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Abstract

Background. Ursolic acid (UA) is a triterpene found in different plant species, possessing antitumor activity, which may be
a result of its antiangiogenic effect. However, UA has low water solubility, which limits its use because the bioavailability
is impaired. To overcome this inconvenience, we developed long-circulating and pH-sensitive liposomes containing ursolic
acid (SpHL-UA). We investigated the antiangiogenic effect of free UA and SpHL-UA in murine brain cancer and human
breast tumor models by means of determination of the relative tumor volume, dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI), and histopathological analysis. Methods. The animals were treated with dimethyl sulfoxide
in 0.9% (w/v) NaCl, free UA, long-circulating and pH-sensitive liposomes without drug (SpHL), or SpHL-UA. The animals
were submitted to each treatment by intraperitoneal injection for 5 days. The dose of free UA or SpHL-UA was equal
to 23 mg/kg. Results. Tumor growth inhibition was not observed in human breast tumor—bearing animals. For murine
gliosarcoma-bearing animals, a slight tumor growth inhibition was observed in the groups treated with free UA or SpHL-
UA (9% and 15%, respectively). No significant change in any of the parameters evaluated by DCE-MRI for both experimental
models could be observed. Nevertheless, the evaluation of the mean values of magnetic resonance parameters of human
breast tumor—bearing animals showed evidence of a possible antiangiogenic effect induced by SpHL-UA. Histopathological
analysis did not present significant change for any treatment. Conclusion. SpHL-UA did not show antiangiogenic activity in a
gliosarcoma model and seemed to induce an antiangiogenic effect in the human breast tumor model.
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Introduction toxicity (LD_ = 7413 mg/kg for intravenous administration

. . C in mice)."' Some studies have been performed dealing with
Ursolic acid (UA; 3pB-hydroxy-urs-12-en-28-oic-acid) is a

natural pentacyclic triterpenoid carboxylic acid derived from
berries, leaves, flowers, and fruits of medicinal plants.l'4
Several studies have demonstrated some pharmacological
effects of UA, such as antioxidant, anti-inflammatory, antip-
roliferative, proapoptotic, antimetastatic, and antiangiogenic
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properties.”'® The investigation related to the use of UA as
an anticancer agent has gained importance because of its
action at various stages of tumor development and its low
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the antiangiogenic action of UA. Sohn et al'? examined the
antiangiogenic activity of UA by using the chick embryo
chorioallantoic membrane (CAM) assay. The presence of
UA inhibited angiogenesis in a dose-dependent manner, and
the dose required for half-maximal inhibition (ID_ ) was 10
nmol. These authors also tested the inhibitory effect on the
proliferation of bovine aortic endothelial cells. UA inhibited
the proliferation of endothelial cells in a concentration-
dependent manner (IC50 =5 uM)."? Cardenas et al”® have
also demonstrated the antiangiogenic effect of UA in a CAM
assay; 50 umol of UA per CAM produced in vivo inhibition
of angiogenesis in 100% of treated eggs. Furthermore, the
UA effect on the migrating potential of endothelial cells was
tested in the wound assay for bovine aortic endothelial cells.
Concentrations of 1, 5, 10, and 15 uM were tested, and UA
seemed to produce a dose-dependent inhibitory effect 24
hours after wounding. The effect of UA on capillary tube
formation by endothelial cells was also assessed by an in
vitro differentiation assay. The results showed that the mini-
mal concentration of UA able to inhibit capillary tube forma-
tion by endothelial cell differentiation was 15 pM."
Kanjoormana and Kuttan'* found that UA inhibits tumor-
associated capillary formation in mice, induced by highly
metastatic melanoma cells. Nontoxic concentrations of UA
(10, 25, and 50 uM) reduced vessel growth from the rat aor-
tic ring and inhibited proliferation, migration, and invasion
of endothelial cells. Gelatin zymographic analysis also
showed an inhibitory effect of UA on the protein expression
of matrix metalloproteinases (MMPs) MMP-2 and MMP-9,
which explains the inhibition of the invasion of cells.
Although UA has shown antiangiogenic properties and low
toxicity, its aqueous solubility is reduced, making its use as
an antitumor agent difficult.">'® Thus, one of the major
obstacles to pharmaceutical development is the limitation of
the bioavailability and absorption of drugs. To overcome this
limitation, several strategies have been proposed, such as the
use of suitable drug delivery systems. Liposomes have
gained attention as a carrier system for therapeutically active
agents owing to their unique characteristics, including bio-
compatibility, biodegradability, lack of immune system acti-
vation, and capability to incorporate both hydrophilic and
hydrophobic drugs.'”" In this context, our research group
developed long-circulating and pH-sensitive liposomes con-
taining UA (SpHL-UA). These liposomes are composed of
dioleoylphosphatidylethanolamine (DOPE)/cholesteryl
hemisuccinate ~ (CHEMS)/distearoylphosphatidylethanol-
amine-polyethylenegly0012000 (DSPE-PEG, | ). In an acidic
medium, such as that found in tumor sites and inside endo-
somes, CHEMS undergoes protonation, followed by the
destabilization of liposomes and the release of UA in tumor
sites or into the cytoplasm. Moreover, the long-circulating
feature can prevent the recognition of liposomes by opso-
nins, thus reducing their clearance by cells of the mononu-
clear phagocyte system (MPS) and allowing an accumulation
in tumor tissue.”’ In vitro experiments, carried out by our

