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Purpose: Lipid nanoemulsions (LDEs) that bind to low-density lipoprotein (LDL) receptors 

used as carriers of paclitaxel (PTX) can decrease toxicity and increase PTX antitumoral action. 

The administration of simvastatin (Simva), which lowers LDL-cholesterol, was tested as an 

adjuvant to commercial PTX and to PTX associated with LDE (LDE-PTX).

Materials and methods: B16F10 melanoma-bearing mice were treated with saline solution 

or LDE (controls), Simva, PTX, PTX and Simva, LDE-PTX, and LDE-PTX and Simva: PTX 

dose 17.5 μmol/kg (three intraperitoneal injections, 3 alternate days): Simva 50 mg/kg/day by 

gavage, 9 consecutive days.

Results: Compared with saline controls, 95% tumor-growth inhibition was achieved by LDE-PTX 

and Simva, 61% by LDE-PTX, 44% by PTX and Simva, and 43% by PTX. Simva alone had no effect. 

Metastasis developed in only 37% of the LDE-PTX and Simva, 60% in LDE-PTX, and 90% in PTX 

and Simva groups. Survival rates were higher in LDE-PTX and Simva and in LDE-PTX groups. The 

LDE-PTX and Simva group presented tumors with reduced cellular density and increased collagen 

fibers I and III. Tumors from all groups showed reduction in immunohistochemical expression of 

ICAM, MCP-1, and MMP-9; LDE-PTX and Simva presented the lowest MMP-9 expression. Expres-

sion of p21 was increased in the Simva, LDE-PTX, and LDE-PTX and Simva groups. In the Simva 

and LDE-PTX and Simva groups, expression of cyclin D1, a proliferation and survival promoter of 

tumor cells, was decreased. Therapy with LDE-PTX and Simva showed negligible toxicity compared 

with PTX and Simva, which resulted in weight loss and myelosuppression.

Conclusion: Simva increased the antitumor activity of PTX carried in LDE but not of PTX 

commercial presentation, possibly because statins increase the expression of LDL receptors 

that internalize LDE-PTX.
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Introduction
In humans, low-density lipoprotein (LDL) is the lipoprotein fraction that contains 

most of the cholesterol carried in the plasma. LDL is removed from the circulation 

by receptors in the cell membrane.1 In cancer cells, overexpression of LDL receptors 

occurs, leading to increased uptake of the lipoprotein by those cells.2 This is probably 

caused by the increased need for input of cholesterol and other lipids to assist the 

membrane building required by the rapidly duplicating neoplastic cells. This phe-

nomenon can be very intense: acute leukemia cells can take from three- to 100-fold 

more than normal cells of the corresponding lineage. In those leukemias and also in 

Hodgkin and non-Hodgkin lymphomas, LDL cholesterol levels may decrease, resulting 

from the increased removal of LDL from the circulation by the neoplastic tissues.3–6 
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In solid cancers, such as ovarian and breast carcinomas, the 

LDL uptake can be likewise severalfold higher than the cor-

responding normal tissue and may lead to decrease in LDL 

cholesterol.7–10

LDL-receptor overexpression in cancer tissues creates a 

major mechanism for drug targeting via the LDL receptor-

mediated endocytic pathway, aiming to increase the uptake of 

the drugs by neoplastic tissues and to reduce influx to normal 

organs and tissues. This mechanism was initially explored 

by loading native LDL with anticancer drugs for injection in 

the bloodstream and subsequent concentration of the drug in 

the malignant tumors.6,11 However, the procedures to isolate 

native LDL from human serum and LDL drug loading are 

rather cumbersome and unlikely to be introduced in routine 

clinical practice.

Studies from our laboratory paved the way for the 

practical use of the LDL-receptor endocytic pathway as a 

drug-delivery strategy by substituting native LDL with arti-

ficially made lipid nanoemulsions (LDEs).3,4,9,10,12–14 Those 

nanoemulsions that resemble the structure of LDL can bind to 

the LDL receptors and concentrate in neoplastic cells and tis-

sues with LDL-receptor overexpression. The nanoemulsions 

are made without protein, but in contact with plasma, they 

acquire several exchangeable apolipoproteins, such as ApoA, 

ApoC, and ApoE. ApoE is recognized by LDL receptors, so 

that the nanoemulsions can be taken up and internalized into 

the cells via the LDL receptor-mediated endocytic pathway.3,4 

The nanoemulsions were termed LDEs to recall the resem-

blance with LDL and the ligand ApoE. The LDE system 

may be prone to industrial-scale manufacture, and thus was 

the first device with the ability to take full advantage of the 

LDL-receptor pathway to perform drug delivery.

Stable preparations of different chemotherapeutic agents 

associated with LDEs were obtained.13–15 To increase the 

yield of association with LDEs of those compounds and 

the stability of the preparations, an oleyl group was added 

to the molecular structure of the drugs, resulting in more 

lipophilic derivatives.16–19 A prominent aspect of the LDE–

chemotherapeutic agent formulations is a remarkable reduc-

tion in drug toxicity. As tested in mice, several formulations 

developed in our laboratory, such as the association of LDE 

with carmustine, with etoposide, with paclitaxel (PTX), and 

with daunorubicin had severalfold less toxicity than the cor-

responding commercial preparations, as analyzed by classic 

pharmacological parameters, such as maximum tolerated 

dose or median lethal dose (LD
50

).16–21 In pilot clinical trials 

performed in patients with advanced cancers, LDE-carmus-

tine, LDE-etoposide, and LDE-PTX showed no observable 

clinical and laboratorial toxicities at doses corresponding to 

those used in routine cancer treatment. Because it is prepared 

only with lipids present in the organism, LDE has no immu-

nogenic potential and no safety issues related to materials in 

the nanoemulsion composition.5,14,22,23

Due to the aggressiveness of the malignant neoplastic 

processes, adjuvant strategies with the potential to increase 

the effectiveness of anticancer therapies should always be 

considered for testing. In this respect, statins, the most impor-

tant cholesterol-lowering class of drugs, have been reported 

as inducers of apoptosis and antitumor activity of antine-

oplastic drugs, such as carmustine, cisplatin, 5-fluorouracil, 

doxorubicin, and PTX, and investigated as adjuvants in 

cancer treatment and prevention.24–31

Statins lower LDL cholesterol by inhibiting 3-hydroxy-3 

methylglutaryl (HMG)-CoA reductase, the rate-limiting step 

enzyme of cholesterol synthesis.32,33 Depletion of intracellular 

cholesterol by statins leads to increased expression of the 

LDL receptors that play a key role in the drug-targeting prop-

erties of native LDL and the LDE-carrier system.34 In addi-

tion, statins may have pleiotropic actions that can intervene in 

processes related to cancer progression, such as cell growth, 

survival, and migration, as well as in angiogenesis.31,35–40

Therefore, this study aimed to test the effects of statin use 

on the treatment of tumor-bearing mice with PTX, a widely 

used anticancer chemotherapeutic agent belonging to the 

taxane class, as carried in LDE. To our knowledge, this is 

the first study to test the use of statins, the most frequently 

prescribed drug in the world, as an adjuvant to a chemothera-

peutic treatment based on a drug-targeting system.

