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Abstract: Cisplatin (CDDP) is one of the most effective and potent anticancer drugs used as
first-line chemotherapy against several solid tumors. However, the severe side effects and its
tendency to provoke chemoresistance often limit CDDP therapy. To avoid these inconveniences,
the present study’s research group developed long-circulating and pH-sensitive liposomes
containing CDDP (SpHL-CDDP). The present study aimed to evaluate the antitumor effect
and toxicity of SpHL-CDDP, as compared with that of free CDDP, and long-circulating
and non-pH-sensitive liposomes containing CDDP (NSpHL-CDDP), after their intravenous
administration in solid Ehrlich tumor-bearing mice. Antitumor activity was evaluated by analysis
of tumor volume and growth inhibition ratio, serum vascular endothelial growth factor (VEGF)
levels, and histomorphometric and immunohistochemical studies. Body weight variation and the
histological examination of bone marrow and kidneys were used as toxicity indicators. A signifi-
cant reduction in the tumor volume and a higher tumor growth inhibition ratio was observed after
SpHL-CDDP treatment, compared with free CDDP and NSpHL-CDDP treatments. In addition,
complete remission of the tumor was detected in 18.2% of the mice treated with SpHL-CDDP
(16 mg/kg). As such, the administration of SpHL-CDDP, as compared with free CDDP and
NSpHL-CDDP, led to a decrease in the area of necrosis and in the percentage of positive
CDC 47 tumor cells. A significant reduction in the VEGF serum level was also observed after
SpHL-CDDP treatment, as compared with free-CDDP treatment. SpHL-CDDP administered
in a two-fold higher dose than that of free CDDP presented a loss in body weight and changes
in the hematopoietic tissue morphology, which proved to be similar to that of free CDDP. No
changes could be verified in the renal tissue after any formulations containing CDDP had been
administered. These findings showed that SpHL-CDDP allowed for the administration of higher
doses of CDDP, significantly improving its antitumor effect.
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Introduction

Cis-diamminedichloroplatinum (II) or cisplatin (CDDP) is one of the most widely
used chemotherapeutic agents in the treatment of solid tumors. CDDP covers a broad
spectrum and has been used to treat breast, lung, neck, ovary, and testicular cancers.
However, broader therapeutic applications of CDDP are limited by drawbacks, such
as the presence of intrinsic or acquired resistance, rapid inactivation, and severe toxic
side effects (myelotoxicity, neurotoxicity, and particularly nephrotoxicity).'* Among
the various resistance mechanisms involved, the decreased cellular accumulation of
CDDP has been demonstrated in most cases.® Therefore, to overcome these CDDP-
related disadvantages, efforts have been made to develop CDDP delivery systems,
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including the use of liposomes.* Liposomes are able to reduce
unwanted drug actions that can cause toxicity, improve
drug bioavailability, and provide targeted drug delivery.’
In the case of cancer treatments, passive targeting can be
accomplished by using liposomes as carriers of anticancer
agents. Solid tumors present peculiar pathophysiological
characteristics, such as hyperplasia and hyperpermeability
of the tumor vasculature, which facilitates the extravasation
of colloidal systems.®

The present study’s research group has developed long-
circulating and pH-sensitive liposomes containing CDDP
(SpHL-CDDP) which previously showed both two- and
three-fold higher values of median lethal doses than those
obtained for free CDDP after their intravenous (IV) and
intraperitoneal administration in healthy mice, respectively.”*
At the same time, hematological investigations revealed no
alteration in red and white blood cell counts upon SpHL-
CDDP administration in mice. In addition, SpHL-CDDP
treatment caused no pronounced alterations in the blood urea
and creatinine levels, nor did it induce morphological altera-
tions in the kidneys of the mice. These liposomes are made
up of dioleoylphosphatidilethanolamine (DOPE), cholesteryl
hemisuccinate (CHEMS), and distearoylphosphatidyle-
2000 (DSPE'PEGzooo
acidic medium, such as that found in tumor sites, CHEMS

thanolaminepolyethyleneglycol ). In an
undergoes protonation, followed by the destabilization of
liposomes, and the release of CDDP.?’ Thus, it is expected that
the released CDDP in tumor sites can improve the antitumor
effect and reduce, or even eliminate, the side effects. It is well
known that the antitumor efficacy of the liposomes depends
on their ability to release the drug into the tumor’s extracel-
lular fluid.!® Previous study of tissue distribution showed a
higher concentration and affinity of CDDP toward tumor
tissues resulting from the administration of SpHL-CDDP, as
compared to the injection of free CDDP.* Therefore, the aim
of the present study was to investigate whether these findings
can in fact contribute SpHL-CDDP’s enhanced antitumor
efficiency against Ehrlich solid tumors in Swiss mice, after
its administration by I'V route.

Materials and methods

Materials

CDDP was purchased from Quiral Quimica do Brasil S.A
(Juiz de Fora, Brazil). Dioleoylphosphatidylethanolamine
(DOPE), dioleoylphosphatidylcholine, and distearoylphos-
phatidylethanolamine-polyethyleneglycol, , , (DSPE-PEG, )
were purchased from Lipoid GmbH (Ludwigshafen, Ger-
many). Cholesteryl hemisuccinate (CHEMS) was supplied

by Sigma—Aldrich (St Louis, MO). Sodium chloride was
obtained from Merck (Merck and Co, Inc, Whitehouse
Station, NJ). All other chemicals and reagents used were
of analytical grade. The reagents used in the immunohis-
tochemical analysis were purchased from NeoMarkers Inc
(CDC47 [clone 47DC141]; Fremont, CA) and Dako North
America Inc (K0690-HRP; Carpinteria, CA).