research group, showed that SpHL-UA is effective against
human breast (MDA-MB-231) and prostate (LNCaP) cancer
cell lines. Moreover, this formulation showed good stability
after having been stored for 2 months at 4°C.*' The use of
UA in antitumor therapy is relatively recent, with few arti-
cles in the literature describing its antitumor activity in vivo
and even fewer describing its antiangiogenic activity.
Moreover, to date, there are no reports showing antiangio-
genic treatment with UA in tumor models in which the tumor
is a well-established and palpable nodule. To our knowl-
edge, the in vivo studies of this kind of therapy have only
described the chemopreventive effect of UA. Thus, this
study is the first report concerning the investigation of the in
vivo antiangiogenic treatment using UA in well-established
tumor-bearing experimental animal models. It has been
shown that UA is able to induce apoptosis in human breast
cancer and glioma cell lines.”** In this context, we investi-
gated the antiangiogenic effect of free UA and SpHL-UA in
murine brain cancer (9L cell line) and human breast tumor
(MCF-7 cell line) models through evaluation by dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI)
and histopathology data. DCE-MRI is a technique that has
been incorporated as a biomarker of drug efficacy in clinical
trials of angiogenesis inhibitors.”*** DCE-MRI is a noninva-
sive quantitative method of investigating microvascular
structure and function by tracking the pharmacokinetics of
injected contrast agents as they pass through the tumor vas-
culature. The technique is sensitive to alterations in vascular
permeability, extracellular extravascular and vascular vol-
umes, and blood flow. >

Materials and Methods

Materials

DOPE and DSPE-PEG = were supplied by Lipoid GmbH
(Ludwigshafen, Germany). UA, CHEMS, phosphate saline
buffer, and sodium hydroxide were obtained from Sigma
Chemical Company (St Louis, MO, USA). Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), trypsin, and penicillin/streptomycin solution were pur-
chased from Gibco Life Technologies (Carlsbad, USA). BD
Matrigel was purchased from BD Biosciences (Mississauga,
ON, Canada). Pellets of 17-B-estradiol (0.72 mg/pellet, 60-day
release) were obtained from Innovative Research of America
(Sarasota, FL, USA). Gadoterate dimeglumine (Dotarem)
was purchased from Guerbet (Aulnay, France). All other
chemicals and reagents used were of analytical grade. Human
breast adenocarcinoma MCF-7 cell line transfected with lucif-
erase gene and puromycin resistant was supplied by Dr
Bertrand Tavitian (INSERM-U970, Paris, France). Rat glio-
sarcoma 9L cell line expressing the luciferase gene was sup-
plied by Dr Alexandra Winkeler (CEA, Orsay, France).
Female nude (NMRI-Foxnlnu/Foxnlnu) mice were pur-
chased from Elevage Janvier (Le Genest-St-Isle, France).
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Liposome Preparation

SpHL-UA were prepared as described by Lopes et al.*’

Briefly, 11.4 mL of DOPE 50 mM, 7.6 mL of CHEMS 50
mM, and 5 mL of DSPE-PEG2 10 mM, dissolved in chlo-
roform, were transferred to a round bottom flask, amounting
to a total lipid concentration of 20 mM (molar ratio of
5.7:3.8:0.5, respectively). UA equivalent at 0.1% (w/v) was
added to the lipid solution. A lipid film was obtained by evap-
orating the chloroform under reduced pressure. Next, the
lipid film was hydrated with 3.8 mL of NaOH 0.1M to pro-
mote the complete ionization of CHEMS molecules. Finally,
46.2 mL of phosphate-buffered saline (PBS), pH 7.4, was
added. The obtained mixture was subjected to vigorous shak-
ing in a vortex, producing multilamellar liposomes. The
resulting multilamellar vesicles were calibrated using a sin-
gle-stage high-pressure homogenizer, model APV 2000
(APV, Albertslund, Denmark) in recirculation mode. The
homogenizer pressure was adjusted to 500 bar. The minimum
volume of processed samples was 110 mL, and all homogeni-
zations were carried out at room temperature. Each cycle was
equal to the passage of the total volume of the sample through
the homogenization chamber in a total of 12 cycles.
Nonentrapped UA was separated by ultrafiltration using a
polyethersulfone membrane (Millipore Pellicon XL device;
Biomax, cut off 500 kDa; MA) connected to a tangential flow
filtration system (Labscale; Millipore, MA, USA). The lipo-
some dispersion (100 mL) was transferred to an initial con-
tainer and pumped to the filtration membrane. Nonentrapped
UA (permeated) was recovered in a flask, whereas purified
SpHL-UA was returned to the initial container. This process
was maintained until a concentrated SpHL-UA dispersion
reached the final volume of 25 mL. After the cycle of ultrafil-
tration was completed, the permeated sample was taken, and
the nonentrapped UA concentration was measured by high-
performance liquid chromatography (HPLC; see the next
section). In addition, the purified SpHL-UA was diluted with
PBS buffer, pH 7.4, to the final volume of 50 mL, and the
evaluation of drug entrapment was also performed by HPLC.

Liposome Characterization

SpHL-UA was characterized by drug entrapment quantifi-
cation, size, polydispersity index, and £ potential. The eval-
uation of drug entrapment was performed by HPLC before
and after the purification of SpHL-UA, which was solubi-
lized by adding methanol. The chromatographic apparatus
consisted of a model 515 pump, a model 717 Plus autoinjec-
tor, and a model 2487 variable wavelength UV detector
(Waters Instruments, USA) controlled by Empower soft-
ware. Separations were performed using a 25 cm x 4 mm,
5-um LiChrosorb, RP-18 column (Merck SA, Germany). The
eluent system consisted of a 90:10 methanol/water mixture,
and the flow rate was 1.5 mL/min. Samples (20 pL) were

injected, and the eluate absorbance was monitored at 210
nm. The average diameter of vesicles was determined by
photon correlation spectroscopy (PCS) at 25°C and at an
angle of 90°. The { potential was evaluated by electropho-
retic mobility determination at an angle of 90°. The size and
C potential measurements were performed using the 3000HS
Zetasizer equipment (Malvern Instruments, England). Each
sample was diluted with PBS buffer solution.