Materials and methods
Preparation of PTX formulations
To obtain a conventional PTX formulation, a derivative of 

castor oil Cremophor EL, purchased from Sigma-Aldrich  

(St Louis, MO, USA) was added to PTX (Calbiochem®; 

EMD Millipore, Billerica, MA, USA) and ethanol. Each 1 

mL of the formulation solution consisted of 6 mg PTX, 527 

mg Cremophor EL, and 49.7% v/v alcohol.

The PTX oleate synthesis was performed as described 

previously.17 LDE-PTX was prepared from a lipid mixture 

composed of 135 mg cholesteryl oleate and 6 mg cholesterol 

(Sigma-Aldrich), 333 mg egg phosphatidylcholine (Lipoid 

GmbH, Ludwigshafen, Germany), 132 mg Miglyol® 812 N 

(Sasol Ltd, Johannesburg, South Africa), and 6 mg of PTX 

oleate. The aqueous phase consisted of 100 mg polysorbate 

80 (Tween 80) from EMD Millipore and 10 mL Tris-HCl 

buffer, pH 8.05. A pre-emulsion was obtained by ultrasonic 

radiation using a Sonifier 450 (Branson Ultrasonics, Danbury, 

CT, USA) until complete drug dissolution. Emulsification of 
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all lipids, PTX oleate, and the aqueous phase was obtained 

by high-pressure homogenization using an EmulsiFlex-C5 

homogenizer (Avestin Inc, Ottawa, Canada). After homoge-

nization cycles, the formed emulsion was centrifuged and the 

nanoemulsion sterilized by passage through a 0.22 μm-pore 

polycarbonate filter (EMD Millipore) and kept at 4°C until 

it was used. The amount of drug associated with LDE was 

always measured by high-performance liquid chromatog-

raphy (model LC-10AD; Shimadzu Corporation, Kyoto, 

Japan) before injection, and the yield of association was 

90%. Particle diameter and polydispersity index, measured 

by laser-light scattering (ZetaPALS zeta potential analyzer, 

Brookhaven Instruments Corporation, Holtsville, NY, USA), 

were approximately 74 nm and 0.157, respectively. In this 

study, the formulation was used on the same day that it was 

prepared, but in previous assays in our laboratory, we had 

observed that LDE-PTX is stable at 4°C for at least 1 year.

Induction of B16 melanoma and mouse 
treatment groups
Specific pathogen-free (SPF) female C57BL/6J mice aged 

8–12 weeks were purchased from the Central Animal Care 

Unit at the Butantan Institute (São Paulo, Brazil). The animals 

were housed in a temperature-controlled room at 25°C, with 

food and water provided ad libitum.

The murine B16F10 (H2b) melanoma cell line was obtained 

from the American Type Culture Collection (Manassas,  

VA, USA), and a variant of the B16 melanoma cell line 

originating from C57BL/6J mice was used in the experi-

ments. Cells were cultured in Roswell Park Memorial Institute 

1640 medium supplemented with 10% fetal bovine serum, 

2 mM l-glutamine, 1 mM sodium pyruvate, 100 IU/mL  

of penicillin, and 100 µg/mL of streptomycin (Thermo Fisher 

Scientific, Waltham, MA, USA). Cell suspensions were 

detached from plates with trypsin and 0.2% Versene. After 

trypsin inactivation with 10% fetal bovine serum, viable cells 

were counted by trypan blue dye exclusion. For tumor transfer, 

5×104 cells suspended in 100 μL of phosphate-buffered saline 

(PBS) were injected subcutaneously into the flank region 

above the hind leg of C57BL/6J mice. At 10–14 days after 

inoculation, the tumors became macroscopically apparent.

Groups of mice with induced melanoma B16 tumors were 

randomly assigned to the following treatments:

1)	 saline control: treated with 0.9% saline solution (n=23)

2)	 LDE control: treated with LDE only (n=19)

3)	 simvastatin (Simva): treated with 50 mg/kg body weight 

(n=19)

4)	 PTX: treated with commercial formulation of PTX 

17.5 μmol/kg (n=13)

5)	 PTX and Simva: treated with commercial formulation of 

PTX 17.5 μmol/kg and with Simva 50 mg/kg (n=19)

6)	 LDE-PTX: treated with PTX oleate 17.5 μmol/kg associ-

ated with LDE (n=19)

7)	 LDE-PTX and Simva: treated with PTX oleate 17.5 μmol/kg 

associated with LDE and with Simva 50 mg/kg (n=19).

Saline, LDE, PTX, or LDE-PTX were administered by 

intraperitoneal route on days 11, 14, and 19, as counted from 

the initial tumor-inoculation day. The intraperitoneal route 

was adopted in accordance with the National Cancer Institute 

protocols for screening agents in mice implanted with B16 

melanoma and also to avoid PTX-vesicant reactions that may 

lead to local severe necrosis.41 Simva (EMD Millipore) was 

macerated, suspended in water, and administered by daily 

oral gavage from day 11 to day 19, as counted from the initial 

tumor-inoculation day.

This study was approved by the Ethics Committee for 

Animal Use of the Faculty of Pharmaceutical Sciences of the 

University of São Paulo (protocol 246) and by the Ethical 

Committee for Animal Research of the Butantan Institute of 

São Paulo (protocol 638/09). The study experiments were 

performed in agreement with the Ethical Principals in Ani-

mal Research adopted by the Brazilian College of Animal 

Experimentation.

Tumor growth
Tumor sizes were measured three times a week using a 

caliper-like instrument during the experiment. The size mea-

surement was converted to tumor volume by the equation:

	 Tumor volume
Length Width .=

× 2

2
� (1)

Observation of tumor volume was ended on day 31, but 

survival was monitored over 60 days.

Necropsies were performed by an investigator who was 

blinded to the treatment groups, and the presence of mac-

roscopic metastasis was verified in the following locations: 

brain, lungs, heart, liver, spleen, kidneys, intestine, stomach, 

and lymph nodes (cervical, mediastinal, axillary, lateral axil-

lary, mesenteric, renal, para-aortic, iliac, superficial inguinal, 

popliteal, and sacral). Micrometastases were not evaluated. 

Primary tumors were then resected and processed for histo-

logical examination.

Tumor histology
Tumor fragments were excised from the tumor-bearing 

mice as described earlier, fixed in 10% buffered formalin 

solution, and then embedded in paraffin according to stan-

dard histological procedures. Paraffin-embedded tissues 
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were sectioned at 5 µm thickness, deparaffinized, and then 

stained with hematoxylin–eosin or picrosirius red, in which 

the collagen stained red.

Photomicrographs of 18 fields from six tissue sections 

per group (three fields for each tissue section) were captured 

at 200× magnification using a Nikon 80i microscope (Nikon 

Corporation, Tokyo, Japan) coupled with a digital camera 

and analyzed with NIS-Elements 3.2 Advanced Research 

image-analysis software (Nikon). The mean percentage of 

the stained area on all measured fields for each group was 

calculated.