Liposome preparation

The SpHL-CDDP were prepared by reverse-phase evapora-
tion, as described by Junior et al.* DOPE, CHEMS, and
DSPE-PEG,,,,
were dissolved in chloroform at a 40 mmol L™ total lipid

(in a 5.7:3.8:0.5 molar ratio, respectively)

concentration and submitted to evaporation under reduced
pressure until a thin lipid film had been obtained. The result-
ing film was dissolved in ethyl ether, and a CDDP solution
(2 mg/mL), prepared in a 0.9% (weight/volume) NaCl solu-
tion, was added. The mixture was stirred with a vortex, and
the ethyl ether was completely removed under reduced pres-
sure. The liposomes were then sequentially extruded (Lipex™
Biomembranes Extruder; Northern Lipids Inc, Burnaby,
Canada) through a series of polycarbonate membranes
with pore sizes of 0.4, 0.2, and 0.1 um (5 cycles for each).
Nonentrapped CDDP was eliminated by ultracentrifugation
(Optima® L-80XP; Beckman Coulter, Indianapolis, IN) at
150,000 x g at 10°C for 90 minutes. Long-circulating and
non-pH-sensitive liposomes containing CDDP (NSpHL-
CDDP) consisting of DOPC, CHEMS, DSPE-PEG,,
a 5.7:3.8:0.5 molar ratio, respectively), as well as empty

(in

(without drug) liposomes, SpHL, and NSpHL, were also
prepared as described above.

Liposome characterization

The liposomes were characterized by their encapsulation
percentage, size, zeta potential and polydispersity index.
The encapsulation percentage of CDDP in liposomes
was determined by high-performance liquid chroma-
tography. The chromatographic apparatus consisted of a
pump (model 515; Waters Instruments, Inc, Rochester,
MN), an autoinjector (model 717 Plus; Waters Instru-
ments, Inc), and a variable wavelength UV detector
(model 2487; Waters Instruments, Inc) connected to the
Empower2 software (Waters Instruments, Inc). Separations
were performed using a, 4 X 4 mm, 5 um guard column
(Lichrospher® 100 NH,; Merck Millipore, Darmstadt,
Germany) connected to a 25 cm X 4 mm, 10 um column
(LiChroCART® 25-4 LiChrospher® 100 NH,; Merck
Millipore). The eluent system consisted of methanol/
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ethylacetate/N,N-dimethylformamide/water (in a ratio of
4:4:1:1, respectively), and the flow rate was 1.0 mL/min.
Samples (20 uL) were injected, and the eluate absorbance
was monitored at 310 nm. The amount of CDDP was
determined in the liposome before ultracentrifugation (non-
purified liposomes) and after ultracentrifugation (purified
liposomes). The liposomes were disrupted using isopropa-
nol in a volume ratio of 1:3. The encapsulation percentage
was calculated using the following equation:

Encapsulation percentage
[CDDP] in purified SpHL-CDDP

= . : x 100 (1)
[CDDP] in non-purified SpHL-CDDP

The average diameter of the vesicles was determined by
quasielastic light scattering at 25°C and at a 90° angle, using
the unimodal analysis. The zeta potential was evaluated by
determining the electrophoretic mobility at an angle of 90°.
All samples were diluted in a 0.9% (weight/volume) NaCl
solution (1000 fold), and the measurements were performed
in triplicate using a Zetasizer analyzer (Zetasizer 3000HS;
Malvern Instruments Ltd, Worcestershire, UK). Data related
to the SpHL-CDDP physico-chemical characterization were
expressed as mean + standard deviation (SD).

Animals

Female Swiss mice, 4-6 weeks old, weighing 22.5 £ 2.5 g,
were obtained from the Federal University of Minas Gerais
School of Pharmacy, Belo Horizonte, Brazil. The animals
were kept in plastic cages with free access to food and water
and were maintained in an area with a standardized light/
dark cycle. All protocols were approved by the Ethics Com-
mittee for Animal Experiments at the Federal University of
Minas Gerais, and are in compliance with the guidelines for
the care and use of laboratory animals recommended by the
Institute of Laboratory Animal Resources (Protocol number
165/2007).

Ehrlich solid tumor model

Ehrlich ascites tumor cells, derived from a spontaneous
murine mammary adenocarcinoma, were inoculated by
intraperitoneal route in female mice, and the tumors were col-
lected after 8 days. Ascitic tumor cell counts were performed
in a Neubauer hemocitometer (Bright-line —0.025 mm?;
Normax, Marinha Grande, Portugal) using a Trypan blue
dye exclusion method. A viable tumor cell suspension was
then prepared at a density of 1 x 107 cells/mL. Tumors cells
were transplanted subcutaneously into the right flank of the
female Swiss mice (0.2 mL/mouse). Tumors were allowed

to grow for 15 days until all inoculated mice had palpable
tumors measuring approximately 9—10 mm.

