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Abstract:



Cholesterylbutyrate (Chol-but) was chosen as a prodrug of butyric acid. Butyrate is not often used in vivo because its half-life is very short and therefore too large amounts of the drug would be necessary for its efficacy. In the last few years butyric acid's anti-inflammatory properties and its inhibitory activity towards histone deacetylases have been widely studied, mainly in vitro. Solid Lipid Nanoparticles (SLNs), whose lipid matrix is Chol-but, were prepared to evaluate the delivery system of Chol-but as a prodrug and to test its efficacy in vitro and in vivo. Chol-but SLNs were prepared using the microemulsion method; their average diameter is on the order of 100-150 nm and their shape is spherical. The antineoplastic effects of Chol-but SLNs were assessed in vitro on different cancer cell lines and in vivo on a rat intracerebral glioma model. The anti-inflammatory activity was evaluated on adhesion of polymorphonuclear cells to vascular endothelial cells. In the review we will present data on Chol-but SLNs in vitro and in vivo experiments, discussing the possible utilisation of nanoparticles for the delivery of prodrugs for neoplastic and chronic inflammatory diseases.
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1. Introduction


Different colloidal drug delivery systems (including liposomes, dendrimers and polymeric nanoparticles, in addition to Solid Lipid Nanoparticles [SLNs]), were developed to overcome physico-chemical limitations of potential therapeutical compounds such as poor solubility, low permeability, short half-life, high molecular weight, side effects and systemic toxicity [1,2]. Butyric acid, a physiologic compound normally present in all mammalian organisms, could be regarded as a prototype of an effective in vitro anti-inflammatory and anti-cancer drug whose clinical use is heavily limited by its poor pharmacokinetic profile [3,4,5,6,7,8,9,10,11].



Cholesterylbutyrate SLNs (Chol-but SLNs), recently prepared and tested in vitro, proved to be an effective and suitable prodrug of butyrate [11,12,13,14,15]. The aims of this review are first to describe the characteristics of SLNs prepared from warm microemulsions, subsequently to analyze the biological properties of butyrate as regards to anti-inflammatory and especially anti-neoplastic, finally to discuss Chol-but SLNs in vitro and in vivo studies and their potential and future applications.




2. Theoretical and Experimental Background


2.1 Solid Lipid Nanoparticles


2.1.1 SLNs from warm microemulsions


SLNs are prepared from warm microemulsions. Microemulsions are chemical-physical systems composed of oil, water, cosurfactant and surfactant, and have an interfacial tension near zero, thus accounting for their long-term stability. The mean diameter of the microemulsion nanodroplets is below 80 nm.



Warm microemulsions are prepared at temperature ranging from 60 to 80 degrees by using melted lipids (such as fatty acids/triglycerides) and are subsequently dispersed in cold water. Nanodroplets obtained using this procedure become SLNs, which are successively washed by tangential flow filtration. SLNs are spherical in shape and with a narrow size distribution. The zeta potential is always high (30/40 mV), being negative or positive depending on the starting formulation.



Hydrophilic and lipophilic molecules (drugs or diagnostic compounds) can be incorporated in SLNs using different methods [16]. The mean diameter of drug loaded SLNs ranges from 80 to 200 nm, according to the chemical characteristics and the amount of the incorporated molecules. Drugs of different structure and lipophilicity, such as cyclosporine A, paclitaxel, doxorubicin, tobramycin, steroids, peptides, antisense oligonucleotides, or diagnostic compounds, such as Gadolinium derivatives or iron oxide, were loaded into SLNs.




2.1.2 Some peculiarities of SLNs


Internalization into cell lines: unloaded SLNs are quickly (2-5 min) uptaken by neoplastic cells in vitro. SLNs loaded with antineoplastic drugs, such as paclitaxel and doxorubicin, are also uptaken by different neoplastic cell lines. Their effect is up to 100 times higher than that observed with the drug commercial formulations and it is probably related to the fast and large internalization of SLNs into cells [17,18,19,20].



Targeting to lymph: drug-unloaded and drug-loaded SLNs, after administration in rats by duodenal/oral route, are targeted to lymph [21].



Stealth SLNs: stealth SLNs can be prepared in order to enable them to avoid their recognition by the reticulo-endothelial system (RES) after intravenous (i.v.) administration in rats, thus prolonging their residence time [22,23].



Crossing the blood-brain barrier: unloaded stealth and non-stealth SLNs, i.v. administered to rats are able to overcome the blood-brain barrier (BBB). Stealth and non-stealth SLNs loaded with different drugs reach the brain whereas free drugs are not able to efficaciously pass through the BBB [20,23,24].




2.1.3 Administration routes of SLNs


Different administration routes were tested in laboratory animals and precisely duodenal/oral, i.v., and ocular topical (eye drops) [25,26]. Melatonin-SLNs were administered in humans by oral and transdermal routes [27].