Tumor immunohistochemistry
Additional tumor sections were prepared as described earlier, 

and then processed for immunohistochemistry analysis using 

anti-ICAM/CD54 antibody (R&D Systems Inc, Minneapolis, 

MN, USA), anti-MMP-9 antibody (Abcam PLC, Cambridge, 

UK), anti-MCP-1 antibody (R&D Systems), and anti-LDL-

receptor antibody (Abcam). For immunostaining, antigen 

retrieval was performed by heating tumor-tissue sections with 

10 mM citrate buffer, pH 6.0, for 30 minutes and cooling 

for 5 minutes at room temperature. Endogenous peroxidase 

activity was blocked by incubation in 3% hydrogen peroxide, 

and nonspecific reaction was blocked by incubation in fetal 

bovine serum for 1 hour at 42°C. The sections were then incu-

bated overnight at 4°C with one of the following antibodies: 

anti-ICAM/CD54 (1:100 dilution), anti-MMP-9 (1:100 dilu-

tion), anti-MCP-1 (1:10 dilution), anti-LDL receptor (1:100 

dilution). Next, the sections were incubated for 30 minutes at 

room temperature with the SuperPicture polymer-detection 

system (Thermo Fisher Scientific). The sections were then 

incubated with a 3,3′-diamino-benzidine (DAB) chromogen 

system (Agilent Technologies, Santa Clara, CA, USA) for 

2 minutes at room temperature and counterstained with 

hematoxylin. Between incubations, the slides were rinsed 

three times for 5 minutes with PBS. In the negative-control 

experiment, primary antibodies were replaced with 1% 

bovine serum albumin.

Photomicrographs were taken and analyzed as described 

earlier. For quantitative image analysis of immunostaining 

for ICAM/CD54, MMP-9, MCP-1, and LDL receptors, the 

color-detection threshold was chosen for the DAB chromo-

gen in tissue sections. The settings for chromogen staining 

were optimized so that all positively labeled cells were scored 

by the image-analysis software.

Flow-cytometry analyses
Three mice from each group were killed by cervical dislo-

cation 48 hours after the end of the treatments, and tumor 

samples were collected and processed for evaluation of 

cell mitochondrial membrane potential by rhodamine 123 

staining and for the expression of proteins p21, p27, and 

cyclin D1.

Briefly, macerated tumors were prepared in PBS. The 

cell suspension was filtered, added to an alcohol ribonuclease 

solution, and then centrifuged. The supernatant was discarded, 

the cell pellet was added to a FACSFLow™ buffer (BD 

Biosciences, San Jose, CA, USA), and each cell suspension 

was divided into four samples. One cell-suspension sample 

was used for rhodamine 123 staining, in which 10 µL of 

rhodamine 123 (5 mg/mL; Sigma-Aldrich) was added for 

each 100 µL of cell suspension containing 106 cells. After cell 

staining, the sample was analyzed by flow cytometry.

In the three remaining samples of the cell suspension, 

10 µL of Triton X-100 0.1% was added for cell permea-

bilization. For each 100 µL of cell suspension with 106 

cells, 1 μg of one of the following antibodies was added: 

anti-p21, anti-p27, and anti-cyclin D1 (Santa Cruz Biotech-

nology Inc, Dallas, TX, USA). After overnight incubation 

at a temperature of 4°C, each 100 µL of cell suspension 

containing 106 cells received 1 μg of anti-IgG secondary 

antibody (Santa Cruz Biotechnology). The cells were then 

washed, and a paraformaldehyde solution was added prior 

to flow-cytometry analysis. All flow-cytometry analyses 

were performed on a FACScalibur FACScan flow-cytometry 

system (BD Biosciences, San Jose, CA, USA), and data 

were analyzed with WinMDI 2.8 software (Scripps Research 

Institute, San Diego, CA, USA).

Drug toxicity in mice without tumors
SPF female BALB/c mice were randomly allocated to six 

groups of eleven animals, namely LDE-PTX, Simva, LDE-

PTX and Simva, PTX and Simva, LDE, or saline. On days 1, 

4, and 9, animals were treated with intraperitoneal injections 

of LDE-PTX, PTX, LDE, or saline. Simva was administered 

by daily oral gavage from day 1 to day 9. Drug doses were 

as referred to earlier. Survival, weight changes, blood cell 

counts, and clinical chemistry parameters were monitored 

over a 24-day period.

Hematological profile
Peripheral blood samples were collected from mouse sub-

mandibular veins by incision with a sterile metal tip, and 

blood cell counts were determined using the veterinary 

hematology analyzer ABX ABC Vet (Horiba Ltd, Kyoto, 

Japan). The hematological profile was determined in BALB/c 

mice without tumors and also in C57BL/6J melanoma-

bearing mice.
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Blood clinical chemistry
Plasma from BALB/c mice without tumors was obtained from 

blood samples collected as described earlier, and used for the 

determination of creatinine concentration and of the activi-

ties of alanine transaminase (ALT), aspartate transaminase 

(AST), and creatine kinase (CK). The analyses were per-

formed using the automated analyzer Modular Analytics P800 

(Hoffman-La Roche Ltd, Basel, Switzerland) at the Division 

of Central Laboratory in the Clinics Hospital of the University 

of São Paulo Medical School (São Paulo, Brazil).

Statistical analysis
Data with two or more independent variables were tested 

by two-way analysis of variance and tested with Bonfer-

roni post hoc test. Fisher’s exact test was used to compare 

the number of animals with metastatic nodes in the studied 

groups. Survival comparison between groups was made with 

Kaplan–Meier survival curves. All values are expressed as 

means ± standard error of mean. In all analyses, P,0.05 was 

considered statistically significant. Statistical analyses were 

carried out using the GraphPad Prism version 4.02 statistical 

software (GraphPad Software, Inc., La Jolla, CA, USA).

Results
Comparison of the control groups: saline 
and LDE
When comparing the two control groups of animals – one 

treated with saline solution and the other with blank LDE – no 

significant differences were observed regarding the results 

of tumor-growth inhibition, survival rates, percentage of 

animals with metastatic sites, tumor histological exami-

nation, mitochondrial membrane potential, expression of 

proteins p21, p27, and cyclin D1, or hematological profile 

of melanoma-bearing mice. Furthermore, there were no dif-

ferences either when those groups were compared regarding 

the evaluation of drug toxicity in mice, such as analysis of 

animal survival, body weight, blood cell counts, and clinical 

chemistry parameters (data not shown).

Assuming that LDE itself had no influence on the results 

of the several measured parameters, the saline group was 

designated the single control group for the ensuing results of 

all the experiments with the different animal treatments.

Antitumor activity
Figure 1 depicts three major aspects of tumor-development 

evaluation under the different treatments, ie, tumor growth, 

animal survival, and tumor metastasis. Figure 1A shows 

the 31-day follow-up of tumor growth observed in the dif-

ferent treatment groups. Based on the data obtained on the 

last day of observation (day 31) and in comparison with 

the control data (saline group), treatment with Simva alone 

did not significantly inhibit tumor growth. Compared to the 

saline group, all treatments with PTX (PTX alone, PTX and 

Simva, LDE-PTX, and LDE-PTX and Simva groups) resulted 

in significant inhibition of tumor growth. The addition of 

Simva to PTX treatment did not result in enhancement of 

tumor-growth inhibition, but when Simva was added to the 

treatment with LDE-PTX, tumor growth was indeed further 

decreased compared to LDE-PTX without Simva. If tumor 

growth in the control saline-treated animals is taken to be 

100%, the average tumor-growth inhibition was 95% in 

the group treated with LDE-PTX and Simva, in contrast to 

61% in the group treated with LDE-PTX, 44% in the group 

treated with PTX and Simva, and 42% in the group treated 

with PTX alone.

