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A B S T R A C T

Chemotherapeutic agents used in cancer treatment associated to nanoparticles (LDE) that mimic the composition
of low-density lipoprotein and buffer their toxicity can have strong anti-atherosclerosis action, as we showed in
cholesterol-fed rabbits. Here, a novel preparation of docetaxel (DTX) carried in LDE was evaluated. Eighteen
rabbits were fed 1% cholesterol during 8 weeks. After the first 4 weeks, 9 animals were treated for 4 weeks with
intravenous LDE-DTX (1mg/kg/week) and 9 with LDE only (controls) once a week for 4 weeks. Animals were
then euthanized and the aortas were analyzed for morphometry, immunohistochemistry and Western blot. LDE-
DTX treated group showed 80% reduction of atheroma area compared to controls. LDE-DTX treatment reduced
in 60% the protein expression of macrophage marker CD68 and of MCP-1 in 80%. LDE-DTX pronouncedly
lowered expression of pro-inflammatory markers NF-κB, TNF-α, IL-1β, IL-6 and von Willebrand factor and eli-
cited 40% reduction in cell proliferation marker PCNA. The presence of smooth muscle cells in the intima was
85% smaller than in controls. Pro-apoptotic caspase 3, caspase 9, Bax, and anti-apoptotic Bcl-2 all were reduced
by LDE-DTX. Protein expression of MMP-2 and MMP-9, TGF-β, and collagen 1 and 3 were also markedly lowered
by the LDE-DTX treatment. Animals showed no hematological, hepatic or renal toxicity consequent to LDE-DTX
treatment. In conclusion, LDE-DTX showed a wide array of strong effects on pro-inflammatory and proliferation-
promoting factors that drive the lesion development. These findings and the lack of observable toxicity indicate
that LDE-DTX can be a candidate for future clinical trials.

1. Introduction

The development of atherosclerotic lesions is driven by a chronic
inflammatory and proliferative process, with secretion of cytokines and
other pro-inflammatory factors by the injured endothelium and in-
flammatory cells [1]. The proliferation of vascular smooth muscle cells
(VSMCs) in the media layer, stimulated by growth factors from different
sources and subsequent migration of VSMCs to the intima is also a key
event in lesion development [2,3]. Recently the validity of anti-in-
flammatory strategies to prevent the manifestations of atherosclerosis
was shown in the CANTOS study, in which the blockade of IL-1βby
canakinumab achieved reduction of major adverse cardiovascular
events [4].

Anti-cancer drugs are the most powerful anti-proliferative agents in

the Pharmacopea, and possess notorious suppressor actions on the
immune system: neutropenia and lymphopenia are the major side ef-
fects of those drugs [5]. In 2008, Maranhão et al. [6] proposed the use
of those drugs to treat atherosclerotic lesions. Those authors had pre-
viously shown that association of chemotherapeutic agents to nano-
particles (LDE) similar to the lipid composition of low-density lipo-
protein (LDL), but made without protein, pronouncedly reduced the
toxicity of those agents, paving the way for their use in diseases other
than cancer [7–9]. The treatment of rabbits with atherosclerosis in-
duced by cholesterol feeding with paclitaxel carried in LDE resulted in
marked reduction of the width and extension of the lesions. The mac-
rophage invasion and VSMC presence in the intima were inhibited [6].
In subsequent studies also performed in cholesterol-fed rabbits, pre-
parations of other anti-neoplastic drugs carried in LDE, such as LDE-
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etoposide, LDE-methotrexate and LDE-carmustine have also shown,
intense anti-atherosclerotic effects, similarly to LDE-paclitaxel [10–12].
The effect of LDE-paclitaxel of promoting atherosclerosis regression in
the cholesterol-fed rabbits was increased by combining with the treat-
ment with LDE-methotrexate [13].

