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One of the chemotherapeutic drugs in the first-line treat-
ment of osteosarcoma is doxorubicin (dox). However, its
anticancer efficacy is limited by the overexpression of the
multidrug efflux transporter P-glycoprotein (Pgp) which ex-
trudes doxorubicin, disrupts drug accumulation and thus
hinders the cytotoxic activity of dox. The drug extrusion
activity of Pgp is enhanced by the presence of choles-
terol within the plasma membrane. Pgp expression is
up-regulated by multiple transcription factors including hy-
poxia inducible factor-1α (HIF-1α). Decreasing Pgp ex-
pression and drug efflux activity may enhance the efficacy
of doxorubicin against drug resistant osteosarcoma. To
achieve this goal, we treated two human dox-sensitive cell
lines (U-2OS and Saos-2), and their sublines displaying
increasing Pgp levels and dox resistance, with a non-toxic
dose of atorvastatin. This statin was able to decrease the
biosynthesis of farnesyl pyrophosphate (FPP) and choles-
terol, two key metabolites that were markedly increased
in drug resistant sublines. By reducing the FPP levels,
atorvastatin decreased the Ras/ERK1/2/HIF-1α axis and
down-regulated Pgp expression. Moreover, by decreas-
ing cholesterol biosynthesis atorvastatin increased the lev-
els of low density lipoprotein receptor (LDLR), that was also
progressively increased in the dox-resistant sublines. Tak-
ing advantage of this findings, we treated dox-resistant os-
teosarcoma with atorvastatin followed by treatment with
dox encapsulated in liposomes decorated with an LDLR-
binding peptide, hence facilitating binding to, and endo-
cytosis via LDLR. This treatment strategy induced high re-
tention of dox in dox-resistant cells, reduced cell viability
in vitro and displayed growth inhibition of dox-resistance
in mouse xenograft model. Hence, we propose the com-
bination of statins plus LDL-decorated liposomal dox as a
novel treatment strategy for Pgp-expressing multidrug re-
sistant osteosarcomas.
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1. Introduction
The treatment of osteosarcoma is based on surgery and 

neo-adjuvant or adjuvant chemotherapy, including cisplatin,
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methotrexate and doxorubicin (dox). Notwithstanding the large
number of trials evaluating the efficacy of new drugs, such as
targeted-therapies or immunotherapies, the patients' outcome did
not improve in the last decades and chemotherapy remains the first
therapeutic option [1]. Chemotherapy, however, achieves disease
control in no more than 60% patients [2]. Resistance to cisplatin is
often associatedwith the expression of the detoxifying enzyme glu-
tathione transferase p1 [3]. Resistance to methotrexate is linked to
the decreased expression of the reduced folate carrier SLC19A1,
i.e. the primary influx transporter of antifolate [4, 5, 6], and/or
folylpoly-γ-glutamate synthetase [7], i.e. the glutamyl-tranferase
that retains folates within cells. Resistance to dox is due to both
decreased influx and decreased efflux of the drug [8]. The main
efflux transporter is the ATP binding cassette B1/P-glycoprotein
(ABCB1/Pgp), encoded by mdr1 gene [9, 10], which is a negative
prognostic factor in osteosarcoma patients [11].

The optimal conformation of Pgp is maintained by a controlled
amount of plasma-membrane cholesterol and phospholipids [12]
that have a strong impact on Pgp drug efflux activity [13]. Choles-
terol specifically binds a sterol-binding motif present within a
transmembrane domain of Pgp [14]. Indeed, depleting cholesterol
from the plasma membrane with methyl-β -cyclodextrin, statins
[15], zoledronic acid [16] or ω3-fatty acids [17], have reduced
Pgp efflux activity in cells dox-resistant cells. Of note, dox-
resistant colon cancer, malignant pleural mesothelioma, lung can-
cer, breast cancer and chronic lymphocytic leukemia cells [16, 18,
19, 20] have an enhanced biosynthesis of cholesterol and upstream
metabolites as farnesyl pyrophosphate (FPP). This metabolic fea-
ture results in up-regulation of Pgp. Indeed, FPP activates Ras
and the Ras/ERK1/2 axis that in turn phosphorylates and stabilizes
the transcription factor Hypoxia Inducible Factor-1α (HIF-1α), a
strong inducer of mdr1 gene expression [16, 21]. Interfering with
this cascade has successfully reduced the Pgp levels in MDR cells
[16, 18].