Figure 1B shows the Kaplan–Meier survival curves of 

tumor-bearing mice undergoing the different treatments. 

The groups of animals treated with PTX associated with 

LDE (LDE-PTX and Simva and LDE-PTX) or with PTX 

alone presented increased survival rates in comparison with 

the control group (P,0.01), but in the PTX and Simva 

group, survival was not significantly affected. As observed 

at day 35, when all the animals from the control and Simva 

groups had died, the survival rates were 46% for the groups 

treated with LDE-PTX or PTX alone and 40% for the group 

treated with LDE-PTX and Simva.

Figure 1C shows the effects of each treatment on the 

appearance of metastasis, as observed macroscopically. All 

the animals from the control and Simva groups developed 

metastatic nodes. The LDE-PTX and Simva (P,0.01) and 

the single LDE-PTX (P,0.05) treatments significantly 

inhibited the appearance of metastatic sites, while PTX and 

Simva was ineffective.

Tumor histology
Figure 2 shows photomicrographs of tumor sections stained 

with hematoxylin–eosin and with picrosirius red, which stains 

types I and III collagen. The photomicrographs belonging to 

the control group typically show a great number of neoplastic 

cells (Figure 2A) and decreased fibrillar collagen-network 

architecture (Figure 2F). The inhibition of tumor growth 

by treatment with LDE-PTX and Simva was evidenced by 

small-cell density, the presence of extensive areas of necrosis 

and fibrosis, and the intense deposition of collagen fibers, as 

illustrated in Figure 2E and J, respectively. In fact, treatment 

with LDE-PTX and Simva dramatically reduced the tumor-

cell population (Figure 2K) and increased the presence of 

collagen fibers (Figure 2L) in tumor tissue in comparison to 
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all the other treatments, namely LDE-PTX, PTX and Simva, 

Simva, and saline. Treatment of the tumor-bearing mice 

with Simva (Figure 2B), PTX and Simva (Figure 2C), or 

LDE-PTX (Figure 2D) also led to a reduced tumor-cell 

population compared to the control group (Figure 2K).  

However, the presence of collagen fibers in the tumors of those 

groups (Figure 2G–I) was not significantly different from the 

tumors pertaining to the saline-treated controls (Figure 2L).

Tumor immunohistochemistry
Figure 3 shows the photomicrographs of tumor sections pro-

cessed for immunostaining for ICAM/CD54 (Figure 3A–E), 

MMP-9 (Figure 3F–J), MCP-1 (Figure 3K–O), and LDL 

receptors (Figure 3P–T) and the percentages of stained areas 

for each one of the antibodies (Figure 3U–X). In comparison 

to the control group, all treatment groups, namely LDE-

PTX and Simva, LDE-PTX, PTX and Simva, and Simva, 

strongly reduced the expression of ICAM/CD54, MMP-9, 

and MCP-1 in tumor tissues. If the stained area in the control 

saline-treated animals is taken to be 100%, ICAM/CD54 

expression was reduced by 96% in the group treated with 

LDE-PTX and Simva (P,0.001), 86% in the LDE-PTX-

treated group (P,0.001), 69% in the PTX and Simva-treated 

group (P,0.001), and 46% in the Simva-treated group 

(P,0.05) (Figure 3U).

With regard to MMP-9 (Figure 3V), the reduction in 

the metalloproteinase expression was 93% compared to the 

control group for LDE-PTX and Simva (P,0.001), 64% for 

both LDE-PTX and Simva (P,0.001), and 45% for PTX 

and Simva (P,0.001). In respect of MCP-1 (Figure 3W), 

when compared to the control group, the expression of the 

protein was reduced by approximately 95% with the LDE-

PTX and Simva and Simva treatments (P,0.001), 83% with 

LDE-PTX treatment (P,0.001), and 80% with the PTX and 

Simva treatment (P,0.001).

Figure 3X shows that in all the Simva-treatment groups, 

namely Simva, PTX and Simva, and LDE-PTX and Simva, 

there was an apparent increase in the expression of the LDL 

receptors within the tumor tissue in comparison with the control 

group. The increase in the percentage of stained areas for LDL 

receptors was approximately 88% for LDE-PTX and Simva, 

43% for PTX and Simva, and 21% for Simva, but this 

Figure 1 Antitumor activity in melanoma-bearing mice.
Notes: Mice treated with PTX oleate 17.5 μmol/kg associated with LDE + Simva 50 mg/kg; PTX oleate 17.5 μmol/kg associated with LDE; commercial formulation of PTX 
17.5 µmol/kg + Simva 50 mg/kg; commercial formulation of PTX 17.5 µmol/kg; Simva 50 mg/kg; and saline solution 0.9% as control. Animals were intraperitoneally injected 
with chemotherapy on days 11, 14, and 19. Simva was administered daily by gavage from day 11 to day 19. Each group comprised ten to 16 animals. Tumor sizes were 
monitored by periodic caliper measurements, and are presented as means ± standard error of mean. (A) Tumor-growth curves: Θvs Simva (P,0.05); χχχvs LDE-PTX and 
Simva, vs LDE-PTX, and vs PTX (P,0.001); #vs PTX and Simva (P,0.05); αvs LDE-PTX (P,0.05); vs LDE-PTX and Simva (P,0.001); εεvs PTX (P,0.01); ΨΨΨvs LDE-PTX 
and Simva and vs LDE-PTX (P,0.001); +++vs all the other groups (P,0.001). (B) Kaplan–Meier survival curves. (C) Percentage of animals bearing macroscopic metastasis: vs 
saline (P,0.01); vs saline (P,0.05); #vs PTX and Simva (P,0.05).
Abbreviations: PTX, paclitaxel; LDE, lipid nanoemulsion; Simva, simvastatin.
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Figure 3 Immunohistochemical study of tumors from melanoma-bearing mice.
Notes: Mice treated with PTX oleate 17.5 μmol/kg associated with LDE + Simva 50 mg/kg; PTX oleate 17.5 μmol/kg associated with LDE; commercial formulation of PTX 
17.5 µmol/kg + Simva 50 mg/kg; Simva 50 mg/kg; and saline solution 0.9% as control. Animals were intraperitoneally injected with chemotherapy on days 11, 14, and 19. 
Simva was administered daily by gavage from day 11 to day 19. Each group comprised six animals. Representative photomicrographs from tumors (magnification 200×) after 
3,3′-diaminobenzidine chromogen immunostaining for ICAM/CD54 (A–E), MMP-9 (F–J), MCP-1 (K–O), and LDLr (P–T). A quantitative image analysis of the immunostaining 
for ICAM/CD54 (U), MMP-9 (V), MCP-1 (W), and LDLr (X) was performed, and results are presented as means ± standard error of mean: •••vs saline (P,0.001); •vs saline 
(P,0.05); Θvs Simva (P,0.05); αvs LDE-PTX (P,0.05); +++vs all groups (P,0.001); ###vs PTX and Simva (P0.001).
Abbreviations: ICAM-1, intercellular adhesion molecule-1; LDE, lipid nanoemulsion; LDLr, low-density lipoprotein receptor; MCP-1, monocyte chemoattractant protein-1; 
MMP-9, matrix metalloproteinase-9; PTX, paclitaxel; Simva, simvastatin.
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difference did not attain statistical significance. In tumors of 

animals treated with LDE-PTX alone, the expression of LDL 

receptors appeared not to be affected by the treatment.