Taxanes, such as paclitaxel and docetaxel (DTX), constitute an im-
portant class of cytotoxic agents. Taxanes inhibit the disassembly of
microtubules and promoting microtubule polymerization [14]. Asso-
ciation of paclitaxel to LDE for injection into the bloodstream strongly
diminished the clinical and laboratorial toxicity of this drug, as de-
monstrated in experimental animals and in studies with patients with
advanced cancers [6,15–17]. The viability and safety of treatment with
the LDE-paclitaxel formulation was also demonstrated in a pilot study
enrolling patients with aortic atheromas [18]. The current study was
aimed not only to investigate the action of docetaxel, the other major
taxane, as carried in LDE on the extension of atherosclerotic lesions,
intima width or cellularity but also the effects of this preparation on
local pro-inflammatory and proliferation factors, apoptosis and col-
lagen deposition that could be involved in the pro-atherogenesis me-
chanisms. The results showed not only that LDE-DTX has a potent anti-
atherosclerosis action but also shed light on the action of DTX on non-
neoplastic inflamed tissues.

2. Methods

2.1. Experimental protocol

Male New Zealand white rabbits from FMUSP (São Paulo, SP)
weighing approximately 3.6 kg were housed in individual cages in a
temperature-controlled room (20–22 °C), on a 12 h light/dark cycle
during the experimental period and water was provided ad libitum.
Animals were weighed weekly. For the atherosclerosis induction, ani-
mals were fed with 150 g/day of usual commercial diet increased with
1% cholesterol (weight/weight) during all experimental period of
8 weeks. The remaining portion of food was weighed daily to evaluate
the amount of food intake during the study. The treatment began after
the first 4 weeks of atherosclerosis induction. The animals were allo-
cated to two experimental groups:

- Control group (n=9): animals received intravenous administration
of LDE alone once a week for 4 weeks;

- LDE-DTX group (n=9): animal were treated with intravenous ad-
ministration of the association LDE-DTX, at a dose of 1mg/kg once a
week for 4 weeks.

After the end of the experimental protocol, the animals were eu-
thanized and the aortas were excised for morphometric, im-
munohistochemistry and protein expression analysis.

This study was approved by the Ethics Committee of the University
of São Paulo.

2.2. Biochemistry and blood cell count

Blood samples of the rabbits were collected from the marginal ear
vein before the beginning of the cholesterol-rich diet (baseline), before
the beginning of the treatment with LDE-DTX or LDE alone (pre-treat-
ment) and at the end of the study (post-treatment) for determination of
total and high-density lipoprotein cholesterol (HDL-c), triglycerides,
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
urea, creatinine, and for blood cell count. The analyses were performed
using a COBAS c111 (Roche, Basel, Switzerland) and a veterinary he-
matology analyzer Poch 100iV Diff Sysmex-Roche (Roche, Batsel,
Switzerland) at the Special Analysis Laboratory (LAR) of the Hospital
das Clínicas, FMUSP.

2.3. Derivatization of docetaxel and preparation of LDE-DTX

To improve the association rate of DTX to LDE, the drug was deri-
vatized to enhance the lipophilicity. DTX was diluted in anhydrous
dichloromethane; to this was added oleic acid, DCC and DMAP. The
mixture was stirred under an inert atmosphere for 2 h at room tem-
perature. The reaction was monitored by high-performance liquid
chromatography (HPLC), on silica C18 column (Agilent Technologies,
Santa Clara, CA, USA), mobile phase methanol:acetonitrile (90,10 v/v),
at 230 nm.

LDE was prepared from a lipid mixture consisting of 64% phos-
phatidylcholine, 33% esterified cholesterol, 1% non-esterified choles-
terol and 2% triglycerides [18]. The aqueous phase consisting of
100mg of polysorbate 80 (Tween 80, Merck, Hohenbrum, Germany)
and 10mL of Tris-HCl buffer pH 8.05 was kept at room temperature.
The pre-emulsion was obtained by adding the hydrophilic phase to the
oil phase by ultrasonic radiation until complete solubilization. Emul-
sification of all lipids and the aqueous phase was obtained by high-
pressure homogenization using an Emulsiflex C5 homogenizer (Avestin
Inc., Ottawa, Canada) for 30–40min. To prepare LDE-DTX, DTX was
added to the lipid mixture at a drug:lipid ratio of 1:10 and the nano-
particle was centrifuged at 1800×g for 15min to separate the unbound
DTX that precipitates upon centrifugation. The particle size of both
preparations was 60 nm, as measured by dynamic light scattering
method at a 90° angle, using the ZetaSizer Nano ZS90 equipment
(Malvern Instruments, Malvern, UK). The efficiency of the association
of DTX to LDE was measured by HPLC. The nanoparticles were ster-
ilized by passing through a 0.22 μm pore polycarbonate filter (EMD
Millipore Corporation, Billerica, MA, USA) and kept at 4 °C until it was
used.