Statins decrease proliferation and invasion, and increase apop-
tosis in osteosarcoma cells, by inhibiting both the pro-survival
JNK/c-Jun, RhoA-AMPK/p38-MAPK and JAK2/STAT5 path-
ways, and the release of matrix metalloproteinases [22, 23, 24, 25].
Statins have also shown additive cytotoxic effects with dox or
cisplatin, producing an enhanced inhibition of proliferation and
invasion [26]. More recently, it has been demonstrated that
statins prevent the induction of the stemness phenotype and metas-
tasis elicited by dox in drug resistant osteosarcoma cells [27].
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Zoledronic acid, which also inhibits FPP biosynthesis and re-
duces the FPP-mediated post-translational modification of Ras,
has shown chemosensitizing effects, since it synergizes with the
mTOR inhibitor Everolimus and overcomes resistance to this drug
[28]. These findings prompted us to explore inhibition of choles-
terol synthesis as a promising strategy to enhance the efficacy
of chemotherapy or targeted-therapy in osteosarcoma cells. Fur-
thermore, how the MDR mediated by Pgp can be overcome by
cholesterol-lowering agents, has never been addressed in this tu-
mor.

In the present study we validated a new combination treatment
based on atorvastatin and dox-encapsulated liposomes decorated
with LDL, against Pgp-overexpressing human osteosarcoma cells
in vitro as well as mouse xenografts in vivo. We demonstrate that
this approach restores the cytotoxic efficacy of dox, increases dug
uptake into cancer cells and markedly reduces drug efflux.

2. Materials and Methods
2.1 Chemicals

Fetal bovine serum and culture medium were from Invitrogen
Life Technologies (Carlsbad, CA). Plastic ware for cell tissue cul-
tures was from Falcon (Becton Dickinson, Franklin Lakes, NJ).
The protein content in cell extracts was determined with the BCA
kit from Sigma Chemical Co. (St. Louis, MO). Electrophore-
sis reagents were obtained from Bio-Rad Laboratories (Hercules,
CA). Dox was purchased from Sigma Chemical Co. Unless other-
wise specified, all the other reagents were from Sigma Chemical
Co.

2.2 Cell lines
Human dox-sensitive osteosarcoma U-2OS and Saos-2 cell

lines were purchased from ATCC (Manassas, VA). The corre-
sponding variants with increasing resistance to dox (U-2OS/DX30,
U-2OS/DX100, U-2OS/DX580, Saos-2/DX30, Saos-2/DX100,
Saos-2/DX580), selected by culturing parental cells in medium
containing 30, 100, 580 ng/ml dox, respectively, were generated
as previously described [29]. All cell lines were authenticated by
microsatellite analysis, using the PowerPlex kit (Promega Corpo-
ration, Madison, WI; last authentication: January 2019).

2.3 Cholesterol and FPP biosynthesis
Cells were labeled with 1 µCi/mL [3H]-acetate (3600

mCi/mmol; Amersham Bioscience, Piscataway, NJ) for 24 h. The
synthesis of the radiolabeled cholesterol and FPP was determined
after lipid extraction, separation by thin layer chromatography
(TLC) and liquid scintillation counting [30]. Results were ex-
pressed as pmoles/mg protein, according to the relative calibration
curves.

2.4 Immunoblotting
Cells were lysed in MLB buffer (Millipore, Burlington, MA),

sonicated and centrifuged at 13,000 x g for 10 min at 4 ◦C. Twenty
µg cell lysates were subjected to 4-15% SDS-PAGE and probed
with the following antibodies: anti-Ras (clone RAS10, diluted 1 :
1,000; Millipore); anti-phospho-(Thr202/Tyr204, Thr185/Tyr187)-
ERK1/2 (#05-797R, diluted 1 : 500; Millipore); anti-ERK1/2
(#06-182, diluted 1 : 500; Millipore); anti-HIF-1α (clone 54/HIF-
1α , diluted 1 : 500; BD Bioscience, San Jose, CA); anti-
ABCB1/Pgp (clone C219, diluted 1 : 500, Millipore); anti-LDL

