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Inflammation – calor, dolor, rubor, tumor and functio laesa

An inflammatory response is a dynamic and complex defense mechanism of the host to 
tissue injury or, more in general, loss of cell or tissue homeostasis. A multifactorial network 
of mediators and cellular effectors initiate and promote elimination of invading pathogens, 
tissue remodeling and/or repair [1]. Primarily the inflammatory response involves a non-
specific line of defense with activation and migration of cells of the innate immune system 
to the afflicted tissue [1]. Tissue-resident monocytes (that differentiate into macrophages 
at the damaged site) and mast cells release various chemokines, cytokines and growth 
factors designed to interfere with endothelial, epithelial and mesenchymal cell- function 
[1]. Overall this leads to a number of macroscopic changes in the tissue: increase in 
blood flow and redness (rubor), local increase in temperature (calor), vasodilation and 
exsudation (edema, tumor), stimulation of sensory nerves (dolor) and loss of function 
(functio laesa) [2]. Chemotactic cytokines orchestrate the recruitment of additional 
leukocyte subpopulations from the circulation, especially neutrophils and macrophages. 
Activated and adherent leukocytes roll over the vascular endothelium and extravasate 
into the damaged tissue to engulf the foreign material and cell debris. Subsequently, the 
venous network is restored and tissue remodeling and repair takes place by proliferating 
endothelial cells and fibroblasts within the extracellular matrix of the damaged tissue. 
After the pathogenic trigger is removed, infiltrating cells undergo apoptosis or exit the 
tissue via lymphatic drainage and the assortment of signaling molecules shifts from pro-
inflammatory to anti-inflammatory with resolution of inflammation [3].
The inflammatory response sketched above is usually a self-limiting process, however 
persistence of the initiating factors or a failure to resolve the inflammatory response  can 
lead to pathogenesis [3].

Cancers – wounds that fail to heal

Such persistent inflammation is now considered to be a hallmark of cancer. Since the 
observation by Virchow in 1863 that neoplastic lesions are infiltrated by inflammatory 
cells, the link between chronic inflammation and cancer has strengthened particularly 
in the last decade [4]. The strongest correlations between chronic inflammation and 
development of malignancy are: colon carcinogenesis in individuals with inflammatory 
bowel disease, hepatocellular carcinoma in individuals with chronic hepatitis virus 
infection, and gastric cancer following Helicobacter pylori infection [4-6]. “Smoldering” 
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inflammation is nowadays recognized as supportive for tumor initiation, promotion and 
progression rather than a protective mechanism to raise an effective host anti-tumor 
response (Figure 1) [7-8]. Repeated tissue damage/repair with the persistence of an 
inflammatory cell infiltrate may lead to genomic alterations such as point mutations, 

Figure 1. Cancer-related inflammation. 
Tumor-promoting inflammation and 
antitumor immunity coexist at the different 
stages of tumorigenesis. Inflammation 
may contribute to tumor initiation, 
process in which normal cells acquire a 
first mutational hit, through mutations, 
genomic instability, and epigenetic 
modifications (mutated cells are marked 
with “x”). The activation of wound healing 
processes leads to increased proliferation 
and survival of the premalignant cells 
into a fully developed primary tumor, i.e., 
tumor promotion. Tumor cells and tumor-
infiltrating immune/inflammatory cells 
produce signaling mediators that induce 
angiogenesis, immune evasion, growth 
and eventually metastatic spread. 
In yellow, stromal cells; brown, malignant 
cells; red, blood vessels; blue, immune 
and inflammatory cells. EMT, epithelial-
mesenchymal transition; ROS, reactive 
oxygen species; RNI, reactive nitrogen 
intermediates. Adapted with permission 
from [8]
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deletions, or rearrangements [9-10]. The inactivation of tumor suppressor genes, such 
as p53, is present in many tumors and determines their extended cell proliferation and 
life span, together with a deficient response to DNA damage in inflamed tissue [4, 10]. 
Irreversible changes of the DNA of proliferating cells may also be induced by reactive 
oxygen (ROS) and nitrogen (RNS) species produced by many phagocytic cells while 
fighting chemical and viral carcinogens - these processes altogether form the initiation 
[9-10]. Until a second alteration takes place - promotion, these initiated cells or 
“subthreshold neoplastic states” can persist indefinitely [9]. Promoters include factors 
released at the site of damage, chronic inflammation and irritation, which generally 
induce cell proliferation, recruitment of inflammatory cells, continued production of 
ROS and NOS with further DNA damage and limited repair [9]. Healthy cells engage 
in these initiation and promotion stages, acquiring new mutations and deregulations that 
translate in insensitivity to anti-growth signals, resistance to apoptosis, self-sufficiency 
to proliferate, limitless replicative potential - tumor progression [8-9]. Furthermore, 
at a certain point, all solid malignancies outpace their blood supply becoming hypoxic 
and deprived of nutrients [11]. The necrotic cell death, especially at the tumor’s core, 
promotes the release of pro-inflammatory mediators that further induce neoangiogenesis 
and lymphoangiogenesis and ensure survival of cancer cells - the “angiogenic switch” 
[11]. Cytokines, chemokines and growth factors produced by both malignant and 
inflammatory cells drive the polarization of the tumor microenvironment, subverting 
adaptive immune responses, fostering proliferation, survival and migration [12-13]. For 
this reason, tumors act as wounds that fail to heal [14].
On closer examination, tumors contain a variety of cell types. Tumors should, therefore, 
be considered as an organ composed of not only tumor cells, but also innate immune 
cells (neutrophils, dendritic cells, macrophages, natural killer cells and mast cells), 
adaptive immune cells (B and T lymphocytes) and surrounding stroma (consisting of 
endothelial cells, fibroblasts, mesenchymal cells  and pericytes) in a complex crosstalk 
and architecture [7-8, 12]. Even cancers not causally related to a pre-existing infection 
or inflammation can display massive inflammatory cell infiltrate due to the direct or 
indirect capability of oncogenes to induce production of inflammatory mediators and 
recruitment of inflammatory cells [5, 8]. Activated cells of the adaptive immune system, 
in a similar manner as during an inflammatory response, are capable of continuously 
recognize (immunosurveillance) and eliminate nascent tumors (immuno-editing) due to 
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the expression of “non-self ” antigens by tumor cells [8, 15-16]. However, new cancer cell 
variants may evade the immunosurveillance due to their genetic instability [5, 8, 15]. 
Intriguingly, it seems that tumor-promoting inflammation and immunoediting can coexist 
at different points along the different stages of tumorigenesis [5, 8]. Besides having anti-
tumor efficacy, immune cells also have tumor promoting effects, as they are reprogrammed 
by the tumor cells towards an immunosuppressive and pro-angiogenic phenotype [13, 
17-18]. For example, dendritic cells that are infiltrating tumors are usually immature 
and not able to effectively raise a T-cell anti-tumor response [19-21]. Tumor-associated 
macrophages (TAM) are the focus of attention of many research groups due to their dual 
role in carcinogenesis and major contribution to myeloid cell infiltrate in tumors. In the 
presence of bacterial products or Th1 cytokines, macrophages become classically activated 
or differentiate into a M1 phenotype that is characterized by immunostimulatory activity, 
while in the presence of Th2 cytokines or immunosuppressive factors, macrophages 
acquire a M2 phenotype to dampen inflammation and promote tissue remodeling [22]. 
Due to the lack of M1-polarization stimulating molecules, the phenotype of macrophages 
in tumors shifts to M2-polarized. These M2-macrophages display several protumoral 
activities and usually higher infiltrating numbers and density correlate with poor prognosis 
and tumor progression [18, 22]. This M2 functional phenotype is also associated with the 
suppression of the adaptive immune response [18, 22].
Thus, malignant cells not only take advantage of the favorable microenvironment provided 
by chronic inflammation for tumor proliferation but also re-educate inflammatory cells 
and co-opt signaling molecules of the tissue repair program (as selectins, chemokines and 
its receptors) to promote invasion, migration, angiogenesis and metastasis. 

Conventional versus non-conventional cancer therapy

There are few treatment options for cancer and these usually include surgery, radiation 
therapy, and chemotherapeutic protocols. Chemotherapy is directed towards the 
discontinuation of malignant cell proliferation and migration, preferentially without 
affecting healthy cells and tissues. Commonly anticancer drugs are categorized in:

•	 cytotoxic drugs that interfere with cell division and DNA synthesis - chemotherapy 
(e.g., doxorubicin, cyclophosphamide, gemcitabine, actinomycin-D)

•	 drugs that interfere with hormone signaling and hormone receptors on cancer cells 
– hormonal therapy (e.g. tamoxifen)
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•	 antibodies and small-molecule kinase inhibitors that specifically interfere with 
proteins involved in growth signaling pathways of cancer cells (e.g. trastuzumab, 
bevacizumab, sunitinib, erlotinib)

•	 immune-active drugs that trigger or increase anti-tumor immune responses- 
immunotherapy (e.g. monoclonal antibodies, IL-2, interferon-α)

Despite the major efforts and advances in the conventional treatment of cancer in the last 
20 years, the 5-year survival rates in certain types of cancer (such as pancreas, lung, liver 
and gastric cancer) are generally less than 10% [6]. The treatment strategies presented 
above often fail to completely eradicate the tumor mass, and in fact select the resistant 
malignant cells that can subsequently proliferate and repopulate the tumor. Therefore, 
there is a persistent need for novel therapeutic approaches for cancer. As it became clear 
that the chronic inflammatory microenvironment is predisposing and sometimes even 
indispensable for tumor development and growth, new therapeutic strategies emerged 
and aim to take advantage of this knowledge [23]. Such novel drug therapies may 
interfere with cellular or molecular mediators of inflammation creating a hostile niche for 
neoplastic cells, or aim at normalizing the inflammatory network to reestablish a normal 
host immune response [23]. For example, the reversible differentiation and functional 
plasticity of innate immune cells, having immunosuppressive and pro-angiogenic 
phenotypes in cancer, can be explored to design pharmacological intervention and 
manipulation strategies to reverse the phenotype towards an effective anti-tumor response. 
Some of these approaches have been reported using anti-cytokine therapies (anti-TNF-α, 
anti-IL-1β, and anti-IL-6), chemokine inhibitory molecules (anti-CXCL8 antibody) or 
antagonists for its receptors (anti-CCR4 antibody, plerixafor) [24]. Also strategies that 
aim at depletion of specific immune cells have been studied. For example, as TAMs are key 
players of the smoldering inflammation in the tumor microenvironment, their depletion 
with clodronate-encapsulating liposomes in tumor bearing mice translated in reduced 
tumor growth, angiogenesis and metastasis [25]. Strategies to manipulate macrophage 
polarization, inducing the switch to classically activated macrophages able to kill cancer 
cells and induce tumor-destructive reactions have also been studied for example with 
histidine-rich glycoprotein [26-27] .
Furthermore, unraveling of the molecular basis of inflammation-driven carcinogenesis 
has identified some key mediators and signaling pathways involved in the injury-
inflammation-cancer development process [6, 23, 28-29]. For example, the transcription 
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Class 
representative

Mechanism of action [reference]

NSAIDs
Aspirin, Ibuprofen

Inhibition of cyclo-oxygenase (COX)-1/-2/-3/Inhibition of 
5-lipoxygenase/Newly identified mechanisms like neutralization 
of radicals, generation of resolvins and protectins [32].

COX-2-inhibitors
Celecoxib

Inhibition of COX-2/Newly identified mechanisms like 
inhibition of Ca2+ ATPase, protein-dependent kinase 1, cyclin-
dependent kinases [33].

Statins
Pravastatin, Atorvastatin

Reduction of cholesterol levels in circulation (probably 
not involved in anti-inflammatory action)/Influence on 
geranylgeranylation of Rho-proteins/Direct effects on immune 
cell function [34].

Biologicals
Etanercep, Infliximab, 
Rituximab

Inhibition of receptor-interaction of pro-inflammatory 
cytokines (like TNF-alpha and IL-1) as soluble receptors or 
antibodies [35].

Corticosteroids
Prednisolone

Interaction of glucocorticoids to their cytosolic receptor 
complex reduces inflammatory gene expression and causes 
rapid intracellular signaling through other components of 
the complex (e.g. Src). /Nonspecific interaction with cellular 
membranes through intercalation altering cation transport 
via plasma membrane and increasing proton leak from 
mitochondria/Interaction with membrane bound receptors 
[36].

ACE-inhibitors 
Captopril

Inhibition of angiotensin-converting enzyme suppresses 
angiotensin II leading to reduction of pro-inflammatory 
cytokines and adhesion molecules [37].

Tetracyclins
Doxycyclin, Minocyclin

Inhibition of bacterial protein synthesis (probably not 
related to inflammation inhibition)/Inhibition T-cell 
activation/ Inhibition phospholipase A2/ Inhibition matrix 
metalloproteinases/ Inhibition nitric oxide synthase [38].

PPAR-γ-agonists
Thiazolidinedione

Regulation of lipid metabolism in adipocytes and insulin 
sensitivity (probably not related to inflammation inhibition)/ 
Inhibition of iNOS, TNFα and MMP9/ Inhibition of NF-κB, 
AP1and STAT transcription factors [39].

Natural compounds
Curcumin

Modulation of different proteins such as COX-2, lipoxygenase, 
GSK3b and several other regulatory enzymes/ modulates 
intracellular redox state/reduced expression of TNF-α, MCP-1 
and reduced NF-κB activity [40].
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factors NF-κB and STAT-3 have been identified to regulate cell survival, immunity and 
tumorigenesis through distinct pathways that at some point engage in complex crosstalks 
[30-31]. Although several NF-κB inhibitors have been developed and shown anti-tumor 
effects in several experimental tumor models, none of these have been clinically approved 
so far. The disappointing clinical results could be related to the complex role of NF-
κB in different cancers; while it plays clear tumor-promoting effects in some cancers, 
it was found to have anti-tumorigenic activities in other cases [30]. Unfortunately, 
similar discrepancies have been reported for other signaling molecules, underlining the 
complexity of tumor-associated inflammation.

Anti-tumor activity of anti-inflammatory drugs

In principle, considering the role of inflammation in tumor establishment and 
development, drugs that interfere with one or more inflammatory mechanisms could 
find application in cancer therapy. Therefore, clinically approved agents with known 
anti-inflammatory activity, with established pharmacology as well as safety profile, may 
find a new therapeutic indication. In fact, different classes of clinically applied drugs 
have been studied for their anti-tumor effects as shown in Table 1. Noteworthy is that 
some of these agents have a primary mechanism of action not related to inflammation 
inhibition, but do possess additional anti-inflammatory pleiotropic effects. Many of 
these drugs are multi-targeted as they interfere with several inflammatory cascades and at 
different levels, making it difficult to understand the relative importance of the inhibition 
of each pathway for one drug molecule within a drug class. Beyond this list, many more 
drugs have been studied with at least as many proposed anti-inflammatory mechanisms 
of action, illustrating that inflammation can be inhibited along many different pathways. 
The challenge is to understand the relevance of each one of these signaling pathways in 
tumor growth.
Extrapolating the results from preclinical studies employing these compounds, it appears 
that the anti-tumor effects are achieved at substantially higher concentrations than those 
employed in conventional anti-inflammatory therapy or to achieve the primary disease-
inhibiting effect of the compound. Besides, for some drugs frequent dosing is required to 
activate anti-tumor mechanisms, which can lead to the occurrence of severe side effects. 
Taken together and considering that an intact inflammatory response is essential for 
host reactions to injury and infection somewhere in the body, local inhibition of tumor 
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associated inflammation would be preferred. This could be achieved by targeted drug 
delivery.

Targeted drug delivery and drug delivery systems

Before an intravenous anti-inflammatory drug can exert its therapeutic activity, there are 
several barriers and challenges to overcome. In general, low molecular weight (rapidly 
cleared from systemic circulation), hydrophobicity (large distribution volume), toxicity 
profile, and chemical instability in the circulation are some of the factors limiting the 
therapeutic applicability of anticancer drugs. Targeted drug delivery has been shown 
to improve the pharmacokinetic and toxicological profile of several chemotherapeutic 
drugs [41]. It often employs nanocarriers which are submicron sized delivery systems that 
incorporate the pharmacologically active molecule and deliver it more selectively to the 
target site, while limiting accumulation in healthy tissues. Many different nanomedicine 
platforms have been designed and prototype examples include liposomes, micelles and 
polymers. Effective targeted drug delivery to tumors has several requirements: efficient 
drug loading into the nanocarrier, sufficient time in circulation to reach the target 
site, retention at the tumor and an appropriate drug release profile [42]. To ensure 
long circulation time, PEGylation has been used extensively to decrease blood protein 
adsorption to the surface of a nanoparticulate system, thereby hindering recognition by 
macrophages of the reticulo-endothelial system and clearance from systemic circulation 
[43-44]. Long-circulating liposomes, also referred to as “stealth liposomes”, are good 
examples of nanocarrier systems that have a long plasma half-time due to the incorporation 
of a PEG-conjugated lipid in the lipid bilayer and have demonstrated to passively target 
inflamed areas [44-45].
Nanoparticles with longer residence times in circulation will have a higher probability 
to extravasate and accumulate in the tumor tissue. In fact, this passive targeting of drugs 
to tumors is known to rely exclusively on pathophysiological features of solid tumor 
vasculature. In contrast to healthy vasculature, tumors present a chaotic and poorly 
differentiated vasculature with endothelial gaps which allows extravasation of the 
nanosized delivery systems [46-47]. Besides this leaky vasculature, the lymphatic network 
of tumors is also impaired because of high interstitial pressure and particle retention [46-
47]. Hence, nanocarriers that gain access to tumour interstitium do not redistribute, but 
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in fact accumulate in the tissue over time due to the so-called enhanced permeability and 
retention (EPR) effect [46-47].

Targeted delivery of glucocorticoids to tumors

The broad anti-inflammatory and immunosuppressive activities of glucocorticoids, 
together with their relative low cost, make them the treatment of choice for the majority of 
inflammatory and autoimmune diseases. Anti-inflammatory effects in mice, for treatment 
of rheumatoid arthritis for example, are in general achieved at cumulative weekly doses in 
the range of 1-7 mg/kg [48-49]. These agents have also shown to inhibit tumor growth 
in mice after parental administration [50]. However, for anti-tumor effects to take place, 
frequent and approximately 100-1000 fold higher dosing is required (cumulative weekly 
doses are in the range of 500-700 mg/kg) [51-52]. Such intense treatment schedules 
translate in severe side effects, and even death, due to opportunistic infections [52].
Incorporation of corticosteroids in long-circulating liposomes has shown to increase drug 
accumulation at the target site and has been exploited in several disease models [50, 53-
55]. Liposomal prednisolone phosphate (LCL-PLP) has been studied in several animal 
tumor models and it inhibits tumor growth in a dose-dependent manner [50]. In B16F10 
melanoma bearing mice, LCL-PLP inhibits tumor growth by 80-90% after a single 
intravenous administration of 20 mg/kg, with 5-10% of injected drug being recovered 
per gram of tumor tissue at 24h post injection [50]. Anti-tumor mechanisms appear to 
be a combination of a decrease in pro-inflammatory/pro-angiogenic proteins while anti-
inflammatory/anti-angiogenic proteins are not affected, thus shifting the inflammatory 
balance in the tumor microenvironment [56].
 
The results obtained with the liposomal corticosteroid, LCL-PLP, shows that interference 
with the chronic inflammatory environment of tumors with anti-inflammatory 
compounds is an attractive therapeutic approach in cancer. However drugs that 
specifically interfere with tumor-associated inflammation are lacking. The main aim of 
this thesis is to investigate the anti-tumor potential of different targeted formulations of 
anti-inflammatory drugs in cancer-related inflammation.
An overview of classes of anti-inflammatory drugs and drug delivery systems so far studied 
to treat cancer-inflammation is given in Chapter 2. Glucocorticoids are amongst the 
most potent anti-inflammatory drugs and have shown to inhibit the growth of different 
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tumors in murine models when passively targeted in liposomes. In Chapter 3 the anti-
tumor effects of liposomal prednisolone phosphate are evaluated in a spontaneous mouse 
tumor model, which more closely resembles the slow progressive chronic inflammatory 
human disease, than the commonly used tumor-graft models. Also, as the preclinical 
evaluation in spontaneous mouse tumor models is expensive and highly time-consuming, 
the value of performing such studies in syngeneic xenograft models is addressed.
The pharmacokinetics and therapeutic efficacy of two tumor-targeted corticosteroid 
nanomedicines is studied in Chapter 4 to investigate whether liposomal corticosteroid 
tumor targeting can be enhanced by using another nanocarrier platform: polymeric 
micelles.
Anti-inflammatory compounds other than corticosteroids may also have anti-tumor 
effects provided that they are delivered locally into the tumor microenvironment. The 
anti-tumor activity of liposomal pravastatin, is studied in Chapter 5. Besides having 
multi-targeted anti-inflammatory activity, natural compounds are well accepted by the 
public, relatively safe and cheap. However, such compounds are in general less stable if 
compared to conventional drugs and have limited bioavailability. The development of 
liposomal formulations of different natural compounds is described in Chapter 6 and in 
vivo anti-tumor efficacy was further explored in melanoma-bearing mice in Chapter 7. 
The results illustrate that this strategy is more complex than foreseen at the outset of these 
studies and several critical factors regarding the development and study of liposomal anti-
inflammatory nanomedicines for cancer therapy are discussed. 
Chapter 8 provides a summary of the work described in this thesis provides suggestions 
for future work and a perspective on targeting anti-inflammatory drugs to tumors for 
cancer therapy.
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Abstract

Inflammation is considered a hallmark of cancer. The chronic inflammatory process is 
driven by the interaction of cells, proteins, cytokines, transcription factors, and lipid 
mediators within the tumor microenvironment giving rise to complex pro-inflammatory 
cascades. These can be inhibited by a variety of different anti-inflammatory compounds, like 
non-steroidal anti-inflammatory drugs, glucocorticoids, anti-inflammatory biologicals, 
phytotherapeutics (mainly polyphenols), and drugs with pleiotropic anti-inflammatory 
effects.  In general, it appears that the anti-tumor activity of these compounds occurs at 
higher doses than the doses used in conventional anti-inflammatory therapy. To optimally 
take advantage of the anti-tumor activity and at the same time limit side effects, targeted 
delivery of anti-inflammatory drugs appears an attractive approach.
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Introduction

The immune system protects the body or helps it recover from traumata and attacks by 
pathogens. The immune system, although preferably activated for a short period of time, 
cannot always prevent an inflammatory response from becoming chronic. Many chronic 
diseases have inflammatory reactions as underlying feature and triggering factor [1-2]. 
For example, inflammatory bowel disease, rheumatoid arthritis and asthma are chronic 
diseases that are attributed to the failure of the immune system to either eliminate the 
initial cause of injury, to resolve the process of inflammation itself, or both. Chronic 
inflammation reached a new level of importance in the last decades when compelling 
evidence supported a causative link to cancer and an involvement in tumor progression 
[3-14]. In fact, it has since been estimated that as much as 18% of all cases of cancer are 
associated with chronic infections and/or local inflammation, making it one of the main 
causes of cancer. Leukocyte infiltrates are also present in tumors that are not caused by 
infectious diseases or persistent inflammation, and leukocyte numbers seem to correlate 
with tumor malignancy and disease outcome [3-4, 7, 9-12, 15-19]. This suggests that 
inflammation is not only associated to tumors linked to infections, but extends to more 
and perhaps all tumor types [20]. Better understanding of the inflammatory pathways 
in cancer and how to intervene in these pathways will help subsequent development of 
new and more efficacious drug therapies. One of the critical steps in this respect appears 
to be a targeted delivery of such therapies to avoid compromising the immune system 
at large and to augment the therapeutic effects of treatment. In the next section we 
discuss the mediators and cells of the immune system that have been the focus of targeted 
immunomodulatory therapy.

Mediators and cells of the immune system

Immune cells

The immune system consists of several cell types and mediators, which cooperate with 
each other and with non-immune cells in complex and dynamic systems, to protect 
against pathogens and other injuries and at the same time prevent the break of tolerance 
against self-antigens [21]. The immune system can be divided into two separate, but 
linked, subsets of cells, innate and adaptive, based upon their antigen specificity and 
timing of activation [2, 21-24]. Immune cells and non-immune cells can secrete or display 
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pro-inflammatory and/or pro-resolving mediators, which can influence the course of the 
inflammatory process towards (chronic) inflammation or resolution [25].
The innate immune cells make up the first lines of defense against traumata and 
infections and are very quickly activated once they encounter injuries and/or antigens 
[2]. In particular, macrophages have been identified as an important innate immune 
cell type in tumor inflammation [26-31]. Macrophages are derived from monocytes that 
circulate in the blood stream and through chemotaxis are drawn to inflamed tissue, where 
they differentiate into either dendritic cells or macrophages [30-31]. This differentiation 
process is largely driven by local cytokines and when fully activated, macrophages 
enthusiastically engage in cell cytotoxicity and pathogen phagocytosis. They also secrete 
a wide variety of cytokines and other signaling substances that have a variety of mostly 
pro-inflammatory effects on other leukocytes and on the surrounding tissue [32]. During 
chronic inflammation macrophages are continuously engaged in tissue destruction as well 
as repair and are present in high concentrations in the inflamed tissue [33]. This is also 
true for the tumor microenvironment, where they are referred to as tumor associated 
macrophages (TAM) and usually are the most prevalent type of leukocyte [34-36]. While 
they can engage in tumor cell cytotoxicity by inducing apoptosis and secreting anti-tumor 
cytokines, it is currently believed that their net effect benefits the tumor. In fact, TAM 
density appears to be a strong indicator in cancer prognosis where higher concentrations 
of TAM correlate with a low survival rate [4, 26-27, 37]. 
Macrophages can, under the influence of certain cytokines and environmental factors, 
polarize into 2 different subtypes, referred to as M1 and M2 macrophages [27-28, 
31, 34]. Reflecting the duality of the entire inflammatory response in the tumor, M1 
macrophages show a clearer anti-tumor activity while M2 macrophages seem to enforce a 
shunted, inefficient immune response that even inhibits adaptive immune cells. While M1 
macrophages are effective antigen presenters, M2’s suppress Th1 cell adaptive immunity 
and stimulate angiogenesis. M2 polarization is induced by a number of cytokines such as 
IL-4 and IL-10. Many types of tumor cells actively secrete IL-10, thereby stimulating M2 
polarization. M2 macrophages themselves also secrete a number of cytokines, including 
IL-10, which may form a positive feedback loop [27-28, 31]. Many anti-inflammatory 
strategies for tumor therapy are based on inhibition of macrophage function [38]. One 
of the bluntest ways to do so is by taking away the TAM altogether from a tumor, for 
example by administering liposomal clodronate [39]. This compound is selectively toxic 
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to macrophages and delivered to them via the liposomes [39-40]. These studies have 
shown strong inhibition of tumor growth after TAM depletion [41].
Apart from TAM, other cells such as mast cells have been implicated in tumor 
inflammation but their tumor promoting activity is less well established or has come into 
view only recently. As a result they have not been the focus of anti-inflammatory targeting 
strategies. The same holds true for cells of the adaptive immune system. They have also 
been associated with tumor progression yet their role is ill understood and strategies to 
specifically interfere with their function have yet to mature.

Pro-inflammatory mediators

Cytokines, chemokines and transcription factors
Cytokines are a class of small secreted signaling proteins involved in organizing the 
inflammatory response. Some are pro-inflammatory while others dampen inflammation 
[42-44]. Their effects and signaling are often interconnected leading to a cascade ultimately 
involving dozens of different cytokines [42-43]. Some examples of important cytokines 
in chronic inflammation and neoplasia are tumor necrosis factor-alpha (TNF-α), the 
interleukins (IL), like IL-10 and several chemokines. 
TNF-α is probably the best known of the cytokines. High concentrations of the cytokine 
are strongly cytotoxic when directly applied to tumor cells [45-46]. However at lower 
(physiological and pathophysiological) concentrations of TNF-α, stimulation of tumor 
growth actually occurs as well as protection of tumor cells from apoptosis. One of the 
main mechanisms through which TNF-α works is by activating the key inflammatory 
transcription factor Nuclear factor kappa B (NF-κB), thereby throwing on the switch of 
inflammation [45]. 
NF-κB is a transcription factor of critical importance in chronic inflammation and 
is often found to be constitutively activated in cancer cell lines. NF-κB is normally 
localized in an inactive form in the cell cytoplasm and can be turned on as a response 
of inflammatory signaling. In its inactive state NF-κB is composed of a heterotrimer 
consisting of p50, p65 and IκBα subunits. Activation occurs through phosphorylation 
and subsequent degradation of the IκBα subunit resulting in the p50-p65 heterodimer 
translocating to the cell nucleus and activating the transcription of a variety of genes, such 
as cyclooxygenase-2, involved in inflammatory and anti-apoptotic signaling [47-48].
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NF-κB seems to induce cell survival/reduce apoptosis and its inhibition leads to an 
increase of apoptosis and phagocytosis by macrophages, even of other leukocytes such 
as neutrophils. There is much interaction between NF-κB and P53 and BcL-2, two 
proteins involved in apoptosis. Inhibition of NF-κB reduces BcL-2 expression and 
increases p53 activity, leading to increased apoptotic activity in different cell types [49-
51]. This strengthens the image of NF-κB as a central switch that when activated protects 
inflammatory leukocytes and tumor cells from apoptotic and cytotoxic mechanisms.
TNF-α is often secreted by tumor cells and TNF-α receptors can be detected on their cell 
surface, suggesting both paracrine and autocrine mechanisms. TAM are a major source of 
TNF-α in the tumor microenvironment and high circulating levels of TNF-α in different 
types of leukemia correlates with a poor prognosis [52].
IL-10 and IL-12 play an important role in macrophage polarization. M2 macrophages, 
who are generally considered to support tumor growth, are induced by IL-10 while also 
secreting IL-10 themselves, forming a possible positive feedback loop. M1 macrophages 
instead secrete IL-12, which is also secreted by M2 macrophages in lower quantities [26-
27]. The importance of cytokines in chronic inflammation and macrophage polarization 
is highlighted in an experiment were tumor bearing mice were treated with CCL16 
(chemokine), CpG (Toll-like receptor ligand) and anti-IL10 receptor antibodies. CLL16 
recruits macrophages, CpG activates them and the antibodies block tumor immune 
suppression through IL-10 signaling. The result is a shift from M2 to M1 subtype. 
These M1 macrophages can deliver a more effective anti-tumor response by secreting 
IL-12 and recruiting the adaptive immune response. The result was a tumor rejection in 
92% of the mice [53]. This illustrates not only the importance of cytokines, but also the 
interconnectedness and codependence of the innate and adaptive immune response.
Chemokines are a large group of cytokines primarily involved in the recruitment of 
leukocytes to areas of inflammation. Over 45 different chemokine genes have been 
discovered, combining with more than 20 chemokine receptors [54-56]. They share 
great structural homogeneity with one another, possess low molecular weight and have 
the ability to attract specific leukocytes at very low concentrations [55]. Apart from 
chemotaxis they are also involved in other inflammatory mechanisms such apoptosis and 
angiogenesis [55, 57]. One of the best known chemokines is monocyte chemoattractant 
protein 1 (MCP1, CCL2) discovered in 1989 [58-59]. While this chemokine and other 
chemokines like it show direct anti-tumor activity, tumor cells are often found to secrete 



2

31

Tum
or-targeting of anti-inflam

m
atory agents

chemokines themselves acting in an autocrine and paracrine manner [60-61]. Apparently 
the leukocytes that these substances recruit and the subsequent inflammatory response 
results in enhanced tumor survival [7, 54]. 

Lipoxygenase and cyclooxygenase
Although cytokine-chemokine-transcription factor crosstalk is at the root of the 
inflammatory response, their inhibitors have only been designed fairly recently. Most 
anti-inflammatory drugs have historically been designed to act at the level of enzymes 
that convert (phospho)lipids into pro-inflammatory molecules. Two enzymes are 
produced as a result of triggering of the inflammatory response: lipoxygenase (LOX) and 
cyclooxygenase (COX). 
COX is the first enzyme in the prostaglandin (PG) synthetic pathway and converts 
arachidonic acid (AA) to intermediates (PGG2 and PGH2), and later thromboxane 
A2 (TXA2) and diverse PGs [62-64]. PGs play important roles in (patho)physiological 
aspects of processes such as inflammation, pain, gastrointestinal homeostasis, platelet 
aggregation, renal hemodynamic, and neurodegeneration [62, 65-67]. While PGs can be 
beneficial at the site of injury, they can be detrimental at other sites, which reflects their 
different organ-specific roles in disease processes [67].
COX-1 is constitutively expressed in almost all tissues, supplying basal levels of 
prostaglandins for homeostasis, such as in the protection of gastric mucosa, regulation of 
vascular pressure and renal blood flow [62-64]. In turn, COX-2 expression is relatively 
low in normal tissues (with the exception of kidneys and brain, where it is constitutively 
expressed), but is induced at the transcriptional level by inflammatory and mitogenic 
stimuli, such as growth factors (TGF-β1, EGF, VEGF) and cytokines (TNF-α, IL-1β) 
[63-64, 68-70]. Recent evidence by Zidar et al. suggests a different distribution pattern 
and response to pathological conditions for COX-1 and -2, which indicates that PG 
regulation is much more complex then generally assumed [71]. PGs also play a role in 
tumor growth by inducing angiogenesis, cellular proliferation, and inhibition of apoptosis. 
Therefore interference with PG biosynthesis may produce anti-tumor effects.

Extracellular matrix
Cytokines, chemokines, and lipid mediators are, of course, central mediators in the 
inflammatory response as they handle the communication between the immune cells 
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and between immune cells and other cell types, like tumor cells, endothelial cells, and 
fibroblasts. Apart from these well-known mediators, other molecules seem to be able to 
orchestrate tumor inflammation and a central role seems to be played by the extracellular 
matrix (ECM). Recently, a component of the ECM, versican, was shown to be secreted by 
tumor cells and to be a potent macrophage activator, via the toll-like receptor, ultimately 
facilitating tumor cell metastasis [72]. Versican is often overexpressed in human tumors 
further supporting a functional role of this molecule in pathophysiology [72-73].  This 
also shows that the ECM is a critical component of the inflammatory cascade during 
cancer.

NSAIDS, Coxibs, novel NSAIDs and derivatives

Mechanism of action

Non-steroidal anti-inflammatory drugs (NSAIDs) represent one of the most prescribed 
classes of pharmaceutical agents in medicine, because of their broad efficacy in relieving 
pain, inflammation and fever. It is generally accepted that these agents interfere with 
the inflammatory process through their ability to suppress PG biosynthesis, a catalytic 
activity of the two distinct COX-isozymes [64, 67, 74-75].
NSAIDs compete with AA for binding to the COX active site and differ in terms of 
their relative selectivity to interfere with either of the two COXs, for which they are 
classified in selective and non-selective COX-2 inhibitors [64]. While acetylsalicylic 
acid competitively binds and irreversibly blocks COX-1 activity, ibuprofen sterically 
blocks AA access to both COX-1 and COX-2 active site to the same extent [63, 76-79]. 
Although they are primarily designed to inhibit PG synthesis, some NSAIDs have been 
reported to have anti-tumor activity. Different studies have shown anti-inflammatory, 
immunomodulatory, anti-proliferative, apoptotic activities of certain NSAIDs that 
cannot be fully explained by their ability to inhibit COX activity alone [74, 80-83]. It has 
also been reported that doses required to observe these effects are much higher, a 100- to 
1000-fold higher, than the doses employed to block prostaglandin synthesis [82]. Thus, 
at high doses, the biological activity of NSAIDs in pathologic states should be regarded 
as a result of the combination of COX-dependent and independent mechanisms [82].
The modulation of some COX-2 independent signal transduction pathways, such as 
NF-κB, AP-1, MAP kinase cascade, ribosomal S6 kinase, STAT, TGF-β family, heat 
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shock response, PPAR family, among others, have been reported for some of these 
drugs [82, 84-87]. Apparently, these COX-2 independent effects are not shared by 
all drugs of this class. The exact mechanisms by which NSAIDs interfere with these 
signaling cascades are not well defined, but recent reports provide more insight into the 
underlying mechanisms of some of the biological activities of these drugs [80, 82, 88-
92]. For example, it was recently reported that some NSAIDs may inhibit growth-factor 
stimulated ERK signaling pathway, a key control pathway of cellular processes, such as 
proliferation, differentiation, migration and survival, through two different mechanisms: 
1) by modulating c-Raf phosphorylation NSAIDs block the interaction between Ras and 
c-Raf, and ERK activation, 2) by up-regulation mitogen-activated kinase phosphatase-1 
and -3 which leads to ERK de-phosphorylation/inactivation [88]. NSAIDs are also able 
to interfere with TNF-α-induced DNA binding of NF-κB, regulating gene and protein 
expression [88]. Some of the activities are suggested to be the result of the inhibition of 
IKK activation and IκBα degradation, processes necessary for NF-κB translocation to the 
nucleus and transcription of downstream genes, which include genes of inflammatory 
proteins (such as TNF-α, IL-2, IL-9, COX-2) [82, 93]. Recently, attention has focused 
on the gene known as MDA-7/IL-24 as the molecular mechanism that enables NSAIDs 
to induce specific apoptosis of cancer cells [94-95].
The anti-proliferative potency in vitro and in vivo of different COX-2 selective inhibitors 
and an analogue of celecoxib lacking COX-2 activity (methylcelecoxib-DMC) was 
examined by Schiffmann [89]. Only celecoxib and its analogue showed anti-proliferative 
effects on COX-2-overexpressing and -negative carcinoma cell lines in vitro. These 
findings were confirmed in vivo, with induction of cell cycle arrest and apoptosis leading 
to reduced growth of tumor xenografts in nude mice [89]. The in vitro experiments with 
DMC showed also anti-proliferative effects when exogenous PGE2 was added, which 
means the anti-proliferative effect of DMC are due to COX-2 independent actions [89].
Halting PG-synthesis for short periods of time with non-selective NSAIDs is generally 
well tolerated, but deleterious side-effects occur with chronic use, mainly regarding the 
gastrointestinal tract with single or multiple ulcer formations, perforations, blood loss 
leading to anemia [96-98]. Regarding to this halting of PGs synthesis, chronic users of 
selective COX-2 inhibitors are prone to experience cardiovascular, renal and renovascular 
adverse events such as myocardial infarction and stroke, increased blood pressure, 
decreased glomerular filtration rate, and nephrotic syndrome [97, 99].
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NSAIDs find their chief clinical application as anti-inflammatory agents in the 
symptomatic relief from pain and inflammation associated with musculoskeletal disorders, 
such as rheumatoid arthritis and osteoarthritis, inflammatory bowel disease, in particular 
ulcerative colitis, systemic lupus erythematosis, and other inflammatory syndromes [100-
101]. However, this treatment is palliative rather than disease modifying. The chronic 
nature of these disorders requires a chronic intake of such drugs, which is often discouraged 
due to the aforementioned adverse effects [102]. The choice of treatment agent, from the 
class of NSAIDs, often depends on their pharmacokinetic profile, patient’s tolerability 
and personal clinical history [103-104]. New anti-inflammatory drugs with higher 
selectivity and specificity for certain signaling pathways, receptors, and mediators have 
been discovered [25]. However, their application is still hampered by limited information 
on the inflammatory pathways underlying each disorder. 

In vitro and preclinical studies

The interest in anti-inflammatory drugs for cancer therapy arose from studies where it 
was found that long term usage of NSAIDs appeared to have a pronounced protective 
effect against the development of cancer [105-112]. Wadell et al. described the regression 
of colorectal adenomas in patients with Gardner’s syndrome being treated with the 
NSAID sulindac [112]. Later, large observational, retro- and prospective studies 
provided evidence that patients who use NSAIDs regularly (for periods over 10 years) 
have a decreased risk of developing malignancies [105-111]. In vitro and in vivo studies 
have provided more insight in the mechanisms behind NSAIDs therapeutic effect on 
malignant transformation and progression.
Many in vitro studies evaluated the effects of various NSAIDs on growth of human 
prostate [113-116], liver [117], colorectal [114, 118-124], breast [125-126], brain [114, 
127-128], esophagus [114, 129-131], stomach [132-133], bladder [134], pancreatic 
[122, 135-136] and ovarian [137-138] cancer cell lines, which were either COX-2-
expressing or -deficient cells,. Acetylsalicylic acid, has been demonstrated to inhibit the 
growth of prostate cells [116], and to induce apoptosis in human colon [119, 124] and 
stomach cancer cell lines [139-140]. Indomethacin induces apoptosis and inhibits growth 
of different malignant cells, such as colorectal [141] and sinonasal [142] carcinomas. 
Furthermore, apoptosis and growth inhibition on renal carcinoma cells [143], decreased 
invasion of breast [125] and glioma [128] cells, was shown. Also celecoxib [114, 117, 
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144], ibuprofen [113-114], sulindac [112, 132-133], and nimesulide [129] have shown 
anti-proliferative and pro-apoptotic properties in cancer cell cultures. Novel NSAIDs 
and derivatives, such as nitric oxide-donating NSAIDs (NO-NSAIDs), sulindac sulfone 
(metabolite of the NSAID sulindac), and S- and R-ibuprofen all showed beneficial effects 
on tumor cell lines [115, 123, 145-146]. In particular, NO-NSAIDs hold great promise 
due to their high efficacy [118, 120-122, 130, 134, 147-148]. These in vitro studies 
investigated the direct effects of anti-inflammatory compounds on tumor cells, whereas 
the strongest effects are expected on the interaction between inflammatory cells and 
tumor cells.
Studies in animal models provided more compelling evidence for NSAIDs as drug class 
with therapeutic potential in cancer. These studies also strengthened the link between 
inflammation and carcinogenesis. Selective and non-selective COX-2 inhibitors 
reduced carcinogenesis for chemically induced tumors, xenografts and transgenic mice 
overexpressing oncogenes. The drugs were shown to act in many different ways and at 
different stages of carcinogenesis. 
The oldest anti-inflammatory drug acetylsalicylic acid delays skin tumor development 
and reduces the number of lung tumors in murine models [149-150]. Piroxicam, in 
turn, was one of the first NSAIDs of which it was reported that they are able to inhibit 
colon carcinogenesis in the rat [151]. Ibuprofen and its enantiomers are effective in mice 
colon carcinogenesis, decreasing tumor initiation, growth and metastatic potential [145, 
152]. Sulindac besides showing chemopreventive potential for esophageal carcinoma and 
reducing the number and size of colon tumors, has been reported to significantly reduce 
the growth of head and neck squamous cell carcinoma, with almost complete resolution 
after 10 days of treatment [131, 153-154]. Chemoprevention of mice colon carcinogenesis 
can be effectively achieved with nimesulide and etodolac treatment, since both decreased 
incidence of colonic neoplasia [155-157]. Indomethacin has been extensively studied and 
reported to diminish the volume of sinonasal, stomach and colorectal tumors in rodent 
models [142, 153, 158]. Members of the oxicam class of NSAIDs, such as meloxicam 
and piroxicam, have shown to inhibit colon tumor incidence in mice [153, 159]. Coxibs, 
the class of NSAIDs with higher selectivity for COX-2 inhibition, have also been tested 
in several tumor models and, in some of the malignancies, show even stronger anti-
neoplastic effects comparing to classic NSAIDs [160-162]. For example, celecoxib has 
shown great potential in oncogenic therapy for its efficacy on decreasing tumor incidence, 
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growth and potentially also tumor recurrence at different anatomical sites (such as breast, 
prostate, colon, head and neck) [144, 163-168]. In vivo experiments with NO-donating 
NSAIDS confirmed the growth inhibitory effects seen in vitro, and in addition showed 
high anti-tumor efficacy accompanied with low toxicity [118, 121, 169-170].
In summary, in all these experimental animal models, administration of different 
selective and non-selective NSAIDs shows consistent reduction on incidence, growth and 
development of malignancies. It should be mentioned that these effects of NSAIDs are 
reversible, as reported for meningioma tumors by Ragel et al. tumors resumed original 
growth rate after stopping from celecoxib treatment [171].