Duodenal/oral route: Tobramycin is currently administered by parenteral route. This drug was chosen to demonstrate that Tobramycin-loaded SLNs (Tobra-SLNs) are able to pass through the lymph to plasma and to evaluate Tobra-SLNs pharmacokinetics. Tobra-SLNs, injected to rats by duodenal route, easily reach plasma. Therefore, their pharmacokinetic parameters are deeply enhanced in comparison to drug-free solutions i.v. administration. So a drug, usually not absorbed by gastro-enteric route and necessarily i.v. administered, could be found in larger amounts in plasma if vehiculated by SLNs [26]. Furthermore the targeting of Tobra-SLNs to lymph is also confirmed; TEM analysis shows that even more than twenty hours after duodenal administration, Tobra-SLNs are still present in the mesenteric lymph nodes.



Intravenous administration: Non-stealth and stealth Doxorubicin-loaded SLNs (Doxo-SLNs) were prepared, the latter containing increasing amounts of stealth agent, and were i.v. administered to rabbits in order to compare their pharmacokinetic in comparison with doxorubicin free solution. Stealth Doxo-SLNs reach the brain in larger amounts whereas only a smaller proportion of non-stealth Doxo-SLNs does so; doxorubicin free solution is not able to reach the brain. These data confirm that the brain drug concentration directly depends on the amount of stealth agent used [26].



Transdermal route: SLNs loaded with melatonin, a natural hormone, were delivered by oral route and via transdermal patches in healthy volunteers with very promising clinical results [27].



In conclusion, SLNs are a sustained-release drug deliver system for several administration routes. They could also be regarded as formulations suitable to delivery by duodenal/oral administration drugs with low solubility and not absorbed by gastro-enteric tract, so avoiding parenteral route.





2.2 Butyrate


Butyric acid belongs to the family of short-chain fatty acids (SCFA), that includes also acetic, propionic and valeric acid. These compounds are physiologic metabolites present in all mammalian organisms and are largely produced in the colon by bacterial anaerobic fermentation of undigested carbohydrates (mainly derived from soluble fibres) and proteins [5,8,9,10,28,29,30]. SCFA, whose concentration is regulated by both local production-absorption rates and gut elimination, are metabolized by epithelial cells in the colon, where they act as primary energy source and play a significant role in maintaining physiologic functions [10,11,29,31,32,33,34]. Butyric acid, the most effective agent among SCFA, was evaluated as a therapeutical agent in some intestinal dysfunctions, mainly because of its anti-inflammatory and anti-cancer properties [9,10,30].



2.2.1 Anti-inflammatory properties.


Butyrate plays its crucial physiological role in maintaining the health and the integrity of the intestinal mucosa by regulating the balance between epithelial cell proliferation, differentiation and apoptosis [35]. Apart from its well known growth-preventing and apoptosis-inducing roles in neoplastic colonocytes, butyrate is able to reduce inflammation in experimental colitis and to exert in vitro trophic and anti-inflammatory effects in normal colonocytes.



The chronic inflammation that is the hallmark of Inflammatory Bowel Diseases (IBD) results from the recruitment and activation of immune cells from the circulation. These in turn release locally in the submucosa pro-inflammatory cytokines, including members of the Interleukin (IL) family and Tumour Necrosing Factor (TNF)-alpha, which play an important role in the pathogenesis of IBD [36,37]. The exact mechanism of action of butyrate on inflammation is only partially understood; however several possible mechanisms were evaluated.



In an animal model, colitis was induced in rats by oral dextran sulphate sodium (DSS) and the animals were treated either with sodium butyrate (Na-but) or saline enemas. Butyrate shows a significant protection against the decrease in cell viability, the increase in mucosal permeability, and the polymorphonuclear (PMN) cells infiltration, seen in DSS colitis. Butyrate inhibits inducible heat shock protein 70 expression in DSS colitis and the activation of heat shock factors and inducible nuclear transcriptional activator NF-κB (NF-κB) [38]. Similar data were confirmed in rat experimental colitis induced by trinitrobenzene acid: topical administration of Na-but improves the symptoms of colitis and promotes rapid repair of the epithelium in the active phase, with a reduction of IL-1β and NF-κB production [39].



In humans several clinical trials showed that oral or topical administration of butyrate induces clinical improvement/remission of Crohn’s disease and distal ulcerative colitis. Immunopathology analysis of intestinal biopsies indicates that the IL-1β secretion is significantly decreased, and a favourable downward trend is observed for IL-6 and IL-12 levels [40,41,42].



In isolated lamina propria and peripheral mononuclear cells cultured from intestinal biopsy specimen of Crohn’s patients, butyrate decreases TNF production and pro-inflammatory cytokine mRNA expression. Furthermore butyrate abolishes lipopolysaccharide induced expression of cytokine by peripheral blood mononuclear cells and transmigration of NF-κB from the cytoplasm to the nucleus [43].



