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FIG.3. Human hemoglobin staining could be seen not only within the tumor vessels (A) but also in the extracellular matrix (B) (human

hemoglobin staining, %20).

sample administration, but the measurements were
made before and after the completion of tumor tissue
oxygen tension measurements primarily to verify the
integrity of light guide and lens. Therefore, a transient
rise in muscle tissue oxygen tension as well as other
normal tissues, possibly leading to toxicity, cannot be
denied. Further studies are needed in this area.

In the present study, systemic administration of
HbV transiently reduced tumor hypoxia, and moder-
ately augmented tumor growth delay in response to
irradiation in comparison to groups administered sa-
line, metHbV, or lowP50HbV. HIFlalpha is a tran-
scription factor activated by hypoxia, controlling many
pathways in response to hypoxia in both normal and
tumor cells. In the present study, tumor HIFlalpha
protein level was significantly decreased at 20 min
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after HbV administration compared with metHbV ad-
ministration. These results correlatively suggest that
HbV augmented tumor growth delay following irradi-
ation, at least in part, by affecting tumor tissue oxygen
tension. However, the growth delay in the HbV group,
although statistically significant, was marginal. A
study using different irradiation dosages to determine
TCD50 is necessary to further verify this effect. The
involvement of other mechanisms is also possible. In
the present study, metHbV administration did not
have a significant effect on tumor tissue oxygen tension
or irradiation response. Nevertheless, the effect of
heme itself needs further investigation, because the
heme within HbV could be the primary source of oxy-
gen radical species formation following irradiation
rather than the oxygen it delivers. It is also known that
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FIG. 4. HIF1lalpha level was significantly decreased in the HbV group in comparison to the metHbV group. *P = 0.021 Mann-Whitney

U-Test.



6

changes in HIF1alpha level itself modifies irradiation
response, but both radiosensitization and radioprotec-
tion by changes in HIF 1alpha level have been observed
[36]. Further studies, including measurements at
longer time points and with administration of other
samples, are required to find out if the change in
HIFlalpha level, with respect to or irrespective of
change in tissue oxygen tension, is involved in this
particular animal model.

The timing of tumor tissue oxygen tension elevation
after artificial oxygen carrier administration differs
among previous reports from approximately 4 min to
2h {9, 28-35]. We do not have a clear answer as to why
the increase in tumor tissue oxygen tension was tran-
sient in the present study. If the increase in tumor
tissue oxygen tension was due to circulating HbV, the
effect should have appeared over a longer duration
because HbV is known to have a circulating half-life of
approximately 48 h [37]. Therefore, we speculated that
the increase in tumor tissue oxygen tension may have
been affected primarily by extravasated HbV rather
than circulating HbV and was hence transient. Tumor
vessels are known to be morphologically heterogeneous
and has highly permeable sites in comparison to nor-
mal vessels. Liposomes ranging in diameter from ap-
proximately 100 to 400 nm have been shown to extrav-
asate into the tumor extracellular matrix presumably
through these sites [38, 39]. In the present study, hu-
man hemoglobin staining revealed the presence of
stained material not only within the tumor vasculature
but also in the extracellular matrix. We know from
previous experiments that hemoglobin is encapsulated
within HbV until it is metabolized, which does not
occur in this timeframe of 20 min after systemic ad-
ministration [40]. So we consider that these were ex-
travasated HbV. Lewis lung carcinoma used in this
study formed tumors composed primarily of tumor cells
and tumor vessels, with very little extracellular ma-
trix. Because of this, the extravasated HbV mostly
existed in the vicinity of tumor cells, and hence, may
have modulated the tumor response to irradiation. Ob-
viously these results may not be directly applicable to
tumors encountered in the clinic, which contain signif-
icantly greater amounts of extracellular matrix.

Oxyspot used in this study only measures tissue
oxygen tension close to the tissue surface. But since the
Lewis lung carcinoma cell line used in this study
formed a histologically homogeneous tumor composed
primarily from tumor cells and vessels, with little ex-
tracellular matrix, we assume that the measurements
made in this study sufficiently reflected tissue oxygen
tension changes within the whole tumor. To this end,
Lewis lung carcinoma line was suitable for this partic-
ular study, but its clinical relevance may be limited.

It has been reported that increase in hemoglobin
affinity is beneficial for oxygen delivery to normal tis-
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sue particularly when oxygen supply is severely com-
promised [41, 42]. In the present study, there was only
a minimal transient increase in tumor tissue oxygen
tension after lowP50HbV administration, and benefit
was not so apparent. Physiology of oxygen extraction
may have been different between different tissues or
tumor lines. Blood flow in tumor vessels is known to be
highly variable, and regulatory mechanisms may not
have functioned as in normal tissue. Ps, of 8 Torr in
lowP50HbV used in this study may have been too low
for significant oxygen release in this particular model.
Additionally, in the present study, the increase in tu-
mor tissue oxygen tension may have been due to ex-
travasated rather than circulating HbV, in which case
the findings from previous studies which examine ma-
terials with low P;, supplying oxygen from within the
circulation may not be directly applicable. Further
studies are needed to find out if optimization of Py,
significantly contributes to oxygenating tumor tissue.

Many types of liposomes are currently being devel-
oped to improve selective drug delivery to tumor tissue.
HbV used in this study was developed as a transfusion
alternative, but it may be possible to increase relative
tumor distribution and further optimize HbV’s irradi-
ation augmentation effect by modifying its liposomal
components as well as its P;. These improvements
may lead to similar or better outcome, with less dosage.
The timing of irradiation also needs further study,
including the use of fractionation.
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Hemostatic Efficacy of a Recombinam Thrombin-Coated
Polyglycolic Acid Sheet Coupled With Liquid Fibrinogen,
Evaluated in a Canine Model of Pulmonary Arterial

Yotaro Izumi, MD, Masatoshi Gika, MD, Noriko Shinya, DVM, Sumika Miyabashira, BS,
Takayuki Imamura, PhD, Chikateru Nozaki, PhD, Masafumi Kawamura, MD, and Koichi Kobayashi, MD

Background: 1n thoracic surgery, al-
though infrequent, we encounter unex-
pected damage to the pulmonary artery
(PA). In the present study, we evaluated
the hemostatic efficacy of a newly devel-
oped fibrin-based sheet material, throm-
bin sheet, coupled with liquid fibrinogen
(TSF), in an experimental model of PA
hemorrhage.

Methods: Female beagles (n = 8)
were used for the study. Left thoracot-
omy was performed under general anes-
thesia. PA injury (approximately 4 x 2
mm) was created, and repaired by TSF
(TSF group) or TachoComb (TC group).
The animals were allowed to survive,
and the repaired site was evaluated 4
weeks after the experiment.

Results: The number of sheet appli-
cation and cempression procedures re-
quired for hemostasis was increased in the
TC group compared with in the TSF
group (TCvs. TSF,4 = 1vs. 1 £0.5,p =
0.01, unpaired ¢ test). The time required to
achieve hemostasis was increased in the
TC group compared with in the TSF
group (TC vs. TSF, 7 £ 3 vs. 1 = 0.5
minutes, p = 0.01, unpaired ¢ test). The
amount of bleeding during the hemeostasis
procedure was increased in the TC group
compared with in the TSF group (TC vs.
TSK, 48 = 22 vs. 3 = 3 g, p = 0.01,
unpaired ¢ test). At 4 weeks, rethora-
cotomy revealed no apparent indication of
delayed bleeding, such as intrathoracic
hematoma formation or excessive adhe-

sion formation in the vicinity of PA, in
either group. Histologically, the vessel lu-
men was well sustained in both groups,
with no apparent stenosis or thrombus
formation.

Conclusion: The hemostatic efficacy
of TSF was superior to TC in this partic-
ular experiment. Single application of
TSF was sufficient to achieve hemostasis
in all but one animal. Compression time of
approximately 1 minute was also very
short albeit that the bleeding was from the
PA and not an artery. These results were
presumably because the adhesion was
stronger, faster, and the sheet was more
pliable in TSF compared with TC.

Key Words: Recombinant thrombin
sheet, Hemostasis, Pulmonary artery.

n thoracic surgery, although infrequent, we encounter un-
expected damage to the pulmonary artery (PA) resulting in
moderate to massive hemorrhage. In most cases, bieeding
can be controlled on the spot by manual compression, but
compression needs to be released at some point to repair the
damage, either to directly suture the vessel, or to sufficiently
isolate the vessel, clamp it, and control the bleeding. Signif-
icant blood loss can ensue during this period. It will be
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possible to reduce this blood loss if a ready-to-use hemostatic
material, capable of swift hemostasis becomes available.

