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Chemical compounds studied in this article:
Rhein (PubChem CID: 10168)
Rhein is an activemetabolite of the drug diacerein, whose anti-inflammatory properties have been demonstrated
in both in vitro and in vivomodels. However, the low oral bioavailability of rhein has limited its utility as a poten-
tial treatment of osteoarthritis (OA), a chronic inflammatory disease. In order to overcome this limitation, the aim
of this work was the development of a drug delivery system intended for intra-articular administration of rhein,
based on polymeric biodegradable PLGA microparticles (MPs) loaded with the drug. The MPs, prepared by the
emulsion–solvent evaporation technique were characterized in terms of several parameters including morphol-
ogy, encapsulation efficiency,molecular interactions between components of the formulation and in vitro release
profiling. Furthermore, cell-based in vitro studieswere performed to evaluate the cytotoxicity of the formulations
and their effect on the release of inflammatory markers including pro-inflammatory cytokines and reactive oxy-
gen species (ROS). Scanning electron microscopy demonstrated that the prepared MPs exhibited an almost
spherical shape with smooth surface. The size distribution of the prepared MPs ranged between 1.9 and
7.9 μm, with mean diameter of 4.23 ± 0.87 μm. The optimal encapsulation efficiency of rhein was 63.8 ± 3.0%.
The results of powder X-ray diffraction and differential scanning calorimetry studies demonstrated that the ac-
tive ingredient is partially the crystalline state, dispersed in the polymer matrix. This outcome is somewhat
reflected in the release kinetics of rhein from the MPs.
The cytotoxicity evaluation, carried out inmacrophages derived from THP-1 cells, showed that both rhein-loaded
MPs and unloaded MPs did not significantly affect the cell viability at MP concentrations up to 13.8 μM. In lipo-
polysaccharide-activatedmacrophages, the rhein-loadedMPs significantly decreased the production of interleu-
kin-1β (IL-1β) and (ROS), when compared to the unloaded MPs.
In conclusion, the results of this preliminary study suggest that anMP-based formulation of rhein could be tested
in animalmodels of inflammation, aiming for an injectable commercial product capable of providing a therapeu-
tic solution to patients suffering from chronic joint diseases.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Osteoarthritis (OA) is a degenerative joint disease, characterized by
destruction of the cartilage, bone damage and inflammation of synovial
tissue (Alcaraz et al., 2010; Driban et al., 2010; Lorenz and Richter,
2006). The pro-inflammatory cytokine IL-1β is thought to play a critical
role in the development and progression of OA (Ashford and Williard,
2014), since it degrades the cartilage matrix, leading to the destruction
of the articular cartilage. Studies have reported that the concentrations
of IL-1β in knee joint synovial fluid (SF) obtained from OA patients are
higher than that observed in healthy people (Sauerschnig et al., 2014;
Yang et al., 2015). Other important cytokines involved in OA include
n, Facultad de Farmacia, Barrio
tumor necrosis factor (TNF-α) (Kapoor et al., 2011; Roy et al., 2015;
Wojdasiewicz et al., 2014).

Pharmacological treatment of OA is mainly focused on pain relief
and improvement of joint function. Use of non-steroidal anti-inflamma-
tory drugs (NSAIDs), has historically provided an appropriate control of
symptoms, but their use in chronic treatments is limited by their side ef-
fects profile (Fernandes et al., 2013; Hochberg et al., 2012; Zhang et al.,
2010).

Further advances in the understanding of the factors that govern the
metabolic activity of cartilage and subchondral bone led to the search
for chondroprotective substances capable of providing symptomatic re-
lief with less secondary effects. These compounds, classified as symp-
tomatic slow-acting drugs for OA (SYSADOAs), include cartilaginous
matrix precursors (glucosamine, chondroitin sulfate and hyaluronic
acid) (Salazar et al., 2014; Toegel et al., 2008) and cytokine modulators
(diacerein) (Qvist et al., 2008).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejps.2016.10.010&domain=pdf
http://dx.doi.org/10.1016/j.ejps.2016.10.010
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Of the above-mentioned compounds, the anthraquinone derivate
diacerein has received increased attention over the years because of
its inhibitory effect on the actions elicited by the pro-inflammatory cy-
tokine interleukin-1β. As several reports supported the effects of
diacerein on cartilage-based cell models, animal models and clinical tri-
als (Mahajan et al., 2006; Bartels et al., 2010; Boileau et al., 2008; Felisaz
et al., 1999;Malaguti et al., 2008;Martel-Pelletier et al., 1998; Permuy et
al., 2015; Yaron et al., 1999), this drug was approved for human use,
with a dose scheme of 50 mg twice daily, after meals. However, the
low aqueous solubility of diacerein, relatively low oral bioavailability
(Nicolas et al., 1998) and side effects including diarrhea and hepatotox-
icity hampered its applicability as a first choice treatment (Fidelix et al.,
2014; Louthrenoo et al., 2007; Verbruggen, 2006).