Cell Culture

The rat gliosarcoma 9L cell line expressing the luciferase
gene was maintained in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin solution at 37°C in a
5% CO, atmosphere. The MCEF-7 cell line transfected with
the luciferase gene was maintained under the same condi-
tions as those of the 9L cell line; however, the complete
medium was supplemented with puromycin (2 pg/mL).

Animal Model

Female nude mice, 8 to 9 weeks old, were kept in plastic
cages with free access to food and water in an area with a
standardized light/dark cycle. All were held for a 1-week
acclimatization period prior to beginning the experiments.
All experiments were performed in accordance with both
French law and US National Institutes of Health recom-
mendations for animal care (Ethics Committee reference
number 14-041).

MCF-7 Tumor Model

Once the cells reached 80% confluency, human breast can-
cer MCF-7 xenografts were established by subcutaneous
inoculation of 10° cells in DMEM medium (in 1:1 volume
ratio of DMEM and Matrigel) into the dorsal flank of nude
mice. Cells were contained in a final volume of injection of
0.1 mL. Mice were implanted with a 17-B-estradiol pellet
under their dorsal skin 24 hours before cell inoculation.
Tumors were allowed to grow up to 30 days, approximately.
After tumor growth, the animals were divided into 4 groups:
animals treated with vehicle (10% dimethyl sulfoxide
[DMSOY] diluted in saline solution), free UA (UA dissolved
in DMSO at a concentration of 10 mM and diluted in saline
solution before use), SpHL, or SpHL-UA (n =7 animals per
group). Mice were submitted to each treatment by means of
daily intraperitoneal injection for 5 days. The dose of free
UA and SpHL-UA was equal to 23 mg/kg.

The 9L Tumor Model

After cells reached 80% confluency, nude mice were subcu-
taneously injected with an average of 10° tumor cells in
DMEM medium into the dorsal flank. Cells were contained
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in a final volume of injection of 0.1 mL. Tumors were
allowed to grow up to 11 days, approximately. After tumor
growth, the animals were divided into 4 groups and treated
as described for the MCF-7 tumor model (n = 7 animals/

group).

Evaluation of Antitumor Activity

Determination of Tumor Volume. Tumor volume (V) was
determined by manually measuring 2 diameters with a cali-
per, length (@) and width (b), and calculated according to
the following formula: (a’b)/2, where a < b. The measure-
ments were performed before and after the treatments
described previously. The relative tumor volume (RTV)
was calculated. For this, the first day on which the formula-
tions were administered was considered day 0 (DO) of the
study. As such, the formulations were administered from
DO to D4. Therefore, the antitumor activity was evaluated
for a 5-day treatment period by calculating the RTV and the
tumor growth inhibition ratio (IR), according to the follow-
ing formulas:

RTV = Tumor volume on D4
Tumor volume on DO
and
M RTV of -
IR (%) =1— ean RTV of drug - treated group <100,

Mean RTV of control group

DCE-MRI Evaluation. Nontoxic concentrations of UA (10,
25, and 50 uM) inhibit several key steps of the angiogenic
process, such as inhibition of tumor-associated capillary
formation and reduction in the levels of serum vascular
endothelial growth factor (VEGF), NO, and proinflamma-
tory cytokines.'* VEGF plays an important role in angio-
genesis initiation based on its ability to induce vasodilation
via endothelial NO production and its endothelial cell per-
meability increasing effect.”” We used DCE-MRI to analyze
relevant parameters of vascular changes such as microvas-
cular volume, vascular permeability, tissue blood flow, and
rAUC (ratio between the area under the curve of the tumor
and the area under the curve of the individual input artery)
in the tumor models.

Experimental Design. After treatment, the mice were anes-
thetized with a 2.0% isoflurane/air mixture, followed by
insertion of a catheter into the tail vein, which was attached
to a syringe containing the Dotarem contrast agent. Next,
the animals were placed on a cradle dedicated for mice
under continuous exposure to 1% to 2% isoflurane. All
DCE-MRI experiments were performed on a 1.5-T Siemens
Symphony TIM MR system (Erlangen, Germany). The
images were acquired with a 3D T1-weighted gradient echo

sequence using a TR of 4.67 ms, a TE of 1.65 ms, and a flip
angle of 12°. After obtaining the precontrast sequences, the
paramagnetic contrast agent Dotarem diluted in 0.9% (w/v)
NaCl solution was injected manually as a short bolus at a
dose of 0.11 mmol/kg. Then, DCE-MRI sequences (0.7 mm
thick slices, 320 x 280 mmfield of view, 380 x 300 matrix,
500 s scan duration) were acquired. The images were
acquired sequentially with a high temporal resolution of
1.176 s per image and a spatial resolution of 312 x 312 um.
Dynamic data obtained were analyzed using MATLAB 7.2
software (R2006a, The Mathworks, Natick, MA, USA). All
the fittings were based on the Levenberg-Marquardt regres-
sion method. Signal intensity measurements from 2 regions
of interest (ROIs) were drawn for each examination: the
first in the aorta lumen and the other in the solid tumor
mass.” A rectangular ROI was positioned immediately
above the renal artery and in the middle of the aorta to mini-
mize partial volume effects (Figure 1A). The ROI was
drawn on the raw DCE-MRI data on the slice and dynamic
frame where the peak of the contrast enhancement was
maximal within the defined ROI.

