in the kidneys as a result of plasma protein
binding and limited transport to the kidney. Low-
molecular-weight proteins, such as lysozyme, have
been used as carriers because they are rcabsorbed by
the kidneys. Unfortunately, they also produced strong
renal toxicity and cardiovascular side effects [14].
Streptavidin carriers bind to biotin in the kidney, but
they are immunogenic and have limited renal accumu-
lation due to their large molecular size { 15,16}, Thus, it
is important to develop an effective renal drug delivery

system that not only targets the kidney but also has
excellent safety.

Recently, we synthesized poly(vinylpyrrolidone-
co-dimethyl maleic acid) (PVD) as a new renal
targeting carrier {17). About 80% of the dose of
PVD seclectively distributed to kidneys after intra-
venous injection and then gradually excreted to
urinary and approximately 40% remained in the
kidneys 4 days after intravcnous injection. No side
effects occurred in the kidney and other tissues by
administration of excessively high dose of PVD. In
this study, to assess the usefulness of PVD as a
renal targeting’ polymeric carricr of drugs, we first
evaluated the relationship between PVD molecular
weight and renal accumulation. We then prepared a
conjugated SOD with PVD and evaluated the
pharmacokinetic characteristics and therapeutic
effects on HgCly-induced acute renal failure
(ARF). This study will provide fundamental infor-
mation enabling us to create a powerful drugs
against renal disease.

2. Materials and methods
2.1. Synthesis and purification of PVD

Chemicals were obtained from Wako (Osaka,
Japan) and 2,3-dimethy! maleic anhydride (DMMAn)
was purchased from Acros Organic (New Jersey,
USA). PVD was synthesized by the radical polymer-
ization method using 4,4’ -azobis-4-cyanovaleric acid
(ACVA) as a radical initiator. Briefly, DMMAn and
N-vinyl-2-pyrrolidone (VP) were mixed in a ratio of
1:5 in a glass tube containing dimethyl formamide
(DMF) and incubated at 60 °C for 96 h. The
resulting copolymer was precipitated in dry diethyl
cther, collected immediately after filtration, and dried
under vacuum. The molecular weight was deter-
mined by GFC (TSKgel G4000PW, Tosoh, Tokyo).
PVD was separated into four fractions of different
number-average molecular weight values. In addi-
tion, the number-average molecular weight (M,) of
each fraction was calculated by comparing it with
PEG standards (Fr.1; 14 kDa, Fr.2; 8 kDa, Fr.3; 6
kDa, Fr.4; 3 kDa). The polydispersity [weight-aver-
agc molecular weight (M,,)/M;] of these PVDs were
about 1.1.
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Fig. 1. Plasma clearance and tissue distribution of PVDs with various molecular weight after intravenous injection. PVD with various molecular

weight were '2*

I-labeled by chloramine-T method. Mice were intravenously injected with

125

I-tabeled polymers. (A) After administration, blood

was collected from the tail at indicated time, and the radioactivity was measured by a y-counter. (B) At 3 h aftcr intravenous injection, mice were
sacrificed, and each organ was collccted. The radioactivity was measured by a y-counter. Data represent mean + S.D. (n=5).

2.2. Preparation of '*’Llabeled PVDs

To study the pharmacokinctics of PVDs with
various M,, radiolabeled PVDs were prepared by the
chloramine-T method. PVDs were dissolved in DMF
and activated with dicyclohexyl carbodiimide and N-
hydroxysuccinimide for 24 h at room temperature.
The PVDs were reacted with tyramine hydrochloride
for 24 h at 4 °C, dialyzed in water, and lyophilized.
PVD-thyramine conjugates were radiolabeled by the
chloramine-T method. '**I-labeled PVDs were puri-
fied by GFC. The spccific activities of **I-labeled
PVDs were about 4.44 uCi/mg polymer.