Hemostatic materials exploit various mechanisms such as
absorbing and concentrating components of blood, increasing
the enzymatic activity of clotting factors, or activating
platelets.' Topical hemostatic agents utilizing materials such
as cellulose or collagen provide mechanical scaffolds on which
thrombus forms, but lack any inherent coagulation potential.*>
In this regard, fibrin-based materials can mimic thrombus for-
mation and currently seem to be most effective.™""

We have developed recombinant thrombin,'*'* which was
lyophilized onto a bioabsorbable synthetic nonwoven polygly-
colic acid fabric (Neoveil, Gunze K. K., Kyoto, Japan) to yield
a new fibrin-based sheet material, thrombin sheet (TS).'* TS
combined with liquid fibrinogen (TSF), is capable of swift
hemostasis even when applied inside a blood pool. Fibrinogen
solution is dripped onto the sheet immediately before applica-
tion. Neoveil is loosely fabricated, and the sheet thickness is
adjusted to 0.15 mm. This makes TSF quite supple so that it is
able to securely conform to the contour of the applied site.

The hemostatic effect of fibrin-based materials in vascu-
lar injuries have been evaluated extensively using arterial
injury models.'**#~'! To our knowledge, control of hemor-
rhage from the PA has not been adequately assessed.
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Although blood pressure in the artery is much higher in
comparison with that of the PA, adequate attachment of the
sheet material may be more difficult to achieve in the PA
because the vessel wall is more easily deformed by compres-
sion. Therefore, materials that control arterial hemorrhage
may not necessarily be effective in PA hemorrhage.

In the present study, we evaluated the hemostatic effect
of TSF in an experimentally created PA hemorrhage model.
The efficacy of TSF was compared in the same model with
that of TachoComb (TC) (ZLB Behring Co., Ltd., Bern,
Switzerland), a widely used commercially available fibrin-
based sheet product. We also measured in vitro fibrin forma-
tion in each material as a parameter of hemostatic potential.

MATERIALS AND METHODS
Preparation of Thrombin Sheet

Preparation of TS has been described previously.'*
Briefly, mannitol (Nakarai Kagaku, 213-03, Kyoto, Japan),
with a final concentration of 0.5% to 1.5%, and 40 mmol/L of
calcium chloride were added to a solution containing 0.5% to
2% of glycerol. Recombinant thrombin'*'* was added to
make the final concentration 1,500 U/mL. This solution was
dripped at a rate of 0.05 mL/cm?® and spread evenly using
rubber-tipped rods onto a bioabsorptive synthetic nonwoven
fabric (3 cm X 3 cm) made of polyglycolic acid, Neoveil
(thickness, 0.15 mm). The sheet was frozen at —80°C for 2
hours and dried to fix the recombinant thrombin. The sheet
was trimmed to 1.5 cm X 1.5 cm for use in this experiment. The
sheet was dipped in 0.2 mL of liquid human fibrinogen (Bolheal,
Chemo-sero-therapeutic Research Institute, Kumamoto, Japan).
The liquid fibrinogen seeped evenly into the sheet within sec-
onds. The sheet was then immediately applied.

Animal Experiment

Female beagles (Kitayama Labes Co. Ltd., Nagano, Ja-
pan) (n = 8) were used for the study. Body weight was
measured before induction of anesthesia. Anesthesia was
induced by subcutaneous injection of atropine sulfate (0.25
mg per animal), followed 10 minutes after by intramuscular
injection of xylazine (1 mg/kg) and ketamine (10 mg/kg). The
radial vein was cannulated. Anesthesia was maintained by
continuous infusion of 0.1% ketamine in 5% glucose at a rate
of approximately 1 mL/min. After injection of suxametho-
nium (10 mg per animal), the animal was intubated and
mechanically ventilated with 40% oxygen. Tidal volume was
approximately 200 mL, and respiratory rate was 14 breaths
per minute. Empirically, mean systemic arterial blood pres-
sure was maintained at approximately 100 mm Hg during this
anesthesia protocol.

The animal was placed in a right lateral position, and left
fourth intercostal thoracotomy was performed. The interlobar
portion of the left PA was used for the experiment. A 2-mm
plastic catheter with an 18-gauge needle tip was gently in-
serted into the PA, and PA pressure was measured until the
values stabilized (for approximately | minute). Bleeding dur-
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ing this procedure was negligible. Nexi, the vessel wall ad-
jacent to the needle insertion site was held with fine-toothed
forceps, and the vessel wall was resected with fine scissors so
as to expand the needle hole proximally. Accounting for the
thin and soft PA wall, we preferred this procedure to the use
of a punch device. In our preliminary experiment, the lacer-
ation thus created was approximately 4 mm X 2 mm. The
needle catheter was removed, and free bleeding was visually
confirmed for approximately 3 seconds, after which it was
controlled by manual compression. Blood in the thoracic
cavity was thoroughly suctioned. TSF (TSF group, n = 4) or
TC (TC group, n = 4), both 1.5 cm X 1.5 cm in size, was
prepared for application. Manual compression was released,
and immediately the sheet was applied to cover the lacera-
tion. Manual compression was applied over the sheet for 1
minute. If bleeding was not controlled, an additional sheet
was applied followed by another minute of manual compres-
sion. This was repeated until bleeding was visually con-
trolled. Bleeding during this period was absorbed using
gauze, and measured in grams. Hemostasis was confirmed by
observation for an additional 10 minutes, and then the chest
was closed. Ketoprofen (1 mg/kg) and ampicillin sodium (15
mg/kg) was injected intramuscularly. The animals were al-
lowed to recover and then were returned to their cages. After
4 weeks, the animals underwent rethoracotomy under general
anesthesia and the left chest cavity was observed. The inter-
lobar portion of the left PA was carefully inspected for traces of
secondary bleeding, for the magnitude of tissue adhesion, and
for the presence of residual materials. PA pressure measurement
was performed as previously, distal to the site of vessel injury.
The animals were killed by pentobarbital overdose, and the left
PA was resected together with the left lung. The specimens were
fixed in 10% buffered formalin, and embedded in paraffin.
Three micrometer paraffin sections were stained with hematox-
ylin and eosin for histologic examinations.

The School of Medicine Keio University Institutional
Animal Care and Use Committee approved all animal studies,
which were performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the Na-
tional Academies Press.

Data are shown as mean * standard deviation. Compat-
isons were made between groups using unpaired ¢ test and
within groups using paired ¢ test (StatView, SAS Institute
Inc., Cary, NC). Significance was assumed at p < 0.05.

In Vitro Measurement of Fibrin Formation

The fibrin clots were prepared for in vitro analysis as
follows. In the TC group, a piece of the sheet (0.5 cm X 0.5
cm) was soaked with 50 pL of saline containing 10 U/mL of
factor XIII, 50 U/mL of recombinant thrombin, and 25
mmol/L. of CaCl,, and then incubated for 5, 10, and 30
minutes at 37°C. The reaction was stopped by adding 50 uL
of stop solution (4 mol/L urea, 5% sodium dodecyl sulfate
[SDS], and 10% 2-mercapto ethanol). Fibrin was dissolved
overnight.
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Hemostasis Using Recombinant Thrombin Sheet

Fig. 1. The appearance of thrombin sheet immediately afier appli-
cation. The pulmonary artery laceration can be seen through the
applied sheet {arrow ).

In the TSF group, 12.5 uL of 20 mg/mL fibrinogen
containing 25 mmol/L of CaCl, was added to TS (size, 0.5
cm % 0.5 ¢cm; thrombin, 75 U/cm?), and incubated for 3,
10, and 30 minutes at 37°C. The reaction was stopped by
adding of 12.5 uL stop solution as in the treatment for TC.

SDS-polyacrylamide gel electrophoresis was per-
formed according to the method of Laemmli.'> About 1 ug
of fibrinogen was subjected to SDS-polyacrylamide gel
electrophoresis on a 7.5% polyacrylamide gel under reduc-
ing conditions. The gel was stained with Coomassie bril-
liant blue R-250.