Pharmacokinetic Analysis. The aorta signal enhancement
curve was used as the arterial input function with the phar-
macokinetic model. The signal intensity versus time curves
were converted into concentration equivalents assuming a
near linear relationship between contrast agent concentra-
tion and signal enhancement.”' Data analysis was performed
using a bicompartmental model (Figure 2).***' In this
model, the tumor consists of a vascular compartment (Vb),
an interstitial space (Ve) in which the contrast media dif-
fuses, and a cellular compartment in which the contrast
media does not diffuse. The tumor is then essentially a
bicompartmental system with exchange between an intersti-
tial compartment (Ve) and a vascular compartment (Vb)
supplied by an arterial input (systemic blood arteries) and
drained through a venous output. The analysis assumes that
the volumes of the compartments are constant over the
experimental time and that the mixing Please, eliminate the
number ‘“2”.time within each compartment is short com-
pared with the transfer of the tracer between compartments.
In addition to tissue blood flow (£ ; mL/min/100 mL) and
Vb (%), this model provides the product of permeability
and surface area (PS; mL/min/100 mL) and Ve (%).

Histomorphometric Analysis of the Tumors. After DCE-MRI
data acquisition, the animals were killed humanely by cer-
vical spine dislocation, and tumors were removed and fixed
in formalin (10% w/v in PBS, pH 7.4) for histopathological
evaluation. Then, tissue samples were embedded in paraffin
blocks, sectioned into a 3-pum thickness, placed onto glass
slides, and stained by hematoxylin and eosin to perform his-
tomorphometric evaluation. The images of cross-sections
were obtained, and 10 fields per slide were examined using
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Figure 1. (A) ROI used to define AIF. (B) and (C) The AIF plot was defined by correlating the mean signal intensity value in each ROI

against time.
Abbreviations: ROI, region of interest; AlF, arterial input function.
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Figure 2. Two-compartment pharmacokinetic model: Blood
transporting the contrast agent reaches the tumor tissue.
Blood entering the capillaries contained in | voxel of tumor is
characterized by the tumor blood flow (F.). The tumor consists
of a vascular compartment (Vb) and an interstitial space (Ve)
supplied by an arterial input function (AIF; systemic blood
arteries) and drained through a venous output. The contrast
agent remains extracellular and does not diffuse into the tumor
cells or red blood cells.

a 40 magnification in an optical microscope (final magni-
fication = x1000). The images were captured with a micro-
camera (Spot Insight Color; SPOT Imaging Solutions,
Sterling Heights, MI, USA) attached to a microscope
(Olympus BX-40; Olympus, Tokyo, Japan), and the Spot
software, version 3.4.5, was used. Image analysis was per-
formed using CorelDRAW (version 7.468; Microsoft Cor-
poration, Redmond, USA, WA.* The percentages of
necrotic area, viable neoplastic tissue, and inflammation
were determined using a graticule of 25 dots. To assess the

degree of neovascularization, histological sections were
stained with Gomori’s trichrome stain. Sections stained
with hematoxylin and eosin were also captured—10 fields
per slide using the 40% objective—followed by the quanti-
fication of vessels per field. The results were expressed as
average vascular index (AVI). The assessment of cell prolif-
erative activity was also performed. For this, the mitotic
index (MI) was calculated in sections stained with hema-
toxylin and eosin by performing the mitotic count in 10 ran-
dom fields. This determination was also made using a 40x
objective.

Statistical Analysis

The normality and homogeneity of the variance analysis
were performed using the D’Agostino-Pearson and
Bartlett’s tests, respectively. Differences among the experi-
mental groups were tested using the 1-way ANOVA, fol-
lowed by the Tukey’s test, with P values of <.05 regarded as
significant (Graphpad Prism 5.0, Graphpad Software Inc,
San Diego, CA, USA).

Results

SpHL-UA Characterization

The average diameters of the vesicles of SpHL-UA and UA
entrapment were equal to 182.7 + 8.0 nm and 0.77 + 0.02 mg/
mL, respectively. The polydispersity index was equal to 0.60 +
0.07, and approximately 90% of the vesicles had a mean diam-
eter of <300 nm. SpHL-UA exhibited a  potential value near
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Table I. RTV in Human Breast Tumor—Bearing Nude Mice After Treatment.
Treatment
DMSO in saline solution Free UA SpHL SpHL-UA
RTV (mean + SEM) 0.58 £ 0.14 0.79 £ 0.24 0.68 +0.14 .22 £ 0.20

Abbreviations: RTV, relative tumor volume; DMSO, dimethyl sulfoxide; UA, ursolic acid; SpHL, long-circulating and pH-sensitive liposomes; SpHL-UA,

long-circulating pH-sensitive liposomes containing UA.

*Values are given as mean + standard error of the mean (SEM). Number of animals per group: n = 3, DMSO in saline solution; n = 3, free UA;

n =4, SpHL; n = 5, SpHL-UA.

Table 2. Evaluation of DCE-MRI Quantitative Parameters in Human Breast Tumor—Bearing Nude Mice After Treatment.”