receptor (LDLR; clone EP1553Y, diluted 1 : 500; Abcam, Cam-
bridge, CA); anti-β -tubulin (clone D10, diluted 1 : 1,000, Santa
Cruz Biotechnology Inc., Santa Cruz, CA), followed by the sec-
ondary peroxidase-conjugated antibodies (Bio-Rad). Proteins
were detected by enhanced chemiluminescence (Bio-Rad). The
amount of Ras-GTP bound fraction, taken as an index of active
Ras [31], was measured by a pull-down assay, using the Raf-1-
GST fusion protein, agarose beads-conjugates (Millipore), as per
manufacturer's instructions. To assess HIF-1α phosphorylation,
the whole cell lysate was immunoprecipitated with the anti-HIF-
1α antibody (clone H1α 67, diluted 1 : 50; Santa Cruz Biotech-
nology Inc.), then probed for 1 h with a biotin-conjugated anti-
phosphoserine antibody (Sigma Chemical Co.), followed by re-
action with polymeric streptavidin-horseradish peroxidase conju-
gates (Sigma Chemical Co.).

2.5 Electrophoretic mobility shift assay (EMSA)
Nuclear proteins were extracted using the Nuclear Extract Kit

(Active Motif, Rixensart, Belgium). To measure the transcrip-
tional activity of HIF-1α , EMSA was performed as previously de-
scribed [32].

2.6 qRT-PCR
RNA was extracted and reverse-transcribed using the iS-

cript™ cDNA Synthesis Kit (Bio-Rad Laboratories). qRT-
PCR was performed using IQ™ SYBR Green Supermix (Bio-
Rad Laboratories). The same cDNA preparation was used for
measuring genes of interest and the housekeeping gene S14.
Primer sequences were designed using qPrimerDepot software
(http://primerdepot.nci.nih.gov/). Relative gene expression lev-
els were calculated using Gene Expression Quantitation software
(Bio-Rad Laboratories).

2.7 Flow cytometry analysis
ABCB1/Pgp levels on cell surface were determined as pre-

viously described [33]. Samples were analyzed using Guava®
easyCyte flow cytometer (Millipore) and InCyte software (Milli-
pore). Control experiments included incubation of cells with non-
immune isotypic antibody, followed by secondary antibody.

2.8 Cellular Dox accumulation
Dox content was determined fluorimetrically [34], using a

Synergy HT Multi-Detection Microplate Reader (Bio-Tek Instru-
ments, Winoosky, MT). The results were expressed as nmoles
dox/mg protein, according to a calibration curve previously set.

2.9 Cytotoxicity and cell viability
The extracellular release of lactate dehydrogenase (LDH), con-

sidered an index of cell damage and necrosis, was measured as
reported previously [34]. Cell viability was measured by the AT-
Plite Luminescence Assay System (PerkinElmer, Waltham, MA),
using the manufacturer's instructions. Results were expressed as
percentage of viable cells relative to untreated cells, considered
100% viable.

2.10 Apo-Lipodoxorubicin production
Synthesis and characterization of the LDL-decorated lipo-

somes loaded with dox, termed apo-Lipodox (aLD), was reported
previously [15]. Briefly, anionic liposomes (COATSOME EL-
01-PA, from NOF Corporation, Tokyo, Japan) were incubated
with 1.5 mM dox in sterile aqueous solution, according to the
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Figure 1. Atorvastatin decreases the rate of cholesterol and FPP biosynthesis in dox-resistant osteosarcoma cells. Human dox-sensitive U-2OS
and Saos-2 cells and their dox-resistant sublines DX30, DX100 and DX580 were incubated for 24 h with 1 µCi [3H]-acetate, in the absence
(0) or presence of 0.1 and 1 µM atorvastatin (AT), and then subjected to lipid extraction, separation by TLC. The amount of neo-synthesized
cholesterol (panels A) and FPP (panels B) were determined by liquid scintillation counting, in duplicates. Data are means ± SD (n = 3
independent experiments). ∗P < 0.047 for untreated DX-cells vs. parental U-2OS or Saos-2 cells; P < 0.0023 for AT-treated cell subline vs.
the corresponding untreated cell subline.