Clinical studies 

Strong preclinical data encouraged clinical trials, to evaluate the chemopreventive and/or 
therapeutic applicability in humans. Clinical studies have so far reported on preventive 
activities. Randomized, double-blinded, placebo controlled clinical trials (RCTs) with 
Familial Adenomatous Polyposis (FAP) patients, which are considered a high risk 
population for colorectal cancer development, generally were found to present reduced 
number and/or size of colon polyps with NSAID treatment [172-173]. Baron et al. in 
2003 reported the results of a RCT, including 1121 patients with a history of at least one 
histological documented adenoma removed, who were assigned to receive aspirin daily, 
either 81 mg or 325 mg, or placebo for three years [174]. Adenomas developed in 38% 
and 45% of the patients of the aspirin group taking 81 mg and 325 mg, respectively, 
and in 47% of the patients receiving placebo. The authors conclude that aspirin had a 
moderate protective effect on the relative risk of developing new adenomas or cancer in 
the bowel [174]. Recently, a systematic review of the latest RCTs, case-control studies 
and cohort studies examined these results [105]. It was concluded that aspirin intake, 
especially in high doses for more than 10 years, seems to have effective chemopreventive 
effects for development of CRAs and colon rectal cancer (CRC) [105]. 
There are also studies supporting that non-aspirin NSAIDs may reduce the incidence of 
esophageal [175-177], breast [178-181], lung [182-183], ovary [184], bladder, prostate 
[106, 109, 185], stomach [175, 184, 186] and hematological malignancies [187-188]. 
Recently, Harris et al. examined epidemiologic literature and explored the impact of 
NSAID intake on the relative risk of developing ten selected malignancies [187]. Daily 
intake (mostly of aspirin or ibuprofen) reflects in a risk reduction ranging from 25-75% for 
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these malignancies, or more generally, in 36% reduction in overall cancer risk [187]. These 
chemopreventive effects of the NSAIDs were consistently stronger for malignancies of the 
gastrointestinal tract, and with at least five years of use (stronger with longer treatment) 
[187, 189]. Despite numerous studies relating to positive correlations, contradicting 
results were also reported, which has been reviewed and examined elsewhere [190-199]. 
Furthermore, these drugs have been related to deleterious gastrointestinal side effects, 
such as ulceration, bleeding and perforation, related to their long term usage [200-202]. 
Attention then focused on selective COX-2 inhibitors, which were introduced in the 
market claiming lower gastric toxicity and more selectivity for COX-2 blockade, which 
was believed to be the main target for cancer chemoprevention (mostly using celecoxib 
and rofecoxib as prototypes of this class of drugs) [180, 203-208].
Recently six RCTs were included in one meta-analysis to inspect both efficacy and safety 
of selective COX-2 inhibitors in the prevention of carcinogenesis [209]. The author 
concluded that these drugs caused regression of colorectal adenomatous polyps, but 
should not be recommended for this indication due to an increased risk of cardiovascular 
events [209]. In summary, recent clinical trials attest COX-2 selective inhibitors as more 
efficient agents for chemoprevention of different types of cancers, along with better 
gastrointestinal safety profiles than classical NSAIDs. However, the serious side effects 
reported to occur with rofecoxib and valdecoxib use, lead to their withdrawal from the 
market in 2004 and 2005, respectively; and severe liver toxicity events hold approval 
of lumiracoxib in the EU in 2007. For these reasons, celecoxib is the single selective 
COX-2 inhibitor currently approved by the Food and Drug Administration (FDA), since 
1999, for adjuvant treatment of FAP. However, the FDA made some recommendations 
for the rational use of all the NSAIDs (including celecoxib), which include a black box 
warning and advices for use in more carefully selected patients. Cardiovascular and 
gastrointestinal risk and benefit, for short- and long-term intake, should be judged at the 
moment of prescription [97]. Another conclusion that can be drawn from the human 
clinical trials is that relatively high doses of drugs are required before it has anti-tumoral 
effect. Simultaneously, the increased risk of the abovementioned side-effects discourages 
the long term intake of these drugs as monotherapy for cancer prevention, because the 
beneficial effects are not able to outweigh the side effects. For this reason, experimental 
studies and clinical trials were set up combining NSAIDs with other chemopreventive 
or conventional chemotherapeutic agents to determine possible synergistic effects [210-
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215]. This combination strategy has shown enhanced chemopreventive efficacy and 
in addition, decreases both the dose required for each of the agents and the unwanted 
high dose-related side effects [216]. Although the same inflammatory mechanisms that 
promote carcinogenesis are active during tumor proliferation and could be inhibited by 
NSAIDs in a therapeutic setting, human clinical studies are up to now lacking.
Nevertheless, clinical data from trials in veterinary patients, where NSAIDs are used as 
part of palliative analgesic care, indicate therapeutic potential. In this setting, the COX-
2 overexpressing transitional cell carcinoma (TCC) was tested in dogs. In one study, 12 
out of 18 dogs had reduction in tumor volume and increased apoptosis when treated 
with piroxicam [217]. More importantly, piroxicam improved remission rates when it 
was combined with conventional cytotoxic drugs, such as cisplatin and mitoxantrone 
[218-219].

Targeted delivery 

NSAIDS have only been delivered in targeted formulations to a limited degree. Probably 
the fact that a wide variety of orally active compounds is available, whose side effect profile 
at recommended doses and frequencies is usually mild, limits the necessity of developing 
drug delivery systems to study their effects. At the same time, the doses needed to observe 
anticancer effect (as can be extrapolated from the preclinical studies) are high, limiting 
clinical applicability of the current formulations. Therefore targeted drug delivery systems 
(DDS) may still need to be developed to take full advantage of this class of compounds.  
Several vehicles have been used for targeted drug delivery to inflammatory processes. Size 
and surface characteristics of these DDS are decisive factors for their in vivo fate [220-224]. 
Preferred carriers have a submicron size (10 to 1000 nm), usually below 200 nm. These 
DDS can be administered intravenously, escaping some biological barriers, but when left 
unmodified still tend to be scavenged and cleared from the bloodstream by phagocytic 
cells of the mononuclear phagocyte system (MPS) [225-226]. It is now well established 
that the inclusion of surface bound hydrophilic molecules, such as poly(ethylene glycol) 
(PEG), create a highly hydrated sterically stabilized barrier on the particles surface, which 
suppresses the phenomenon of opsonisation and give origin to the so-called “stealth” 
particles [227-232]. As a result, PEGylation improves the pharmacokinetic profile of the 
DDS prolonging circulatory residence time, allowing it to extravasate and accumulate 
in tissues with increased vascular permeability and impaired lymphatic drainage, such as 
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tumors, hypoxic and inflamed tissues [227, 231, 233]. The enhanced permeability and 
retention (EPR) effect presented by these tissues was proposed by Maeda et al. in the 
1980’s [234] and has been exploited for the passive targeting of high molecular weight 
molecules and colloidal systems [235-237]. Other strategies exploit active targeting 
strategies by exhibiting special ligands in or on the formulation [238-243]. 
Diverse liposomes encapsulating NSAIDs have been described in literature, and 
more recently also dendrimers and microspheres have been added that modulate 
pharmacokinetics and tissue distribution of NSAIDs [244-245]. PEG-liposomes were 
used to target indomethacin in arthritic rats by Srinath et al. [246]. PEGylated liposomes 
showed a significantly improved circulatory half-life as compared to conventional 
liposomes improving localization in arthritic paw tissue [246]. Overall the targeting 
efficiency of the PEGylated system was about four-fold increased [246]. More recently, 
the unique physicochemical properties of poly(amidoamine) (PAMAM) dendrimers were 
explored to enhance aqueous solubility of indomethacin and its delivery to inflammatory 
regions [247-249]. The dendrimer-drug complex accumulated in the inflamed paw of 
arthritic rats. At the same time, however, drug uptake by MPS organs, as well as kidney 
and lungs was significant [249]. This short circulation half-life is closely associated with 
their cationic nature [249]. To improve this biodistribution pattern and achieve site 
specific targeting, the authors developed folate-PEG conjugates of anionic PAMAM 
dendrimers [248]. As predicted, the addition of PEG to the structure decreased uptake of 
the conjugates by the main MPS organs and lungs [248]. Furthermore, this conjugation 
increased the number of drug molecules encapsulated by 10- to 20-fold compared with 
non-conjugated dendrimers [248]. The active targeting strategy with folate reflected 
in an increase of drug targeting efficiency of 1.72 to 3.44 for native dendrimer and 
folate-PEG conjugates respectively, and 8.47 times higher half-life of indomethacin in 
the target arthritic tissue in rats comparing with the free drug [248]. It is expected that 
such systemically administered long-circulating systems which are principally passively 
targeted can be applicable for tumor targeting strategies as well.
Local administration may be feasible for tumors where the location of the tumor is known 
but surgical resection is difficult. Thakaar and co-workers have been reporting various 
microsphere designs for successful intra-articular (IA) administration of celecoxib [250-
252]. Chitosan microspheres could effectively entrap celecoxib (entrapment efficiency of 
95%) and control its release over a period of 96 hours [252]. The administration of such 
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formulations in arthritic rats demonstrated a 10-fold increase in the joint concentration 
of the drug and greater reduction of its distribution to organs such as liver and spleen, 
compared with IA injection of the drug solution [252]. Solid lipid nanoparticles (SLN) 
loaded with celecoxib were prepared by emulsification and high-pressure homogenization 
and their pharmacokinetic profile was studied in rats after IA injection and compared 
with injection of free drug solution [250]. While the free drug undergoes rapid clearance 
from the joints to the systemic circulation and thus distributing to organs of the MPS, 
celecoxib-loaded SLN are retained in the inflamed joints [250]. This pharmacokinetic 
difference was reflected in the higher and sustained concentration values of celecoxib-
loaded nanoparticles in the joints, even at 24h post-injection, when there was still a 
15-fold higher concentration than that of free celecoxib [250].The retention of these 
particles in situ is due to its phagocytosis by synovial macrophage cells. On this basis, 
Ying Lu et al. developed flurbiprofen gelatin microspheres, by an emulsion-congealing 
method [253]. The pharmacokinetic profile of these formulations was evaluated in rabbit 
joint cavities after a single IA administration, which showed an extended and sustained 
drug release with effective flurbiprofen concentrations in plasma for over a period of 48h 
[253]. Importantly, these formulations efficiently avoid the severe gastrointestinal side 
effects associated with oral administration of these drugs, also demonstrated by Zhang 
et al. with indomethacin-loaded polymeric micelles [254-255]. Such systems for the 
prolonged release of NSAIDs could provide high local drug exposure to tumors while 
limiting adverse effects.

Glucocorticoids

Mechanism of action

In a clinical setting, several inflammatory disorders generally require more aggressive 
therapy than NSAIDs. Glucocorticoids (GC) are usually the drugs of choice because of 
their highly anti-inflammatory and immunosuppressive properties [256-257]. They have 
broad therapeutic applicability in the treatment of chronic inflammatory and autoimmune 
disorders of different etiologies such as asthma, allergy, systemic lupus erythematosis, 
rheumatoid arthritis, dermatitis, Crohn’s disease, vasculitis [258-259]. The cellular and 
molecular mechanisms underlying these actions have been extensively studied and are 
nowadays recognized to be active at the genomic and non-genomic level, and are highly 
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influenced by factors such as GC agent and concentration, intra- and extracellular milieu, 
concentration of GC receptor in a cell [260-261]. Within the time-frame of seconds or 
few minutes non-genomic effects take place, while genomic effects take place only after 
a certain period of time due to the complexity of mechanisms involving transrepression 
and transactivation of GC-responsive genes [262-263].
Low concentrations of GC (≤ 7.5 mg prednisone equivalent per day in humans) induce 
genomic mechanisms by the interaction of GC molecules with generally inactive cytosolic 
GC receptors (cGCR), followed by translocation of the GC-cGCR complex into the 
nucleus [262, 264]. Once inside the nucleus, the readily formed homodimers recognize 
and interact with the so-called glucocorticoid-responsive elements (GREs) in target genes, 
which leads to the transcriptional up- or down-regulation of apoptotic, inflammatory 
and immunoregulatory gene expression [265-270]. This transcriptional modulation can 
be also achieved through direct protein-protein interactions with transcriptional factors 
such as NF-κB, AP-1, SAT, nuclear factor of activated T cells (NF-AT), Sma and Smad 
[265, 268-271]. It is known that for the anti-inflammatory activity of GC, this particular 
interaction with NF-κB and/or AP-1 with suppression of their target genes expression is 
of major significance [265, 267-272]. GC can also interfere with posttranscriptional and 
translational mechanisms through regulation of processes involving mRNA (transport, 
subcellular localization and rate of decay) and members of the serine/threonine kinase 
cascades [265, 267-272].
Higher concentrations of GC (≥7.5 mg of prednisone equivalent per day in humans), 
besides intensifying the genomic mechanisms, give rise to non-genomic effects due to 
saturation of GC receptors [264, 273]. These non-genomic effects can be categorized in 
direct and indirect effects and furthermore subdivided in specific and nonspecific effects 
if the process requires an extra agonist for action or receptor involvement, respectively 
[260, 263, 274-275].
The rapid cGCR-mediated inhibition of AA release is an indirect and specific mechanism 
of GC, that account for their anti-inflammatory activity, since AA is the precursor of PGs 
synthesis as mentioned before [262, 264]. 
GCs through cGCR or membrane-bound glucocorticoid receptors (mGCR) are able 
to interfere with several signaling pathways. The regulation of the phosphatidylinositol 
3-kinase (PI3K)/Akt signaling pathway by GC is an example of a direct and specific 
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mechanism believed to be involved in their apoptotic and anti-proliferative effects [276-
277].
In turn, direct and non-specific actions of GC are associated with intercalation of GC 
molecules into cellular membranes in a process hypothesized to be related with the 
induction of apoptosis [260, 264]. The modification of membrane physicochemical 
characteristics alters cationic transport through the plasma membrane and/or increases 
proton leakage out of mitochondria [260, 278].
Both mechanisms, at genomic and non-genomic levels, account not only for the desirable 
therapeutic effects of GC, but also for the undesired side-effects [270]. The therapy with 
GCs is time- and dose-dependent, with high dose short-term (up to eight days) regimens 
being virtually not harmful, while longer periods increase the risk of deleterious and 
potentially lethal side effects [265, 279]. The clinical use of GC is strongly limited by 
endocrinal (disruption of hypothalamic-pituitary-adrenal axis), cardiovascular (myocardial 
infarction, stroke, heart failure), ocular (cataracts, glaucoma) dermatological (thinning of 
the skin, striae, fat redistribution, purpura, allergic reactions), gastrointestinal (gastritis, 
ulcer formation, and GI bleeding) and musculoskeletal (myopathy, osteoporosis, 
osteonecrosis, growth impairment in children) effects, and can affect kidney and systemic 
hemodynamics (hypertension, fluid retention, hypokalemia and metabolic alkalosis), 
glucose and fat metabolism (hypertriglyceridemia and hypercholesterolemia) [265, 
267-268, 270]. The GC effects on adaptive and innate immunity may predispose to 
infection as demonstrated in studies in patients with rheumatoid arthritis, systemic lupus 
erythematosis and other autoimmune disorders [269, 280-281]. In summary, treatment 
of chronic inflammatory diseases with GC is limited by their toxic profile which is 
sometimes the most common causes of iatrogenic illness, however highly dependent on 
the average dose and cumulative duration of use [268].
The pharmacokinetic profile (high clearance and large distribution volume) of GCs 
results in poor pathological target localization which, in turn, leads to and often implies 
the necessity of high and frequent dosing to achieve a beneficial effect [258, 279].

In vitro  and in vivo studies 

Early experimental studies involving GCs, besides exploiting their anti-inflammatory 
activity also examined their anti-angiogenic potential, and this led to their recognition 
as possible anti-tumor agents [282-283]. In fact, these agents inhibit the proliferation of 
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malignant cell lines in vitro [284-293] and solid tumor growth in experimental animal 
models [283-284, 294-301]. 
However, these anti-tumor effects are only achievable at high and frequent doses, far above 
the dose needed for anti-inflammatory purposes, apparently up to 200 mg/kg/day in 
mice [302-303]. The pharmacokinetic profile of these drugs explains this dose-dependent 
effect. As mentioned above, because of the general high clearance and large distribution 
volumes of these drugs, they poorly accumulate at tumor sites, which contribute also 
to their severe systemic side effects. In fact, in preclinical studies these side effects were 
obvious, with death and morbidity of animals due to opportunistic infections as result of 
the severe immune suppression [297, 304].

Clinical studies

In a clinical setting, GCs were showed to induce remission of childhood leukemia 
[266]. Their cytolytic activity on lymphoid cells is the rationale for their establishment 
as treatment for hematological malignancies and are now included in almost all the 
chemotherapy protocols for malignant diseases of the lymphatic tissue. These drugs also 
have an application in the treatment of non-hematological malignancies, sometimes as 
monotherapy, but more commonly in a supportive-care role, relieving patients from cancer 
and treatment-related symptoms [271-272]. Independently of chemotherapy phase, GCs 
at varying doses protect non-malignant tissue from cytotoxic effects (e.g. bone marrow), 
reduce edema, inflammation and pain, reduce nausea and emesis, increase appetite and 
decrease weight loss [271-272]. As co-medication in the treatment of solid malignant 
tumors, GCs with either chemotherapy, radiotherapy or endocrine therapy, have been 
reported to improve the general condition of the patients and increases response rate 
[305-310]. However, some observations suggest that besides this supportive role, GC in 
combination regimens might not be beneficial but even be detrimental [311-313]. This 
suggestion is controversial, with experimental data suggesting both beneficial and non-
beneficial effects of GCs in combination regimens in different solid tumors [314-315]. 
Experimental studies employing carcinoma cell lines [312, 316], xenografts in nude mice 
[286-287, 292, 294] and cells isolated from surgical samples of solid tumors, support 
these negative effects of glucocorticoid therapy in some solid tumors [286-287, 295]. 
There is still no explanation for this phenomenon, and it is unclear if it is particular of 
only some tumors, or of the combination with particular cytotoxic drugs or of cell-type. 
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Recently, a systematic review assessing this subject was published [314]. The authors 
conclude that the clinical effect of GCs depend on the primary tumor site and furthermore 
also highlight that if administrated continuously at high doses in patients, it might even 
decrease survival [314]. To circumvent these effects, GC tumor-targeted delivery systems 
were developed and shown to inhibit tumor growth in tumor models with improved 
benefit–risk ratio [40, 302-303, 317-318].

Targeted delivery

By far the most studies on targeted delivery of GC have been performed in models 
of autoimmune disease. In a series of studies, Metselaar et al. reported on the use of 
liposomal GC in experimental arthritis in rodents [319]. Long-circulating polyethylene 
glycol (PEG)-coated liposomes preferentially localized in inflamed joints through passive 
accumulation after intravenous administration [319]. When loaded with prednisolone 
phosphate a strong anti-arthritic effect was observed [319]. Single dose of 10 mg/kg 
induced fast and complete disappearance of joint inflammation lasting up to a week 
post-injection [319]. Free drug was ineffective at this dose level and frequency [319]. 
The system has also been successful in reducing inflammation in a rat model of multiple 
sclerosis [320]. At present, this system is developed as NanoCort®, and a successful Phase 
I/II  clinical trial has been completed in patients with rheumatoid arthritis [321].
The same system has also been evaluated pre-clinically for anti-tumor efficacy. Liposomes 
were shown to accumulate at s.c. sites of malignancy. Between 5-10% of the injected 
dose localized in the tumor at 24h post-injection. When looking at GC levels in the 
tumor after administration of 20 mg/kg liposome-encapsulated prednisolone phosphate, 
10 -20 µg GC was recovered per gram tumor tissue at 24h post injection. Although the 
respective contributions of therapeutically active and liposome-encapsulated prednisolone 
phosphate are unclear, levels were at least 100-fold higher than the levels induced by the 
administration of the free drug at this time point.  Liposomal prednisolone phosphate 
could inhibit tumor growth in a dose-dependent manner.  Maximum levels of tumor 
growth inhibition were 80% to 90% after single dose of 20 mg/kg. Prednisolone 
phosphate in the free form was completely ineffective after single dose administration, 
even when administered at a dose of 50 mg/kg. Again, the therapeutic effect could be 
attributed to local drug levels in the tumor as short-circulating liposomes failed to affect 
tumor growth rate [303].
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The degree of localization in the inflamed site can be further increased by functionalization 
of the liposome surface. Such strategy was adopted by Koning et al., by coupling a peptide 
with an Arg-Gly-Asp motif to the PEG chain on dexamethasone phosphate-containing 
liposomes surface [322]. The high affinity of the Arg-Gly-Asp peptide for αvβ3 integrin 
expressed on angiogenic vascular endothelial cells at the sites inflammation ensured target 
localization of the formulation [322]. Furthermore, the Arg-Gly-Asp liposomes proved 
to be efficacious in vivo with strong and long-lasting therapeutic effects in arthritic rats 
[322]. These observations support the notion that endothelial cells play a crucial role 
during inflammation progression and that targeting these cells with GC can contribute 
to therapeutic effects.
Also for GC, local administration systems have been developed as IA injection for the 
treatment of rheumatic disease [323]. Despite the high initial local drug levels, the 
occurrence of side effects (e.g. crystal-induced arthritis) and limited residence time of GC 
in the joint, limit the clinical outcome. Different approaches have been described, for 
example PLGA nanoparticles loaded with betamethasone phosphate [324]. Butoescu et 
al. recently designed magnetic nanoparticles to be retained in the arthritic joint by using 
an external magnetic field [325]. Superparamagnetic iron oxide nanoparticles (SPIONs) 
and dexamethasone-21-acetate were co-encapsulated in poly (d,l-lactide-co-glycolide) 
microparticles with loading efficiency suitable for intra-articular injection [325].
In another study, a single injection of betamethasone sodium phosphate encapsulated 
in PLGA nanoparticles (100 µg) decreased by 30% the paw inflammation in arthritic 
rats (adjuvant arthritis) in 1 day [326]. In another model of arthritis (antibody induced 
arthritis), a single injection of only 30 µg of such nanoparticles was enough to induce 
almost complete remission of inflammation in 7 days, whereas the same dose of non-
encapsulated GC, administered for three times, had only moderate efficacy in reducing 
inflammation [326].

Biologicals, natural compounds, and drugs with pleiotropic anti-
inflammatory effects

Biologicals

In the last decades, the complexity of the molecular biology of cells, receptors and 
mediators involved in the inflammatory process, is becoming more apparent. New 
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biological therapies (e.g. antibodies and immunoconjugates) emerged, that can interfere 
selectively with pro-inflammatory cytokines and/or inflammatory pathways because 
they bind and neutralize key mediators [327]. These targeted therapies designed for 
the treatment of chronic inflammatory disorders, have also shown to interfere in the 
carcinogenesis process, and have shown promise in cancer therapy [328-331]. 
Most biologicals currently on the market for inflammatory diseases are monocolonal 
antibodies that are designed to inhibit TNF-α or IL-1. Examples of these antibodies 
are Etanercept and Infliximab (both targeting TNF-α) and Anakinra, an IL-1 receptor 
antagonist [327, 332-335]. In a study of Egberts et al., the role of TNF-α in pancreatic 
ductal adenocarcinoma was investigated [334]. In vitro, TNF-α, opposite to its name, 
strongly increased invasiveness of tumor cells and had only a small anti-proliferative effect. 
In vivo, tumor growth and metastasis were increased in murine pancreatic cancer models 
that received TNF-α. Importantly, the tumor cells already secreted TNF-α themselves in 
vivo. Reduction of active TNF-α-levels with infliximab or etanercept had limited effects 
on tumor cells in vitro, but both antibodies induced strong anti-tumor effects in vivo 
[334]. These positive results reflect other studies showing positive effects of neutralizing 
TNF-α in follicular lymphoma [335] and ophthalmic vaoproliferative tumors [336]. In 
addition, clinical data on biological responses and tolerability of infliximab in patients 
with advanced cancer have been reported by Brown et al. [337]. Infliximab was dosed at 
5 or 10 mg/kg every 4 weeks after 3 doses in the first 4 weeks. No dose-limiting toxicity 
was seen. Serum TNF-α neutralization was already observed at 1 h after administration 
while other pro-inflammatory biomarkers were decreased at 24 and 48 h. Seven out of 
41 patients experienced disease stablisation, while accelerated tumor growth was never 
observed [337]. 
Targeted delivery of these biologicals has not been explored extensively yet. This appears 
to be partly caused by the fact that these biologicals already provide an intrinsically high 
level of specificity, and the monoclonal antibodies already have attractive half-lives in the 
circulation (between 4-14 days) [327].  Nevertheless, for the IL-1 receptor antagonist 
anakinra, the half-life is a mere 4-6 h. To prolong active systemic drug levels, Lavi et al. 
encapsulated anakinra in biodegradable microspheres composed of poly-(lactic/glycolic 
acid) [338]. In vitro, it was shown that these microspheres could provide sustained release 
of the antagonist inhibiting B16 melanoma cell proliferation for a week. For the in vivo 
study they used mice that were inoculated intrafootpad with 2 x 105 B16 melanoma cells. 
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These mice received multiple subcutaneous injections with anakinra loaded microspheres 
(one every 5-7 days starting from the day of tumor-cell inoculation). They confirmed 
with these mice that the sustained release of anakinra inhibited tumor growth more and 
prolonged mice survival compared to the mice receiving free anakinra. Upon excision of 
the tumors at the end of the experiment, the tumors were shown to be less vascularized 
and the number of lung metastases was reduced by 70% [338].
This example demonstrates that targeted delivery (for example by coupling the biological 
agent to a long-circulating drug delivery platform) could provide important benefits by 
promoting target-tissue and reducing non-target tissue localization. Reducing the latter 
is important, as the activity of these neutralizing biologicals in non-target tissues have 
been shown to result in increased risk of cancer and of the occurrence of serious infectous 
diseases, such as latent tuberculosis [339-341].

Natural compounds

In contrast to the well-defined mechanim of action of the biologicals which target one 
specific cytokine, the mechanisms involved in the beneficial actions of natural dietary 
compounds, broadly referred to as “phytochemicals”, are believed to be a combination 
of anti-inflammatory, antioxidant, immunomodulatory, pro-apoptotic, and anti-
angiogenic effects [342-345]. The diverse spectrum of activity of phytochemicals across 
several different pathways gave rise to valuable prospects in the management of a broad 
spectrum of disorders, including cancer. Furthermore, these actions have been shown to 
synergize with chemotherapy and radiotherapy [343]. Examples of the more extensively 
studied phytochemicals are resveratrol, isolated from grapes and red wine, curcumin, a 
hydrophobic polyphenol derived from turmeric, and epigallocatechin-3-gallate (EGCG) 
from green tea [346-349], all with promising preclinical, and for some also clinical data, 
as single agents or in combination with established therapies as anti-carcinogenic agents 
[346-349].
Resveratrol, the main active polyphenol in wine, have been extensively studied in vitro and 
in vivo for their anti-inflammatory and anti-carcinogenic properties with limited toxicity 
[350-355].  One efficacy study by van Ginkel et al. showed that resveratrol, despite low 
bioavailability and no accumulation in tumor tissue, was able to inhibit tumor outgrowth 
by 80%. When they increased the dose in the tumor by a peritumor injection, the anti-
tumor potency was enhanced, as the tumor regression occurred faster [350]. Hung et 
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al. incorporated resveratrol into liposomes to evaluate the physiochemical characteristics 
and the protective effect on the cardiovasculature. They showed that an intraperitoneal 
injection of liposomal resveratrol enhanced the preventative and therapeutic benefits, 
while no or negligible liver and kidney toxicity was found [356]. Despite the proven 
efficacy of this targeted formulation in the cardiovascular model, it has not been studied 
yet in tumor models. 
Targeted delivery of curcumin to tumor tissue has been more extensively studied. The 
liposomal association of curcumin improved the inhibition of prostate cancer over 10-
fold [357]. In head and neck squamous cell cancer liposomal curcumin suppressed NF-κB 
activation. In a murine model of human head and neck squamous cell carcinomas, tumor 
growth was strongly inhibited after intravenous treatment with liposomal curcumin 
without apparent toxicity [358]. Similar results were reported by Li et al. in models of 
colon cancer [359]. Tumor growth inhibition was seen in Colo205 and LoVo xenografts, 
where liposomal curcumin induced even stronger effects than treatment with the 
cytostatic oxaliplatin in the Colo205 model.  It appeared that the therapeutic effect was 
primarily resulting from an inhibition of angiogenesis [359]. Recently, a folate-targeted 
pegylated cyclodextrin formulation was described that showed selectivity for folate 
receptor overexpressing tumor cells in vitro [360], but no in vivo results were reported yet.
For the tea polyphenols, such as catechin, epicatechin, EGCG, liposomal formulations have 
been made that can act as a depot for prolonged release after intratumoral administration. 
These formulations did not improve skin permeation of the tea polyphenols. In a 
subsequent study, it was shown that for optimal depot formation and tumor cell delivery, 
liposomes should contain a small percentage of ethanol to be able to protect EGCG from 
degradation and to optimally induce cancer cell apoptosis [361-362].
For these compounds the need for targeted delivery is prominent, as oral absorption 
is usually poor and variable. After uptake in the gut, the compounds are extensively 
metabolized and activity of each of the metabolites is in general unknown, also target 
localization is limited.

Drugs with pleiotropic anti-inflammatory effects

Drugs which have been associated with anti-inflammatory activity, albeit without 
primary indication in the treatment of inflammatory disorders, have shown unexpected 
anti-carcinogenic activity in observational, preclinical or even clinical settings [363].
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Statins, drugs commonly used for cholesterol lowering purposes, possess other beneficial 
biological activities that can be helpful in the control of diverse chronic disorders [364-366]. 
Probably their effectiveness in atherosclerosis also stems from these anti-inflammatory 
properties, as atherosclerosis also has an inflammatory component. Statins act on the key 
enzyme in the mevalonate pathway: 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-
CoA) reductase, which synthesizes mevalonate from HMG-CoA. Mevalonate is the 
first dedicated precursor in the synthesis of cholesterol and for that reason alone the 
mevalonate pathway is important in the study of cancer. Tumor cells are highly dependent 
on cholesterol for the creation of cell membranes and the synthesis of cholesterol based 
lipid hormones, the production of which is often upregulated in tumor cells. Mevalonate 
is however also used to create farnesyl and geranylgeranyl pyrophosphate, which are used 
for the process of isoprenoid modification of proteins. A number of proteins important 
in inflammatory signaling, such as Ras and Rho, require isoprenylation to anchor them to 
the cellular membrane, which is necessary for their localization and proper functioning. 
Tumor cells require these proteins to induce a number of inflammatory mechanisms 
that protect them from apoptotic mechanisms and allow them to survive. Observational 
studies in humans support the chemopreventive effect of statins, showing significant 
reduction in the overall risk of cancer [367]. Preclinical studies in vitro showed that statins 
inhibit growth and proliferation of different tumor cell lines [368-369]. These results were 
supported by in vivo studies in animal tumor models, with statins reducing incidence and 
growth of different types of tumors [370-371]. However, these anti-tumoral effects again 
require higher concentrations than the maximal dose needed in patients with standard 
anti-cholesterol dosing [364, 372-373].
New evidence confirms that drugs generally associated with treatment of diabetes (again 
a syndrome with an inflammatory component), such as the thiazolidinediones and 
biaguanides, can interfere with other processes besides the established cellular metabolism 
[374-376]. In fact, the anti-proliferative and pro-apoptotic activities observed in vitro 
and in vivo, provide potential in both chemoprevention and therapy of various types of 
cancer, either as single agents or in combination with other anti-tumor agents [377-382].
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Perspectives

The results discussed above show the potential of anti-inflammatory drugs for inhibition 
of tumor growth. However, the doses at which these effects become apparent are generally 
far beyond the doses that are usually applied in anti-inflammatory therapy. To prevent 
side effects and increase efficacy targeted drug delivery seems an important aspect of 
inflammation inhibition as anticancer strategy. An effective choice of drug delivery 
strategy, and its development, implies the rational consideration of target site and the 
properties of the drug within the final formulation.
Passive targeting is by far the most popular strategy for drug delivery to tumors. Tumor 
vasculature is morphological and functionally chaotic, generally due to rapid and 
defective angiogenesis, with an abnormal production of vascular mediators (bradykinins, 
nitric oxide, vascular endothelial growth factor and prostaglandins). Depending on the 
tumor type, gaps in the range from 100 nm to 1 µm are found, allowing extravasation of 
vesicles within that window. The lymphatic network is also impaired with high interstitial 
pressure and fluid retention. Hence, long-circulating nanocarriers that gain access to 
tumor interstitium are not rapidly cleared, but are in fact retained. The passive targeting of 
nanocarriers to the tumor interstitium, leads to local drug release in a controlled manner, 
achieving concentrations in the tumor microenvironment, which could not be attained 
with the administration of the same dose of free drug. The specificity of these systems can 
be further enhanced by modifying the drug or drug carrier with targeting agents or “active 
targeting” to be able to deliver drugs to a specific cell type within the tumor.

Acknowledgements

The research of MC, SAK and RMS on tumor inflammation is supported by grant UFA 
07947 of the Technology Foundation/Netherlands Organization for Scientific Research-
Innovational Research Incentives Scheme VIDI.



2

51

Tum
or-targeting of anti-inflam

m
atory agents

References
[1] G.S. Hotamisligil, Inflammation and metabolic disorders, Nature, 444 (2006) 860-867.
[2] P. Libby, Inflammatory mechanisms: the molecular basis of inflammation and disease, Nutr Rev, 65 

(2007) S140-146.
[3] F. Balkwill, K.A. Charles, A. Mantovani, Smoldering and polarized inflammation in the initiation and 

promotion of malignant disease, Cancer Cell, 7 (2005) 211-217.
[4] F. Balkwill, A. Mantovani, Inflammation and cancer: back to Virchow?, Lancet, 357 (2001) 539-545.
[5] V. Brower, Feeding the flame: new research adds to role of inflammation in cancer development, J Natl 

Cancer Inst, 97 (2005) 251-253.
[6] S.K. Bunt, L. Yang, P. Sinha, V.K. Clements, J. Leips, S. Ostrand-Rosenberg, Reduced inflammation 

in the tumor microenvironment delays the accumulation of myeloid-derived suppressor cells and 
limits tumor progression, Cancer Res, 67 (2007) 10019-10026.

[7] L.M. Coussens, Z. Werb, Inflammation and cancer, Nature, 420 (2002) 860-867.
[8] A.M. De Marzo, E.A. Platz, S. Sutcliffe, J. Xu, H. Gronberg, C.G. Drake, Y. Nakai, W.B. Isaacs, W.G. 

Nelson, Inflammation in prostate carcinogenesis, Nat Rev Cancer, 7 (2007) 256-269.
[9] K.E. de Visser, L.M. Coussens, The inflammatory tumor microenvironment and its impact on cancer 

development, Contrib Microbiol, 13 (2006) 118-137.
[10] K.E. de Visser, A. Eichten, L.M. Coussens, Paradoxical roles of the immune system during cancer 

development, Nat Rev Cancer, 6 (2006) 24-37.
[11] K.E. de Visser, L.V. Korets, L.M. Coussens, De novo carcinogenesis promoted by chronic inflammation 

is B lymphocyte dependent, Cancer Cell, 7 (2005) 411-423.
[12] M. Karin, T. Lawrence, V. Nizet, Innate immunity gone awry: linking microbial infections to chronic 

inflammation and cancer, Cell, 124 (2006) 823-835.
[13] T. Lawrence, Inflammation and cancer: a failure of resolution?, Trends Pharmacol Sci, 28 (2007) 162-

165.
[14] P.M. Schwartsburd, Chronic inflammation as inductor of pro-cancer microenvironment: pathogenesis 

of dysregulated feedback control, Cancer Metastasis Rev, 22 (2003) 95-102.
[15] D.G. DeNardo, M. Johansson, L.M. Coussens, Immune cells as mediators of solid tumor metastasis, 

Cancer Metastasis Rev, 27 (2008) 11-18.
[16] M. Karin, Nuclear factor-kappaB in cancer development and progression, Nature, 441 (2006) 431-

436.
[17] M. Karin, The IkappaB kinase - a bridge between inflammation and cancer, Cell Res, 18 (2008) 334-

342.
[18] M. Karin, F.R. Greten, NF-kappaB: linking inflammation and immunity to cancer development and 

progression, Nat Rev Immunol, 5 (2005) 749-759.
[19] K.E. de Visser, Spontaneous immune responses to sporadic tumors: tumor-promoting, tumor-

protective or both?, Cancer Immunol Immunother, (2008).
[20] M. Ferencik, V. Stvrtinova, I. Hulin, M. Novak, Inflammation--a lifelong companion. Attempt at a 

non-analytical holistic view, Folia Microbiol (Praha), 52 (2007) 159-173.
[21] D.G. DeNardo, L.M. Coussens, Inflammation and breast cancer. Balancing immune response: 

crosstalk between adaptive and innate immune cells during breast cancer progression, Breast Cancer 
Res, 9 (2007) 212.



2

52

Re
fer

en
ce

s

[22] A.D. Luster, R. Alon, U.H. von Andrian, Immune cell migration in inflammation: present and future 
therapeutic targets, Nat Immunol, 6 (2005) 1182-1190.

[23] J. Han, R.J. Ulevitch, Limiting inflammatory responses during activation of innate immunity, Nat 
Immunol, 6 (2005) 1198-1205.

[24] M.A. Degli-Esposti, M.J. Smyth, Close encounters of different kinds: dendritic cells and NK cells take 
centre stage, Nat Rev Immunol, 5 (2005) 112-124.

[25] D.W. Gilroy, T. Lawrence, M. Perretti, A.G. Rossi, Inflammatory resolution: new opportunities for 
drug discovery, Nat Rev Drug Discov, 3 (2004) 401-416.

[26] P. Allavena, C. Garlanda, M.G. Borrello, A. Sica, A. Mantovani, Pathways connecting inflammation 
and cancer, Curr Opin Genet Dev, 18 (2008) 3-10.

[27] P. Allavena, A. Sica, G. Solinas, C. Porta, A. Mantovani, The inflammatory micro-environment in 
tumor progression: the role of tumor-associated macrophages, Crit Rev Oncol Hematol, 66 (2008) 
1-9.

[28] C.E. Lewis, J.W. Pollard, Distinct role of macrophages in different tumor microenvironments, Cancer 
Res, 66 (2006) 605-612.

[29] D.M. Noonan, A. De Lerma Barbaro, N. Vannini, L. Mortara, A. Albini, Inflammation, inflammatory 
cells and angiogenesis: decisions and indecisions, Cancer Metastasis Rev, 27 (2008) 31-40.

[30] M. Naito, Macrophage differentiation and function in health and disease, Pathol Int, 58 (2008) 143-
155.

[31] M.L. Varney, K.J. Olsen, R.L. Mosley, C.D. Bucana, J.E. Talmadge, R.K. Singh, Monocyte/macrophage 
recruitment, activation and differentiation modulate interleukin-8 production: a paracrine role of 
tumor-associated macrophages in tumor angiogenesis, In Vivo, 16 (2002) 471-477.

[32] J. Condeelis, J.W. Pollard, Macrophages: obligate partners for tumor cell migration, invasion, and 
metastasis, Cell, 124 (2006) 263-266.

[33] R. Medzhitov, Origin and physiological roles of inflammation, Nature, 454 (2008) 428-435.
[34] A. Sica, T. Schioppa, A. Mantovani, P. Allavena, Tumour-associated macrophages are a distinct M2 

polarised population promoting tumour progression: potential targets of anti-cancer therapy, Eur J 
Cancer, 42 (2006) 717-727.

[35] A. Mantovani, P. Allavena, A. Sica, Tumour-associated macrophages as a prototypic type II polarised 
phagocyte population: role in tumour progression, Eur J Cancer, 40 (2004) 1660-1667.

[36] A. Mantovani, S. Sozzani, M. Locati, T. Schioppa, A. Saccani, P. Allavena, A. Sica, Infiltration of 
tumours by macrophages and dendritic cells: tumour-associated macrophages as a paradigm for 
polarized M2 mononuclear phagocytes, Novartis Found Symp, 256 (2004) 137-145; discussion 146-
138, 259-169.

[37] C. Lackner, Z. Jukic, O. Tsybrovskyy, G. Jatzko, V. Wette, G. Hoefler, M. Klimpfinger, H. Denk, K. 
Zatloukal, Prognostic relevance of tumour-associated macrophages and von Willebrand factor-positive 
microvessels in colorectal cancer, Virchows Arch, 445 (2004) 160-167.

[38] A. Sica, L. Rubino, A. Mancino, P. Larghi, C. Porta, M. Rimoldi, G. Solinas, M. Locati, P. Allavena, 
A. Mantovani, Targeting tumour-associated macrophages, Expert Opin Ther Targets, 11 (2007) 1219-
1229.

[39] S.M. Zeisberger, B. Odermatt, C. Marty, A.H. Zehnder-Fjallman, K. Ballmer-Hofer, R.A. 
Schwendener, Clodronate-liposome-mediated depletion of tumour-associated macrophages: a new 
and highly effective antiangiogenic therapy approach, Br J Cancer, 95 (2006) 272-281.



2

53

Tum
or-targeting of anti-inflam

m
atory agents

[40] M. Banciu, R.M. Schiffelers, M.H. Fens, J.M. Metselaar, G. Storm, Anti-angiogenic effects of 
liposomal prednisolone phosphate on B16 melanoma in mice, J Control Release, 113 (2006) 1-8.

[41] M. Banciu, J.M. Metselaar, R.M. Schiffelers, G. Storm, Antitumor activity of liposomal prednisolone 
phosphate depends on the presence of functional tumor-associated macrophages in tumor tissue, 
Neoplasia, 10 (2008) 108-117.

[42] V. Tayal, B.S. Kalra, Cytokines and anti-cytokines as therapeutics--an update, Eur J Pharmacol, 579 
(2008) 1-12.

[43] T.T. Tan, L.M. Coussens, Humoral immunity, inflammation and cancer, Curr Opin Immunol, 19 
(2007) 209-216.

[44] W.W. Lin, M. Karin, A cytokine-mediated link between innate immunity, inflammation, and cancer, 
J Clin Invest, 117 (2007) 1175-1183.

[45] P. Szlosarek, K.A. Charles, F.R. Balkwill, Tumour necrosis factor-alpha as a tumour promoter, Eur J 
Cancer, 42 (2006) 745-750.

[46] M. Bereta, J. Bereta, S. Cohen, K. Zaifert, M.C. Cohen, Effect of inflammatory cytokines on the 
adherence of tumor cells to endothelium in a murine model, Cell Immunol, 136 (1991) 263-277.

[47] P. Secchiero, D. Milani, A. Gonelli, E. Melloni, D. Campioni, D. Gibellini, S. Capitani, G. Zauli, 
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and TNF-alpha promote the 
NF-kappaB-dependent maturation of normal and leukemic myeloid cells, J Leukoc Biol, 74 (2003) 
223-232.

[48] M. Hughes-Fulford, C.F. Li, J. Boonyaratanakornkit, S. Sayyah, Arachidonic acid activates 
phosphatidylinositol 3-kinase signaling and induces gene expression in prostate cancer, Cancer Res, 66 
(2006) 1427-1433.

[49] M. Aoki, T. Nata, R. Morishita, H. Matsushita, H. Nakagami, K. Yamamoto, K. Yamazaki, M. 
Nakabayashi, T. Ogihara, Y. Kaneda, Endothelial apoptosis induced by oxidative stress through 
activation of NF-kappaB: antiapoptotic effect of antioxidant agents on endothelial cells, Hypertension, 
38 (2001) 48-55.

[50] S. Gupta, F. Afaq, H. Mukhtar, Involvement of nuclear factor-kappa B, Bax and Bcl-2 in induction of 
cell cycle arrest and apoptosis by apigenin in human prostate carcinoma cells, Oncogene, 21 (2002) 
3727-3738.

[51] M.C. Maiuri, G. Tajana, T. Iuvone, D. De Stefano, G. Mele, M.T. Ribecco, M.P. Cinelli, M.F. 
Romano, M.C. Turco, R. Carnuccio, Nuclear factor-kappaB regulates inflammatory cell apoptosis 
and phagocytosis in rat carrageenin-sponge implant model, Am J Pathol, 165 (2004) 115-126.

[52] K. Warzocha, G. Salles, J. Bienvenu, Y. Barbier, Y. Bastion, C. Doche, C. Rieux, B. Coiffier, Prognostic 
significance of TNF alpha and its p55 soluble receptor in malignant lymphomas, Leukemia, 11 Suppl 
3 (1997) 441-443.

[53] C. Guiducci, A.P. Vicari, S. Sangaletti, G. Trinchieri, M.P. Colombo, Redirecting in vivo elicited 
tumor infiltrating macrophages and dendritic cells towards tumor rejection, Cancer Res, 65 (2005) 
3437-3446.

[54] B.J. Rollins, Inflammatory chemokines in cancer growth and progression, Eur J Cancer, 42 (2006) 
760-767.

[55] A. Zlotnik, O. Yoshie, Chemokines: a new classification system and their role in immunity, Immunity, 
12 (2000) 121-127.



2

54

Re
fer

en
ce

s

[56] A. Zlotnik, O. Yoshie, H. Nomiyama, The chemokine and chemokine receptor superfamilies and their 
molecular evolution, Genome Biol, 7 (2006) 243.

[57] A. Zlotnik, Chemokines and cancer, Int J Cancer, 119 (2006) 2026-2029.
[58] T. Yoshimura, N. Yuhki, S.K. Moore, E. Appella, M.I. Lerman, E.J. Leonard, Human monocyte 

chemoattractant protein-1 (MCP-1). Full-length cDNA cloning, expression in mitogen-stimulated 
blood mononuclear leukocytes, and sequence similarity to mouse competence gene JE, FEBS Lett, 244 
(1989) 487-493.

[59] K. Matsushima, C.G. Larsen, G.C. DuBois, J.J. Oppenheim, Purification and characterization of a 
novel monocyte chemotactic and activating factor produced by a human myelomonocytic cell line, J 
Exp Med, 169 (1989) 1485-1490.

[60] Y. Inoue, H. Tsushima, K. Ando, Y. Sawayama, M. Sakai, R. Yamasaki, E. Matsuo, C. Tsutsumi, Y. 
Imaizumi, M. Iwanaga, D. Imanishi, J. Taguchi, Y. Miyazaki, M. Tomonaga, Chemokine expression 
in human erythroid leukemia cell line AS-E2: macrophage inflammatory protein-3alpha/CCL20 is 
induced by inflammatory cytokines, Exp Hematol, 34 (2006) 19-26.

[61] M. Majka, A. Janowska-Wieczorek, J. Ratajczak, K. Ehrenman, Z. Pietrzkowski, M.A. Kowalska, 
A.M. Gewirtz, S.G. Emerson, M.Z. Ratajczak, Numerous growth factors, cytokines, and chemokines 
are secreted by human CD34(+) cells, myeloblasts, erythroblasts, and megakaryoblasts and regulate 
normal hematopoiesis in an autocrine/paracrine manner, Blood, 97 (2001) 3075-3085.

[62] B.N. Cronstein, Cyclooxygenase-2-selective inhibitors: translating pharmacology into clinical utility, 
Cleve Clin J Med, 69 Suppl 1 (2002) SI13-19.

[63] J.R. Vane, Y.S. Bakhle, R.M. Botting, Cyclooxygenases 1 and 2, Annu Rev Pharmacol Toxicol, 38 
(1998) 97-120.

[64] J.R. Vane, R.M. Botting, Anti-inflammatory drugs and their mechanism of action, Inflamm Res, 47 
Suppl 2 (1998) S78-87.