2.3. Measurement of plasma clearance and tissue
distribution

All experimental protocols for animal studies were
in accordance with the “Guide for Laboratory Animal
Facilities and Care™ (NIH Publication 85-23, revised
1985). These protocols have been approved by the
committee in the Pharmaceutical School, Osaka Uni-
versity. The clearance of PVD in male BALB/c mice
(5 weeks old; SLC, Hamamatsu, Japan) were studied
after intravenous injection of 10 pg of polymer per
mouse. Blood was collected from the tail vein at
intervals, and radioactivity was measured in each
sample using a <y-counter. After 3 h, most plasma

'23]_radioactivity was present as '2I-labeled polymers
and not as free '*’I. To evaluate tissue distribution,
mice were housed in metabolic cages to collect urine
and sacrificed 3 h after treatment. Clearance value was
pharmacokinetically evaluated based on the clearance
concept as described [18.19].

2.4. Preparation of PVD-conjugated SOD

Bovine erythrocyte Cu-Zn SOD was reacted with
a 22-fold molar excess of activated PVD at room

Table 1
Clearance of PVDs with various molecular weight

Clearance (pl/h)
Kidney

PVD 27864 £52.9
M,=14
kDa

PVD 6614.0 £ 199.5
M,=8
kDa

PVD 8R88.4 + 2145
M,=6
kDa

PVD 3871.7+ 2168
M,=3
kDa

Mice were used in groups of five. Each value is the mean + S.E.

Liver
1954 £ 139

Lung Spleen

106+30 98+04

1193+3.2 143+44 57+03

63.6+14 352183 46+02

45461 157£70 32+03
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Fig. 2. Renal accumulation and urinary excretion of PVD with various molecular weight afer intravenous injection. Mice were intravenously
injected with '**I-labeled PVDs. (A) At indicated time after intravenous injection, mice were sacrificed, and kidneys were collocted. The
radioactivity was counted. (B} Mice were housed in metabolic cages to collect urine for 24 h after intravenous injection. The radioactivity of
urine was counted. The radioactivity was measured by a y-counter. Data represent mean * S.D. (n=35).

temperature for 90 min in pH 8.5 borate buffer. The
resultant PVD-SOD (PVD-SOD) was separated into
three fraction of different molecular size (M;) by gel
filtration chromatography (Superose 12 HR10/3;
Amersham Pharmacia Biotech, Uppsala, Sweden) in
0.05 M phosphate buffer (pH 7.2). The Ms of each
fraction was estimated by gel filtration chromatogra-
phy with protein standard (gel filtration calibration kit;
Amersham Pharmacia Biotech). The specific activity
of PVD-SODs was determined by the cytochrome ¢
method. The biolactivity of '**I-native SOD and
PVD-SODs prepared by the chloramine-T method
were indistinguishable from their non-radiolabeled
forms.

2.5. Therapeutic effects of PVD-SOD on ARF

We used a mouse model of HgCls-induced ARF to
assess the therapeutic effects of PVD-SOD (L-PVD-
SOD) with M, of 73 kDa. ARF was induced by
subcutaneous injection of 8 mg/kg HgCl,. Then, 12
h later, these mice were given 4 mg protein/kg native
SOD or L-PVD-SOD intravenously. Therapeutic effi-
cacy was qualitatively assesscd 48 h after treatment
with HgCl» by measuring the level of urinary alkaline
phosphatase (ALP), urinary y-glutamyltransferase
(GTP), urinary N-acetyl-B-glucosaminidase (NAG),
urinary glucose, urinary keton, urinary protein, uri-

nary hemoglobin, and serum creatinine as ARF
markers.

3. Results

3.1. Pharmacokinetics of PVD with various molec-
ular weight

To evaluate the influence of molecular weight on
renal accumulation of PVD, we estimated the plasma
clearance and tissue distribution of PVD with various

M, after intravenous injection (Fiyx. ). Radioactivity
Table 2
Characterization of PVD-conjugatcd SOD
Number SOD enzymatic Remaining®
average® activity® activity (%)
molecular (X 10° U/mg)
weight
H-PVD-SOD 220,000 147+ 0.1 63.1
M-PVD-SOD 120,000 1,97 £ 0.31 84.5
L-PVD-SOD 73,000 2.19£0.05 93.9
Native SOD 32,000 2.33+£0.03 100.0

* Number-average molecular weight was determined by gel
filtration HPLC (protein standard).