manufacturer's instructions. The residual non-encapsulated drug
was removed by gel filtration using a Sephadex G-50 column.
The amount of encapsulated dox was quantified fluorimetrically.
The liposomes with an encapsulation efficiency >85% were col-
lected and incubated with 2.5 µM of a recombinant peptide
from human apoB100 containing an amphipathic helix, for the
insertion in the liposomes, and the LDLR binding site on the
outer surface: DWLKAFYDKVAEKLKEAFRLTRKRGLKLA
(the LDLR-binding site is underlined; GenScript (Piscataway,
NJ)). The unbound peptide was removed by dialysis [35]. The
amount of peptides incorporated was detected by the QuantiPro
BCA Assay kit (Sigma Chemical Co.).

2.11 In vivo tumor growth
1×107 U-2OS/DX580 cells, re-suspended in 100 µl Matrigel

(Sigma), were subcutaneously implanted in 6-week old female
nu/nu Balb/C mice. Tumor volume was monitored by caliper and
calculated according to the equation: (LxW2)/2, where L = tumor
length and W = tumor width. When tumors reached the volume
of 50 mm3, animals were randomized and treated as reported in
the legend of Fig. 4. Tumor volumes were monitored daily by
caliper and animals were euthanized with zolazepam (0.2 ml/kg)
and xylazine (16 mg/kg) at day 21 after. Tumors were collected
and photographed, then homogenized for 30 s at 15 Hz, using a
TissueLyser II device (Qiagen, Hilden, Germany) and clarified at
12,000 x g for 5 min. Ten µg of proteins from tumor lysates were
used for the immunoblot analysis of Pgp, LDLR and β -tubulin, as
reported above. Animal care and experimental procedures were
approved by the Bio-Ethical Committee of the Italian Ministry of
Health (#122/2015-PR).

2.12 Statistical analysis

All data in text and figures are presented as means ± SD. The
results were analyzed by a one-way analysis of variance (ANOVA),
using Statistical Package for Social Science (SPSS) software (IBM
SPSS Statistics v. 19). P < 0.05 was considered statistically sig-
nificant.

3. Results
3.1 Atorvastatin reduces cholesterol and FPP synthesis,

and Pgp expression in dox-resistant osteosarcoma cells

Human dox-sensitive U-2OS and Saos-2 cells as well as their
dox-resistant sublines DX30, DX100 and DX580, characterized by
increasing levels of Pgp and consequently resistance to dox [30],
were analyzed for the de novo biosynthesis of cholesterol (Fig. 1A)
and FPP (Fig. 1B) bymetabolic radiolabeling. In line with the find-
ings obtained in other solid tumors [15, 16], in osteosarcoma cells
too, the increase in dox-resistance was paralleled by an increase
in the rate of cholesterol and FPP biosynthesis. This biosynthesis
was however inhibited by atorvastatin, in a dose-dependent manner
(Fig. 1A-B). Since 1 µM atorvastatin decreased both cholesterol
and FPP synthesis in all cell lines (Fig. 1A-B), without inducing
necrotic damage after 24 h, as demonstrated by the lack of increase
in the extracellular LDH (Fig. S1A-B), and without decreasing cell
viability after 48 h (Fig. S1B), we used this concentration for all
the following experiments.

Dox-resistant sublines of U-2OS cells displayed a higher level
of GTP-bound Ras, i.e. the active form of the protein (Fig. 2A),
likely as a consequence of the high supply of FPP [31]. The levels
of active phosphorylated ERK1/2, a downstream effector of Ras,
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were also increased in the dox-resistant sublines. Phosphorylated
HIF-1α , a target of ERK1/2 kinase, was detected in dox-resistant
osteosarcoma sublines (Fig. 2A). In these cells, HIF-1α was bound
to its consensus sequence on DNA (i.e. hypoxia response element;
Fig. 2B), suggesting that HIF-1α was transcriptional active. In
parallel, the mRNA levels of mdr1, a target gene of HIF-1α [21],
were increased in dox-resistant sublines (Fig. 2C). The levels of
Pgp in whole cell lysates (Fig. 2D) and on the cell surface (Fig. 2E)
were progressively increased in the U-2OS/DX30, U-2OS/DX100
and U-2OS/DX580 sublines.