Several in vitro studies confirmed the anti-inflammatory effects of butyrate using different models. Using cultured mesenteric lymph node lymphocytes it was shown that Na-but inhibits lymphocyte proliferation, IL-2 production, and Interferon (INF)-γ production [44]. These data are confirmed using the whole-blood model from healthy human volunteers: butyrate decreases TNF-α, INF-γ, IL-5, IL-12 production in peripheral blood mononuclear cells stimulated with lipopolysaccharides, whereas it does not affect the release of IL-6 [45]. Similar results are observed using human neutrophils from human blood of healthy volunteers, confirming that the involved mechanism is the suppression of NF-κB reported activity, immuno-related gene expression and cytokine release [46].



Adhesion and migration of leucocytes into the surrounding tissues is a crucial step in inflammation; a recent research investigated the effect of butyrate on the expression of endothelial leucocyte adhesion molecules by cytokine-stimulated human umbilical vein endothelial cells (HUVEC). Pre-treatment of HUVEC with butyrate inhibits TNF-α-induced expression of vascular cell adhesion molecule-1 (VCAM-1) and intracellular cell adhesion molecule (ICAM-1) in a time and concentration-dependent manner. These findings indicate that anti-inflammatory action of butyrate is partly attributable to an inhibitory expression of VCAM-1 and ICAM-1 [47,48].




2.2.2 Anti-cancer effects.


Several in vitro studies showed that butyrate acts as an anti-cancer agent, inhibiting proliferation, stimulating differentiation and inducing apoptosis in a wide panel of neoplastic cell lines (not only restricted to colorectal district but also including breast, gastric, lung, brain, pancreas) [9,10,11,19].



Butyrate is regarded as an endogenous member of the family of histone deacetylases (HDAC) inhibitors (HDACI). Dynamic acetylation-deacetylation of core histones (at the ε-amino group of lysine residues located in their N-terminal tail) is one of the various mechanisms that regulate gene expression at post-translational level [49,50]. Altered expression of HDAC as well as disequilibrium in the histone acetyltransferases (HAT)-HDAC balance are involved in the development and progression of cancer and therefore HDAC are regarded as a potential effective anticancer agents [49,50,51].



Butyrate causes a non-competitive and reversible inhibition of Class I (type 1, 2, 3, and 8) and – to a lesser degree – Class IIa (type 4, 5, 7, and 9) HDAC [51,52,53], even though more recently a competitive interaction was suggested [53]. Class I and II HDAC have a zinc pocket catalytic domain, crucial for the binding and indispensable for the inhibitory activity of HDACI [9,30,50,51,54,55,56,57]. Moreover, HDACI show varying inhibitory efficiency and specificity on different HDAC types [51] and could be classified in different ways, according to their structure and/or function [30,49,50,58,59,60]. Recently it has been suggested that SCFA (such as phenylbutyrate and valproate), due to the shortness of their side chain, could come into contact with the zinc ion but are not able to establish a significantly strong interaction with the HDAC catalytic pocket, thereby accounting for their low potency and low specificity [51,61].



Antineoplastic effects of HDACI are mediated by their ability to increase acetylation of both nuclear histones and non-histone proteins (such as transcription factors, nuclear import factors, and chaperone and cytoskeleton proteins), so inducing transcriptional and non-transcriptional effects that result in gene expression modulation and activation-inhibition of different pathways [49,50,62,63]. Furthermore, HDACI anti-cancer activities are not only limited to neoplastic cells (acting on apoptosis, cell cycle regulation, and differentiation) but also involve the regulation of host immune responses and tumour angiogenesis [51,52].



However, different mechanisms, including mRNA stabilisation and direct action on gene transcription, could cooperate to produce HDACI (and in particular Na-but) effects, as recently confirmed by genomic and proteomic studies [10,64].



Butyrate induces cell cycle arrest and proliferation prevention, facilitating or inhibiting the transcription of different regulatory genes [50]. It could promote cyclin-dependent kinase (CDK) inhibitory proteins (such as p21WAF1/CIP1 and p27KIP1) and decrease cell cycle regulatory proteins (such as cyclin D1/CDK4, CDK6, and cyclin E/CDK2) expression, so causing G0/G1 cell cycle arrest [11,30,65,66,67,68,69,70]. Furthermore, butyrate blocks G2 progression, probably either inhibiting other CDK (such as A and B1) or exploiting the lack of a G2 checkpoint in some cancer cells, as suggested for other HDACI [50,71,72,73]. Moreover, in Jurkat human T lymphocytes butyric acid influences cell cycle regulation and induces apoptosis in a dose-dependent manner, firstly by reducing the expression of G1/S regulators (such as Cyclin A, Cyclin E, CDK2, CDK4, and CDK6) and subsequently by modulating G2/M regulators (decreasing cyclin B, Cdc25c, and p27KIP1 and increasing p21CIP1/WAF1 expression) [74].