Antitumor activity

When the tumor volume reached approximately 9 to 10 mm,
the animals were randomly divided into eight experimental
groups (15 animals per group). Different groups of Ehrlich
solid tumor-bearing Swiss mice received, by IV route, free
CDDP at a dose of 8 mg/kg, and SpHL-CDDP and NSpHL-
CDDP at doses of 8 and 16 mg/kg, whereas the control groups
were treated with a saline solution of SpHL, or NSpHL (the
lipid dose administered was equal to that for SpHL-CDDP or
NSpHL-CDDP treatment at doses of 16 mg/kg). The first day
in which the formulations were administered was considered
day 0 (DO0) of the study. As such, the formulations were admin-
istered on D0, D7, and D14. Antitumor activity was evaluated
over a 23-day period by determining the tumor volume and
calculating the tumor growth inhibition ratio. The solid tumor
volume (V) was measured by three orthogonal diameters with
a slide caliper, and calculated according to the formula:

_ II'xdl x d2 x d3
6

AV (2)

where d1, d2, and d3 represent the length, width, and height,
respectively.!! The relative tumor volume (RTV), and inhibi-
tion ratio (IR) were calculated on D23, as follows:

Tumor volume on D23

RTV = (3)
Tumor volume on DO

and

IR (%) =1— Mean RTV of drug-treated group

- x 100. (4)
Mean RTV of saline control group

In addition, the tumor response was classified as follows:
progressive disease occurred where there was an increase
in tumor volume (>25%) over a 23-day period; no change
occurred where the tumor volume was equal to the volume
at the beginning of treatment (within the range of —25%
to +25%); partial remission occurred where there was a
decrease in tumor volume (from —25% to —90%); and
complete remission occurred where the tumor volume was less
than 10% of the initial volume, as previously described.'?

Histomorphometric
and immunohistochemical analyses

of the tumor
Tumor-bearing mice were anesthetized with a mixture of xyla-
zine (7.5 mg/kg) and ketamine (60 mg/kg) on D23, at which
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time the tumor was removed for histopathological evaluation.
The tumor tissue was set in 10% (volume/volume) buffered
formalin, embedded in paraffin blocks, sectioned into a 4 um
thickness, placed onto glass slides, and hematoxylin-eosin
stained. The images of cross-sections were obtained for mor-
phometric evaluation, and 15 fields per slide were examined
using a 40x magnification in an optical microscope (final
magnification = X 1000). The images were captured with a
microcamera (Spot Insight Color; SPOT Imaging Solutions,
Sterling Heights, MI) attached to a microscope (Olympus
BX-40; Olympus, Tokyo, Japan) and Spot software, version
3.4.5. Image analysis was performed using Corel DRAW®
(version 7.468; Microsoft Corporation, Redmond, WA). The
percentage of the necrotic area, viable neoplastic tissue, and
inflammation was determined using a 25-point graticule.
For the immunohistochemical study, tumor cell proliferative
activity was evaluated using the cell proliferation marker
CDC47 — clone 47DC141 (by Neomarkers Inc, Fremont,
CA). Histological sections (4 um) were stained by applying
an avidin-biotinylated peroxidase complex (Dako K0690;
K0690-HRP). CDC 47 diluted 1:300, was used as the primary
antibody, and the incubation period was 60 minutes. Next,
peroxidase activity was revealed using diaminobenzidine
(DAB-Dako). For negative control, either nonimmune mouse
or rabbit serum was used in place of the primary antibody.
The images were also taken with the Spot Insight Color
microcamera attached to the Olympus BX-40 Microscope.
The proliferative index was obtained by calculating the per-
centage of positive cells in 500 tumor cells.

Determination of the effect of
formulations containing CDDP on serum

vascular endothelial growth factor

Blood was collected from the Ehrlich solid tumor-bearing
Swiss mice on D23 after the first administration of free
CDDP (8 mg/kg), SpHL-CDDP (16 mg/kg), NSpHL-CDDP
(16 mg/kg), and SpHL and NSpHL controls. The serum was
collected by centrifuging blood at 2500 x g for 10 minutes,
and the serum vascular endothelial growth factor (VEGF)
levels were measured using a Quantikine VEGF ELISA kit
(mouse VEGF; R&D Systems, Minneapolis, MN), according
to manufacturer’s protocols.

Toxicity evaluation

The body weight of the mice was monitored simultaneously
as an indicator of systemic toxicity at DO, D7, D14, and
D23 after application, and their weights were expressed as
the percentage of the initial body weight. In addition, the

kidneys and bone marrow were also removed. These organs
were washed with 0.9% (weight/volume) NaCl solution
and set in 10% (volume/volume) buffered formalin. All
tissues were embedded in paraffin blocks, sectioned in
5 um thickness, using a microtome (Leica RM2245; Leica
Biosystems, Wetzlar, Germany), and placed onto glass slides.
After hematoxylin-eosin staining, the slides were observed,
and the photos were taken using an optical microscope. The
pathologist was blinded to the treatment type during the
analysis of the pathology slides.