2.4. Planimetry of atherosclerotic lesions

The aorta was excised from the aortic arch to the abdominal aorta,
opened longitudinally and placed in 10% buffered formalin. After
fixation, the lipid deposits in the aortas were stained by Scarlat R
(Sudan IV; Sigma, Saint Louis, USA), and aortas were photographed to
perform the measurements. Total area and lesion area of the aortas
were measured using Image J image analysis software (National
Institutes of Health, Bethesda, MA, USA) and the percentage of mac-
roscopic atherosclerotic lesions was calculated by the ratio lesion area/
total area×100.

2.5. Morphometric analysis of the aortic arch

After the macroscopic analysis, the aortic arch of aortas were sec-
tioned in 5mm segments, embedded in paraffin and the 5 μm sections
were stained in hematoxylin-eosin and Masson's trichrome. Intima layer
area were measured using Leica QWin Image Analysis software under
100× magnification (Leica Q500 iW; Leica Imaging Systems,
Cambridge, UK).

2.6. Immunohistochemistry

Additional sections of aortic arch were labeled for macrophages,
VSMCs and a cell proliferation marker, PCNA (proliferating cell nuclear
antigen). For immunostaining, antigen retrieval was performed with a
Pascal antigen retrieval high-pressure chamber (Dako, Carpinteria, CA,
USA) with 10mM citrate buffer, pH 6.0 (macrophages) or 10mM Tris-
HCl, 1 mM EDTA, pH 9.0 (VSMCs and PCNA). Endogenous peroxidase
activity was blocked by incubation in 3% hydrogen peroxide. The
nonspecific reaction was blocked with 1% bovine albumin (Sigma-
Aldrich, Burlington, MA, USA) for 1 h at 37 °C. The sections were then
incubated overnight at 4 °C with the primary antibodies (Table 1). Next,
the sections were incubated for 30min at room temperature with Su-
perPicture Polymer Detection System (Invitrogen, Carlsbad, CA, USA).
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The sections were then incubated with a 3.3′-diamino-benzidine (DAB)
chromogen system (Dako, Carpinteria, CA, USA) for 2min at room
temperature and counterstained with hematoxylin. The colour detec-
tion threshold was chosen for the DAB chromogen in tissue sections.
The image analysis of immunostaining for VSMCs was calculated by the
percentage of the labeled area relative to the total intima layer area.
The measurements were performed using the QWin Image Analysis
software (Leica Imaging Systems, Cambridge, UK)under 100× magni-
fication.

2.7. Western blot analysis

Fragments of 1mg of aortic arch tissue were homogenized in 1mL
of RIPA lysis buffer (tris base pH 8.0, NaCl, NP-40, and glycerol) with
the protein inhibitors: aprotinin, leupeptin and fluor-
omethylphenylsulfonyl. The proteins were size-fractionated on poly-
acrylamide/sodium dodecyl sulfate (SDS) gel; the separated proteins
were then electrophoretically transferred to a nitrocellulose membrane.
The membranes were blocked with 5% non-fat milk. After the primary
antibodies (Table 1) were incubated overnight, the blots were washed
and incubated with horseradish peroxidase-conjugated secondary an-
tibodies (Calbiochem, San Diego, CA, USA). Bands were visualized
using enhanced chemiluminescence (Amersham; GE, Fairfield, CT,

USA), and exposed and analyzed using an image analyzer (Amersham
Imager 600; GE, Fairfield, CT, USA). Values were normalized for ex-
pression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and
results were expressed as a percentage of Control group mean.

2.8. Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM).
The distribution of variables and the hypothesis of equality of variances
were tested in all cases. For food intake, weight profile and laboratory
analysis data, for normal distribution variables, we used the ANOVA
test with Bonferroni post-test, to perform multiple comparisons. For
non-normal distribution variables, we used the Kruskal-Wallis test with
Dunn post-test. The t-Student test was used to analyze planimetry,
morphometry, immunohistochemistry and Western blot assays. In all
analyses, p < .05 was considered statistically significant. Statistical
analyses were carried out using GraphPad Prism v.5 statistical software
(GraphPad Software, Inc., La Jolla, CA).