Butyric acid's pro-differentiating and anti-proliferative effects on different cell lines (such as melanoma, renal, and retinoblastoma cell lines) are dose- and time-dependent, obtaining significant activity only when the drug is delivered for more than 1 day at high concentrations (0.1-1 mM) [13,75,76,77,78,79,80].



Anti-apoptotic effects of butyrate are mediated by both p53-dependent (increase of p53 activity) and independent pathways (activation of Death Receptors 5 [DR5], TNF-related Apoptosis-inducing ligand [TRAIL], Fas, FasL and induction of expression of pro-apoptotic proteins Bax, Bak and Bik and decrease of bcl-2) [11,13,30,65,81,82,83,84,85,86,87,88,89,90].



Butyrate is also able to modulate the expression of some oncogenes (such as c-myc, c-fos, c-ras) [11,13,91,92,93], to induce tumour cell sensitization to Fas-mediated cytotoxicity [13,30,94,95], to increase susceptibility to TNF-α and IFN-γ [30,86], to decrease metastatic ability of cancer cells (i.e. inhibiting urokinase plasminogen activator [uPA] expression and inducing metastasis suppressors such as Tissue Inhibitor Matrix Metalloproteinases) [10,96].



Butyrate interferes with the inflammation-carcinogenesis pathways. For instance in colon cancer cells it reduces Cox-2 over-expression and restores Transforming Growth Factor (TGF)-β responsiveness by normalizing transcriptional rate of TGF-β receptor type I [30,97,98,99]. Furthermore, it is able to increase immunosurveillance, i.e. in rat colon cancer cells (acting on the expression of major histocompatibility complex class I and intercellular adhesion molecule 1) and in HUVEC (stimulating cell surface ICAM-1 and E-selectin expression) [8,100,101,102].



Na-but modulates the expression of genes involved in protein processing, secretion, and redox activity, therefore suggesting a possible action on ubiquitin-proteasome pathway [10,103], and reduces Vascular Endothelial Growth Factor (VEGF) expression in different human glioblastoma cell lines (T98G, U251MG, and U87MG) [104], confirming that the HDACI antineoplastic effect could be also mediated by their anti-angiogenic activity [105,106,107,108,109].



Furthermore, Na-but increases the response to radiation of cancer cells (human colon carcinoma cell lines) [110,111,112]; other HDACI share the same effect both in vitro (including glioma malignant cell lines) and in vivo (subcutaneous mice glioma xenografts) [110,113,114], probably inducing aberrant mitoses and increasing DNA double-strand breaks [114].



Gupta et al. recently outlined that the tumour suppressor gene SLC5A8 was identified as coding for a Na+-coupled plasma membrane transporter for short-chain monocarboxylates (SMCT1), including butyrate [30]. This gene is often silenced not only in colorectal but also in stomach, thyroid, prostate, breast, and brain tumours [30,115,116]. This discovery could open new research strategies to better understand the role of butyrate as anticancer agent not only within the colon but also in different tissues that share the same membrane transporter [30].



In conclusion, in vitro studies showed that butyrate displays a broad and diversified spectrum of antineoplastic actions, in some cases slightly different from other HDACI, suggesting a possible use of this drug as an effective alternative and/or synergic chemotherapic agent.



Despite these encouraging results, in vivo studies on butyrate were disappointing and did not show significant antineoplastic activities in both animal models and clinical trials [3,13], mainly because of pharmacokinetic peculiarities of this drug [3,4,5,6,7,9,10,11]. Butyrate plasma clearance is very rapid: when given intravenously its half-life is about 6 minutes [3,5,7,10]. Trials performed using large amount of butyric acid sodium or arginine salts (the latter employed to avoid toxic effects of sodium loading), given continuously or with multiple daily doses i.v. or by intraperitoneal (i.p.) infusion, clearly show that blood levels achieved are largely under the minimal concentration required to produce the same pharmacodynamic effects obtained in vitro [3,5,7,8,10,11]. Moreover butyrate first pass metabolism in liver is another limiting factor for the use of this drug in clinical practice, because of the need of strict controlled parenteral dosing [4,6,9]. Furthermore adverse events, such as anaemia, headache, nausea, diarrhoea, abdominal cramps, and strong odour, further reduce patient compliance [15,117,118].



To overcome these negative pharmacokinetic characteristics, stable derivatives or prodrugs of butyrate were studied, some of them in phase I and II clinical trials [15,119,120]. In addition these prodrugs, compared to butyrate, display more favourable peculiarities, such as better ability to cross cell membranes (including BBB), very low systemic toxicity, better oral bioavailability, and they show synergic activities if used in combination with chemotherapics and ionizing radiation [114,121,122,123,124,125,126,127].






3. Cholesterylbutyrate solid lipid nanoparticles


Chol-but was chosen as another matrix to prepare – always from warm microemulsions – Chol-but SLNs that in turn could act as a suitable and effective prodrug to deliver butyric acid, so avoiding the aforementioned negative pharmacokinetic properties and side effects of this drug.