RESULTS

All the animals survived. Body weight was comparable
between groups before the experiment (TC vs. TSF, 10.0 = 1.0
vs. 10.4 = 0.2 kg, p = 0.50) and at 4 weeks after the experiment
(TC vs. TSF, 11.6 = 09 vs. 11.7 = 0.6 kg, p = 0.1). Within
groups, body weight was increased in both groups at 4 weeks
after the experiment (TC group p = 0.03, TSF group p = 0.01).

Mean PA pressure was comparable between groups
before vessel laceration (TC vs. TSF, 28 = 5 vs. 27 = 9
mm Hg, p = 0.96) and at 4 weeks after the experiment (TC
vs. TSF, 32 £ 3 vs. 30 £ 1 mm Hg, p = 0.2). Also, within
groups, mean PA pressure was comparable in both groups
at 4 weeks after the experiment. compared with values
before vessel laceration (TC group p = 0.59, TSF group
p = 0.21).

Hemostasis was effectively achieved in both groups after
sheet application. In the TSF group, the laceration could be
clearly seen through the sheet (Fig. 1, arrow). The number of
sheet application and compression procedures required for
hemostasis was increased in the TC group compared with in
the TSF group (TC vs. TSF, 4 £ [ vs. | £ 0.5, p = 0.01). The
time required to achieve hemostasis was increased in the TC
group compared with in the TSF group (TC vs. TSF, 7 = 3
vs. | £ 0.5 minutes, p = 0.01). The amount of bleeding
during the hemostasis procedure was increased in the TC
group compared with in the TSF group (TC vs. TSF. 48 + 22
vs. 3 £ 3¢, p=00l).

Al 4 weeks, rethoracotomy revealed no apparent indica-
tion in either group of delayed bleeding, such as intrathoracic
hematoma formation or excessive adhesion formation in the
vicinity of the PA. Macroscopically, adhesion of the lung to
the site of sheet application was more apparent in the TC
group compared with the TSF group. Residual material was
present in both groups, and more prominent in the TC
group. Histologically, the vessel lumen was well sustained
in both groups, with no apparent stenosis or thrombus
formation. However, thickening of the adventitia and the
perivascular sheath seemed to be more prominent in the
TC group (Fig. 2).

In vitro fibrin formation was more prominent in the
TSF group compared with in the TC group. In the TSF
group, y-v cross-linking was formed within 10 minutes,
and o-a polymer was observed. On the other hand, we
identified only a trace amount of y-+ cross-linking in TC
group (Fig. 3).

B oy

Fig. 2. Hiswologically, the lumen of the repaired vessel was well sustained in both TacoComb (A), and thrombin sheet (B) groups. However,
thickening of the adventitia. and the perivascular sheath seemed more prominent in the TacoComb group (A), compared with the thrombin
sheet (B) group (Hemaroxylin and eosin stain; original magnification, X2).
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Fig. 3. SDS-PAGE of in vitro formed fibrin in thrombin sheer plus
liquid fibrinogen (TSF group), and TacoComb (TC group). Lane 1,
molecular weight marker; lane 2, fibrinogen; lane 3, TSF group

reaction for 5 minutes; lane 4, TSF group reaction for 10 minutes:
lane 5, TSF group reaction for 30 minutes; lane 6, TC group
reaction for 5 minutes; lane 7, TC group reaction for 10 minuies;
lane 8, TC group reaction for 30 minutes. In vitro fibrin formation
was more prominent in the TSF group compared with in the TC
group. In the TSF group, y-vy cross-linking was formed within 10
mimutes, and a-a polymer was observed. On the other hand, we
identified only a trace anount of -y cross linking in TC group.

DISCUSSION

Fibrin-based sealants have been commercially available
in Europe and Japan for many years. Most formulations come
as solutions of dissolved thrombin and fibrinogen, which are
mixed on application. This form of liquid application is
obviously not well suited for hemostasis in vessel injuries
where there is significant outflow of blood. Solid material is
more suitable because it can withstand the initial outflow of
blood, and can be held with pressure after application. To this
end, dry fibrin-based hemostatic materials are being devel-
oped extensively for potential use, particularly in trauma.™*"!
These materials should optimally contain both components,
thrombin and fibrinogen, lyophilized onto a sheet material
ready for immediate use. Dry materials are also easier to
store, particularly for use in combat settings. TC is one such
material commercially available in Europe and Japan.'® Sim-
ilar dry-sheet type fibrin-based sealants have been exten-
sively evaluated in a variety of hemorrhage models. The
results are promising.

Compared with dry materials, TSF is semidry, and may
not be ideal for use in trauma settings because liquid fibrin-
ogen needs to be separately prepared. But our attempt to
include dry fibrinogen into a sheet material considerably
increased the rigidity of the sheet, as is the case with TC. To
this end, the TSF is quite supple and conforms considerably
better to the contour of the applied site in comparison with
how well TC conforms. We considered that this may be
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advantageous for bleeding during surgery, particularly from
the PA, which is distributed three dimensionally in the tho-
racic cavity with branching from short segments and is sur-
rounded by lung tissue, which inflates and deflates during
ventilation.

In the present study. we investigated the efficacy of
fibrin-based sheet type materials in a PA injury model. He-
mostasis in vessel injury has been evaluated quite extensively
in swine aortic models.>*~'" Considering the size of the
animals used, approximately 10 kg dogs versus approxi-
mately 40 kg pigs. we consider the laceration size in the
present study (4 mm X 2 mm) to be sufficiently large,
relative to the laceration size in the widely reported swine
model of aortic bleeding (4 mm X 4 mm). In our preliminary
experiment, PA injury could not be controlled by manual
compression alone.

Both TSF and TC were capable of adequately controlling
PA hemorrhage in this study. Because PA pressure is signif-
icantly lower compared with systemic arterial pressure, re-
duction in blood flow caused by stenosis may more readily
ensue compared with the response of arteries of similar cal-
iber. Based on the PA pressure measurements and histologic
observations, vessel stenosis or intraluminal thrombosis was
not apparent with the use of either material in this study 4
weeks after application, despite the relatively large laceration
size. Histologically, thickening of the adventitia and the
perivascular sheath was suspected in the TC group, which
may in part be because of the increased number of sheet
applications.

Overall, the efficacy of TSF was superior to that of TC in
this particular experiment. A single application of TSF was
sufficient to achieve hemostasis in all but one animal in
which the sheet was misplaced, and the vessel laceration was
only partially covered on the first application. Compression
time of approximately I minute was also very short albeit that
the bleeding was from the PA and not an artery. These results
were observed presumably because the adhesion was stron-
ger, faster, and the sheet was more pliable in TSF compared
with in TC.

Fibrinogen is a multidomain protein composed of three
polypeptide chains termed Ac«, BB. and <. Thrombin binds to
fibrinogen and cleaves fibrinopeptide A and fibrinopeptide B,
and assembles to form fibrin. In the presence of factor XIII
and Ca®", fibrin undergoes intermoleculelar covalent cross-
linking, which was not as prominent in the TC group com-
pared with in the TSF group. The stronger and faster adhesion
may have been at least in part a result of the facilitated
formation of fibrin in TSF as shown in vitro, although in vivo
relevance may be less because tissue-derived coagulation
factors exist. TSF also allowed for visualization of the lacer-
ation through the applied sheet, which was not possible with
TC. This enables suturing of the laceration through the TSF
for a more definitive hemostasis (data not shown). This prop-
erly can be considered comparable with what is reported for
the American Red Cross fibrin dressing.*° Although we do
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not have any experience with this material because of lack of
access, the reports indicate that the American Red Cross
dressing also achieves superior hemostasis compared with
that of TC. Adhesion of TC to the surgical glove during
manual compression was another problem. TC had to be
gently scraped off the glove with forceps to leave the sheet in
place, which was not the case with TSF. Furthermore, after 4
weeks, TSF induced less adhesion compared with TC, sug-
gesting better biocompatibility, although this difference may
just be because of the number of applications required. It is
true that both materials sufficiently controlled bleeding in this
experiment. However, we think that TSF would be much less
stressful to use in a setting of unexpected PA bleeding,
considering the multiple applications required for TC, as well
as the additional blood loss that occurred during this period.