Diacerein is metabolized by acetyl esterases, generating active me-
tabolites with anti-inflammatory and chondroprotective activities. One
of thesemetabolites is rhein, whose actions have been extensively stud-
ied. Previous reports have shown that rhein inhibits the production of
ROS, down-regulates the expression of matrix metalloproteinases and
up-regulates the production of tissue inhibitor of metalloproteinase-1
in rabbit articular chondrocytes (Tamura et al., 2001). Further studies
carried out in synovium and cartilage isolated fromOApatients demon-
strated that treatment with rhein significantly reduced the synthesis of
IL-1β and subsequent production of nitric oxide (NO), mediators re-
sponsible for the degeneration of the cartilage (Legendre et al., 2007;
Martel-Pelletier et al., 1998; Moldovan et al., 2000).However, the phar-
macokinetics of rhein after oral administration is very similar to the ob-
served with diacerein, being the poor aqueous solubility responsible of
the low bioavailability exhibited by the compound (Li et al., 2013;
Nicolas et al., 1998; Sun et al., 2012).

Therefore, considering the therapeutic possibilities offered by rhein,
its low aqueous solubility could be an advantage for the development of
other drug delivery systems (Stevenson et al., 2012). In this regard, the
use of polymericmicroparticles (MPs) is a feasible alternative since they
are capable of encapsulating drugs with low aqueous solubility, while
acting as controlled release systems (Butoescu et al., 2009b). This ap-
proach aims to reduce the number of doses required to achieve the de-
sired therapeutic effect and allow direct administration to the target
tissue, hence increasing the drug concentration in the affected zone
and reducing undesired side effects (Butoescu et al., 2009b). Since
MPs can be formulated with biocompatible and biodegradable poly-
mers, these propertieswill ensure that the formulation is completely re-
moved from the site of action and the body after delivering the drug.
Among themost widely employed polymers for development of biode-
gradable MPs, the poly-lactic co-glycolid acid PLGA, a co-polymer ap-
proved by the FDA, is known for its ability to degrade in the presence
of water (Shive and Anderson, 1997).

Several studies have been focused on the development of a delivery
system based on PLGA microparticles and other polymers for the treat-
ment of joint diseases such as OA. These formulations are capable of en-
capsulating diverse types of drugs including NSAIDs (Elron-Gross et al.,
2009; Fernandez-Carballido et al., 2004), corticoids (Bodick et al., 2013;
Butoescu et al., 2009a) and othermolecules (Gaignaux et al., 2012)with
encouraging results.

In this study, the development and characterization of an intra-artic-
ular delivery system based on polymeric PLGAMPs loadedwith rhein is
presented. Prior to its testing in animal models, the performance of this
formulationwas assessed in terms of cytotoxicity and anti-inflammato-
ry effect after stimulation with LPS in a cell-based in vitromodel.

2. Materials and methods

2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA) RESOMER® RG756s, RESOMER®
RG753s, RESOMER® RG752s, were all provided by Evonik Industries
(Germany). Rhein, lipopolysaccharide from Escherichia coli O127:B8,
phorbol 12-myristate 13-acetate (PMA), piperazine-N′-(2-ethanesulfonic
acid) (HEPES) and poly (vinyl alcohol) (PVA, 86%–89% hydrolyzed) were
purchased fromSigma-Aldrich (MO, USA).Monocyte cell linewas obtain-
ed from the American Type Culture Collection (ATCC) (Manassas, VA).
Methanol, 2-propanol and acetonitrile in high-performance liquid chro-
matography (HPLC) grade were purchased from Merck (Darmstadt,
Germany).

2.2. Microparticle preparation

PLGA MPs loaded with rhein were prepared through the solvent
emulsion–evaporation method. Briefly, rhein was dissolved in 2.5 mL
ofmethanol. The resulting solutionwasmixedwith 200mgof PLGA dis-
solved in 2.5mLof dichloromethane. The organic solutionwas then pre-
emulsified with 20 mL of acidified 0.25% w/v PVA aqueous solution by
shaking it for 1 min at 3200 rpm in a Vortex Genie 2 (Scientific Indus-
tries Inc. USA). In order to obtain a microemulsion, the pre-emulsion
was homogenized for 30 s at 8000 rpm with a homogenizer system
(Heidolph, Germany). The organic phase was evaporated at room tem-
perature under gentle agitation (700 rpm) and theMPs suspension was
then completed to 20 g by weight with nanopure water.

The development and optimization of the microparticulate system
considered the study of parameters including the type of polymer
used and the initial amount of rhein.

2.3. Physicochemical characterization of MPs

2.3.1. Extraction of rhein from microparticles
A 2mL aliquot of MPs suspension was centrifuged in order to obtain

a pellet that was washed with 1 mL methanol before breaking the MPs
with 1 mL of acetone. Then, 2 mL of methanol were added to dissolve
the encapsulated rhein and 1 mL of the above solution was evaporated
at 40 °C with nitrogen flow. The sample was reconstituted with metha-
nol and the solution obtained was filtered through a 0.22 μm
polyvinylidene difluoride membrane before its analysis by HPLC.

2.3.2. Quantification of rhein in samples
The amount of rhein within the MPs and its concentration in liquid

samples (medium for in vitro release) was determined by HPLC using
a validated method for each matrix. Analyses were performed in a
LaChrom Elite system (Merck-Hitachi, Japan), using a Kromasil Reverse
Phase C-18 column (5 μm, 250 mm), a mobile phase composed of
methanol:acetic acid solution 2% (80:20 v/v) at isocratic flow rate of
1 mL min−1. The UV detection of rhein was set up at 257 nm. All the
analyses were performed at room temperature (±20 °C). The devel-
oped method showed satisfactory linearity between 10 and 90 μg/mL.