* Specific activity was measured by cytochrome ¢ method. Each
value represents the mean + S.D.

< Remaining activity (%) was calculated base on native SOD.
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Abstract

In an attempt to enhance the immunological efficacy of genetic immunization, we investigated a new biological means for deliv-
ering antigen gene directly to the cytoplasm via membrane fusion. In this context, we investigated fusogenic liposome (FL) encap-
sulating DNA as a possible genetic immunization vehicle. RT-PCR analysis indicated that a FL could introduce and express
encapsulating OVA gene efficiently and rapidly in vitro. Consistent with this observation, an in vitro assay showed that FL-mediated
antigen-gene delivery can induce potent presentation of antigen via the MHC class I-dependent pathway. Accordingly, immuniza-
tion with FL containing the OVA-gene induced potent OVA-specific Th1 and Th2 cytokine production. Additionally, OVA-specific
CTL responses and antibody production were also observed in systemic compartments including the spleen, upon immunization
with the OVA-gene encapsulating FL. These findings suggest that FL is an effective genetic immunization carrier system for the
stimulation of antigen-specific immune responses against its encoding antigen.
© 2004 Elsevier Inc. All rights reserved.

Keywords: DNA vaccine; Tumor vaccine; Liposome; Drug delivery system

Genetic immunization using plasmid DNA (pDNA)
encoding antigens from bacteria, viruses, and cancers
has often led to protective cell-mediated (Thl) and
humoral (Th2) immunity (1]. This system has some prac-
tical advantages over conventional vaccines, such as
safety, stability, cost-effectiveness for manufacturing,
and the ease of modifying and customizing the gene se-
quence to produce the desired type of recombinant pro-

* Corresponding author. Fax: +81 6 6879 8176.
E-mail address: nakagawa@phs.osaka-uv.ac,jp (S. Nakagawa).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/.bbrc.2004.10.056

tein for expression in vivo. Although naked DNA
vaccines (i.e., pPDNA in saline) are effective in small ani-
mal models [2-4), recent results from large-animal and
non-human primate studies have been disappointing
due to sub-optimal immune responses, despite the use
of multi-milligram doses of naked pDNA [5]. Therefore,
the development of adjuvants and excipients to increase
immune responses to DNA vaccines has become
an active area of research. The potential of genetic
immunization to exert an effective antigen-specific im-
mune response is directly related to both the leve! of
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expression of the encoded protein and the immuno-
modulatory activity generated by DNA vaccine formu-
lations [6-8].

Two main causes for the ineffectiveness of genetic
immunization have been proposed. First, the pDNAs
are generally unstable in vivo. In other words, most in-
Jjected pDNAS are degraded by extracellular deoxyribo-
nucleases in situ [9-11). In addition, a limited amount
of undegraded pDNA is taken up via endocytosis by
neighboring cells around the injection site, including
antigen presenting cells (APCs). The endocytosed
'pDNAs are thus generally degraded in intracellular
compartments such as endosomes or lysosomes. Conse-
quently, extremely low levels of pDNAs that escaped
from these host factors could express their encoded
antigens, resulting in inefficient induction of antigen-
specific immunity. Furthermore, in terms of eliciting
antibody responses, DNA vaccines are poorly immuno-
genic relative to other vaccines such as peptide and
protein vaccines (12,13). Because of the extra- and in-
tra-cellular degradation and low immunogenicity of
naked pDNAs, genetic immunization exhibits poor
performance when administered by routes other than
intramuscular [5].

In this context, various approaches, such as combina-
tion with adjuvant or cytokines and particulating tech-
niques, have been applied to enhance immune
responses to the encoding antigen [9,11]. The carrier-
mediated approach is particularly promising because
of enhanced pDNA stability and immunogenicity, and
also due to the combination with molecular adjuvants.
To address these issues, several DNA-particulating ap-
proaches have been evaluated [14). Recently, liposomes
and micro- or nano-scale particles have been tested for
genetic vaccination [14-20]. However, due to the low
immunogenicity and degradation of pDNA by APCs,
a novel carrier-mediated approach to improve the po-
tency of DNA vaccines is required.