Chol-but is the ester of cholesterol and butyric acid, two natural and physiological molecules having different functional roles in maintaining normal homeostasis in all mammalians.
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Figure 1. Structure of Cholesterylbutyrate. 
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Chol-but SLNs are prepared [11,12,15,21] using the microemulsion method. Epikuron 200 (containing about 95% of soy phosphatidylcholine) (15%) and Chol-but (12%) are melted at 85°C and a warm water solution (59%) of sodium taurocholate (3%) and butanol (11%) is added to obtain a clear system. The microemulsion is immediately dispersed 1:10 in cold water and the resulting Chol-but SLNs aqueous dispersion is washed twice with water by diaultrafiltration system and successively sterilized by autoclaving (15 min at 121°C, 1 atm) before use.



Chol-but SLNs employed in the following reported studies show a mean diameter varying from 70 to 200 nm. Their polydispersity index ranges from 0.2 to 0.65 and Zeta potential is about -28 / -29 mV. Chol-but concentration of sterilized SLNs dispersion – quantified using high pressure liquid chromatography (HPLC) – varies in the different formulations from 1.7 to 30 mM.



3.1 Anti-inflammatory effects


Colloidal delivery systems, such as nanoparticles, can be designed to control drug release after oral administration and seem to be promising primarily to reduce the dosage frequency. In the case of colitis, a strong immune response is known from the inflamed regions. It was reported that drug delivery systems such as micropheres and nanoparticles can be effectively targeted to immuno-regulating cells in experimental IBD [128,129]. Thus it may be expected that either the uptake of micro- and nano-particles by the immuno-related cells or the disruption of the intestinal barrier function could allow the accumulation of the particulate carrier system in the desired area. Therefore the vehiculated drug could concentrate at the site of action, so reducing possible adverse effects and enhancing the activity of the administered dose [129]. SLNs consist of non-toxic bio-acceptable and bio-degradable substances, i.e. solid lipids and phosphatidylcholine, and their rapid internalization is probably due to their size and composition.



In a recent research we compared the effect of Na-but with Chol-but SLNs on PMN cell function, by assessing their capacity to modulate adhesion to endothelial cells (HUVEC), superoxide anion (O2-.) production, and myeloperoxidase release in vitro [15]. Our results show that Chol-but SLNs exert a striking inhibitory effect on activated PMNs, evaluated in terms of inhibition of adhesiveness, O2-. production and myeloperoxidase release, and it is much more efficient than Na-but. This improvement may be ascribed to the rapid uptake of Chol-but SLNs, whose cytoplasmic levels are already maximal after 10 min in both PMN and HUVEC. The higher inhibitory activity of adhesiveness of Chol-but SLNs (10-8 - 10-5 M) compared to Na-but might be ascribed to its accumulation within cells and to the release of higher concentrations of butyric acid from the internalized drug by esterase activities, confirming our previous data [11].




3.2 Antineoplastic effects


Antineoplastic effects of Chol-but SLNs compared to Na-but were studied in vitro on several cancer cell lines [11,12,13,14]. Pellizzaro et al. studied the anti-proliferative effects of different Chol-but SLNs compared to free Na-but in non-small-cell lung carcinoma (NSCL) cell line (NIH-H460) cultures [12]. After 6 days of treatment Na-but displays a dose-dependent anti-proliferative effect (IC50 = 0.2mM, complete growth inhibition at 2 mM). Chol-but SLNs clearly show a dose-dependent cell growth inhibition, unexpectedly inversely related to the butyric acid content. The increase in Chol-but from 1.7 to 30 mM (and the consequent increment of Chol-but/phosphatidylcholine ratio) corresponds to an increase of IC50 from 0.14 to 0.8 mM. This effect could be explained by the decreased content in phosphatidylcholine, a compound that facilitates SLNs cellular internalization. The authors found that Chol-but SLNs are able to induce 90% cell growth inhibition (IC90) at 0.19 mM (six times lower than that needed by Na-but = 1.2 mM) and complete inhibition at 0.25 mM (concentration at which Na-but causes only about 55% growth inhibition) [12,14]. Using Chol-but SLNs tagged with 6-coumarin (a green laser dye), the authors showed that these SLNs are almost completely internalized by the cells in 5 minutes [12].



In a subsequent study performed in the same in vitro model, Ugazio et al. evaluated the influence on NIH-H460 proliferation of two factors crucial in the preparation of Chol-but SLNs: microemulsion formulation (i.e. Chol-but percentage) and microemulsion/water ratio [14]. They found that, among different experimental settings, the best Chol-but SLNs formulation (0.125 mM of Chol-but – corresponding to 6% of Chol-but – and ratio = 1:80) causes complete cell growth inhibition while the same Na-but concentration provides a lower inhibition rate (only 38%).