[65] R.L. Barkin, A. Buvanendran, Focus on the COX-1 and COX-2 agents: renal events of nonsteroidal 
and anti-inflammatory drugs-NSAIDs, Am J Ther, 11 (2004) 124-129.

[66] S. Kanaoka, T. Takai, K. Yoshida, Cyclooxygenase-2 and tumor biology, Adv Clin Chem, 43 (2007) 
59-78.

[67] J.R. Vane, Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like drugs, Nat 
New Biol, 231 (1971) 232-235.

[68] J.L. Masferrer, B.S. Zweifel, S.M. Colburn, R.L. Ornberg, D. Salvemini, P. Isakson, K. Seibert, The 
Role of Cyclooxygenase-2 in Inflammation, Am J Ther, 2 (1995) 607-610.

[69] K. Seibert, Y. Zhang, K. Leahy, S. Hauser, J. Masferrer, W. Perkins, L. Lee, P. Isakson, Pharmacological 
and biochemical demonstration of the role of cyclooxygenase 2 in inflammation and pain, Proc Natl 
Acad Sci U S A, 91 (1994) 12013-12017.

[70] L.S. Simon, Role and regulation of cyclooxygenase-2 during inflammation, Am J Med, 106 (1999) 
37S-42S.

[71] N. Zidar, K. Odar, D. Glavac, M. Jerse, T. Zupanc, D. Stajer, Cyclooxygenase in normal human tissues 
- is COX-1 really a constitutive isoform, and COX-2 an inducible isoform?, J Cell Mol Med, (2008).

[72] C. Ricciardelli, A.J. Sakko, M.P. Ween, D.L. Russell, D.J. Horsfall, The biological role and regulation 
of versican levels in cancer, Cancer Metastasis Rev, (2009).



2

55

Tum
or-targeting of anti-inflam

m
atory agents

[73] S. Kim, H. Takahashi, W.W. Lin, P. Descargues, S. Grivennikov, Y. Kim, J.L. Luo, M. Karin, 
Carcinoma-produced factors activate myeloid cells through TLR2 to stimulate metastasis, Nature, 457 
(2009) 102-106.

[74] A.R. Amin, M.G. Attur, M. Pillinger, S.B. Abramson, The pleiotropic functions of aspirin: mechanisms 
of action, Cell Mol Life Sci, 56 (1999) 305-312.

[75] P.M. Brooks, R.O. Day, Nonsteroidal antiinflammatory drugs--differences and similarities, N Engl J 
Med, 324 (1991) 1716-1725.

[76] M.K. Jones, H. Wang, B.M. Peskar, E. Levin, R.M. Itani, I.J. Sarfeh, A.S. Tarnawski, Inhibition of 
angiogenesis by nonsteroidal anti-inflammatory drugs: insight into mechanisms and implications for 
cancer growth and ulcer healing, Nat Med, 5 (1999) 1418-1423.

[77] S.J. Myung, I.H. Kim, [Role of prostaglandins in colon cancer], Korean J Gastroenterol, 51 (2008) 
274-279.

[78] H. Sheng, J. Shao, J.D. Morrow, R.D. Beauchamp, R.N. DuBois, Modulation of apoptosis and Bcl-2 
expression by prostaglandin E2 in human colon cancer cells, Cancer Res, 58 (1998) 362-366.

[79] L. Wang, W. Chen, X. Xie, Y. He, X. Bai, Celecoxib inhibits tumor growth and angiogenesis in an 
orthotopic implantation tumor model of human colon cancer, Exp Oncol, 30 (2008) 42-51.

[80] S. Grosch, T.J. Maier, S. Schiffmann, G. Geisslinger, Cyclooxygenase-2 (COX-2)-independent 
anticarcinogenic effects of selective COX-2 inhibitors, J Natl Cancer Inst, 98 (2006) 736-747.

[81] N.R. Jana, NSAIDs and apoptosis, Cell Mol Life Sci, 65 (2008) 1295-1301.
[82] I. Tegeder, J. Pfeilschifter, G. Geisslinger, Cyclooxygenase-independent actions of cyclooxygenase 

inhibitors, Faseb J, 15 (2001) 2057-2072.
[83] M.J. Thun, S.J. Henley, C. Patrono, Nonsteroidal anti-inflammatory drugs as anticancer agents: 

mechanistic, pharmacologic, and clinical issues, J Natl Cancer Inst, 94 (2002) 252-266.
[84] C.P. Liao, C. Zhong, G. Saribekyan, J. Bading, R. Park, P.S. Conti, R. Moats, A. Berns, W. Shi, Z. 

Zhou, A.Y. Nikitin, P. Roy-Burman, Mouse models of prostate adenocarcinoma with the capacity to 
monitor spontaneous carcinogenesis by bioluminescence or fluorescence, Cancer Res, 67 (2007) 7525-
7533.

[85] M.R. Pan, W.C. Hung, Nonsteroidal anti-inflammatory drugs inhibit matrix metalloproteinase-2 via 
suppression of the ERK/Sp1-mediated transcription, J Biol Chem, 277 (2002) 32775-32780.

[86] M.J. Yin, Y. Yamamoto, R.B. Gaynor, The anti-inflammatory agents aspirin and salicylate inhibit the 
activity of I(kappa)B kinase-beta, Nature, 396 (1998) 77-80.

[87] J. Zhu, J.W. Huang, P.H. Tseng, Y.T. Yang, J. Fowble, C.W. Shiau, Y.J. Shaw, S.K. Kulp, C.S. Chen, 
From the cyclooxygenase-2 inhibitor celecoxib to a novel class of 3-phosphoinositide-dependent 
protein kinase-1 inhibitors, Cancer Res, 64 (2004) 4309-4318.

[88] M.R. Pan, H.C. Chang, W.C. Hung, Non-steroidal anti-inflammatory drugs suppress the ERK 
signaling pathway via block of Ras/c-Raf interaction and activation of MAP kinase phosphatases, Cell 
Signal, 20 (2008) 1134-1141.

[89] S. Schiffmann, T.J. Maier, I. Wobst, A. Janssen, H. Corban-Wilhelm, C. Angioni, G. Geisslinger, S. 
Grosch, The anti-proliferative potency of celecoxib is not a class effect of coxibs, Biochem Pharmacol, 
76 (2008) 179-187.

[90] A.H. Schonthal, Direct non-cyclooxygenase-2 targets of celecoxib and their potential relevance for 
cancer therapy, Br J Cancer, 97 (2007) 1465-1468.



2

56

Re
fer

en
ce

s

[91] Y. Takada, A. Bhardwaj, P. Potdar, B.B. Aggarwal, Nonsteroidal anti-inflammatory agents differ in 
their ability to suppress NF-kappaB activation, inhibition of expression of cyclooxygenase-2 and cyclin 
D1, and abrogation of tumor cell proliferation, Oncogene, 23 (2004) 9247-9258.

[92] L. Zhang, J. Yu, B.H. Park, K.W. Kinzler, B. Vogelstein, Role of BAX in the apoptotic response to 
anticancer agents, Science, 290 (2000) 989-992.

[93] E. Kopp, S. Ghosh, Inhibition of NF-kappa B by sodium salicylate and aspirin, Science, 265 (1994) 
956-959.

[94] L.F. Zerbini, A. Czibere, Y. Wang, R.G. Correa, H. Otu, M. Joseph, Y. Takayasu, M. Silver, X. Gu, K. 
Ruchusatsawat, L. Li, D. Sarkar, J.R. Zhou, P.B. Fisher, T.A. Libermann, A novel pathway involving 
melanoma differentiation associated gene-7/interleukin-24 mediates nonsteroidal anti-inflammatory 
drug-induced apoptosis and growth arrest of cancer cells, Cancer Res, 66 (2006) 11922-11931.

[95] Y. Oida, B. Gopalan, R. Miyahara, S. Inoue, C.D. Branch, A.M. Mhashilkar, E. Lin, B.N. Bekele, J.A. 
Roth, S. Chada, R. Ramesh, Sulindac enhances adenoviral vector expressing mda-7/IL-24-mediated 
apoptosis in human lung cancer, Mol Cancer Ther, 4 (2005) 291-304.

[96] A.J. Akhtar, M. Shaheen, Upper gastrointestinal toxicity of nonsteroidal anti-inflammatory drugs in 
African-American and Hispanic elderly patients, Ethn Dis, 13 (2003) 528-533.

[97] R. Jones, G. Rubin, F. Berenbaum, J. Scheiman, Gastrointestinal and cardiovascular risks of 
nonsteroidal anti-inflammatory drugs, Am J Med, 121 (2008) 464-474.

[98] C. Mathieu, P. Meier, A. Meyer zu Starten, M. Burnier, [Do selective COX-2 inhibitors have adverse 
renal and cardiovascular effects?], Praxis (Bern 1994), 94 (2005) 1851-1858.

[99] R.J. Bing, Cyclooxygenase-2 inhibitors: is there an association with coronary or renal events?, Curr 
Atheroscler Rep, 5 (2003) 114-117.

[100] W.F. Kean, W.W. Buchanan, The use of NSAIDs in rheumatic disorders 2005: a global perspective, 
Inflammopharmacology, 13 (2005) 343-370.

[101] S. Shi, U. Klotz, Clinical use and pharmacological properties of selective COX-2 inhibitors, Eur J Clin 
Pharmacol, 64 (2008) 233-252.

[102] M. Farooq, I. Haq, A.S. Qureshi, Cardiovascular risks of COX inhibition: current perspectives, Expert 
Opin Pharmacother, 9 (2008) 1311-1319.

[103] I. Moodley, Review of the cardiovascular safety of COXIBs compared to NSAIDS, Cardiovasc J Afr, 
19 (2008) 102-107.

[104] D. Mukherjee, Nonsteroidal anti-inflammatory drugs and the heart: what is the danger?, Congest 
Heart Fail, 14 (2008) 75-82.

[105] C. Dube, A. Rostom, G. Lewin, A. Tsertsvadze, N. Barrowman, C. Code, M. Sampson, D. Moher, 
The use of aspirin for primary prevention of colorectal cancer: a systematic review prepared for the U.S. 
Preventive Services Task Force, Ann Intern Med, 146 (2007) 365-375.

[106] L.A. Garcia Rodriguez, A. Gonzalez-Perez, Inverse association between nonsteroidal anti-inflammatory 
drugs and prostate cancer, Cancer Epidemiol Biomarkers Prev, 13 (2004) 649-653.

[107] E. Giovannucci, K.M. Egan, D.J. Hunter, M.J. Stampfer, G.A. Colditz, W.C. Willett, F.E. Speizer, 
Aspirin and the risk of colorectal cancer in women, N Engl J Med, 333 (1995) 609-614.

[108] R.E. Harris, R.T. Chlebowski, R.D. Jackson, D.J. Frid, J.L. Ascenseo, G. Anderson, A. Loar, R.J. 
Rodabough, E. White, A. McTiernan, Breast cancer and nonsteroidal anti-inflammatory drugs: 
prospective results from the Women’s Health Initiative, Cancer Res, 63 (2003) 6096-6101.



2

57

Tum
or-targeting of anti-inflam

m
atory agents

[109] S.M. Mahmud, S. Tanguay, L.R. Begin, E.L. Franco, A.G. Aprikian, Non-steroidal anti-inflammatory 
drug use and prostate cancer in a high-risk population, Eur J Cancer Prev, 15 (2006) 158-164.

[110] W. Smalley, W.A. Ray, J. Daugherty, M.R. Griffin, Use of nonsteroidal anti-inflammatory drugs and 
incidence of colorectal cancer: a population-based study, Arch Intern Med, 159 (1999) 161-166.

[111] M.J. Thun, M.M. Namboodiri, C.W. Heath, Jr., Aspirin use and reduced risk of fatal colon cancer, N 
Engl J Med, 325 (1991) 1593-1596.

[112] W.R. Waddell, Stimulation of apoptosis by sulindac and piroxicam, Clin Sci (Lond), 95 (1998) 385-
388.

[113] J. Andrews, D. Djakiew, S. Krygier, P. Andrews, Superior effectiveness of ibuprofen compared with 
other NSAIDs for reducing the survival of human prostate cancer cells, Cancer Chemother Pharmacol, 
50 (2002) 277-284.

[114] P. Andrews, X. Zhao, J. Allen, F. Li, M. Chang, A comparison of the effectiveness of selected non-
steroidal anti-inflammatory drugs and their derivatives against cancer cells in vitro, Cancer Chemother 
Pharmacol, 61 (2008) 203-214.

[115] J.T. Lim, G.A. Piazza, E.K. Han, T.M. Delohery, H. Li, T.S. Finn, R. Buttyan, H. Yamamoto, G.J. 
Sperl, K. Brendel, P.H. Gross, R. Pamukcu, I.B. Weinstein, Sulindac derivatives inhibit growth and 
induce apoptosis in human prostate cancer cell lines, Biochem Pharmacol, 58 (1999) 1097-1107.

[116] T.C. Viljoen, C.H. van Aswegen, D.J. du Plessis, Influence of acetylsalicylic acid and metabolites on 
DU-145 prostatic cancer cell proliferation, Oncology, 52 (1995) 465-469.

[117] W. Cui, C.H. Yu, K.Q. Hu, In vitro and in vivo effects and mechanisms of celecoxib-induced growth 
inhibition of human hepatocellular carcinoma cells, Clin Cancer Res, 11 (2005) 8213-8221.

[118] G.K. Hagos, R.E. Carroll, T. Kouznetsova, Q. Li, V. Toader, P.A. Fernandez, S.M. Swanson, G.R. 
Thatcher, Colon cancer chemoprevention by a novel NO chimera that shows anti-inflammatory and 
antiproliferative activity in vitro and in vivo, Mol Cancer Ther, 6 (2007) 2230-2239.

[119] M.Y. Lai, J.A. Huang, Z.H. Liang, H.X. Jiang, G.D. Tang, Mechanisms underlying aspirin-mediated 
growth inhibition and apoptosis induction of cyclooxygenase-2 negative colon cancer cell line SW480, 
World J Gastroenterol, 14 (2008) 4227-4233.

[120] C. Leonetti, M. Scarsella, G. Zupi, W. Zoli, D. Amadori, L. Medri, F. Fabbri, M. Rosetti, P. Ulivi, 
L. Cecconetto, M. Bolla, A. Tesei, Efficacy of a nitric oxide-releasing nonsteroidal anti-inflammatory 
drug and cytotoxic drugs in human colon cancer cell lines in vitro and xenografts, Mol Cancer Ther, 5 
(2006) 919-926.

[121] A. Tesei, M. Rosetti, P. Ulivi, F. Fabbri, L. Medri, I. Vannini, M. Bolla, D. Amadori, W. Zoli, Study of 
molecular mechanisms of pro-apoptotic activity of NCX 4040, a novel nitric oxide-releasing aspirin, 
in colon cancer cell lines, J Transl Med, 5 (2007) 52.

[122] A. Tesei, W. Zoli, F. Fabbri, C. Leonetti, M. Rosetti, M. Bolla, D. Amadori, R. Silvestrini, NCX 4040, 
an NO-donating acetylsalicylic acid derivative: Efficacy and mechanisms of action in cancer cells, 
Nitric Oxide, (2008).

[123] D. Xiao, A. Deguchi, G.G. Gundersen, B. Oehlen, L. Arnold, I.B. Weinstein, The sulindac derivatives 
OSI-461, OSIP486823, and OSIP487703 arrest colon cancer cells in mitosis by causing microtubule 
depolymerization, Mol Cancer Ther, 5 (2006) 60-67.

[124] H.G. Yu, J.A. Huang, Y.N. Yang, H. Huang, H.S. Luo, J.P. Yu, J.J. Meier, H. Schrader, A. Bastian, 
W.E. Schmidt, F. Schmitz, The effects of acetylsalicylic acid on proliferation, apoptosis, and invasion 
of cyclooxygenase-2 negative colon cancer cells, Eur J Clin Invest, 32 (2002) 838-846.



2

58

Re
fer

en
ce

s

[125] E. Ackerstaff, B. Gimi, D. Artemov, Z.M. Bhujwalla, Anti-inflammatory agent indomethacin reduces 
invasion and alters metabolism in a human breast cancer cell line, Neoplasia, 9 (2007) 222-235.

[126] P. Sali, A.P. Jewell, IL-1 does not reverse the anti-proliferative effect of aspirin in breast cancer cells, Int 
Semin Surg Oncol, 3 (2006) 24.

[127] A.T. Aas, T.I. Tonnessen, A. Brun, L.G. Salford, Growth inhibition of rat glioma cells in vitro and in 
vivo by aspirin, J Neurooncol, 24 (1995) 171-180.

[128] M. Wang, D. Yoshida, S. Liu, A. Teramoto, Inhibition of cell invasion by indomethacin on glioma cell 
lines: in vitro study, J Neurooncol, 72 (2005) 1-9.

[129] E. Cheong, K. Ivory, J. Doleman, M.L. Parker, M. Rhodes, I.T. Johnson, Synthetic and naturally 
occurring COX-2 inhibitors suppress proliferation in a human oesophageal adenocarcinoma cell line 
(OE33) by inducing apoptosis and cell cycle arrest, Carcinogenesis, 25 (2004) 1945-1952.

[130] P.C. Konturek, J. Kania, G. Burnat, E.G. Hahn, NO-releasing aspirin exerts stronger growth inhibitory 
effect on Barrett’s adenocarcinoma cells than traditional aspirin, J Physiol Pharmacol, 57 Suppl 12 
(2006) 15-24.

[131] M.A. Scheper, N.G. Nikitakis, R. Chaisuparat, S. Montaner, J.J. Sauk, Sulindac induces apoptosis and 
inhibits tumor growth in vivo in head and neck squamous cell carcinoma, Neoplasia, 9 (2007) 192-
199.

[132] Y.L. Wu, B. Sun, X.J. Zhang, S.N. Wang, H.Y. He, M.M. Qiao, J. Zhong, J.Y. Xu, Growth inhibition 
and apoptosis induction of Sulindac on Human gastric cancer cells, World J Gastroenterol, 7 (2001) 
796-800.

[133] D.H. Yu, L. Zhou, P. Wang, Q.Z. Wang, Z.N. Cheng, [Inhibition of gastric cancer cells growth in 
vitro by sulindac], Zhonghua Zhong Liu Za Zhi, 28 (2006) 498-502.

[134] F. Fabbri, G. Brigliadori, P. Ulivi, A. Tesei, I. Vannini, M. Rosetti, S. Bravaccini, D. Amadori, M. Bolla, 
W. Zoli, Pro-apoptotic effect of a nitric oxide-donating NSAID, NCX 4040, on bladder carcinoma 
cells, Apoptosis, 10 (2005) 1095-1103.

[135] M. Abdelrahim, C.H. Baker, J.L. Abbruzzese, S. Safe, Tolfenamic acid and pancreatic cancer growth, 
angiogenesis, and Sp protein degradation, J Natl Cancer Inst, 98 (2006) 855-868.

[136] X.F. Xu, C.G. Xie, X.P. Wang, J. Liu, Y.C. Yu, H.L. Hu, C.Y. Guo, Selective inhibition of 
cyclooxygenase-2 suppresses the growth of pancreatic cancer cells in vitro and in vivo, Tohoku J Exp 
Med, 215 (2008) 149-157.

[137] A.R. Munkarah, Z. Genhai, R. Morris, V.V. Baker, G. Deppe, M.P. Diamond, G.M. Saed, Inhibition 
of paclitaxel-induced apoptosis by the specific COX-2 inhibitor, NS398, in epithelial ovarian cancer 
cells, Gynecol Oncol, 88 (2003) 429-433.

[138] H.J. Wang, Z.L. Peng, X.Q. Liu, K.X. Yang, J.Y. Lou, F.M. Luo, [The growth inhibitory effect of non-
steroid anti-inflammatory drugs on ovarian cancer], Sichuan Da Xue Xue Bao Yi Xue Ban, 38 (2007) 
428-432.

[139] P. Dikshit, M. Chatterjee, A. Goswami, A. Mishra, N.R. Jana, Aspirin induces apoptosis through the 
inhibition of proteasome function, J Biol Chem, 281 (2006) 29228-29235.

[140] M.J. Redlak, J.J. Power, T.A. Miller, Aspirin-induced apoptosis in human gastric cancer epithelial cells: 
relationship with protein kinase C signaling, Dig Dis Sci, 52 (2007) 810-816.

[141] C.J. Loveridge, A.D. MacDonald, H.C. Thoms, M.G. Dunlop, L.A. Stark, The proapoptotic effects of 
sulindac, sulindac sulfone and indomethacin are mediated by nucleolar translocation of the RelA(p65) 
subunit of NF-kappaB, Oncogene, 27 (2008) 2648-2655.



2

59

Tum
or-targeting of anti-inflam

m
atory agents

[142] J.H. Kim, J.H. Chang, K.H. Rhee, J.H. Yoon, S.H. Kwon, K. Song, K.W. Lee, C.I. Cho, J.H. Jeon, 
K.S. Kim, Cyclooxygenase inhibitors induce apoptosis in sinonasal cancer cells by increased expression 
of nonsteroidal anti-inflammatory drug-activated gene, Int J Cancer, 122 (2008) 1765-1773.

[143] Y.C. Ou, C.R. Yang, C.L. Cheng, S.L. Raung, Y.Y. Hung, C.J. Chen, Indomethacin induces apoptosis 
in 786-O renal cell carcinoma cells by activating mitogen-activated protein kinases and AKT, Eur J 
Pharmacol, 563 (2007) 49-60.

[144] Y. Xu, Y. Shi, S. Ding, A chemical approach to stem-cell biology and regenerative medicine, Nature, 
453 (2008) 338-344.

[145] A. Janssen, T.J. Maier, S. Schiffmann, O. Coste, M. Seegel, G. Geisslinger, S. Grosch, Evidence of 
COX-2 independent induction of apoptosis and cell cycle block in human colon carcinoma cells after 
S- or R-ibuprofen treatment, Eur J Pharmacol, 540 (2006) 24-33.

[146] A. Janssen, S. Schiffmann, K. Birod, T.J. Maier, I. Wobst, G. Geisslinger, S. Grosch, p53 is important 
for the anti-proliferative effect of ibuprofen in colon carcinoma cells, Biochem Biophys Res Commun, 
365 (2008) 698-703.

[147] S. Huguenin, F. Vacherot, L. Kheuang, J. Fleury-Feith, M.C. Jaurand, M. Bolla, J.P. Riffaud, D.K. 
Chopin, Antiproliferative effect of nitrosulindac (NCX 1102), a new nitric oxide-donating non-
steroidal anti-inflammatory drug, on human bladder carcinoma cell lines, Mol Cancer Ther, 3 (2004) 
291-298.

[148] K. Kashfi, Y. Ryan, L.L. Qiao, J.L. Williams, J. Chen, P. Del Soldato, F. Traganos, B. Rigas, Nitric 
oxide-donating nonsteroidal anti-inflammatory drugs inhibit the growth of various cultured human 
cancer cells: evidence of a tissue type-independent effect, J Pharmacol Exp Ther, 303 (2002) 1273-
1282.

[149] W.B. Bair, 3rd, N. Hart, J. Einspahr, G. Liu, Z. Dong, D. Alberts, G.T. Bowden, Inhibitory effects 
of sodium salicylate and acetylsalicylic acid on UVB-induced mouse skin carcinogenesis, Cancer 
Epidemiol Biomarkers Prev, 11 (2002) 1645-1652.

[150] C. Duperron, A. Castonguay, Chemopreventive efficacies of aspirin and sulindac against lung 
tumorigenesis in A/J mice, Carcinogenesis, 18 (1997) 1001-1006.

[151] M. Pollard, P.H. Luckert, M.A. Schmidt, The suppressive effect of piroxicam on autochthonous 
intestinal tumors in the rat, Cancer Lett, 21 (1983) 57-61.

[152] M. Yao, W. Zhou, S. Sangha, A. Albert, A.J. Chang, T.C. Liu, M.M. Wolfe, Effects of nonselective 
cyclooxygenase inhibition with low-dose ibuprofen on tumor growth, angiogenesis, metastasis, and 
survival in a mouse model of colorectal cancer, Clin Cancer Res, 11 (2005) 1618-1628.

[153] W.A. Brown, S.A. Skinner, C. Malcontenti-Wilson, D. Vogiagis, P.E. O’Brien, Non-steroidal anti-
inflammatory drugs with activity against either cyclooxygenase 1 or cyclooxygenase 2 inhibit colorectal 
cancer in a DMH rodent model by inducing apoptosis and inhibiting cell proliferation, Gut, 48 
(2001) 660-666.

[154] S.W. Kim, T.J. Jang, K.H. Jung, J.I. Suh, Sulindac prevents esophageal adenocarcinomas induced by 
gastroduodenal reflux in rats, Yonsei Med J, 48 (2007) 1020-1027.

[155] T. Inoue, I. Hirata, M. Murano, Effects of nimesulide, a cyclooxygenase-2 selective inhibitor, on colitis 
induced tumors, Inflammopharmacology, 16 (2008) 36-39.

[156] H. Kohno, R. Suzuki, S. Sugie, T. Tanaka, Suppression of colitis-related mouse colon carcinogenesis by 
a COX-2 inhibitor and PPAR ligands, BMC Cancer, 5 (2005) 46.



2

60

Re
fer

en
ce

s

[157] K. Mukawa, S. Fujii, K. Tominaga, N. Yoshitake, A. Abe, T. Kono, A. Sekikawa, H. Fukui, K. 
Ichikawa, S. Tomita, J. Imura, Y. Ono, M. Shinoda, H. Hiraishi, T. Fujimori, Inhibitory effects of the 
cyclooxygenase-2 inhibitor, etodolac, on colitis-associated tumorigenesis in p53-deficient mice treated 
with dextran sulfate sodium, Oncol Rep, 19 (2008) 393-399.

[158] H. Sawaoka, S. Kawano, S. Tsuji, M. Tsujii, E.S. Gunawan, Y. Takei, K. Nagano, M. Hori, 
Cyclooxygenase-2 inhibitors suppress the growth of gastric cancer xenografts via induction of apoptosis 
in nude mice, Am J Physiol, 274 (1998) G1061-1067.

[159] B.S. Reddy, H. Maruyama, G. Kelloff, Dose-related inhibition of colon carcinogenesis by dietary 
piroxicam, a nonsteroidal antiinflammatory drug, during different stages of rat colon tumor 
development, Cancer Res, 47 (1987) 5340-5346.

[160] R.E. Harris, G.A. Alshafie, H. Abou-Issa, K. Seibert, Chemoprevention of breast cancer in rats by 
celecoxib, a cyclooxygenase 2 inhibitor, Cancer Res, 60 (2000) 2101-2103.

[161] T. Kawamori, C.V. Rao, K. Seibert, B.S. Reddy, Chemopreventive activity of celecoxib, a specific 
cyclooxygenase-2 inhibitor, against colon carcinogenesis, Cancer Res, 58 (1998) 409-412.

[162] B. Xin, Y. Yokoyama, T. Shigeto, H. Mizunuma, Anti-tumor effect of non-steroidal anti-inflammatory 
drugs on human ovarian cancers, Pathol Oncol Res, 13 (2007) 365-369.

[163] N.L. Barnes, F. Warnberg, G. Farnie, D. White, W. Jiang, E. Anderson, N.J. Bundred, Cyclooxygenase-2 
inhibition: effects on tumour growth, cell cycling and lymphangiogenesis in a xenograft model of 
breast cancer, Br J Cancer, 96 (2007) 575-582.

[164] G.D. Basu, L.B. Pathangey, T.L. Tinder, M. Lagioia, S.J. Gendler, P. Mukherjee, Cyclooxygenase-2 
inhibitor induces apoptosis in breast cancer cells in an in vivo model of spontaneous metastatic breast 
cancer, Mol Cancer Res, 2 (2004) 632-642.

[165] P.J. Hu, J. Yu, Z.R. Zeng, W.K. Leung, H.L. Lin, B.D. Tang, A.H. Bai, J.J. Sung, Chemoprevention 
of gastric cancer by celecoxib in rats, Gut, 53 (2004) 195-200.

[166] B.A. Narayanan, N.K. Narayanan, B. Pttman, B.S. Reddy, Adenocarcina of the mouse prostate 
growth inhibition by celecoxib: downregulation of transcription factors involved in COX-2 inhibition, 
Prostate, 66 (2006) 257-265.

[167] R.F. Wang, Y. Miyahara, H.Y. Wang, Toll-like receptors and immune regulation: implications for 
cancer therapy, Oncogene, 27 (2008) 181-189.

[168] B.S. Zweifel, T.W. Davis, R.L. Ornberg, J.L. Masferrer, Direct evidence for a role of cyclooxygenase 
2-derived prostaglandin E2 in human head and neck xenograft tumors, Cancer Res, 62 (2002) 6706-
6711.

[169] N. Ouyang, J.L. Williams, G.J. Tsioulias, J. Gao, M.J. Iatropoulos, L. Kopelovich, K. Kashfi, B. Rigas, 
Nitric oxide-donating aspirin prevents pancreatic cancer in a hamster tumor model, Cancer Res, 66 
(2006) 4503-4511.

[170] C.V. Rao, B.S. Reddy, V.E. Steele, C.X. Wang, X. Liu, N. Ouyang, J.M. Patlolla, B. Simi, L. Kopelovich, 
B. Rigas, Nitric oxide-releasing aspirin and indomethacin are potent inhibitors against colon cancer in 
azoxymethane-treated rats: effects on molecular targets, Mol Cancer Ther, 5 (2006) 1530-1538.

[171] B.T. Ragel, R.L. Jensen, D.L. Gillespie, S.M. Prescott, W.T. Couldwell, Celecoxib inhibits meningioma 
tumor growth in a mouse xenograft model, Cancer, 109 (2007) 588-597.

[172] E.R. Greenberg, J.A. Baron, D.H. Freeman, Jr., J.S. Mandel, R. Haile, Reduced risk of large-bowel 
adenomas among aspirin users. The Polyp Prevention Study Group, J Natl Cancer Inst, 85 (1993) 
912-916.



2

61

Tum
or-targeting of anti-inflam

m
atory agents

[173] O. Suh, C. Mettlin, N.J. Petrelli, Aspirin use, cancer, and polyps of the large bowel, Cancer, 72 (1993) 
1171-1177.

[174] J.A. Baron, B.F. Cole, R.S. Sandler, R.W. Haile, D. Ahnen, R. Bresalier, G. McKeown-Eyssen, R.W. 
Summers, R. Rothstein, C.A. Burke, D.C. Snover, T.R. Church, J.I. Allen, M. Beach, G.J. Beck, J.H. 
Bond, T. Byers, E.R. Greenberg, J.S. Mandel, N. Marcon, L.A. Mott, L. Pearson, F. Saibil, R.U. van 
Stolk, A randomized trial of aspirin to prevent colorectal adenomas, N Engl J Med, 348 (2003) 891-
899.

[175] D.C. Farrow, T.L. Vaughan, P.D. Hansten, J.L. Stanford, H.A. Risch, M.D. Gammon, W.H. Chow, R. 
Dubrow, H. Ahsan, S.T. Mayne, J.B. Schoenberg, A.B. West, H. Rotterdam, J.F. Fraumeni, Jr., W.J. 
Blot, Use of aspirin and other nonsteroidal anti-inflammatory drugs and risk of esophageal and gastric 
cancer, Cancer Epidemiol Biomarkers Prev, 7 (1998) 97-102.

[176] E.M. Funkhouser, G.B. Sharp, Aspirin and reduced risk of esophageal carcinoma, Cancer, 76 (1995) 
1116-1119.

[177] T.L. Vaughan, L.M. Dong, P.L. Blount, K. Ayub, R.D. Odze, C.A. Sanchez, P.S. Rabinovitch, B.J. 
Reid, Non-steroidal anti-inflammatory drugs and risk of neoplastic progression in Barrett’s oesophagus: 
a prospective study, Lancet Oncol, 6 (2005) 945-952.

[178] A. Agrawal, I.S. Fentiman, NSAIDs and breast cancer: a possible prevention and treatment strategy, 
Int J Clin Pract, 62 (2008) 444-449.

[179] L. Gallicchio, K. Visvanathan, A. Burke, S.C. Hoffman, K.J. Helzlsouer, Nonsteroidal anti-
inflammatory drugs and the risk of developing breast cancer in a population-based prospective cohort 
study in Washington County, MD, Int J Cancer, 121 (2007) 211-215.

[180] R.E. Harris, J. Beebe-Donk, G.A. Alshafie, Reduction in the risk of human breast cancer by selective 
cyclooxygenase-2 (COX-2) inhibitors, BMC Cancer, 6 (2006) 27.

[181] E. Rahme, J. Ghosn, K. Dasgupta, R. Rajan, M. Hudson, Association between frequent use of 
nonsteroidal anti-inflammatory drugs and breast cancer, BMC Cancer, 5 (2005) 159.

[182] R.E. Harris, J. Beebe-Donk, H.M. Schuller, Chemoprevention of lung cancer by non-steroidal anti-
inflammatory drugs among cigarette smokers, Oncol Rep, 9 (2002) 693-695.

[183] A.L. Van Dyke, M.L. Cote, G. Prysak, G.B. Claeys, A.S. Wenzlaff, A.G. Schwartz, Regular adult aspirin 
use decreases the risk of non-small cell lung cancer among women, Cancer Epidemiol Biomarkers Prev, 
17 (2008) 148-157.

[184] H.T. Sorensen, S. Friis, B. Norgard, L. Mellemkjaer, W.J. Blot, J.K. McLaughlin, A. Ekbom, J.A. 
Baron, Risk of cancer in a large cohort of nonaspirin NSAID users: a population-based study, Br J 
Cancer, 88 (2003) 1687-1692.

[185] J.E. Nelson, R.E. Harris, Inverse association of prostate cancer and non-steroidal anti-inflammatory 
drugs (NSAIDs): results of a case-control study, Oncol Rep, 7 (2000) 169-170.

[186] W.H. Wang, J.Q. Huang, G.F. Zheng, S.K. Lam, J. Karlberg, B.C. Wong, Non-steroidal anti-
inflammatory drug use and the risk of gastric cancer: a systematic review and meta-analysis, J Natl 
Cancer Inst, 95 (2003) 1784-1791.

[187] R.E. Harris, J. Beebe-Donk, H. Doss, D. Burr Doss, Aspirin, ibuprofen, and other non-steroidal anti-
inflammatory drugs in cancer prevention: a critical review of non-selective COX-2 blockade (review), 
Oncol Rep, 13 (2005) 559-583.

[188] P. Robak, P. Smolewski, T. Robak, The role of non-steroidal anti-inflammatory drugs in the risk of 
development and treatment of hematologic malignancies, Leuk Lymphoma, (2008) 1-11.



2

62

Re
fer

en
ce

s

[189] R.E. Harris, Cyclooxygenase-2 (cox-2) and the inflammogenesis of cancer, Subcell Biochem, 42 (2007) 
93-126.

[190] N.R. Cook, I.M. Lee, J.M. Gaziano, D. Gordon, P.M. Ridker, J.E. Manson, C.H. Hennekens, 
J.E. Buring, Low-dose aspirin in the primary prevention of cancer: the Women’s Health Study: a 
randomized controlled trial, Jama, 294 (2005) 47-55.

[191] P.H. Gann, J.E. Manson, R.J. Glynn, J.E. Buring, C.H. Hennekens, Low-dose aspirin and incidence 
of colorectal tumors in a randomized trial, J Natl Cancer Inst, 85 (1993) 1220-1224.

[192] F.M. Giardiello, V.W. Yang, L.M. Hylind, A.J. Krush, G.M. Petersen, J.D. Trimbath, S. Piantadosi, 
E. Garrett, D.E. Geiman, W. Hubbard, G.J. Offerhaus, S.R. Hamilton, Primary chemoprevention of 
familial adenomatous polyposis with sulindac, N Engl J Med, 346 (2002) 1054-1059.

[193] C.N. Holick, D.S. Michaud, M.F. Leitzmann, W.C. Willett, E. Giovannucci, Aspirin use and lung 
cancer in men, Br J Cancer, 89 (2003) 1705-1708.

[194] J.P. Kelly, P. Coogan, B.L. Strom, L. Rosenberg, Lung cancer and regular use of aspirin and nonaspirin 
nonsteroidal anti-inflammatory drugs, Pharmacoepidemiol Drug Saf, 17 (2008) 322-327.

[195] D. Labayle, D. Fischer, P. Vielh, F. Drouhin, A. Pariente, C. Bories, O. Duhamel, M. Trousset, P. 
Attali, Sulindac causes regression of rectal polyps in familial adenomatous polyposis, Gastroenterology, 
101 (1991) 635-639.

[196] M.J. Langman, K.K. Cheng, E.A. Gilman, R.J. Lancashire, Effect of anti-inflammatory drugs on 
overall risk of common cancer: case-control study in general practice research database, Bmj, 320 
(2000) 1642-1646.

[197] K.P. Nugent, K.C. Farmer, A.D. Spigelman, C.B. Williams, R.K. Phillips, Randomized controlled trial 
of the effect of sulindac on duodenal and rectal polyposis and cell proliferation in patients with familial 
adenomatous polyposis, Br J Surg, 80 (1993) 1618-1619.

[198] R.J. Wall, Y. Shyr, W. Smalley, Nonsteroidal anti-inflammatory drugs and lung cancer risk: a 
population-based case control study, J Thorac Oncol, 2 (2007) 109-114.

[199] J.R. Weiss, J.A. Baker, M.R. Baer, R.J. Menezes, S. Nowell, K.B. Moysich, Opposing effects of aspirin 
and acetaminophen use on risk of adult acute leukemia, Leuk Res, 30 (2006) 164-169.

[200] R. Calaluce, D.L. Earnest, D. Heddens, J.G. Einspahr, D. Roe, C.L. Bogert, J.R. Marshall, D.S. 
Alberts, Effects of piroxicam on prostaglandin E2 levels in rectal mucosa of adenomatous polyp 
patients: a randomized phase IIb trial, Cancer Epidemiol Biomarkers Prev, 9 (2000) 1287-1292.

[201] H. Ishikawa, Chemoprevention of carcinogenesis in familial tumors, Int J Clin Oncol, 9 (2004) 299-
303.

[202] A.K. Singh, B.W. Trotman, Use and safety of aspirin in the chemoprevention of colorectal cancer, J 
Assoc Acad Minor Phys, 9 (1998) 40-44.

[203] N. Arber, C.J. Eagle, J. Spicak, I. Racz, P. Dite, J. Hajer, M. Zavoral, M.J. Lechuga, P. Gerletti, J. Tang, 
R.B. Rosenstein, K. Macdonald, P. Bhadra, R. Fowler, J. Wittes, A.G. Zauber, S.D. Solomon, B. Levin, 
Celecoxib for the prevention of colorectal adenomatous polyps, N Engl J Med, 355 (2006) 885-895.

[204] M. Bardou, A.N. Barkun, J. Ghosn, M. Hudson, E. Rahme, Effect of chronic intake of NSAIDs and 
cyclooxygenase 2-selective inhibitors on esophageal cancer incidence, Clin Gastroenterol Hepatol, 2 
(2004) 880-887.



2

63

Tum
or-targeting of anti-inflam

m
atory agents

[205] M.M. Bertagnolli, C.J. Eagle, A.G. Zauber, M. Redston, S.D. Solomon, K. Kim, J. Tang, R.B. 
Rosenstein, J. Wittes, D. Corle, T.M. Hess, G.M. Woloj, F. Boisserie, W.F. Anderson, J.L. Viner, 
D. Bagheri, J. Burn, D.C. Chung, T. Dewar, T.R. Foley, N. Hoffman, F. Macrae, R.E. Pruitt, J.R. 
Saltzman, B. Salzberg, T. Sylwestrowicz, G.B. Gordon, E.T. Hawk, Celecoxib for the prevention of 
sporadic colorectal adenomas, N Engl J Med, 355 (2006) 873-884.

[206] V.A. Papadimitrakopoulou, W.N. William, Jr., A.J. Dannenberg, S.M. Lippman, J.J. Lee, F.G. Ondrey, 
D.E. Peterson, L. Feng, A. Atwell, A.K. El-Naggar, C.A. Nathan, J.I. Helman, B. Du, B. Yueh, J.O. 
Boyle, Pilot randomized phase II study of celecoxib in oral premalignant lesions, Clin Cancer Res, 14 
(2008) 2095-2101.

[207] E. Rahme, A.N. Barkun, Y. Toubouti, M. Bardou, The cyclooxygenase-2-selective inhibitors rofecoxib 
and celecoxib prevent colorectal neoplasia occurrence and recurrence, Gastroenterology, 125 (2003) 
404-412.

[208] K.D. Rainsford, Anti-inflammatory drugs in the 21st century, Subcell Biochem, 42 (2007) 3-27.
[209] X.F. Jin, J.L. Tong, Z.H. Ran, [Selective cyclooxygenase-2 inhibitors for the prevention of colorectal 

adenomas: a meta-analysis], Zhonghua Yi Xue Za Zhi, 87 (2007) 1958-1961.
[210] M. Jalving, J.J. Koornstra, S. De Jong, E.G. De Vries, J.H. Kleibeuker, Review article: the potential 

of combinational regimen with non-steroidal anti-inflammatory drugs in the chemoprevention of 
colorectal cancer, Aliment Pharmacol Ther, 21 (2005) 321-339.

[211] E. Lin, J.S. Morris, G.D. Ayers, Effect of celecoxib on capecitabine-induced hand-foot syndrome and 
antitumor activity, Oncology (Williston Park), 16 (2002) 31-37.

[212] J. van Wijngaarden, E. van Beek, G. van Rossum, C. van der Bent, K. Hoekman, G. van der 
Pluijm, M.A. van der Pol, H.J. Broxterman, V.W. van Hinsbergh, C.W. Lowik, Celecoxib enhances 
doxorubicin-induced cytotoxicity in MDA-MB231 cells by NF-kappaB-mediated increase of 
intracellular doxorubicin accumulation, Eur J Cancer, 43 (2007) 433-442.

[213] H.M. Verheul, D. Panigrahy, J. Yuan, R.J. D’Amato, Combination oral antiangiogenic therapy with 
thalidomide and sulindac inhibits tumour growth in rabbits, Br J Cancer, 79 (1999) 114-118.

[214] T.A. Wilgus, T.S. Breza, Jr., K.L. Tober, T.M. Oberyszyn, Treatment with 5-fluorouracil and celecoxib 
displays synergistic regression of ultraviolet light B-induced skin tumors, J Invest Dermatol, 122 
(2004) 1488-1494.

[215] M.T. Yip-Schneider, C.J. Sweeney, S.H. Jung, P.L. Crowell, M.S. Marshall, Cell cycle effects 
of nonsteroidal anti-inflammatory drugs and enhanced growth inhibition in combination with 
gemcitabine in pancreatic carcinoma cells, J Pharmacol Exp Ther, 298 (2001) 976-985.

[216] T. Hida, K. Kozaki, H. Muramatsu, A. Masuda, S. Shimizu, T. Mitsudomi, T. Sugiura, M. Ogawa, 
T. Takahashi, Cyclooxygenase-2 inhibitor induces apoptosis and enhances cytotoxicity of various 
anticancer agents in non-small cell lung cancer cell lines, Clin Cancer Res, 6 (2000) 2006-2011.

[217] S.I. Mohammed, B.A. Craig, A.J. Mutsaers, N.W. Glickman, P.W. Snyder, A.E. deGortari, D.L. 
Schlittler, K.T. Coffman, P.L. Bonney, D.W. Knapp, Effects of the cyclooxygenase inhibitor, piroxicam, 
in combination with chemotherapy on tumor response, apoptosis, and angiogenesis in a canine model 
of human invasive urinary bladder cancer, Mol Cancer Ther, 2 (2003) 183-188.

[218] D.W. Knapp, N.W. Glickman, W.R. Widmer, D.B. DeNicola, L.G. Adams, T. Kuczek, P.L. Bonney, 
A.E. DeGortari, C. Han, L.T. Glickman, Cisplatin versus cisplatin combined with piroxicam in a 
canine model of human invasive urinary bladder cancer, Cancer Chemother Pharmacol, 46 (2000) 
221-226.



2

64

Re
fer

en
ce

s

[219] C.J. Henry, D.L. McCaw, S.E. Turnquist, J.W. Tyler, L. Bravo, S. Sheafor, R.C. Straw, W.S. Dernell, 
B.R. Madewell, L. Jorgensen, M.A. Scott, M.L. Higginbotham, R. Chun, Clinical evaluation of 
mitoxantrone and piroxicam in a canine model of human invasive urinary bladder carcinoma, Clin 
Cancer Res, 9 (2003) 906-911.

[220] F. Alexis, E. Pridgen, L.K. Molnar, O.C. Farokhzad, Factors Affecting the Clearance and Biodistribution 
of Polymeric Nanoparticles, Mol Pharm, 5 (2008) 505-515.

[221] L. Balogh, S.S. Nigavekar, B.M. Nair, W. Lesniak, C. Zhang, L.Y. Sung, M.S. Kariapper, A. El-Jawahri, 
M. Llanes, B. Bolton, F. Mamou, W. Tan, A. Hutson, L. Minc, M.K. Khan, Significant effect of size 
on the in vivo biodistribution of gold composite nanodevices in mouse tumor models, Nanomedicine, 
3 (2007) 281-296.

[222] M. Gaumet, A. Vargas, R. Gurny, F. Delie, Nanoparticles for drug delivery: the need for precision in 
reporting particle size parameters, Eur J Pharm Biopharm, 69 (2008) 1-9.

[223] E. Igarashi, Factors affecting toxicity and efficacy of polymeric nanomedicines, Toxicol Appl Pharmacol, 
229 (2008) 121-134.

[224] H. Kobayashi, S. Kawamoto, S.K. Jo, H.L. Bryant, Jr., M.W. Brechbiel, R.A. Star, Macromolecular 
MRI contrast agents with small dendrimers: pharmacokinetic differences between sizes and cores, 
Bioconjug Chem, 14 (2003) 388-394.