Rhodamine 123 staining of viable cells
Mitochondrial membrane potential was measured by rhod-

amine 123 staining to distinguish viable from nonviable cells 

within tumor tissue, as illustrated in Figure 4. In tumors from 

control saline-treated animals, the rhodamine fluorescence 

emission (Figure 4A) indicated an amount of 87% of living 

cells with active mitochondria (Figure 4B). In contrast, all 

single and combined treatments, namely LDE-PTX and 

Simva, PTX and Simva, LDE-PTX, and Simva, had the 

ability to reduce strongly the mitochondrial fluorescence of 

rhodamine. The proportion of viable cells was 30% in group 

Simva, 23% in group PTX and Simva, 20% in group LDE-

PTX, and 14% in group LDE-PTX and Simva (Figure 4B).

Expression of proteins cyclin D1, p21, and 
p27
Figure 5 illustrates the expression of the proteins cyclin D1, 

p21, and p27 accessed by flow-cytometry analysis of tumor 

samples of melanoma-bearing mice. It is shown that in com-

parison to control, Simva (P,0.05) or LDE-PTX and Simva 

(P,0.01) were the only treatments in which a decrease in 

the percentage of cells expressing cyclin D1 was observed 

(Figure 5A and B). This percentage was 28% in tumors from 

the control group, 17% for the Simva-treated group, and 16% 

for the LDE-PTX and Simva-treated group (Figure 5A).

In respect of p21 expression in tumor tissue (Figure 5C 

and D), treatment with LDE-PTX and Simva (P,0.001), 

Simva (P,0.01), and LDE-PTX (P,0.05) resulted in 

increased percentages of cells expressing p21 (32%, 30%, 

and 27%, respectively) in comparison to the control group 

(16%). This latter effect was not achieved with PTX and 

Simva treatment (20%).

With regard to the expression of p27 within tumor 

tissue (Figure 5E and F), analysis of the results presented 

in Figure 5E might suggest that treatment with Simva, 

PTX and Simva, or LDE-PTX resulted in increased percent-

ages of cells expressing the protein in comparison to the con-

trol group. However, this was not statistically significant.

Hematological profile of the treated mice
Figure 6 shows the hematological profile of tumor-bearing 

mice under treatment with LDE-PTX and Simva, PTX and 

Simva, LDE-PTX, Simva, and saline, and of healthy untreated 

mice before tumor-cell inoculation, termed the basal group. 

When the control group of saline-treated melanoma-bearing 

animals were compared with non-tumor-bearing mice 

(basal), the control group had anemia (Figure 6C–E) and 

thrombocytosis (Figure 6B).

Figure 4 Mitochondrial membrane potential.
Notes: Accessed by flow-cytometry analysis performed in tumor samples collected 48 hours after treatment of melanoma-bearing mice with PTX oleate 17.5 μmol/kg 
associated with LDE + Simva 50 mg/kg; PTX oleate 17.5 μmol/kg associated with LDE; commercial formulation of PTX 17.5 µmol/kg and Simva 50 mg/kg; Simva 50 mg/kg; 
and saline solution 0.9% as control. Animals were intraperitoneally injected with chemotherapy on days 11, 14, and 19. Simva was administered daily by gavage from day 11 to 
day 19. (A) Representative histograms of rhodamine 123 fluorescence intensity. (B) Percentage of cell viability estimated by retention of rhodamine 123 in living cells. Each 
group comprised three animals. Results are presented as means ± standard error of mean: +++vs all groups (P,0.001).
Abbreviations: PTX, paclitaxel; LDE, lipid nanoemulsion; Simva, simvastatin.
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Figure 5 Cyclin D1, p21, and p27 proteins.
Notes: Accessed by flow-cytometry analysis of tumor samples collected 48 hours after treatment of melanoma-bearing mice with PTX oleate 17.5 μmol/kg associated with 
LDE + Simva 50 mg/kg; PTX oleate 17.5 μmol/kg associated with LDE; commercial formulation of PTX 17.5 µmol/kg and Simva 50 mg/kg; Simva 50 mg/kg; and saline solution 
0.9% as control. Animals were intraperitoneally injected with chemotherapy on days 11, 14, and 19. Simva was administered daily by gavage from day 11 to day 19. Each group 
comprised three animals. Results are presented as means ± standard error of mean. (A, C, E) Percentage of cells expressing cyclin D1, p21, and p27: ••vs saline (P,0.01); •vs 
saline (P,0.05); αvs LDE-PTX (P,0.05); ΘΘvs Simva (P,0.01); vs LDE-PTX and Simva (P,0.001); ##vs PTX and Simva (P,0.01); #vs PTX and Simva (P,0.05). (B, D, F) 
Representative dot plots of protein cyclin D1, p21, and p27 expression.
Abbreviations: PTX, paclitaxel; LDE, lipid nanoemulsion; Simva, simvastatin.
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Figure 6 Hematological profile of melanoma-bearing mice.
Notes: Mice under treatment with PTX oleate 17.5 μmol/kg associated with LDE + Simva 50 mg/kg; PTX oleate 17.5 μmol/kg associated with LDE; commercial formulation of 
PTX 17.5 µmol/kg and Simva 50 mg/kg; Simva 50 mg/kg; and saline solution 0.9% as control. Animals were intraperitoneally injected with chemotherapy on days 11, 14, and 19.  
Simva was administered daily by gavage from day 11 to day 19. The basal group was composed of untreated mice before tumor-cell inoculation. Each group comprised five 
animals. Values are presented as means ± standard error of mean. (A) White blood cell (WBC) count: ###vs PTX and Simva (P,0.001); ##vs PTX and Simva (P,0.01); #vs 
PTX and Simva (P,0.05); ••vs saline (P,0.01); •vs saline (P,0.05); Θvs Simva (P,0.05). (B) Platelet count: #vs PTX and Simva (P,0.05); Θvs Simva (P,0.05); vs LDE-PTX 
and Simva (P,0.01); ••vs saline (P,0.01). (C) Red blood cell (RBC) count: vs basal (P,0.01); vs basal (P,0.05). (D) Hemoglobin concentration: vs basal (P,0.001); 
vs basal (P,0.01); vs basal (P,0.05). (E) Hematocrit.
Abbreviations: PTX, paclitaxel; LDE, lipid nanoemulsion; Simva, simvastatin.
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In Figure 6A, it is shown that leukocyte counts were 

unchanged during treatments with combined LDE-

PTX and Simva, single LDE-PTX, or single Simva. In 

contrast, combined treatment with PTX and Simva was 

myelotoxic, as it resulted in a strong reduction of leukocyte 

counts in comparison to the control group. The tumor-related 

thrombocytosis (Figure 6B) observed in the controls was 

improved by treatment with LDE-PTX and Simva, LDE-

PTX, and Simva. However, the combined treatment with 

PTX and Simva was ineffective in this aspect, since platelet 

counts increased as much as in the control group.