Statistical analysis

The normality and homogeneity of the variance analysis
were performed using the Lilliefors’ and Bartlett’s tests,
respectively. The difference among experimental groups was
tested using the one-way analysis of variance (ANOVA),
followed by the Tukey’s test. To analyze the body weight
variation parameter, the value before drug treatment was
used as the covariate. Data relative to the tumor volume were
transformed by using the following equation:

y = log (variable + 10). (5)

The regression model estimates were used at time inter-
vals for tumor growth investigations. Differences were con-
sidered statistically significant when P values were <0.05.

Results
Physicochemical characterization
of SpHL-CDDP

Table 1 shows the physicochemical characteristics of different
liposomal formulations containing CDDP. Size measurements
demonstrated monodisperse populations (polydispersity
index < 0.3) of liposomes with mean diameters varying
between 120 and 135 nm. All formulations exhibited a
zeta potential value near neutrality, varying between —1.6
and —2.8 mV. The encapsulation of CDDP in liposomes did
not affect the size or the zeta potential of the liposomes, as we
previously reported.”® The encapsulation percentage of CDDP
into liposomes proved to be similar in both SpHL-CDDP and
NSpHL-CDDP. All formulations offered an appropriate size
and homogeneity for IV administration.

Antitumor activity

The antitumor activity of SpHL-CDDP, NSpHL-CDDP,
and free-CDDP treatments was evaluated at doses of
8 mg/kg and 16 mg/kg, administered once weekly over a
3-week period in Ehrlich solid tumor-bearing Swiss mice, by
assessing the tumor volume variation over time (Figure 1).
Regression analysis was performed to detect the changes
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Table | Physicochemical characteristics of CDDP-liposomal formulations

Formulations Mean diameter Polydispersity { potential Encapsulation
(nm) index (mV) (%)

SpHL-CDDP 1307 0.07 £0.02 -1.6£0.9 23+5

NSpHL-CDDP 121 £ 14 0.09 £0.02 —2.7+0.5 22+ 4

SpHL 135+ 4 0.08 +0.03 -24+1.0 -

NSpHL 120+ 10 0.10 £ 0.06 28+ 1.6 -

Note: Each value represents the mean + standard deviation (n = 3).

Abbreviations: CDDP, cisplatin; SpHL-CDDP, long-circulating and pH-sensitive liposomes containing CDDP; NSpHL-CDDP, long-circulating and non-pH-sensitive
liposomes containing CDDP; SpHL, long-circulating and pH-sensitive liposomes; NSpHL, long-circulating and non-pH-sensitive liposomes.

in the growth delay after treatment with different doses of
liposomal CDDP and free CDDP. The models that best fit,
together with their respective determination coefficients, are
shown in Table 2. As shown in Figure 1, the tumor volume
in the SpHL control group increased rapidly over time. The
same profile of tumor growth was also observed for NSpHL
and saline treatment groups (data not shown). Since no
significant difference among these control groups could be
observed, only the data from SpHL treatments in the con-
trol groups were shown in Figure 1. By contrast, the tumor
volume was significantly lower in mice treated with SpHL-
CDDP, NSpHL-CDDP, and free CDDP at doses of 8 mg/kg,
than in mice from the control group. No significant differ-
ence (P > 0.05) was observed in the mean tumor volume of
mice treated with SpHL-CDDP (8 mg/kg) and free CDDP
(8 mg/kg) for up to 23 days after the first injection of each
treatment (Figure 1). However, the regression analysis did
show significant differences in the growth rate of the Ehrlich

Mean tumor volume (cm?)
N
1

solid tumor after SpHL-CDDP (quadratic regression model)
and free-CDDP (linear regression model) treatments. The
tumor growth in mice treated with SpHL-CDDP proved to be
slower during the period up to 14 days after the first admin-
istration than in mice that had received free CDDP. On the
other hand, the tumor volume was significantly suppressed
by the SpHL-CDDP treatment at doses of 16 mg/kg, as
compared with free CDDP at doses of 8 mg/kg. Practically
no change could be observed in the tumor volume for up to
23 days after the first injection of SpHL-CDDP at doses of
16 mg/kg. This finding justifies the absence of the equation
from the regression analysis for the SpHL-CDDP treatment at
doses of 16 mg/kg (Table 2). NSpHL-CDDP administered at
doses of 16 mg/kg showed the same tumor growth inhibition
profile as observed for SpHL-CDDP when administered at
the same dose (Figure 1). However, it is worth noting that
the tumor growth inhibition ratio proved to be higher in the
mice treated with SpHL-CDDP, as compared with those

-@- Free CDDP 8 mg/kg
-m SpHL-CDDP 8 mg/kg
—A- SpHL-CDDP 16 mg/kg
-¥ NSpHL-CDDP 8 mg/kg
- NSpHL-CDDP 16 mg/kg
/% SpHL

5 10 15
Time (days)

20 25

Figure | Antitumor effect of free CDDP, SpHL-CDDP, NSpHL-CDDP, and SpHL control group administered by IV route, in Ehrlich solid tumor-bearing Swiss mice.

Note: The values represent the mean + SD.