3. Results

3.1. Body weight, food intake, biochemistry and blood cell count

The evolution of body weight (Fig. 1A) and food intake (Fig. 1B)
was similar in the Control and in the LDE-DTX group during all ex-
perimental period.

Table 2 shows the lipid profile of Control and LDE-DTX groups at
baseline, pre-and post-treatment. After 8 weeks of cholesterol rich diet,
total cholesterol raised roughly 35-fold and HDL-c about 15-fold in both
groups. Triglycerides also increased about 3-fold in both groups. There
was no difference in urea, creatinine, ALT and AST in both groups
(Table 2).

Regarding the hematological profile (Table 3), red blood cells de-
creased in both groups at the end of the protocol. Total leukocyte in-
creased in both Control and LDE-DTX groups as well as the monocyte
percentage. The platelet count that was similar in both groups of ani-
mals.

3.2. Atherosclerotic plaques analysis

LDE-DTX treated rabbits showed 80% less atherosclerotic area in
aorta when compared to the control animals that received only LDE, as
shown in Fig. 2A. Representative images of atherosclerotic plaques are
depicted in Fig. 2B, stained in red [19]. Likewise, as shown in Fig. 2C
and D, the microscopic lesion area was 85% lower in LDE-DTX animals
compared with Control animals. The presence of VSMCs in intima layer
was also 85% lower in LDE-DTX compared with Controls as shown in

Table 1
Primary antibodies used in this study.

Primary
antibody name

Supplier Catalog
number

Dilution Application

Anti-alpha actin Dako M0851 1:400 Immunohistochemistry
Anti-BAX Abcam Ab7977 1:500 Western blot
Anti-Bcl-2 Abcam Ab59348 1:1000 Western blot
Anti-capase 3 Abcam Ab2302 1:1000 Western blot
Anti-capase 9 Abcam Ab32539 1:1000 Western blot
Anti-CD68 Abcam Ab125212 1:1000 Western blot
Anti-collagen I Abcam Ab90395 1:1000 Western blot
Anti-collagen III Abcam Ab7778 1:1000 Western blot
Anti-GAPDH Calbiochem BC1001 1:10,000 Western blot
Anti-IL-1-beta Abcam Ab82558 1:1000 Western blot
Anti-IL-6 Abcam Ab83339 1:1000 Western blot
Anti-MCP-1 Abcam Ab25124 1:1000 Western blot
Anti-MMP-2 Abcam Ab37150 1:1000 Western blot
Anti-MMP-9 Abcam Ab137867 1:1000 Western blot
Anti-NF-κB Abcam Ab16502 1:1000 Western blot
Anti-PCNA Abcam Ab29 1:1000 Western blot

1:100 Immunohistochemistry
Anti-RAM11 Dako M0633 1:500 Immunohistochemistry
Anti-TNF-alpha Abcam Ab1793 1:1000 Western blot
Anti-von

Willebrand
Abcam Ab6994 1:1000 Western blot

Fig. 1. Body weight and food intake. (A) Body weight (kg) of Control (n= 9) and LDE-DTX (n= 9) groups. (B) Food intake (g) of Control (n= 9) and LDE-DTX
(n=9) groups. Data are expressed as mean ± SEM in all plots. DTX, docetaxel.
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Fig. 2E and F.

3.3. Inflammation analysis

Fig. 3A shows representative Western blot bands of inflammatory
markers in the aortic arch of LDE-DTX and Control groups. Protein
expression of the macrophage marker CD68 was reduced in roughly
60% as shown in Fig. 3B. The diminished presence of macrophages in
the atherosclerotic lesions of LDE-DTX group is shown in Fig. 3C. Si-
milarly, the chemokine MCP-1 (monocyte chemoattractant protein-1)
was also diminished by 80% in LDE-DTX group compared to Control
group in the aortic arch (Fig. 3D).

The animals treated with LDE-DTX showed less protein expression
of all inflammatory markers analyzed. LDE-DTX group protein expres-
sion of NF-κB (nuclear factor κ B), TNF-α, IL-1β and IL-6 was about 60%
lower than Control group (Fig. 3E–H).