We previously developed a unique antigen delivery
system based on liposomes fused with UV-inactivated
Sendai virus, known as the fusogenic liposome, FL
[21-25). The FL efficiently delivered the encapsulated
antigens into the cytoplasm of antigen presenting cells
via membrane fusion for use in the MHC class I-presen-
tation pathway (26.27]. Furthermore, FL possesses adju-
vant activity derived from Sendai virus accessory
proteins. [t stimulates antigen presenting cells to up-reg-
ulate cell surface markers and enhances the expression
of inflammatory cytokines by APCs. Additionally, we
demonstrated that subcutaneous immunization with
antigen-encapsulated FL induced high levels of anti-
gen-specific immune responses at systemic immune com-
partments such as the spleen [26).

This information and our previous results allowed us
to hypothesize that FL could be utilized as genetic vac-
cine carrier. Thus, the purpose of the present study was

to analyze the efficiency of immunization through der-
mal delivery of model antigen protein-encoding DNA
(OVA) delivered by FL.

Materials and methods

Mice and cells. Six- to eight-week-old male C57BL/6 (H-2%) mice
were purchased from SLC (Hamamatsu, Japan). EL4 (Tohoku Uni-
versity, Sendai, Japan) is a C57BL/6 T lymphoma and EG7 is an
ovalbumin (OVA)-transfected clone of EL4, IC21 cells are CS7TBL/6
macrophage clones, H-2Kb, CDS8OVA 1.3 (provided by Dr. Qlifford V.
Harding, Case Western Reserve University, Cleveland, OH) is a T-T
hybrid cell, which is specific for OVA257-264-Kb.

ELA and IC21 cells were grown in RPMI1640 medium supple-
mented with 10% FCS. The CTLL-2 cells were maintained in
RPM11640 medium supplemented with 10% FCS and 1 U/ml human
recombinant IL-2. The EG7 cells were maintained in RPMI1640
medium supplemented with 102 FCS and 400 pg/ml G418. CD8SO-
VALI.3 was grown in DMEM supplemented with 10% FCS. All culture
media were purchased from Invitrogen (Carisbad, CA) and supple-
mented with non-essential amino acids, antibiotics.and, S x 10" M 2-
mercaptoethano! (2-ME).

Plasmids. The EcoRI fragment of pAc-neo-OVA [28] was cloned
into the EcoRlI site of pBluescriptll KS(-), resulting in pBluescriptIl
KS(-)/OVA. To construct an OVA gene expression vector, the
BamH1/Sall fragment of pBluescript It KS(—)/OVA was ligated into a
BamH1/Sall cut pCM V-script (Stratagene), resulting in pCM V-script/
OVA (Fig. 1), which is driven by the cytomegalovirus promoter and
contains the SV40 poly(A) signal.

Preparation of fusogenic liposome. pCMV-script/OVA containing
unilamellar liposomes was prepared by a modified reverse-phase
evaporation method using 46 ymol of lipids (egg phosphatidylcho-
line: L-a-dimyristryl phosphatidic acid: cholesterol = 5:1:4, molar
ratio). After three cycles of freezing and thawing, the liposomes were
sized by extrusion through a 0.8 um polycarbonate membrane
(Nucleopore; Coaster, Cambridge, USA) and pelleted by ultracen-
trifugation to remove unencapsulated plasmids. Then, FL encapsu-
lated pCMV-script/OVA was prepared by fusing the liposomes with
UV (2000 J/cm®)-inactivated Sendai virus as described previously
[21,26). The amount of plasmid DNA encapsulated within liposomes
was determined by means of fluorometric assay using 3,5-diamino-
benzoic acid.