Erythrogram results are represented in Figure 6C–E, 

comprising red blood cell count, hemoglobin concentration, 

and hematocrit. All melanoma-bearing mice developed ane-

mia by days 27–34, as pointed out by the comparison with 

their basal values. Anemia was tumor-induced rather than 

resultant from toxicity, because anemia also appeared in the 

saline-treated group (Figure 6C and D).

Drug toxicity
Figure 7A contains the Kaplan–Meier survival curves of mice 

without tumors treated with PTX and Simva and with the 

other treatments, namely LDE-PTX and Simva, LDE-PTX, 

Simva, or saline. Whereas 100% of animals from the saline-

treated control group and from groups treated with Simva, 

LDE-PTX, and LDE-PTX and Simva survived during the 

25-day observation period, the survival of animals treated 

with PTX and Simva was only 36%.

Figure 7B shows the variation in body weight of the 

animals during the 25 days ensuing from the beginning 

of the treatments. It is shown that treatment of mice with 

saline, Simva, or LDE-PTX did not inhibit body-weight gain 

during the observation period. Combined treatment with 

LDE-PTX and Simva had also no effect on weight gain. In 

contrast, combined treatment with PTX and Simva resulted 

in a sharp loss of weight, so that the pretreatment weight was 

recovered only 2 weeks after the beginning of the treatment, 

when the animals started to gain weight.

Figure 8 shows the hematological profile of the mice 

submitted to the different treatments. It is shown that in 

comparison to the control group, both leukocyte (Figure 8A) 

and platelet (Figure 8B) counts were unchanged after treat-

ment with Simva and LDE-PTX and combined treatment 

with LDE-PTX and Simva. On the other hand, combined 

treatment with commercial PTX and Simva strongly 

reduced those cells counts. With regard to mouse eryth-

rograms, no treatments had any effect on red blood cell 

count (Figure 8C), hemoglobin concentration (Figure 8D), 

or hematocrit (Figure 8E).

Analysis of the clinical chemistry parameters of mice 

under treatment with LDE-PTX and Simva, PTX and Simva, 

LDE-PTX, Simva, or saline is shown in Figure 9. One week 

after the end of treatment, all the groups that received chemo-

therapy, namely LDE-PTX and Simva, PTX and Simva, and 

LDE-PTX, presented a slight increase in plasmatic activities 

of ALT (Figure 9A) and AST (Figure 9B) in comparison 

•••

Figure 7 Drug toxicity in BALB/c mice without tumors.
Notes: Mice under treatment with PTX oleate 17.5 μmol/kg associated with LDE + Simva 50 mg/kg; PTX oleate 17.5 μmol/kg associated with LDE; commercial formulation 
of PTX 17.5 µmol/kg and Simva 50 mg/kg; Simva 50 mg/kg; and saline solution 0.9% as control. Animals were intraperitoneally injected with chemotherapy on days 1, 4, and 
9. Simva was administered daily by gavage from day 1 to day 9. (A) Kaplan–Meier survival curves: PTX and Simva; the other treatment groups, namely LDE-PTX and Simva, 
LDE-PTX, Simva, and saline (n=11). (B) Body-weight variation. Results are presented as means ± standard error of mean (n=11): •••vs saline (P,0.001); ^^vs LDE-PTX and 
Simva, LDE-PTX, and Simva (P,0.01); +++vs all groups (P,0.001).
Abbreviations: PTX, paclitaxel; LDE, lipid nanoemulsion; Simva, simvastatin.
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Figure 8 Hematological profile of BALB/c mice.
Notes: Mice without tumors under treatment with PTX oleate 17.5 μmol/kg associated with LDE + Simva 50 mg/kg; PTX oleate 17.5 μmol/kg associated with LDE; commercial 
formulation of PTX 17.5 µmol/kg and Simva 50 mg/kg; Simva 50 mg/kg; and saline solution 0.9% as control. Animals were intraperitoneally injected with chemotherapy on days 1,  
4, and 9. Simva was administered daily by gavage from day 1 to day 9. Each group comprised five animals. Values are presented as means ± standard error of mean.  
(A) White blood cell (WBC) count: ###vs PTX and Simva (P,0.001); ##vs PTX and Simva (P,0.01); #vs PTX and Simva (P,0.05). (B) Platelet count: ###vs PTX and Simva 
(P,0.001); ##vs PTX and Simva (P,0.01); #vs PTX and Simva (P,0.05). (C) Red blood cell (RBC) count. (D) Hemoglobin concentration. (E) Hematocrit.
Abbreviations: PTX, paclitaxel; LDE, lipid nanoemulsion; Simva, simvastatin.
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Figure 9 Clinical chemistry parameters of BALB/c mice.
Notes: Mice without tumors treated with PTX oleate 17.5 μmol/kg associated with LDE + Simva 50 mg/kg; PTX oleate 17.5 μmol/kg associated with LDE; commercial 
formulation of PTX 17.5 µmol/kg and Simva 50 mg/kg; Simva 50 mg/kg; and saline solution 0.9% as control. Animals were intraperitoneally injected with chemotherapy on 
days 1, 4, and 9. Simva was administered daily by gavage from day 1 to day 9. Each group comprised five animals. Values are presented as means ± standard error of mean. 
(A) ALT plasma activity: •vs saline (P,0.05); ΘΘvs Simva (P,0.01). (B) AST plasma activity: •vs saline (P,0.05); ΘΘvs Simva (P,0.01). (C) CK plasma activity. (D) Creatinine 
plasmatic concentration.
Abbreviations: PTX, paclitaxel; LDE, lipid nanoemulsion; Simva, simvastatin; ALT, alanine transaminase; AST, aspartate transaminase; CK, creatine kinase.
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to the control group (P,0.05). These latter effects were 

reversed in the second week after the end of chemotherapy. 

On the other hand, none of the single or combined treatments 

affected mice CK plasma activity (Figure 9C) or creatinine 

concentration (Figure 9D).

Discussion
This study confirms our previous observations that treatment 

with PTX carried by LDE is superior to PTX dissolved in 

Cremophor EL, the commercial formulation, in inhibiting 

the growth of melanoma B16 implanted in mice.17 The main 
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novel finding was that Simva had the ability to increase the 

antitumor activity of PTX associated with LDE. In contrast, 

Simva had no effect on the tumor inhibition obtained with 

treatment with PTX in the commercially used formulation. 

Statin use with LDE-PTX also resulted in a smaller percent-

age of animals with macroscopic metastasis, but this effect 

was not achieved in animals treated with the commercial 

PTX formulation. While the association with LDE increased 

the survival of the animals treated with PTX, the accretion 

of Simva to the treatment with the commercial formulation 

of PTX seemed to be ineffective. It is noteworthy to point 

out that B16 melanoma is a highly aggressive tumor that 

can severely damage the host, so that death may occur even 

in animals with reduced tumor volume. In this regard, the 

aggressiveness of the melanoma can be illustrated by the fact 

that tumor-induced anemia was not completely abolished 

by any of the drug treatments. Therefore, the increase in 

survival rates observed in the LDE-PTX and Simva group 

compared to the Simva and PTX groups is relevant and 

can be ascribed to increased antitumor effectiveness of this 

treatment.