LDE-DTX treated group showed about 50% less protein expression
of vWF (von Willebrand factor) than Control animals (Fig. 3I).

3.4. Cell proliferation and apoptosis analysis

Protein expression of the proliferation marker PCNA was 40% lower
in the LDE-DTX treated group compared to the Control group
(Fig. 4A–B). The illustrative image of PCNA presence in the aortic arch
of Control and LDE-DTX groups is shown in Fig. 4C.

The representative Western blot bands of cell death markers in the
aortic arch of Control and LDE-DTX groups are shown in Fig. 5A.The
protein expression of pro-apoptotic proteins caspase 3 (Fig. 5B), caspase
9 (Fig. 5C) and Bax (Fig. 5D) were roughly 50% lower in LDE-DTX
group compared to the Control group. The anti-apoptotic factor Bcl-2
protein expression was also 50% lower in LDE-DTX treated animals
when compared to Control animals (Fig. 5E).

3.5. Vascular repair analysis

Fig. 6A shows representative Western blot bands of metalloprotei-
nases (MMP) 2 and 9, TGF-β (transforming growth factor β), and col-
lagens 1 and 3 of LDE-DTX and Control groups. The expression of MMP-

Table 2
Biochemical analysis of rabbits from Control group (n=9) and treated with LDE-DTX (n= 9) analyzed before the beginning of the cholesterol-rich diet (baseline),
before the beginning of the treatment with LDE-DTX (pre-treatment) and at the end of the study (post-treatment).

Control LDE-DTX

Baseline Pre-treatment Post-treatment Baseline Pre-treatment Post-treatment

Cholesterol (mg/dL)
Total cholesterol 43 ± 3 1116 ± 53⁎ 1850 ± 208‡,§ 37 ± 3# 1036 ± 53†,|| 1826 ± 408‡,⁎⁎
HDL-c 23 ± 2 281 ± 23⁎ 390 ± 87‡ 20 ± 3§,# 239 ± 24†,|| 284 ± 48⁎,$

Non-HDL-c 20 ± 2 849 ± 70† 1533 ± 166‡ 17 ± 2ø,# 797 ± 46†,|| 1542 ± 373‡,⁎⁎
Triglycerides 65 ± 8 138 ± 31 207 ± 35⁎ 69 ± 9& 129 ± 21 209 ± 32⁎,$

Urea (mg/dL) 30 ± 4 45 ± 4 49 ± 4 34 ± 3 53 ± 3 53 ± 4
Creatinine (mg/dL) 0.97 ± 0.03 1.46 ± 0.12 1.49 ± 0.21 0.96 ± 0.30 1.62 ± 0.10 1.71 ± 0.20
ALT (UI/L) 63 ± 10 71 ± 14 64 ± 9 74 ± 16 100 ± 31 63 ± 11
AST (UI/L) 32 ± 4 51 ± 13 61 ± 10 43 ± 8 57 ± 12 48 ± 6

Data are expressed as means ± SEM. HDL-c: high-density lipoprotein cholesterol; ALT: alanine aminotransferase; AST: aspartate aminotransferase.
⁎ p < .01 vs Control baseline.
‡ p < .001 vs Control baseline.
§ p < .01 vs Control pre-treatment.
# p < .001 vs Control post-treatment.
† p < .05 vs Control baseline.
|| p < .05 vs LDE-DTX baseline.
⁎⁎ p < .001 vs LDE-DTX baseline.
$ p < .01 vs LDE-DTX baseline.
ø p < .05 vs Control pre-treatment.
& p < .01 vs Control post-treatment.

Table 3
Hematological profile of rabbits of Control group (n= 9) and LDE-DTX group (n=9) analyzed before the beginning of the cholesterol-rich diet (baseline), before the
beginning of the treatment with LDE-DTX (pre-treatment) and at the end of the study (post-treatment).