RT-PCR for OVA gene detection. To examine the expression of
OVA mRNA, IC-21 cells were incubated in serum free RPM11640

OVA

Fig. 1. Structure of OVA expression plasmid pCMV-script/OVA.
OVA ¢DNA was inserted into an expression plasmid (pCMV-script)
containing a cytomegalovirus (CMV) promoter and a SV40 polyad-
enylation site.
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Fig. 3. Plasma clearance and tissue distribution of native SOD and PVD-SODs 3 h after intravenous injection. Mice were intravenously injected
with '2*I-tabeled native SOD and PVD-SODs. (A) After administration, blood was collected from the tail at indicated time, and the radioactivity
was counted. (B) Each organ was removed 3 h after intavenous injection. and radioactivity was counted. Data was represented at % injected
dose. The radicactivity was measured by a y-counter. Data represent mean + S.D. (n=35).

in the supernatant of homogenized kidneys was mea-
sured after acid precipitation to distinguish between
bound polymer and free tyramine, it has been con-
firmed that the PVD did not release the free tyramine
and it was not degraded in the kidneys (data not
shown). The blood retention increased as the molec-
ular weight increased (I'ic. 1A). On the other hand,
PVD with an average molecular weight of 6-8 kDa
[PVDgy and PVDyg, ] showed highest renal accumula-
tion and about 80% of the administered dose accu-
mulate in the kidneys at 3 h after injection (Ihg. 113).
Accumulation rates decreased to 60% for PVD,, and
to 30% for PVD;,.. Tubic | summarizes the clearance
calculated based on the radioactivity at 3 h after
intravenous injection of various PVDs in mice. The
uptake clearance of PVDg, were the highest among
various PVDs. Similar trends in results were noted at
1 and 24 h (Fig. 2A), PVDy, and PVDy, were rapidly
eliminated from blood and specifically accumulated in
the kidneys only | h after intravenous injection
without distribution to other tissues. In addition,
PVDg, and PVDg, showed high retention in the
kidneys and about 60% of injected dose retained in
the kidneys 24 h after intravenous administration. By
the measurement of the urinary radioactivity excre-
tion, it became clear that the PVD which accumulated
in the kidney was gradually excreted urinary. Further-
more, measurement of urinary radioactivity excretion

revcaled a significantly higher value for PVDy; with
the lowest M, (1. 2B).

3.2. Characteristics of PVD-SOD

The PVD-SOD was prepared via formation of
amide bond between SOD lysine residues and car-
boxy! groups of PVDg,.. The resultant PYD-SOD was
separated into three fraction of different molecular
size (high=H, middle=M, low=L) by gel filtration
HPLC, and then, specific activities were mcasured.
The separated PVD-SODs, with molecular size of 73,
120, and 220 kDa, were termed L-PVD-SOD, M-
PVD-SOD, H-PVD-SOD, respectively. Table 2 shows
characterization of PVD-SODs. Although specific
activity decreascd with increasing molecular size,
even H-PVD-SOD with the largest molecular size
still had 60% activity comparcd with native SOD.

Table 3
Clearance of native SOD and PVD-SODs
Clearance (pl/h)

Kidney Liver Lung Spleen
1-PVD-SOD 180+03 20.1+05 1.7£02 1101
M-PVD-SOD 319+12 20902 20+0.1 1101
L-PVDSOD 1826+93 203%223 36%£03 14101
Native SOD 34149 199+30 5309 14+02

Mice were used in groups of five. Each value is the mean + S.E.
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Table 4
Therapeutic effects of L-PVD-SOD to HgCl,-induced ARF
Intact mice ARF mice Native SOD-treated L-PVD-SOD-treated
ARF mice ARF mice
Urinary levels hemoglobin - (<0.06 mg/d) ++ (>0.75 mg/dl) + -
ketone - (<5 mg/dl) ++ (>20 my/dl) * -
glucose = (<100 mg/dl) ++ (>2000 my/di) + +
protein — (<10 mg/dl) + (>1000 mg/d)) t +
¥-GTP - (<0.7 IULOG) ++(>550 1UNL) +t +
ALP - (<1 IUMD ++ (>400 1UN) + %
NAG - (<121Um + (>17 TUN) ++ -
Serum levels creatinine - (<0.5 mg/dhy + (>1.5 mg/dd) + t