Despite its efficacy, there are certain constraints associ-
ated with fibrin-based materials such as availability and cost.
It is also true that fibrin-based materials carry a risk of
pathogen transmission, although today this is considered to
be minimal as a result of improved screening and purification
techniques. To alleviate some of these problems, we used
recombinant thrombin for TS and development of recombi-
nant fibrinogen is in progress. Ongoing preliminary studies in
rabbit aortic injury models also seem to be promising. Studies
are necessary to further clarify the hemostatic efficacy of this
material in other organ trauma models and in coagulopathic
animals.
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EDITORIAL COMMENT

The authors have demonstrated that a new fibrin-based
sheet material that is combined with liquid fibrinogen
immediately before use (TSF) provides superior hemosta-
sis when compared with a commercially available fibrin-
based sheet material, TachoComb (TC), in a canine model
of hemorrhage from an acute pulmonary artery injury.
They reference a similar study showing hemostatic supe-
riority of an American Red Cross dry fibrin-based sheet
dressing for obtaining hemostasis from acute injury. They,
also, reference studies showing excellent hemostasis for
systemic arterial hemorrhage, which, of course, occurs at
a much higher pressure than that seen from pulmonary
artery hemorrhage. Although the authors point out that
there are subtle differences in the physics of the injured
low-pressure pulmonary artery compared with the high-
pressure aortic perforation, the enhanced efficacy of the
TSF in this lower arterial pressure system is predictable.
Furthermore, the injury described, herein, might be en-
countered by a thoracic surgeon doing extirpative surgery
for intrathoracic tumors but would be rarely encountered in
the injured patient who, typically, would have associated
lung injury. Thus, the application of this technique to the
injured patient is limited.

This reviewer eagerly awaits subsequent reports de-
fining the benefits of this product in the hands of thoracic
surgeons.

Charles E. Lucas, MD

Wayne State University

Detroit, M1
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Abstract

Purpose To describe a case of the syndrome of inappro-
priate secretion of antidiuretic hormone (SIADH) after
administration of vinorelbine (VNB) for recurrence of lung
cancer.

Case A 76-year-old man underwent bronchial arterial
infusion (BAI) of VNB for postoperative recurrence of lung
cancer. Seven days later, hyponatremia and natriuresis
developed. Based on his clinical and laboratory findings,
we diagnosed him with SIADH. He improved within a
couple of days with fluid restriction only.

Conclusions Administration of VNB may potentially
cause SIADH. This is the second report of the SIADH
caused by VNB. It is important to monitor the serum sodium
level and clinical findings after chemotherapy with VNB.

Keywords Syndrome of inappropriate secretion
of antidiuretic hormone (SIADH) - Vinorelbine (VNB) -
Non-small cell lung cancer - Chemotherapy

Introduction

We present a case of the syndrome of inappropriate secre-
tion of antidiuretic hormone (SIADH) in a 76-year-old man
after administration of vinorelbine (VNB). He underwent
bronchial arterial infusion (BAI) of VNB for postoperative
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e-mail: kawamura@sc.itc keio.ac.jp

recurrence of lung cancer. Seven days later, hyponatremia
and natriuresis developed.

Based on his clinical and laboratory findings, we diag-
nosed him with SIADH. He improved within a couple of
days with fluid restriction only. This is the second report of
the SIADH caused by VNB therapy for lung carcinoma.

Case report

A 76-year-old man underwent left upper lobectomy for
lung adenocarcinoma (pathological staging T3AN1MO, stage
IIIA) and 14 months later, chest computed tomography
(CT) showed bilateral pulmonary metastases. Five courses
of chemotherapy with docetaxel (DOC) 100 mg and gem-
citabine (GEM) 1,400 mg resulted in stable disease (SD)
and he was begun on modified chemotherapy with vinorel-
bine (VNB 40 mg). After three courses of VNB, he was
admitted to hospital, complaining of left chest pain and
cough.

Chest X-ray and CT on admission showed the tumor
occluding in the left main bronchus and complete atelecta-
sis of the remaining left lower lobe (Fig. 1a, b).

Transbronchial interventions, such as tumor resection,
injection of ethanol and YAG laser ablation, were per-
formed repeatedly, after which the chest X-ray showed
gradual restoration in his remaining left lobe. Irradiation
(total 50 Gy) of the recurrent tumor was performed for
5 weeks and then chemotherapy with VNB 40 mg (BAI
20 mg + intravenous 20 mg) was repeated.

Seven days after administration of 40 mg VNB, he com-
plained of anorexia, nausea and lethargy. His consciousness
was clear. His physical and neurogenic examinations were
almost intact. His plasma sodium concentration was
113.1 mEg/l, serum osmolality was 242 mOsm/kg lower
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Fig. 1 a Chest X-ray on admis-
sion shows complete atelectasis

=
of remaining left lobe. b Chest
computed tomography scan
shows the tumor occluding the
left main bronchus (arrow)
s
&

than normal limit of 270 mOsmv/kg and urine osmolality was
309 mOsm/kg higher than normal Jimit of 300 mOsm/kg.
Urine sodium value was 20.2 mEg/] higher than normal limit
of 20 mEqg/l. His cortisol concentration value was normal.
The plasma arginine vasopressin (AVP) concentration was
0.59 pg/ml, which was within normal limits, as were other
parameters. Clinically, there were no symptoms related to
adrenal or anterior pituitary dysfunction. The patient was
euvolemic and renal function tests were within normal limits.
VNB is considered to be strongly associated with SIADH, so
he was diagnosed as having SIADH because his clinical fea-
tures and laboratory data satisfied all standard criteria.

He was treated with water restriction, oral intake plus
drip infusion into vein (DIV, total 750 ml/day). Within
2 days, his serum sodium concentration rose gradually and
was restored to 130.3 mEqg/1 (Fig.2). His mentation and
appetite recovered in accordance with the increasing serum
sodium concentration without central pontine myelinolysis.
There was a possibility of developing SIADH again with a
fifth cycle of VNB, so the chemotherapy agent was
changed. He has been free of SIADH and has lived with
lung cancer for 1 year.

Discussion

Schwartz et al. first reported SIADH in patients with lung
cancer in 1957 [1]. Standard criteria include (1) hyponatremia,

(Ir;zéiq/L) Serum sodium concentration .

140

130 +

120 +

10 - - . ; |
7126 \ 7129 8/1 /4 8/7 8/10

Bronchial artery infusion Water restriction  therapy

Fig. 2 Clinical course of serum sodium concentration 7 days after
administration of vinorelbine. The patient complained of anorexia,
nausea and lethargy and the sodium concentration was 113.1 mEq/l.
He was treated with oral water restriction only and 2 days later, the
serum sodium concentration was restored to 130.3 mEq/]
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(2) plasma hypo-osmolality and urine hyperosmolality, (3)
continuous secretion of sodium in urine, (4) normal renal
function without hydration, (5) no adrenal gland dysfunc-
tion and (6) hyponatremia and hyposmotic pressure that
recover with water restriction therapy without change in
blood pressure [2]. The present patient fulfilled these
criteria.

Various causes of SIADH have been reported, such as
disorders of the cerebral nervous system, malignant tumors,
diseases of the thoracic cavity, medicinal side-effects and
idiopathic [3]. Approximately 75% of tumor-associated
cases of SIADH are related to small-cell lung cancer
(SCLC) [4]. The occurrence of SIADH with non-small-cell
carcinoma (NSCLC) has been only rarely reported [5]. It
has been reported that SIADH is caused by the tumor
invading the vagus nerve or releasing ADH-like product. In
the present study, imaging showed no evidence of invasion
of the vagus nerve and we identified that the serum level of
AVP was normal. We do not consider that its upregulation
or secretion of ADH-like material occurred because the
patient never experienced other electrolytic abnormalities
and his serum sodium concentration was restored rapidly
by water restriction therapy alone. There was no evidence
of a relationship between progression of lung carcinoma
and the onset of SIADH in this case.

Another possibility is that when the extension receptors
of the left atrium detect hyperthoracic pressure and abnor-
mal hemodynamics, they decrease the suppressor signal
level and induce continuous release of ADH from the pos-
terior lobe of the pituitary. But in the present case, broncho-
scopic interventions were performed to target the local
recurrence and restore his remaining left lobe. Syndrome of
inappropriate secretion of antidiuretic hormone developed
after 5 weeks of irradiation therapy following these inter-
ventional procedures. Even if there was a change in the
respiratory circulation with release of the atelectasis, it is
unlikely because of the time delay.