The drug loading and encapsulation efficiency of the rhein-loaded
MPs were calculated according to Eqs. (1) and (2):

Drug loading %ð Þ ¼ amount of rhein in MPs
amount of microparticles

� 100 ð1Þ

Encapsulation efficiency %ð Þ
¼ total amount of rhein in MPs

theoretical amount of rhein added initially
� 100 ð2Þ

2.3.3. Particle size and zeta potential
The particle size of the prepared formulations was determined by

light scattering with a Mastersizer 3000 (Malvern Instruments,
Worcestershire, UK), equipped with the Hydro 2000S dispersion unit.
The volume mean diameter was used as a representative diameter.

The zeta potentialwasmeasured using a Nano ZS Zetasizer (Malvern
Instruments,Worcestershire, UK) based on quasi-elastic light scattering
at 25 °C following 1/100 (v/v) dilution in purified water. The values re-
ported represent the average of three measurements.
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2.3.4. Scanning electron microscopy
Scanning electron microscopy of the formulations was performed

with a JSM 6380 LV system (JEOL Techniques Ltd., Tokyo, Japan), oper-
ating at a 20 kV accelerating voltage. The MPs were coated with a gold
layer of about 150 Å in thickness, using an Edwards S 150 sputter coater
(Agar Scientific, Standsted, UK).

2.3.5. X-ray diffraction (XRD)
XRD patterns were measured on an X-ray diffractometer, D4 EN-

DEAVOR (Bruker AXS, USA) usingNi-filtered CuKα1 radiation and oper-
ated at 40 kV and 20 mA. The step width was 0.02° with 5 s counting
time per step; the samples were run between 3° and 60° 2θ.

2.3.6. Differential scanning calorimetry (DSC)
DSC curves for the raw materials, physical mixture, empty MPs and

rhein-loaded MPs were obtained from a DSC-822e system (Mettler To-
ledo, Columbus, OH, USA) equipped with a EK90/MT intra-cooler
(Haake, Germany). Samples were heated in sealed standard aluminum
pans from 0 °C to 400 °C under a dynamic nitrogen atmosphere at a
scanning rate of 10 °C/min, with an empty aluminum pan as reference.

2.3.7. In vitro release kinetics of rhein from microparticles
In vitro release studies were performed through the dialysis bag dif-

fusion technique, using 10 mM HEPES saline buffer (150 mM NaCl,
pH 7.4) as medium. An amount of MPs, equivalent to 5 mg of rhein,
was resuspended in 5mLof HEPES saline buffer by vortexing and placed
into a dialysis membrane previously soaked overnight in water (molec-
ular weight cutoff (MWCO): 12,000 Da, Sigma Chem., USA). The dialysis
membrane containing the dispersedMPswas placed into a 250-mLbea-
ker filled with 245 mL of HEPES saline buffer and the experiment was
performed at 37 °C on a Venticell oven (MMM Medcenter
Einrichtungen, Germany) with stirring rate of 300 rpm (Multistirrer 6,
Velp® Scientifica). At fixed time intervals, the sampleswere withdrawn
from the outer aqueous solution and replaced with fresh same release
medium to maintain constant volume and sink condition. The released
rhein was quantified by HPLC. Every experiment was performed in
triplicate.

2.4. Cell assays

2.4.1. Cell line and culture condition
The THP-1 human acute monocytic leukemia cell line (ATCC, Amer-

ican Type Culture Collection) was cultured in RPMI-1640 medium sup-
plemented with 10% heat-inactivated fetal bovine serum, 1mM sodium
pyruvate, 10 mM of HEPES, 140 mM of glucose, 0.05 mM 2-
mercaptoethanol and penicillin/streptomycin in an atmosphere of 5%
CO2 and 37 °C. For the induction of monocyte–macrophage differentia-
tion, THP-1 cells were seeded in 96-well plates at a cell density of
1 × 106 cells/mL in RPMI 1640 mediumwith 100 ng/mL of PMA and in-
cubated for 24 h. After differentiation, the non-attached cells were re-
moved by aspiration and the adherent macrophages were washed
with RPMI 1640 medium.

2.4.2. Cell viability assay
Prior to the in vitro cell-based experiments, both empty and rhein-

loaded MPs were sterilized by gamma irradiation at 2.5 Mrad. Further
experiments demonstrated that neither the loading of rhein nor the re-
lease kinetics were affected by the sterilization procedure (data not
shown).

Cytotoxicity of empty and rhein-loaded MPs on differentiated cells
wasmeasuredbymeans ofMTT assay, using theVybrant®MTT cell pro-
liferation assay Kit (Invitrogen, Carlsbad, CA, USA). THP-1macrophages
stimulated with 5 ng/mL LPS were treated for 24 h and 48 h with either
control medium or medium supplemented with increasing concentra-
tions of MPs. After treatment, the MTT solution (12 mM) was added
and incubated for 3 h. Finally, the MTT solution was removed and
incubated for another 12 hwith 100 μL of SDS-HCl solution to solubilize
the formed formazan crystals. Optical density was measured at 570 nm
with amicroplate reader (Synergy 2, BioTek Instruments, USA). Viability
of cells was quantified as a percentage compared to the control (Eq.
(3)):

Cell viability %ð Þ ¼ absorbance in sample
absorbance in control

� 100 ð3Þ

2.4.3. Enzyme-linked immunosorbent assay for quantification of interleu-
kin-1β (IL-1β) and tumor necrosis factor alpha (TNF-α)

LPS-stimulated THP-1 macrophages were incubated with different
concentrations of both empty and rhein-loaded sterilized MPs at a con-
centration range equivalent to 0–27.5 μM for 24 h. After LPS stimulation
and further treatmentwithMPs, the cell-free supernatantswere collect-
ed and used for measurement of cytokine concentrations with ELISA
kits for IL-1 and TNF-α, according to the manufacturer's instructions
(Ready-SET-Go!®, eBioscience Inc., San Diego, CA, USA). The optical
density from the individual wells was measured using a microplate
reader at 450 nm (Synergy 2, BioTek Instruments, USA).