Salomone et al. studied the anti-proliferative and pro-apoptotic activity of Chol-but SLNs at different concentrations (0.25, 0.5, and 1 mM) and incubation times on two melanoma cell lines (human MELTO1 and mouse B16) compared to free Na-but at the same concentrations [13]. The authors showed that Chol-but SLNs exert anti-proliferative and pro-apoptotic effects at lower doses and shorter treatment times than Na-but. Chol-but SLNs anti-proliferative activity is time- and dose-dependent in the first 24 hours, whereas it is strictly dose-dependent in prolonged treatments (significant reduction in cell viability after 12 hours at 0.25 mM and after only 3 hours at 0.5 and 1 mM Chol-but SLNs). Na-but induces a significant decrease in cell viability only for 0.5 and 1 mM concentrations and only after 24 hours of treatment. Similarly Chol-but SLNs induce apoptosis (using annexin V/propidium iodide staining as well bcl-2 and Fas/APO1 expression analyses) at lower concentrations and earlier than Na-but. This effect of Chol-but SLNs is dose- and time-dependent from 3 to 24 hours of treatment and only dose-dependent after 24 hours. Chol-but SLNs action on cell cycle regulation at 24 hours of treatment is characterized by significant decrease of proliferating cells (S and G2-M phases) and an increase of cells blocked in the G0/G1 to S transition phase. Cellular 6-coumarin-tagged-Chol-but SLNs uptake is almost complete after 30 minutes.



Serpe et al. studied the effects of Chol-but SLNs compared to Na-but at different concentrations (0.25 mM, 0.5 mM, and 1 mM) on three human leukemic cell lines (Jurkat from acute T cell leukemia, U937 from histiocytic lymphoma, HL-60 from promyelocytic leukemia), evaluating in particular cell-cycle distribution and c-myc expression [11]. The authors found that Chol-but SLNs are able to induce a greater cell growth inhibition (in both myeloid and lymphoid cell lines tested) than Na-but. Chol-but SLNs cause a cell-cycle arrest in G1 phase in myeloid model (U937 and HL-60) whereas mainly in G2 phase in lymphoid cells (Jurkat). If the block in G0/G1 phase is mainly ascribed to c-myc repression and/or to p21WAF1 up-regulation, the block in G2/M phase is unexpected. However these data are in agreement with the previously reported results of the work by Kurita-Ochiai et al. [74]. C-myc expression is rapidly and transiently down-regulated in all the three cell lines after treatment with Chol-but SLNs 0.25mM whilst it is slightly decreased only in U937 cells after treatment with Na-but at higher concentrations (1 mM).
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Figure 2. Cytotoxic activity analysis (MTT test) performed on 4 human glioma cell cultures (U87, U373, Lipari, DF) treated with Na-but and Chol-but SLNs at different concentrations after 72 hours. 
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Chol-but SLNs induce much more apoptotic cell death compared to Na-but at the same concentrations. Flow cytometry DNA analysis and annexin V labelling clearly show marked increase in the proportion of cells with DNA fragmentation and blocked in G2/M phase compared to Na-but. More in details, flow cytometry DNA analysis, performed on U373 human glioma cell cultures treated with Chol-but SLNs 0.125 mM, shows a significant amount of apoptotic cells (20%) after 24 hours and a further increase after 48 hours (29.5%). From the earliest to latest times (24 up to 48 hours) a similar increase in the proportion of G2/M phase blocked cells and in iperdiploid DNA total content is detectable.





[image: Molecules 13 00230 g003 550]





Figure 3. Flow cytometry DNA analysis performed on U373 human glioma cell cultures treated with Chol-but SLNs 0.125 mM after 24 (left) and 48 (right) hours. 
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These data show that Chol-but SLNs are able to induce significantly higher anti-proliferative and pro-apoptotic effect in different glioma cell cultures compared to Na-but. Nevertheless in our in vitro model Chol-but SLNs do not produce significant pro-differentiating action, as proved by the lack of an increase in Glial Fibrillary Acidic Protein (GFAP) expression in immunohistochemical studies.



In order to confirm that Chol-but SLNs effects are not related to cholesterol or to other SLNs component, we treated the same glioma cell lines with Palmitate-SLNs (containing Palmitate instead of Chol-but) at the same concentrations. Palmitate was chosen because of its well previously demonstrated ineffectiveness in different cell cultures. Treatment with Palmitate-SLNs does not produce neither anti-proliferative nor pro-apoptotic changes in all the glioma cell lines.