Enhancing release of AVP, potentiating the renal action
of AVP and unknown mechanisms are reported as the main
causes of SIADH by drugs [3]. Syndrome of inappropriate
secretion of antidiuretic hormone associated with vinca
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alkaloids, especially vincristine (VCR) and vinblastine
(VBL), has been reported [6-8]). Garrett and Simpson first
reported that SIADH occurred after a single treatment of
VNB for breast cancer [9]. In addition, they reported that
there was a slight structural difference between VNB and
other vinca alkaloids, however, the precise mechanism is
unclear and they may possess common neural or renal
adverse effect profiles. In the present case, we firmly con-
cluded that SIADH was induced by chemotherapy with
VNB because concomitant medication was steroids only. In
addition, SIADH occurred after four courses and not with
earlier exposures of VNB. Although we think that repeated
administration or retention of VNB may have been associ-
ated with SIADH, the precise mechanism of this SIADH
was unclear. -

In the report by Garrett and Simpson, SIADH from
VNB did not respond to fluid restriction and patient had to
be give 3% NS. But in our case, patient recovered with
fluid restriction only. This difference with these two mech-
anisms was unclear. Furthermore, they also reported that
prophylactic use of demeclocycline, which interacts with
ADH at the renal collecting duct, might usefully prevent
recurrence of SIADH associated with continuous treat-
ment with VNB [9]. Stuart and Cuaso reported that
SIADH was prevented by rigorous water restriction [10].
For our patients, we choose an alternative because of the
high possibility of SIADH caused by VNB. If chemother-
apy with VNB results in complete response or partial
response, we would choose to readminister VNB with
restriction of water, or use demeclocycline and monitor
the sodium concentration.

We consider that VNB should be regarded as very likely
to cause SIADH, but as this is only the second report of
SIADH associated with use of VNB alone, it is a rare
occurrence.

Conclusion

It is known that lung cancer can give rise to SIADH as a
paraneoplastic syndrome and there are some anticancer
agents that can potentially cause SIADH. It is important to
monitor the serum sodium level and clinical findings after
chemotherapy for lung cancer.
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Cross-linked poly (gamma-glutamic
acid) attenuates peritoneal adhesion

in a rat model

Yotaro Izumi, MD, PhD,* Michiko Yamamoto, BS,” Masafumi Kawamura, MD, PhD,*
Takeshi Adachi, MD, PhD,? «nd Koichi Kobayashi, MD, PhD,* Tokyo, Jupan

Background. Poly (gamma-glutamic acid) (PGA) is a naturally occurring biodegradable polymer
produced by Bacillus subtilis. PGA is crosslinked by gamma-irvadiation to yield crosslinked PGA
(XL). XL absorbs large amounts of fluid and forms a bzodegradable viscous hydrogel. In the
present study, we evaluated the anti-adhesive effect of XL in a rat abdominal wall defect and

cecal abrasion model.

Methods. Abdominal wall resection and cecal abrasion were carvied out in rats (abrasion-no-treatment
group, n = 12). In the treatment groups, the following materials were applied: PGA (n = 12), XL
(n = 16), hyaluronic acid (HA) (n = 12), Seprafilm (n = 12), and Interceed (n = 10). A week

later, adhesion formation was evaluated.

Results. Firm adhesions were seen in the abrasion-no-treatment group. XL reduced adhesion formation
significantly compared with abrasion-no-treatment, HA, Seprafilm, and Interceed groups. Although not
statistically significant, the magnitude of adhesion formation was decreased in the XL group in

comparison to the PGA group.

Conclusions. We suggest that the anti-adhestve effect of XL was superior lo other materials in this rat
model. XL application may have attenuated tissue adhesion by forming a viscous hydrogel over the

injured surfaces. (Surgery 2007;141:678-81.)

From the Department of Su1§ery Division of General Thovacic Surgery,” and Department of Biochemistry and

Integrative Medical Biolo,

THE CONSEQUENCES OF ADHESIONS after abdominal
operation include small-bowel obstruction, infertl-
ity, chronic abdominal pain, and difficulty of a
second operation. As longevity is increased, more
patients are likely to undergo multiple operative
procedures during their lifetime. With the advent
of minimally invasive video-assisted operation, the
frequency and magnitude of postoperative adhe-
sion formation has decreased dramatically in all
fields of operation. Adhesion formation, however,
occurs to some extent even in video-assisted oper-
ation, and there are still many instances where
open operation is required. The search for an ef-
fective anti-adhesive agent has been ongoing for
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decades. Although some agents have shown prom-
ise in preclinical and clinical studies, their efficacy
currently is by no means satisfactory.

Poly (gamma-glutamic acid) (PGA) is a naturally
occurring, biodegradable polymer produced by a
strain of Bacillus subtilis." PGA can be crosslinked
by gamma-irradiation to yield crosslinked PGA
(XL). In the presence of fluid, XL forms a biode-
gradable viscous hydrogel capable of holding water
approximately 1,400 times its dry volume.? There
are many ways to crosslink polymers such as PGA to
create hydrogels with high water absorption.
Among these, irradiation is most convenient, be-
cause it uses no chemical agents that require sub-
sequent removal, and it often expedites the need
for additional sterilization. Research into the appli-
cation of XL for cosmetics, purification of sewage,
drug delivery systems, and reforestation is in
progress currently. Based on its ability to absorb
fluid and form a viscous hydrogel, we hypothesized
that XL may be effective as an anti-adhesive agent.
In the present study, we evaluated the anti-adhesive
effect of XL in a rat abdominal wall defect and
cecal abrasion model.
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MATERIALS AND METHODS

Animal experiment. Male Donryu rats, 5 to 7
weeks old, weighing 150 to 200 g (Saitamasjikkenn,
Saitama, Japan) were used for this study. The ani-
mals were housed 3 per cage in a temperature-
controlled, 12-hour light/dark-cycled room with
free access to food and water. The rats were anes-
thetized with an intramuscular injection of a cock-
tail of 90 mg ketamine hydrochloride (Parke-Davis,
Morris Plains, NJ) and 9 mg xylazine (Fermentia,
Kansas City, MO) per kg body weight. Operative
procedures were carried out in a semi-sterile envi-
ronment under a heating lamp. Abdominal wall
resection and cecal abrasion was carried out as
reported previously.” In brief, the ventral hair was
clipped with an electric shaver, and the abdominal
skin was painted with 70% alcohol. A 5-cm midline
abdominal incision was made. In all the rats used,
the cecum was located to the left of midline. The
left abdominal wall covering the cecum was re-
tracted. A1 X 2 cm segment of parietal peritoneum
directly anterior to the cecum was excised sharply
from the abdominal wall including a layer of un-
derlying muscle. The defect was then abraded by
rubbing with a dry gauze. The cecum was also
abraded by rubbing with dry gauze so that a ho-
mogenous surface of petechial hemorrhage was
created over a 1 X 2 cm surface. Both the abdom-
inal wall defect and the abraded cecum were dried
in hot air with a hair dryer for 20 seconds, and then
exposed to room air for 10 minutes. The rest of the
abdominal contents were protected from drying by
placement of moistened gauze. The abraded areas
were then placed in contact, and the midline inci-
sion was closed (abrasion-no-treatment group, n =
12). The animals were allowed to recover from
anesthesia, and were returned to their cages.

In the treatment groups, the following materials
were placed between the abraded areas at closure.
PGA (BioPGA, Meiji Seika Kaisha Lid, Tokyo,
Japan), (PGA group, n = 12), XL (BioPGA-XL,
Meiji Seika Kaisha Ltd) (XL group, n = 16), hyal-
uronic acid (HA group, n = 12) (molecular weight
2 x 105 Meiji Seika Kaisha Ltd), Seprafilm (Se-
prafilm group, n = 12) (Genzyme Corp. Cam-
bridge, MA), and Interceed (Interceed group, n =
10) (Ethicon Inc. Somerville, NJ). BioPGA and
BioPGA-XL are powders. In the PGA and XL
groups, BioPGA or BioPGA-XL was sprinkled to
cover the abraded area. In the HA group, HA was
applied as a 0.4% solution in phosphate buffered
saline as reported previously.* Two milliliters of the
solution was applied over the abraded area and
allowed to spread in the abdominal cavity. Se-
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prafilm and Interceed are sheets. In the Seprafilm
and Interceed groups, the sheets were trimmed
and applied so that the entire abraded areas were
covered completely. One surgeon (Y.1.) carried out
all the operations but was blinded to the random-
ization while carrying out the abrasions.