Abbreviations: CDDP, cisplatin; SpHL-CDDP, long-circulating and pH-sensitive liposomes containing CDDP; NSpHL-CDDP, long-circulating and non-pH-sensitive
liposomes containing CDDP; SpHL, long-circulating and pH-sensitive liposomes; IV, intravenous.
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Table 2 Regression analysis of the data of antitumor activity

Treatments Dose Regression model r?
(mglkg)
Saline solution - y =0.2499 + 0.0318x + 0.9923
0.0040x2
Free CDDP 8 y = 0.2840 + 0.0546x 0.9952
SpHL - y =0.2418 + 0.0527x + 0.9647
0.0033x2
SpHL-CDDP 8 y = 0.2497 + 0.007 Ix + 0.9937
0.0025x2
16 NA NA
NSpHL - y=0.1910 + 0.03264x + 0.9541
0.0018x?
NSpHL-CDDP 8 y = 0.0896 + 0.0735x 0.9754
16 NA NA

Abbreviations: CDDP, cisplatin; SpHL-CDDP, long-circulating and pH-sensitive
liposomes containing CDDP; NSpHL-CDDP, long-circulating and non-pH-sensitive
liposomes containing CDDP; SpHL, long-circulating and pH-sensitive liposomes;
NSpHL, long-circulating and non-pH-sensitive liposomes; NA, not applicable.

treated with NSpHL-CDDP, at the same dose (Table 3). This
finding suggests that the lipid composition of the liposomal
formulation that contains CDDP plays a role in the antitu-
mor efficacy. No significant difference was observed in the
relative tumor volume in mice treated with SpHL-CDDP
or NSpHL-CDDP at doses of 8 mg/kg, as compared with
free-CDDP treatments at doses of 8 mg/kg. The increase in
the administered dose of SpHL-CDDP or NSpHL-CDDP to
16 mg/kg led to a significantly lower relative tumor volume
and tumor growth inhibition ratio than was observed after
free-CDDP treatments at doses of 8 mg/kg (Figure 1 and
Table 3). In addition, after 23 days of treatment with free
CDDP (8 mg/kg), SpHL-CDDP (8 mg/kg), NSpHL-CDDP
(8 or 16 mg/kg), and SpHL, all surviving mice presented

Table 3 Relative tumor volume and tumor growth inhibition
ratio after administration of free CDDP, SpHL-CDDP and
NSpHL-CDDP by IV route

Treatments Dose RTV IR
(mgl/kg) (mean £ SD) (%)
Saline solution - 9.6+ 1.1 -
Free CDDP 8 6.9+09 28.0
SpHL - 16.1 £ 4.1 -
SpHL-CDDP 8 80%1.0 16.4
16 1.2+0.2° 87.3
NSpHL - 134+£22 -
NSpHL-CDDP 8 8.7+ I.1 8.4
16 2.8+0.3 70.2

Notes: *Represents significant difference as compared with free CDDP-treatment.
P-values less than 0.05 were set as the significance level (Tukey’s test).
Abbreviations: CDDP, cisplatin; SpHL-CDDP, long-circulating and pH-sensitive
liposomes containing CDDP; NSpHL-CDDP, long-circulating and non-pH-sensitive
liposomes containing CDDP; IV, intravenous; RTV, relative tumor volume; IR,
inhibition ratio; SpHL, long-circulating and pH-sensitive liposomes; NSpHL, long-
circulating and non-pH-sensitive liposomes.

a progressive disease with an increase in tumor volume
of >25%. On the other hand, in surviving mice that received
SpHL-CDDP at doses of 16 mg/kg, the tumor response was
classified as progressive disease (36.3%), no change (9.2%),
partial remission (36.3%), and complete remission (18.2%).

Histomorphometric
and immunohistochemical analyses

of the tumor

Histopathological and morphometric analyses of the Ehrlich
tumor were carried out in the mice treated with free CDDP
(8 mg/kg), SpHL-CDDP (16 mg/kg), NSpHL-CDDP
(16 mg/kg), and their respective control groups (saline,
SpHL, and NSpHL). In all evaluated tumors, neoplastia,
necrosis, and inflammation could be observed. The percent-
age variation of these parameters among the different treat-
ment groups is shown in Table 4. All parameters evaluated
after treatment with free CDDP (8 mg/kg) showed values
similar to those of the control groups. The administration
of SpHL-CDDP (16 mg/kg) led to a significant decrease in
necrosis in the Ehrlich tumor, as compared with the free
CDDP and the SpHL control groups. No significant differ-
ence in the percentage of the inflammation area was detected.
After NSpHL-CDDP treatment (16 mg/kg), no changes in
any of the parameters could be observed, especially when
compared with the free CDDP and the control treatment
groups (Table 4). Immunohistochemical studies found no
significant difference in the percentage of CDC 47 tumor
cells after SpHL-CDDP and NSpHL-CDDP treatments, as
compared with the control treatment groups. However, a sig-
nificant decrease was observed in the percentage of positive
CDC 47 tumor cells in the mice treated with SpHL-CDDP
and NSpHL-CDDP, as compared with those treated with
free CDDP, could be observed (Table 4). Representative
immunohistochemistry sections of CDC 47 are illustrated
in Figure 2.