Atorvastatin, which did not significantly reduce FPP biosyn-
thesis in U-2OS cells (Fig. 1B), did not change the activation
of Ras/ERK1/2/HIF-1α axis, nor the amount of Pgp (Fig. 2A-E)
in sensitive cells. In contrast, in dox-resistant clones, where the
statin induced a stronger decrease in FPP levels (Fig. 1B), atorvas-
tatin potently repressed the activation of Ras/ERK1/2 (Fig. 2A),
the phosphorylation and the transcriptional activity of HIF-1α
(Fig. 2A-B), the levels of mdr1 mRNA (Fig. 2C) and Pgp protein
(Fig. 2D-E).

3.2 The combination of atorvastatin and dox loaded lipo-
somes decorated with an LDLR binding peptide reverses
drug resistance in refractory osteosarcoma.
We previously observed that dox-resistant cells have increased

levels of LDLR [15]. Accordingly, dox-resistant osteosarcoma
sublines progressively increased the expression of LDLR (Fig. 3A)
and the amount of LDLR on cell surface (Fig. 3B), in parallel
with the increase of dox-resistance. In mammalian cells, the
physiological response to the decrease in intracellular cholesterol
is the increase of LDLR [36]. In line with this metabolic re-
sponse, osteosarcoma cells treated with atorvastatin, which re-
duced intracellular cholesterol (Fig. 1A), increased the expression
of LDLR (Fig. 3A-B). The increase in LDLR was higher in most
dox-resistant sublines, where the effects of atorvastatin on choles-
terol biosynthesis were stronger.

Taking advantage of this phenotype, we designed a treatment
strategy based on a 24 h incubation with atorvastatin, to increase
LDLR, followed by a 24 h incubation with liposomal dox dec-
orated with the recombinant apoB100-derived peptide contain-
ing the LDLR binding site (Fig. 3C). When used alone, these li-
posomes (aLD) were slightly more accumulated in all the dox-
resistant sublines than free dox (Fig. 3D; Fig. S2A). This increase,
however, did not reduce cell viability in the sublines resistant to
dox (Fig. 3E; Fig. S2B). Remarkably, pre-treatment with atorvas-
tatin followed by aLD significantly enhanced the intracellular re-
tention of dox (Fig. 3D; Fig. S2A) and reduced the viability of cells
in all dox-resistant sublines (Fig. 3E; Fig. S2B).

To validate the efficacy of our treatment scheme in a preclini-
cal model of resistant osteosarcoma, we subcutaneously implanted
U-2OS/DX580 cells in adult nu/nu Balb/c mice. Expectedly, dox
did not reduce the growth of tumors that turned out to be resistant
to Caelyxtoo®, the clinically-approved formulation of liposomal
dox (Fig. 4A). aLD alone slightly reduced tumor growth, but the
maximal efficacy was achieved by the treatment with atorvastatin,
at a dose ineffective in decreasing tumor growth, followed by aLD
after 24 h (Fig. 4A). The analysis of tumor extracts demonstrated
that atorvastatin-treated mice had lower Pgp but higher LDLR lev-
els (Fig. 4B), recapitulating the phenotype observed in vitro.

4. Discussion
In the current study, we evaluated a new pre-clinical strategy

in an attempt to overcome dox-resistance mediated by Pgp in os-
teosarcoma. As already observed in several dox-resistant tumors
[16], in osteosarcoma cell lines too, the rate of cholesterol biosyn-
thesis was increased upon increase in Pgp expression and acquired
dox resistance. Cholesterol and its upstream metabolites, includ-
ing FPP, are indeed critical contributors to Pgp expression and
efflux activity. First, cholesterol plasma membrane cholesterol
maintains an optimal conformation of Pgp [13, 14]. Second, the
amount of FPP is crucial for the activation of the Ras/ERK1/2/HIF-
1α axis [16, 18]. In line with the higher rate of FPP biosynthe-
sis, the activity of the Ras/ERK1/2/HIF-1α cascade and the tran-
scriptional activity of HIF-1α were progressively increased upon
gradual acquisition of dox resistance in osteosarcoma cells. Ac-
cordingly, mdr1 mRNA and Pgp protein level were significantly
elevated.