In vivo Wistar rats bearing intracerebral stereotactic C6 cell implants (1 x 105 cells injected into right caudate nucleus) were treated with Chol-but SLNs 30 mg/kg (corresponding to a concentration of 29 mM of sterilized SLNs dispersion) daily i.v. infusion for 7 consecutive days (treated animals) or with saline (control animals). One day randomly chosen among the seven days of treatment, Fluorescent Chol-but SLNs (containing 6-coumarin 0.04%) instead of Chol-but SLNs were administered in different groups of animals. On day 21st brain tumour samples were obtained for morphological and immunohistochemical analyses. A significant shrinkage in tumours of treated animals is evident. Residual tumour cells (maintaining infiltrating behaviour and nodular aspects similar to that displayed by not treated tumours) are located at the border of the implanted area, which is replaced by cellular debris or is completely empty. Most of these cancer cells display morphologic and immunohistochemical apoptotic features. Immunofluorescence analyses clearly show that Chol-but SLNs are rapidly internalized in glioma cells where persist for few days, possibly undergoing intracellular metabolism as demonstrated by different subcellular localisations observed in subsequent days.



In conclusion, in vitro studies on different cancer cell lines suggest that Chol-but SLNs are able to induce anti-proliferative and pro-apoptotic effects earlier and at significantly lower concentrations compared to Na-but. This result is confirmed in our preliminary in vivo study on rat glioma model in which Chol-but SLNs display an unexpected high effectiveness. Anti-proliferative and pro-apoptotic actions are time- and dose-dependent in the first hours of treatment (within 24 hours) and only dose-dependent for prolonged times. From these studies we could suggest that the mechanisms underlying these processes seem to follow the same pathways involved in butyrate activity but few discrepancies have to be highlighted. For instance the anti-proliferative effect appears to be mainly mediated by blockage in G0/G1 phases; however a significant increase in G2/M block compared to Na-but is observed in some (but not in all) of cancer cell lines tested. Furthermore, after Chol-but SLNs treatments the percentage of apoptotic cells seems to be higher compared to Na-but, even at later times (more than 24 hours). These results support the hypothesis that the mechanisms of action of Chol-but SLNs do not accurately overlap Na-but, so opening new therapeutical perspectives.



The pro-differentiating effect described after Na-but treatments are not confirmed for Chol-but SLNs, even if the data supporting this statement are too small.





4. Discussion – Conclusions


In this review, according to the results of in vitro and in vivo studies, we showed that Chol-but SLNs could be regarded as suitable and highly effective prodrug of butyric acid. In the meantime we emphasized that Chol-but SLNs display chemical-physical characteristics and pharmacokinetic-pharmacodynamic properties similar to other SLNs formulations. More in details, Chol-but SLNs are composed by biocompatible and safe molecules, display spherical shape and favourable zeta potential. Moreover, Chol-but SLNs are rapidly, consistently, and persistently entrapped in intracellular compartment, so allowing a possible prolonged drug release, and do not substantially modify the specific effect of the active vehiculated drug.



In conclusion, Chol-but SLNs could be considered to all intents as “common” SLNs acting themselves as butyric acid prodrug, therefore displaying the same peculiar advantages and disadvantages.



Similarly to other non selective HDACI [130] Chol-but SLNs seem to act modulating in a non-specific manner different pathways, mainly involved in cell survival and proliferation. In cancer therapy this loss of specificity, on one hand, provides advantages over other chemotherapic agents (usually targeted against only one or few pathways) but, on the other hand, it could represent a severe limitation because of undesired and unavoidable local and systemic effects.



Nevertheless, the finding that in vitro and in vivo some neoplastic cells display resistance even to more selective HDACI (such as vorinostat) requires further efforts to better understand at molecular levels the genotype-response correlation between the drug studied and the targeted tumour cell subtype(s) [131,132]. Furthermore, functional genetic approaches directed to assess in detail the pathways modulated by each HDACI could open new therapeutic strategies, identifying potential synergic concomitant or sequential treatments (chemotherapics, other drugs, gene therapy, or radiotherapy) for genotypically (and consequently phenotypically) defined cancer cell populations [131,132]. For instance co-treatment with retinoic acid shows to enhance the HDACI anti-neoplastic effectiveness [131]. Moreover Bcl-2 and pro-apoptotic BH3-only proteins Bid and Bim influence the response to vorinostat in a B cell lymphoma model, suggesting that patients addressed to receive HDACI treatment could be selected according to the expression levels (and/or functional status) of these apoptotic markers [132].



Considering the ability of SLNs to easily pass through the BBB and to reach the central nervous system (CNS) [16,20,24,26,133,134], one of the most interesting field of research and possible therapeutical application of Chol-but SLNs is the treatment of different neurological diseases.



First of all Chol-but SLNs could prove safe and effective in the treatment of primary and/or metastatic brain tumours. Likewise SLNs in vivo results and according to previously preliminary reported data on animal studies, Chol-but SLNs are able to reach the CNS and thereby the implanted tumours, and at the same time they could avoid significant systemic toxicity [16,20,24,26,133,134,135]. Nevertheless, even if at lower doses compared to the drug free formulations, SLNs could reach every region of CNS where they could produce undesired or even dangerous effects [20]. However, this presumed disadvantage could in turn offer further therapeutical strategies, for example in the case of multifocal or metastatic brain neoplasms. In any case, other in vivo studies are needed to better assess Chol-but SLNs effectiveness in brain tumours as well as their possible distant brain areas actions and systemic effects in phase I and II trials.