Effect of formulations containing CDDP

on serum VEGF levels

A significant reduction was observed in the serum VEGF
levels after SpHL-CDDP treatment, as compared with free-
CDDP treatment. Mean serum VEGF levels in the free-CDDP
treatment group was 92 = 9 pg/mL, while the value obtained
in the SpHL-CDDP-treated group was 40 + 6 pg/mL. No
significant difference in serum VEGF levels was observed
between the SpHL-CDDP and NSpHL-CDDP-treated groups
(48 £ 4 pg/mL). In the control groups (SpHL and NSpHL),
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Table 4 Morphometric variables of the Ehrlich tumor and percentage of positive CDC 47 tumor cells in 500 tumor cells evaluated 23
days after the administration of free CDDP, SpHL-CDDP, NSpHL-CDDP and control groups

Treatments Dose Neoplastia Necrosis Inflammation CDC 47
(mglkg) (%) (%) (%) (%)
SpHL - 46 £5 43+4 105 29 £5°
NSpHL - 47 £5 4314 10+ 4 28£2°
Free CDDP 8 51+3 44+3 5+2 41 £ 32
SpHL-CDDP 16 70 + 6°° 25 + 5% 3+ 27 +£3°
NSpHL-CDDP 16 53+3 37+5 10+3 27£3°

Notes: *Represents significant difference as compared with SpHL control group; represents significant difference as compared with free CDDP-treatment. P-values less than
0.05 were set as the significance level (Tukey’s test). The values represent the mean + SD (n = 6 mice/group).

Abbreviations: CDDP, cisplatin; SpHL-CDDP, long-circulating and pH-sensitive liposomes containing CDDP; NSpHL-CDDP, long-circulating and non-pH-sensitive
liposomes containing CDDP; SpHL, long-circulating and pH-sensitive liposomes; NSpHL, long-circulating and non-pH-sensitive liposomes.

the mean VEGF values were 46 + 5 pg/mL and 34 + 3 pg/mL,
respectively.

Toxicity evaluation

The toxicity of each treatment regimen was monitored using
the loss of animal body weight, local skin reactions, and the
histological examination of the bone marrow and kidneys as
indicators. The body weight changes in the mice after free
CDDP (8 mg/kg), SpHL-CDDP (8 and 16 mg/kg), NSpHL-
CDDP (8 and 16 mg/kg), and saline treatments are illustrated

o 0 - X
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Figure 2 Immunohistochemistry sections of CDC 47 tumor cells in Ehrlich solid
tumor-bearing Swiss mice treated by IV route at doses of 16 mg/kg with (A) SpHL,
and (B) SpHL-CDDP.

Abbreviations: |V, intravenous; SpHL, long-circulating and pH-sensitive liposomes;
SpHL-CDDP, long-circulating and pH-sensitive liposomes containing CDDP (cisplatin).

in Figure 3. Only the saline control group is shown, given
that SpHL and NSpHL treatments presented the same weight
variation profile. In the group of mice that received an IV
injection of free CDDP (8 mg/kg), body weight decreased
gradually, reaching a maximum loss on D23 of 11.3%.
By contrast, neither the SpHL-CDDP (8 mg/kg) nor the
NSpHL-CDDP (8 mg/kg) treatment groups presented any
body weight loss at the investigated time intervals, and no
significant difference, when compared to the saline control
group, could be observed. At a dose of 16 mg/kg for SpHL-
CDDP and NSpHL-CDDP treatments, a loss of body weight
was observed at D14 and D23 after the administration of both
formulations. However, no significant difference in body
weight could be observed after the administration of these
treatments when compared with the free-CDDP treatment.
It is important to note that the dose of SpHL-CDDP and
NSpHL-CDDP administered was two-fold higher than that
of free CDDP. The only significant difference between the
SpHL-CDDP and NSpHL-CDDP treatments was observed
at doses of 8 mg/kg (D7 and D23), where a high decrease in
body weight was found after NSpHL-CDDP administration.
A severe skin reaction, followed by necrosis at the injection
site, was only observed in the mice that received the free-
CDDP treatment.

In the present study, only histological photomicrographs
of the mice treated with SpHL-CDDP (16 mg/kg) are
illustrated, given that all groups treated with the formulation
containing CDDP presented the same histological profile. No
morphological alteration in the bone marrow was observed
for Ehrlich solid tumor-bearing Swiss mice treated with the
SpHL control (Figure 4A). On the other hand, the micro-
scopic examination of the bone marrow of female mice
treated with free CDDP (8 mg/kg), SpHL-CDDP (16 mg/kg),
or NSpHL-CDDP (16 mg/kg), as compared with the control
groups, revealed a slight hypocellularity characterized by
increased amounts of intercellular material and decreased
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Saline Free CDDP SpHL-CDDP NSpHL-CDDP
8 mg/kg 8 mg/kg 16 mg/kg 8 mg/kg 16 mg/kg
30 b,c
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Figure 3 Changes in body weight in Ehrlich solid tumor-bearing Swiss mice treated with free CDDP, SpHL-CDDP, NSpHL-CDDP, and saline solution by IV route.

Notes: *Represents a significant difference between free CDDP, SpHL-CDDP, or NSpHL-CDDP treatments and the saline solution; represents a significant difference
between SpHL-CDDP and NSpHL-CDDP treatments, and the free CDDP-treatment; ‘represents a significant difference between SpHL-CDDP and NSpHL-CDDP when
administered at the same dose. P-values of less than 0.05 were set as the significance level. Data were expressed as mean + SD.