Treatment
Parameter DMSO in Saline Solution Free UA SpHL SpHL-UA
F. (mL/min/100 mL) 31.93 £9.66 20.79 £ 6.15 33.14 £ 1271 11.69 +1.73
Vb (%) 28.57 £ 12.07 23.76 £ 537 23.68 £ 3.63 1091 +4.36
PS (mL/min/100 mL) 9.35+284 517+ 1.23 13.59 +7.08 6.09 +2.84
Ve (%) 3384+ 11.38 3149 £ 6.75 30.62 +9.05 39.72 £ 13.60
rAUC 0.53+0.18 0.38 £ 0.08 0.45+0.14 0.28 + 0.05

Abbreviations: DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; DMSO, dimethyl sulfoxide; UA, ursolic acid; SpHL, long-circulating
and pH-sensitive liposomes; SpHL-UA, long-circulating pH-sensitive liposomes containing UA; F_, tissue blood flow; Vb, blood volume fraction; PS,
product of permeability and surface area; Ve, extracapillary and extracellular (interstitial) volume fraction; rAUC, relative area under the enhancing curve.
*Values are given as mean * standard error of the mean. Number of animals per group: n =3, DMSO in saline solution; n = 3, free UA; n = 4, SpHL;

n =5, SpHL-UA.

neutrality (0.3 + 1.6 mV). Long-circulating and pH-sensitive
liposomes without drug (SpHL) showed mean diameter, poly-
dispersity index, and { potential values equal to 105.6 + 3.1
nm, 0.23 +0.03, and 0.6 + 5.4 mV, respectively. These findings
are similar to those described previously by Lopes et al.*!

Evaluation of the Antitumor Activity

The antitumor activity of the SpHL-UA and free UA treat-
ments was assessed at a dose of 23 mg/kg, administered
daily for 5 days in murine brain tumor or human breast
tumor—bearing nude mice. The animals selected to have
their data analyzed statistically were those who had a tumor
volume within the range mean + SD.

MCF-7 Tumor-Bearing Mice

Antitumor activity of SpHL-UA and free UA were initially
evaluated by the tumor volume variation analysis over time.
The results are described in Table 1. Mice treated with free
UA or SpHL-UA showed no significant difference when
compared with their control groups. Moreover, the group
treated with SpHL-UA also presented no statistical differ-
ence when compared with the group treated with free UA.
Tumor growth inhibition was not observed in animals
treated with free UA or SpHL-UA.

Next, we used DCE-MRI as a biomarker of UA efficacy
as an angiogenesis inhibitor. The results of tissue blood

flow (FT), blood volume fraction (Vb), PS, extracapillary
and extracellular (interstitial) volume fraction (Ve), and
relative area under the enhancing curve (rAUC) analyzed
are reported in Table 2. The results obtained showed no sig-
nificant difference between the groups treated with free UA
or SpHL-UA and their respective controls. Also, no signifi-
cant difference was observed between free-UA- and SpHL-
UA-treated groups. However, the mean values tend to be
different when analyzing certain parameters for the groups
in question. Furthermore, if the mean data are taken
together, they suggest a possible effect of the analyzed drug.
First, an average FT parameter reduction for the groups
treated with UA was noted. The group treated with
SpHL-UA presented an even greater reduction in the mean
value when compared with its control group. Concerning
this parameter, 40.0% of the animals treated with SpHL-UA
and 33.3% of the animals treated with free UA presented
with FT values below the mean of their respective groups.
The mean value of Vb for the group treated with SpHL-UA
was also reduced with respect to control and free-UA
groups. Furthermore, the mean values of the PS parameter
decreased to approximately half for the groups treated with
free UA or SpHL-UA in relation to their control groups.
Where this parameter was concerned, 80.0% of the animals
treated with SpHL-UA showed values below the mean, and
66.7% of the animals treated with free UA presented with
lower values than the mean value of its respective group.
The average value of Ve for the group treated with SpHL-UA
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Table 3. Morphometric Parameters Observed in Human Breast Tumor—Bearing Nude Mice After Treatment.”

Parameter
Treatment Inflammation (%) Necrosis (%) Neoplasia (%) AVI Mi
DMSO in saline solution 1.87 £ 0.81 7.20 £ 433 90.93 + 4.90 1.40 £ 0.20 320+ 0.36
Free UA 1.60 £ 0.46 18.13 £ 2.53 88.00 +£ 5.22 143 £0.71 433 +0.77
SpHL 2.00 £ 1.22 2433 £7.02 7340 +7.38 1.45 + 0.30 4.35+0.88
SpHL-UA 232+ 1.12 12.88 + 3.50 84.80 + 4.50 1.30 £ 0.25 4.38 + 0.44

Abbreviations: AVI, average vascular index; MI, mitotic index; DMSO, dimethyl sulfoxide; UA, ursolic acid; SpHL, long-circulating and pH-sensitive

liposomes; SpHL-UA, long-circulating pH-sensitive liposomes containing UA.

*Values are given as mean + standard error of the mean. Number of animals per group: n = 3, DMSO in saline solution; n = 3, free UA;

n =4, SpHL; n = 5, SpHL-UA.

Figure 3. Photomicrographs of tumor of human breast tumor—bearing nude mice after treatment. (A) DMSO solution in saline, (B)
free UA, (C) SpHL, and (D) SpHL-UA (hematoxylin and eosin staining).
Abbreviations: DMSO, dimethyl sulfoxide; UA, ursolic acid; SpHL, long-circulating and pH-sensitive liposomes; SpHL-UA, long-circulating and

pH-sensitive liposomes containing UA.

showed a small increase in relation to its control group. The
mean values for the last parameter shown in Table 2, rAUC,
were reduced for the groups treated with free or encapsu-
lated UA in liposomes when compared with their control
groups. The average value of this parameter was also lower
in the group treated with SpHL-UA than in the group treated
with free UA. In this case, 60.0% of the animals treated
with SpHL-UA showed rAUC values below the mean, and

33.3% of the animals treated with free UA showed values
below the average of the group.