[225] S.M. Moghimi, A.C. Hunter, Capture of stealth nanoparticles by the body’s defences, Crit Rev Ther 
Drug Carrier Syst, 18 (2001) 527-550.

[226] S.M. Moghimi, A.C. Hunter, J.C. Murray, Long-circulating and target-specific nanoparticles: theory 
to practice, Pharmacol Rev, 53 (2001) 283-318.

[227] J.M. Harris, R.B. Chess, Effect of pegylation on pharmaceuticals, Nat Rev Drug Discov, 2 (2003) 214-
221.

[228] R.M. Mainardes, M.P. Gremiao, I.L. Brunetti, L.M. da Fonseca, N.M. Khalil, Zidovudine-loaded 
PLA and PLA-PEG blend nanoparticles: Influence of polymer type on phagocytic uptake by 
polymorphonuclear cells, J Pharm Sci, (2008).

[229] B. Romberg, W.E. Hennink, G. Storm, Sheddable coatings for long-circulating nanoparticles, Pharm 
Res, 25 (2008) 55-71.

[230] J. Suh, K.L. Choy, S.K. Lai, J.S. Suk, B.C. Tang, S. Prabhu, J. Hanes, PEGylation of nanoparticles 
improves their cytoplasmic transport, Int J Nanomedicine, 2 (2007) 735-741.

[231] U. Wattendorf, H.P. Merkle, PEGylation as a tool for the biomedical engineering of surface modified 
microparticles, J Pharm Sci, (2008).

[232] H. Yang, S.T. Lopina, L.P. DiPersio, S.P. Schmidt, Stealth dendrimers for drug delivery: correlation 
between PEGylation, cytocompatibility, and drug payload, J Mater Sci Mater Med, 19 (2008) 1991-
1997.

[233] R.M. Schiffelers, G. Storm, I.A. Bakker-Woudenberg, Host factors influencing the preferential 
localization of sterically stabilized liposomes in Klebsiella pneumoniae-infected rat lung tissue, Pharm 
Res, 18 (2001) 780-787.

[234] H. Maeda, T. Konno, [Tumor-targeted chemotherapy with lipid contrast medium and macro molecular 
anticancer agents theoretical considerations and clinical outcome], Gan To Kagaku Ryoho, 12 (1985) 
773-782.

[235] H. Maeda, J. Wu, T. Sawa, Y. Matsumura, K. Hori, Tumor vascular permeability and the EPR effect 
in macromolecular therapeutics: a review, J Control Release, 65 (2000) 271-284.



2

65

Tum
or-targeting of anti-inflam

m
atory agents

[236] Y. Matsumura, T. Oda, H. Maeda, [General mechanism of intratumor accumulation of macromolecules: 
advantage of macromolecular therapeutics], Gan To Kagaku Ryoho, 14 (1987) 821-829.

[237] Y. Noguchi, J. Wu, R. Duncan, J. Strohalm, K. Ulbrich, T. Akaike, H. Maeda, Early phase tumor 
accumulation of macromolecules: a great difference in clearance rate between tumor and normal 
tissues, Jpn J Cancer Res, 89 (1998) 307-314.

[238] F. Alexis, J.W. Rhee, J.P. Richie, A.F. Radovic-Moreno, R. Langer, O.C. Farokhzad, New frontiers in 
nanotechnology for cancer treatment, Urol Oncol, 26 (2008) 74-85.

[239] M. Gunther, E. Wagner, M. Ogris, Specific targets in tumor tissue for the delivery of therapeutic genes, 
Curr Med Chem Anticancer Agents, 5 (2005) 157-171.

[240] L.S. Jabr-Milane, L.E. van Vlerken, S. Yadav, M.M. Amiji, Multi-functional nanocarriers to overcome 
tumor drug resistance, Cancer Treat Rev, (2008).

[241] K.Y. Kim, Nanotechnology platforms and physiological challenges for cancer therapeutics, 
Nanomedicine, 3 (2007) 103-110.

[242] M.G. Ozawa, A.J. Zurita, E. Dias-Neto, D.N. Nunes, R.L. Sidman, J.G. Gelovani, W. Arap, R. 
Pasqualini, Beyond receptor expression levels: the relevance of target accessibility in ligand-directed 
pharmacodelivery systems, Trends Cardiovasc Med, 18 (2008) 126-132.

[243] S.K. Sahoo, V. Labhasetwar, Nanotech approaches to drug delivery and imaging, Drug Discov Today, 
8 (2003) 1112-1120.

[244] S.S. Bansal, A. Joshi, A.K. Bansal, New dosage formulations for targeted delivery of cyclo-oxygenase-2 
inhibitors: focus on use in the elderly, Drugs Aging, 24 (2007) 441-451.

[245] F. Kesisoglou, S.Y. Zhou, S. Niemiec, J.W. Lee, E.M. Zimmermann, D. Fleisher, Liposomal 
formulations of inflammatory bowel disease drugs: local versus systemic drug delivery in a rat model, 
Pharm Res, 22 (2005) 1320-1330.

[246] P. Srinath, M.G. Chary, S.P. Vyas, P.V. Diwan, Long-circulating liposomes of indomethacin in arthritic 
rats--a biodisposition study, Pharm Acta Helv, 74 (2000) 399-404.

[247] A. Asthana, A.S. Chauhan, P.V. Diwan, N.K. Jain, Poly(amidoamine) (PAMAM) dendritic 
nanostructures for controlled site-specific delivery of acidic anti-inflammatory active ingredient, AAPS 
PharmSciTech, 6 (2005) E536-542.

[248] D. Chandrasekar, R. Sistla, F.J. Ahmad, R.K. Khar, P.V. Diwan, The development of folate-PAMAM 
dendrimer conjugates for targeted delivery of anti-arthritic drugs and their pharmacokinetics and 
biodistribution in arthritic rats, Biomaterials, 28 (2007) 504-512.

[249] A.S. Chauhan, N.K. Jain, P.V. Diwan, A.J. Khopade, Solubility enhancement of indomethacin with 
poly(amidoamine) dendrimers and targeting to inflammatory regions of arthritic rats, J Drug Target, 
12 (2004) 575-583.

[250] H. Thakkar, R. Kumar Sharma, R.S. Murthy, Enhanced retention of celecoxib-loaded solid lipid 
nanoparticles after intra-articular administration, Drugs R D, 8 (2007) 275-285.

[251] H. Thakkar, R.K. Sharma, A.K. Mishra, K. Chuttani, R.R. Murthy, Albumin microspheres as carriers 
for the antiarthritic drug celecoxib, AAPS PharmSciTech, 6 (2005) E65-73.

[252] H. Thakkar, R.K. Sharma, A.K. Mishra, K. Chuttani, R.S. Murthy, Celecoxib incorporated chitosan 
microspheres: in vitro and in vivo evaluation, J Drug Target, 12 (2004) 549-557.

[253] Y. Lu, G. Zhang, D. Sun, Y. Zhong, Preparation and evaluation of biodegradable flubiprofen gelatin 
micro-spheres for intra-articular administration, J Microencapsul, 24 (2007) 515-524.



2

66

Re
fer

en
ce

s

[254] J.X. Zhang, X.J. Li, L.Y. Qiu, X.H. Li, M.Q. Yan, J. Yi, K.J. Zhu, Indomethacin-loaded polymeric 
nanocarriers based on amphiphilic polyphosphazenes with poly (N-isopropylacrylamide) and ethyl 
tryptophan as side groups: Preparation, in vitro and in vivo evaluation, J Control Release, 116 (2006) 
322-329.

[255] J.X. Zhang, M.Q. Yan, X.H. Li, L.Y. Qiu, X.D. Li, X.J. Li, Y. Jin, K.J. Zhu, Local delivery of indomethacin 
to arthritis-bearing rats through polymeric micelles based on amphiphilic polyphosphazenes, Pharm 
Res, 24 (2007) 1944-1953.

[256] M. Lowenberg, C. Stahn, D.W. Hommes, F. Buttgereit, Novel insights into mechanisms of 
glucocorticoid action and the development of new glucocorticoid receptor ligands, Steroids, 73 (2008) 
1025-1029.

[257] H. Tanaka, [Current development of glucocorticoid-targeting drugs], Nippon Rinsho, 66 (2008) 25-
37.

[258] S.K. Baid, L.K. Nieman, Therapeutic doses of glucocorticoids: implications for oral medicine, Oral 
Dis, 12 (2006) 436-442.

[259] M.J. Coghlan, S.W. Elmore, P.R. Kym, M.E. Kort, The pursuit of differentiated ligands for the 
glucocorticoid receptor, Curr Top Med Chem, 3 (2003) 1617-1635.

[260] C. Stahn, F. Buttgereit, Genomic and nongenomic effects of glucocorticoids, Nat Clin Pract Rheumatol, 
(2008).

[261] J.N. Vanderbilt, R. Miesfeld, B.A. Maler, K.R. Yamamoto, Intracellular receptor concentration limits 
glucocorticoid-dependent enhancer activity, Mol Endocrinol, 1 (1987) 68-74.

[262] F. Buttgereit, A. Scheffold, Rapid glucocorticoid effects on immune cells, Steroids, 67 (2002) 529-534.
[263] S. van der Laan, O.C. Meijer, Pharmacology of glucocorticoids: beyond receptors, Eur J Pharmacol, 

585 (2008) 483-491.
[264] F. Buttgereit, R.H. Straub, M. Wehling, G.R. Burmester, Glucocorticoids in the treatment of rheumatic 

diseases: an update on the mechanisms of action, Arthritis Rheum, 50 (2004) 3408-3417.
[265] W.S. Bond, Toxic reactions and side effects of glucocorticoids in man, Am J Hosp Pharm, 34 (1977) 

479-485.
[266] P.S. Gaynon, R.H. Lustig, The use of glucocorticoids in acute lymphoblastic leukemia of childhood. 

Molecular, cellular, and clinical considerations, J Pediatr Hematol Oncol, 17 (1995) 1-12.
[267] T.A. Holland, A.G. Mikos, Advances in drug delivery for articular cartilage, J Control Release, 86 

(2003) 1-14.
[268] A.K. McDonough, J.R. Curtis, K.G. Saag, The epidemiology of glucocorticoid-associated adverse 

events, Curr Opin Rheumatol, 20 (2008) 131-137.
[269] R. McDougall, J. Sibley, M. Haga, A. Russell, Outcome in patients with rheumatoid arthritis receiving 

prednisone compared to matched controls, J Rheumatol, 21 (1994) 1207-1213.
[270] H. Schacke, W.D. Docke, K. Asadullah, Mechanisms involved in the side effects of glucocorticoids, 

Pharmacol Ther, 96 (2002) 23-43.
[271] S. Mercadante, F. Fulfaro, A. Casuccio, The use of corticosteroids in home palliative care, Support Care 

Cancer, 9 (2001) 386-389.
[272] A. Shih, K.C. Jackson, 2nd, Role of corticosteroids in palliative care, J Pain Palliat Care Pharmacother, 

21 (2007) 69-76.
[273] A. Wanner, G. Horvath, J.L. Brieva, S.D. Kumar, E.S. Mendes, Nongenomic actions of 

glucocorticosteroids on the airway vasculature in asthma, Proc Am Thorac Soc, 1 (2004) 235-238.



2

67

Tum
or-targeting of anti-inflam

m
atory agents

[274] H. Schacke, H. Rehwinkel, K. Asadullah, A.C. Cato, Insight into the molecular mechanisms of 
glucocorticoid receptor action promotes identification of novel ligands with an improved therapeutic 
index, Exp Dermatol, 15 (2006) 565-573.

[275] J. Zhou, J.A. Cidlowski, The human glucocorticoid receptor: one gene, multiple proteins and diverse 
responses, Steroids, 70 (2005) 407-417.

[276] I. Herr, N. Gassler, H. Friess, M.W. Buchler, Regulation of differential pro- and anti-apoptotic 
signaling by glucocorticoids, Apoptosis, 12 (2007) 271-291.

[277] H. Leis, A. Page, A. Ramirez, A. Bravo, C. Segrelles, J. Paramio, D. Barettino, J.L. Jorcano, P. Perez, 
Glucocorticoid Receptor Counteracts Tumorigenic Activity of Akt in Skin through Interference with 
the Phosphatidylinositol 3-Kinase Signaling Pathway, Mol Endocrinol, 18 (2004) 303-311.

[278] E. Falkenstein, A.W. Norman, M. Wehling, Mannheim classification of nongenomically initiated 
(rapid) steroid action(s), J Clin Endocrinol Metab, 85 (2000) 2072-2075.

[279] E.G. Holland, A.T. Taylor, Glucocorticoids in clinical practice, J Fam Pract, 32 (1991) 512-519.
[280] E. Ginzler, H. Diamond, D. Kaplan, M. Weiner, M. Schlesinger, M. Seleznick, Computer analysis 

of factors influencing frequency of infection in systemic lupus erythematosus, Arthritis Rheum, 21 
(1978) 37-44.

[281] A.E. Stuck, C.E. Minder, F.J. Frey, Risk of infectious complications in patients taking 
glucocorticosteroids, Rev Infect Dis, 11 (1989) 954-963.

[282] C.W. Distelhorst, Recent insights into the mechanism of glucocorticosteroid-induced apoptosis, Cell 
Death Differ, 9 (2002) 6-19.

[283] J. Folkman, D.E. Ingber, Angiostatic steroids. Method of discovery and mechanism of action, Ann 
Surg, 206 (1987) 374-383.

[284] Y. Arai, N. Nonomura, Y. Nakai, K. Nishimura, D. Oka, M. Shiba, M. Nakayama, H. Takayama, 
Y. Mizutani, T. Miki, A. Okuyama, The growth-inhibitory effects of dexamethasone on renal cell 
carcinoma in vivo and in vitro, Cancer Invest, 26 (2008) 35-40.

[285] L. Bavaresco, A. Bernardi, E. Braganhol, M.R. Wink, A.M. Battastini, Dexamethasone inhibits 
proliferation and stimulates ecto-5’-nucleotidase/CD73 activity in C6 rat glioma cell line, J 
Neurooncol, 84 (2007) 1-8.

[286] Y.X. Chen, Z.B. Li, F. Diao, Y. Wang, J. Lu, [Mechanism of inhibiting proliferation of human ovarian 
cancer cells of the line HO-8910 by dexamethasone: the role of RhoB signaling pathway], Zhonghua 
Yi Xue Za Zhi, 86 (2006) 1400-1404.

[287] B.C. Delidow, M. Wang, S.V. Bhamidipaty, L.D. Black, Glucocorticoid inhibition of 235-1 rat 
pituitary tumor cell cycle progression, Endocrine, 17 (2002) 119-127.

[288] Q.Z. Gao, J.J. Lu, Z.D. Liu, H. Zhang, S.M. Wang, H. Xu, Dexamethasone suppresses DU145 cell 
proliferation and cell cycle through inhibition of the extracellular signal-regulated kinase 1/2 pathway 
and cyclin D1 expression, Asian J Androl, 10 (2008) 635-641.

[289] A.K. Greenberg, J. Hu, S. Basu, J. Hay, J. Reibman, T.A. Yie, K.M. Tchou-Wong, W.N. Rom, T.C. 
Lee, Glucocorticoids inhibit lung cancer cell growth through both the extracellular signal-related 
kinase pathway and cell cycle regulators, Am J Respir Cell Mol Biol, 27 (2002) 320-328.

[290] B. Kaup, I. Schindler, H. Knupfer, A. Schlenzka, R. Preiss, M.M. Knupfer, Time-dependent inhibition 
of glioblastoma cell proliferation by dexamethasone, J Neurooncol, 51 (2001) 105-110.



2

68

Re
fer

en
ce

s

[291] C.K. Osborne, M.E. Monaco, C.R. Kahn, K. Huff, D. Bronzert, M.E. Lippman, Direct inhibition of 
growth and antagonism of insulin action by glucocorticoids in human breast cancer cells in culture, 
Cancer Res, 39 (1979) 2422-2428.

[292] J. Takenawa, Y. Kaneko, K. Okumura, O. Yoshida, H. Nakayama, J. Fujita, Inhibitory effect of 
dexamethasone and progesterone in vitro on proliferation of human renal cell carcinomas and effects 
on expression of interleukin-6 or interleukin-6 receptor, J Urol, 153 (1995) 858-862.

[293] S. Yamaguchi, Y. Ohsaki, Y. Nishigaki, E. Toyoshima, K. Kikuchi, Inhibition of human small cell lung 
cancer cell growth by methylprednisolone, Int J Oncol, 15 (1999) 1185-1190.

[294] R. Crum, S. Szabo, J. Folkman, A new class of steroids inhibits angiogenesis in the presence of heparin 
or a heparin fragment, Science, 230 (1985) 1375-1378.

[295] J. Gross, R.G. Azizkhan, C. Biswas, R.R. Bruns, D.S. Hsieh, J. Folkman, Inhibition of tumor growth, 
vascularization, and collagenolysis in the rabbit cornea by medroxyprogesterone, Proc Natl Acad Sci U 
S A, 78 (1981) 1176-1180.

[296] I. Kudawara, T. Ueda, H. Yoshikawa, T. Miyama, T. Yamamoto, Y. Nishizawa, In vivo inhibition of 
tumour growth by dexamethasone in murine osteosarcomas, Eur J Cancer, 37 (2001) 1703-1708.

[297] M. Penhaligon, R.S. Camplejohn, Combination heparin plus cortisone treatment of two transplanted 
tumors in C3H/He mice, J Natl Cancer Inst, 74 (1985) 869-873.

[298] M. Pucci, T. Lotti, F. Tuci, L. Brunetti, L. Rindi, G. Fibbi, F. Pasquali, V.P. Chiarugi, Modulation of 
growth of melanoma, Int J Dermatol, 27 (1988) 167-169.

[299] J.E. Wolff, C. Guerin, J. Laterra, J. Bressler, R.R. Indurti, H. Brem, G.W. Goldstein, Dexamethasone 
reduces vascular density and plasminogen activator activity in 9L rat brain tumors, Brain Res, 604 
(1993) 79-85.

[300] A. Yano, Y. Fujii, A. Iwai, Y. Kageyama, K. Kihara, Glucocorticoids suppress tumor angiogenesis and 
in vivo growth of prostate cancer cells, Clin Cancer Res, 12 (2006) 3003-3009.

[301] R. Yao, Y. Wang, W.J. Lemon, R.A. Lubet, M. You, Budesonide exerts its chemopreventive efficacy 
during mouse lung tumorigenesis by modulating gene expressions, Oncogene, 23 (2004) 7746-7752.

[302] M. Banciu, R.M. Schiffelers, J.M. Metselaar, G. Storm, Utility of targeted glucocorticoids in cancer 
therapy, J Liposome Res, 18 (2008) 47-57.

[303] R.M. Schiffelers, J.M. Metselaar, M.H. Fens, A.P. Janssen, G. Molema, G. Storm, Liposome-
encapsulated prednisolone phosphate inhibits growth of established tumors in mice, Neoplasia, 7 
(2005) 118-127.

[304] K. Lee, E. Erturk, R. Mayer, A.T. Cockett, Efficacy of antitumor chemotherapy in C3H mice enhanced 
by the antiangiogenesis steroid, cortisone acetate, Cancer Res, 47 (1987) 5021-5024.

[305] L. DiMartino, B. Demontis, I.P. Mitchell, S.W. Hayward, N. Deshpande, A randomized clinical trial 
to investigate the usefulness of the addition of prednisolone to tamoxifen as adjuvants to mastectomy 
in primary breast cancer patients with a high risk of recurrence: a preliminary report, Anticancer Res, 
11 (1991) 869-872.

[306] I.S. Fentiman, A. Howell, H. Hamed, S.M. Lee, M. Ranson, J. Wall, M.A. Chaudary, C.M. Ash, W.M. 
Gregory, R.A. Sellwood, et al., A controlled trial of adjuvant tamoxifen, with or without prednisolone, 
in post-menopausal women with operable breast cancer, Br J Cancer, 70 (1994) 729-731.

[307] R. Fossati, C. Confalonieri, V. Torri, E. Ghislandi, A. Penna, V. Pistotti, A. Tinazzi, A. Liberati, 
Cytotoxic and hormonal treatment for metastatic breast cancer: a systematic review of published 
randomized trials involving 31,510 women, J Clin Oncol, 16 (1998) 3439-3460.



2

69

Tum
or-targeting of anti-inflam

m
atory agents

[308] R.D. Rubens, C.L. Tinson, R.E. Coleman, R.K. Knight, D. Tong, P.J. Winter, W.R. North, 
Prednisolone improves the response to primary endocrine treatment for advanced breast cancer, Br J 
Cancer, 58 (1988) 626-630.

[309] J.F. Stewart, R.D. Rubens, R.J. King, M.J. Minton, R. Steiner, D. Tong, P.J. Winter, R.K. Knight, J.L. 
Hayward, Contribution of prednisolone to the primary endocrine treatment of advanced breast cancer, 
Eur J Cancer Clin Oncol, 18 (1982) 1307-1314.

[310] M. Sui, F. Chen, Z. Chen, W. Fan, Glucocorticoids interfere with therapeutic efficacy of paclitaxel 
against human breast and ovarian xenograft tumors, Int J Cancer, 119 (2006) 712-717.

[311] G.R. Della Cuna, A. Pellegrini, M. Piazzi, Effect of methylprednisolone sodium succinate on quality 
of life in preterminal cancer patients: a placebo-controlled, multicenter study. The Methylprednisolone 
Preterminal Cancer Study Group, Eur J Cancer Clin Oncol, 25 (1989) 1817-1821.

[312] C. Zhang, A. Kolb, J. Mattern, N. Gassler, T. Wenger, K. Herzer, K.M. Debatin, M. Buchler, H. 
Friess, W. Rittgen, L. Edler, I. Herr, Dexamethasone desensitizes hepatocellular and colorectal tumours 
toward cytotoxic therapy, Cancer Lett, 242 (2006) 104-111.

[313] C. Zhang, A. Marme, T. Wenger, P. Gutwein, L. Edler, W. Rittgen, K.M. Debatin, P. Altevogt, J. 
Mattern, I. Herr, Glucocorticoid-mediated inhibition of chemotherapy in ovarian carcinomas, Int J 
Oncol, 28 (2006) 551-558.

[314] B.D. Keith, Systematic review of the clinical effect of glucocorticoids on nonhematologic malignancy, 
BMC Cancer, 8 (2008) 84.

[315] S. Schmidt, J. Rainer, C. Ploner, E. Presul, S. Riml, R. Kofler, Glucocorticoid-induced apoptosis and 
glucocorticoid resistance: molecular mechanisms and clinical relevance, Cell Death Differ, 11 Suppl 1 
(2004) S45-55.

[316] C. Zhang, T. Wenger, J. Mattern, S. Ilea, C. Frey, P. Gutwein, P. Altevogt, W. Bodenmuller, N. Gassler, 
P.A. Schnabel, H. Dienemann, A. Marme, M. Hohenfellner, A. Haferkamp, J. Pfitzenmaier, H.J. 
Grone, A. Kolb, P. Buchler, M. Buchler, H. Friess, W. Rittgen, L. Edler, K.M. Debatin, P.H. Krammer, 
H.P. Rutz, I. Herr, Clinical and mechanistic aspects of glucocorticoid-induced chemotherapy resistance 
in the majority of solid tumors, Cancer Biol Ther, 6 (2007) 278-287.

[317] M. Banciu, M.H. Fens, G. Storm, R.M. Schiffelers, Antitumor activity and tumor localization of 
liposomal glucocorticoids in B16 melanoma-bearing mice, J Control Release, 127 (2008) 131-136.

[318] R.M. Schiffelers, M. Banciu, J.M. Metselaar, G. Storm, Therapeutic application of long-circulating 
liposomal glucocorticoids in auto-immune diseases and cancer, J Liposome Res, 16 (2006) 185-194.

[319] J.M. Metselaar, M.H. Wauben, J.P. Wagenaar-Hilbers, O.C. Boerman, G. Storm, Complete remission 
of experimental arthritis by joint targeting of glucocorticoids with long-circulating liposomes, Arthritis 
Rheum, 48 (2003) 2059-2066.

[320] J. Schmidt, J.M. Metselaar, M.H. Wauben, K.V. Toyka, G. Storm, R. Gold, Drug targeting by long-
circulating liposomal glucocorticosteroids increases therapeutic efficacy in a model of multiple sclerosis, 
Brain, 126 (2003) 1895-1904.

[321] P. Barrera, S. Mulder, A.I. Smetsers, G. Storm, J.H. Beijnen, J.M. Metselaar, P. van Riel, L10 - Long-
circulating Liposomal Prednisolone versus Pulse Intramuscular Methylprednisolone in Patients with 
Active Rheumatoid Arthritis Proceedings of the Annual scientific Meeting of the American College of 
Rheumatology 2008, (2008) 435.



2

70

Re
fer

en
ce

s

[322] G.A. Koning, R.M. Schiffelers, M.H. Wauben, R.J. Kok, E. Mastrobattista, G. Molema, T.L. ten 
Hagen, G. Storm, Targeting of angiogenic endothelial cells at sites of inflammation by dexamethasone 
phosphate-containing RGD peptide liposomes inhibits experimental arthritis, Arthritis Rheum, 54 
(2006) 1198-1208.

[323] N. Gerwin, C. Hops, A. Lucke, Intraarticular drug delivery in osteoarthritis, Adv Drug Deliv Rev, 58 
(2006) 226-242.

[324] E. Horisawa, T. Hirota, S. Kawazoe, J. Yamada, H. Yamamoto, H. Takeuchi, Y. Kawashima, Prolonged 
anti-inflammatory action of DL-lactide/glycolide copolymer nanospheres containing betamethasone 
sodium phosphate for an intra-articular delivery system in antigen-induced arthritic rabbit, Pharm 
Res, 19 (2002) 403-410.

[325] N. Butoescu, O. Jordan, A. Petri-Fink, H. Hofmann, E. Doelker, Co-encapsulation of dexamethasone 
21-acetate and SPIONs into biodegradable polymeric microparticles designed for intra-articular 
delivery, J Microencapsul, (2008) 1-12.

[326] M. Higaki, T. Ishihara, N. Izumo, M. Takatsu, Y. Mizushima, Treatment of experimental arthritis with 
poly(D, L-lactic/glycolic acid) nanoparticles encapsulating betamethasone sodium phosphate, Ann 
Rheum Dis, 64 (2005) 1132-1136.

[327] A. Kuek, B.L. Hazleman, A.J. Ostor, Immune-mediated inflammatory diseases (IMIDs) and biologic 
therapy: a medical revolution, Postgrad Med J, 83 (2007) 251-260.

[328] C. Klingbeil, D.H. Hsu, Pharmacology and safety assessment of humanized monoclonal antibodies for 
therapeutic use, Toxicol Pathol, 27 (1999) 1-3.

[329] B.W. Newsome, M.S. Ernstoff, The clinical pharmacology of therapeutic monoclonal antibodies in the 
treatment of malignancy; have the magic bullets arrived?, Br J Clin Pharmacol, 66 (2008) 6-19.

[330] T. Uno, K. Takeda, Y. Kojima, H. Yoshizawa, H. Akiba, R.S. Mittler, F. Gejyo, K. Okumura, H. Yagita, 
M.J. Smyth, Eradication of established tumors in mice by a combination antibody-based therapy, Nat 
Med, 12 (2006) 693-698.

[331] L. Yan, K. Hsu, R.A. Beckman, Antibody-based therapy for solid tumors, Cancer J, 14 (2008) 178-
183.

[332] A. Gaffo, K.G. Saag, J.R. Curtis, Treatment of rheumatoid arthritis, Am J Health Syst Pharm, 63 
(2006) 2451-2465.

[333] H.P. Brezinschek, K. Brickmann, B. Yazdani-Biuki, T. Dorner, W.B. Graninger, R.I. Brezinschek, 
Treatment of rheumatoid arthritis in the 21st century: targeting B-lymphocytes, Wien Med 
Wochenschr, 156 (2006) 61-67.

[334] J.H. Egberts, V. Cloosters, A. Noack, B. Schniewind, L. Thon, S. Klose, B. Kettler, C. von Forstner, 
C. Kneitz, J. Tepel, D. Adam, H. Wajant, H. Kalthoff, A. Trauzold, Anti-tumor necrosis factor therapy 
inhibits pancreatic tumor growth and metastasis, Cancer Res, 68 (2008) 1443-1450.

[335] J. Friedberg, E. Jacobsen, D. Neuberg, J. Kutok, O. Munoz, V. Boussiotis, H. Reynolds, D. Fisher, 
A. Szot, A. Van Den Abbeele, A. Freedman, Targeting the follicular lymphoma microenvironment 
through blockade of TNFalpha with etanercept, Leuk Lymphoma, 49 (2008) 902-909.

[336] R.M. Japiassu, O.F. Brasil, A.L. Cunha, E.C. de Souza, Regression of vasoproliferative tumor with 
systemic infliximab, Ophthalmic Surg Lasers Imaging, 39 (2008) 348-349.



2

71

Tum
or-targeting of anti-inflam

m
atory agents

[337] E.R. Brown, K.A. Charles, S.A. Hoare, R.L. Rye, D.I. Jodrell, R.E. Aird, R. Vora, U. Prabhakar, M. 
Nakada, R.E. Corringham, M. DeWitte, C. Sturgeon, D. Propper, F.R. Balkwill, J.F. Smyth, A clinical 
study assessing the tolerability and biological effects of infliximab, a TNF-alpha inhibitor, in patients 
with advanced cancer, Ann Oncol, 19 (2008) 1340-1346.

[338] G. Lavi, E. Voronov, C.A. Dinarello, R.N. Apte, S. Cohen, Sustained delivery of IL-1 Ra from 
biodegradable microspheres reduces the number of murine B16 melanoma lung metastases, J Control 
Release, 123 (2007) 123-130.

[339] H.L. Plessner, P.L. Lin, T. Kohno, J.S. Louie, D. Kirschner, J. Chan, J.L. Flynn, Neutralization of 
tumor necrosis factor (TNF) by antibody but not TNF receptor fusion molecule exacerbates chronic 
murine tuberculosis, J Infect Dis, 195 (2007) 1643-1650.

[340] S.D. Chakravarty, G. Zhu, M.C. Tsai, V.P. Mohan, S. Marino, D.E. Kirschner, L. Huang, J. Flynn, 
J. Chan, Tumor necrosis factor blockade in chronic murine tuberculosis enhances granulomatous 
inflammation and disorganizes granulomas in the lungs, Infect Immun, 76 (2008) 916-926.

[341] M. Jacobs, A. Samarina, S. Grivennikov, T. Botha, N. Allie, C. Fremond, D. Togbe, V. Vasseur, S. 
Rose, F. Erard, A. Monteiro, V. Quesniaux, B. Ryffel, Reactivation of tuberculosis by tumor necrosis 
factor neutralization, Eur Cytokine Netw, 18 (2007) 5-13.

[342] B.B. Aggarwal, A.B. Kunnumakkara, K.B. Harikumar, S.T. Tharakan, B. Sung, P. Anand, Potential of 
Spice-Derived Phytochemicals for Cancer Prevention, Planta Med, (2008).

[343] A. Deorukhkar, S. Krishnan, G. Sethi, B.B. Aggarwal, Back to basics: how natural products can 
provide the basis for new therapeutics, Expert Opin Investig Drugs, 16 (2007) 1753-1773.

[344] K.H. Kwon, A. Barve, S. Yu, M.T. Huang, A.N. Kong, Cancer chemoprevention by phytochemicals: 
potential molecular targets, biomarkers and animal models, Acta Pharmacol Sin, 28 (2007) 1409-
1421.

[345] R.S. Talhouk, C. Karam, S. Fostok, W. El-Jouni, E.K. Barbour, Anti-inflammatory bioactivities in 
plant extracts, J Med Food, 10 (2007) 1-10.

[346] P. Anand, C. Sundaram, S. Jhurani, A.B. Kunnumakkara, B.B. Aggarwal, Curcumin and cancer: An 
“old-age” disease with an “age-old” solution, Cancer Lett, 267 (2008) 133-164.

[347] T.M. de Kok, S.G. van Breda, M.M. Manson, Mechanisms of combined action of different 
chemopreventive dietary compounds: a review, Eur J Nutr, 47 Suppl 2 (2008) 51-59.

[348] S. Shishodia, M.M. Chaturvedi, B.B. Aggarwal, Role of curcumin in cancer therapy, Curr Probl 
Cancer, 31 (2007) 243-305.

[349] Y.J. Surh, K.S. Chun, Cancer chemopreventive effects of curcumin, Adv Exp Med Biol, 595 (2007) 
149-172.

[350] P.R. van Ginkel, D. Sareen, L. Subramanian, Q. Walker, S.R. Darjatmoko, M.J. Lindstrom, A. 
Kulkarni, D.M. Albert, A.S. Polans, Resveratrol inhibits tumor growth of human neuroblastoma and 
mediates apoptosis by directly targeting mitochondria, Clin Cancer Res, 13 (2007) 5162-5169.

[351] X.Z. Ding, T.E. Adrian, Resveratrol inhibits proliferation and induces apoptosis in human pancreatic 
cancer cells, Pancreas, 25 (2002) e71-76.

[352] C.C. Udenigwe, V.R. Ramprasath, R.E. Aluko, P.J. Jones, Potential of resveratrol in anticancer and 
anti-inflammatory therapy, Nutr Rev, 66 (2008) 445-454.

[353] K.B. Harikumar, B.B. Aggarwal, Resveratrol: a multitargeted agent for age-associated chronic diseases, 
Cell Cycle, 7 (2008) 1020-1035.



2

72

Re
fer

en
ce

s

[354] T.A. Zykova, F. Zhu, X. Zhai, W.Y. Ma, S.P. Ermakova, K.W. Lee, A.M. Bode, Z. Dong, Resveratrol 
directly targets COX-2 to inhibit carcinogenesis, Mol Carcinog, 47 (2008) 797-805.

[355] J. Wesierska-Gadek, M.P. Kramer, M. Maurer, Resveratrol modulates roscovitine-mediated cell cycle 
arrest of human MCF-7 breast cancer cells, Food Chem Toxicol, 46 (2008) 1327-1333.

[356] C.F. Hung, J.K. Chen, M.H. Liao, H.M. Lo, J.Y. Fang, Development and evaluation of emulsion-
liposome blends for resveratrol delivery, J Nanosci Nanotechnol, 6 (2006) 2950-2958.

[357] R.L. Thangapazham, A. Puri, S. Tele, R. Blumenthal, R.K. Maheshwari, Evaluation of a nanotechnology-
based carrier for delivery of curcumin in prostate cancer cells, Int J Oncol, 32 (2008) 1119-1123.

[358] D. Wang, M.S. Veena, K. Stevenson, C. Tang, B. Ho, J.D. Suh, V.M. Duarte, K.F. Faull, K. Mehta, 
E.S. Srivatsan, M.B. Wang, Liposome-encapsulated curcumin suppresses growth of head and neck 
squamous cell carcinoma in vitro and in xenografts through the inhibition of nuclear factor kappaB by 
an AKT-independent pathway, Clin Cancer Res, 14 (2008) 6228-6236.

[359] L. Li, B. Ahmed, K. Mehta, R. Kurzrock, Liposomal curcumin with and without oxaliplatin: effects on 
cell growth, apoptosis, and angiogenesis in colorectal cancer, Mol Cancer Ther, 6 (2007) 1276-1282.

[360] S. Salmaso, S. Bersani, A. Semenzato, P. Caliceti, New cyclodextrin bioconjugates for active tumour 
targeting, J Drug Target, 15 (2007) 379-390.

[361] J.Y. Fang, W.R. Lee, S.C. Shen, Y.L. Huang, Effect of liposome encapsulation of tea catechins on their 
accumulation in basal cell carcinomas, J Dermatol Sci, 42 (2006) 101-109.

[362] J.Y. Fang, C.F. Hung, T.L. Hwang, Y.L. Huang, Physicochemical characteristics and in vivo deposition 
of liposome-encapsulated tea catechins by topical and intratumor administrations, J Drug Target, 13 
(2005) 19-27.

[363] L.M. Berstein, Clinical usage of hypolipidemic and antidiabetic drugs in the prevention and treatment 
of cancer, Cancer Lett, 224 (2005) 203-212.

[364] J. Dulak, A. Jozkowicz, Anti-angiogenic and anti-inflammatory effects of statins: relevance to anti-
cancer therapy, Curr Cancer Drug Targets, 5 (2005) 579-594.

[365] K.C. Kurian, P. Rai, S. Sankaran, B. Jacob, J. Chiong, A.B. Miller, The effect of statins in heart failure: 
beyond its cholesterol-lowering effect, J Card Fail, 12 (2006) 473-478.

[366] C.Y. Wang, P.Y. Liu, J.K. Liao, Pleiotropic effects of statin therapy: molecular mechanisms and clinical 
results, Trends Mol Med, 14 (2008) 37-44.

[367] I. Karp, H. Behlouli, J. Lelorier, L. Pilote, Statins and cancer risk, Am J Med, 121 (2008) 302-309.
[368] A. Hoque, H. Chen, X.C. Xu, Statin induces apoptosis and cell growth arrest in prostate cancer cells, 

Cancer Epidemiol Biomarkers Prev, 17 (2008) 88-94.
[369] A. Sassano, L.C. Platanias, Statins in tumor suppression, Cancer Lett, 260 (2008) 11-19.
[370] H. Gbelcova, M. Lenicek, J. Zelenka, Z. Knejzlik, G. Dvorakova, M. Zadinova, P. Pouckova, M. 

Kudla, P. Balaz, T. Ruml, L. Vitek, Differences in antitumor effects of various statins on human 
pancreatic cancer, Int J Cancer, 122 (2008) 1214-1221.

[371] B. von Tresckow, E.P. von Strandmann, S. Sasse, S. Tawadros, A. Engert, H.P. Hansen, Simvastatin-
dependent apoptosis in Hodgkin’s lymphoma cells and growth impairment of human Hodgkin’s 
tumors in vivo, Haematologica, 92 (2007) 682-685.

[372] G. Fritz, HMG-CoA reductase inhibitors (statins) as anticancer drugs (review), Int J Oncol, 27 (2005) 
1401-1409.

[373] K. Hindler, C.S. Cleeland, E. Rivera, C.D. Collard, The role of statins in cancer therapy, Oncologist, 
11 (2006) 306-315.



2

73

Tum
or-targeting of anti-inflam

m
atory agents

[374] A. Galli, T. Mello, E. Ceni, E. Surrenti, C. Surrenti, The potential of antidiabetic thiazolidinediones 
for anticancer therapy, Expert Opin Investig Drugs, 15 (2006) 1039-1049.

[375] S. Giannini, M. Serio, A. Galli, Pleiotropic effects of thiazolidinediones: taking a look beyond 
antidiabetic activity, J Endocrinol Invest, 27 (2004) 982-991.

[376] M. Grabacka, K. Reiss, Anticancer Properties of PPARalpha-Effects on Cellular Metabolism and 
Inflammation, PPAR Res, 2008 (2008) 930705.

[377] I. Ben Sahra, K. Laurent, A. Loubat, S. Giorgetti-Peraldi, P. Colosetti, P. Auberger, J.F. Tanti, Y. Le 
Marchand-Brustel, F. Bost, The antidiabetic drug metformin exerts an antitumoral effect in vitro and 
in vivo through a decrease of cyclin D1 level, Oncogene, 27 (2008) 3576-3586.

[378] M. Buzzai, R.G. Jones, R.K. Amaravadi, J.J. Lum, R.J. DeBerardinis, F. Zhao, B. Viollet, C.B. 
Thompson, Systemic treatment with the antidiabetic drug metformin selectively impairs p53-deficient 
tumor cell growth, Cancer Res, 67 (2007) 6745-6752.

[379] I.K. Choi, Y.H. Kim, J.S. Kim, J.H. Seo, PPAR-gamma ligand promotes the growth of APC-mutated 
HT-29 human colon cancer cells in vitro and in vivo, Invest New Drugs, 26 (2008) 283-288.

[380] A. Galli, E. Ceni, D.W. Crabb, T. Mello, R. Salzano, C. Grappone, S. Milani, E. Surrenti, C. 
Surrenti, A. Casini, Antidiabetic thiazolidinediones inhibit invasiveness of pancreatic cancer cells via 
PPARgamma independent mechanisms, Gut, 53 (2004) 1688-1697.

[381] G.D. Girnun, E. Naseri, S.B. Vafai, L. Qu, J.D. Szwaya, R. Bronson, J.A. Alberta, B.M. Spiegelman, 
Synergy between PPARgamma ligands and platinum-based drugs in cancer, Cancer Cell, 11 (2007) 
395-406.

[382] C. Grommes, G.E. Landreth, M. Sastre, M. Beck, D.L. Feinstein, A.H. Jacobs, U. Schlegel, M.T. 
Heneka, Inhibition of in vivo glioma growth and invasion by peroxisome proliferator-activated 

receptor gamma agonist treatment, Mol Pharmacol, 70 (2006) 1524-1533.