2.4.4. Measurement of intracellular reactive oxygen species (ROS)
The intracellular production of ROS by LPS-stimulated macrophages

was estimated by using the fluorescent dye dichlorofluorescein
diacetate (DCFH-DA). Cells were treated with both empty and rhein-
loaded sterilizedMPs at indicated concentrations for 24 h. After addition
of 200 μL of DCFH-DA dye (final concentration of 10 μM), the cells were
incubated at 37 °C for 30 min. The fluorescence intensity was deter-
mined atλex 485 nmand λem 540 nm. Differentiated THP-1 cells treated
with hydrogen peroxide (500 μM) were used as a positive control.

2.5. Statistical analysis

Statistical analysis was performed by means of a 2-way analysis of
variance (ANOVA) test, using the Prism 6 software (GraphPad, USA).

3. Results and discussion

3.1. Effect of the polymer employed and initial drug amount on loading and
encapsulation efficiency

In order to ensure an appropriate loading of rhein within the pre-
paredMPs, the effect of the polymer employed on the encapsulation ef-
ficiency of the drug was investigated. This study was carried out using
three polymers described in the methodology and Table 1; the MPs
were prepared by maintaining constant certain formulation parame-
ters including the amount of polymer and rhein. Results are shown in
Table 1.

From the encapsulation efficiency and loading % values presented in
Table 1, an inverse relationship between both parameters and the vis-
cosity of the polymer can be observed. This outcome could be explained
by the fact that when rhein is added to the polymer solution, a suspen-
sion is formed, and the polymers with higher viscosities might prevent
the homogenous dispersion of the drug, forming agglomerates thatmay
negatively affect the encapsulation process. Therefore, the RG 752s
polymer was chosen for subsequent studies.

Since only one fixed amount (5 mg) of rhein was employed for the
above-described experiment, the effect of increasing initial amounts of
rhein on the drug loading and encapsulation efficiency was studied.
For each formulation batch, the above-mentioned parameters were cal-
culated and the results are presented in Fig. 1.

From the graph, it can be noticed that the loading of rheinwithin the
MPs is positively influenced by the initial amount of drug in the formu-
lation, but at the expense of encapsulation efficiency. By superimposing
both curves, the best result is obtained with an initial amount of 5 mg.



Table 1
Effect of polymer viscosity on rhein encapsulation efficiency and loading.

Polymer Composition Viscosity (dL/g)** Encapsulation efficiency (% ± SD)* Loading (% ± SD)*

RG752s PLGA 75:25 with ester-end group 0.16–0.24 63.8 ± 3.0 1.60 ± 0.07
RG753s PLGA 75:25 with ester-end group 0.32–0.44 39.4 ± 2.7 0.99 ± 0.06
RG756s PLGA 75:25 with ester-end group 0.71–1.0 32.5 ± 3.3 0.81 ± 0.08

⁎ Experiments with each polymer were performed in triplicate.
⁎⁎ Inherent viscosity (0.1% in chloroform at 25 °C).
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3.2. Particle size, morphology and zeta potential

The size distribution of the prepared MPs ranged between 1.9 and
7.9 μm, with mean diameter of 4.23 ± 0.87 μm.

Since the formulated MPs are designed to enter the joint cavity, size
is a parameter of great importance for the effectiveness and safety of the
treatment, as it directly influences the retention of the drug in the joint
and the immune response that could trigger either the inflammatory re-
sponse or activation of phagocytic cells (Butoescu et al., 2009b).

Some reports claim that the administration ofMPs larger than 10 μm
to the joint cavitymay cause swelling of the zone (Horisawa et al., 2002;
Howie et al., 1993), while MPs with sizes between 1 and 4 μm can be
phagocytosed by macrophages without inducing the local immune re-
sponse mediated by neutrophils (Edwards, 2011). Although the phago-
cytosis of MPs may contribute to a faster degradation of the polymeric
matrix, this phenomenon is not entirely detrimental as the MPs would
continue the release process of rhein within the phagocytes and in
turn directly act over them, reducing the joint damage (Champion et
al., 2008). Furthermore, the loss of theMPs by normal synovial fluid pu-
rification would be reduced as they remain inside of the cells that com-
prise the joint (Ratcliffe et al., 1984; Ratcliffe et al., 1987).

The morphological characteristics of the prepared rhein-loadedMPs
are shown in Fig. 2.

From the SEM images, it can be observed that the MPs exhibit a
spherical shape, smooth surface and absence of pores. The smooth sur-
face of the microparticles may be due to the use of PVA in the formula-
tion, which acts as a stabilizer of the emulsion, preventing coalescence
of the beads from the organic phase during the preparation process
(Lee et al., 1999).