Histomorphometric analyses were also performed to
confirm the results obtained by DCE-MRI, and the results
are shown in Table 3. Tumor tissue of all groups showed
inflammation, necrosis, and neoplasia areas. Tissue samples
of all groups showed a predominance of neoplasia areas
with a low percentage of inflammatory cells and few regions
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Table 4. RTV in 9L Tumor-Bearing Nude Mice After Treatment.
Treatment
DMSO in Saline Solution Free UA SpHL SpHL-UA
RTV (mean + SEM) 2.16 £ 0.55 1.97 £ 0.26 1.50 £ 0.16 1.33 £0.27

Abbreviations: RTV, relative tumor volume; DMSO, dimethyl sulfoxide; UA, ursolic acid; SpHL, long-circulating and pH-sensitive liposomes; SpHL-UA,

long-circulating and pH-sensitive liposomes containing UA.

*Values are given as mean + standard error of the mean (SEM). Number of animals per group: n = 6, DMSO in saline solution; n = 5, free UA;

n =5, SpHL; n = 4, SpHL-UA.

Table 5. Evaluation of DCE-MRI Quantitative Parameters in 9L Tumor-Bearing Nude Mice After Treatment.?

Treatment
Parameter DMSO in Saline Solution Free UA SpHL SpHL-UA
F. (mL/min/100 mL) 35.17 £2.95 40.25 + 12.21 45.27 + 5.04 52.48 £ 21.82
Vb (%) 33.09 £ 5.21 31.18 £ 6.38 28.58 £ 3.45 3745 £ 11.46
PS (mL/min/100 mL) 6.71 £0.73 5.98 + 1.54 923+ 1.19 10.19 £ 2.71
Ve (%) 29.73 £7.86 20.44 £ 2.79 25.11 £2.79 27.66 = 6.31
rAUC 0.53 £ 0.07 0.45 £ 0.09 0.53 £ 0.0l 0.64 £0.19

Abbreviations: DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; DMSO, dimethyl sulfoxide; UA, ursolic acid; SpHL, long-circulating
and pH-sensitive liposomes; SpHL-UA, long-circulating and pH-sensitive liposomes containing UA; F_, tissue blood flow; Vb, blood volume fraction; PS,
product of permeability and surface area; Ve, extracapillary and extracellular (interstitial) volume fraction; rAUC, relative area under the enhancing curve.

*Values are given as mean + standard error of the mean. Number of animals per group: n = 4, DMSO in saline solution;

n =3, SpHL-UA.

of necrosis. No significant difference in these parameters
was noted among the groups analyzed. The degree of neo-
vascularization was also evaluated, and the AVI for the
groups assessed did not reflect significant changes after
treatment with free UA or SpHL-UA. Finally, the prolifera-
tive activity of tumor cells was assessed by determining the
MI. Also, in this evaluation, no statistical difference was
observed following treatment of mice with free UA or
SpHL-UA when compared with their respective control
groups or between UA- and SpHL-UA-treatment groups.
Representative histological sections stained by hematoxylin
and eosin are shown in Figure 3.

The 9L Tumor-Bearing Mice

Antitumor activity of SpHL-UA for 9L tumor-bearing mice
was also initially evaluated by tumor volume variation anal-
ysis over time. The tumor volume increased for all treated
groups (Table 4). No significant difference was observed
for RTV in mice treated with SpHL-UA or free UA as com-
pared with their control groups. Also, no significant differ-
ence was observed in mice treated with SpHL-UA as
compared with mice treated with free UA. Ultimately, a
slight growth inhibition was observed in the groups treated
with free UA and SpHL-UA (9% and 15%, respectively).
The antiangiogenic effect of UA was evaluated by DCE-
MRI. The analyzed parameter results are shown in Table 5.
As in the MCF-7 model, no significant difference was

n =15, free UA; n = 3, SpHL;

observed between the free-UA- or the SpHL-UA-treated
groups and their respective controls. Also, no significant
difference was noted between the groups treated with free
UA or SpHL-UA.

Tissue morphometric analysis was also performed, and
the results are shown in Table 6. The tumor samples of all
groups evaluated showed areas of inflammation, necrosis,
and neoplasia. The tumor tissue samples of all treated
groups showed a low percentage of inflammatory cells and
few areas of necrosis, with no significant difference in these
parameters between the groups analyzed. Regarding the
degree of neovascularization, the AVI did not show signifi-
cant changes after treatment with free UA or SpHL-UA. In
addition, the proliferative activity of tumor cells, expressed
by MI, showed no statistical difference following treatment
with free UA or SpHL-UA when compared with their
respective control groups as well as when the 2 treated
groups were themselves compared. Figure 4 illustrates rep-
resentative histological sections stained by hematoxylin and
eosin after different treatments.

Discussion

Angiogenesis inhibitors are a relatively new class of antican-
cer drugs that inhibit the growth of newly formed vessels.
These new blood vessels are recruited by tumors that typi-
cally have a critical value exceeding 1 to 2 mm.**** UA is a
promising anticancer agent that shows antiangiogenic effect
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Table 6. Morphometric Parameters Observed in 9L Tumor-Bearing Nude Mice After Treatment.?