74



3Chapter
Liposomal glucocorticoids accumulate 

and inhibit tumor growth in a 
spontaneous mouse mammary tumor 

model

Maria Coimbra
Sylvia A. Kuijpers
Astrid Hoeppener

Gert Storm
Raymond M. Schiffelers

manuscript in preparation



3

76

Ab
str

ac
t

Abstract

Dysfunctional interaction between innate and adaptive immune cells during wound 
healing or regulation of tissue homeostasis can lead to development of chronic 
inflammatory disorders, which are known to predispose to cancer. Cancers are abundantly 
infiltrated by inflammatory cells that are modulated by tumor cells to secrete signaling 
mediators fostering tumor cell survival and proliferation. Therefore, agents that interfere 
with inflammatory signaling molecules or specific immune cell populations to neutralize 
tumor-promoting immune mechanisms and/or raise an effective anti-tumor immune 
response have been investigated as anticancer drugs.
Corticosteroids induce genomic and non-genomic anti-tumor mechanisms of action that 
are intensified when targeted to the tumor tissue by nanocarrier systems. Consequently, 
liposomally targeted corticosteroids inhibit tumor growth of different syngeneic murine 
tumor models, mainly by modulation of tumor-associated macrophages which leads to 
a switch in the tumor microenvironment from pro-inflammatory to anti-inflammatory. 
Despite the recognized value of xenograft tumor models in preclinical research, the 
“acute” inflammation induced by inoculation of tumor cells together with the exponential 
tumor growth in a relatively short period of time does not resemble the malignant slow 
progressive human disease. Therefore, in this study the anti-tumor effect of liposomal 
corticosteroids is investigated in a more clinical relevant setting involving transgenic mice 
bearing spontaneous breast carcinomas. Interestingly, liposomal prednisolone phosphate 
interferes with the growth of slow growing tumors, but not with that of fast growing 
tumors as compared to free drug. Contrasting to previous results in syngeneic tumor 
models, also the non-targeted drug decelerated the proliferation of slow growing tumors, 
although no drug accumulation in the tumor was observed at 72h after injection. At 
the same time point, 3 µg of prednisolone was recovered per gram of tumor tissue of 
liposome-treated mice. Despite etiological and morphological differences associated with 
implanted and spontaneous tumor models, EPR-mediated accumulation of drug occurs 
to similar extent in B16F10 melanoma and spontaneous mammary carcinoma models. 
Furthermore, to our knowledge, it is the first time that a liposomally delivered drug is 
quantified in tumors of a spontaneous tumor model, demonstrating that intravenously 
administered nanosized delivery systems extravasate and passively accumulate in tumors 
that recapitulate the human disease.
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Introduction

The link between chronic inflammation and cancer is not new and has strengthened over 
the last 150 years. Cancers were regarded as homogeneous populations of tumor cells that 
harbour different genetic mutations. Instead, with the extensive research on cancer biology 
of the last decades, tumors are now seen as complex assemblies of multiple cell types in a 
favorable matrix for its survival, growth, invasion and dissemination [1-2]. Furthermore, 
literature indicates that cancer promotion, progression and spread largely depends on 
the ability of the mutated cells to hijack and exploit physiological processes of the host 
[1, 3]. Several malignancies arise in sites of chronic infection (e.g. after Hepatitis B virus 
infection, Helicobacter pylori infection) and inflammation (autoimmune diseases, such as 
inflammatory bowel disease) and such conditions are known to predispose and increase 
cancer risk [4-6]. The microenvironment of a developing neoplasm differs for every tumor 
type and stage but includes fibroblasts, epithelial cells, endothelial cells, mesenchymal 
cells together with a large infiltrate of innate and adaptive immune cells [1-3]. Whereas 
full activation of innate and especially adaptive immune cells may translate in eradication 
of the mutant cells (immunosurveillance), the chronic activation of innate inflammatory 
cells within the tumor microenvironment is known to support tumor proliferation, 
survival and migration [3, 7-8]. Activated inflammatory cells produce signaling mediators 
(cytokines, chemokines, growth factors), in general to ensure protection against injury 
and promote tissue homeostasis, that however in cancer seem to be co-opted by the 
tumor cells to foster cell survival and proliferation and reach an immune privilege status 
[9-10]. Thereby, therapeutic strategies evolved to interfere with these signaling molecules 
as well as with specific immune cell-subtypes to modulate and ultimately shift the tumor 
microenvironment towards an “anti-tumor” phenotype mediated by the boost of an 
effective anti-tumor adaptive response or blunt of the cancer-promoting innate response 
[11-12].
Corticosteroids have strong anti-inflammatory and immunomodulatory mechanisms of 
action that translate in anti-tumor effects in vitro and in vivo [13-14]. Various genomic 
and non-genomic mechanisms of action could mediate this therapeutic effect [13]. 
Genomic effects already seem to take place at low concentrations of corticosteroids, 
while non-genomic mechanisms require higher concentrations [13]. A combination of 
both types of effects appears to be necessary as anti-tumor activities are achieved only 
at very high doses. These concomitantly lead to the occurrence of severe adverse effects 
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inherent to the strong systemic immunosuppression, which can even lead to death due 
to opportunistic infections [14]. The therapeutic index of corticosteroids and their anti-
inflammatory effects can be substantially increased by their incorporation in nanocarrier-
platforms such as polymeric micelles and liposomes [15]. The abnormal architecture of 
the tumor vasculature and the so-called “enhanced permeability and retention (EPR) 
effect” of inflamed tissues allows the passive delivery of long-circulating nanomedicines 
to the tumor tissue [16-17]. The distribution of the drug to non-target sites is limited, 
reducing the occurrence of side effects. To maximize accumulation at the tumor site, 
the nanocarrier should display suitable physicochemical characteristics (size, charge, 
colloidal stability) that oppose detection by cells of the reticulo-endothelial system 
and enable prolonged blood circulation times. Long-circulating or “stealth” liposomes 
encapsulating corticosteroids have been developed and have been shown to circulate 
and accumulate at the tumor site in syngeneic tumor models where cells from ex vivo 
culture were transplanted subcutaneously into animals [18]. 24h after intravenous 
administration of 20 mg/kg of liposomal prednisolone phosphate (LCL-PLP), 5-10% of 
the injected dose could be recovered per gram of tumor tissue while corticosteroid levels 
are undetectable after administration of the free drug, as the free compound is rapidly 
cleared from the circulation [18-19]. The anti-tumor activity of liposomal corticosteroids 
has been studied in different subcutaneous murine tumor models, particularly in B16F10 
melanoma and C26 colon carcinoma [18]. In both experimental models, a single 
intravenous administration of LCL-PLP inhibited tumor growth in a dose-dependent 
manner [18].The anti-tumor effect is in line with the relative potency of the encapsulated 
corticosteroid to activate the glucocorticoid receptor and correlates with a reduction 
of pro-inflammatory/ pro-angiogenic factors in the tumor tissue tipping the balance 
in favor of inflammation/angiogenesis inhibition [19]. In the case of tumor targeted 
corticosteroids, it seems that tumor-associated macrophages (TAMs) are the main cellular 
target [20]. Macrophages infiltrating the tumor tissue may take up and degrade the 
liposomal system releasing the encapsulated drug, acting therefore as a “drug- reservoir” 
(releasing the drug in time in the tumor microenvironment where it exerts its function) 
[20-21]. Alternatively, liberated drug has an inhibitory activity on the macrophage itself. 
Experimental studies with bisphosphonate clodronate liposomes, which induce apoptosis 
of phagocytic macrophages, lead to similar therapeutic results as therapy with liposomal 
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corticosteroids, thereby suggesting that modulation of macrophage activity is the main 
mechanism involved in the anti-tumor efficacy of liposomal corticosteroids [20, 22].
By definition, animal models are an approximation to reality. However, and based on 
the arguments bellow, spontaneous tumor models are likely more clinically relevant. A 
frequent concern in developing new anti-cancer drugs is the difficulty to predict drug 
activity in human disease when employing murine tumor models. The critical selection 
of a relevant animal and tumor model is important to the proper study of tumor biology 
and therapeutic activity of a potential anticancer compound [23]. Different tumor 
models have been used and include ectopic and orthotopic mouse syngeneic tumor 
models, ectopic and orthotopic human tumor xenografts in immune-deficient mice and 
spontaneous tumor models in genetically engineered mice [23-24].
To study an anti-inflammatory therapy approach in cancer, the use of human xenograft 
mouse models does not seem to be optimal. The inflammatory microenvironment in 
immunodeficient mice transplanted with human tumors lacks T and consequently 
efficient B cell stimulation which does not mimic the human situation in which these cells 
are essential for tumor development [25]. Also, due to the lack of the adaptive immune 
responses in these xenograft models, the innate immune system is usually overactive.
Tumor cell inoculated subcutaneously in syngeneic mice generally grow exponentially 
in short periods of time and usually reach humane endpoint within a couple of weeks 
and therefore might not mimic the much slower development of most human cancers. 
Besides, this fast growth may render them more sensitive to drugs that interfere with cell 
division [26]. On a positive note, implanted syngeneic tumors remain valuable as they 
allow drug evaluation within an intact immune system, stroma and extracellular matrix.
The immune system has a paradoxical role in the development of cancer as it modulates 
de novo tumor development in an host organ- and aetiology-dependent manner [3]. 
Cancers developed under the control of the same oncogenes may display different 
inflammatory infiltrates when in different tissue microenvironments [3]. The “newer” 
genetically engineered mouse tumor models may, at this level, provide more insight and 
predict better the in vivo activity of drug molecules, since such models display orthotopic 
primary tumors on immune competent settings [27].
As it has been shown previously, the anti-tumor activity of LCL-PLP seems to be mediated 
by its broad and potent anti-inflammatory effects, especially interfering with macrophage 
activity [20]. In this study we investigate the anti-tumor effects of LCL-PLP in transgenic 
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mice that carry the unactivated neu (Erbb2) oncogene under the control of the mouse 
mammary tumor virus (MMTV). This mouse model is characterized by the spontaneous 
development and slow growth of breast cancer, which should resemble the human disease 
more realistically [28]. 

Materials and Methods

Liposome preparation

Appropriate amounts of dipalmitoylphosphatidylcholine (Lipoid GmbH, 
Germany), cholesterol (Sigma-Aldrich, Germany), and poly(ethylene glycol) 
2000-distearoylphosphatidylethanolamine (Lipoid GmbH, Germany), in a molar ratio 
of 1.85:1.0:0.15 respectively, were dissolved in ethanol in a round-bottom flask. A lipid 
film was prepared under reduced pressure on a rotary evaporator and dried under a stream 
of nitrogen until complete dryness. Liposomes were prepared by rehydration of the lipid 
film with a solution of 100 mg/mL prednisolone disodium phosphate (BUFA, The 
Netherlands). Liposome size was reduced by multiple extrusion steps (Lipex high pressure 
extruder, Northern Lipids) using polycarbonate membranes (Whatman, Nucleapore) 
with a final pore size of 50 nm. Mean particle size of the liposomes was determined by 
dynamic light scattering with a Malvern ALV CGS-3 system and found to be 0.1 µm in 
a monodisperse system. Total lipid content of the liposomal dispersion was determined 
with a phosphate assay on the organic phase after extraction of liposomal preparations 
with chloroform and according to Rouser et al. [29]. Liposomal dispersion was transferred 
to a Slide-A-Lyzer cassette (Thermo Scientific, USA) with a molecular weight cut-off of 
10 kD in order to remove unencapsulated drug by dialysis at 4° C with repeated changes 
of buffer. The aqueous phase after chloroform extraction was used for quantification of 
prednisolone phosphate by Ultra Performance Liquid Chromatography (UPLC, Waters 
Acquity UPLC- TUV system). Measurements were performed using a Acquity BEH C18 
1.7 µm column (2.1 x 50 mm, Waters) and the mobile phase consisted of acetonitrile 
(Biosolve, The Netherlands) and water (25:75 (v/v)), brought to pH 2 with perchloric acid 
(Mallinckrodt Chemicals, Belgium). Detection was performed by a diode array detector 
set at a wavelength of 254 nm. The liposomal preparation contained approximately 5 mg 
of prednisolone/mL and 60 µmol lipid/mL. The liposome suspension was stored at 4° C.
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In vivo studies

Transgenic female mice FVB/N-Tg (MMTV/neu) 202Mul/J (12-13weeks age) were 
purchased from Jackson Laboratory (USA). Male C57Bl/6 mice (20 – 25g) were obtained 
from Charles River (The Netherlands). Mice were kept in standard housing on a 12h 
light/dark cycle with standard rodent chow and water available ad libitum. Experiments 
were performed in accordance to the national regulations and were approved by the local 
animal experiments ethical committee. Transgenic mice developed mammary tumors 
spontaneously within 3 to 7 months upon arrival. For melanoma induction, 1 x 106 

B16F10 melanoma cells were implanted subcutaneously in the flank of C57Bl/6 mice. 
Tumors became palpable 8 days after tumor cell inoculation. Tumors were measured daily 
with a digital calliper and the tumor volume was calculated according to the formula:

V = 1/6πa2b

where a is the smallest and b the largest superficial diameter.
To evaluate the therapeutic effects of targeted corticosteroids in a spontaneous tumor 
model, transgenic mice received 20 mg/kg of free or liposomal prednisolone phosphate, 
or equivalent volume in PBS, intravenously via the tail vein when mammary tumors 
reached 200 mm3. Each treatment group consisted of 12 mice. Treatments were given 
to mice once weekly until endpoint was reached, i.e., tumor volume of 1500 mm3 or 
therapy for a maximum of 10 weeks. At this time, mice were sacrificed by asphyxiation 
with CO2, tumors were harvested and snap frozen in liquid nitrogen.

Drug accumulation in the tumor tissue

When mammary tumors reached 200 mm3, mice receive a single intravenous 
administration of 20 mg/kg of free or liposomal prednisolone phosphate via the tail vein. 
Each treatment group consisted of 4 mice. At 72h after treatment administration, mice 
were sacrificed by asphyxiation with CO2, tumors were harvested and snap frozen in 
liquid nitrogen.
To investigate if liposomal drug accumulates to the same extent in B16F10 tumors, mice 
received 20 mg/kg of liposomal prednisolone phosphate intravenously via the tail vein 
at day 8 after tumor cell inoculation. Mice were sacrificed by cervical dislocation at 72h 
after treatment; tumors were harvested and immediately snap frozen in liquid nitrogen.
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For quantification of prednisolone in the tumor tissue, 675 µL of phosphate buffered saline 
(B.Braun, Melsungen) were added per 250 mg of tumor tissue. Each sample was spiked 
with 1000 ng of dexamethasone (Sigma-Aldrich, Germany) as internal standard. Tumor 
tissue was homogeneized in Precellys lysing kit tubes, by 3 sequential 20 second steps of 
5,000 RPM at 4°C in a Precellys 24 Dual tissue homogeneizer (Bertin Technologies). 
After centrifugation at 10,000 RPM for 5 minutes at 4°C, tumor homogenates were 
collected to glass vials. After liquid-liquid extraction with dichloromethane (Biosolve, 
The Netherlands) at pH 11, the organic phase was collected and evaporated using a block 
heater and under nitrogen flow. Prednisolone levels were quantified by UPLC according 
to the method described previously for quantification of prednisolone phosphate. A 
calibration curve was prepared by spiking tumor tissue with a known concentration of 
prednisolone and the internal standard dexamethasone.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software v5.03. A F-test on 
the overall fit was used to evaluate the differences between individual growth curves. 
One-way ANOVA in combination with Bonferroni post-testing was used to determine 
statistical differences in drug accumulation in mammary tumors of free and liposomal 
treated mice. A value of p< 0.05 was considered significant. The same statistical test was 
used to determine statistical differences between liposomal drug accumulation in B16F10 
melanoma and spontaneous mammary carcinoma models.

Results and Discussion

Despite the established preclinical value of syngeneic transplant tumor models, such as 
B16F10 and C26 models, the subcutaneous inoculation of tumor cells in the flank of 
mice is likely to, by itself, generate an inflammatory response. The exact interference of 
such “acute” inflammation with tumor development is not known, however the tissue 
surrounding the tumor has been shown to be very important in tumor immunology [30]. 
Also the development of premalignant lesions is accompanied by an immune profile that 
cannot be reproduced in a xenograft or syngenic tumor model [31]. In this study, the 
anti-tumor effects of liposomal prednisolone phosphate are studied in transgenic mice 
bearing spontaneous breast carcinomas, a more realistic and clinically relevant model. 



3

83

Liposom
al glucocorticoids in a spontaneous tum

or m
odel

The spontaneous development of the tumor in an immune competent host together 
with the slow progressive growth resemble better the human disease and will help to 
clarify the potential of targeted anti-inflammatory nanomedicines for tumor therapy. 
The spontaneous development of focal mammary adenocarcinomas is well described for 
transgenic FVB/N c-neu mice carrying the unactivated rat HER-2/ neu proto-oncogene 
driven by the MMTV promoter [28]. Mice develop tumors after a long latency period (at 
approximately at 4 months age) and tumor progression is associated with occurrence of 
somatic activating mutations in the transgene [28]. To evaluate the anti-tumor effects of 
liposomal prednisolone phosphate, mice received an intravenous injection of 20 mg/kg 
prednisolone phosphate in the free form or liposome form, when tumors reached a size of 
approximately 200 mm3. Treatments were administered once weekly for a maximum of 
10 weeks or until the tumor size reached  1500 mm3. Mice developed tumors at different 
ages, with some tumors taking several months to become palpable. Tumor growth rates 
differed substantially within the same treatment group, some of the animals developed 
tumors from palpable to human endpoint in the same time span as the syngeneic B16F10 
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Figure 1. Anti-tumor effect of free (PLP) and liposomal prednisolone phosphate (LCL-
PLP) in fast growing (A) and slow growing (B) spontaneous breast carcinoma bearing mice. 
Transgenic FVB/N c-neu transgenic mice received weekly intravenous administrations 
of 20 mg prednisolone/kg free or in the liposomal formulation, or equivalent volume of 
PBS. Treatment started when tumors reached approximately 200 mm3 and lasted until a 
maximum of 10 weeks or tumor size >1500 mm3. The inhibition of tumor growth by LCL-
PLP was significantly different from that of free drug (*, p<0.001, F-test of the overall fit).
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model, whereas other took several months (Figure 1). For this reason, the mice in each 
treatment group were divided in two subgroups according to the rate of tumor growth: 
fast growing tumors (Figure 1A) and slow growing tumors (Figure 1B). As shown in Figure 
1A, prednisolone treatment either in the free or liposomal form interferes to the same 
extent with the proliferation of fast growing tumors. These results are not in accordance 
to our previous results in syngenic models (e.g. B16F10 melanoma), which are models 
characterized by a fast tumor growth and in which liposomal prednisolone treatment 
inhibits tumor proliferation by 80-90%, and the free drug shows no effects at all [18]. 
These results suggest that the syngenic tumors may have a much stronger inflammatory 
environment and therefore tumor growth might be more dependent on inflammation 
for tumor cell proliferation and survival. In addition, the low level of accumulation of 
the free drug may already be sufficient to induce the observed anti-tumor effect in the 
spontaneous tumor model. Additional drug accumulation achieved with the targeted 
formulation does not contribute to further enhancement of anti-tumor effects. Also, it 
is described that the anti-proliferative effects of glucocorticoids on breast cancer cells is 
weakened by enzymatic activity [32]. The enzyme 11-β-hydroxysteroid dehydrogenase, 
converts natural as well as synthetic glucocorticoids to inactive metabolites and this may 
account for the difference in potency of anti-tumor effects observed in melanoma and 
mammary spontaneous tumor models [32].
The immune cell population infiltrating spontaneous tumors differs substantially 
from that infiltrating subcutaneously implanted tumors, as shown by Garbe et al. for 
pancreatic adenocarcinomas [33]. These differences may translate also in different profiles 
of inflammatory cytokines and chemokines produced in the tumor microenvironment, 
which numbers were found to be lower in the spontaneous model compared to the 
syngenic model [33]. A panel of 18 cytokines and chemokines were quantified in the tumor 
homogenate of spontaneous tumor bearing mice after 24h, 72h and 120h after liposomal 
and free prednisolone administration and only modest differences were detected (data not 
shown). Furthermore, the high fat percentage of the mammary tissue may interfere with 
the local distribution of the hydrophobic drug prednisolone. In the case of slow growing 
tumors, tumor volumes were significantly smaller after liposomal prednisolone treatment 
as compared to free drug or saline (Figure 1B). Analysis of the area under the tumor 
growth curve until 55 days after start of the treatment shows that liposomal targeting of 
prednisolone translates in significant inhibition of tumor proliferation. These results are 
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in line with the studies by Erdma et al., which show that inflammation inhibition with 
anti-TNF-α therapy leads to reduction of MMTV-neu mammary tumor burden [34].
The treatment schedule of intravenous administrations once weekly up to a maximum of 
10 treatment administrations or tumor growth up to a size of 2000 mm3 were adopted 
based on our previous experiments with syngenic models. However, this treatment 
schedule might be too intense for slow growing tumor models as some liposomal treated 
mice showed decrease in body weight and loss of general welfare. Due to these reasons, 
some liposome-treated mice were taken out of the study before reaching the humane 
endpoint based on tumor size. This was not observed previously and may be related to the 
intervention time allowed by tumor growth in syngeneic models, which is shorter (due 
to the fast tumor growth) compared to the spontaneous tumor model. As a result, mice 
received fewer drug administrations in the syngeneic models. The increased number of 
drug administrations in the MMTV/neu model may lead to drug accumulation in specific 
tissues in the body. During the long follow up time and intensive dosing schedule, these 
effects may become apparent as side effects.
Surprisingly, also free drug modulates tumor proliferation of slow growing tumors and 
prolongs survival as compared to saline control. This effect was never observed before 
with the syngeneic tumor models, in which free drug was ineffective [18]. Corticosteroid 
phosphate prodrugs are described to have an in vivo half-life of 5-10 minutes in humans 
due to conversion to the parental compound, which is in turn subsequently rapidly 
cleared from the circulation with a half-life of 2-3 hours [35-36]. To study if the moderate 
effect observed with the free drug is due to tumor accumulation and to investigate if long 
circulating liposomes accumulate in the tumor tissue of spontaneous tumor bearing mice, 
prednisolone levels were quantified in the tumor tissue 72h after administration of 20 mg 
prednisolone/kg.  As shown in Figure 2, free drug could not be detected in the tumor 
tissue at 72h after drug administration while liposomal drug could still be recovered. 
These results suggest that despite probable differences inherent to the tumor model, 
liposomal nanomedicines passively accumulate in the target tissue, with almost 1% of 
the injected dose being recovered at 72h after injection. Furthermore and as suggested 
by Kluza et al., the anti-tumor effects of glucocorticoids might involve effects occurring 
outside the tumors since in this tumor model also free drug has a modest anti-tumor 
effect while not being detectable in the tumor tissue [37]. Again, this could be related to 
the multiple injections that are possible due to the low growth rate of the model.
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The passive tumor accumulation of the liposomal drug is known to rely on the EPR effect, 
which is a controversial phenomenon, not applicable to all tumors and intratumoral areas 
to the same extent [16-17]. The extent of vascular permeability and lymphatic drainage 
substantially differs inter- and intra- tumor models and within animal models and human 
disease. The anti-tumor efficacy of liposomal glucocorticoids has been shown in syngeneic 
models, which are known to have fast growth kinetics. Because of the rapid growth of 
subcutaneously implanted tumors, blood vessels generally do not develop properly and 
tend to be more leaky than their human counterparts, which consequently might lead to 
relatively high drug accumulation in such models. To study if liposomal drug accumulation 
differs between a syngeneic tumor model and a spontaneous tumor model, prednisolone 
levels in the tumor tissue were also quantified in B16F10 melanoma at 72h after 
administration of 20 mg/kg of LCL-PLP. As shown in Figure 2, the levels of prednisolone 
in the tumor tissue are similar for B16F10 tumors and spontaneous mammary tumors. 
These results suggest that despite the origin, structural and morphological differences 
between these two tumor models, liposomes extravasate from the circulation also in a 
spontaneous tumor model, which to our knowledge has never been demonstrated before.
Although tumor development and progression in a spontaneous tumor model resembles 
to a higher extent that of the human disease, there are several factors influencing breast 
cancer growth that are not fully characterized in such models. For example, it is known 
that the glucocorticoid receptor changes its cellular location during breast cancer 
development and in general there is a pattern towards the decline in glucocorticoid-
receptor expression from normal to precancerous lesions and to invasive breast carcinoma 
[38]. Additionally, the activation of the glucocorticoid receptor induces expression and 
activity of an enzyme involved in the deactivation of estrogen and may in this way 
interfere with the growth of hormone-dependent tumors [39]. However, it is described 
in the literature that the majority of spontaneous breast cancer models are estrogen 
receptor (ER) negative and hormone independent [40]. Immunohistochemistry studies 
in mammary tissue from MMTV/unactivated neu transgenic mice have shown that there 
are different subpopulations of proliferating cells present in hyperplastic mammary ducts 
with respect to estrogen-α  and neu expression [41]. This may explain the different tumor 
growth rates between syngenic transplanted and spontaneous tumors observed in this 
study as well as the different therapeutic effects of liposomal prednisolone phosphate in 
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slow and fast growing tumors since ER-α positive tumors are more likely to respond to 
corticosteroid therapy.

Conclusion

Taken together, liposomal glucocorticoids also inhibit tumor growth in a spontaneous 
tumor model. In the MMTV/neu model we have observed similar as well as contrasting 
responses to liposomal PLP compared to syngeneic B16F10 and C26 models. Liposomal 
PLP was also the most potent formulation in the MMTV/neu albeit in a subpopulation 
of (slower growing) tumors, similar to observations in B16F10 and C26. These effects 
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Figure 2. Prednisolone levels in mammary and melanoma tumors at 72h after administration 
of 20 mg/kg of PLP (liposomal or free). Transgenic FVB/N c-neu transgenic mice 
(MMTV-neu), n=4, received a single intravenous administration of 20 mg prednisolone/
kg free (PLP) or in the liposomal form (LCL-PLP) when tumors reached approximately 
200mm3. At the same tumor size, B16F10 melanoma bearing mice received the same 
dose of LCL-PLP. Mice were sacrificed 72h after drug injection and tumors harvested 
and snap frozen. Prednisolone (PL) was extracted and quantified by UPLC. Prednisolone 
could be recovered only from liposome-treated tumors. Accumulation of prednisolone in 
the tumor tissue seems to occur at similar extent for melanoma and mammary tumors, 
with <1% of the injected dose being recovered 72h after administration (data shown as 
mean with SEM). One-way ANOVA followed by Bonferroni’s multiple comparison test 
(*, significant, p<0.005; ns, not significant).
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could not be ascribed to pronounced differences in pro-inflammatory cytokine levels as 
we have seen in the syngeneic models [42]. As the cytokine effects are primarily a result 
of the genomic effects, this finding might underline that the non-genomic effects are 
more important for anti-tumor efficacy. Another striking difference was the anti-tumor 
effect of free PLP. These effects may be the consequence of the intrinsic PLP sensitivity 
of the model or the prolonged exposure of the drug due to multiple administrations. 
In the MMTV/neu model, liposomes delivered PLP to the same extent as in B16F10 
melanoma. Although tumor development is remarkably different between the two 
models, this apparently does not translate into different EPR-mediated accumulation. 
To our knowledge, this is the first time that tumor accumulation of a drug delivered by a 
liposomal delivery system is studied and quantified in a spontaneous tumor model.
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Abstract

In the current study, core-crosslinked polymeric micelles (DEX-PMs) loaded with 
three different DEX derivatives designed to display different drug release kinetics, were 
evaluated for cancer therapy and compared to another effective nanomedicine formulation 
(long-circulating liposomes encapsulating dexamethasone, LCL-DEX). Pharmacokinetic 
studies with both radiolabelled dexamethasone and polymer showed that these polymeric 
systems have long circulating half-lifes and accumulate at the tumor site to a similar 
extent as the liposomes. The in vitro drug release profiles and blood circulating drug 
levels show that DEX-PMs with dexamethasone covalently entrapped via a sulfone ester-
containing linker (DMSL2) have prolonged circulation time and intermediate drug 
release kinetics compared to the other polymeric DEX-releasing systems. Furthermore, 
as the dexamethasone pharmacokinetics were similar when administered as DMSL2-PM 
or LCL-DEX, these systems were evaluated simultaneously for anti-tumor efficacy in 
B16F10 melanoma bearing mice. The corticosteroid-targeted systems inhibited tumor 
growth to similar extent and both increased survival compared to free drug. Despite 
recently corticosteroid-targeted anti-tumor efficacy has been correlated with a systemic 
effect with decrease of white blood cell count, in this study all three polymeric systems, 
liposomes as well as free drug had similar effects in the number of circulating white 
blood cells. In conclusion, despite corticosteroid-targeting with a polymeric system or 
a liposomal system translate in similar therapeutic effects, the proven high versatility of 
the PM with possible optimization and adjustment of the drug release to that required 
by the therapeutic application, clearly demonstrates the potential of these systems for the 
treatment of chronic inflammatory diseases including cancer.



4

95

G
lucocorticoid-loaded m

icelles for tum
or therapy

Introduction

Preclinical research on the therapeutic application of glucocorticoids in the management 
of several chronic inflammatory diseases has increased over the last years. Drug delivery 
strategies have substantially increased the therapeutic index of these potent anti-
inflammatory compounds by improving target tissue accumulation and limiting the 
occurrence of side effects [1-2]. Especially when high treatment doses are required, the 
severe immunosuppression accompanying intensive corticosteroid treatment can lead 
to life threatening opportunistic infections [3-4]. Therefore, different targeted delivery 
systems encapsulating corticosteroids have been developed especially for the treatment of 
chronic inflammatory diseases as rheumatoid arthritis, multiple sclerosis, and inflammatory 
bowel diseases [1-2, 5-6]. Also cancers have a chronic inflammatory component that 
helps tumor cells to escape from immunosurveillance and acquire an immunoprivileged 
status [7-9]. In fact, innate immune cells and their signaling mediators are hijacked 
by tumor cells to ensure malignant cell survival, proliferation and dissemination [10]. 
Liposomal-targeted delivery of corticosteroids to tumors has been shown to translate in 
anti-tumor effects by local suppression of macrophage activity and modulation of the 
pro-inflammatory/pro-angiogenic factor balance towards an anti-tumor profile [11-12]. 
These effects require high local drug accumulation in the tumor microenvironment, 
which is provided by the targeting properties of long-circulating liposomes. Besides 
circulation time, also the nanocarrier size and surface characteristics, (bio)degradability, 
tissue distribution and cellular internalization as well as drug release profile at the target 
site determine the application and efficacy of a delivery system. Besides liposomes, other 
targeted corticosteroid constructs have been developed based on polymeric micelles 
[13]. In a recent study, core-crosslinked polymeric micelles with covalently linked 
dexamethasone (DEX-PM) have been shown to decrease disease activity and joint 
swelling in two different animal models of rheumatoid arthritis [13]. These systems 
are based on a block copolymer of a permanently hydrophylic block of poly(ethylene 
glycol) and a thermosensitive block of poly(N-(2-hydroxypropyl)methacrylamide 
oligolactates) (mPEG-b-pHPMAmLacn) which displays hydrophilic or hydrophobic 
properties below or above the lower critical solution temperature, respectively [14]. 
Above its lower critical solution temperature, the thermosensitive copolymer will become 
hydrophobic in aqueous solutions and its block copolymer with PEG self-assembles in 
micellar systems. Polymerization of the partially methacrylated mono- and dilactates 



4

96

M
at

er
ia

ls 
an

d 
M

et
ho

ds

side chains of the pHPMA backbone creates a crosslinked micellar core responsible for 
particle stability upon systemic administration. These core-crosslinked micellar systems 
based on mPEG-b-pHPMAmLacn are approximately 60-70 nm in size, degradable under 
physiological conditions and have long circulating properties [15-17]. The derivatization 
of dexamethasone with a methacrylated group via hydrolytically-cleavable linkers allows 
crosslinking of the prodrug to the micellar core and thereby a transiently stable entrapment 
is achieved. Because these linkers contain thioethers with different degrees of oxidation 
and therefore different susceptibility to hydrolysis of the neighboring ester bond, the drug 
release rate can be adjusted to the therapeutic application, as shown in a recent study by 
Crielaard et al. [13].
A similar micellar system covalently entrapped doxorubicin via a pH-sensitive linker has 
been shown to circulate long enough to inhibit tumor proliferation and increase survival 
of melanoma-bearing mice, compared to free drug [18]. Given the promising results of 
DEX-PMs in preclinical models of arthritis and doxorubicin-loaded polymeric micelles 
in experimental tumor models, in the current study we investigate the anti-tumor effects 
of the dexamethasone-loaded polymeric system in tumor bearing mice.

Materials and Methods

Polymer and DEX derivatives synthesis

Block copolymers containing a hydrophilic monomethoxy-PEG (Mn of 5000 g/mol) 
block and a thermosensitive block composed of the monolactate (36%) and dilactate 
(64%) of N-2-hydroxypropyl methacrylamide (HPMAm) were prepared as described 
previously [14-15]. Subsequently, a fraction (10-15%) of the lactate side chains was 
methacrylated upon reaction with methacrylic anhydride as described by Rijcken et 
al. [15]. The molecular weight (Mw) of the block copolymers and the critical micelle 
temperature (CMT) were ~ 25 kDa and 8 – 12°C, respectively.
The DEX derivatives DMSL1, DMSL2 and DMSL3 were synthesized and characterized 
as described by Crielaard et al. [13].
14C-labelled methacrylated block copolymers were prepared using 14C-acetic anhydride 
(Amersham, Roosendaal, The Netherlands) as described previously by Rijcken et al. 
[15].3H-labelled DEX-carbonate ester derivative was prepared using 3H-dexamethasone 
(1 mCi/mL in ethanol, Perkin Elmer, USA).
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Preparation of DEX-loaded and unloaded core-crosslinked polymeric micelles

Core-crosslinked polymeric micelles (PMs) were formed by the heat shock method 
as described by Rijcken et al. [4]. In brief, ice-cold ammonium acetate buffered (pH 
5.0, 150 mM) solution of PEG-pHPMAm copolymer with 14% methacrylation was 
dissolved overnight at 4 °C. To form polymeric micelles, 1 volume of DEX-derivatives in 
ethanol was added to 9 volumes of ice-cold polymer solution, followed by the addition of 
potassium persulphate (KPS, Merck, USA) and  N,N,N’,N’-tetramethylethylenediamine 
(TEMED, Sigma Aldrich, Germany), both in ammonium acetate buffer. Next, the 
solution was immediately heated to 50 °C while stirring vigorously during 1 minute. The 
final concentration of polymer, KPS, TEMED and DEX derivative (DEX equivalents) 
was 20, 1.35, 3 and 2 mg/mL, respectively. The micelles were covalently stabilized by 
core-crosslinking the methacrylated side chains in a N2-atmosphere for 1 hour at RT. The 
DEX-loaded core-crosslinked polymeric micelles (DEX-PMs) were then filtered through 
a 0.2 µm filter to remove aggregated unencapsulated drug. Unloaded polymeric micelles 
(PM) were prepared using the procedure described above, however no dexamethasone-
prodrug was added. Also 14C-core-crosslinked micelles entrapped 3H-DEX prodrug were 
prepared as described above.
To quantify the amount of dexamethasone entrapped in the micelles, hydrolysis of the 
ester bonds was induced by dilution of the polymeric micelles in a borate buffer of pH 
9.4 at 37°C. The concentration of DEX released over time was quantified by UPLC and 
according to the method described in the following section. The complete hydrolysis of 
the ester bonds and thus complete release of the dexamethasone was considered achieved 
when a plateau in the release curve of DEX was reached. The final concentration of 
dexamethasone was approximately 1.6 mg/mL for each of the micellar formulations, 
which corresponded to an encapsulation efficiency of 80%. The size of the polymeric 
micelles was approximately 70 nm with a PDI of around 0.1 according to the DLS 
measurements.

Preparation of dexamethasone encapsulating long-circulating liposomes

Liposome-encapsulated dexamethasone (LCL-DEX) was prepared using the lipid film-
hydration method as described previously [1]. DPPC (Lipoid GmbH, Germany), 
PEG2000-DSPE (Lipoid) and cholesterol (Sigma Aldrich, Germany) were dissolved in a 
1.85:0.15:1 molar ratio in 10 mL ethanol. A lipid film was prepared in a roundbottom 
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flask by rotary evaporation (Buchi, Switzerland), and subsequently dried under a nitrogen 
flow. Liposomes were prepared by hydration of the lipid film with a 100 mg/mL solution 
of dexamethasone phosphate (Duchefa Farma BV, The Netherlands) in reversed osmosis 
water. The polydispersity and size of the liposomes were reduced by repeated extrusion 
through two polycarbonate filters with varying pore sizes (Whatman, USA) in an LIPEX 
extruder (Northern Lipids Inc, Canada). The particle size and polydispersity of the 
liposomal dispersion were determined by dynamic light scattering (DLS) using a Malvern 
ALV CGS-3 system (Malvern Instruments, with a scattering angle of 90° at 25°C. DLS 
results are given as a z-average particle size diameter and a polydispersity index (PDI) 
and were found to be 100 nm and < 0.1, respectively. Unencapsulated dexamethasone 
was removed by dialysis of the liposomal dispersion in Slide-a-Lyzer cassettes against 
PBS at 4°C for 48 hours with repeated changes of the buffer. To quantify dexamethasone 
concentration in the liposomal dispersion, the aqueous phase after chloroform extraction 
was injected in a Ultra Performance Liquid Chromatography (UPLC) (Waters) system 
equipped with an Acquity UPLC BEH C18 column, using acetonitrile/water (25/75) 
with 0.1% PCA as eluent. A diode array detector set at a wavelength of 254 nm was used 
for detection.

In vitro DEX release from DEX-loaded systems

The release of DEX from core-crosslinked polymeric micelles using the 3 different linkers 
was monitored at 37°C using an UPLC system (Waters, USA) equipped with an Acquity 
HSST3 column and pre-column (Waters) and a tuneable ultraviolet/visible light detector 
(TUV, Waters) set at 235 nm. The mobile phase consisted of a gradient from 27-90% 
acetronitrile in water (v/v) with 0.1% formic acid with a flow rate of 1mL/min. DEX-
PMs were 100 fold diluted in phosphate buffer (pH 7.4, 150 mM) and borate buffers (pH 
8.4, 150 mM and pH 9.4, 150 mM) at the time of first sampling. The dexamethasone 
calibration curve was linear between 0.2 and 50 µg/mL. 
To evaluate the release of DEX from long-circulating liposomes, LCL-DEX were diluted 
in PBS and aliquots were transferred into Centrisart I 10KD tubes (Sartorius Stedim, 
Germany). Samples were placed in a waterbath set at 37°C, and 3 tubes were removed 
at different time points and centrifuged according to the manufacturer protocol for 25 
minutes. Filtrates were collected and placed in the freezer until quantification by UPLC 
according to the method previously described for quantification of LCL-DEX.
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Pharmacokinetic and haematological studies

Experiments were conducted in compliance with the national regulations and were 
approved by the local ethical committee for animal experimentation. C57Bl/6 male mice 
(8 – 12 weeks age) were obtained from Charles River and kept in standard housing with 
rodent chow and water available ad libitum, on a 12h light/dark cycle.
For the pharmacokinetic study with radiolabelled particles, mice were inoculated 
subcutaneously in the flank with 1x106 B16F10 melanoma cells for tumor induction. When 
tumors became palpable, mice received an intravenous administration of 14C-polymeric 
micelles with covalently loaded 3H-DEX or dexamethasone-encapsulated 3H-cholesteryl 
hexadecylether labeled long-circulating liposomes at a dose of ~1 x 106 cpm.  As this study 
aims to evaluate the tumor accumulation of both core-crosslinked polymeric micelles 
and drug in order to study the targeting capability of the system, it was chosen to use the 
most stable formulation, i.e., core-crosslinked micelles encapsulated dexamethasone via 
a carbonate ester. Radioactivity of the preparations was determined by an Ultima liquid 
scintillation cocktail (Perkin Elmer Bioscience BV, The Netherlands) and counted in a 
Packard Tricarb 2200 CA liquid scintillation counter. Mice were sacrificed at 24h and 
48h after injection and blood samples were collected and organs harvested and weighed. 
To 50 µL of blood, 100 µL of Solvable tissue solubiliser and 100 µL of 35% hydrogen 
peroxide were added and mixtures were incubated at room temperature overnight. Tissue 
samples were processed similarly however required 3 days of incubation. Subsequently, 10 
mL of Ultima Gold scintillation cocktail was added to the samples and the radioactivity 
was quantified. The dexamethasone concentration in biological samples after LCL-DEX 
administration was quantified by UPLC according to the method described previously. 
The percent injected dose (% ID) and the percent injected dose per gram tissue (% ID/g) 
values were calculated using the following equations:

% ID = (Bq in tissue sample / Bq in original micelle formulation) * 100 % 
% IDtissue/g = (% IDtissue / weight of tissue in g)

For the pharmacokinetic study in healthy animals, mice received intravenous 
administrations of PBS, free dexamethasone (DEX, 15 mg/kg dexamethasone 
equivalents), unloaded micelles (PM), dexamethasone-loaded liposomes (LCL-DEX, 
15 mg/kg dexamethasone equivalents), dexamethasone-loaded core crosslinked micelles 
loaded with DMSL1 (DMSL1-PM, 15 mg/kg),  DMSL2 (DMSL2-PM, 15 mg/kg) and 
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DMSL3 (DMSL3-PM, 15 mg/kg). Each treatment group consisted of 9 mice, except in 
the case of saline and unloaded micelles controls which consisted of 3 mice per group. 
Blood was collected to EDTA-vials via cheek puncture from 3 mice per treatment at 1h, 2h, 
4h, 8h, 24h, 30h, 48h, 72h and 96h after injection of the treatments. Mice were sacrificed 
at 24h, 72h and 96h after drug administration by cervical dislocation. Quantification of 
circulating blood levels of free dexamethasone were performed in blood plasma by liquid 
chromatography-mass spectrometry. In brief, to 20 µL of plasma was added DMS-d4 
(internal standard, CDN Isotopes, Canada), 100 µL of 0.5 M ammonium acetate buffer 
pH 5 and 100 µL of tert-Butyl methyl ether (TBME, Sigma). After mixing vigorously 
and centrifugation at 2000 RPM, the organic phase was collected and evaporated using 
a block heater. Residue was resuspended in 20 µL of 0.1 ammonium acetate buffer pH 5 
and 80 µL of methanol. Samples were injected in a Dionex Ultimate 3000 RSLC system, 
equipped with a Phenomenex Kinetex column. As eluents were used water with 0.1% 
acetic acid (A) and 10% water in methanol with 0.1% acetic acid (B) in a gradient of 
20% B to 80% B in 8 minutes, with a flow of 0.5 mL/min. Data was acquired with an 
Agilent 6540 Q-TOF mass spectrometer operated in negative mode and using collision 
induced fragmentation. The transistions 421.2149 -> 361.1821 (acetate adduct DMS) 
and 455.2378 -> 363.1937 (acetate adduct DMS-d4) were measured for quantification. 
The calibration curve was linear between 0.02 and 100 µg/mL. Values lower than the 
detection limit were considered to be 0.02 µg/mL.
In addition, circulating white blood cells (WBC) in blood of 3 mice per treatment group 
and time point were quantified using Abbott Cell Dyn 1800 hematology analyzer (Abbot 
Diagnostics). For the earlier time points, blood was diluted 1:1 with PBS for a more 
accurate quantification. Total WBC number was also quantified in blood from all the 
mice included in the study at 1 week prior to the start of the experiment, to obtain blood 
baseline levels of all the mice.

In vivo therapeutic efficacy in melanoma bearing mice

Experiments were conducted in compliance with the national regulations and were 
approved by the local ethical committee for animal experimentation. C57Bl/6 male 
mice (8-12 weeks age) were obtained from Charles River and kept in standard housing 
with rodent chow and water available ad libitum, on a 12h light/dark cycle. For tumor 
induction, 1x106 B16F10 melanoma cells were inoculated subcutaneously in the right 
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flank of the mice. When tumor size was approximately 200 mm3, mice received intravenous 
administrations of 10 mg dexamethasone/kg in the free form (DEX, dexamethasone 
equivalents), liposomally formulated (LCL-DEX, dexamethasone equivalents) or loaded 
as DSML2 in core crosslinked polymeric micelles (DMSL2-PM). Control mice received 
equivalent volume of PBS or unloaded micelles (PM). Treatment groups consisted of 5-6 
mice.
Tumors were measured daily with a digital calliper, and the tumor volume was calculated 
according to the formula:

V = 1/6πa2b

where a is the smallest and b the largest superficial diameter. Treatments were repeated 
every 3 days until tumor size reached 2000 mm3, time at which mice were sacrificed by 
cervical dislocation.

Results and Discussion

Long-circulating liposomes encapsulating dexamethasone (LCL-DEX) are highly effective 
in modulating cancer-related inflammation leading to inhibition of tumor proliferation 
in experimental tumor models [19]. Other nanosized delivery systems than liposomes 
display different physicochemical properties and biodistribution profiles that might 
influence corticosteroid therapeutic efficacy. In the current study, the in vitro drug release 
and in vivo pharmacokinetic profile of corticosteroid-loaded core-crosslinked polymeric 
micelles were evaluated, as well as their anti-tumor activity in melanoma bearing mice.
Dexamethasone-loaded core-crosslinked polymeric micelles (DEX-PM) based on 
poly(ethylene glycol)-b-poly(N-(2-hydroxypropyl)methacrylamide-lactate (mPEG-b-
pHPMAmLacn) were prepared with three different dexamethasone derivatives (Figure 
1). Dexamethasone was conjugated to hydroxyethylmethacrylate via a sulphide 
(DMSL1), sulfoxide (DMSL2) or a sulfone (DMSL3) ester to create polymerizable 
linkers with different degrees of oxidation which, when covalently coupled to micelles 
core, should determine different drug release kinetics according to the different rates of 
hydrolysis of the ester bond. As shown in Figure 2, the order of release rate is DMSL3> 
DMSL2>DMSL1, regardless the pH of incubation. As expected, increasing the oxidation 
degree of the sulphur atom of the linker and thus also its electron withdrawing properties, 
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the electron density of the neighbouring ester bond is reduce leading to an increase in 
the dexamethasone-release rate. As the drug release is driven by hydroxylic ions, it will be 
accelerated at higher pH. Indeed, at pH 9.4 the drug is released faster (Figure 2A) than 
at pH 8.4 (Figure 2B) and in turn at pH 7.4 (Figure 2C). Long-circulating liposomes 
encapsulating dexamethasone (LCL-DEX) are stable with less than 5% of encapsulated 
drug being release over 72h (Figure 2D). The results suggest that drug release from the 
polymeric nanocarrier system can be tailored and adjusted to that required for each 
therapeutic application and for maximal therapeutic efficacy. In the case of liposomal 
systems, different drug release rates can be obtained either with stimuli-responsive systems 
or incorporation of lipids with different phase-transition temperatures, however it can be 
argued that drug release kinetics might be more difficult to predict.
Although anti-tumor efficacy of drug-loaded core-crosslinked polymeric micelles has 
been shown [18, 20], to our knowledge the degree of accumulation of such nanoparticles 
and coupled drug in tumors has so far not been demonstrated. For this reason, a 
pharmacokinetic and biodistribution study with dual radiolabeled DEX and polymer 
was performed. Figure 3 shows that both labels are recovered to a similar extent from 
all tissues and throughout the study demonstrating that the core-crosslinked polymeric 
micelles are highly stable after intravenous administration and indicating that drug and 
polymer remain associated. As shown in Figure 3, micelles appear to be cleared from 
the circulation slower than liposomes as the blood levels are consistently higher both 
at 24 and 48h. The tissue distribution pattern in liver and spleen is similar to that 
observed for the other nanoparticulate system tested, with 15-20 % of the injected dose 
per gram of tissue being recovered in these organs. Also in the tumor, 5-10 % of the 
dexamethasone injected dose could be recovered per gram of tissue at 48h after drug 
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administration. This is higher than for the liposomes at this time point, probably because 
the dexamethasone phosphate in the liposomes is already converted to dexamethasone, 
which could redistribute to other tissues. These results show that core-crosslinked micelles 
with covalently linked dexamethasone circulate long enough to reach the tumor site and 
accumulate to substantial levels after which the drug may be released in time. To adjust 
the drug release for a maximal therapeutic efficacy, further studies were performed with 
three different hydrolytically cleavable linkers.
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Figure 2. The release of DEX from core-crosslinked polymeric micelles with DEX 
convalently linked to the core via different linkers at 37°C and at pH 9.4 (A), 8.4 (B) 
or at 7.4 (C) and from long-circulating liposomes (LCL-DEX, D) at 37°C and pH 7.4. 
DEX is covalently entrapped on the hydrophobic core of the polymeric micelles by drug 
conjugation with polymerizable linkers via a sulphide (DMSL1), sulfoxide (DMSL2) and 
a sulfone (DMSL3) ester. The DEX release rate from the PM was pH dependent and 
increased with the degree of oxidation of the sulphur atom in the hydrolysable linker, i.e., 
in the following order DMSL3> DMSL2> DMSL1.
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To evaluate if the in vitro release of dexamethasone covalently linked in core-crosslinked 
polymeric micelles via the different linkers is consistent with in vivo blood levels, healthy 
C57Bl/6 mice received a single intravenous administration of 15 mg/kg of DMSL1-PM, 
DMSL2-PM, DMSL3-PM or LCL-DEX and free DEX levels in plasma were quantified 
over time.
When administered as free drug, dexamethasone rapidly redistributes and is cleared 
from the circulation with a half-life of approximately 200 minutes, in line with previous 
observations [21]. As shown in Figure 4, the dexamethasone circulation kinetics can be 
tailored by incorporation of different DEX derivatives in core-crosslinked polymeric 
micelles. As expected from the in vitro release profiles and susceptibility of the ester bond 
of the different linkers to hydrolysis, circulating drug levels are higher after administration 
of DMSL3-PM, followed by DMSL2-PM and finally DMSL1-PM. The relatively rapid 
release from the fastest hydrolyzing linker in vitro reflects in the in vivo DEX plasma level. 
Within the first 4 hours there is an increase in drug plasma concentration due to the release 
from the micelles, followed by a gradual decrease over the following days by concomitant 
release and clearance of the drug and its carrier. Finally, micelles prepared with DMSL2 
show an intermediate release profile, resembling the free drug levels after administration 
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Figure 3. Pharmacokinetics and biodistribution of 3H-DEX coupled to 14C-labelled PM 
and dexamethasone phosphate-encapsulated in 3H-cholesteryl hexadecylether-labeled long-
circulating liposomes. B16F10 melanoma bearing mice received an i.v. administration of 
3H-DEX derivative covalently entrapped in 14C-core crosslinked polymeric micelles (DEX-
PM) or dexamethasone encapsulated in long-circulating liposomes (LCL-DEX). Mice 
(n=6) were sacrificed 24h and 48h after drug administration and radioactivity in blood 
and tissues was quantified. Drug, polymer and liposome levels are presented as percentage 
of injected dose per gram of tissue (ID/g) with SEM.
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of dexamethasone-loaded in long-circulating liposomes. These results suggest that the 
different linkers may be employed for tailoring optimal release kinetics according to the 
target disease. For example, in case of acute inflammatory disorders, such as rheumatoid 
arthritis, an initial pulse in DEX plasma level, as enabled by DMSL3, may be useful 
for reversing the inflammatory response, followed by a prolonged plasma level to limit 
further exacerbations [13]. In more chronic pathologies, such as cancer, the moderate and 
steady DEX concentrations achieved with DMSL2 micelles may be more appropriate. 
The linker that provided similar drug release kinetics to liposomes was selected for further 
evaluation in vivo, in an anti-tumor therapeutic efficacy study in B16F10 melanoma 
bearing mice to address whether there is an intrinsic difference between the carriers when 
loaded with the same drug with similar release profiles. Although the local conditions 
in the tumor (e.g. differences in pH) may lead to differences in release rate compared to 
the circulation. The studies from Seymour et al. show that the ability of macromolecules 
to penetrate into and distribute within solid tumors varies with the characteristics of the 
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Figure 4. Free dexamethasone levels in plasma after administration of 15 mg/kg DEX-
encapsulating nanocarriers and free drug. Healthy C57Bl/6 mice received an i.v. injection 
of free dexamethasone phosphate (DEX, ), dexamethasone liposomes (LCL-DEX, ), 
dexamethasone polymeric micelles prepared with DMSL1 (DMSL1-PM, ), DMSL2 
(DMSL2-PM, ) and DMSL3 (DMSL3-PM, ). Control mice received corresponding 
volume of PBS ( ) or unloaded micelles ( ). Dexamethasone levels in plasma were 
quantified by liquid chromatography- mass spectrometry and values are presented as mean 
with SEM.