The melanoma B16 mice were chosen for the current 

experiments because this had been previously characterized 

as an adequate model for evaluation of LDL receptor-based 

drug delivery.42 By the immunoperoxidase technique, our 

group had previously shown that the presence of LDL 

receptors in B16 melanoma cells is intense, and that after 

injection in melanoma-bearing mice, LDE concentrates in 

the tumor.17 In those mice, the tumor was second only to the 

liver regarding the LDE-uptake rate. The tumor uptake of 

PTX carried in LDE was approximately 60% of that of the 

liver, and at least three- to fourfold that of the surrounding 

normal dermal tissue. Finally, we had shown that this tumor 

model is responsive to LDE-PTX treatment.17

The potential anticancer actions of statins can be 

ascribed either to their effects on the lipid metabolism or 

to the so-called pleiotropic effects ascribed to these drugs. 

Statins are competitive inhibitors of HMG-CoA reductase, 

the rate-limiting step enzyme of cholesterol synthesis.32,33 

Downstream of this pathway, the inhibition of HMG-CoA 

reductase also reduces the synthesis of isoprenoids, which are 

intermediates in the cholesterol-synthesis chain. Isoprenoids 

are responsible for membrane localization and function of 

Ras and Rho GTPase.43,44 Since the inhibition of the normal 

function of those proteins affects the signaling pathways of 

important events regarding apoptosis and angiogenesis, as 

well as cell growth and migration, the potential interference 

of statins in events related to neoplasia development could 

be hypothesized.31,35–40

Different statins were reportedly tested in conjunction 

with such drugs as carmustine, cisplatin, 5-fluorouracil, 

doxorubicin, and PTX in treatments of neoplastic cell-

cultured systems or in experiments with animal oncologic 

models, and have also been evaluated in clinical trials with 

effects that were either beneficial or absent.24–30,45 In fact, 

the effects of statins on tumor growth under conventional 

anticancer chemotherapy are not homogenous and depend on 

the malignant cell lineage, the time of statin-treatment com-

mencement, the statin type and dose, and the antineoplastic 

agent, among other factors.

Results are lacking in the literature from tumor-bearing 

animal models or clinical trials regarding treatments with 

the PTX and Simva combination, the current study being the 

first to report antineoplastic effects in vivo. With respect to 

studies in cells, Ahn et al reported that in myeloid leukemia 

cells, Simva enhanced PTX cytotoxic effects while increas-

ing the apoptosis of the malignant cells.30 Those authors 

observed that the combination of PTX and Simva suppressed 

TNFα-induced NFκB activation, which could account for 

the superimposed effects of the statin. In cultured ovarian 

carcinoma cells, Robinson et al found that Simva associated 

with PTX treatment had effects on the autophagy pathway, 

which might contribute to the cytotoxic activity of the che-

motherapeutic agent.46

Because PTX in the commercial formulation was not 

affected by Simva use, while LDE-PTX antitumor action was 

further increased by the statin, it can be hypothesized whether 

the superimposed effect of Simva was related to the status of 

receptor activity or by the changed intracellular cholesterol 

dynamics created by the statin treatment. As HMG-CoA 

reductase inhibitors lead to an increase in LDL receptors, 

it is also possible that Simva could have further increased 

LDL-receptor overexpression, allowing the internalization 

of larger amounts of PTX associated with LDE into the 

melanoma tumor cells.34 This would enhance the tumor-

growth inhibition effect of LDE-PTX, but conceivably not 

that of the commercial PTX formulation using Cremophor 

EL as the vehicle.

Enrichment of the plasma membrane and intracellular 

cholesterol pool is an essential metabolic requirement for the 

increase in mitosis rates.47 Increase in LDL-receptor expres-

sion is the chief mechanism to supply the rapidly dividing 

cancer cell cholesterol requirements. Other mechanisms can 

also come into play, including the increase in the endog-

enous synthesis of cholesterol and fatty acids regulated 

by sterol regulatory element-binding proteins (SREBPs), 

but statins can impair this mechanism by inhibiting HMG-

CoA reductase.48 This could further increase the need for 
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LDL-receptor pathway as lipid suppliers for the neoplastic 

cells, and consequently increase the drug-targeting effect of 

LDE. In prostate cancer, it was also shown that reduction of 

the cholesterol efflux through ATP-binding cassette (ABC) 

class A transporters such as ABCA1 may also occur, but 

it is difficult to figure the possible effects of statins on this 

mechanism.49 Another factor that may have influenced the 

results refers to PCSK9, an enzyme that catabolizes the 

LDL receptors. It has been reported that PCSK9 activity 

in human serum is increased under statin treatment,50 but 

PCSK9 status in cancer is largely unexplored, although it 

has been found increased in some tumor tissues. It is of 

note that although the values were not statistically signifi-

cant for each group, in all the groups treated with Simva, 

there was an apparent increase in LDL receptors. This is 

an important issue, in that statin treatment may have the 

ability to increase the LDL receptors of tumors, and might 

explain, at least in part, the superior pharmacological action 

of LDE-PTX and Simva.

Solid tumors, such as melanoma, are composed of cancer 

cells that are surrounded by a complex microenvironment 

consisting of blood vessels, collagen fibers, fibroblasts, 

immune cells, and soluble molecules that play an important 

role in tumor progression.51,52 In tumors excised from the 

LDE-PTX and Simva group, the effect of the treatment in 

reducing the number of neoplastic cells was markedly greater 

than in those excised from the commercial PTX and Simva 

group. Furthermore, LDE-PTX and Simva was the only 

treatment that increased the presence of collagen fibers in 

the tumor stroma. This is an important finding, given that the 

inhibition of type I collagen synthesis in melanoma advanced 

stages can contribute to further progression of the tumor 

and its degradation by metalloproteinases is associated with 

tumor invasiveness.52,53 These assumptions may support a 

link between the results of the histological analysis and our 

findings regarding the metastasis evaluation in which the 

LDE-PTX and Simva treatment resulted in marked reduction 

of animals with metastasis, while PTX and Simva was inef-

fective. In fact, monotherapy with LDE-PTX also showed 

the ability to reduce metastasis development, although to 

a lower degree than the combined therapy with LDE-PTX 

and Simva. Therefore, it is likely that Simva contributed to 

the superior ability of LDE-PTX in impairing tumor dis-

semination. In fact, the properties of Simva in promoting 

the reduction of tumor invasiveness have been previously 

described.54,55 Furthermore, taking into account that LDEs 

target cancer cells through LDL receptors and that statins 

are known to increase their expression, the coadministration 

of Simva with LDE-PTX may also have favored LDE-drug 

uptake wherever neoplastic cells were located.4,34

Another interesting finding of this study regards the 

effect of the treatments on other components of the mela-

noma microenvironment, namely MCP-1, ICAM-1, and 

MMP-9.51,56–62 Studies regarding the anti-inflammatory and 

immunomodulatory effects of statins in such diseases as ath-

erosclerosis have shown that the inhibition of the formation of 

isoprenoid derivatives promoted by Simva resulted in inhibi-

tion of ICAM-1 expression and also in decreased release of 

MMP-9 and MCP-1 by endothelial cells and macrophages.63–65 

It is important to point out that in cancer, these proteins are 

associated with tumor progression and metastasis.51,56–62 Of 

note, in this study all treatments reduced the expression of 

those proteins in the tumor tissues, but the effect on ICAM-1 

and MMP-9 was stronger under LDE-PTX and Simva than 

under the other treatments. The suggestion is then left that 

the greater reduction of metastasis development observed 

in this group could be the result of the combination of the 

changes in tumor microenvironment elicited by both Simva 

and LDE-PTX. These findings may account for the superior 

antitumor activity of the combined treatment with Simva and 

PTX, when PTX is carried by a lipid drug-targeting system.