We used a mouse model of HgClz-induced ARF to assess the therapeutic effects of L-PVD-SOD. ARF was induced by subcutaneous injection
of 8 mg/kg HeCly, and then, these mice were given 4 mg proteivkg native SOD or L-PVD-SOD intravenously. Therapeutic efficacy was
qualitatively assessed 48 h after treatment with HgCl, by measuring the level of urinary alkaline phosphatasc (ALP), urinary y-glutamyl
transferase (GTP), urinary N-acetyl-3-glucosaminidase (NAG), urinary glucosc, urinary keton, urinery protein, urinary hemoglobin, and serum
creatinine as ARF markers. Mice were used in groups of five. —: negative: * : quasi-positive; +: weak positive; +4: strong positive.

3.3. Pharmacokinetics of PVD-SOD

We then evaluated pharmacokinetics ‘of three
kinds of PVD-SODs after intravenous administra-
tion. Native SOD was rapidly clearcd from the blood
circulation (Fig. 3A). Three hours after injection,
little accumulation of native SOD into the kidneys
was observed (Fig. 3B), and almost all native SOD
was found to be eliminated in the urine (data not
shown). On the other hand, the blood residency and
renal distribution of PVD-SOD increased with de-
creasing their molecular size. For L-PVD-SOD with
almost full activity compared with native SOD, its
renal accumulation was about six times higher than
that of native SOD, and L-PVD-SOD did not show
with selective distribution to other major organs
such as the liver or spleen. M-PVD-SOD and H-
PVD-SOD showed higher distribution to liver than
native SOD and L-PVD-SOD, probably due to their
high blood concentration. Table } summarizes the
clearance calculated based on the radioactivity at 3
h after intravenous injection of native SOD and
three kinds of PVD-SODs in mice. This data also
showed that L-PVD-SOD accumulated in kidney
specifically.

3.4. Therapeutic effect of L-PVD-SOD on ARF
We also assessed the therapeutic effect of L-PVD-

SOD on ARF (Tabic 4). ARF was induced by
subcutaneous injection of HgCl, at a dose of 8 mg/

kg. Not only the levels of urinary ALP, y-GTP,
NAG, and serum creatinine, but also the urinary
content of hemoglobin, keton, glucose, and protein
rapidly increased 12 h later. Native SOD and L-
PVD-SOD at a dose of 4 mg protein/kg were
injected intravenously 12 h after injection of HgCl,.
The therapeutic efficacy were assessed 48 h after
administration of HgCl, (Table 4), becausc ARF
markers reached the highest levels in untreated
ARF mice. Native SOD showed weak therapeutic
effects, but L-PVD-SOD effectively accelerated re-
covery from ARF.

4. Discussion

The in vivo pharmacokinetics of polymer-conju-
gated drugs, such as bioactive proteins, may be
markedly influenced by the propertics of the poly-
meric carriers, such as electric charge and hydro-
philic/hydrophobic balances, attached to the surface
of the drugs. Therefore, to achieve optimization of
drug thcrapy by polymer conjugation typified by
PEGylation, we must initially design polymeric
carrier with useful functions such as targeting and
controlled release capability, which can regulate
closely their behavioral characteristics in vivo. We
previously reported that polyvinylpyrrolidone (PVP)
was more suitable polymeric carrier for enhancing
the blood residency of drugs than PEG [&]. Using
this PVP as a backbone polymer, we have evaluated
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the in vivo pharmacokinetics of synthesized PVP
derivatives with various electrically charge or hy-
drophilic/hydrophobic balance |20]. For instance,
the co-polymer between vinylpyrrolidone (VP) and
vinyl-lauric acid showed a marked increase in
distribution in the spleen compared to that in the
liver. Recently, we synthesized a novel polymeric
drug carrier, PVD, which was a powerful candidate
as a targeting carrier for a renal drug delivery
system. In this study, we attempted to optimize
the renal drug delivery system using PVD.