Control LDE-DTX

Baseline Pre-treatment Post-treatment Baseline Pre-treatment Post-treatment

Erythrocytes (109/mL) 5.9 ± 0.4 4.3 ± 0.2⁎ 3.8 ± 0.2⁎⁎ 6.7 ± 0.3‡,§ 4.7 ± 0.2|| 3.9 ± 0.2⁎⁎,||

Leucocytes (106/mL) 11.5 ± 1.1 16.9 ± 1.3 22.5 ± 1.9⁎⁎ 12.1 ± 1.2§ 17.5 ± 1.7 18.3 ± 1.4#

Lymphocytes (%) 53 ± 2.5 56 ± 0,1 61 ± 4.0 54 ± 2.9 55 ± 3.4 58 ± 2.6
Monocytes (%) 1.9 ± 0.5 2.6 ± 0.6 6.8 ± 1.1⁎,† 4.6 ± 0.6 6.9 ± 1.3⁎,† 6.2 ± 0.7‡

Neutrophils (%) 41.4 ± 3.4 38.2 ± 1.2 31.4 ± 3.4 41 ± 4.8 32.7 ± 2.4 34.9 ± 2.5
Platelets (103/mL) 231 ± 24 252 ± 41 318 ± 72 253 ± 29 262 ± 28 224 ± 18

Data are expressed as mean ± SEM.
⁎ p < .01 vs Control baseline.
⁎⁎ p < .001 vs Control baseline.
‡ p < .001 vs Control pre-treatment.
§ p < .001 vs Control post-treatment.
|| p < .001 vs LDE-DTX baseline.
# p < .05 vs Control baseline.
† p < .05 vs Control pre-treatment.
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2 and MMP-9 was about 70% lower in the LDE-DTX treated group
compared to the Control group (Fig. 6B–C).

The protein expression of TGF-β was 50% lower in LDE-DTX treated
animals than in Control group (Fig. 6D). Collagen 1 (Fig. 6E) was 30%
lower in the LDE-DTX treated group, while collagen 3 (Fig. 6F) was
about 70% lower in the LDE-DTX group when compared to the Control
group. Fig. 6G shows a representative image of sections of aortic arch
stained with Masson's trichrome depicting collagen in both Control and
LDE-DTX groups.

4. Discussion

In this study, the treatment with the LDE-DTX preparation at 1mg/
kg/week dose resulted in about 80% decrease of atherosclerotic lesion
area in the aorta of the cholesterol-fed rabbits. The reduction of the
macrophage presence in the intima attained by LDE-DTX was 60%,
whereas VSMCs presence was reduced by 85%. The cytotoxic action of
the taxane was documented here in the aortic plaques: LDE-DTX in-
hibited by 40% the expression of PCNA, a scaffold protein involved in

DNA replication that constitutes a standard proliferation marker.
Our previous study on the anti-atherosclerotic effects on rabbits of

LDE-paclitaxel was the first in the literature to propose the systemic use
of anti-cancer chemotherapeutic agents to treat cardiovascular diseases
[6]. However, in that study, the effects of several parameters that are
now being documented with LDE-DTX were not studied with LDE-pa-
clitaxel, such as the action of taxanes associated to LDE on pro-in-
flammatory cytokines, apoptosis markers, metalloproteinases and
vessel tissue structural and repair factors.

In fact, it is remarkable that the LDE-DTX action was favorable in all
molecular aspects of anti-atherogenesis tested here. IL-1β, TNF-α and
IL-6 protein expression, among the most well-established cytokines of
pro-inflammatory, were inhibited. de la Llera-Moya et al. [20] had
shown that treatment of cholesterol-fed rabbits with etoposide de-
creased the transformation of monocytes into macrophages thereby
promoting atheroma regression. The decrease in macrophage presence
in the intima by LDE-DTX can be accounted for the reduction of IL-1β,
TNF-α and IL-6 expression, since macrophages are a major source of
secretion of those cytokines.