Abbreviations: CDDP, cisplatin; SpHL-CDDP, long-circulating and pH-sensitive liposomes containing CDDP; NSpHL-CDDP, long-circulating and non-pH-sensitive

liposomes containing CDDP; IV, intravenous.

blood cell precursors (Figure 4B). No histological alteration
was observed in the renal tissue of the mice treated with
different formulations containing CDDP (Figure 5).

Discussion

Prior research carried out by the present study’s research
group demonstrated the ability of SpHL-CDDP to promote
a high concentration of CDDP in Ehrlich solid tumors, as
well as a lower renal perfusion of the anticancer agent, after
IV administration. In addition, SpHL-CDDP administered
through the IV route, as compared with the free CDDP-
treatment, significantly reduced nephrotoxicity.® These find-
ings indicate that the use of SpHL-CDDP as a drug delivery
system may well improve the therapeutic efficacy of the
CDDP-based treatment. SpHL-CDDP administered by the
intraperitoneal route in Ehrlich ascitic tumor-bearing female
Swiss mice provided a satisfactory approach to improving
the bioavailability and antitumor efficacy of CDDP in tumors
located in the abdominal cavity.'* The present study carried
out investigations related to the antitumor activity as well
as to the toxicity of SpHL-CDDP in the Ehrlich solid tumor
animal model after IV administration. It is well known that

long-circulating carriers, such as SpHL-CDDP, are able to
increase the drug accumulation in tumors due to the enhanced
permeability and retention effect (a consequence of the for-
mation of leaky capillaries around the tumor, coupled with
a lack of a lymphatic system for the transport of drugs to the
bloodstream).!* However, the therapeutic efficacy of a drug
delivery system also involves the release of anticancer agents
in the tumor site. SpHL-CDDP consists of DOPE, CHEMS,
and DSPE-PEG,
in tumor sites, the CHEMS molecules undergo protonation,

and in an acidic medium, such as found

followed by the destabilization of liposomes and the release
of CDDP. Therefore, it can be suggested that the release of
CDDP in this specific site may well contribute to the improve-
ment of the antitumor effect.

According to this study’s results (Figure 1), the encapsu-
lation of CDDP in SpHL did not alter the antitumor activity
of the drug. A significant difference in the solid tumor growth
profile of the mice that received SpHL-CDDP at doses of
8 mg/kg, as compared with those that received free CDDP at
doses of 8 mg/kg, could be verified. However, 23 days after
the first administration of either SpHL-CDDP or free CDDP,
the relative tumor volume and tumor growth inhibition ratio
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Figure 4 Photomicrographs of hematopoietic tissue from Ehrlich solid tumor-
bearing Swiss mice treated by IV route with (A) SpHL and (B) SpHL-CDDP, at
doses of 16 mg/kg, evaluated 23 days after treatment.

Note: Hematoxylin and eosin staining.

Abbreviations: |V, intravenous; SpHL, long-circulating and pH-sensitive liposomes;
SpHL-CDDP, long-circulating and pH-sensitive liposomes containing CDDP (cisplatin).

presented similar values. Considering that the main limitation
of increasing doses of free CDDP is related to its toxicity,
improvements in cancer therapy through the use of SpHL-
CDDP will almost certainly be observed at high doses of
this drug delivery system. In previous studies, the maximum
tolerated dose obtained after the administration of SpHL-
CDDP (20 mg/kg) was approximately three times higher than
that obtained using free CDDP (7.5 mg/kg).® This reduction
in toxicity may well allow for a two-fold increase in the
administered dose with no adverse side effects. A significant
increase in antitumor efficacy was observed after the admin-
istration of a high dose of SpHL-CDDP (16 mg/kg/week, for
3 weeks). The inhibition of tumor growth reached approxi-
mately three- and five-fold higher levels after SpHL-CDDP
(16 mg/kg) treatment than after SpHL-CDDP (8 mg/kg) and
free-CDDP (8 mg/kg) treatments, respectively (Figure 1 and
Table 3). According to Kurihara et al,"” the antitumor activ-
ity of CDDP is dependent on the total administered dose as
well as on the total exposure of free and total platinum in the
plasma over the time period. Prior studies from the present
study’s research group demonstrated an increase of 2.6-fold
in plasma drug exposure after SpHL-CDDP administration in

-
.

Figure 5 Photomicrographs of renal tissue from Ehrlich solid tumor-bearing Swiss
mice treated by IV route with (A) SpHL and (B) SpHL-CDDP, at doses of 16 mg/kg,
evaluated 23 days after treatment.

Note: Hematoxylin and eosin staining.

Abbreviations: |V, intravenous; SpHL, long-circulating and pH-sensitive liposomes;
SpHL-CDDP, long-circulating and pH-sensitive liposomes containing CDDP (cisplatin).

mice, as compared with free-CDDP injections.* This finding
may explain the great antitumor effect obtained with SpHL-
CDDP treatment. It is worth noting that 18.2% of the mice
treated with SpHL-CDDP at doses of 16 mg/kg presented
complete remission of the tumor. These results demonstrated
that the encapsulation of CDDP in SpHL allowed for the
administered dose to be increased, significantly improving
the therapeutic efficacy of the drug.