To assess the usefulness of PVD as a renal
targeting carrier, the relationship between the M,
of PVD and its renal accumulation after intravenous
injection was investigated (Fiz. 1). Renal accumula-
tion was highest for molecules with an M, of 6—
8 kDa, about 80% of the administered dose accu-
mulate in the kidneys 3 h after intravenous injection.
Increase or decrease of an M, lowered the renal
accumulation (Iig. 2). We have previously showed
that the safety of PVD was similar to that of PEG
and PVP, which are used clinically |17]. Thus, PVD
with 6-8 kDa of M, seems to be an extremely safc
polymeric carrier with much higher renal targeting
and retention capacity. 1t has previously been found
that PVD was selectively accumulated in renal
proximal tubular epithelial cells after intravenous
injection [17]. Additionally, the uptake of PVD by
renal tubular cells was inhibited by the energy
inhibitor (NaN3;) and was not affected by cytocha-
lasin B. Thus, PVD may bc taken in by an encrgy-
dependent process except for endocytosis. Several
specific molecules play a role in renal transport, and
various organic anions transporter exist in thc kid-
ney, but these transporters generally carry low-
molecular-weight drugs. It is unclear why PVD with
a molecular weight of 6-8 kDa was selectively
accumulated in the kidncys. To address this ques-
tion, we are currently in the process of doing some
experiments.

We further evaluated the usefulness of PVD as a
renal targeting carrier by polymer conjugation to
SOD, which has been expected to be a potential
drug to renal disease. Many recent studies have
reported an association between activated oxygen
species such as superoxide radical (O7), hydrogen
peroxide (H.0,), hydroxyl radical (*OH), and NO
with various pathologic disease processes such as

cancer, inflammation, septicemia, and necrosis asso-
ciated with ischemic reperfusion [21.22], Several
studies have investigated the use of activated oxygen
metabolic enzymes and antioxidants as therapeutic
agents in diseases where stress oxidation plays a
prominent role [23.24]. SOD has shown promise as a
therapeutic agent, eliminating O3 in the early stages
of formation of highly reactive oxygen species such
as ‘OH. Developments in genetic engineering have
now enabled the production of large quantities of
human CwZn-SOD, which has attracted attention as
a therapeutic agent [25]. With respect to kidney
disease, activated oxygen is known to play an
indispensable role in the mcchanisms of ARF, com-
plications associated with long-term maintenance
dialysis, drug toxicity, and various inflammatory
conditions [26]. We prepared PVD-SODs with var-
ious molecular size (Table 2) and then evaluated
their tissue distribution 3 h after intravenous injec-
tion (Fig. 3). The renal accumulation of PVD-SODs
decreased with increasing their molecular size. About
sixfold more L-PVD-SOD with 73 kDa of M, which
had almost full activity compared with native SOD,
was distributed to the kidneys than native SOD. The
renal accumulation of PVP-modified SOD with the
same molecular size as L-PVD-SOD was similar to
that of native SOD (data not shown). This confirms
that renal accumulation of L-PVD-SOD is attribut-
able to the properties of PVD. However, extensive
PVD modification of SOD did not increase its renal
accumulation. These results indicated that L-PVD-
SOD was the optimal derivative which had a poten-
tial renal targeting capability. Thus, our results
revealed that the renal accumulation probably
involves not only an optimal introduction rate of
electrical charges and/or hydrophobicity to PVD, but
also molecular size of PVD-SOD.

Renal discasc is onc of the most scrious problems
in the world. Many researchers have attempted to
dcliver drug to the kidney. For example, Hashida et al.
reported that cationized SOD and PEGylated SOD
exhibited significant therapeutic effects on ischemic
acute renal failure [27.28]. However, there is no report
as to delivery of drug to the kidney specifically. On
the other hand, PVD accumulated in the kidney about
80% of the administered dose. Therefore, we consider
that PVD may be the most superior carrier for
delivening drug to the kidney. Thus, the development
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of new therapeutic approaches is expected for treating
patients with renal disease. As shown in Table 4, L-
PVD-SOD showed great potential as a renal antioxi-
dant agent to ARF. These results suggest that L-PVD-
SOD may be a candidate as a novel therapeutic agent
with high renal targeting capability.
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