The measured zeta potential of the prepared rhein-loaded MPs was
−21.4 mV. Previous reports have established that values near 30 mV
are appropriate to ensure the stability of the formulations in suspension,
since there is a balance between the repulsion and attraction forces of
the dispersed particles in themedium, avoiding the formation of aggre-
gates that difficult the re-dispersion of the MPs.
Fig. 1. Effect of the initial amount of rhein on the loading (■) and encapsulation efficiency
(●)withinMPs. Data represent themean±SDof at least three independent experiments.
3.3. Structural analysis

The interactions between the components structuring the
microparticulate system and rhein were assessed by means of powder
X-ray diffraction and differential scanning calorimetry analyses.

3.3.1. Powder X-ray diffraction
The results of the powder X-ray diffraction analyses for raw mate-

rials, unloaded MPs and rhein-loaded MPs are presented in Fig. 3.
The diffraction pattern of rhein shows sharp peaks at 9.9, 11, 17.7

and 27.7 two-theta scale, indicating the crystalline nature of the mole-
cule, while the PLGA polymer and unloaded MPs patterns exhibit the
characteristic behavior of compounds in the amorphous state. In the
case of the rhein-loaded MPs, the diffraction pattern shows a small
peak at 27.7 two-theta scale, also present in the physical mixture. This
result suggests that rhein still can be found in a crystalline state, but
probably dispersed in the polymer matrix.

3.3.2. Differential scanning calorimetry (DSC)
The DSC curves for raw materials, unloaded MPs and rhein-loaded

MPs are shown in Fig. 4.
Analysis of the rhein DSC curve shows a single endothermic peak at

334.8 °C (range 320 °C–350 °C), attributable to the melting of the drug.
This finding was confirmed through thermogravimetric analysis (data
not shown). The DSC curve obtained from PLGA exhibited two endo-
thermic peaks, being the first located at 60 °C (range 50 °C–65 °C)
which corresponds to the glass transition temperature (Tg), characteris-
tic of amorphous polymers. The second peak, found at 364 °C (range
270 °C–400 °C), is representative of polymer decomposition.

In the physical mixture curve, the endothermic peak assigned to
rhein is not observed, probably due to the small amount in the sample.
The glass transition peaks of PLGA are still present for both the physical
mixture and empty MPs, but in the latter there is a marked reduction of
the enthalpy associated to the glass transition (from 112.91 mJ to
77.76mJ) thatmay be explained by the structural relaxation of the poly-
mer elicited by the preparation process (Allison, 2008). This decrease in
the enthalpy values is also observed in the rhein-loaded MPs (from
112.91 mJ to 47.53 mJ) and is accompanied by a reduction of Tg from
60.76 °C to 58.78 °C. In addition, although not seen in the presented fig-
ure, there is a small endothermic peak at 329.4 °C that may correspond
to rhein in its crystalline state. The results suggest that a fraction of rhein
could be present at the crystalline state and embedded within the poly-
meric matrix, hence modifying the Tg of PLGA.

3.4. In vitro release kinetics

The results of the in vitro release kinetics of rhein encapsulated on
PLGA MPs are presented in Fig. 5. The diffusion from the dialysis mem-
brane and further dissolution of non-encapsulated rhein, used as refer-
ence for this study, occurred within 24 h. The release profile of
encapsulated rhein shows that approximately 45% of the total amount
present in the formulation was released before 24 h, suggesting that
an important fraction of the drug is adsorbed to the surface or encapsu-
lated in the outer layers of theMP. This finding is in agreementwith the
results obtained in the XRD and DSC studies, which suggest that rhein



Fig. 2. Scanning electron microscopic image of rhein-loaded MPs. (A) General picture of the field. (B) A magnification of the image.
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could exist at the crystalline state. After this time interval, the diffusion
of rhein was slower but consistent over the testing period, reaching 90%
of drug released after 30 days.

The release profile of rhein from the MPs exhibits the characteristic
behavior of bioerodible polymeric drug delivery systems, which in-
cludes an initial “burst” release effect, followed by a semi-“zero order”
and final rapid release phases. The above-mentioned phases occur due
to physicochemical interactions between the aqueous medium and
theMPs, such as (1) water imbibition into the system; (2) drug dissolu-
tion (if the drug is not molecularly dispersed throughout the system);
(3) polymer chain cleavage; (4) diffusion of the drug and polymer deg-
radation products out of the device (because of concentration gradi-
ents); (5) the creation of water-filled pores and (6) the breakdown of
the polymeric structure once the system becomes unstable (Siepmann
et al., 2002).

In order to analyze the morphological changes occurring in the MPs
during the drug release study, the remaining formulation contained in
the dialysis membrane at the end of the experiment was observed
through SEM (Fig. 6A). In the micrographs, it is clearly seen that the
MPs are not completely degraded, but there is a marked presence of
pores in the surface (Fig. 6B). This outcome suggests that rhein may
be released from the MPs by a combination of diffusion and erosion of
the polymeric matrix.

3.5. Cell assays

3.5.1. MTT cell viability assay
The effect of increasing concentrations of both empty and rhein-

loaded MPs, in the range of 0 to 27.5 μM, on the viability of THP-1
cells after a 24 h and 48 h treatment is presented in Fig. 7.