Seven days later, the rats were anesthetized, and
a relaparotomy was carried out through a right
paramedian incision to avoid damaging the site of
adhesions. Adhesions were scored by a adhesion
severity scoring system reported previously™:

0 = no adhesions;

1 = loose filmy adhesions that can be separated by blunt
dissection;

2 = adhesions requiring less than 50% of sharp dissec-
tion for separation;

3 = adhesions requiring greater than 50% of sharp dis-
section for separation;

4 = serosal injury;

5 = full-thickness injury.

Scoring was done by M.K. who was blinded to the
group assignment. Scores were averaged within
groups.

Body weight of the animals were measured be-
fore operation and 7 days after before scoring the
adhesion. For comparison, body weight also was
measured in animals receiving no intervention
(control group, n = 6), and in animals receiving
anesthesia and laparotomy without abrasion (lapa-
rotomy-only group, n = 6).

All animal studies were approved by the School
of Medicine Keio University Institutional Animal
Care and Use Committee and were carried out in
accordance with the “Guide for the Care and Use
of Laboratory Animals” published by the National
Institute of Health.

Data are presented as mean * standard devia-
tion. Adhesion scores were compared between
groups using Kruskal-Wallis Dunn’s test (StatMate
III, ATMS, Ltd, Tokyo, Japan). Changes in body
weight were compared between groups using
ANOVA Bonferroni’s test (StatView, SAS Insti-
tute, Cary, NC). Significance was assumed at Pless
than .05.

RESULTS

Animal experiment. The distribution of adhe-
sion scores is shown in the Table. With the excep-
tion of 1 animal, adhesions were absent in the XL
group. The average adhesion score was less in XL
(0.1 = 0.3) compared with the other groups of
abrasion-no-treatment (3.4 £ 1.1), HA (3.0 = 0.9),
Seprafilm (1.8 * 0.6), or Interceed (2.4 * 0.8).
The average adhesion score did not differ between
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Table. Distribution of adhesion scores in each
group are shown

Group  Abrasion-
adhesion no-
score  treatment PGAT XL* HA Seprafilm Interceed

0 0 9 15 0 0 0
1 1 5 1 0 3 1
2 0 2 0 5 8 5
3 6 0 0 3 1 3
4 3 0 0 4 0 1
5 2 0 0 0 0 0

HA, hyaluronic acid; PGA, poly (gamma-glutamic acid); XL, crosslinked
poly (gamma-glutamic acid).

*Differs from all other groups except PGA (P < .05).

1Differs from abrasion-no-treatment, HA, and Interceed (P < .05).

the XL and PGA groups (0.6 = 0.7). The average
adhesion score was less in PGA group compared
with abrasion-no-treatment, HA, or Interceed
groups, but not in comparison to the Seprafilm
group. There were no differences between the
abrasion-no-treatment, HA, Seprafilm, or Interceed
groups.

No apparent changes in behavior were seen in
any of the animals. The percent changes in body
weight in the abrasion-no-treaument, PGA, XL, HA,
Seprafilm, and Interceed groups were 93 * 3,
104 £ 7,106 = 6,93 * 4, 97 * 6, and 97 * 7,
respectively. Body weight remained greater in the
Seprafilm, Interceed, PGA, and XL group com-
pared with abrasion-no-treatment, anct HA groups,
but only PGA, and XL groups reached statistical
significance. In the control and laparotomy-only
groups, the percent increase in body weight during
7 days were 138 += 3 and 119 * 3, respectively.
Increases in weight were greater in the control
group compared with the laparotomy-only group
and in the laparotomy-only group compared with
any of the animals that underwent abrasion (P <
.05 each).

DISCUSSION

Mechanical separation of injured surfaces is a
strategy for preventing the formation of tissue ad-
hesion. Ideally, the material should be easily appli-
cable, biodegradable without systemic effects, and
can be applied repetitively if multiple operations
are required. Materials of this kind come in various
forms including liquid, powder, and sheet prepara-
tions. We evaluated the formation of adhesions in
this rat model 7 days after operation® based on a
number of studies that indicate that adhesions be-
come established within 7 days of tissue injury® and
because in a rat model, adhesions presenting at 1
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week were persistent at 6 months.® The extent of
tissue injury in this experiment was probably
greater than what we encounter commonly in clin-
ical practice, but adhesions of this magnitude may
be present in patients who have undergone multi-
ple operations. The increase in body weight during
the 7-day observation period was suppressed in
these groups receiving abrasion compared with
only-laparotomy. This suppression in weight gain
may have been attenuated by the application of the
anti-adhesive materials of PGA and XL. The results
also showed that weight suppression was not attrib-
utable to any of the materials applied.

In the present study, the efficacy of HA was not
clear, consistent with previous reports indicating its
efficacy only when applied before abrasion is cre-
ated.* Lubricating agents such as HA have shown
some effect when used before injury, but this is not
always possible in clinical practice. The sheet ma-
terials of Seprafilm and Interceed are available
commercially. Although the average adhesion
scores did not differ from the abrasion-no-treat-
ment group, their efficacy in this study was compa-
rable to previous preclinical studies using these
materials in various laparotomy models, notwith-
standing that the models differ slightly from study
to study.”” Both these agents decreased the severity
of adhesion formation, but sharp dissection was
required to some extent in most animals. Although
our study groups were relatively small, the anti-
adhesive effect of XL seems to be superior to other
materials in this particular model. Although the
difference in the average adhesion score between
XL and PGA did not differ, adhesions were absent
in the XL group with the exception of 1 animal;
thus, we believe that this material deserves further
investigation. The efficacy of anti-adhesive agents
is reported to be related, at least in part, to the
agents’ viscosity, its ability to coat the wounded
surface, and the residence time at the site of
injury.> We know that XL forms a viscous hydro-
gel, and this hydrogel may have coated effectively
the wounded surface for a sufficient period of time.
Further studies are necessary to elucidate the exact
mechanisms involved.

One may question the dose-equivalency between
the different forms of the materials used in this
study. Although it is not possible to compare ex-
plicitly liquid, powder, and sheet, in the present
study, materials other than PGA and XL were used
according to previous reports. As for PGA and XL,
we used the minimum amount required to cover
sufficiently the abraded area. Further dose-efficacy
studies along with studies on potential side effects
are necessary to determine the most appropriate
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dose. Each material has advantages and drawbacks.
Liquid materials such as HA disperse in the abdom-
inal cavity. Some investigators claim this property
to be beneficial, because it interferes with all po-
tential adhesion formation. Prevention of adhe-
sions remote from the site of application may not,
however, always be advantageous. Adhesions may
represent the process of healing and thereby func-
tion to prevent or ameliorate postoperative bleed-
ing or dehiscence of gastrointestinal anastomoses.
The use of drainage tubes after operation may
evacuate extravasated secretions or exudate in the
abdominal cavity, and at the same time, the anti-
adhesive material may interfere with this drainage.
To this end, sheet materials, such as Seprafilm and
Interceed, provide localized anti-adhesive effect,
but materials in the forms of liquid or powder may
be more easily applicable from the ports in video-
assisted operation. Because XL forms a hydrogel by
absorbing surrounding fluid, it eventually disperses
in the abdominal cavity with time. This property
may be overcome by embedding the powder in a
sheet material to provide better localization. 1t
may also be possible to incorporate factors that
regulate adhesion formation within the XL hy-
drogel. Further studies are necessary to evaluate
the anti-adhesive effect of XL, including studies
in relaparotomy models, as well as other models
of adhesion. Regarding its safety, studies in exper-
imental models including intraperitoneal gastroin-
testinal anastomoses are necessary because this
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material may interfere with wound healing of anas-
tomoses. We assume that the XL in the abdominal
cavity is degraded by hydrolysis and absorbed, but
long-term observations are necessary to further de-
fine its metabolism.