Parameter
Treatment Inflammation (%) Necrosis (%) Neoplasia (%) AVI MI
DMSO in saline solution 1.33 £ 0.56 12.53 + 3.27 86.13 £ 3.16 398 +0.77 1.43 £ 0.35
Free UA 1.28 £ 0.34 536 £ 1.71 93.44 + 1.87 2.60 + 0.67 1.48 £ 0.25
SpHL 1.30 £ 0.64 18.30 + 5.91 80.40 + 6.48 2.85 £ 0.66 1.88 + 0.39
SpHL-UA 0.40 £ 0.40 13.50 + 3.98 86.10 £ 4.31 2.35+0.30 0.78 £ 0.06

Abbreviations: AVI, average vascular index; MI, mitotic index; DMSO, dimethyl sulfoxide; UA, ursolic acid; SpHL, long-circulating and pH-sensitive
liposomes; SpHL-UA, long-circulating and pH-sensitive liposomes containing UA.
*Values are given as mean * standard error of the mean. Number of animals/group: n = 6, DMSO in saline solution; n = 5, free UA; n = 4, SpHL;

n = 4, SpHL-UA.

Figure 4. Photomicrographs of tumor of 9L tumor-bearing nude mice after treatment: (A) DMSO solution in saline, (B) free UA, (C)

SpHL, and (D) SpHL-UA (hematoxylin and eosin staining).

Abbreviations: DMSO, dimethyl sulfoxide; UA, ursolic acid; SpHL, long-circulating and pH-sensitive liposomes; SpHL-UA, long-circulating and pH-

sensitive liposomes containing UA.

at nontoxic concentrations. This effect could be the result of
the reduction in the production of VEGF, MMP-2, MMP-9,
and NO, whose levels are related to the tumor-directed capil-
lary formation and endothelial cell proliferation, migration,
and invasion. One major problem associated with its admin-
istration is its low aqueous solubility, which leads to a low
bioavailability in vivo and hence restricts its effectiveness.
To overcome this, SpHL-UA was developed by our research
group, and its antiangiogenic activity was evaluated in

human breast adenocarcinoma and murine gliosarcoma-
bearing experimental animal models.

SpHL-UA obtained for this study had an adequate mean
diameter (182 nm) for anticancer treatment by the intraperi-
toneal route. The liposome size can vary from very small
(0.025 um) to large (2.5 um) vesicles. Vesicle size is a criti-
cal parameter that determines the fraction of liposomes
cleared by the organs of the MPS.** Another factor related
to liposome uptake by the MPS is the presence of polymer
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molecules, such as PEG, on the liposome surface. PEG
molecules form a protective hydrophilic layer on the sur-
face of liposomes, which prevents their aggregation and
interaction with the blood components, consequently
extending their blood circulation time.>>*® Therefore,
SpHL-UA can lead to a higher drug concentration on the
active site because of its additional long-circulating feature.
In addition, SpHL-UA can undergo destabilization when
submitted to an acidic environment at the endosomal stage,
thereby preventing drug degradation at the lysosomal level
and promoting the release of UA into the cytoplasm.”***
Leite et al’” evaluated the antitumor activity of SpHL con-
taining cisplatin (SpHL-CDDP) after intravenous adminis-
tration in solid Ehrlich tumor—bearing mice and compared it
with the activity of free CDDP and long-circulating and
non-pH-sensitive liposomes containing CDDP (NSpHL-
CDDP). The doses assessed were 8 mg/kg for free CDDP
and 8 or 16 mg/kg for SpHL-CDDP and NSpHL-CDDP,
administered once weekly over a 3-week period. A signifi-
cant reduction in the tumor volume and a higher tumor
growth IR was observed after SpHL-CDDP therapy (16 mg/
kg) when compared with free CDDP treatment. Furthermore,
complete remission of tumor was detected in 18.2% of the
mice treated with SpHL-CDDP at a dose of 16 mg/kg. As
such, the administration of SpHL-CDDP (16 mg/kg), as
compared with free CDDP and NSpHL-CDDP (16 mg/kg),
led to a decrease in the area of necrosis and in the percent-
age of positive CDC-47 tumor cells. A significant reduction
in the VEGF serum level was also observed after SpHL-
CDDP (16 mg/kg) treatment when compared with free-
CDDP treatment.”’ De Barros et al** evaluated the ability of
SpHL containing a bombesin derivative labeled with tech-
netium-99 m (*"Tc-BBN 7714) and long-circulating non-
pH sensitive liposomes (nSpHL), also containing the
radiotracer, to identify Ehrlich tumors in a mouse model.
Biodistribution studies were performed in Ehrlich tumor—
bearing mice to compare the ability of SpHL and nSpHL to
deliver *™Tc-BBN .14 to the tumor site. Results showed
higher tumor uptake (2-fold) when pH-sensitive liposomes
were used, suggesting that these vesicles can facilitate
access to the tumor by releasing the diagnostic agent into
the ideal area. A higher tumor-to-muscle ratio was obtained
when pH-sensitive liposomes were used when compared
with a non-pH-sensitive formulation. Scintigraphic images
were also obtained, and animals treated with pH-sensitive
liposomes showed evident tumor uptake, corroborating
the biodistribution data. The authors suggested that pH-
sensitive liposomes are able to deliver the radiolabeled
bombesin analog more efficiently.*®

The use of UA in antitumor therapy in preclinical exper-
iments can be considered a recent development. A small
number of in vivo studies in the literature describe its cyto-
toxic activity, and even fewer describe its antiangiogenic
activity. The treatment schedule used in this study was

based on that carried out by Kanjoormana and Kuttan.'*
This group of researchers evaluated the effect of UA on
capillary formation caused by the presence of melanoma
(strain B16F-10), after intraperitoneal injection for 5 con-
secutive days at a dose of 23 mg/kg in C57BL/6mice. A
significant reduction in the number of tumor-associated
capillaries was observed in the group treated with UA when
compared with the control group (42.0% of reduction). It is
interesting to note that unlike cytotoxic therapy, the angio-
genesis inhibitors are most effective when administered as
a continuous treatment regimen at a low dose.'***** Thus,
in our study, a treatment regimen consisting of continuous
administration of free UA or SpHL-UA was used at a dose
equal to 23 mg/kg.