4

106

Re
su

lts
 a

nd
 D

isc
us

sio
n

carrier and therefore efficacy of macromolecular drug carriers not only depends on tumor 
drug levels, but also on drug distribution within the tumor [22-23]. Also according to 
the recent study of Cabral et al., the drug targeting to tumors by nanomedicines largely 
depends on size with 30 nm polymeric micelles accumulating differently in tumors 
comparing to 100 nm particles. Therefore the difference in size of the polymeric micelles 
(~ 70nm) and liposomes (~100 nm) used in this study may influence drug accumulation 
and effectiveness [24]. At the start of treatment, when tumors were approximately 200 
mm3, mice receive an intravenous administration of 15 mg dexamethasone/kg either in 
the free, micellar or liposomal form, which was repeated every 3 days. Control mice 
received equivalent volume of unloaded micelles or PBS. As shown in Figure 5A and 5B, 
both dexamethasone-targeted systems inhibited tumor proliferation to a similar extent, 
as compared to PBS-, free drug- or empty micelle-treated controls. However, the targeted 
delivery of dexamethasone appears to increase survival compared to free drug (Figure 5C).
Subtle differences in degree of drug accumulation or in distribution within the tumor 
may be overshadowed by the fast exponential tumor growth of this xenograft model. 
Also, the drug release after internalization by phagocytic cells may be different for the 
two systems, as dexamethasone encapsulated in liposomes is likely to be readily released 
after disruption of the lipid bilayer, while it is still dependent on hydrolytic cleavage 
in the case of core-crosslinked polymeric systems which may result in slower but more 
prolonged release kinetics. Therefore, the advantages of prolonged drug release by the 
micellar carrier may be underestimated in such short time-span allowed by this rapidly 
growing tumor model.
The anti-tumor activity of liposomal corticosteroids has been shown not only to correlate 
directly with extent of drug accumulation at the tumor site but also with a systemic 
immunosuppressive activity. According to the studies of Kluza et al., the number of 
white blood cells (WBC) substantially decreases after liposomal drug administration 
which might subsequently limit monocyte infiltration in the tumor and contribute to the 
inhibition of tumor proliferation [25]. To investigate if this mechanism of action is also 
one relevant for DEX-PMs, healthy mice received a single intravenous administration of 
15 mg/kg dexamethasone encapsulated as DMSL1, DMSL2, DMSL3 in core-crosslinked 
micelles. LCL-DEX, empty PM and PBS were taken as controls. As shown in Figure 6, the 
number of circulating WBC significantly decreased after dexamethasone administration 
in the free or targeted formulations, reaching a minimum at 24h post injection and slowly 
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increasing during the subsequent hours. The WBC count in blood of saline- and empty 
micelles-treated mice remained higher throughout the study. In general, corticosteroids 
are known to increase the granulocyte pool by inducing an increase in bone marrow release 
together with a decrease in transmigration to inflammatory sites [26-27]. As exception, 
dexamethasone is reported to induce an increase of egress of granulocytes from blood and 
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Figure 5. Anti-tumor effect of free (DEX) and encapsulated dexamethasone in core 
crosslinked polymeric micelles (DEX-PM) or long-circulating liposomes (LCL-DEX) 
in B16F10 melanoma bearing mice. When tumors were approximately 200 mm3, mice 
received an i.v. injection of 10 mg dexamethasone/kg as free drug (DEX, ), as drug 
core-crosslinked in polymeric micelles (DEX-PM, ) or encapsulated in long circulating 
liposomes (LCL-DEX, ). Control mice received equal volume of saline (PBS, ) or 
unloaded micelles (PM, ). Treatments were administered each 3 days. A. The tumor 
growth curves presented as mean tumor size with SEM of each group. B. The tumor 
growth rate for each mouse, calculated by dividing the tumor size at endpoint divided by 
the number of days of growth and presented with the mean of the treatment group as a 
straight line. C. The survival curves of mice per treatment group, presented as percent of 
survival with an endpoint of tumor size of 2000 mm3.
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accumulation at inflammatory sites [26]. This fact might explain the drop in WBC count 
after administration of free dexamethasone which contrasts with previous studies with 
prednisolone [25]. After 8h of free dexamethasone administration, WBC counts start to 
increase which correlates with the free drug level in blood previously shown in Figure 4. 
Despite a similar drop in WBC count was observed after administration of dexamethasone 
in the free form and targeted formulations, only in the latter case correlates with an anti-
tumor effect. At the same time, free DEX induced a transient drop in WBC whereas the 
DEX-PM and LCL-DEX induced longer lasting suppression, which could contribute to 
the anti-tumor efficacy. Infusion of free dexamethasone to continuously suppress WBC 
for prolonged periods of time should be tested to investigate the contribution of WBC 
drop in peripheral blood to anti-tumor activity. Macrophages in the liver and spleen are 
the main uptake sites for intravenously administered nanoparticles, however, uptake is 
also known to take place by bone marrow phagocytes [28]. Therefore, the neutropenia 
observed with the different dexamethasone targeting systems might as well be due to 
nanoparticle uptake by macrophages of the mononuclear phagocytic system in the bone 
marrow and suppressive local effects of the released drug.
Taken together, dexamethasone covalently entrapped in core-crosslinked polymeric 
micelles is released in vitro and in vivo with different kinetics according to the susceptibility 
of the ester bond of each linker to hydrolysis. This versatility of the polymeric carrier is an 
important advantage in the targeted delivery of corticosteroids to inflammatory diseases 
and cancer, as it potentially allows optimization and adjustment of drug release to the 
profile therapeutically required. After intravenous administration, the micellar system 
and stably entrapped drug circulate and accumulate in the tumors to similar extent as the 
other nanoparticulate system tested. In this study, the anti-tumor efficacy was only studied 
for the particular case of the intermediate-releasing system with release profile similar to 
the liposomal carrier. The inhibition of tumor growth was similar after corticosteroid 
targeting with polymeric micelles or long-circulating liposomes, suggesting that there 
is no intrinsic difference between the carriers that would make one carrier a priori to be 
preferred over the other. Further studies with different dexamethasone doses and with 
the other linkers are required to confirm whether there is a correlation between different 
corticosteroid-release profile and degree of anti-tumor activity.
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Abstract

The chronic inflammatory environment of tumors is a target for novel anti-tumor 
therapeutic strategies. Besides cholesterol lowering effects, statins have been studied for 
their anti-inflammatory and immunomodulatory properties. These pleiotropic effects 
result mainly from the altered post-translational modification of GTP-binding proteins 
which regulate many intracellular pathways involved in cell growth and survival. Although 
preclinical studies suggest that statins may be effective anticancer agents required doses 
are 100 to 500 fold higher than those needed to lower cholesterol levels. Furthermore, in 
view of their wide-ranging effects on cellular metabolism, target site-specific delivery is 
preferred. In this study, we investigated tumor-specific delivery of pravastatin using small 
long-circulating liposomes. In vitro studies on the effects of (liposomal) pravastatin on 
viability and proliferation of tumor cells, endothelial cells and macrophages revealed that 
the latter were the most sensitive cell type towards (liposomal) pravastatin treatment. In 
vivo, liposome-encapsulated pravastatin (5 mg/kg) inhibited murine B16F10-melanoma 
growth over 70% as compared to free pravastatin, which was ineffective. As expected, 
treatments did not influence serum cholesterol levels within the time frame of the study. 
At 48h post-injection, 3 µg of pravastatin could still be recovered from the tumors of 
liposomal pravastatin treated mice, whereas pravastatin could not be detected in tumors 
of the free drug treated mice (i.e. <20 ng). In contrast to the free drug, liposomal 
pravastatin treatment effectively inhibited the production of several pro-inflammatory/
pro-angiogenic mediators involved in inflammation and angiogenesis, out of a range of 
a panel of 24 proteins studied. Furthermore, liposomal pravastatin treatment increased 
MHC class I protein expression in the tumor tissue whereas free drug showed no effect.
Taken together, targeted delivery of statins can improve their tumor growth inhibiting 
activity by increasing local drug concentration and direct modulation of macrophage 
function. The anti-tumor activity seems to result primarily from a local inhibition of 
tumor inflammation and stimulation of anti-tumor immune response.
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Introduction

Cancer-related inflammation is a hallmark of cancer [1]. Chronic inflammation in the 
environment of tumors has a critical role in cancer development, growth and metastasis 
[2-3]. Unraveling the molecular and cellular pathways that make the link between chronic 
inflammation and cancer offers new therapeutic opportunities for anti-inflammatory 
drugs [4].
Originally, statins have been designed as competitive inhibitors of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase, the rate-limiting enzyme in the mevalonate 
pathway leading to de novo cholesterol synthesis [5]. In the clinical setting, statins are 
a well-established class of drugs for primary and secondary prevention of coronary 
heart disease by reducing plasma cholesterol levels. By treating dyslipidemias, statins are 
amongst the most widely prescribed drugs. At the cellular level, inhibition of cholesterol 
synthesis has been shown to influence the composition of cell membrane microdomains 
or lipid rafts, which are known to be important in membrane signalling and trafficking 
[6-7]. Besides their cholesterol lowering effects, statins have been extensively studied 
for other biological activities. These pleiotropic effects of statins mainly result from the 
reduced formation of intermediate products of the cholesterol biosynthetic pathway, such 
as farnesyl pyrophosphate and geranylgeranyl pyrophosphate [8-9]. These isoprenoids are 
responsible for post-translational lipid modification of important proteins, such as small 
GTP-binding proteins, nuclear lamins, heme-A or the gamma-subunit of heterodimeric 
G-proteins [9-10]. Especially the prenylation of small GTP-binding proteins like Rho, 
Rac, and Ras seems important as they act as molecular on/off switches of a multitude of 
intracellular inflammatory pathways involved in cell proliferation, cell differentiation and 
apoptosis [10-11].
The increasing knowledge concerning these different molecular targets of statins stimulated 
extensive research on their therapeutic applicability in a broad range of inflammatory 
and autoimmune diseases [12-13]. Evidence from different animal models of acute and 
chronic inflammatory conditions is highly consistent supporting the anti-inflammatory 
properties of statins [12]. In regard to cancer, epidemiological studies have shown a 
protective, neutral and even an inducing effect of statins on the development of various 
cancers [14]. A recent review did not find evidence of an association between statin intake 
and overall cancer incidence, with exception of prostate cancer [15]. In the therapeutic 
setting, in vitro and in vivo studies are generally supportive of an anti-proliferative and 
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pro-apoptotic activity of statins, however effects are dependent on the agent, tumor type 
but most importantly statin dose [16]. A biphasic dose-dependent effect of statins has 
been described: statins have antiangiogenic and proapoptotic effects at high doses, but 
are proangiogenic at low doses [16]. Wang et al. showed that oral lovastatin at a dose 
1 mg/kg/day enhanced tumor growth, while a dose of 5 or 10 mg/kg/day was able to 
decelerate tumor growth [17]. Thus, as the beneficial effects of statins on tumor growth 
are obtained at high doses, site-specific delivery with liposomal systems may intensify 
therapeutic effects, while reducing the overall doses required. Also, controlling the tissue 
distribution of statins with such drug delivery systems seems important to promote the 
desired activity and limit adverse effects.
In this study, we take advantage of long-circulating liposomes to target pravastatin to 
tumor tissue, achieve high local drug concentrations and thus exploit its pleiotropic 
effects in cancer treatment, which to our knowledge was never described before. The 
effects of liposomal pravastatin on different tumor-related cell types in vitro and on the 
tumor growth in a murine B16F10 melanoma model are investigated to propose a model 
for the activity of targeted pravastatin in cancer.

Materials and Methods

Preparation of pravastatin-containing long-circulating liposomes

Long-circulating liposomes were prepared as described previously [18]. In 
brief, appropriate amounts of dipalmitoylphosphatidylcholine (Lipoid GmbH, 
Ludwigshafen, Germany), cholesterol (Sigma, St. Louis, USA), and poly(ethylene 
glycol) 2000-distearoylphosphatidylethanolamine (Lipoid GmbH) in a molar ratio of 
1.85:1.0:0.15 respectively, were dissolved in ethanol in a round-bottom flask. A lipid film 
was formed under reduced pressure on a rotary evaporator and dried under a stream of 
nitrogen until complete dryness. Liposomes were prepared by rehydration of the lipid film 
with a solution of 5 mg/mL pravastatin sodium, (Sigma, St. Louis, USA). Liposome size 
was reduced by multiple extrusion steps through polycarbonate membranes (Nuclepore, 
Pleasanton, USA) with a final pore size of 50 nm. Mean particle size of the liposomes was 
determined by dynamic light scattering and found to be 0.1 µm with a polydispersity 
value below 0.1. The polydispersity values indicate limited variation in particle size. Total 
lipid content of the liposomal dispersion was determined with a phosphate assay according 
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to Rouser et al [19] on the organic phase after extraction of liposomal preparations with 
chloroform. Unencapsulated drug was removed by dialysis in a Slide-A-Lyzer cassette 
with a molecular weight cut-off of 10 kDa at 4° C with repeated changes of buffer. The 
aqueous phase after chloroform extraction was used for pravastatin content determination 
by high performance liquid chromatography, as described previously for glucocorticoids. 
The type of column used was an RP18 (5 µm) (Merck, Darmstadt, Germany) and 
the mobile phase consisted of acetonitrile and water (35:65 (v/v)), brought to pH 2 
with trifluoroacetic acid. The eluent was monitored with an ultraviolet detector set at a 
wavelength of 239 nm. The detection limit for this setup was 20 ng/mL. The liposomal 
preparation contained approximately 500 µg pravastatin/mL and 60 µmol lipid/mL. The 
liposome suspension was stored at 4° C. The liposomes displayed limited content leakage 
with less than 10% of the encapsulated drug lost over a 3 week storage period. Liposomes 
were used within one week after preparation.

Cells

Cells were cultured as monolayers at 37 °C in a 5% CO2-containing humidified 
atmosphere. B16F10 murine melanoma cells were cultured in DMEM supplemented 
with 10% (v/v) heat-inactivated fetal calf serum, 100 IU/mL penicillin, 100 µg/mL 
streptomycin and 0.25 µg/mL amphotericin B, and 4 mM L-glutamine (all Gibco, 
Breda, The Netherlands). Human umbilical vein endothelial cells (HUVEC) (Cambrex, 
East Rutherford, NJ) were cultured in complete EGM endothelial cell growth medium 
(Cambrex). J774 cells were cultured in DMEM supplemented with 10% heat-inactivated 
horse serum, 100 IU penicillin/mL, 100 µg streptomycin/mL, 0.25 µg amphotericin B/
mL, 2 mM L-glutamine (all Gibco), and10 mM Hepes (Acros).

Cell viability in vitro

B16F10, HUVEC, J774 (5 x 103 cells/well) were seeded in a 96-well plate for 24h. Empty 
liposomes or pravastatin formulations were added in PBS and incubated for 24h, 48h, or 
72h. Subsequently, cell viability was determined by XTT-assay (Sigma, St. Louis, USA) 
according to the manufacturer’s instructions. Cells were incubated with tetrazolium salt 
XTT and electron-coupling reagent (N-methyl dibenzopyrazine methylsulfate) for 1h 
at 37 °C in the CO2-incubator. Absorbance was measured at 490 nm with a reference 
wavelength of 655 nm.
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Cell proliferation in vitro

B16F10, HUVEC, or J774 cells (103cells/well) were seeded in a 96-well plate 24h before 
treatments were added. Empty liposomes or pravastatin formulations were added in PBS. 
The anti-proliferative effect of each treatment was determined after 24h, 48h, and 72h of 
incubation by ELISA BrdU-colorimetric immunoassay (Roche Applied Science, Penzberg, 
Germany) according to the manufacturer’s instructions. The technique is based on the 
incorporation of the pyridine analogue bromodeoxyuridine (BrdU) instead of thymidine 
into the DNA of proliferating cells. Cells were incubated with BrdU solution for 24h. 
Then medium was completely removed from the wells, and cells were fixed and DNA 
was denatured. To detect BrdU incorporated in synthesized cellular DNA, a monoclonal 
antibody conjugated with peroxidase was added. After 90 minutes of incubation, unbound 
antibody was removed and cell lysates were washed three times with PBS. The immune 
complexes were detected by adding a substrate of peroxidase (tetramethyl-benzidine). The 
reaction product was quantified by measuring the absorbance at 450 nm with a reference 
wavelength of 655 nm.

Murine tumor model

Male C57Bl/6 mice (6 – 8 weeks of age) were obtained from Charles River (The 
Netherlands). Mice were kept in standard housing with standard rodent chow and 
water available ad libitum, and maintained on a 12 h light/dark cycle. Experiments were 
performed according to the national regulations and were approved by the local animal 
experiments ethical committee. For tumor induction, 1x106 B16F10 melanoma cells were 
inoculated subcutaneously in the flank of C57Bl/6 mice. At day 8 (when tumors had a 
diameter of approx. 4 mm) and day 11 after tumor cell inoculation, animals received 5 
mg/kg pravastatin intravenously via the tail vein either in free or liposome-encapsulated 
form. Control animals received an equivalent dose of empty liposomes. Tumor size was 
measured every second day using digital callipers and tumor volume was calculated 
according to the formula:

V = 1/6πa2b

where a is the smallest and b the largest superficial diameter.
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Serum cholesterol levels

Blood samples were drawn from the tail vein before treatment and at day 13 after tumor 
cell inoculation. All samples were measured in duplicate. Serum cholesterol levels were 
measured spectrophotometrically using the cholesterol/cholesteryl ester quantification kit 
(BioVision, Mountain View, CA) according to manufacturer’s instructions.

Pravastatin levels in tissues

To quantitatively compare drug levels in tissues attained with both formulations, liposomal 
or free pravastatin was administered i.v. at a dose of 5 mg/kg at day 8 and 11 after tumor 
cell inoculation. Mice were sacrificed 48 h later, blood samples were taken via tail vein 
and tumor, spleen, liver were excised and immediately snap frozen in liquid nitrogen. 
Pravastatin was extracted from the tissues and plasma as described previously for plasma 
samples and analyzed by HPLC as described above. A calibration curve was prepared and 
samples were measured by spiking tissues with known concentrations of pravastatin.

Production of inflammatory/angiogenic factors in vivo

To compare the influence of each treatment on the expression of inflammatory/angiogenic 
factors in the tumor tissue, liposomal and free pravastatin were administered i.v. to mice 
at a dose of 5 mg/kg at day 8 and 11 after tumor cell inoculation. Each experimental 
group consisted of 4 mice. Tumors isolated from mice treated with PBS were considered 
as controls. On day 13 after tumor cell inoculation, mice were sacrificed and tumors were 
isolated. The screening of inflammatory/angiogenic proteins expressed in tumor tissues 
was performed using a RayBio® Mouse Angiogenic protein Antibody Array membrane 
1.1 (RayBiotech Inc. Norcross, GA) as described previously. In brief, each membrane 
contains 24 types of primary antibodies against specific proteins. For each group, the 
tumor tissue was lysed and Protease Inhibitor Cocktail (Sigma) was added to the lysis 
buffer. After obtaining the pooled tumor tissue lysates for each group, the protein content 
was determined according to Peterson [20]. One array membrane was used per pooled 
tumor tissue lysate. The array membrane was incubated with 250 µg of protein from 
tissue lysate for 2 h, at room temperature. Each membrane was subsequently incubated 
with a mixture of secondary biotin-conjugated antibodies against the same angiogenic 
factors as those bound onto the membranes. Then, membranes were incubated with 
HRP-conjugated streptavidin for 2 h, followed by two detection buffers for 1 minute. 
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Each step of membrane incubation was followed by five washing steps. The membranes 
were exposed to x-ray film for 40 seconds and signal detected using film developer. Using 
GelPro Analyzer software, version 3.1, the color intensity was determined for each spot 
in comparison to positive control spots already bound to the membrane. Inflammatory/ 
angiogenic protein levels in tumors treated with free pravastatin, and liposomal pravastatin 
were expressed as percentage of protein levels in tumors treated with PBS.
 
Western Blot

B16F10 cell lysate (10 µg) and tumor lysates (20 µg) were treated with SDS sample 
buffer before running on SDS-PAGE 12% gel (Criterion XT Precast gel, BIO-RAD) 
and electro-transferred to a nitrocellulose membrane. The membrane was blocked to 
prevent non-specific binding and incubated with primary antibody, MHC class I rabbit 
monoclonal antibody (EP1395Y, Abcam, Cambridge, UK)) at 1/5000 dilution. After 
washing, the membrane was incubated with the secondary antibody, goat anti rabbit IgG 
HRP at 1/2000 dilution, followed by visualization by chemoluminescence. For the loading 
control, a primary antibody against GAPDH was used after stripping the membrane, 
followed by incubation with the secondary antibody and detection as described above.

Statistical Analysis

For statistical analysis of two groups, Student’s t- test for independent means was used. 
A value of p <0.05 was considered significant. The differences between the effects of 
different treatments for more than two groups were analyzed by one-way ANOVA. The 
differences between the effects of different treatments on inflammatory/angiogenic factors 
were analyzed by two-way ANOVA with Bonferroni correction for multiple comparisons 
using GraphPad Prism version 4.02 for Windows, GraphPad Software (San Diego, CA).

Results

Effects on cell viability and proliferation in vitro

Tumors consist of a variety of cell types. Three different cell types found in tumor 
tissue which can influence tumor growth were used to evaluate direct cytotoxic effects 
of pravastatin formulations. Tumor cells (B16F10), proliferating primary endothelial 
cells (HUVEC), and macrophages (J774), were incubated in vitro for 24, 48, and 72 
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hours with increasing pravastatin concentrations ranging from 5 to 200 µg/mL. PBS was 
used as a control. There were no changes in viability of cells incubated with PBS, empty 
liposomes or cell culture medium. Viability of cells was marginally affected during the 
first 48 h of incubation with any treatment. Differences were more pronounced after 72 
h of incubation (Figure1). Viability of B16F10 cells was in general unaffected (<15%) by 
both pravastatin treatments for all concentrations tested. The viability of HUVEC was 
slightly affected only at the highest concentrations for both liposomal and free drug. In 
the case of J774 cells, liposomal pravastatin resulted in a moderate reduction in viability, 
by approximately 40% at the highest concentrations tested (100 µg/mL and 200 µg/mL), 
compared to 20% viability reduction for the free drug.
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Figure 1. Effect of liposomal and free pravastatin on cell viability. Cells were incubated with 
free (PRV) and liposomal pravastatin (LCL-PRV) for 24, 48 and 72h at concentrations 
ranging from 5 to 200 µg/mL. Cell viability was determined by XTT-assay. Results of 
the latest time point (72h) are shown as percentage of PBS-treated cells. Mean ± SD; n=3 
measurements.
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To study the anti-proliferative effects of pravastatin formulations, B16F10, HUVEC, and 
J774 cells were incubated up to 72 hours with increasing concentrations of pravastatin 
ranging from 5 to 200 µg/mL. Similarly to the cytoxicity, proliferation was hardly affected 
during the first 48h (data not shown). After 72h, the effects were more pronounced, with 
the strongest inhibition of cell proliferation (by 50-60%) found to be after liposomal 
pravastatin treatment of J774 cells at concentrations of 100-200 µg/mL (Figure 2). 
HUVEC proliferation was inhibited to a less extent, while B16F10 cells were hardly 
affected by pravastatin formulations.
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Figure 2. Effect of liposomal and free pravastatin on cell proliferation. Cells were 
incubated with free (PRV) and liposomal pravastatin (LCL-PRV) for 24, 48 and 72h 
at concentrations ranging from 5 to 200 µg/mL. Cell proliferation was determined by 
ELISA BrdU-colorimetric assay. Cell proliferation after 72h of incubation is presented as 
percentage of PBS-treated cells. Mean ± SD; n=3 measurements.
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Effect on tumor growth

The in vitro studies suggest that macrophage is the most sensitive cell type towards 
pravastatin treatment. Influencing macrophage population at the tumor site could 
translate in anti-tumor effects by local inhibition of the inflammatory process and 
modulation of immune response. To compare the effects of liposomal and free pravastatin 
on subcutaneous B16F10 melanoma growth,  mice received two intravenous injections of 
5 mg pravastatin per kg bodyweight of either formulation at the moment the tumor had a 
diameter of approximately 4 mm (day 8) and at day 11. Tumor volumes were significantly 
smaller for liposomal pravastatin as compared to free drug or vehicle-treated controls (p 
<0.01, Figure 3).

Effect on lipid metabolism

To investigate whether the anti-tumor effects correlated with the primary mechanism 
of action of pravastatin, serum cholesterol levels were measured. The quantification was 
performed before and after treatment with two doses of pravastatin (liposomal or free 
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Figure 3. Anti-tumor effect of liposomal pravastatin. Subcutaneous B16F10 melanoma-
bearing mice received 5 mg/kg free (PRV) or liposomal pravastatin (LCL-PRV), or 
an equivalent dose of control liposomes (LCL) at day 8 and day 11 after tumor cell 
inoculation. Comparison of area-under-the-tumor-growth-curves showed that tumor 
growth was decelerated after liposomal pravastatin treatment. A one-way ANOVA was 
used for statistical analysis and the p-values are indicated as follows: ns, not significant; *, 
p<0.01.
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drug) or an equivalent dose of empty liposomes. Cholesterol levels in the serum of all 
mice were not significantly different before and after treatment or between treatments 
(Figure 4).

Pravastatin levels in tissues

As liposomal formulations are known to influence tissue distribution profiles of drugs, 
we quantified pravastatin drug levels in different tissues of mice treated with liposomal 
pravastatin and compared with those treated with the same dose of free drug. Figure 
5 presents tissue levels of both free and liposomal pravastatin 48h after administration 
in mice. Liposomal pravastatin could be recovered from blood and all the other tissues 
tested, whereas free drug could only be detected in the liver (p<0.02).

Effects on production of inflammatory/angiogenic factors in vivo

Since macrophages, part of the innate immune system and known to sustain inflammatory 
processes through the secretion of soluble mediators, were found to be the most sensitive 
cell type towards pravastatin treatments, we investigated the effects of pravastatin 
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Figure 4. The effect of free and liposomal pravastatin on serum cholesterol level. 
Subcutaneous B16F10 melanoma-bearing mice received 5 mg/kg free (PRV) or liposomal 
pravastatin (LCL-PRV), or an equivalent dose of control liposomes (LCL) at day 8 and 
day 11 after tumor cell inoculation. Blood samples were taken before and 48h after the last 
treatment. Serum cholesterol levels were measured spectrophotometrically and were found 
not to differ before, after or between treatments (p= 0.98, one way ANOVA).
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treatments on pro-inflammatory/pro-angiogenic protein levels in tumor tissue. A 
screening of 24 angiogenic/inflammatory proteins present in tumor tissue was performed 
using an angiogenic protein array. With this array, tumor levels of factors involved in 
angiogenesis, inflammation and apoptosis can be determined. There were no significant 
differences in inflammatory protein levels between tumors treated with PBS and empty 
liposomes (p=0.76). Interestingly, pravastatin decreased the production of factors involved 
in inflammation/angiogenesis. The effect of liposomal pravastatin on pro-angiogenic 
protein levels in tumors was much stronger (p=0.01) than the effect of free pravastatin. 
The effects of liposomal and free pravastatin on the tumor production of pro-angiogenic 
proteins and anti-angiogenic proteins are shown in more detail in Tables 1 and 2. For 7 
out of 17 pro-angiogenic proteins studied, reduction was stronger after treatment with 
liposomal pravastatin than with free pravastatin. More specifically, liposomal pravastatin 
treatment reduced expression of the pro-angiogenic factors M-CSF, IGF-II, IL-1α, IL-1β, 
leptin (by 30-60%) and IL-6, TNF-α, eotaxin-1 (by 60-90%). Tumor levels of eotaxin-1 
were strongly reduced after both treatments (Table 1). In conclusion, the level of the 
majority of anti-angiogenic proteins was only slightly suppressed after liposomal and 
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Figure 5. Blood and tissue levels of  pravastatin. Subcutaneous B16F10 melanoma-bearing 
mice received 5 mg/kg free (PRV) or liposomal pravastatin (LCL-PRV), or an equivalent 
dose of control liposomes (LCL) at day 8 and day 11 after tumor cell inoculation. At 48h 
after the last administration, mice were sacrificed, blood was collected and organs were 
snap frozen. Pravastatin was extracted and quantified by HPLC. Liposomal pravastatin 
could be recovered from blood and all the other tissues, whereas free drug could only be 
detected in the liver tissue. p-values are indicated as follows: ns, not significant; *, p <0.02.
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Table 1. Effects of liposomal and free pravastatin on pro-inflammatory/ pro-angiogenic 
protein levels in subcutaneous B16F10 melanoma in mice.

Pro-inflammatory/ 
pro-angiogenic factors

Reduction induced 
by LCL-PRV (%)

Reduction induced 
by free PRV (%)

Statistical 
differences

Granulocyte- colony stimulating 
factor (G-CSF)

23.5 ± 0.1 13.7 ± 2.0 ns

Granulocyte- macrophage- colony 
stimulating factor (GM-CSF)

17.8 ± 0.8 -12.7 ± 1.5 ***

Monocyte-colony stimulating 
factor (M-CSF)

37.2 ± 4.0 26.6 ± 0.6 ns

Insulin growth factor II (IGF-II) 31.7 ± 0.1 7.4 ± 0.1 ***

Interleukin 1α (IL-1α) 32.5 ± 2.0 -0.2 ± 0.5 ***

Interleukin 1β (IL-1β) 42.0 ± 0.4 -14.1 ± 3.6 ***

Interleukin 6 (IL-6) 60.4 ± 3.9 34.8 ± 4.4 ***

Interleukin 9 (IL-9) 18.4 ± 3.3 12.5 ± 1.8 ns

Interleukin 12p40 (IL-12 p40) 1.4 ± 5.7 -5.1 ± 2.0 ns

Tumor necrosis factor α (TNFα) 73.7 ± 11.4 29.6 ± 19.0 ***

Monocyte chemoattractant 
protein-1 (MCP1)

26.0 ± 0.3 17.2 ± 1.0 ns

Eotaxin-1 82.5 ± 1.6 71.6 ± 1.5 ns

Fas ligand (FasL) 7.8 ± 1.0 2.2  ± 0.3 ns

Basic fibroblast growth factor 
(bFGF)

15.7 ± 0.2 2.2 ± 0.3 ns

Vascular endothelial growth factor 
(VEGF)

4.9 ± 3.1 4.1 ± 0.9 ns

Leptin 47.4 ± 8.1 5.2 ± 0.1 ***

Thrombopoietin (TPO) 13.5 ± 0.5 8.5 ± 0.0 ns

The protein levels are presented as percentage of reduction  to protein levels in tumors from 
PBS treated mice. The results were analyzed for statistically significant differences between 
the effects of pravastatin treatments on the levels of pro-inflammatory/pro-angiogenic factors. 
A two-way ANOVA with Bonferroni correction for multiple comparisons was used and the 
p-values are indicated as follows: ns, not significant (p>0.05), and ***, p<0.001. The results 
represent mean±SD of four measurements.
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free pravastatin treatment (Table 2). The final results represent mean values ± standard 
deviation of four measurements.

Major histocompatibility complex (MHC) class I protein expression

Because statins can also have immunostimulatory effects on the specific immune system, 
we examined if the in vivo inhibition of tumor proliferation correlates with an enhanced 
anti-tumor immune response, by studying the effects of pravastatin treatments on the 
MHC class I surface antigen expression. Figure 6 shows that incubation of B16F10 cells 
with pravastatin in vitro slightly induces MHC class I protein expression, compared to 
PBS treated cells that, as expected, do not express MHC class I antigen. Analysis of 
Western blot prepared with B16F10 tumors shows that liposomal pravastatin treatment 
strongly upregulates MHC class I antigen expression, while no differences in expression 
were found between PBS and free drug treated tumors.

Table 2. Effects of liposomal and free pravastatin on anti-inflammatory/ anti-angiogenic 
protein levels in subcutaneous B16F10 melanoma in mice.

Anti-inflammatory/ 
anti- angiogenic factors

Reduction induced 
by LCL-PRV (% )

Reduction induced 
by free PRV (% )

Statistical 
differences

Tissue inhibitor of 
metalloproteinase 1 (TIMP1)

17.4 ± 10.5 13.0 ± 3.9 ns

Tissue inhibitor of 
metalloproteinase 2 (TIMP2)

7.9 ± 4.6 0.4 ± 4.9 ns

Platelet factor 4 (PF4) 17.6 ± 4.0 9.7 ± 1.0 ns

Interleukin 12 p70 (IL-12 p70) -5.0 ± 0.0 -4.6 ± 0.9 ns

Interleukin 13 (IL-13) 25.3 ± 9.4 9.0 ± 2.9 *

Interferon γ (IFN γ) 30.8 ± 2.5 6.8 ± 0.2 ***

Monokine induced by IFN-γ 
(MIG)

12.5 ± 10.4 -1.04 ± 6.1 ns

The protein levels are presented as percentage of reduction  to protein levels in tumors from 
PBS treated mice. The results were analyzed for statistically significant differences between the 
effects of pravastatin treatments on the levels of anti-inflammatory/anti-angiogenic factors. 
A two-way ANOVA with Bonferroni correction for multiple comparisons was used and the 
P-values are indicated as follows: ns, not significant (p>0.05); *, p<0.05;  ***, p<0.001. The 
results represent mean ±SD of four measurements.
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Discussion

Tumors are complex assemblies of different cells types. Interfering with one or more cell 
types that make up the tumor’s ‘ecosystem’ could have an impact on tumor proliferation. 
Statins have been shown to interfere with both inflammatory and tumor cells, acting 
through multiple pathways, which translates in anti-tumor properties. However, these 
responses depend on high local drug levels. Targeted delivery of statins could increase 
target site concentrations while limiting systemic exposure. Pravastatin is one of the few 
hydrophilic statins, and therefore it can be stably encapsulated in the aqueous interior of 
liposomes. In this work we studied its anti-tumor effects in vitro and in vivo. In our in 
vitro cytotoxicity studies, we evaluated the effects of free and liposomal pravastatin on 
three different cell types that are involved on tumor development: tumor cells, B16F10 
tumor cells; proliferating primary endothelial cells (HUVEC) and J774 cells, a reticulum 
sarcoma cell line which displays a number of characteristics of macrophages. Due to the 
hydrophilic nature of pravastatin and the absence of a drug transporter at the membrane 
of these cells, no interference of the free drug with any of the three cells types was expected. 
However, incorporation of drugs in liposomes is known to influence the distribution and 
cellular uptake of drugs [21]. Both viability and proliferation studies showed that free 
pravastatin limited effect on tumor cells, endothelial cells and macrophages (Figures 1 
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Figure 6. MHC class I protein expression in B16F10 cells and B16F10 tumor tissue. 
Subcutaneous B16F10 melanoma-bearing mice received 5 mg/kg free (PRV) or liposomal 
pravastatin (LCL-PRV), or an equivalent dose of control liposomes (LCL) day 8 and day 
11 after tumor cell inoculation. B16F10 cells were incubated with free pravastatin for 24h. 
MHC class I and GADPH (loading control) expressions were studied by WB. Pravastatin 
induces MHC class I protein expression by B16F10 cells, compared to PBS treated cells. 
Liposomal pravastatin treatment strongly upregulates MHC class I antigen expression in 
tumors compared to PBS and free drug treated tumors.
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and 2). These expected results are in accordance with previous reports in which statins 
inhibit proliferation of murine and human melanoma cell lines, however the reported 
effects are highly dependent on statin, cell line, statin dose and incubation time [22-
25]. While lipophilic statins have been shown to be effective in triggering B16F10 
cell apoptosis, these cells are more resistant to the apoptotic stimuli of the less potent 
and more hydrophilic pravastatin [26]. In a study by Ledezma et al., the viability of 
B16F10 cells was only affected with a pravastatin dose higher than 1 mM, which is 2 
fold higher than the highest dose we have used in our study (0.5 mM) [26]. Vascular 
endothelial cells are key cell targets in inflammatory diseases and statins interfere with 
several molecular mechanisms of these cells (reviewed in [27]). However, experimental 
studies show controversial biphasic effects of statins on endothelial cell function/
angiogenesis; they appear to stimulate endothelial cell division, reduce apoptosis, and 
promote capillary tube formation at low concentrations, but inhibit the same processes at 
higher concentrations [28]. These effects have been reported mostly for lipophilic statins. 
At the high concentrations of (liposomal) pravastatin used in this study, we also observed 
small effects on endothelial cell viability and proliferation, which could have a limited 
anti-tumor effect by inhibiting angiogenesis (Figure 1 and 2). Furthermore, a recent 
study by Khaidakov et al. shows that the effects of statins depend on the physiology of 
the endothelial cell system: statins induce tube formation on dispersed endothelial cells, 
but inhibit new vessel formation when cells are in a compact monolayer [29]. Despite 
a tortuous and abnormal tumor vasculature, cells have to overcome contact inhibition 
for angiogenesis to occur; therefore statins could inhibit tumor angiogenesis also by 
interfering with cellular connections.
Abundant tumor infiltration of leukocytes is one of the key features of cancer related 
inflammation [4]. Tumor-associated macrophages are the major inflammatory component 
of tumor stroma and interfere with tumor development and growth at different levels: 
stimulate (lymph)angiogenesis and metastasis, remodel of the extracellular matrix, and 
suppress functions of the adaptive immune system [30]. In different animal models of 
inflammatory diseases, statins reduce the mononuclear cell infiltrate into the affected 
organ and also has been shown to reduce viability of macrophages in vitro [31]. We have 
included macrophages in our in vitro studies because even liposomal drugs are known to 
be taken up by macrophages to a higher degree than free drugs and therefore liposomal 
drugs are likely to modulate especially macrophage function. Indeed, the macrophage cell 
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line used in this study appeared to be the most sensitive to treatment with pravastatin, 
which is in accordance  with existing evidence that macrophages are key targets for 
liposomal delivery of anti-inflammatory agents [32]. Previously, the viability of the same 
cell line was studied after 24h incubation with several statins at a range of concentrations 
(0.001-100 µM) and all statins, except pravastatin, induced macrophage cell death [31]. 
In our study, free pravastatin reduced macrophage viability, however only after 72h 
of incubation and with higher drug concentrations, indicating that to interfere with 
macrophages are required longer incubation times and higher doses of the less potent 
pravastatin (Figure1). The cytotoxic effects of pravastatin were potentiated possibly due 
to phagocytosis of the liposomal formulation, allowing pravastatin to interfere with 
other cellular targets and further enhancing cytotoxic effects compared to free drug. The 
observed in vitro sensitivity of macrophages and, to a lesser extent, endothelial cells to 
liposomal pravastatin, could translate in reduced tumor angiogenesis and inflammation 
in vivo. 
Indeed, liposomal pravastatin (5 mg/kg) was shown to inhibit growth of subcutaneous 
B16F10 melanoma in mice (Figure 3). In contrast, equal dose of free pravastatin failed to 
inhibit tumor growth, indicating that targeting is essential to achieve therapeutic effects 
at this dose level.  As serum cholesterol levels were unaffected, the pleiotropic effects of 
statins seem responsible for the anti-tumor activity (Figure 4). With a different class of 
drugs, similar results were shown by Schiffelers et al. [18], where liposomal targeting 
of the anti-inflammatory agent prednisolone phosphate reduced tumor proliferation by 
80% compared to the ineffective free drug. This supports that the targeting is essential 
for the anti-tumoral effect of an anti-inflammatory agent, allowing the achievement of 
high local drug concentrations and the interference with macrophage function [33]. At 
48h after the last intravenous injection of liposomal formulation, pravastatin could still 
be recovered from blood and tumor tissue (Figure 5). This is probably due to the long 
circulation time characteristic of stealth liposomes, which allows their extravasation and 
accumulation in tissues with increased vascular permeability and impaired lymphatic 
drainage, such as tumors. Since liposomes and other nanomedicines are phagocytized by 
cells of the mononuclear phagocyte system, liposomal pravastatin could be recovered from 
spleen and liver tissues. A similar distribution pattern of liposomal formulations has been 
described [18]. When administered in the free form, pravastatin could not be recovered 
from all the tissues tested, with the exception of liver. This was expected since pravastatin 
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relies on the hepatic organic anion transporter polypeptide 1B1 to arrive intracellularly in 
the hepatocytes for its effects on lipid metabolism [34].
B16F10 melanoma tissue isolated from mice contained many pro-angiogenic/pro-
inflammatory cytokines. In line with its anti-tumor activity liposomal pravastatin 
selectively inhibited certain pro-inflammatory cytokines to a much higher degree than the 
free drug, most notably for M-CSF, IGF-II, IL-1α, IL-1β, leptin, IL-6, and TNF-α (Table 
1). These results support an anti-inflammatory/anti-angiogenic mechanism of action for 
liposomal pravastatin. In addition, tumor cells are known to adopt inflammatory signaling 
molecules and modulate host immune response [2-3]. The targeted delivery of pravastatin 
to tumors leads to local modulation of the surface expression of MHC class I (Figure 6). 
B16F10 melanoma cells are highly aggressive and poorly immunogenic due to deficient 
MHC class I antigen surface expression [35]. Our results show that this deficiency can be 
corrected by treatment with pravastatin (Figure 6). Similar immunomodulatory effect was 
seen by Tilkin-Mariame et al. in B16F10 cells treated with atorvastatin, which was due to 
geranylgeranyl transferase inhibition [35]. Surprisingly, tumors excised from pravastatin 
treated mice showed no increase in expression of MHC class I compared to control. In 
contrast, pravastatin in the liposomal form increased that expression probably by being 
able to reach tumor tissue while free drug is rapidly cleared from the circulation. These 
results suggest that tumor growth inhibition by liposomal pravastatin arises from a local 
anti-inflammatory activity and may be augmented by an enhanced anti-tumor immune 
response.
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Abstract 

Natural bioactive compounds have been studied for a long time for their chemopreventive 
and therapeutic potential in several chronic inflammatory diseases, including cancer. 
However, their physicochemical properties generally result in poor chemical stability and 
lack of in vivo bioavailability.  Very few human clinical trials have addressed absorption, 
distribution, metabolism, and excretion of these compounds in relation to efficacy. This 
limits the use of these valuable natural compounds in the clinic. 
In this study, we examined caffeic acid (derivatives), carvacrol (derivatives), thymol, 
pterostilbene (derivatives), and N-(3-oxo-dodecanoyl)-l-homoserine lactone (3-oxo-
C12-HSL) These are natural compounds with strong anti-inflammatory properties 
derived from plants and bacteria. However, these compounds have poor water solubility 
or are chemically unstable. To overcome these limitations we have prepared liposomal 
formulations. Our results show that lipophilic 3-oxo-C12-HSL and stilbene derivatives 
can be loaded into liposomal lipid bilayer with efficiencies of 50-70%. Thereby, the 
liposomes solubilise these compounds, allowing intravenous administration without use 
of solvents. When compounds could not be loaded into the lipid bilayer (carvacrol and 
thymol) or are rapidly extracted from the liposomes in the presence of serum albumin 
(3-oxo-C12-HSL and pterostilbene derivatives), derivatization of the compound into 
a water-soluble prodrug was shown to improve loading efficiency and encapsulation 
stability. The phosphate forms of carvacrol and pterostilbene were loaded into the aqueous 
interior of the liposomes and encapsulation was unaffected by the presence of serum 
albumin. Chemical instability of resveratrol was improved by liposome-encapsulation, 
preventing inactivating cis-trans isomerisation. For caffeic acid, liposomal encapsulation 
did not prevent oxidation into a variety of products. Still, by derivatization into a phenyl 
ester, the compound could be stably encapsulated without chemical degradation. Despite 
the instability of liposome-association of 3-oxo-C12-HSL and resveratrol, intravenous 
administration of these compounds inhibited tumor growth for approximately 70% in a 
murine tumor model, showing that simple solubilisation can have important therapeutic 
benefits.
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Introduction

Nature’s chemical diversity and complexity forms a unique source of molecules for a 
wide range of therapeutic targets [1]. Several natural compounds are long known to have 
chemopreventive and therapeutic properties in several chronic inflammatory diseases 
[2-3]. These agents generally target multiple signal transduction pathways and broadly 
modulate gene expression resulting in a wide-ranging spectrum of anti-inflammatory, 
antioxidant, immunomodulatory, pro-apoptotic, and anti-angiogenic activities [2, 4-5]. 
In the past, these agents have been chemically modified to increase the potency of the 
pharmacophore and increase the specificity of the molecule. At present, it seems that 
we are experiencing a countermovement where the natural compounds are appreciated 
because of their broad spectrum of activities making them more appropriate to interfere 
in multifactorial diseases, such as cancer [1, 5-6]. 
In addition, compared to synthetic compounds, natural bioactive compounds generally 
have better safety profiles, are well accepted by the public (opinion) and are usually 
relatively cheap [4]. However, their physicochemical properties are generally not drug-like. 
In addition, the lack of human clinical trials that address their absorption, distribution, 
metabolism, and excretion in relation to efficacy, pose a number of challenges that need 
to be overcome for their establishment as effective therapeutics [3-4, 7].
First of all, some natural compounds tend to be biologically unstable and prone to 
degradation or oxidation [7]. For example, caffeic acid, an abundantly present phenolic 
acid in fruits, wine and coffee, is described to be rapidly oxidized into several oxidation 
products [8]. Besides chemical stability, drug solubility is an issue since most natural 
therapeutic agents have limited water solubility [7]. Third, limited distribution to target 
sites and poor bioavailability are additional factors complicating the use of natural 
compounds in a clinical setting [7]. Finally, because of their modest potency, relatively 
high local drug concentrations are required for an effect. Carvacrol, thymol, resveratrol, 
pterostilbene, N-(3-oxo-dodecanoyl)-l-homoserine lactone, caffeic acid and caffeic acid 
phenethyl ester are examples of natural compounds that have no or low water solubility, 
but have known anti-inflammatory properties (structural formulas are provided in Figure 
1).
In this study, we take advantage of liposomes to improve the solubility, stability and 
bioavailability of these compounds, therefore addressing the particular challenges 
associated with each of these natural agents.
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Materials and Methods

Materials

Dipalmitoylphosphatidylcholine (DPPC), egg-phosphatidylcholine-35 (EPC-35) and 
Poly(ethylene glycol)-2000-distearoylphosphatidylethanolamine (PEG2000-DSPE) 
were a generous gift from Lipoid GmbH (Germany). Cholesterol, caffeic acid, caffeic 
acid phenethyl ester (CAPE), carvacrol, N-(3-oxo-dodecanoyl)-l-homoserine lactone 
(3-oxo-C12-HSL), thymol, bovine albumin (BSA) in cross-linked 4% beaded agarose 
and trifluoroacetic acid (TFA) were provided by Sigma-Aldrich (Germany). Resveratrol 
was purchased from Chengdu Biopurify Phytochemicals Ltd. (China). Pterostilbene 
disodium phosphate and carvacrol disodium phosphate were synthesized by Syncom BV 
(Groningen, The Netherlands). Sodium chloride, sodium hydroxide, ammonium acetate, 
acetic acid, sodium dihydrogen phosphate were provided by Merck (Germany). Methanol 
and acetonitrile (ACN) were purchased from Biosolve (The Netherlands). Citric acid 
and disodium hydrogen citrate were provided by Fluka. Phosphate buffered saline (PBS) 
was purchased from B. Braun (Melsungen), perchloric acid (PCA) from Mallinckrodt 
Chemicals (Belgium), and HEPES from Acros Organics (Belgium). Methanol (MeOH; 
LC-MS Chromasolv), formic acid (LC-MS grade), ammonium hydroxide solution 
(NH4OH; 25%, LC-MS grade) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Ultrapure water was produced by a Synergy UV water delivery system from 
Millipore (Billerica, MA, USA).