Analysis of the data revealed that neither the time of treatment nor
the loading with rhein had a significant effect on cell viability when
Fig. 3. X-ray diffraction patterns for the formulation components including (A) rhein, (B)
rhein-loaded MPs, (C) physical mixtures of the formulation components, (D) unloaded
MPs and (E) PLGA.
compared to the control condition at concentrations up to 13.8 μM. A
24 h treatment with both empty and rhein-loaded MPs at a concentra-
tion of 27.5 μM elicited a reduction of the cell viability that became sig-
nificant after 48 h of treatment. Since this formulation is intended for
use in chronic patients who are subjected to long-term treatments,
this outcome allowed to discard this high concentration in further ex-
periments even although some authors suggest thatmaterials providing
cell viability values over 80% are considered to be biocompatible
(Campos et al., 2013). As there is no guarantee that other cellular pro-
cesses are not being affected by the exposure to the MP formulations
at concentrations higher than 13.8 μM, it was decided to assay concen-
trations that kept cell viability values over 95%.

In the present study, the effects of rhein as single treatmentwere not
investigated. The rationale behind this decision lied on the design of the
study, which utilized empty MPs as control for each treatment tested.
Furthermore, the final concentration of rhein in the MP formulations
was close to the maximum levels reached in synovial fluid (10−5 M)
(Martel-Pelletier and Pelletier, 2010) and between the range tested in
human synovial fibroblasts (Yaron et al., 1999) or the above described
THP-1 cells (Heo et al., 2010).

3.5.2. Effect of treatment with rhein-loaded microparticles on the produc-
tion of pro-inflammatory cytokines and reactive oxygen species

The results of the effect elicited by rhein-loaded MPs on the produc-
tion of IL-1β, TNFα and ROS in LPS-stimulated macrophages, are pre-
sented in Fig. 8.

From the graph, it can be inferred that rhein-loadedMPs are capable
of inhibiting, in a significant and concentration-dependent manner, the
Fig. 4.Differential scanning calorimetry curves for the formulation components. (A) PLGA,
(B) rhein, (C) physical mixture of the formulation components, (D) rhein-loadedMPs and
(E) unloaded MPs.



Fig. 5.Drug release profile of rhein as free drug (●) and rhein encapsulated into MPs (■).
Data represent the mean ± SD of at least three independent experiments.

Fig. 7. Effects of MPs on cell viability. LPS stimulated macrophages were incubated with
empty (●) and rhein-loaded (■) MPs for 24 h (A) and 48 h (B) and the cell viability
was evaluated by MTT assay. Dashed line represents the control values. Data represent
the mean ± SD of at least three independent experiments; each experiment was
performed in triplicate. **, (p b 0.01) control without MPs vs. empty MPs; #, (p b 0.05)
control without MPs vs. rhein-loaded MPs.
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production of IL-1β and ROS when compared to the control medium
and empty MPs. However, this outcome was not replicated in the case
of TNFα, since the rhein-loaded formulation only exerted a significant
reduction on the levels of the cytokine when compared to the control
and empty MPs at the lowest tested MP concentration (1.7 μM). Since
the in vitro release kinetics of rhein encapsulated into MPs demonstrat-
ed that 45% is released (of the amount loaded) to themedium after 24 h
of incubation, the effects observed can be safely attributed to the pres-
ence of free drug.

According to the presented findings, the inhibitory effect of the pre-
pared rhein-loadedMPs on IL-1β production is consistentwith previous
studies of free drug conducted in synoviocytes, cultured human
chondrocytes and THP-1 cells (Moldovan et al., 2000; Tamura et al.,
2002; Yaron et al., 1999). These reports attribute the effects of rhein
on IL-1β production as a result of the inhibition of the nuclear transcrip-
tion factor-κβ (NF-κβ) pathway, decreasing the transcription of genes
for various pro-inflammatory cytokines including IL-1β and TNFα.
However, other signaling pathways including the kinase c-jun N-termi-
nal (JNK), p38 MAPK also mediate the biological effects of IL-1β and
TNFα (Sokolove and Lepus, 2013; Tak and Firestein, 2011). The induc-
tion of pro-inflammatory mediators by LPS stimulation is regulated by
NF-κβ and the activator protein-1 (AP-1) at the transcriptional level,
so the inhibition of one or both of them has marked effects on the
mRNA levels of iNOS, IL-6, IL-1β and TNFα (Chen et al., 2014; Gao et
al., 2014b; Lee et al., 2006; Yang et al., 2012).

The lack of a marked effect elicited by the rhein-loaded MPs on the
production of TNFα may be partially explained by evidence reported
Fig. 6. Scanning electron microscopic image of typical MPs loaded with rhein after an in vitro re
can clearly see the surface of the particles.
by Gao et al.,who suggest a differential effect of rhein on the LPS-medi-
ated activation of NF-κB and AP-1 in the RAW 264.7 immortalized cell
line (Gao et al., 2014a). This report demonstrated that the inhibition
of NF-κB activity by rhein occurs through inhibition of IKKβ phosphory-
lation, which decreased the LPS-inducedmRNA expression of IL-1β and
TNFα. However, despite this inhibition at the genomic level, therewas a
further increase in the production of IL-1β and TNFα, which suggests
lease study. (A) General picture of the field. (B) Amagnification of the image in which one