In order to reduce both the expression and drug efflux activity
of Pgp, we used atorvastatin, a potent inhibitor of 3-β -hydroxy-
3-β -methyl-glutaryl coenzyme A reductase, the rate-limiting en-
zyme in cholesterol biosynthesis. By inhibiting the pathway at
this step, we obtained a simultaneous decrease in the levels of both
FPP and cholesterol. The decrease was negligible in sensitive cells
and proportionally higher in most dox-resistant sublines. Indeed,
higher the basal rate of biosynthesis, the stronger was the effect of
atorvastatin in reducing the rate of FPP and cholesterol biosynthe-
sis; this resulted in decreased activation of Ras/ERK1/2/HIF-1α
axis and Pgp levels. The decrease in cell surface Pgp, i.e. the ac-
tive form of Pgp, was due to a decreased transcription, as demon-
strated by the reduction of mdr1 mRNA.

Atorvastastin was previously found to be a pro-apoptotic agent
in osteosarcoma cells when used at a 10 µM concentration [22],
a finding that was also confirmed in U-2OS and Saos-2 cells. To
avoid any bias due to a direct cytotoxic effect of the statin and to
investigate the effect of the statin as a pure chemosensitizing agent,
we used the drug at a 1 µM concentration as the most effective
concentration that reduced cholesterol and FPP synthesis, without
inducing cell toxicity.

As a consequence of the effective decrease in cholesterol syn-
thesis, atorvastatin-treated cells increased the expression of LDLR.
Of note, chemoresistant cells have a higher basal level of LDLR
[15], likely because they have an enormous demand for cholesterol
of either endogenous or exogenous origin tomaintain proper home-
ostasis of their plasma membrane [17]. Osteosarcoma cells are no
exception to this behavior drug-sensitive U-2OS cells had very low
levels of LDLR, while their dox-resistant sublines progressively in-
creased the expression of this receptor. In line with the higher de-
crease in cholesterol biosynthesis exerted by atorvastatin, LDLR
was reduced by atorvastatin in dox-resistant cells more than in sen-
sitive ones.

Since dox-resistance is not only due to an increased drug ef-
flux, but also due to a decreased drug uptake [9], we designed a
treatment strategy that increased the uptake of dox via LDLR and
decreased its efflux via Pgp. We pre-treated cells with atorvastatin,
in order to increase surface LDLR levels, and thenwe administered
dox in a liposomal formulation decorated with the LDLR-binding
peptide derived from apoB100. In dox-resistant colon cancer cells,
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Figure 2. Atorvastatin down-regulates the expression of P-glycoprotein in doxorubicin-resistant osteosarcoma cells. Human dox-sensitive U-2OS
cells and their resistant sublines DX30, DX100 and DX580 were incubated 24 h in the absence (-, ctrl) or presence (+) of 1 µM atorvastatin
(AT). A. Expression levels of the indicated proteins in whole cell lysates as determined by Western blot analysis. The β -tubulin expression was
used as control for equal protein loading. The figure is representative of 3 independent experiments. B. Binding of nuclear HIF-1α to its DNA
consensus binding sequence, was measured by EMSA. The figure is representative of 3 independent experiments. Bl: blank. C. mdr1 mRNA
levels determined by qRT-PCR, in triplicates. Data are means ± SD (n = 3 independent experiments). ∗P < 0.001 for untreated DX-cells vs.
parental U-2OS cells; ◦P < 0.018 for AT-treated cell variant vs. the corresponding untreated cell variant. D. Pgp levels in whole cell lysates
by immunoblotting. The β -tubulin expression was used as a control of equal protein loading. The figure is representative of 3 independent
experiments. E. Cell surface Pgp levels determined by flow cytometry, in duplicates. No Ab: cells incubated with non-immune isotypic antibody.
Histograms are representative of 3 independent experiments.

this treatment favored the entry of LDL-decorated liposomal dox
via a receptor-mediated endocytosis and achieved a high intracel-
lular drug delivery [15]. In dox-resistant osteosarcoma cells, the
sequential treatment of atorvastatin plus LDL-decorated liposomal
dox significantly increased the amount of intracellular dox -- that
attained the same levels obtained in sensitive cells -- and the conse-
quent cytotoxicity. These effects were not cell-specific, since they
were observed in two different osteosarcoma cell lines.