The first technique used was the analysis of the variation
of tumor volume before and after treatment, which allows
the observation of initial tumor volume reduction or stabili-
zation. There was no statistical difference between the
groups treated with UA and their respective control groups
or between the group treated with SpHL-UA and the free
UA group for both tested lines. The IR was also calculated
from RTV data. Animals inoculated with the MCF-7 line
exhibited no inhibition of tumor growth after treatment with
free UA or SpHL-UA, and those inoculated with the 9L cell
line showed only a slight inhibition of growth (free UA, IR
= 9%; SpHL-UA, IR = 15%). Next, we used DCE-MRI to
evaluate quantitative hemodynamic parameters, such as F,
PS, Vb, Ve, and rAUC. Results of DCE-MRI parameters for
human breast adenocarcinoma tumor—bearing animals were
not statistically different for the analyzed groups. However,
when the mean values obtained for the analyzed parameters
are jointly evaluated, there is a tendency of a possible UA
antiangiogenic effect. The reduction in F_ average for the
groups treated with UA is probably a result of impaired
delivery of nutrients and oxygen to the tumor.** Liposome-
encapsulated UA may have led to a better cellular drug
uptake, causing a more pronounced effect in this group. It is
important to note that 40.0% and 33.3% of the animals
treated with SpHL-UA or free UA, respectively, showed
average values of F/_below the mean value of the respective
group. The most pronounced reduction in Vb mean value in
the SpHL-UA-treated group is probably a result of the
decrease in perfusion (also more pronounced) observed in
this group. The reduction in PS mean values in the groups
treated with free UA or SpHL-UA may be because of the
more mature nature of the vessels, the presence of better
connections between adjacent endothelial cells, an increase
in the proportion of vessels covered by perivascular cells
(pericytes and vascular smooth muscle cells), and a closer
association between perivascular and endothelial cells.**
In this case, it is important to highlight that 80.0% of SpHL-
UA-treated animals and 66.7% of free-UA-treated animals
had PS values below the mean value of their respective
groups. Most biologically active drugs do not cause changes
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in Ve, although there are significant changes in other param-
eters.*® Finally, in agreement with the results obtained, there
is a reduction in mean values of SpHL-UA- or free-UA-
treated groups in relation to their control groups. These
results suggest a decrease in the contrast agent concentra-
tion in the tumor region, probably because of the reduced
perfusion and permeability parameters. Regarding this
parameter, 60.0% of SpHL-UA-treated animals and 33.3%
of free-UA-treated animals showed values below the mean
of their respective groups. The evaluation of the same
parameters in gliosarcoma-bearing mice resulted in no sta-
tistical difference between the groups analyzed and did not
show any trend as observed for the animals inoculated with
the MCF-7 cell line. Finally, histopathological analyses
were performed to evaluate inflammation, necrosis, and
neoplasia areas, beyond the degree of neovascularization
and proliferation activity of tumor cells. In both tumor mod-
els, there were no statistical differences in the evaluated
parameters between interest groups.

To our knowledge, our study is the first to evaluate the in
vivo antiangiogenic treatment using UA in breast adenocar-
cinoma or gliosarcoma-bearing experimental animal mod-
els. Substantial evidence of UA antiangiogenic effect was
observed in the MCF-7 tumor model by the adopted treat-
ment regimen. However, for the second one, the same signs
were not detected. We suggest that the lack of antiangio-
genic effect using free UA or SpHL-UA treatments in ani-
mals inoculated with the 9L cell line may be related to the
experimental animal models where the tumor was presented
as a well-established and palpable nodule. In the study on
which our research was based, the therapy began shortly
after the injection of tumor cells in animals. In our experi-
ments, we simulated a real situation, such as the treatment
of an established tumor and not a chemopreventive treat-
ment. The latter model, wherein the drug is administered
before the tumor challenge, is a prophylactic treatment
model and is not considered realistic. This type of treatment
has been described as a way to extend antitumor drug activ-
ity. This tumor model has been reported as a supersensitive
model to the subsequent chemotherapy.*’*® Another expla-
nation for the absence of the expected results in the gliosar-
coma tumor model and the presence of evidence of a
possible antiangiogenic effect in the breast adenocarcinoma
tumor model may be related to the kinetics of the antiangio-
genic effect. The achievement of this effect may occur
weeks or months after the treatments.*>!

Conclusion

UA has aroused interest in therapy cancer because of its
activities at various stages of tumor development and its
low toxicity. This study is the first report of in vivo treat-
ment using UA encapsulated in liposomes (SpHL-UA) to
evaluate its antiangiogenic activity. It is also the first study

describing the treatment with free UA or SpHL-UA using
well-established tumor-bearing experimental animal mod-
els. The continuous administration of SpHL-UA for 5 days
at a dose equal to 23 mg/kg did not result in an antiangio-
genic effect in an experimental animal model of murine
gliosarcoma (9L cell line) but showed strong indications of
a possible effect on the human breast adenocarcinoma
experimental model (MCF-7 cell line). Further studies are
needed to evaluate the antitumor efficacy of formulations
containing UA for a period of treatment up to 5 days and the
use of higher doses as well as to monitor tumor progress
during a prolonged time period.
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