Fig. 2. Atherosclerotic plaques analysis: (A) Percentage of stained area of Control (n= 9) and LDE-DTX (n=9) groups. ‡p < .001 vs Control group. (B)
Representative images of aortas of Control and LDE-DTX groups with atherosclerotic lesions stained by Scarlat R (Sudan IV). (C) Percentage of microscopic lesion
area of Control (n= 9) and LDE-DTX (n= 9) groups. †p < .01 vs Control group. (D) Representative photomicrographs of aortic arch sections stained by hema-
toxylin-eosin of Control and LDE-DTX groups. Magnification: 100×. Bar represent 100 μm. (E) Percentage of immunostained area for VSMCs α-actin in intima layer
of Control (n= 9) and LDE-DTX (n=9) groups. †p < .01 vs Control group. (F) Representative photomicrographs of aortic arch sections immunostained for VSMCs
α-actin, identified in brown, of Control and LDE-DTX groups. Magnification: 100×. Bar represent 100 μm. Data are expressed as mean ± SEM in all plots. DTX,
docetaxel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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One of the observed actions of the LDE-DTX treatment was the re-
duction of the protein expression of MCP-1, a member of the C-C che-
mokine family that is produced by macrophages, endothelial cells and
VSMCs [21]. The inhibition of MCP-1 might be involved in the marked
reduction of macrophage presence in the intima of the LDE-DTX treated
rabbits.

The anti-inflammatory action of LDE-DTX was also extended to vWF
that is produced by the endothelium, since the protein expression in the

aortic arch was decreased by the treatment. vWF has a presumptive role
on leukocyte and platelet recruitment in inflamed tissue. It was recently
implicated as another key mediator of vascular inflammation, and lines
of evidence suggest its role in leukocyte and platelet recruitment in
inflamed tissue. vWF can directly stimulate the proliferation of VSMCs,
one of the major cell component of atheromas that was impaired by the
LDE-DTX treatment [22].

A crucial finding in this study that may account for the above-

Fig. 3. Inflammation analysis. (A) Representative Western blot bands of inflammatory cells and inflammatory mediators of Control and LDE-DTX groups. (B) Western
blot protein expression analysis of CD68 in aortic arch of Control (n= 4) and LDE-DTX (n= 5) groups. *p < .05 vs Control group. (C) Representative photo-
micrographs of aortic arch sections immunostained for macrophages, identified in brown, of Control and LDE-DTX groups. Magnification: 100×. Bar represent
100 μm. (D-I) Western blot protein expression analysis of the inflammatory mediators MCP-1 (D), NF-κB (E), TNF-α (F), IL-1β (G), IL-6 (H) and von Willebrand factor
(I) in aortic arch of Control (n=4) and LDE-DTX (n= 5) groups. *p < .05, ‡p < .001, and †p < .01 vs Control group. Data are expressed as mean ± SEM in all
plots. DTX, docetaxel; CD68, cluster of differentiation 68; MCP-1, monocyte chemoattractant protein-1; NF-κB, nuclear factor kappa B; TNF-α, tumor necrosis factor
α; IL, interleukin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Cell proliferation analysis. (A) Representative Western blot bands of PCNA proliferation marker of Control and LDE-DTX groups. (B) Western blot protein
expression analysis of PCNA in aortic arch of Control (n= 4) and LDE-DTX (n=5) groups. ‡p < .001 vs Control group. (C) Representative photomicrographs of
aortic arch sections immunostained for PCNA, identified in brown, of Control and LDE-DTX groups. Magnification: 100×. Bar represent 100 μm. Data are expressed
as mean ± SEM in all plots. DTX, docetaxel; PCNA, proliferating cell nuclear antigen; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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described results was the reduction of protein expression of NF-κB in
the aortic arch by LDE-DTX treatment. NF-κB is a central mediator of
the inflammatory process. In vascular endothelial cells, NF-κB mediates
the induction of pro-inflammatory cytokines, chemotactic factors and
adhesion molecules that promote the recruitment of monocytes and is
also implicated in the conversion of macrophages to foam cells [23].
The pro-atherosclerotic feature of NF-κB stimuli has been documented
in Apo-E knockout mice [24,25] and when inflammatory markers are
lowered, the NF-κB expression is also reduced [26,27]. It is then pos-
sible that, at least in part, the effects of the LDE-DTX preparation on the
several cytokines that resulted in anti-inflammatory action had been

mediated through the inhibition of NF-κB.
The effects of LDE-DTX on the remodeling of the lesioned artery

were approached here by estimating the protein expression of MMPs,
collagen and TGF- β. MMPs secreted by macrophages degrade the ex-
tracellular matrix thereby facilitating the progression of cell migration
and the invasion of the intimal layer by VSMCs from the media [28].
The amount and organization of matrix collagen is a major determinant
of the mechanical stability of the fibrous cap and increase in the col-
lagen proteolysis by MMPs is associated with plaque rupture. Increased
MMPs are associated with thinner fibrous caps and less organized tissue
structure [29]. TGF-β inhibits the accumulation of VSMCs in the intimal