In this study, we employed flow-cytometry analysis of 

tumor-tissue cells using rhodamine 123 as a marker to assess 

the mitochondrial bioenergetics in living cells. A loss of mito-

chondrial inner-membrane potential was observed after the 

administration of all the different treatments, demonstrating 

their induction of cell death, especially in the case of LDE-

PTX and Simva, which promoted a remarkable reduction 

in cell viability. Taking into account that tumors from the 

LDE-PTX and Simva-treated group presented the smallest 

tumor sizes, we may assume that by the end of the drug-

administration period, this treatment may have resulted in a 

lower proportion of viable residual cells than with the other 

treatments. This may have favored the increased antitumor 

activity of LDE-PTX and Simva.

In order to understand further the antitumor effects of 

the combined use of Simva with PTX chemotherapy, the 

expression of cyclin D1 was also evaluated. This protein is 

involved in the transition from G
1
 to S phase of the cell cycle, 

and its overexpression is related to breast tumors, lympho-

mas, melanomas, and colorectal cancer.66,67 Besides being a 

proliferation promoter, cyclin D1 can also act as a survival 

factor for tumor cells.68–70 Here, we have shown a reduction in 

the percentage of cells positive for cyclin D1 in tumors from 

the Simva and LDE-PTX and Simva groups. In addition, in 

tumors from the Simva, LDE-PTX, and LDE-PTX and Simva 
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groups, there was an increase in positive cells for the cyclin-

kinase inhibitor p21. The link between cyclin D1 reduction, 

p21 increase, and the antiproliferative effects of statins have 

been previously described as being related to the cell-cycle 

block in the G
1
 phase promoted by these drugs.36,71–74 It is 

noteworthy that Simva alone did not decrease melanoma 

growth. However, its antitumor effects may have been added 

to the effects of PTX associated with LDE, thereby enhanc-

ing the effectiveness of chemotherapy. On the other hand, 

when Simva was used in combination with commercial PTX, 

neither p21 increase nor cyclin D1 reduction were observed. 

A previous study has shown that treatment of ovarian cancer 

cells with Simva combined with carboplatin or PTX could 

result in mild antagonistic interactions between the drugs.46 

Therefore, it is possible that the combined use of Simva and 

the commercial preparation of PTX may have resulted in drug 

interactions that could have interfered with the mechanisms 

of cell-death induction related to those drugs.

Confirming our previous studies with mice, rabbits, and 

also with patients with advanced cancers, the toxicity of PTX 

was pronouncedly reduced upon association of this drug with 

LDE.17,23,75 As estimated by animal survival, body-weight 

variation, and blood cell count after the different treatments 

of mice without tumors, a remarkable enhancement in the 

tolerability of the therapy was achieved by PTX association 

with LDE. The severe weight loss, myelosuppression, and 

survival reduction observed in the animals under commercial 

PTX and Simva treatment were absent in the animals treated 

with LDE-PTX preparations alone or in combination with 

Simva. In fact, these results are consistent with our previ-

ous findings that association of PTX with LDE resulted in 

remarkable toxicity reduction, probably by the new biodis-

tribution of the drug created by the association with LDE, 

and by the replacement of the commercial PTX toxic vehicle 

with LDE, which is virtually nontoxic.17 It is noteworthy that 

reduction of chemotherapy toxicity is extremely valuable 

when considering its concomitant administration with other 

drugs and consequently the possibility of accumulation of 

drug toxicities. With regard to the analysis of the clinical 

chemistry parameters of mice under all the different treat-

ments, no alterations indicative of muscle or kidney toxicity 

were found, as none of the single or combined treatments 

affected mice CK plasma activity or creatinine concentra-

tion. In respect of liver enzymes, only a minor alteration 

on AST and ALT was observed 1 week after the end of 

chemotherapy. It is important to point out that despite the 

statistical significance observed, the values of AST and ALT 

activities reported in this study are within the normal values 

for these enzymes described in the literature, and probably 

do not reflect an important liver injury.76

Another important set of data is related to the analysis 

of the hematological profile of melanoma-bearing mice. The 

picture observed in the leukocyte-count data was quite simi-

lar to that observed in the toxicity tests performed in mice 

without tumors. The leukopenia observed in animals under 

commercial PTX and Simva treatment was absent when LDE 

was used as a carrier of PTX, which confirms the diminution 

of the toxicity promoted by the LDE-targeting system.

With regard to platelet counts, thrombocytosis occurred 

as a paraneoplastic symptom. The increase in platelet count 

is indeed a common event in cancer, and is often associ-

ated with tumor progression, metastasis development, 

and poorer prognosis.77–81 Therefore, the circumvention of 

tumor-induced thrombocytosis seems to be an additional 

advantage of the combined treatment with LDE-PTX and 

Simva in comparison to commercial PTX and Simva, which 

was clearly unsuccessful in this respect.

The results of the toxicity parameters obtained from 

LDE-PTX and Simva are particularly relevant in view of the 

fact that statins are substrates of the CYP3A4 and CYP2C9 

enzymes. The combinations of statins with drugs that are 

also metabolized by the cytochrome P450 enzyme system 

are eventually prone to drug interactions that may increase 

the occurrence of statin-related adverse effects, such as 

myopathy, rhabdomyolysis, and hepatotoxicity.82,83 The lack 

of noticeable toxicity in the LDE-PTX and Simva group is 

reassuring, in that statins did not change the remarkable 

ability of LDE to decrease the toxicity of PTX.

High toxicity and low pharmacological index are major 

drawbacks that present serious hazards to patients, and 

limit the effectiveness, duration, and indications of cancer 

chemotherapy. As shown here and elsewhere in tumor-

bearing animals, the use of an LDE system had the ability 

to increase the effectiveness of carried chemotherapeutic 

agents, such as carmustine, etoposide, daunorubicin, and 

PTX, while drastically reducing their toxicity.17,19,21,84 In pilot 

clinical trials performed in patients with advanced cancers, 

LDE-carmustine, LDE-etoposide, and LDE-PTX showed 

no observable clinical or laboratorial toxicities in doses 

corresponding to those used in routine cancer treatment.5,14,23 

Therefore, the LDE system and eventually others that explore 

the LDL-receptor endocytic pathways as drug-delivery 

gateway are creditable candidates for introduction in clini-

cal oncology practice. In this setting, the use of statins can 

further enhance the anticancer activity of drugs carried in 

this type of drug-delivery system.
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Conclusion
Although Simva had no relevant effect on the inhibition of 

tumor growth obtained with the commercial formulation of 

PTX, it significantly increased the antitumor action of PTX 

carried in LDE. Therefore, Simva can be a potential adjuvant 

to chemotherapy using drug-carrier systems internalized into 

the neoplastic cells via the LDL receptor-mediated endocytic 

pathway.
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