Preparation of liposomes encapsulating natural compounds 

Depending on the solubility of the different compounds in aqueous solutions, 
incorporation of the drug was either obtained in the aqueous core (caffeic acid, carvacrol 
phosphate, pterostilbene phosphate) or within the lipid bilayer (CAPE, carvacrol, 3-oxo-
C12-HSL, thymol, resveratrol).
Liposomes were prepared by the lipid film hydration method. Appropriate ratios of lipids 
and compounds for entrapment in the bilayer were dissolved in ethanol. A lipid film 
was formed by rotary evaporation (Buchi, Switzerland) and flushed with a stream of 
nitrogen until dryness. The lipid film was hydrated at 50 °C with PBS or a solution of a 
natural compound in water to form liposomes. Liposome size was reduced by sequential 
extrusions steps (Lipex high pressure extruder, Northern Lipids) through polycarbonate 
membranes (Whatman, Nuclepore) of different pore sizes and with a final pore size of 100 
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nm or 50 nm. The mean particle size and polydispersity of the liposomal dispersions were 
determined by dynamic light scattering (DLS) using a Malvern ALV CGS-3 system, with 
a scattering angle of 90° at 25 °C. Unencapsulated drugs were removed by dialysis against 
PBS or 0.9% NaCl in water using a Slide-A-Lyzer cassette (Thermo Scientific, USA) with 
molecular weight cut-off of 10 kDa at 4 °C with repeated changing of dialysis medium. 
Total lipid content of the liposomal dispersion was determined with a of phosphate 
assay described by Rouser et al., performed on the organic phase after extraction of 
the liposomes with chloroform [9]. Briefly, the destruction of the liposomes with PCA 
leads to the formation of anorganic phosphate, which in turn can be quantified by a 
colorimetric determination. By adding a hexa-ammoniummolybdate solution, anorganic 
phosphate is converted to phosphomolybdate acid which is quantitatively converted to 
a blue coloured compound due to reduction of ascorbic acid upon heating. The colour 
change can be detected using colorimetric analysis at 797 nm (Shimadzu UV mini 1240).
The amount of drug entrapped in the liposomal formulation was determined on the 
aqueous phase after chloroform extraction or after solubilization of the liposomes in 
ethanol with, either High Performance Liquid Chromatography (HPLC, Waters) or Ultra 
Performance Liquid Chromatography (UPLC, Waters Acquity UPLC- TUV system) 
using a Acquity BEH C18 1.7 µm column (2.1 x 50 mm) (Waters).

3-oxo-C12-HSL liposomes
3-oxo-C12-HSL liposomes were prepared by entrapment in the liposomal bilayer. DPPC, 
PEG2000-DSPE and cholesterol were dissolved in a ratio of 1.85:0.15:1 in ethanol. 
Subsequently, 3-oxo-C12-HSL was dissolved in ethanol and added to the lipid solution to 
a final molar concentration of 1.7% of total lipid (TL). Liposomes were formed by film 
hydration with PBS and characterized as described above; dialysis was done against PBS. 
The amount of encapsulated 3-oxo-C12-HSL was quantified by UPLC using Acquity® 
BEH C18 1.7 µm column (2.1 x 100 mm). The mobile phase consisted of ACN, water 
and acetic acid (50:50: 0.1 (v/v)). 3-oxo-C12-HSL was detected using an ultraviolet 
detector set at a wavelength of 210 nm.

Resveratrol liposomes
Resveratrol liposomes were prepared by entrapment in the liposomal bilayer. DPPC, 
PEG2000-DSPE and cholesterol were dissolved in a ratio of 1.85:0.15:1 in ethanol. 
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Subsequently, resveratrol was dissolved in ethanol and added to the lipid solution to 
prepare different liposomal dispersions with resveratrol with a final molar ratio ranging 
from 0.3 to 11 mol % TL. Liposomes were formed by film hydration with PBS and 
characterized as described above; dialysis was done against PBS. The amount of 
encapsulated resveratrol was quantified by HPLC using XTerra® RP18 5 µm column 
(4.6 x 25 mm). The mobile phase consisted of methanol, ACN, water and acetic acid 
(75:22.5:2.4: 0.1 (v/v)). Resveratrol was detected using an ultraviolet detector set at a 
wavelength of 306nm (trans resveratrol) and 288nm (cis resveratrol).

Carvacrol liposomes
Carvacrol liposomes were prepared by entrapment in the liposomal bilayer. DPPC, 
PEG2000-DSPE and cholesterol were dissolved in a ratio of 1.85:0.15:1 in ethanol. 
Subsequently, carvacrol was dissolved in ethanol and added to the lipid solution to a 
final molar of 8.1%, 4% and 2% of TL. Liposomes were formed by film hydration with 
PBS and characterized as described above; dialysis was done against PBS. The amount of 
encapsulated carvacrol was quantified by UPLC using a mixture of methanol and water 
(25:75 (v/v)), brought to pH 2 with TFA as mobile phase. Carvacrol was detected using 
an ultraviolet detector set at a wavelength of 254 nm. 

Thymol liposomes
Thymol liposomes were prepared by entrapment in the liposomal bilayer. EPC-35, 
cholesterol and PEG2000-DSPE, in a molar ratio of 1.85:1:0.15 respectively were 
dissolved in ethanol in a round bottom flask. Subsequently, thymol was dissolved in 
ethanol and added to the lipid solution to a final molar of 12.5% of TL. Liposomes 
were formed by film hydration with 20 mM Hepes buffer (pH 7.5) 0.8% NaCl and 
characterized as described above; dialysis was done against 0.9% NaCl. The liposomes 
were then filtrated through a 2.0 µm filter and extruded. The amount of encapsulated 
thymol was quantified by HPLC. The mobile phase consisted of methanol and water 
and PCA (75:25: 0.1 (v/v)). Thymol was detected using an ultraviolet detector set at a 
wavelength of 210 nm. A sample of the liposomal dispersion was taken after preparation 
of multilamellar liposomes, after filtration, after extrusion and after dialysis. These 
samples together with a sample of the first dialysate were treated as described previously 
for thymol quantification by HPLC.
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Carvacrol disodium phosphate liposomes
Carvacrol disodium phosphate liposomes were prepared by encapsulation in the aqueous 
core. DPPC, cholesterol and PEG2000-DSPE, in a molar ratio of 1.85:1.0:0.15 
respectively, were dissolved in ethanol in a round-bottom flask. Liposomes were formed 
by film hydration with a solution of 50-100 mg/mL carvacrol disodium phosphate in 
water and characterized as described above; dialysis was done against 0.9% saline.
The amount of encapsulated carvacrol disodium phosphate was quantified by UPLC 
using a mixture of methanol and water (25:75 (v/v)), brought to pH 2 with TFA as 
mobile phase. Carvacrol disodium phosphate was detected using an ultraviolet detector 
set at a wavelength of 254 nm. 

Pterostilbene disodium phosphate liposomes
Long-circulating liposomes incorporating pterostilbene phosphate disodium salt were 
prepared by encapsulation in the aqueous core. DPPC, cholesterol, and PEG2000-DSPE, 
in a molar ratio of 1.85:1.0:0.15 respectively, were dissolved in ethanol in a round-bottom 
flask. Liposomes were formed by film hydration of a 40 mg/mL pterostilbene phosphate 
in 0.9% NaCl and characterized as described above; dialysis was done against PBS. The 
amount of encapsulated pterostilbene phosphate was quantified by HPLC. The mobile 
phase consisted of ACN and water (35:65 (v/v)), brought to pH 2 with TFA. Pterostilbene 
phosphate was detected using an ultraviolet detector set at a wavelength of 312 nm.

Caffeic acid liposomes
Long-circulating liposomes incorporating caffeic acid were prepared by encapsulation 
in the aqueous core. DPPC, cholesterol, and PEG2000-DSPE, in a molar ratio of 
1.85:1.0:0.15 respectively, were dissolved in ethanol in a round-bottom flask. Caffeic 
acid was solubilized by dropwise addition of 6M sodium hydroxide under constant 
stirring while controlling the pH (pH<7.5). Liposomes were formed by film hydration of 
a 50 mg/mL caffeic acid solution and characterized as described above; dialysis was done 
against PBS. The amount of encapsulated caffeic acid was quantified by UPLC using a 
mixture of methanol and water (25:75 (v/v)), brought to pH 2 with TFA as mobile phase. 
Caffeic acid was detected using an ultraviolet detector set at a wavelength of 324 nm.



6

142

M
at

er
ia

ls 
an

d 
M

et
ho

ds

Caffeic acid phenethyl ester (CAPE) liposomes
Two different liposome compositions containing CAPE were prepared by bilayer 
entrapment. EPC-35, cholesterol and PEG2000-DSPE, in a molar ratio of 1.85:1.0:0.15 
respectively, were dissolved in ethanol in a round bottom flask. Subsequently, CAPE was 
dissolved in ethanol and added to the lipid solution to a final molar concentration of 
38.6% and 20.7% of TL. Liposomes were formed by film hydration with buffered saline 
and characterized as described above; dialysis was done against 0.9% saline. The amount 
of encapsulated CAPE was quantified by HPLC; the mobile phase consisted of ACN 
and water (50:50 (v/v)), with 0.1% PCA as a modifier. CAPE was detected using an 
ultraviolet detector set at a wavelength of 330 nm.

Stability studies of the liposomal formulations

To study the chemical stability of liposomal drugs at 4 °C and 37 °C, samples of liposomal 
3-oxo-C12-HSL and liposomal resveratrol were placed in the fridge or oven and aliquots 
were taken at different time points. These samples were diluted 1:1 in the respective 
eluent for HPLC or UPLC, quantified in non-degraded drug and chromatograms were 
analyzed for presence of extra peaks. 
The physical stability of liposomal 3-oxo-C12-HSL and liposomal resveratrol was studied 
in the presence of albumin (BSA agarose beads) for 48h. Resveratrol and 3-oxo-C12-HSL 
liposomes were added to BSA-SepCL-4B (50% v/v in PBS) or an equal volume of only 
PBS and tubes were kept in a shaking water bath at 37 °C in the dark. Aliquots were 
taken at multiple time points up to 48h. Samples were centrifuged at 10.000g for 5 
minutes; the supernatant was collected and stored at 2 – 8 °C until further analysis. The 
supernatant was used for the quantification of resveratrol and 3-oxo-C12-HSL levels by 
means of UPLC using the methods previously described.
The photostability of resveratrol in liposomes was studied by exposing a liposomal 
dispersion of resveratrol to UV light. Samples of liposomal resveratrol and resveratrol 
solution (in the eluent used for HPLC) were exposed to UV light in a dark cabinet (5982 
mW/cm2, distance to light source 65 mm). Another sample of resveratrol solution was 
not exposed to UV light, but kept in the dark. Aliquots were taken after 0.1, 0.5, 1, 2, 
4, 6, 8 and 16 min of UV light exposure and quantified in amount of trans resveratrol 
according to the method previously described.
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The chemical and physical stability of carvacrol phosphate encapsulated liposomes was 
studied by incubating the liposomes at 37 °C for 96h. At a number of time points samples 
of the liposomal dispersion were taken, carvacrol phosphate was quantified by means of 
UPLC using the method described previously and chromatograms were examined for 
presence of extra peaks.

Induction of cellular HSP70 expression by carvacrol and carvacrol disodium 

phosphate

To study the effect of the carvacrol derivative on mammalian APC, primary murine 
bone marrow derived dendritic cells (BMDC) were isolated from the bone marrow 
of 9–12-week-old BALB/c mice and cultured for 7 days in the presence of 10 ng/mL 
GM-CSF (Cytogen) according to Lutz et al. [10]. BMDC were used on day 8 for in 
vitro assays. Cells were seeded in 24- or 48-well plates at 1–2 mL per well (2×106 cells/
mL). Subsequently, cells were incubated overnight with carvacrol, carvacrol-disodium 
phosphate (0.1 or 0.2mM) or vehicle (ethanol at a final concentration of 0.2%) at 37 
°C followed by FACS analysis of Hsp70 expression as described by Wieten et al. [11]. To 
study the co-inducing capacity of carvacrol and carvacrol phosphate, the same protocol 
was followed however cells were only incubated with treatments for 2h. The plates were 
then sealed and placed for 1h in a waterbath preheated at exactly 42.5 °C; cells were 
allowed to recover at 37 °C followed by FACS analysis.

Caffeic acid stability study

Caffeic acid solutions were prepared at different pH and kept in the dark at 4 °C or 37 °C.  
Solutions of the maximal concentration of caffeic acid in the different buffers were used: 
0.2 mg/mL in 120 mM citrate buffer pH 4, 1.6 mg/mL in 150 mM acetate buffer pH 
5.5 and 150 mM phosphate buffer pH 7.2. Samples of each solution were stored for 35 
days in the dark at 4 °C or 37 °C. Aliquots were taken at different time points and stored 
at -20 °C before quantification of caffeic acid by UPLC.
Caffeic acid degradation products were identified with HPLC coupled to mass 
spectrometry (MS) on an 1100 series ion trap MS equipped with an electrospray source 
(Agilent Technologies). Compounds were detected as negative ions and identified by 
their mass and fragmentation spectrum.
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Murine tumor model

Nude Balb/c female mice (20 – 25g) were obtained from Charles River and kept in 
standard housing with rodent chow and water available ad libitum, on a 12h light/dark 
cycle. Experiments were performed in compliance with the national regulations and 
were approved by the local animal experiments ethical committee. The head and neck 
squamous-cell carcinoma was induced by subcutaneous inoculation of 1×106 14C-tumour 
cells, a head and neck squamous-cell carcinoma line, in the flank of the mice. Tumors 
were measured with a digital calliper, and the tumor volume was calculated according to 
the formula:

V = 1/6πa2b

where a is the smallest and b the largest superficial diameter. When tumors reached 50-
100 mm3, mice were included in the study, consisting of 6 mice per treatment group.  At 
this time, mice received 3 mg/kg liposomal 3-oxo-C12-HSL, 5 mg/kg liposomal resveratrol 
or equivalent dose of empty liposomes intravenously via the tail vein. Injections were 
repeated each 3 days. All differences between the overall effects of liposomal treatments 
on tumor growth were analyzed by one-way ANOVA using vehicle as a reference. A value 
of p<0.05 was considered significant.

Results and Discussion

In the field of drug discovery and development there has been a shift in interest from 
synthetic, high affinity, high potency, highly selective agents to natural (or natural-based), 
multiple target, low affinity and intermediate potency compounds [6]. The multitargeting 
properties of these natural compounds are attractive characteristics for therapies where a 
multitude of pathophysiological pathways are affected, like cancer [2, 4]. At the same 
time the translation to the clinic is not straightforward as these molecules suffer from 
specific shortcomings. Most natural compounds have limited stability as they are prone to 
degradation or are highly metabolized to inactive derivates in circulation [7]. Furthermore, 
they generally have a poor solubility and bioavailability [7]. The use of delivery systems 
may help overcome these issues as reviewed recently by Li et al. for the particular case of 
traditional Chinese medicine or by Nair et al. for anti-inflammatory nutraceuticals for 
the prevention and treatment of cancer [12-13]. Liposomes have been extensively studied 
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for such purposes and offer the potential to formulate both hydrophilic and hydrophobic 
molecules. Furthermore, liposomal encapsulation of natural compounds can increase 
drug solubility and stability, may allow systemic drug administration, and can enhance 
drug bioavailability and offer control over the absorption and distribution profiles 
[7]. There are several studies described in literature, in which liposomal formulations 
of natural compounds were prepared to overcome solubility for in vivo application. 
One of the most studied natural compounds is curcumin, a principal component of 
turmeric, with potent biological activities but limited value as therapeutic agent due to 
poor water solubility and stability, which translate in low bioavailability [14]. Beyond, 
nanoemulsions, microspheres, solid lipid nanoparticles, polymeric nanoparticles, also 
liposomal formulations of curcumin were developed in order to increase its circulation 
time, resistance to metabolic stress and make it amenable for systemic administration 
[14]. Several in vitro and in vivo studies have revealed promising results with curcumin 
nanoparticles being more biologically active compared to free drug [12, 15-17]. In this 
study we have specifically addressed the issues of limited water solubility and chemical 
instability of a number of natural compounds by nanoformulation in liposomes.

Limited solubility overcome by bilayer solubilization

3-oxo-C12-HSL has been shown to have immune suppressive, anti-inflammatory and 
apoptotic effects in vitro, which can be of value for the treatment of chronic inflammatory 
diseases, such as cancer [18]. It is a small signalling molecule secreted by Pseudomonas 
aeruginosa to attenuate host immune responses and help infect pulmonary tract [19]. 
Like the majority of the natural compounds, 3-oxo-C12-HSL is not water soluble. The 
structural formula of this 297.4 Da molecule presents three structural segments: a 3-oxo-
acyl group, a heterocyclic ring, and a side chain (Figure 1). Despite the large apolar 
domain of the molecule, the resemblance of the twelve carbon acyl side chain with a (lyso)
phospholipid side chain suggested that this molecule could be easily entrapped within 
the lipid bilayer of liposomes. Thereby solubilization for pre-clinical investigation would 
be enabled. A similar approach has been described for a labdane-type diterpene, which 
has structural similarities to cholesterol. This has led Matsingou et al. to hypothesise that 
this molecule would stabilize the lipid bilayer in a similar manner as the steroid [20]. 
Long circulating liposomes encapsulating 3-oxo-C12-HSL were prepared with an average 
loading efficiency of 70%, a hydrodynamic diameter of 0.1 µm and low polydispersity 
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(PDI<0.1). Liposomal drug was found to be stable for up to three months at 4 °C (data 
not shown).  However, when liposomes in PBS were incubated at 37 °C, the liposome-
associated drug decreased to 20% within 45h (Figure 2). Despite the long side chain 
of 3-oxo-C12-HSL which confers some resistance to ring opening, the molecule may 
undergo lactonolysis by raising the temperature from 22 °C to 37 °C [21]. It has been 
described before a decrease in quorum-sensing activity to 50% after incubation at 37 
°C in cell culture medium [22]. In the presence of bovine serum albumin (immobilized 
on agarose beads), the decrease in intact drug associated with liposomes was even more 
pronounced and may be due to presence of an acceptor for lipophilic molecules such 
as BSA (Figure 2). The reversible nature of molecule-BSA binding allows transport of 
hydrophobic molecules in circulation and its release, making BSA a natural carrier for 
hydrophobic molecules [23]. Within 24h, all the 3-oxo-C12-HSL was either degraded or 
bound to albumin. These results imply that the liposomes can act as solubilizers for 3-oxo-
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C12-HSL enabling intravenous drug administration. This is important as this compound 
has not been pharmaceutically formulated, as yet.
In a similar set-up we studied resveratrol. Resveratrol is a natural stilbene that exhibits 
a strong antioxidant activity and inhibition of hydroperoxidase, protein kinase C, Bcl-2 
phosphorylation, Akt, focal adhesion kinase, NF-κB, and matrix metalloprotease-9 [24]. 
A number of in vitro and in vivo studies revealed multiple intracellular targets of resveratrol 
which affect cell growth, inflammation, apoptosis, angiogenesis, invasion and metastasis 
and show that effects are dose-dependent [25-28]. All these potential therapeutic 
applications of resveratrol are hampered by its low solubility, weak absorption after oral 
administration and extensive metabolism [29]. Liposomes were prepared with different 
amounts of resveratrol in the lipid film. Maximum incorporation was ~5 mg/µmol TL, 
which was reached when 10 mg/µmol TL was added (Figure 3). This formulation was 
used for subsequent studies. Incubation in buffered saline showed that liposomal drug 
was stable for 28 days at 4 °C (data not shown). Also at 37 °C, more than 95% of intact 
resveratrol was retained within the liposomes (Figure 2). Unfortunately, similar as for 
3-oxo-C12-homoserine lactone, resveratrol was rapidly extracted from the liposomes upon 
incubation at 37 °C in the presence of BSA, reaching ~10% after 24h (Figure 2). It has 
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Figure 2. Stability of 3-oxo-C12- HSL and resveratrol in liposomes in the presence or 
absence of BSA. Liposomes containing  3-oxo-C12- HSL (C12, black) and resveratrol 
(RSV, white) were incubated in the dark with (squares) or without (circles) BSA agarose 
beads in PBS for up to 48h at 37 °C. Results are presented as average percentage of initial 
liposome-associated intact drug ±SD.
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been shown by Cao et al. that the existence of strong electrostatic binding forces between 
resveratrol and BSA occur in a spontaneous thermodynamic process [30]. This fact, 
together with the preferential localization of resveratrol at the liposomal surface, suggests 
that resveratrol is extracted from the lipid bilayer to form BSA-resveratrol complexes. 
Therefore, similar to 3-oxo-C12-HSL, liposomal formulation of resveratrol is primarily 
active as solubilizer.

Limited solubility overcome by derivatization into a water-soluble prodrug

The solubilization strategy was also tested for other natural compounds. Liposomal 
formulations of carvacrol and its isomer thymol could circumvent difficulties related to 
the lipophilicity to improve their biological activities. Carvacrol and thymol are found in 
many essential oils, are recognized as safe food additives and have been extensively studied, 
mainly for their antimicrobial and antioxidant activities [31]. Liposomes were prepared 
by adding the compounds to the lipid film. Three different formulations of carvacrol 
were prepared with final molar ratio of 0.125, 0.063 and 0.31 drug:total lipid. Only 
liposomes with the lowest content of carvacrol could be extruded. At higher carvacrol 
contents the liposomal structure was disrupted by interaction with the lipids, similarly as 
the compound disrupts the microbial cytoplasmatic membrane [32]. This restricted the 
maximum amount encapsulated, with a final drug/lipid ratio of 0.002 (<0.1mg/mL). 
Similar results were reported by Liolios et al., which show that only 4.16% (0.045 mg/

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

Initial RSV (mol %)

RS
V

 a
ss

oc
ia

te
d 

(m
ol

 %
)

Figure 3. Liposomal association of resveratrol (RSV) depending on initial drug-lipid ratio.
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mL) of the starting amount of carvacrol could be incorporated in liposomes [33]. In 
the case of thymol, the quantification of the liposomal dispersion showed that only 6% 
(0.25 mg/mL) of the initial thymol was present in the final liposomal dispersions (data 
not shown). The quantitative analyses of thymol during the different steps of liposomal 
preparation shows that most of the drug content (80%) is lost during the dialysis step 
for removal of free drug, which could be recovered from the dialysate, partially as crystals 
(data not shown). In contrast to 3-oxo-C12-HSL and resveratrol, the solubility of carvacrol 
and thymol could not be increased by liposomes. 
As an alternative, a phosphate derivative of carvacrol was synthesized in an attempt to 
increase its solubility and thereby entrapment in the aqueous core of long-circulating 
liposomes. The preparation of synthetic analogues of natural compounds is known 
to be a solution for solubility, potency and bioavailability limitations. For example, a 
water-soluble prodrug of d-γ-tocopherol was synthesized to overcome the insolubility 
and oxidation of d-γ-tocopherol [34]. Carvacrol disodium phosphate liposomes were 
prepared by lipid film re-hydration followed by extrusion and were found to be 0.12 
µm in diameter and monodisperse (PDI<0.1). The increase in hydrophilicity resulted 
in successful encapsulation in the liposomal core with a final carvacrol phosphate 
concentration of 6 mg/mL. Furthermore, a stability study at 37 °C for 100h indicated 
that the carvacrol derivative was stably entrapped with particle size remaining constant 
during the study, without any extra peaks appearing in the chromatograms (data not 
shown). A risk of modifying the structure of a pharmacophore is that it may compromise 
its biological activity [35-36]. As shown by Ultee et al. the phenolic hydroxyl group of 
carvacrol is essential for its antimicrobial effect [37]. To study whether the biological 
activity of carvacrol is maintained after derivatization, we assessed the capacity of both 
compounds to induce cellular Hsp70 expression in vitro (Figure 4). 
Carvacrol is a newly identified co-inducer of Hsp70 and may, by amplification of the 
Hsp70-specific regulatory T cell response, protect against the development of chronic 
inflammatory diseases [11]. Overnight incubation of primary BMDC at 37 °C with both 
carvacrol and carvacrol disodium phosphate did not influence the expression of Hsp70, 
as compared to vehicle incubated cells (Figure 4). This results have already been described 
before for carvacrol, and this study shows that also carvacrol phosphate seems not to 
induce cell stress alone [38]. Previous studies showed that carvacrol amplifies HSP70 
expression induced by a bona fide stress signal, such as heat shock [11]. When cells were 
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incubated for two hours with 0.1 mM of the same compounds, followed by heat shock 
at 42.5 °C, carvacrol phosphate co-induced the expression of Hsp70 in BMDC to the 
same extent as carvacrol (Figure 4).  Furthermore, our results suggest that the capability 
of Hsp70 co-induction by carvacrol phosphate is concentration dependent, which was 
not observed with the parent compound. These results show that the derivatization of 
carvacrol with a phosphate group does not cause loss of biological activity; in fact it 
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Figure 4. Influence of carvacrol and its derivative on cellular Hsp70 expression. Primary 
mouse bone marrow-derived dendritic cells (BMDCs) were incubated overnight at 37 °C 
with carvacrol (0.1 mM or 0.2 mM), carvacrol disodium phosphate (0.1 mM or 0.2 mM) 
or vehicle (0.2% ethanol), followed by FACS analysis of intracellular inducible Hsp70 
expression. To assess the co-inducing Hsp70 expression capacity of both treatments, cells 
were incubated with drugs for 2h at 37 °C, followed by 1h of heat shock at 42.5 °C 
and overnight recovery at 37 °C. Histograms are representative for at least 2 independent 
experiments.
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may improve its biological activities. Furthermore, the high drug levels reached in the 
final formulation are suitable for further therapeutic in vivo evaluation and the long-
circulating property of liposomes will likely increase local drug concentrations which 
may translate in improved therapeutic effect. This will be subject of future investigations.
One of the most studied derivatives of resveratrol is a dimethylated analog, pterostilbene, 
which has been shown to have stronger biological activities over the parental compound 
[28]. However, the structural differences between both compounds lead to a higher 
lipophilicity of pterostilbene compared to resveratrol. In order to increase the solubility 
of pterostilbene, a phosphate disodium salt derivative was synthesized. Pterostilbene 
phosphate encapsulating liposomes were prepared by hydration of the lipid film with 
a solution containing 100 mg/mL pterostilbene phosphate in 0.9% NaCl. Liposomes 
were found to be 0.12 µm in diameter, monodisperse (PDI<0.1) and contain 10 mg/mL 
pterostilbene phosphate (10% encapsulation efficiency). Indeed, these results suggest that 
creating a phosphate derivative of a lipophilic natural compound is a valuable strategy to 
overcome the low water solubility and to allow pre-clinical investigation of therapeutic 
applicability. Furthermore, besides the encapsulation of the molecule in the aqueous 
core of the liposomes which renders more stability to the system, liposomes have long 
circulating property which may translate in high local dose concentrations in vivo.

Poor chemical stability overcome by derivatization or lipid protection

Liposomal encapsulation of natural compounds reduces drug contact and reactivity with 
the environment and thus may protect drugs from light and other types of degradation 
[39-40]. For example curcumin, known to degrade rapidly in buffer solutions at 37 °C 
(84% degraded after 180 minutes), is fully protected by encapsulation in liposomes 
at 37 °C for 180 minutes [17, 41]. Resveratrol is also relatively unstable as it converts 
easily to its cis form under the influence of light. In general, the stilbene backbone in cis 
configuration shows increased activity, except in the case of resveratrol which trans isomer 
is biologically more active [28, 42].
The liposome association of resveratrol protects its trans-cis isomerization, since the 
amount of intact drug (trans isomer) remains constant when liposomes are kept at 4 
°C (not shown) and 37 °C (Figure 5) in the dark.  Lipids also protect resveratrol under 
UV light exposure, with 70% trans resveratrol still present after 16 minutes of UV light 
exposure compared to 10% when resveratrol is exposed in the free form (Figure 5).
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Th e required therapeutic doses of caff eic acid are high, and due to its poor solubility 
and, more importantly, chemical instability, its practical application in the clinic appears 
limited. Caff eic acid is an attractive natural compound, with biological eff ects ranging 
from antioxidative and anti-infl ammatory as well as anti-proliferative eff ects [43].
Th erefore, to circumvent caff eic acid’s chemical instability and to improve solubility, the 
formulation into liposomes seemed to be a logical approach. Liposomes were prepared by 
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Figure 5. Chemical stability of resveratrol associated liposomes at 37 °C.  Resveratrol 
solution and liposomal dispersion were exposed to UV light. Levels of trans resveratrol 
present were monitored up to 16 minutes of UV light exposure. Results are presented as 
percentage of initial trans resveratrol ±SD.

Figure 6. Macroscopic degradation of caff eic acid. Fresh caff eic acid solution (left); caff eic 
acid liposomes after extrusion (middle); caff eic acid liposomes after 48h at 4 °C (right).
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lipid film re-hydration method. By DLS the mean particle size of the liposomes prepared 
was found to be 0.1 µm and monodisperse (PDI<0.1). However, liposomes prepared at 
physiological pH acquired a brown colour over time, which suggests that liposomes do not 
prevent caffeic acid oxidation (Figure 6). Indeed, HPLC-MS/MS analysis of caffeic acid 
samples at pH 6.1 revealed several degradation products (Figure 7). The main degradation 
product, caffeic acid ortho-quinone, is responsible for the browning of degrading caffeic 
acid solutions and is formed by oxidation of the phenolic groups of caffeic acid [44-45].
Several structures of tetramers could be observed in the chromatogram.
The polymeric forms of caffeic acid eluted after the caffeic acid as reported by Lutter et 
al. [46]. Furthermore, trace amounts of the oxidation product dihydroxybenzaldehyde 
were found in the samples, which can be a contributor to the polymerization of phenolic 
compounds. In conclusion, LC-MS data shows that the oxidation of caffeic acid leads to 
the formation of several oxidation products and renders such formulation unsuitable for 
further studies. Additional stability studies with caffeic acid show that when it is stored 
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Figure 7. Degradation products of caffeic acid. Base peak chromatogram of a degraded 
caffeic acid solution (0.2 mg/mL) containing dihydroxybenzaldehyde (1), caffeic acid 
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at low pH and temperature, caffeic acid is less prone to oxidation (Figure 8). However, at 
such pH values, the solubility of caffeic is low which turns the liposome preparation of no 
beneficial value since these drug levels would not translate in a potent therapeutic activity. 
Similar as resveratrol and its naturally occurring derivative pterostilbene, there are natural 
derivatives of caffeic acid. Caffeic acid phenethyl ester (CAPE) is a major component 
of propolis extract, described in literature as having similar or even stronger biological 
activities than caffeic acid [47]. CAPE is more stable i. e. less prone to oxidation. One 
of the few studies examining the in vitro and in vivo stability of CAPE, showed that it is 
enzymatically hydrolyzed to caffeic acid in rat plasma, but not in human plasma [48]. 
However CAPE is also sparingly soluble in water. Once more, in an attempt to increase 
CAPE solubility, two different long-circulating liposomes encapsulating CAPE were 
prepared. Similar to 3-oxo-C12- HSL, CAPE could be quantitatively entrapped within the 
lipid bilayer, with encapsulation efficiency of ~90%. The stable encapsulation of CAPE 
into liposomes allows further in vivo investigation by systemic administration, without 
the need of organic solvents.

Overcoming low bioavailability of natural compounds translates into therapeutic 

effects in vivo

To assess the effects of 3-oxo-C12-HSL on subcutaneous head and neck squamous-cell 
carcinoma growth, mice received intravenous injections of 3 mg 3-oxo-C12-HSL or 5 mg 
liposomal resveratrol per kg bodyweight or an equivalent dose of lipid at the moment 
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intravenous drug administration and did not cause apparent toxicity. Tumor volumes 
were significantly smaller for 3-oxo-C12-HSL and resveratrol as compared to vehicle-
treated controls (p<0.05, Figure 9). In a study by Narayanan et al., a liposomal resveratrol 
formulation was used to improve bioavailability after oral gavage administration of 
50 mg/kg in a genetically modified mouse model for prostate cancer [49]. Liposomal 
resveratrol inhibited tumor growth by approximately 50% in this study.  Others had 
similar results using solid lipid nanoparticles, zinc-pectinate or micelles to solubilise the 
compound [50-52].
Besides the resistance to cis-trans isomerization by liposome encapsulation, the intravenous 
administration of resveratrol is likely to increase in vivo resveratrol concentrations leading 
to different metabolism and different pleiotropic effects that ultimately translate in an 
effective anti-tumor response [53].
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Figure 9. Anti-tumor effect of liposomal 3-oxo-C12- HSL and resveratrol. Head and 
neck squamous-cell carcinoma -bearing mice received 3 mg/kg liposomal 3-oxo-C12- 
HSL (LCL-C12) , 5 mg/kg liposomal resveratrol (LCL-RSV) or an equivalent dose of 
liposomes (vehicle) when tumor size reached 50 mm3 (day 0). Comparison of area-under-
the-tumor-growth-curves showed that tumor proliferation was decelerated after liposomal 
drug treatments compared to vehicle control (*, p<0.05, one-way ANOVA).
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Conclusions

Taken together, these results show that many poorly soluble natural compounds can be 
incorporated in liposomes. Compounds that are in the bilayer tend to be extracted in 
the presence of albumin, limiting the function of the liposome to that of a solubilizing 
excipient, simply allowing drug delivery. So far, the in vivo studies show that this may 
still be a valuable approach to obtain therapeutic benefits. However, if drugs can be stably 
encapsulated into long circulating liposomes, a targeted drug delivery can take place, 
which may further enhance biological activities of the compounds. 
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Abstract 

Tumors are complex and dynamic assemblies of different cell types within an atypical/
abnormal architecture. Tumor-associated macrophages, mast cells, dendritic cells, 
eosinophils, fibroblasts are present in and around tumors and contribute to an abundant, 
deregulated and long lasting chronic inflammation, a permissive microenvironment for 
tumor proliferation. The fact that tumor-initiated inflammation overrides protective 
immunity and supports tumor development, combined with the successful strategy 
of liposomal drug targeting to tumor tissues, gave rise to a novel attractive anti-tumor 
therapeutic strategy: targeting anti-inflammatory drugs to tumors. As many natural 
bioactive compounds have anti-inflammatory properties and act by targeting multiple 
signaling pathways, their medicinal application involves the treatment of cancer. The 
nanoformulation into liposomes circumvents solubility, stability, bioavailability issues 
associated with these compounds, while promoting tumor drug accumulation.
Liposomal formulations of resveratrol, carvacrol phosphate, pterostilbene phosphate, 
N-(3-oxo-dodecanoyl)-l-homoserine lactone, caffeic acid and caffeic acid phenethyl 
ester (CAPE) were prepared and characterized. In vivo, B16F10 melanoma bearing mice 
seem not to be responsive to liposomal treatments of natural compounds. The specific 
combination of tumor model, drug delivery system and drug potency are crucial factors 
that should be considered in the development and evaluation of new nanomedicines for 
cancer-inflammation therapy, especially when translating from preclinical models.
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Introduction

Immune cells patrol the human body and are selectively stimulated to respond to 
appropriate signals originating from complex cross-talks and interactive feedbacks of cells 
and soluble mediators, to culminate (or not) in an inflammatory/immune response [1-
4]. Usually, the inflammatory response is highly regulated and self-limited in time and 
duration [3-4]. In cancer, however, the inflammatory processes are unregulated [1, 4-5].  
Inflammatory processes are one of the driving forces behind tumor initiation, development 
and progression [4-5]. It involves the deregulation of multiple inflammatory signaling 
pathways which ultimately lead to the suppression of anti-tumor immune responses and 
a permissive microenvironment for tumor proliferation [4, 6].
With the recognition that soluble mediators and cellular effectors of inflammation are 
present in the microenvironment of tumors, several therapeutic strategies evolved to take 
advantage of known anti-inflammatory agents and study their potential to delay, prevent 
and even treat cancer [4, 7]. Two therapeutic approaches have been conceptualized: a 
cellular approach, based on interfering with specific inflammatory cells, or a molecular 
approach, based on targeting specific signaling pathways [4, 7].
Non-steroidal anti-inflammatory drugs, corticosteroids and biologicals have been 
extensively studied for their anti-tumor properties [8-9]. In addition, natural compounds 
present in fruits, herbs and spices, that since ancient times have been used for their anti-
inflammatory properties, are now being studied for their preventive as well as therapeutic 
potency in cancer [10-14]. Natural bioactive compounds have been shown to interfere 
with key inflammatory mechanisms, which include inhibition of the transcription factors 
NF-κB and STAT-3, downregulation of COX-2 and iNOS expression, modulation of 
several cytokines and chemokines [10, 15-16]. As cancers are a result of a deregulation 
of multiple signaling pathways and bioactive natural compounds are shown to be multi-
targeted, such compounds may have advantage over selective/single-targeted agents for 
anti-tumor strategies [17-18]. Furthermore, such compounds can be considered relatively 
safe and easily accessible. However, the use of several natural pharmacophores has been 
limited due to their physicochemical characteristics which usually have low solubility, 
chemical instability and low bioavailability to target tissues [19-20]. Different strategies 
have been adopted to overcome these limitations, such as synthesis of semi-synthetic 
compounds, development of prodrugs or nanoformulations [19-20]. The formulation of 
natural compounds in drug delivery systems may increase solubility, photo- and chemical 
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stability, and bioavailability [21]. Furthermore, both inflammatory and tumor cells 
produce cytokines, chemokines and other soluble mediators that increase permeability 
of the vasculature while reducing lymphatic drainage. This phenomenon, commonly 
referred to as Enhanced Permeability and Retention (EPR) effect [22], is one of the main 
targeting principles in the field of drug delivery to inflamed tissues, such as cancer [23]. 
Nanosized carrier systems passively extravasate from the leaky blood vessels, accumulate 
at the target site leading to higher local drug concentrations and limited systemic toxicity 
[24]. Especially long-circulating liposomes, coated with poly(ethylene glycol), are known 
to increase the fraction of drug reaching the target site, translating in reduced amount of 
pharmacophore required while strengthening therapeutic effects [25].
In the current study, liposomal formulations of resveratrol, carvacrol phosphate, 
pterostilbene phosphate, N-(3-oxo-dodecanoyl)-l-homoserine lactone (3-oxo-C12-HSL), 
caffeic acid and caffeic acid phenethyl ester (CAPE) are evaluated for their anti-tumor 
activity in B16F10 melanoma bearing mice. Most of these natural compounds are 
described in literature as displaying anti-inflammatory activities by modulating different 
inflammatory pathways [18, 26-32]. In fact, some of these compounds have already been 
evaluated for anti-tumor efficacy in vitro and in vivo [33-44].
Despite the obvious potential of targeted delivery of (natural) anti-inflammatory 
compounds to tumors, this paper illustrates and discusses the critical points that need to 
be considered for successful translation from preclinical models.

Materials and Methods

Materials

Dipalmitoylphosphatidylcholine (DPPC) and egg-phosphatidylcholine-35 (EPC-
35) were a gift from Lipoid GmbH (Germany); Poly(ethylene glycol)-2000-distearoy
lphosphatidylethanolamine (PEG2000-DSPE) was purchased from the same supplier. 
Cholesterol, caffeic acid, caffeic acid phenethyl ester (CAPE), N-(3-oxo-dodecanoyl)-
l-homoserine lactone (3-oxo-C12-HSL) and water were provided by Sigma-Aldrich 
(Germany). Resveratrol was purchased from Chengdu Biopurify Phytochemicals 
Ltd. (China). Pterostilbene disodium phosphate and carvacrol disodium phosphate 
were provided by Syncom BV (Groningen, The Netherlands). Prednisolone disodium 
phosphate was obtained from Fagron BV (Nieuwerkerk a/d IJssel, The Netherlands). 



7

165

C
ritical factors in tum

or-targeting of anti-inflam
m

atory drugs

Sodium hydroxide was provided by Merck (Germany). Methanol and acetonitrile (ACN) 
were purchased from Biosolve (The Netherlands). Phosphate buffered saline (PBS) was 
purchased from B. Braun (Melsungen) and perchloric acid (PCA) from Mallinckrodt 
Chemicals (Belgium). Methanol (MeOH; LC-MS Chromasolv) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA).

Preparation of the liposomal formulations encapsulating natural compounds

Encapsulation of the compounds in the aqueous core or within the lipid bilayer of liposomes 
was obtained according to their aqueous solubility in aqueous solutions. Formulations 
were prepared using the lipid film hydration method, as described previously [21].
In brief, appropriate ratios of lipids and compounds for entrapment in the bilayer were 
dissolved in ethanol. A lipid film was formed by rotary evaporation (Buchi, Switzerland) 
and dried under a stream of nitrogen. PBS or a solution of a natural compound in water 
was added to the lipid film, at 50 °C, to form liposomes. Liposomes were extruded by 
sequential extrusions steps (Lipex high pressure extruder, Northern Lipids) through 
polycarbonate membranes (Whatman, Nuclepore) of different pore sizes and with a final 
pore size of 100 nm or 50 nm. The mean particle size and polydispersity of the liposomes 
was estimated by dynamic light scattering (DLS) with a Malvern ALV CGS-3 system 
(scattering angle of 90° at 25 °C). The liposomal dispersions were transferred to Slide-A-
Lyzer cassettes (Thermo Scientific, USA) with molecular weight cut-off of 10 kDa and 
dialyzed against PBS at 4 °C to remove unencapsulated drugs. During dialysis, the dialysis 
medium was refreshed frequently to ensure complete removal of free drug. Total lipid 
content of the liposomes was determined by means of a of phosphate assay on the organic 
phase after extraction of the liposomes with chloroform as described by Rouser et al.[45]. 
Briefly, the destabilization of the liposomal system with PCA leads to the formation of 
anorganic phosphate. Anorganic phosphate is converted to phosphomolybdate acid by 
addition of a hexa-ammoniummolybdate solution, and subsequently converted to a blue 
coloured compound due to reduction of ascorbic acid upon heating. The intensity of 
the blue colour can be detected and quantified with colorimetric analysis at 797 nm 
(Shimadzu UV mini 1240).
The amount of drug entrapped in the liposomal formulation was determined after 
solubilization of the liposomes in methanol or corresponding eluent used for Ultra 
Performance Liquid Chromatography (UPLC, Waters Acquity UPLC- TUV system). 
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Quantification was performed using a Acquity BEH C18 1.7 µm column (2.1 x 50 
mm, Waters) at the specific ultraviolet absorption wavelength of the compound to be 
quantified. The composition and quantification details for each of the formulations 
prepared are described in Table 1.