We thank Dr. Yuji Nishiwaki, Department of Preventive
Medicine and Public Health, for his comments on the
statistical analyses.
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Hyperthermia-enhanced tumor accumulation and antitumor
efficacy of a doxorubicin-conjugate with a novel macromolecular
carrier system in mice with non-small cell lung cancer
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Abstract. A novel drug delivery system (DDS) compound
was formed by binding doxorubicin hydrochloride (DXR) to
the macromolecular carrier carboxymethyldextran poly-
alcohol (CM-Dex-PA) via the peptidy| spacer (GGFG: Gly-
Gly-Phe-Gly). Its use in a murine tumor model confirmed
that the DDS (CM-Dex-PA-GGFG-DXR) was retained in the
blood and distributed in tumor tissue. The combined use of
hyperthermia (HT: 41-42°C for 40 min) and DXR-conjugate
(5, 10 or 20 mg/kg i.v.) on tumor accumulation and efficacy
was investigated in a murine model of non-small cell lung
cancer. Tumor size was measured and the tumor inhibition
rate (IR) was calculated. The mean tumor concentration of
conjugated DXR in the DXR-conjugate group was 9.40 ug/g
compared with 19.04 yg/g in the DXR-conjugate + HT group
(p=0.0008). The antitumor efficacy of the DXR-conjugate
was significantly enhanced in the groups receiving the
combination therapy (p=0.0039, p=0.0250). Significant
differences were found between the groups given DXR and
those given DXR-conjugate (p=0.0492, p=0.0104). The
results demonstrate that the antitumor efficacy of DXR-
conjugate is significantly superior to that of DXR alone and
the combined use of DXR-conjugate and HT increases the
drug's concentration in the tumor, with significant enhancement
of antitumor efficacy.
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Introduction

Conventional anticancer drugs have poor selective cyto-
toxicity, and severe side effects are a dose-limiting factor (1).
Therefore, selective targeting of tumors by anticancer drugs
is needed. Solid tumors generally possess some pathophysio-
logical characteristics that lead to what is known as the ‘EPR’
effect (enhances permeability and retention) (2-6): a) hyper-
vascularity; b) incomplete vascular architecture; ¢) secretion
of vascular permeability factors that stimulate extravasation
within the cancer; and d) little drainage of macromolecules
and particles, which results in their long-term retention in the
tumor.

The doxorubicin hydrochloride (DXR)-conjugate {macro-
molecular carrier peptidyl spacer (GGFG)-DXR, carboxy-
methyldextran polyalcohol (CM-Dex-PA)-GGFG-DXR]
synthesized in the present study is retained in high concen-
tration in the blood for a long time because of the nature of
the CM-Dex-PA carrier, which enables passive tumor targeting
based on the EPR effect (7-9). CM-Dex-PA has high water-
solubility, thus enabling its conjugate to also be water-soluble.
The main chain, dextran polyaicohol (Dex-PA), has structural
flexibility and a similarity to polyethylene glycol (PEG) so it
is not recognized as a foreign body by the reticuloendothelial
system. Because its mean molecular weight is approximately
300 kilodaltons (kDa), it does not pass through the glomerular
filter. Accumulation of DXR-conjugate in tumor tissue is
proportional to the tumor blood flow and vascular permeability.
The macromolecule is incorporated into tumor cells by endo-
cytosis and DXR is released from the peptidyl spacer (GGFG:
Gly-Gly-Phe-Gly) by lysosomal enzymes (i.e., cathepsins).
After the DXR is released, CM-Dex-PA is slowly depoly-
merized in the lysosomal acidic environment and excreted
(10,11) (Fig. 1).

We reviewed the literature for a new drug delivery system
(DDS) compound and focused our attention on hyperthermia
(HT), which is a recognized modality in interdisciplinary
oncotherapy. HT alters the local tumor environment (12,13)
and has a lethal effect on cancer cells, even when it is used
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Figure 1. Schematic of passive tumor-targeting based on the EPR (enhanced permeability and retention) effect and drug-release mechanism of the doxorubicin

(DXR)-conjugate.

alone (14). Tumor blood flow (15,16) and the permeability of
tumor vessels (17-20) are increased at temperatures of 41-
43°C. Efficacy is enhanced by combined use with irradiation
or anticancer drugs, so the present study was designed to
investigate both the usefulness of DXR-conjugate in com-
parison with DXR alone and the usefulness of combining HT
with DXR-conjugate in mice with non-small cell lung cancer
(NSCLO).

Materials and methods

Animals and tumeor model. Male 5-week-old BALB c-nu/nu
nude mice (CLEA Japan Inc.) were used and the tumor model
was created by subcutaneously injecting NSCLC strain LUY9
cells (large cell carcinoma: 1x10° cells). The long (L) and short
(W) diameters of the tumor were measured with calipers and
the weight was estimated as: V = (L"W'W)/2 (mg). The experi-
ment was started when the estimated weight of the implanted
tumors reached 200-400 mg (10-16 days after implantation).

DXR-conjugate. The DXR-conjugate (CM-Dex-PA-GGFG-
DXR; Daiichi Pharmaceutical Co.) had 0.4% carboxymethyl-
ation, whereas the DXR content was 6.8% (Fig. 2).

Hyperthermia. Hyperthermia was achieved with a Thermotoron
RF 1V, a radiofrequency-type warmer apparatus used for
animals and now widely used in the clinical setting (frequency,
8 MHz; maximum output, 200 W: Yamamoto Vinita Co., Ltd.).
Radiofrequency waves at frequencies <100 MHz will warm
deep tissue. The mice were anesthetized with pentobarbital
(40 mg/kg i.p.) for immobilization during the 40-min HT
period. The subcutaneous tumor only was warmed and when
the temperature reached 40°C, it was treated at 41-42°C for
40 min. Rectal temperature was monitored and controlled so
that it did not exceed 38°C during HT.

Tumor drug concentrations. Two groups were established:
group A in which 20 mg/kg of DXR-conjugate was admini-
stered intravenously (n=6), and group B which received 20 mg/
kg of DXR-conjugate and HT (n=6). The dose of DXR-
conjugate was determined as DXR equivalents. HT was com-
pleted in all animals within 1 h of the DXR-conjugate being
administered and the mice were sacrificed 4 h (n=6 in each
group) or 24 h (n=3 in each group) after the injection. The
tumor was excised, weighed, and homogenized, 50% MeCN/
0.5 N HCI was added to the homogenate, and then the
mixture was centrifuged. The supernatant was collected and
the concentrations of conjugated DXR and free DXR in the
tumor were determined by high-performance liquid chroma-
tography. The results were analyzed by Mann-Whitney U test,
and statistically significant differences were identified.

Antitumor efficacy. Eight groups (n=6) were established:
group I, no treatment; group II, DXR 10 mg/kg i.v.; group IlI,
DXR-conjugate 10 mg/kg i.v.; group IV, DXR-conjugate
10 mg/kg i.v. + HT: group V, DXR 5 mg/kg i.v.; group VI,
DXR-conjugate 5 mg/kg i.v.: group VII, DXR-conjugate 5 mg/
kg i.v.+ HT: and group VIII, HT. The experiment was started
when the estimated weight of the tumors reached 200-400 mg.
Tumor size was measured daily for 14 days after the treat-
ments began. Mild HT at 41-42°C was induced for 40 min in
groups A and B under the same conditions used for the experi-
mental determination of the drug concentrations in the tumors.
Because tumors implanted in nude mice do not usually exhibit
sustained growth, antitumor efficacy was evaluated on the
basis of relative growth. Estimated tumor volume at the start
of the experiment was designated as V0, and tumor volume
on the day (n) of each determination (Vn) was divided by VO
(Vn/V0). The mean Vn/V0 was calculated for each treatment
group (VT) and in the control group (VC). The tumor inhibition
rate (IR) was calculated as: IR = (1 - VT/VC) 100% (21,22).
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Figure 2. Partial structure of the doxorubicin (DXR)-conjugate (CM-Dex-PA-peptide-DXR).

Table 1. Tumor concentrations of doxorubicin (DXR)-conjugate and free DXR at 4 h after administration with or without

hyperthermia.

Group Conjugated DXR Free DXR Total Free/Total
(ng/®) (ng/e) (ng/g) (%)

A (DXR-conjugate 20 mg/kg i.v.) 9.17+1.18 0.56+0.05 9.73x1.16 6.23+0.97

B (DXR-conjugate 20 mg/kg i.v. + HT) 19.04£2.51° 0.96+0.17 20.00£2.61° 4.98+0.78

“Statistically significant compared with conjugated DXR of group A,
p=0.007. Data are expressed as mean + SE.

p=0.008. PStatistically significant compared with total of group A,

Toxicity was determined by the decrease in body weight. The
results were analyzed by Mann-Whitney U test, and statistically
significant differences were identified.