Fig. 8. Effects of empty (●) and rhein-loaded (■) MPs on the production of (A) IL-1β, (B)
TNFα and (C) ROS. Dashed line represents the control values. Data represent the mean ±
SD of at least three independent experiments; each experiment was performed in
triplicate. **, (p b 0.01) empty MPs vs. rhein-loaded MPs; ***, (p b 0.001) empty MPs vs.
rhein-loaded MPs; ****, (p b 0.0001) empty MPs vs. rhein-loaded MPs; #, (p b 0.05)
control without MPs vs. empty MPs; ##, (p b 0.01) control without MPs vs. empty MPs;
###, (p b 0.001) control without MPs vs. empty MPs; ####, (p b 0.0001) control
without MPs vs. empty MPs; &, (p b 0.05) control without MPs vs. rhein-loaded MPs;
&&, (p b 0.01) control without MPs vs. rhein-loaded MPs; &&&, (p b 0.001) control
without MPs vs. rhein-loaded MPs; &&&&, (p b 0.0001) control without MPs vs. rhein-
loaded MPs.
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that the LPS-induced production of pro-inflammatory cytokines may be
regulated by other mediators and transcriptional factors, as demon-
strated Gao et al. (2014a) and other authors (Greten et al., 2008).
Since treatment with rhein did not alter the activity of AP-1 in the
study of Gao et al. (2014a), this signaling pathway could compensate
the rhein-mediated inhibition of NF-κB in LPS-stimulatedmacrophages.

The production of reactive oxygen species (ROS) is an important part
of the mechanism of generation and maintenance of the inflammatory
environment in osteoarthritis. The oxidative stress induced by ROS
acts as a second messenger in pro-inflammatory signaling pathways
(Marinho et al., 2014) and is acknowledged that a reduction in the
production of ROS is often associated with a decrease in the inflamma-
tory response. In this regard, the findings of the present study are vali-
dated by the previously mentioned premise. However, there is
evidence that proves the contrary since the same study by Gao et al.
(2014a), previously cited in this discussion, demonstrated that rhein
significantly reduced the levels of ROS while increasing the release of
IL-1β on theRAW264.7 cell line. An explanation behind this paradoxical
phenomenon lies on findings that demonstrated the inhibitory effect of
high intracellular superoxide anion concentrations on the activity of
caspase-1, the enzyme responsible for the conversion of pro-IL-1β to
its active form, in primary mouse peritoneal macrophages (Meissner
et al., 2008).

Although the findings of the present study are not in concordance
with some aspects of the above-described evidence, there are certain is-
sues worth mentioning. First, the exposure of LPS-stimulated macro-
phages to rhein released from the MPs is not direct like in the
previously mentioned reports since the drug is being released from a
polymeric matrix, so there could be concentration-dependent effects
that might influence the outcome. Second, as another cell line was
employed in this study, the presence of cell-specific responses calls for
a cautious comparison of results. Nevertheless, this preliminary explo-
ration of the interactions between the formulated rhein-loaded MPs
and a competent in vitro cell model of inflammation provides consistent
evidence that the developed drug delivery system has the potential to
perform in animal models of osteoarthritis.

4. Conclusions

Treatment of joint diseases such as osteoarthritis still represents a
challenge due to the inherent complications of administering long-
term treatments with drugs known to cause severe local and systemic
adverse effects. The development of controlled release formulations
represents a feasible alternative for future therapies and in this regard,
the results obtained in this preliminary work show promise. The devel-
oped MPs loaded with rhein were capable of providing a sustained re-
lease of the drug over a month and reduced the release of pro-
inflammatorymediators in an in vitro cell-basedmodel of inflammation.
This outcome set the trend for further work, which will be focused on
studying the effects of this formulation on animal in vivo models of
osteoarthritis.

5. Declaration of interest

The authors report no declarations of interest.

Acknowledgments

The authors would like to thank the Chilean Council for Science and
Technology, CONICYT, FONDECYT Project No. 1140706, Project ENLACE
No. 213.074.050-1.0 and CD UCO 1201 of University of Concepcion.

References

Alcaraz, M.J., Megias, J., Garcia-Arnandis, I., Clerigues, V., Guillen, M.I., 2010. Newmolecu-
lar targets for the treatment of osteoarthritis. Biochem. Pharmacol. 80, 13–21.

Allison, S.D., 2008. Effect of structural relaxation on the preparation and drug release be-
havior of poly(lactic-co-glycolic)acid microparticle drug delivery systems. J. Pharm.
Sci. 97, 2022–2035.

Ashford, S., Williard, J., 2014. Osteoarthritis: a review. Nurse Pract. 39, 1–8.
Bartels, E.M., Bliddal, H., Schøndorff, P.K., Altman, R.D., Zhang, W., Christensen, R., 2010.

Symptomatic efficacy and safety of diacerein in the treatment of osteoarthritis: a
meta-analysis of randomized placebo-controlled trials. Osteoarthr. Cartil. 18,
289–296.

Bodick, N., Lufkin, J., Willwerth, C., Blanks, R.C., Inderjeeth, C.A., Kumar, A., Clayman, M.D.,
2013. Fx006 prolongs the residency of triamcinolone acetonide in the synovial tissues
of patients with knee osteoarthritis. Osteoarthr. Cartil. 21, S144–S145.

Boileau, C., Tat, S.K., Pelletier, J.P., Cheng, S., Martel-Pelletier, J., 2008. Diacerein inhibits the
synthesis of resorptive enzymes and reduces osteoclastic differentiation/survival in
osteoarthritic subchondral bone: a possible mechanism for a protective effect against
subchondral bone remodelling. Arthr. Res. Ther. 10, R71.

http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0005
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0005
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0010
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0010
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0010
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0020
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0025
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0025
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0025
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0030
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0030
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0035
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0035
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0035
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0035


397C. Gómez-Gaete et al. / European Journal of Pharmaceutical Sciences 96 (2017) 390–397
Butoescu, N., Jordan, O., Burdet, P., Stadelmann, P., Petri-Fink, A., Hofmann, H., Doelker, E.,
2009a. Dexamethasone-containing biodegradable superparamagnetic microparticles
for intra-articular administration: physicochemical and magnetic properties, in vitro
and in vivo drug release. Eur. J. Pharm. Biopharm. 72, 529–538.