Better understanding of Chol-but SLNs mechanisms of action at molecular level could help to develop Chol-but SLNs carrying one or more antineoplastic agent(s) (e.g. gene constructs and chemotherapeutic drugs), in order to modulate different pathways involved in tumour progression, not only those affected by butyrate. This could lead to develop a multitargeted therapy, administered using a single vehicle (Chol-but SLNs), specifically designed in accordance with tumour molecular characteristic profile (for example EGFR, CDK4, and p53 expression status in glioblastomas) and therefore patients’ stratification [136,137,138]. Moreover, it is possible to design Chol-but SLNs able to release each vehiculated drug(s) at different rates providing concomitant or sequential treatment, possibly time related to radiotherapy. This effort could not only enhance treatment selectivity but also further on lead to reduce the total amount of Chol-but SLNs administered, therefore reducing undesired effects on healthy tissues.



Furthermore, Chol-but SLNs display a role in modifying spontaneous immune response, in particular in glioma tumours, as well as shown in vitro for Na-but [10,97,98,99,101,102,119]. Chol-but SLNs could act as a non-specific stimulating agent of an already present but weak host immune reaction [139]. Nevertheless, Chol-but SLNs could also vehiculate different specific antigens directly into tumours, so actively provoking a more targeted anti-tumoral immune response [139].



Chol-but SLNs are already a promising drug to be used in patients affected by ulcerative colitis and Crohn’s disease; they exert a striking inhibitory effect on activated PMNs, evaluated in terms of inhibition of adhesiveness, O2-. production and myeloperoxidase release, and it is much more efficient than Na-but. These suggestions are further strengthened by our recent preliminary data showing that Chol-but SLNs are able to decrease IL and TNF-α secretion from human lymphocytes.



Another field in which Chol-but SLNs could offer new therapeutical application is represented by neurodegenerative diseases.



In the recent years increasing experimental evidences showed a possible direct or indirect involvement of epigenetic modifications in neurodegenerative diseases. More in details, a deregulated balance between HDAC and HAT, resulting in impaired chromatin acetylation status, is involved in polyglutamine-related disorders (such as Huntington disease and spinocerebellar ataxia type 1), motor neuron diseases (such as spinal muscular atrophy [SMA], spinal and bulbar muscular atrophy [SBMA], and amyotrophic lateral sclerosis), ischemia, and oxidative stress induced neurodegenerative diseases (such as Alzheimer’s and Parkinson’s diseases). These data suggest a possible therapeutical role of HDACI in these disorders [140,141,142]. Until now few HDACI were studied in vitro and in vivo in order to evaluate their ability to restore normal levels of acetylation and to increase neuronal survival [141].



More in details, in several in vitro and in vivo models of Huntington disease Na-but is able to improve motor performance, to prolong survival and to ameliorate neuropathological changes (striatal atrophy) [140,143,144]. A dose-finding study of the HDACI phenylbutyrate in Huntington’s disease patients shows a significant decrease in a blood biomarker (constituted by 322 mRNAs) in treated compared to not treated subjects [145]. Conversely, encouraging results obtained in animal models of SMA [146] and SBMA [147] treated with Na-but are not confirmed in a recent randomized clinical trial in SMA patients taking phenylbutyrate [148]. Similar discordant results regarding the use of different HDACI in neurodegenerative disorders are found in other in vitro studies and could be explained by tissue specific expression of different classes of HDAC [142]. Consequently a great effort has to be made to design more brain-specific and/or selective HDACI [142].



Although Chol-but SLNs have to be regarded as non selective HDACI, their usefulness in neurodegenerative diseases – beyond their intrinsic activities – could be primarily related to their aforementioned pharmacokinetic and pharmacodynamic peculiarities. More in details, Chol-but SLNs are able to easily pass through the BBB, thus reducing the amount of the drug used and consequently decreasing both systemic and local toxicity. Moreover, Chol-but SLNs could vehiculate more than one therapeutic agent and allow prolonged and modulated drug(s) release. These properties could give some advantages to Chol-but SLNs, compared to more specific antineoplastic or immunomodulating systemically administered drugs. For instance, new experimental evidence suggests that the field of action of HDACI could also be expanded to mixed inflammatory and degenerative disorders such as multiple sclerosis [140]. In this heterogeneous disease, inflammation is regarded as the first etiopathogenetic actor and is the main target of the immunomodulatory therapies currently in use. However, inflammation could not completely justify the highly variable clinical course, especially in long lasting or in peculiar forms of this disorder, such as primary progressive, in which neuronal loss seems to predominate. This is an intriguing statement because it could represent the point of contact between anti-inflammatory and neuroprotective actions of HDACI and could open for Chol-but SLNs new therapeutical approaches in a broader spectrum of immunological and degenerative diseases.
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