Fig. 5. Pro- and anti-apoptotic factors analysis. (A) Representative Western blot bands of pro- and anti-apoptotic factors of Control and LDE-DTX groups. (B-E)
Western blot protein expression analysis of the pro-apoptotic factors caspase 3 (B), caspase 9 (C) and Bax (D), and of the anti-apoptotic factor Bcl-2 (E) in aortic arch
of Control (n= 4) and LDE-DTX (n= 5) groups. ‡p < .001, †p < .01, and *p < .05 vs Control group. Data are expressed as mean ± SEM in all plots. DTX,
docetaxel; Bax, bcl-2-like protein 4; Bcl-2, B-cell lymphoma 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Fig. 6. Vascular repair analysis. (A) Representative Western blot bands of MMPs, TGF-β and collagens of Control and LDE-DTX groups. (B–F) Western blot protein
expression analysis of MMP-2 (B), MMP-9 (C), TGF-β (D), collagen-1 (E) and collagen-3 (F) in aortic arch of Control (n= 4) and LDE-DTX (n= 5) groups. *p < .05,
and ‡p < .001 vs Control group. Data are expressed as mean ± SEM in all plots. (G) Representative photomicrographs of aortic arch sections showing collagen,
identified in blue, stained by Masson's trichrome of Control and LDE-DTX groups. Magnification: 100×. Bar represent 100 μm. DTX, docetaxel; MMP, metallo-
proteinase; TGF-β, transforming growth factor β; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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layer and stimulates the synthesis of extracellular matrix and the repair
of the tissue of the arterial wall [30]. In the aortic arch of the athero-
sclerotic rabbits, treatment with LDE-DTX resulted in reduction of
MMP-2, MMP-9, collagen I and collagen III, as well as of TGF-β. As the
anti-blastic effect of DTX strongly inhibited the macrophage and VSMC
invasion of the intima, it is conceivable that the reduction of the po-
pulations of those two cell types resulted in the diminished synthesis of
MMPs and TGF-β by macrophages and of collagen by VSMCs.

It is interesting that the LDE-DTX treatment elicited reduction of
either pro- or anti-apoptotic factors in the atherosclerotic aortic arch:
pro-apoptotic caspases 3 and 9 and Bax, and anti-apoptotic Bcl-2 were
all reduced in LDE-DTX group. The inflammatory cytokines present in
the atherosclerotic lesion can lead to an enhanced apoptosis in the
vessel wall and within the lesions. In fact, it is known that TNF-α sti-
mulation of endothelial cells elicits pro-apoptotic signals, via depho-
sphorylation of Bcl-2 and activation of caspase 3 and in VSMCs the
apoptosis signaling is through Fas ligand/Fas [31,32]. Atherosclerotic
lesions with lower TNF-α expression showed reduced apoptotic cells
and necrotic cores [33]. Thereby it would be expected, as we indeed
found, that a lower expression of TNF-α in animals treated with LDE-
DTX would reduce the pro-apoptoptic signaling and that this reduced
stimuli would lead to a lower anti-apoptotic response.

The remarkable action of LDE in reducing of the drug toxicity was
widely documented in studies with experimental animals and in pa-
tients with neoplastic and cardiovascular disease [6,10,13,15–18]. In
this first study testing LDE-DTX, the lack of observable hematological,
renal and hepatic toxicity by blood biochemistry was documented and
should be further explored.

LDE-DTX showed strong capacity of reducing the atheroma lesion
area and the macrophage and VSMCs invasion of the intima. The con-
certed actions of LDE-DTX on NF-κB and vWF, MCP-1, pro-in-
flammatory interleukins, cell proliferation and factors related with
tissue repair such as MMPs and collagen expression, as well as cell
apoptosis, all favored atherosclerosis regression. Our results suggest
that this new formulation can be tested in future clinical trials aiming to
achieve disease regression and strong and prompt prevention of the
complications of atherosclerosis.
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