Murine tumor model

Male C57Bl/6 mice (20 – 25g) were obtained from Charles River (The Netherlands). Mice 
were kept in standard housing with standard rodent chow and water available ad libitum, 
and maintained on a 12h light/dark cycle. Experiments were performed according to the 
national regulations and were approved by the institute’s ethical committee for animal 
experiments. For tumor induction, 1x106 B16F10 melanoma cells were inoculated 
subcutaneously in the flank of C57Bl/6 mice. At day 7 after tumor cell inoculation (when 
tumors were just palpable), mice were assigned to a treatment group. At this moment 
(day 0) and over the following 10 days, mice (n=7) received four intravenous injections of 
liposomal resveratrol (5 mg/kg), liposomal 3-oxo-C12-HSL (3 mg/kg), liposomal CAPE 
(40 mg/kg), liposomal carvacrol phosphate (15 mg/kg), liposomal caffeic acid (8 mg/kg), 
liposomal pterostilbene phosphate (12 mg/kg), liposomal prednisolone phosphate (20 mg/
kg) or control liposomes containing PBS. For most of the treatments, doses administered 
were determined by the amount of drug associated with the liposomes. Tumor size was 
measured every day using digital callipers and tumor volume was calculated according to 
the formula:

V = 1/6πa2b

where a is the smallest and b the largest superficial diameter. Mice were sacrificed on day 
11 after start of treatment or when tumor size reached 1500 mm3.

Results and Discussion

This study investigates the anti-tumor efficacy of liposomal formulations of different 
natural compounds. Resveratrol, caffeic acid, CAPE, 3-oxo-C12-HSL, carvacrol and 
pterostilbene are natural compounds that interfere with inflammatory signaling pathways 
and have been described to have anti-tumor effects [33-44]. Yet enthusiasm for some 
of these molecules has been somewhat tempered due to difficult physicochemical 
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characteristics and/or inappropriate in vivo behavior [20-21]. Liposomal formulations of 
resveratrol, caffeic acid, CAPE, 3-oxo-C12-HSL, carvacrol phosphate and pterostilbene 
phosphate were prepared in order to circumvent these limitations. Their characteristics 
are shown in Table 2. 
The mean size of all liposomes was lower than 150 nm with a polydispersity index of 
around 0.1, indicating limited variation in particle size. The amount of drug associated 

Table 1. Description of the liposomal formulations prepared and their characterization

Compound
Liposome 

composition
Entrapment

Initial 
drug 

(% total 
lipid)

Quantification

Eluent 
(% v/v)

λ 
(nm)

Method

PBS DPPC: 1.85
Chol: 1.0
PEG-DSPE: 0.15

PLP DPPC: 1.85
Chol: 1.0
PEG-DSPE: 0.15

Core 7.9 MeOH: 25
Water: 75
PCA:0.1

254 Isocratic

Resveratrol DPPC: 1.85
Chol: 1.0
PEG-DSPE: 0.15

Lipid 
bilayer

2.9 MeOH: Water
A. 20: 80
B. 95: 5
PCA: 0.1

330 Gradient 
(0 -100% 
B, 6min)

3-oxo-C12-
HSL

DPPC: 1.85
Chol: 1.0
PEG-DSPE: 0.15

Lipid 
bilayer

16.7 ACN: 50
Water: 50
PCA: 0.1

210 Isocratic

Carvacrol 
phosphate

DPPC: 1.85
Chol: 1.0
PEG-DSPE: 0.15

Core 122 MeOH: 25
Water: 75
PCA:0.1

254 Isocratic

Pterostilbene 
phosphate

DPPC: 1.85
Chol: 1.0
PEG-DSPE: 0.15

Core 175 MeOH:50
Water: 50
PCA:0.1

312 Isocratic

CAPE EPC-35: 1.85
Chol: 1.0
PEG-DSPE: 0.15

Lipid 
bilayer

30 ACN: 50
Water: 50
PCA: 0.1

330 Isocratic

Caffeic acid DPPC: 1.85
Chol: 1.0
PEG-DSPE: 0.15

Core 740 MeOH: 25
Water: 75
PCA:0.1

324 Isocratic



7

168

Re
su

lts
 a

nd
 D

isc
us

sio
n

 Table 2. Liposomal formulations of natural compounds

Compound Structural formula EE (%) Size (µm) PDI

PBS — — 0.11 0.07

PLP OH

O

HO

O
P

O–
O–

O

O

Na+

Na+

6 ± 0.3 0.11 0.06

Resveratrol
HO

OH

OH

56 ± 0.03 0.12 0.08

3-oxo-C12-
HSL O

O

N

O O

H

75 ± 0.02 0.13 0.12

Carvacrol 
phosphate

O
P

–O

O–

O

Na+

Na+ 5 ± 0.1 0.13 0.09

Pterostilbene 
phosphate

O

O

O

P

O–
–O

O

Na+

Na+

3 ± 0.02 0.07 0.12

CAPE
HO

OH

O

O

90 ± 0.3 0.12 0.11

Caffeic acid
OH

OH

OH

O 2 ± 0.2 0.12 0.07

The degree of drug association with the liposome system is presented as encapsulation efficiency 
(EE). This value was calculated by dividing the amount of drug associated with the liposome 
by the amount of drug added to the lipid film, multiplied by 100. 
PDI – Polydispersity Index.
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with the liposomal dispersion, presented as encapsulation efficiency, is in accordance to 
what expected and previously reported for hydrophilic and hydrophobic compounds 
[46]. 
Resveratrol, caffeic acid and its derivative, carvacrol and pterostilbene have been extensively 
studied in vitro with cancer cells and have shown great potential as anti-inflammatory 
anti-anti-tumor agents [28-30, 33-44]. These compounds could be considered “dirty 
drugs” as they have shown to interfere with several signaling axis in cancer cells, including 
suppression or modulation of key inflammatory transcription factors NF-κB or STAT-3 
and downstream genes (survivin, cyclin D1, COX-2, c-Myc and others) [18, 27, 31-32, 
37, 40, 42, 44, 47].
One could anticipate that the efficacy of these natural compounds in an in vivo cancer 
setting would benefit from a liposomal targeting strategy as it may allow, on the one 
hand, the administration of higher doses of drug (that were previously impossible due to 
limitations in aqueous solubility of the free drug), and on the other hand targeted drug 
delivery increasing drug concentrations in the tumor tissue.
We have studied the therapeutic efficacy of liposomal resveratrol, liposomal CAPE, 
liposomal 3-oxo-C12-HSL, liposomal carvacrol phosphate, liposomal caffeic acid and 
liposomal pterostilbene phosphate on subcutaneous B16F10 melanoma growth in 
mice.  As shown in Figure 1, liposomal resveratrol (A), liposomal CAPE (B), liposomal 
3-oxo-C12-HSL (C), liposomal carvacrol phosphate (D), liposomal caffeic acid (E) and 
liposomal pterostilbene phosphate (F) do not seem to interfere with murine B16F10 
melanoma growth, even after four intravenous drug administrations, and show a similar 
tumor progression as empty liposomes treated mice (G). The only effective treatment is 
that with one of the strongest anti-inflammatory compounds, prednisolone (H). Growth 
curves of individual control mice (long-circulating PBS liposomes treated group) show the 
typical exponential growth of the tumors associated with this mouse melanoma model. 
As we can see by the individual growth curves, these tumors grow almost exponentially, 
reaching the endpoint (1500 mm3) within a week and independently of the treatment 
group, showing that this tumor model displays an aggressive tumor cell proliferation rate. 
Similar growth curves were observed in a previous study using several of these liposomal 
formulations, administered in mice with established tumors of 150-200 mm3 in size (data 
not shown).
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These results are not in line with previously published results with liposomal resveratrol 
and liposomal 3-oxo-C12-HSL [21]. When administered every three days at the same dose 
in a head and neck squamous-cell carcinoma mouse (14C) model, these formulations 
inhibited tumor growth for approximately 70% [21].

Choice of tumor model

These results were observed in a xenograft tumor model, which is based on the propagation 
of a human cell line in immune deficient mice. Furthermore, the results underline the 
first critical choice in these experiments, namely the choice for tumor model. Ideally this 
should mimic the human disease as close as possible.
Despite having the advantage of being developed from human cancer cells, the 
inflammatory component of the 14C tumor microenvironment is likely not to resemble 
that of in situ tumor progression and human disease. While Balb/c nude mice are not 
able to produce T-cells, C57Bl/6 mice are immune competent but described to be biased 
towards a Th1 immune response [7, 48]. No clear therapeutic effect of the liposomal 
formulations of natural compounds was observed in the melanoma mouse model.  It is 
known that mouse strain differences modify tumor phenotypes and immunophenotype 
accompanying tumor development and this might explain the differences observed 
using two different mouse strains [48-49]. The newer, immune competent, genetically 
engineered mice that spontaneously develop tumors might overcome these difficulties 
but at the expense of huge investments in animal monitoring [49]. Experiments in these 
mice can easily take a year to complete. These B16F10 and 14C tumor models also differ 
regarding the time these tumors take to develop. While the head and neck squamous cell 
carcinoma is a slow growing tumor, B16F10 melanoma is highly aggressive model. This 
could suggest that liposomal natural compounds may only interfere with the progression 

Figure 1. Individual growth curves of B16F10 melanoma bearing mice treated with 
multiple doses of liposomal natural compounds. At the time subcutaneous tumors became 
palpable (7 days after tumor cell inoculation), mice received  intravenous injections of 
liposomal resveratrol (5 mg/kg, A), liposomal CAPE (40 mg/kg, B), liposomal 3-oxo-C12-
HSL (3 mg/kg, C) , liposomal carvacrol phosphate (15 mg/kg, D), liposomal caffeic acid 
(8 mg/kg, E), liposomal pterostilbene phosphate(12 mg/kg, F), liposomal prednisolone 
phosphate (20mg/kg, H) or an equivalent dose of control liposomes (G). Multiple dose 
treatments were administered as indicated with arrows.
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of less aggressive tumors, usually encountered in the clinic. Again the spontaneous tumor 
models might be more relevant in providing evidence for the likelihood of clinical success 
of therapeutic liposomal natural compounds. However, for the development of genetically 
engineered mouse models of human cancer, the mouse genome is manipulated leading 
to gain or loss of specific predesigned genes, genes which directly or indirectly may affect 
pro-inflammatory pathways [49-51].

Choice of drug

Previous work done by our group clearly shows a strong inhibition of B16F10 melanoma 
proliferation by liposomal anti-inflammatory drugs, such as liposomal prednisolone 
phosphate [52]. Additionally, liposomal prednisolone phosphate is able to reduce 
tumor proliferation in tumors that can recapitulate the contributions of the tumor 
microenvironment, which are more reliable tumor models to study tumor-associated 
inflammation. The natural compounds studied here possess anti-inflammatory properties 
extensively described in literature and interfere with multiple inflammatory signaling 
pathways as glucocorticoids do. However, natural compounds seem to be somewhat less 
potent drugs compared to corticosteroids, and it could obviously be that the doses used 
in the current study are simply too low to show an effect. Inhibition of cancer-related 
inflammation requires high local doses of anti-inflammatory drug [20]. As corticosteroids 
are more potent than the natural compounds studied here, the small amounts of drug 
released in the tumor can be enough to have a therapeutic effect. In contrast, the low 
concentrations of less potent (natural) compounds might not be enough to exhibit anti-
tumor efficacy. Another mechanism could be that corticosteroids successfully interfere 
with tumor-associated macrophage function, e.g. by changing their phenotype, thereby 
slowing down macrophage-mediated angiogenesis and tumor growth [53].
It should be noticed that cortisone was tweaked to prednisolone in order to have a more 
potent pharmacophore. In the case of some natural compounds, which seem to have poor 
intrinsic activity, this has not been done so far.

Choice of drug delivery system

The result with our CAPE-liposomes was disappointing as intriguing results were observed 
with CAPE in other therapeutic studies [38, 54-55]. In a study performed by Kudugunti 
et al., CAPE reduced cell viability by 50% of different melanoma cell lines, including 
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B16F10 [38-39]. In an in vivo efficacy study described by the authors, B16F0 melanoma 
bearing mice received intraperitoneally 30 mg/kg of CAPE in 50% DMSO/saline, daily 
[38]. According to the authors, CAPE inhibited tumor growth by 57% despite mild liver 
and kidney toxicity [38].  In our study, a higher dose of liposomal CAPE (40 mg/kg) 
injected intravenously did not show anti-tumor effects nor toxic effects. This seems to 
imply that the liposome encapsulation was in this case not beneficial. 
Tumor residing macrophages are described to be the target of liposomal drugs, however 
the exact mechanism of how the encapsulated drug interacts with its target still remains 
to be elucidated. One of the possibilities is that macrophages phagocytize the liposomal 
system and act as a “reservoir” releasing the drug slowly in time [56]. However, it could 
be that the natural compound does not get released from the liposomal system, or its 
intratumoral penetration and distribution upon release was suboptimal [57].
Interestingly, it was suggested that the immuno-modulating and anti-tumor mechanism 
of liposomal prednisolone phosphate does not require a local effect, as a result of tumor 
accumulation by passive targeting, but could equally well be a systemic effect [58]. This 
fact illustrates that liposomal tumor-targeting strategies possibly do not only require 
tumors to be targeted but systemic effects are also important.

Inflammatory pathway selectivity

Since multiple signaling pathways become deregulated during the development of cancer, 
the multi-pathway interference feature of corticosteroids and natural compounds seem 
viable for the treatment of cancer. Also, with the complexity and interconnection of 
inflammatory pathways, it is likely that interfering with a single pathway, another one will 
take over to compensate for that deficiency. Although, it could be that a more selective 
strategy with high potency is more efficient than the less potent and multifactorial 
approach presented here. This would imply that some inflammatory pathways are more 
important than others in tumor progression and would help unravel which inflammatory 
pathways drive tumor growth. The study of the specific contribution of an inflammatory 
pathway is however limited by the general lack of selectivity of the anti-inflammatory 
agents. For example, it has been shown that COX-2 selective inhibitors have pleiotropic 
effects, many of which unrelated to COX-2 signaling pathway [59].
Therefore, it becomes apparent that encapsulating a broadly acting anti-inflammatory 
compound into drug delivery systems able to accumulate locally at the tumor site, is not 
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sufficient to translate in a clear anti-tumor effect. However, literature shows that some 
tumor-targeted (natural) anti-inflammatory drugs have anti-tumor effects [52, 60-61]. 
A critical evaluation of the contribution of tumor model, drug and its delivery system is 
required when interpreting therapeutic results to reliably assess whether extrapolation to 
a clinical situation is realistic.
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Inflammation is regarded to be crucial for tumor development, growth and survival. 
Therefore, inhibition of cancer-inflammation could support cancer therapy [1-2]. At the 
same time, an intact inflammatory response is crucial for host response to injury and 
infection. Therefore, local inhibition of inflammation is preferred.
This thesis focused on the development and evaluation of new targeted anti-inflammatory 
nanomedicines for cancer therapy. A concise overview of the different anti-inflammatory 
drugs and respective mechanism of action, together with the nanocarrier systems chosen 
for passive and/or active delivery to tumors has been provided in Chapter 2. The evaluation 
of the anticancer effects of such formulations is not straightforward. The high complexity 
of cancers in cell type content and crosstalk of signaling mediators is difficult to reproduce 
in an in vitro setting. In vitro screening has up to now been mainly limited to toxicity and 
proliferation assays on single-cell type populations. Co-culture experiments in spheroids 
may be a better approximation of the in vivo situation and may provide information on 
how communication between cell types is affected by anti-inflammatory drugs. Despite the 
advances in in vitro culture systems, the majority of the studies evaluating the anticancer 
potential of anti-inflammatory nanomedicines are performed in vivo using experimental 
tumor models [3]. As described in chapter 2, prednisolone phosphate encapsulated in 
long circulating liposomes (LCL-PLP) inhibits proliferation of syngeneic subcutaneous 
tumor transplant models [4]. However, these models also present some limitations when 
studying cancer-related inflammation. The inoculation of tumor cells is likely to induce a 
local “acute” inflammation which role on further tumor development is not known and 
which immune profile probably differs from that of a premalignant lesion. Furthermore, 
the exponential tumor growth in a relatively short period of time (days) that characterizes 
these experimental tumor models does not resemble the slow progressive malignant 
human disease (months to years). Finally, the location where the tumor is grown is 
usually chosen to facilitate tumor growth measurements rather than the orthotopic site 
of growth. Although there is no commonly accepted “best” tumor model for screening of 
an anticancer treatment, the best guiding principle appears to be relevancy to the human 
situation and therefore genetically engineered mice that develop orthotopic primary 
tumors in an immunocompetent host appear a closer approximation to reality [5-6]. The 
anti-tumor activity of LCL-PLP was therefore subsequently investigated in transgenic 
mice bearing spontaneous breast carcinomas described in Chapter 3.  Surprisingly, LCL-
PLP administered at a dose of 20 mg/kg once weekly inhibits the growth of slow growing 
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tumors to a higher degree than free PLP but not in fast growing tumors.  In these slower 
growing tumors, the non-targeted drug also inhibited the growth something not observed 
in the other tumor models. Our previous results in syngeneic transplant tumor models 
show that the fast tumor growth that characterizes these models is decelerated after LCL-
PLP treatment, while free drug is ineffective [4]. These results suggest that transplanted 
tumors might be more sensitive to corticosteroids or more dependent on inflammation 
for tumor proliferation and survival. Intrinsic tumor differences (tumor vascularization, 
macrophage infiltration, enzymatic profile, etc) may also account for the differences 
observed. Drug levels at the tumor site appear not to be related to the differences observed 
since, at 72h after injection, 1% of the injected dose could be recovered in rapidly growing 
liposome-treated melanoma transplanted tumors and spontaneous mammary tumors. 
Therefore, EPR-mediated accumulation occurs in both tumor models to a similar degree 
despite their remarkably different growth kinetics.
A downside of the work in genetically engineered mice is that the cancer develops as a result 
of one deregulated pathway and may therefore stimulate a very specific (inflammatory) 
profile. To assess the true potential of anti-inflammatory therapies, more experiments in 
more diverse spontaneous tumor models would be necessary. An important conclusion of 
this work is also that LCL-PLP remains the most potent formulation in both transplanted 
as well as spontaneous tumor models. This is important as, in the preclinical screening 
of anti-inflammatory nanomedicines for cancer therapy, spontaneous tumor models are 
difficult to work with, time-consuming and expensive. New anti-inflammatory drug 
formulations are most efficiently screened in rapidly growing syngeneic transplant tumor 
models as they allow rapid estimation of anticancer potency within an intact immune 
environment usually within a month. Only those formulations that induce potent tumor 
growth inhibition would then be taken for subsequent screening in spontaneous tumor 
models, where the evaluation of anti-tumor effects can easily take a year. In these models, 
the subtleties of the treatment can be further investigated and translated to the human 
pathology.
To investigate the contribution of the delivery system in the anti-tumor efficacy of targeted 
glucocorticoids, we compared liposomal dexamethasone to dexamethasone-loaded core-
crosslinked polymeric micelles (DEX-PM) in vivo in Chapter 4. Dexamethasone is a 
corticosteroid with 5-10 times higher potency than prednisolone which, when targeted 
as dexamethasone phosphate in long-circulating liposomes to tumors, induces similar 
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anti-tumor effects to LCL-PLP [7-8]. Core-crosslinked polymeric micelles loaded with 
chemotherapeutic drugs such as paclitaxel and doxorubicin have been studied previously 
in different preclinical tumor models, however corticosteroid-loaded core crosslinked 
micelles have so far never been studied as anticancer therapy [9-10]. The transiently 
stable entrapment of dexamethasone upon core-crosslinking of different polymerizable 
dexamethasone derivatives was achieved with linker molecules. By employing linkers with 
different degrees of oxidation of the thioether, and thereby different susceptibility of the 
neighbouring ester bond to hydroxyl ion-driven hydrolysis, the in vitro dexamethasone 
release could be tailored. Pharmacokinetic studies showed that these polymeric systems 
have prolonged circulation time as compared to free drug and tissue distribution pattern is 
similar to other nanocarrier systems. When dexamethasone is conjugated and crosslinked 
in the micelles via a sulfoxide ester, dexamethasone release profile is similar to that of 
LCL-DEX and for this reason was chosen for subsequent in vivo evaluation for anti-tumor 
efficacy. The administration of DEX-PM dosed at 10 mg/kg inhibited tumor growth in 
melanoma bearing mice. The anti-tumor effect observed was similar to that of LCL-DEX, 
thereby suggesting that there are no intrinsic differences between the carriers that have 
a major influence on anti-tumor efficacy. These findings encourage further evaluation of 
the PM in cancer to take advantage of the versatility of the polymeric system which allows 
the adjustment of the drug release kinetics to maximize anti-tumor effects. In this way, 
a correlation between corticosteroid-release profile and anti-tumor efficacy can be made.
To investigate if an anti-inflammatory drug (pravastatin) with a completely different anti-
inflammatory profile than corticosteroids can have anti-tumor effects when targeted to 
the tumor site, long-circulating liposomes encapsulating pravastatin (LCL-PRV) were 
developed and evaluated in vivo in Chapter 5. Statins, apart from inhibition of 3-hydroxy-
3-methylglutaryl coenzyme A reductase, affect several tissue functions and modulate 
multiple signal transduction pathways involved in the maintenance of cell shape, motility, 
factor secretion, differentiation, and proliferation [11]. These pleiotropic effects of statins, 
which account for their anti-proliferative and antiangiogenic effects, only take place at 
doses substantially higher than those used in cholesterol-lowering protocols [11]. Effective 
concentrations are only achievable in the tumor when delivered in a nanocarrier system. 
Indeed, after intravenous administration in melanoma bearing mice, LCL-PRV inhibited 
tumor growth by approximately 70% as compared to the ineffective free drug. Pravastatin 
has a half-life of approximately 0.5-3h and, as expected, liposomal encapsulation alters 
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its pharmacokinetic profile and biodistribution. 6% of the injected dose was recovered 
from blood and 2% from tumor tissue at 48h after administration, while no drug could 
be detected in these tissues from free drug-treated mice.
Importantly, anti-tumor effects seem to be mediated by cholesterol-independent 
mechanisms since cholesterol levels remained constant throughout the study. The efficacy 
correlated with a reduced expression of several pro-inflammatory/pro-angiogenic proteins 
in the tumor tissue. The immunomodulatory effects of liposomal pravastatin also triggered 
induction of histocompatibility complex class I (MHC-I) protein expression in B16F10 
cells and tumors. In this respect, pravastatin may have a very attractive activity profile 
as it is able to downregulate components of the innate inflammatory response, while in 
principle enabling detection and removal of tumor cells by the specific immune response. 
To what extent the specific immune system was involved in the anti-tumor effects in these 
experiments remains to be investigated. Notwithstanding, the targeted delivery approach 
appears to be even more important in the anti-tumor effect of pravastatin as it could fine 
tune the ratio between downregulation of unwanted pro-inflammatory mechanisms and 
upregulation of beneficial inflammation. Such experiments could bridge our observations 
on anti-tumor effects of anti-inflammatory compounds to observations of approximately 
30 years ago on anticancer effects of liposomal pro-inflammatory molecules, such as 
polylC and muramyl tripeptide, which also reported potent anticancer efficacy [12-13]. 
Side by side comparisons could reveal which pathways need stimulation and which ones 
need silencing to design optimal combinations of immune activating and inhibiting 
compounds.
The formulation of natural anti-inflammatory drugs in liposomes was investigated in 
Chapter 6. In general, orally administered natural compounds undergo extensive 
conjugation in the intestinal tract and a limited amount of active compound reaches 
the bloodstream [14]. Intravenous administration of natural compounds (mostly 
polyphenolics) is limited by their modest solubility [14]. Also, chemical instability and 
limited distribution to target sites restrict preclinical and clinical studies [14]. To overcome 
these limitations, liposomal formulations of caffeic acid (and derivative), carvacrol 
(and derivative), thymol, pterostilbene (and derivative), and N-(3-oxo-dodecanoyl)-
l-homoserine lactone (3-oxo-C12-HSL) were developed. The limited solubility of 
resveratrol and 3-oxo-C12-HSL could be increased by liposomal solubilization, however 
such compounds tend to be rapidly extracted from the liposomes in the presence of 



8

184

 

serum. Although liposomes are mostly active as solubilizing excipients rather than drug 
targeting system for these compounds, liposomal formulation did allow intravenous 
administration and both drugs showed modest activity in inhibiting the growth of 
head and neck squamous carcinoma. Derivatization of the natural compound into a 
water-soluble compound increases its solubility and allows a more stable entrapment 
in the aqueous core of the liposome as shown for the phosphate salts of carvacrol and 
pterostilbene. For carvacrol phosphate, drug derivatization did not seem to compromise 
biological activity. Also chemical stability of natural compounds may be increased by 
drug derivatization or lipid protection. Resveratrol isomerisation into the biologically 
inactive cis-isomer was prevented by liposome association. Although caffeic acid solubility 
was increased when incorporated in liposomes, its oxidation into several degradation 
products was not prevented. In contrast, the natural derivative of caffeic acid, caffeic 
acid phenethyl ester (CAPE), appeared less prone to oxidation and could be formulated 
in liposomes with an encapsulation efficiency of approximately 90% which allows its 
systemic administration without the need of organic solvents. 
In Chapter 7, the liposome formulations of natural compounds developed and described 
in Chapter 6 were evaluated for anti-tumor efficacy in B16F10 melanoma bearing mice. 
Surprisingly, B16F10 melanoma bearing mice seem not to be responsive to liposomal 
treatments of natural compounds, despite the encouraging results in mice bearing head 
and neck carcinoma. These findings demonstrate that encapsulating a multi-targeted anti-
inflammatory molecule into a nanocarrier which circulates long enough to accumulate 
at the tumor site, are not the only requirements to obtain anticancer activity. A critical 
evaluation of the contribution of potency and range of molecular targets of the drug, 
its delivery system and the tumor model used in preclinical studies is crucial for reliable 
interpretation of the therapeutic results and extrapolation to the clinical setting.

Taken together, it is unlikely that a therapy that interferes with one single inflammatory 
target will cure cancer. In addition, it is clear that not all anti-inflammatory compounds 
exert anti-tumor effects even when targeted to the tumor tissue. The anti-tumor effects 
depend on the selective and simultaneous inhibition of specific inflammatory pathways. 
However, the best combination of pathways that should be inhibited remains unknown. 
Of the formulations studied in this thesis, liposomal corticosteroids were the most 
effective in the modulation of cancer-inflammation and thereby inhibition of tumor 
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growth. However, the anti-tumor effect is limited to a decrease in the tumor growth rate. 
Tumor growth resumes as soon treatment is suspended. Eventually, the next step in the 
preclinical evaluation of liposomal corticosteroids would be to test therapeutic strategies 
where cytotoxic targeting of the tumor cells is supported by simultaneous targeting of 
cancer-related inflammation.
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Nederlandse samenvatting

Ontstekingsreactie

Een ontstekingsreactie is een dynamisch en complex afweermechanisme van de gastheer tegen 
weefselbeschadiging of, meer algemeen, verlies van homeostase. Een netwerk van cellen en 
mediatoren initiëren en bevorderen de eliminatie van binnendringende ziekteverwekkers 
en reparatie van aangedaan weefsel. De ontstekingsreactie start met het niet-specifieke 
deel van het immuunsysteem. Lokale monocyten/macrofagen en mestcellen geven een 
reeks factoren af. In het algemeen leidt dit tot een aantal macroscopische veranderingen 
in het weefsel: toename van de doorbloeding en roodheid (rubor), lokale verhoging van 
de temperatuur (calor), vasodilatatie en exudaatvorming (oedeem, tumor), stimulatie van 
sensorische zenuwen (dolor) en verlies van functie (functio laesa).  Vervolgens worden extra 
leukocyten (vooral neutrofielen en macrofagen) uit de circulatie aangetrokken om het 
lichaamsvreemde materiaal op te ruimen en celresten te verwijderen. Vervolgens wordt 
het veneuze netwerk hersteld en vindt reparatie plaats door prolifererende endotheelcellen 
en fibroblasten. Als de aanleiding voor de reactie is verdwenen, ondergaan infiltrerende 
cellen apoptose of verlaten het weefsel via lymfedrainage. Uiteindelijk verschuift het pro-
inflammatoire milieu naar een anti-inflammatoire omgeving. De ontstekingsreactie lost 
meestal vanzelf op, maar als de oorzaak van de ontstekingsreactie aanwezig blijft en/of het 
niet lukt de ontstekingsreactie op te lossen kan dit leiden tot verdere pathogenese.

De rol van de ontstekingsreactie in kanker

Een dergelijke aanhoudende ontsteking wordt nu beschouwd als een belangrijke speler 
bij kanker. Sinds Virchow in 1863 vaststelde dat tumoren vaak zijn geïnfiltreerd met 
ontstekingscellen, is de relatie tussen chronische ontsteking en kanker verder uitgebouwd, 
met name in de laatste tien jaar. De sterkste correlaties tussen chronische ontsteking 
en de ontwikkeling van tumoren zijn gezien bii: dikke darmkanker in patiënten met 
een inflammatoire darmziekte, hepatocellulair carcinoom in personen met chronische 
hepatitis virus infectie, en maagkanker na Helicobacter pylori-infectie. Een sluimerende 
ontsteking wordt tegenwoordig gezien als een ondersteuning voor het ontwikkelen en 
uitgroeien van tumoren in plaats van een beschermende reactie gericht tegen de tumor. 
Tumoren kunnen worden beschouwd als organen die niet alleen tumorcellen bevatten, 
maar ook niet-specifieke immuuncellen (neutrofielen, dendritische cellen, macrofagen, 
natural killer cellen en mestcellen), specifieke immuuncellen (B- en T-lymfocyten) en 
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stromale cellen (bestaande uit endotheelcellen, fibroblasten, mesenchymale cellen 
en pericyten) die voortdurend met elkaar en de tumorcellen communiceren. Deze 
communicatie en het specifieke micromilieu in de tumor leidt tot een voortdurende 
ontstekingsrepons die echter niet in staat is om uit te groeien tot een respons die de 
tumorcellen elimineert. 
Model voor deze dubbele rol van onstekingscellen in tumoren staan de tumor-
geassociëerde macrofagen (TAM). In aanwezigheid van bacteriële producten of Th1 
cytokines raken macrofagen ‘klassiek’ geactiveerd en differentiëren ze tot een M1 fenotype 
dat wordt gekenmerkt door immuunstimulerende activiteit, terwijl bij aanwezigheid van 
Th2 cytokines of immuunonderdrukkende factoren een M2 fenotype tot expressie komt. 
Door het ontbreken van M1-polarisatie in tumoren verschuift het fenotype van TAMs 
naar M2 macrofagen. Deze M2-macrofagen dragen netto bij aan tumorgroei en hun 
dichtheid correleert met de prognose van de patiënt. Dit M2 functionele fenotype wordt 
ook geassocieerd met onderdrukking van de specifieke immuunrespons.

Remming van de ontstekingsrespons in de behandeling van kanker

Behandelingsmogelijkheden voor kanker bevatten meestal een operatie in combinatie met 
bestraling en/of chemotherapie. Geneesmiddelen tegen kanker worden onderverdeeld in:

•	 cytotoxische geneesmiddelen die interfereren met de celdeling en de DNA-synthese   
(bijvoorbeeld doxorubicine, cyclofosfamide, gemcitabine, actinomycine-D)

•	 geneesmiddelen die interfereren met hormoonsignalering en hormoonreceptoren 
op kankercellen (bijv. tamoxifen)

•	 antilichamen en kinase-remmers die specifiek interfereren met eiwitten die 
betrokken zijn in de groeifactor-receptoren van kanker cellen (bijvoorbeeld 
trastuzumab, bevacizumab, sunitinib, erlotinib)

•	 immuun-actieve geneesmiddelen die de antitumorrespons verhogen (bijvoorbeeld 
monoklonale antilichamen, IL-2, interferon-α)

Ondanks deze geneesmiddelen leidt kanker tot een enorme morbiditeit en mortaliteit 
en is er een aanhoudende behoefte aan nieuwe therapeutica. Omdat de chronische 
inflammatoire micro-omgeving in de tumor netto bijdraagt aan tumorgroei, zou een  nieuwe 
therapeutische strategie daarop in kunnen spelen. Deze nieuwe geneesmiddelen kunnen 
interfereren met ontstekingscellen of hun mediatoren om zo het ontregelde inflammatoire 
netwerk te herstellen. In dit verband is er onderzoek gedaan naar anti-cytokine therapieën 
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(anti-TNF-α, anti-IL-1β en anti-IL-6), chemokine remmende moleculen (anti-CXCL8 
antilichaam) of antagonisten voor de receptoren (antilichaam tegen CCR4). Strategieën 
die gericht zijn op depletie van specifieke cellen zijn ook onderzocht, bijvoorbeeld de 
depletie van TAMs met liposomaal clodronaat. In tumordragende muizen zorgde deze 
clodronaat-formulering voor verminderde tumorgroei, angiogenese en metastasering. Een 
wat meer geraffineerde strategie dan depletie is het manipuleren  van macrofaagpolarisatie, 
bijvoorbeeld met histidine-rijk glycoproteïne.
In principe zou een hele reeks verbindingen met een bekende anti-inflammatoire activiteit 
en veiligheidsprofiel hierdoor een nieuwe indicatie kunnen krijgen. Anti-inflammatoire 
geneesmiddelen blijken ontsteking te beïnvloeden langs vele verschillende routes. Het 
relatieve belang van de remming van iedere route is voor tumortherapie onduidelijk. 
De uitdaging is dan ook om te begrijpen welke signaaltransductiecascades bijdragen aan 
de groei van tumoren, welke ongemoeid kunnen worden gelaten, of welke zelfs zouden 
moeten versterkt vanwege hun bijdrage in de bestrijding van de tumor.
Ook al is het belang van de verschillende ontstekingsroutes niet helemaal duidelijk, uit het 
preklinische werk met anti-inflammatoire verbindingen dringt zich wel een belangrijke 
conclusie op.  Namelijk dat antitumor effecten worden bereikt bij aanzienlijk hogere 
concentraties dan in pre-klinisch werk in klassieke modellen voor ontsteking. Vaak is 
bovendien frequente toediening vereist en dit kan bij elkaar leiden tot het optreden van 
ernstige bijwerkingen. Deze bijwerkingen en het belang van de afweer voor het organisme 
maakt het aantrekkelijk om lokaal tumor-geassocieerde ontstekingen te remmen. Dit kan 
worden bereikt door gerichte toediening van medicijnen (drug targeting).

Drug targeting  en drug delivery systemen

Drug targeting kan de farmacokinetiek en toxicologie van geneesmiddelen verbeteren. 
Een populaire strategie om drug targeting te bereiken is het insluiten van geneesmiddelen 
in nanocarriers. Hierdoor wordt de weefselverdeling van het geneesmiddel bepaald 
door de distributie van het nanomedicijn. Bekende voorbeelden van zulke nanocarriers 
zijn liposomen, micellen en polymeren. Lang circulerende liposomen, ook wel “stealth 
liposomen” bereiken een lange circulatietijd door het insluiten van een PEG-geconjugeerd 
lipide in de bilaag. Nanodeeltjes met een lange circulatietijd hebben een grotere kans om 
te extravaseren en op te hopen in het tumorweefsel. Deze passieve targeting is het gevolg 
van de verhoogde capillaire permeabiliteit in het ontstoken weefsel. Bovendien wordt de 
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drainage van het tumorweefsel via de lymfevaten belemmerd door de hoge interstitiële 
druk waardoor de nanomedicijnen zich ophopen. 

Targeting van glucocorticoïden naar tumoren 

Glucocorticoïden zijn goedkope krachtige ontstekingsremmers en daardoor vaak de 
eerste keuze in de behandeling van ontstekings- en auto-immuunziekten. Sterke anti-
inflammatoire effecten in muismodellen van reumatoïde artritis, bijvoorbeeld, worden in 
het algemeen bereikt bij cumulatieve weekdoses van 1-7 mg/kg. Ook in tumormodellen 
in muizen laten glucocorticoïden gunstige effecten zien, maar hier is voor het vrije 
geneesmiddel frequentere en ca. 100-1000 maal hogere dosering nodig. Zulke intensieve 
behandelingsschema’s leiden in veel gevallen tot ernstige bijwerkingen als gevolg van 
opportunistische infecties. Door corticosteroïden in lang-circulerende liposomen in te 
sluiten wordt de accumulatie van het geneesmiddel in de tumor verhoogd. Hierdoor kan 
de dosis waarbij therapeutische effecten worden gezien aanzienlijk worden verlaagd. Deze 
schets van het belang van de ontstekingsrespons bij kanker en de mogelijkheden die dit 
biedt voor therapeutisch ingrijpen is beschreven in Hoofdstuk 1.
 
De resultaten met de liposomale corticosteroïden tonen aan dat verstoring van de 
chronische inflammatoire omgeving van tumoren met behulp van anti-inflammatoire 
verbindingen een aantrekkelijke therapeutische aanpak zou kunnen zijn bij kanker. Een 
overzicht van de klassen van anti-inflammatoire geneesmiddelen en drug delivery systemen 
die tot nog toe zijn bestudeerd om kanker te behandelen is gegeven in Hoofdstuk 2.

In Hoofdstuk 3, worden de therapeutische effecten van liposomale glucocorticoïden 
beschreven in een muizenstam die spontaan borstkanker ontwikkelt. Tot nog toe zijn 
deze formuleringen alleen onderzocht in muizen, waarbij tumorcellen uit een kweekfles 
subcutaan worden ingebracht die vervolgens in het lichaam snel uitgroeien tot een tumor. 
Deze plotselinge injectie van tumorcellen is niet goed te vergelijken met de natuurlijke 
groei van een tumor zoals die plaatsvindt in patiënten. Dit spontane borstkankermodel kan 
daarom belangrijke inzichten geven in de werkzaamheid van liposomale glucocorticoïden 
tegen een tumor die zich spontaan heeft ontwikkeld zoals in patiënten. Verrassend genoeg 
was liposomaal prednisolon fosfaat in staat de groei van langzaam-groeiende tumoren 
te remmen, maar niet die van de snel groeiende tumoren (die meer lijken op eerder 
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gebruikte tumormodellen). Ook het vrije geneesmiddel vertraagde de groei van tumoren 
enigszins alhoewel er, op 72 uur na injectie, geen concentraties van het geneesmiddel 
in de tumor konden worden gedetecteerd. Op ditzelfde tijdstip werd 3 µg prednisolon 
teruggewonnen per gram tumorweefsel in liposoom-behandelde muizen. Dit resultaat 
laat zien dat het targeting concept ook in dit spontane tumormodel werkt. 

In Hoofdstuk 4 is de therapeutische effectiviteit van glucocorticoïden getest, die zijn 
getarget met een nieuw type nanocarrier: core-crosslinked micellen. Het geneesmiddel 
werd aan de micellen gekoppeld met verschillende linker-moleculen, waarmee de afgifte 
van het geneesmiddel kon worden gereguleerd. De resultaten werden vergeleken met de 
liposomale formulering. De micellen lieten (net als de liposomen) een lange halfwaardetijd 
zien in de circulatie en daardoor accumulatie in de tumor. De micellen waarin het 
geneesmiddel was gekoppeld met een sulfon-ester als linker lieten een vergelijkbare 
farmacokinetiek zien als de liposomen en daarom werden deze twee systemen onderling 
vergeleken. Beide systemen remden de groei van tumoren in dezelfde mate en beiden 
resulteerden in een verlengde overleving in vergelijking met de vrije geneesmiddelen. In 
een volgende stap kunnen de micellen met een andere afgiftekinetiek van het geneesmiddel 
worden getest om te bepalen wat het optimale afgifteprofiel van glucocorticoïden in de 
tumor is.

Andere anti-inflammatoire geneesmiddelen

Buiten glucocorticoïden komen ook andere geneesmiddelen in aanmerking. Statines 
bijvoorbeeld, zijn onderzocht op hun anti-inflammatoire en immuunmodulerende 
eigenschappen die niet direct gerelateerd zijn aan hun cholesterolverlagende werking. 
Deze pleiotrope effecten vloeien voornamelijk voort uit de veranderde post-translationele 
modificatie van GTP-bindende eiwitten die in veel intracellulaire routes betrokken zijn 
bij celgroei en -overleving.  In Hoofdstuk 5 hebben we liposomen als lang-circulerende 
nanocarrier gebruikt voor het doelgericht afleveren van pravastatine aan tumoren. In 
vitro studies naar de effecten van (liposomaal) pravastatine lieten zien dat macrofagen 
het meest gevoelige celtype waren voor (liposomale) pravastatine behandeling. In muizen 
zorgde liposomaal ingekapseld pravastatine dat tumorgroei tot 70% meer werd geremd 
in vergelijking met vrij pravastatine dat ineffectief was. De injectie van (liposomaal) 
pravastatine veranderde cholesterolconcentraties in de circulatie niet, omdat de tijdsduur 
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van de experimenten daarvoor te kort was. 48 uur na de injectie, kon 3 µg/g tumorweefsel 
pravastatine worden gedetcteerd, na toediening van liposomaal pravastatine, terwijl het 
vrije geneesmiddel niet werd teruggevonden in de tumor. Dit geeft aan dat liposomen 
in staat zijn om pravastatine naar de tumor te targeten. Op moleculair niveau remde 
liposomaal pravastatine de productie van verschillende pro-inflammatoire  mediatoren. 
Bovendien verhoogde het de MHC klasse I eiwit expressie in het tumorweefsel wat het 
opruimen van tumorcellen door het specifieke deel van het immuunsysteem zou kunnen 
verbeteren.

In Hoofdstuk 6 zijn diverse natuurlijke anti-inflammatoire stoffen bestudeerd.  In 
het algemeen geldt dat, voor deze verbindingen, hun fysisch-chemische eigenschappen 
resulteren in een slechte chemische stabiliteit en beperkte biologische beschikbaarheid. 
In deze studie werden een aantal verbindingen onderzocht: caffeïnezuur (derivaten), 
carvacrol (derivaten), thymol, pterostilbene (derivaten), en N-(3-oxo-dodecanoyl)-
l-homoserinelacton. Dit zijn natuurlijke stoffen met sterke anti-inflammatoire 
eigenschappen geproduceerd door planten en bacteriën. Ook deze verbindingen 
hebben een slechte oplosbaarheid in water of zijn chemisch instabiel. Inkapseling in 
liposomen zou kunnen helpen om deze problemen te ondervangen. Lipofiele 3-oxo-
C12-homoserinelacton en pterostilbeenderivaten kunnen efficiënt worden geladen in 
de liposomale lipidenlaag met een rendement van 50-70%. De liposomen maken deze 
verbindingen hiermee toepasbaar voor intraveneuze toediening zonder gebruik van 
oplosmiddelen. De verbindingen die zich ophouden in de  lipidenmembraan van het 
liposoom (carvacrol, thymol, 3-oxo-C12-homoserinelacton, pterostilbene) werden echter 
snel uit het liposoom geëxtraheerd in aanwezigheid van albumine. Dit leverde dus geen 
stabiele formuleringen op. Derivatisering van de verbinding in een wateroplosbare prodrug 
verhoogde deze stabiliteit. De chemische instabiliteit van resveratrol werd verbeterd door 
liposoom-encapsulatie, omdat inactivatie door cis-trans isomerisatie werd voorkomen. 
Inkapseling van caffeïnezuur kon niet verhinderen dat deze verbinding oxideerde. Door 
derivatisering van deze stof met een fenyl ester kon de verbinding wel stabiel worden 
ingekapseld zonder chemische degradatie.
Ondanks de instabiliteit van liposomaal  3-oxo-C12-homoserinelacton en resveratrol, 
leidde intraveneuze toediening van deze stoffen tot remming van de tumorgroei.
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Liposomale preparaten van resveratrol, carvacrol fosfaat, pterostilbene fosfaat, N-(3-oxo-
dodecanoyl)-l-homoserinelacton, caffeïne zuur en caffeïne zuur phenethyl ester (CAPE) 
zijn in Hoofdstuk 7 beschreven. Na bereiding en karakterisatie, werden ze getest in 
muizen met een subcutane tumor. Verrassend genoeg was geen effect te zien van liposomale 
behandelingen met deze natuurlijke verbindingen, wat contrasteert met observaties 
in Hoofdstuk 6 in een ander tumormoclel. Dit leidt tot de conclusie dat de specifieke 
combinatie van tumormodel, drug delivery systeem en de specifieke karakteristieken van 
het anti-inflammatoire geneesmiddel cruciale factoren zijn die allesbepalende effecten 
kunnen hebben op de uitkomsten van in vivo experimenten. Dit maakt het vertalen 
van resultaten in preklinische modellen tijdens de ontwikkeling en evaluatie van nieuwe 
nanogeneesmiddelen niet eenvoudig. In Hoofdstuk 8, tenslotte, wordt een overzicht van 
het werk gegeven en suggesties voor toekomstig onderzoek gedaan.
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