As tumors are heterogeneous in nature and consist
of areas of edema and necrosis, measurements of tumor
volume alone are not always the most accurate markers of
efficacy, and consequently, the microscopic evaluation of
tumors is additionally required to improve the assessment
of therapeutic efficacy.'® In this context, the histomorpho-
metric and immunohistochemical analyses of the tumor
were performed on the groups of mice that received free
CDDP at doses of 8 mg/kg (corresponding to the maximum
tolerated dose), administered once a week for three weeks,
as well as on those that received SpHL-CDDP at doses of
16 mg/kg once a week for three weeks. The administration
of free CDDP, as compared with the control group, caused
no changes in the percentage of neoplastia, necrosis, and
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inflammation observed. By contrast, SpHL-CDDP treatment,
as compared with free CDDP and SpHL treatments, induced
a significant increase in areas of neoplasia and a reduction
in areas of necrosis. Furthermore, the immunohistochemical
evaluation demonstrated a reduction in the count of CDC 47
positive cells (a cellular proliferation marker) after SpHL-
CDDP treatment, as compared with free-CDDP treatment.
These findings, associated with a reduced tumor volume,
suggest an impairment of cell proliferation induced by
CDDP. The lower proliferative rate may well be due to an
increased CDDP concentration in the tumor region when
administered as SpHL-CDDP, as compared with the free-
CDDP administration.

As regards serum VEGF levels, the obtained values
proved to be consistent with those obtained for tumor vol-
ume growth curves, showing the antiangiogenic activity of
the SpHL-CDDP treatment. VEGF is a potent and specific
mitogen for endothelial cells, which activates the angio-
genic switch in vivo, and enhances vascular permeability in
tumor areas.'”'® Angiogenesis is critical for tumor growth
and is a prerequisite for the development of metastases. "
Therefore, the higher serum VEGF levels obtained in the
free CDDP-treated group compared with those obtained
after liposomal CDDP (16 mg/kg) treatments, may be
explained by the continued tumor volume growth. On one
hand, the stimulation of angiogenesis is required for tumor
growth. On the other hand, the low serum VEGF values
obtained after SpHL-CDDP treatment demonstrated the
antiangiogenic activity of this formulation, which certainly
contributed to the great antitumor response obtained in
the SpHL-CDDP treated group. In the control group, the
tumor volume was too large and presented a large area of
necrosis. These findings indicate a reduced vasculariza-
tion of the tumor region, which may well explain the low
values of VEGF found for both SpHL and NSpHL treat-
ment groups. In addition, it is well known that VEGF is
essential for initial, but not for continued, in vivo growth
of Ehrlich tumor cells."

From the present study’s findings, it is possible to suggest
that the lipidic composition of SpHL-CDDP appears to play a
role in the antitumor effect. The higher antitumor efficacy of
the SpHL-CDDP treatment, as compared with the NSpHL-
CDDP treatment, was demonstrated by its ability to promote
a greater tumor growth inhibition rate, in some cases leading
to the complete remission of the tumor. The construction of
pH-sensitive liposomes takes advantage of the polymorphic
phase behavior of DOPE, which forms inverted hexagonal
phases rather than bilayers. Liposome stabilization within

bilayers is achieved by the presence of CHEMS molecules,
which are negatively charged at neutral pH. This lipid,
homogenously distributed among DOPE molecules, provides
electrostatic repulsions which decrease DOPE intermolecular
interactions, thus preventing hexagonal phase formation
under physiological conditions. The protonation of CHEMS
molecules in acidic medium, such as that found in the tumor
site, neutralizes their negative charges. As such, the liposomes
undergo destabilization and release the CDDP.’

Concerning toxicity, the analysis of changes in body
weight is defined as an adverse effect of a therapeutic
regimen. In this study, the body weight decreased gradu-
ally after the injection of free CDDP (8 mg/kg) but no
loss in body weight was observed after SpHL-CDDP
(8 mg/kg) treatment. On the other hand, the increase in
the administered dose of SpHL-CDDP to 16 mg/kg pro-
voked a significant reduction in body weight. However,
SpHL-CDDP administered at a two-fold higher dose
than that of free CDDP induced a similar weight loss
in mice, showing that SpHL-CDDP treatment induced
lower systemic toxicity than did the free-CDDP treat-
ment. The decrease in the body weight of the animals
treated with free CDDP can be attributed to the CDDP
toxicity, whereas the increase in body weight of the mice
from the control groups resulted from the remarkable
increase in tumor size. It is well known that the CDDP
treatment induces a myelotoxicity through the alteration
of the bone marrow, which was confirmed in the present
study.?*?! By contrast, no alteration in the renal tissue
after the administration of all formulations containing
CDDP, could be verified. These results are similar to
those obtained from other studies, which demonstrated
alterations in the hematological parameters and the
absence of renal toxicity due to the repeated adminis-
tration of a liposomal formulation containing CDDP in
experimental models.?

Conclusion

In conclusion, the results of the present study demonstrated
that the SpHL-CDDP administration at higher doses than
those used for the administration of free CDDP in Ehrlich
solid tumor-bearing mice proved to be a potential approach
to improving the antitumor efficacy of CDDP in solid tumors.
Thus, this CDDP carrier is a promising candidate for IV
chemotherapy in patients with malignant tumors, given that
SpHL-CDDP can overcome therapy limitations, such as the
difficulty in adjusting doses and the toxicity induced by free
CDDP.
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