Liposomal dox has been widely exploited as a new strategy to
improve the efficacy of the drug against resistant osteosarcoma,
using targeted liposomes able to increase the drug delivery into

osteosarcoma cells [37, 38, 39]. Our approach is innovative be-
cause we adopted a Trojan horse strategy that increased the drug
uptake and reduced the drug efflux.

We finally validated our novel treatment strategy in dox-
resistant osteosarcoma xenografts, that were completely resistant
to dox. Atorvastatin was given at a concentration equivalent to
the dose administered to hypercholesterolemic patients, i.e. 40
mg/day [30]. At this dosage, the statin had no anti-tumor effect.
Since the half-life of atorvastatin is 14 h and the half-life of its
active metabolite ranges between 20 and 30 h, it is reasonable to
think that upon atorvastatin was able to lower cholesterol synthesis,

Volume 2, Number 1, 2019 5



increase LDLR and decrease Pgp. Indeed, the sequential adminis-
tration of atorvastatin followed by LDL-decorated liposomal dox
after 24 h was very effective in reducing tumor growth. The anal-
ysis of tumor extracts confirmed that in this group, there was a
maximal increase in both LDLR and a maximal decrease in Pgp,
providing the rationale explanation of the high anti-tumor efficacy
of our combined treatment.

Notably, our approach was superior to Caelyx®, the FDA-
approved liposomal formulation of dox that prevented the onset of
dox cardiotoxicity [40, 41] but did not improve dox efficacy against
Pgp-expressing tumors [42, 43], including osteosarcoma [36].

5. Conclusions
We propose an innovative two-steps treatment based on the se-

quential administration of atorvastatin and LDL-masked liposo-
mal dox, that was effective against dox-resistant/Pgp-expressing
osteosarcoma. By exploiting an Achilles' heel of dox-resistant
cells - i.e. the high sensitivity to the metabolic effect of statins
- we increased dox uptake, taking advantage from the high expres-
sion of LDLR and decreased dox efflux, taking advantage from the
decreased expression of Pgp. Our strategy may be considered as
a potential treatment for Pgp-overexpressing osteosarcomas, char-
acterized by strong resistance to dox and consequently poor prog-
nosis.

Figure 3. The sequential treatment with atorvastatin and LDL-decorated liposomal dox overcomes drug resistance in osteosarcoma cells. A.
Human dox-sensitive U-2OS cells and their resistant sublines DX30, DX100 and DX580 were incubated 24 h in the absence (-, ctrl) or presence
(+) of 1 µM atorvastatin (AT). Cells were lysed and analyzed for the expression of low density lipoprotein receptor (LDLR) by immunoblotting.
The β -tubulin expression was used as an internal control for equal protein loading. The figure is representative of 3 independent experiments.
B. Cell surface LDLR levels were measured by flow cytometry, in duplicates. No Ab: cells incubated with non-immune isotypic antibody.
Histograms are representative of 3 independent experiments. C. Experimental scheme of the sequential treatment with atorvastatin and LDL-
decorated dox-loaded liposomes. Cells were incubated for 24 h with 1 µM AT, then with LDL-decorated liposomal dox (apo-Lipodox, aLD)
containing 5 µM dox for an additional 24 h. C. Cells were incubated for 24 h with 5 µM dox, 24 h with 5 µM aLD, 24 h with 1 µMAT followed
by 24 h with 5 µM aLD. Intracellular dox accumulation was measured fluorimetrically, in duplicates. Data are means ± SD (n = 3 independent
experiments). *P < 0.044 for untreated DX-cells vs. parental U-2OS cells; ◦P < 0.001 for AT+aLD-treated cells vs. the corresponding dox-
treated cells. D. Cells treated as in C, were grown for additional 24 h. Percentage of viable cells, measured by a chemiluminescence-based
assay, in quadruplicates. Data are means ± SD (n = 3 independent experiments). *P < 0.001 for treated vs. untreated (ctrl) cells; ◦P < 0.001
for AT+aLD-treated cells vs. the corresponding dox-treated cells.
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Figure 4. The sequential treatment with atorvastatin and LDL-masked
liposomal doxorubicin reduces the growth of drug-resistant osteosar-
coma. U-2OS/DX580 cells were subcutaneously implanted in 6-
week old female nu/nu Balb/C mice. When tumors reached a
volume of 50 mm3, animals were randomized in 6 groups (n =
6 mice/group) and treated at day 3, 9, and 15 after randomiza-
tion (indicated by the arrows in the figure) as it follows: 1) control
(ctrl) group, treated with 200 µ l sterile physiological solution, intra-
venously (i.v.); 2) dox (dox) group, treated with 200 µ l sterile phys-
iological solution containing 5 mg/kg dox, i.v.; 3) Caelyx®group,
treated with 200 µ l sterile solution of Caelyx®, equivalent to 5 mg/kg
dox, i.v.; 4) atorvastatin (AT) group, treated with 200 µ l of saline solu-
tion containing 12 µg atorvastatin, by oral gavage; 5) LDL-decorated
liposomal dox (apo-Lipodoxorubicin, aLD), treated with 200 µ l ster-
ile physiological solution containing 5 mg/kg dox, i.v.; 6) AT + aLD
group, treated with 12 µg atorvastatin, by oral gavage, followed by
5 mg/kg dox, i.v., 24 h after the statin. A. Tumor growth was mon-
itored daily by caliper measurement. Data are presented as means
± SD. ∗P < 0.0026 for aLD vs all other treatment groups (day 21);
∗P < 0.00 for AT+aLD vs all other treatment groups (days 15-21); ◦P
< 0.001 for AT+aLD vs aLD group (days: 15-21).
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Supplemental material