Results

Tumor accumulation of DXR-conjugate with or without HT.
Table I shows the concentrations of conjugated DXR and free
DXR in the excised tumors from group A (DXR-conjugate
20 mg/kg i.v.) and group B (DXR-conjugate 20 mg/kg i.v. +
HT). The weight of the excised tumors was 541.07+236.99 mg
in group A and 550.72+292.21 mg in group B, and the
difference between the groups was not significant (p=0.379).
The mean concentration of conjugated DXR was 9.17+1.18 ug/
g in group A and 19.04+2.51 ug/g in group B. Thus, the
concentration of conjugated DXR was approximately doubled
by combined use of HT, and the difference was significant
(p=0.008). The mean concentration of free DXR was

0.56+0.05 pg/g in group A and 0.96+0.17 ug/g in group B,
and the difference was not significant (p=0.066). The mean
total concentration of conjugated DXR and free DXR was
9.73+1.16 pg/g in group A and 20.00+2.61 ug/g in group B,
and thus the drug concentration in the tumor was approx-
imately doubled by the combined use of HT, and the
difference was significant (p=0.007). The mean rate of DXR
release calculated as the ratio of the concentration of free
DXR to the total concentration (free DXR/total DXR) was
6.23+0.97% in group A and 4.98+0.78% in group B, and the
difference between the groups was not significant (p=0.262).

Antitumor efficacy of DXR-conjugate with or without HT.
Because tumor blood flow volume is generally large when
the growth rate is high, and decreases when the growth rate is
low (23), the experiment was started at an appropriate time
for assessing antitumor efficacy (i.e., when the estimated
tumor weight reached ~300 mg). There were no significant
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Table II. Antitumor efficacy of doxorubicin (DXR)-conjugate with or without hyperthermia.

Group Treatment Estimated tumor weight Relative tumor Inhibition rate
(mg), mean £ SE volume (%)

1 No treatment 1254.67+163.3 1 0

11 DXR 10 mg/kg i.v. 989.3+251.2 0.738 26.2¢

111 DXR-conjugate 10 mg/kg i.v. 701.9+105.3 0.539 46.120

v DXR-conjugate 10 mg/kg i.v. + HT 52741522 0.375 63.5°

\Y DXR 5 mg/kgi.v. 1175.6£195.9 0.919 8.0¢

VI DXR-conjugate 5 mg/kg i.v. 915.5+189.1 0.638 36.2¢4

Vil DXR-conjugate 5 mg/kgi.v. + HT 528.2+106.5 0479 520¢

VIII HT 1032.8+143.7 0.864 13.6

Estimated tumor volume (mg) = 0.5 x (length x width?). Relative tumor volume = (average tumor volume of each group)/(average tumor
volume of group I). Inhibition rate (%) = (l-relative tumor volume) x 100. *p=0.0492, *p=0.0039. ©p=0.0104, *p=0.0250.

differences between any of the groups in estimated tumor
weight at the start of the experiment. The growth rate of the
implanted tumor increased after the estimated weight exceeded
300 mg, and the growth rate increased ~1.5-fold after the
weight exceeded 400 mg (Fig. 3A). Tumor size in the control
group increased ~4-fold within 14 days (Fig. 3A). In group 11
(DXR 10 mg/kg i.v.) and group V (DXR 5 mg/kg i.v.). The
inhibition rate (IR), which reflects antitumor efficacy, was
26.2 and 8.0%, respectively, as opposed to 46.1 and 36.2% in
group Il (DXR-conjugate 10 mg/kg i.v.) and group IV (DXR-
conjugate 5 mg/kg i.v.), respectively. Comparison of DXR-
conjugate and DXR at the same doses revealed significant
enhancement of drug activity in groups III and VI (p=0.0492,
p=0.0104), demonstrating the usefulness of the DXR-conjugate
as a DDS compound (Table II). IR was significantly increased
by HT at every dose (Table H) and was cytocidal in group
VIIIL.

Kumazawa et al have shown that a DDS using the CM-
Dex-PA carrier reduced toxicities (10) and Shiose e al reported
that the DXR-conjugate has lower toxicities than DXR alone
(personal communication). In the present study the side effects
of DXR-conjugate with HT were evaluated on the basis of
body weight loss (Fig. 4, Table 11I). Comparison of the weight
loss in groups IlI and IV and groups VI and VII showed that
the differences were not significant (p=0.1282, p=0.1093),
but the weight loss in the groups with HT (IV and VII)
tended to be less than in the groups without HT (1l and VI).
Group VIII (HT) lost the least body weight.

Discussion
There is a long history of macromolecular drugs and a number

of studies have been conducted since 1975 when the basic
model was proposed by Ringsdorf (24). The DXR-conjugate
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Table Il1. Toxicity of treatment with doxorubicin (DXR)-
conjugate with or without hyperthermia.

BWLmax %

(day)
No treatment 0
DXR-conjugate (10) i.v. 49 (8)
DXR-conjugate (10) + HT 344
DXR-conjugate (5) i.v. 39(8)
DXR-conjugate (5) + HT 32@4)
HT 054

BWLmax. maximum rate of body weight loss.

Table 1V. Tumor concentrations of doxorubicin (DXR)-conjugate and free-DXR 24 h after administration with or without

hyperthermia.
Conjugate DXR Free DXR Total Free/Total
(gle) (#g/g) (g/g) (%)
DXR-conjugate 20 mg/kg i.v. 4.41%1.55 4.02+0.85 8.427+2 .38 50.20+5.53
DXR-conjugate 20 mg/kg i.v. + HT 9.50+2.06 6.28+0.90 15.78+£2.97 40.57+£2.09

Data are expressed as mean + SE.

was developed from the concept that long-term high retention
of the conjugate in the blood leads to an efficient EPR effect,
and release of DXR in the tumor, but not in the blood (Shiose
et al, personal communication). The DXR-conjugate also
showed both biocompatibility (i.e., not recognized as a foreign
body in the reticuloendothelial system and no antigenicity)
and appropriate excretion, because of its hydrophilia and
the charge of the CM-Dex-PA [polyalcoholization (PA) and
carboxymethylation (CM) of Dex] carrier. Because of its
high mean molecular weight (approximately 300 kaD), the
DXR-conjugate does not pass through the glomerular filter,
and high concentrations are maintained in the blood. The
anti-cancer effect of DXR is dose-dependent, and its rate of
release is an important factor in its efficacy. The rate of
release is controlled by the peptidyl spacer and varies with
the combination of amino acids. Because a peptidyl spacer
with a high release rate is considered appropriate for use
with dose-dependent anticancer drugs such as DXR, we
used GGFG (Gly-Gly-Phe-Gly) for the DXR-conjugate. The
biotransformation of DXR-conjugate and DXR in MethA-
cancer-bearing mice was shown by Shiose et al (personal
communication). The area under the blood concentration-
time curve of DXR-conjugate in the tumor during the period
from 2 to 48 h (AUC,.4,) was approximately twice as high
as that of DXR, and the AUC,_ 5, of DXR-conjugate in the
liver was approximately 50% higher than that of DXR. The
tumor selectivity of the DXR-conjugate (tumor AUC, 4 /liver
AUC, _4,) was approximately 4-fold higher than that of DXR.

Tumor accumulation of DXR-conjugate with or without HT.
Cancer therapy based on the EPR effect of macromolecular
and liposome preparations has attracted interest in the last
decade (25-30), and research on treatment methods that
combine administration of such preparations with HT is also
progressing. Some studies have shown that tumor accumulation
of macromolecular and liposome preparations is increased by
HT-induced microenvironmental changes in tumor tissue
(29,31-34). In general, mild HT at 39-42°C induces an increase
in tumor tissue blood flow volume (15,16), tumor vessel hyper-
permeability and extravasation (35-39). However, HT at 43°C
or higher temperatures induces vascular injury, haemorrhage,
and collapse, and a decrease in extravasation (38,40-43). Thus,
the effect of HT on tumor tissue and tumor drug accumulation
varies with the thermal dose. In the present study HT was
conducted at 41-42°C for 40 min to increase tumor accumul-
ation of DXR-conjugate. The drug's concentration in the tumors
was determined 4 h after administration (i.e., when the change
in tumor tissue induced by HT was most prominent). After
the combination treatment, the concentration of conjugated
DXR and the total drug concentration (conjugated DXR + free
DXR) in the tumor was approximately doubled. At 4 h after
administration there was no significant difference in the rate
of DXR release (free DXR/total dose) between administration
with and without HT, suggesting that the rate of drug release
is unaffected by HT. The drug's concentration in the tumors
was determined 24 h after administration to investigate
differences in drug concentrations in the tumor. Both the