Figure S1. Dose-dependent toxicity of atorvatstatin. Human dox-
sensitive U-2OS cells and their resistant sublines DX30, DX100 and
DX580 were grown in the absence (ctrl) or presence of 0.1, 1 or 10
µM atorvastatin (AT). A. Extracellular LDH activity, measured spec-
trophotometrically after a 24 h-incubation, in duplicates. Data are
means ± SD (n = 3 independent experiments). *P < 0.001 for
AT-treated cells vs. untreated (ctrl) cells. B. Percentage of viable
cells, measured by a chemiluminescence-based assay after a 48 h-
incubation, in quadruplicates. Data are means ± SD (n = 3 inde-
pendent experiments). *P < 0.024 for AT-treated cells vs. untreated
(ctrl) cells.

Figure S2. Effects of the sequential treatment with atorvastatin and
LDL-masked liposomal doxorubicin in Saos-2 cells and in their resis-
tant variants. A. Human dox-sensitive Saos-2 cells and their resistant
sublines DX30, DX100 and DX580 were incubated 24 h in fresh
medium (ctrl) or in medium containing 5 µM doxorubicin (dox), LDL-
masked liposomal doxorubicin (apo-Lipodoxorubicin, aLD) contain-
ing 5 µM dox, 1 µM atorvastatin (AT) for 24 h followed by 5 µM
aLD for further 24 h. Intracellular doxorubicin accumulation was mea-
sured fluorimetrically, in duplicates. Data are means ± SD (n = 3
independent experiments). *P < 0.0015 for untreated DX-cells vs.
parental U-2OS cells; ◦P < 0.013 for AT + aLD-treated cells vs. the
corresponding dox-treated cells. B. Cells were incubated as in A and
grown for additional 24 h. Percentage of viable cells, measured by a
chemiluminescence-based assay, in quadruplicates. Data are means
± SD (n = 3 independent experiments). *P < 0.031 for treated vs.
untreated (ctrl) cells; ◦P < 0.001 for AT + aLD-treated cells vs. the
corresponding dox-treated cells.

Volume 2, Number 1, 2019 S1


	Introduction
	Materials and Methods
	Chemicals
	Cell lines
	Cholesterol and FPP biosynthesis
	 Immunoblotting
	Electrophoretic mobility shift assay (EMSA)
	qRT-PCR
	Flow cytometry analysis
	Cellular Dox accumulation
	Cytotoxicity and cell viability
	Apo-Lipodoxorubicin production
	 In vivo tumor growth
	Statistical analysis

	Results
	 Atorvastatin reduces cholesterol and FPP synthesis, and Pgp expression in dox-resistant osteosarcoma cells
	The combination of atorvastatin and dox loaded liposomes decorated with an LDLR binding peptide reverses drug resistance in refractory osteosarcoma.

	Discussion
	Conclusions