Butoescu, N., Jordan, O., Doelker, E., 2009b. Intra-articular drug delivery systems for the
treatment of rheumatic diseases: a review of the factors influencing their perfor-
mance. Eur. J. Pharm. Biopharm. V 73, 205–218.

Campos, E., Branquinho, J., Carreira, A.S., Carvalho, A., Coimbra, P., Ferreira, P., Gil, M.H.,
2013. Designing polymeric microparticles for biomedical and industrial applications.
Eur. Polym. J. 49, 2005–2021.

Champion, J.A., Walker, A., Mitragotri, S., 2008. Role of particle size in phagocytosis of
polymeric microspheres. Pharm. Res. 25, 1815–1821.

Chen, X., Zong, C., Gao, Y., Cai, R., Fang, L., Lu, J., Liu, F., Qi, Y., 2014. Curcumol exhibits anti-
inflammatory properties by interfering with the JNK-mediated AP-1 pathway in lipo-
polysaccharide-activated RAW264.7 cells. Eur. J. Pharmacol. 723, 339–345.

Driban, J.B., Sitler, M.R., Barbe, M.F., Balasubramanian, E., 2010. Is osteoarthritis a hetero-
geneous disease that can be stratified into subsets? Clin. Rheumatol. 29, 123–131.

Edwards, S.H., 2011. Intra-articular drug delivery: the challenge to extend drug residence
time within the joint. Vet. J. 190, 15–21 (London, England : 1997).

Elron-Gross, I., Glucksam, Y., Biton, I.E., Margalit, R., 2009. A novel Diclofenac-carrier for
local treatment of osteoarthritis applying live-animal MRI. J. Control. Release 135,
65–70.

Felisaz, N., Boumediene, K., Ghayor, C., Herrouin, J.F., Bogdanowicz, P., Galerra, P., Pujol,
J.P., 1999. Stimulating effect of diacerein on TGF-beta1 and beta2 expression in artic-
ular chondrocytes cultured with and without interleukin-1. Osteoarthr. Cartil. OARS,
Osteoarthr. Res. Soc. 7, 255–264.

Fernandes, L., Hagen, K.B., Bijlsma, J.W., Andreassen, O., Christensen, P., Conaghan, P.G.,
Doherty, M., Geenen, R., Hammond, A., Kjeken, I., Lohmander, L.S., Lund, H., Mallen,
C.D., Nava, T., Oliver, S., Pavelka, K., Pitsillidou, I., da Silva, J.A., de la Torre, J., Zanoli,
G., Vliet Vlieland, T.P., 2013. EULAR recommendations for the non-pharmacological
core management of hip and knee osteoarthritis. Ann. Rheum. Dis. 72, 1125–1135.

Fernandez-Carballido, A., Herrero-Vanrell, R., Molina-Martinez, I.T., Pastoriza, P., 2004.
Biodegradable ibuprofen-loaded PLGAmicrospheres for intraarticular administration.
Effect of Labrafil addition on release in vitro. Int. J. Pharm. 279, 33–41.

Fidelix, T.S., Macedo, C.R., Maxwell, L.J., Fernandes Moca Trevisani, V., 2014. Diacerein for
osteoarthritis. Cochrane Database Syst. Rev. 2, CD005117.

Gaignaux, A., Reeff, J., Siepmann, F., Siepmann, J., De Vriese, C., Goole, J., Amighi, K., 2012.
Development and evaluation of sustained-release clonidine-loaded PLGAmicroparti-
cles. Int. J. Pharm. 437, 20–28.

Gao, Y., Chen, X., Fang, L., Liu, F., Cai, R., Peng, C., Qi, Y., 2014a. Rhein exerts pro- and anti-
inflammatory actions by targeting IKKbeta inhibition in LPS-activated macrophages.
Free Radic. Biol. Med. 72, 104–112.

Gao, Y., Fang, L., Cai, R., Zong, C., Chen, X., Lu, J., Qi, Y., 2014b. Shuang-Huang-Lian exerts
anti-inflammatory and anti-oxidative activities in lipopolysaccharide-stimulatedmu-
rine alveolar macrophages. Phytomedicine 21, 461–469.

Greten, F.R., Arkan, M.C., Bollrath, J., Hsu, L.-C., Goode, J., Miething, C., Göktuna, S.I.,
Neuenhahn, M., Fierer, J., Paxian, S., Van Rooijen, N., Xu, Y., O'Cain, T., Jaffee, B.B.,
Busch, D.H., Duyster, J., Schmid, R.M., Eckmann, L., Karin, M., 2008. NF-κB is a negative
regulator of IL-1β secretion as revealed by genetic and pharmacological inhibition of
IKKβ. Cell 130, 918–931.

Heo, S.-K., Yun, H.-J., Noh, E.-K., Park, S.-D., 2010. Emodin and rhein inhibit LIGHT-induced
monocytes migration by blocking of ROS production. Vasc. Pharmacol. 53, 28–37.

Hochberg, M.C., Altman, R.D., April, K.T., Benkhalti, M., Guyatt, G., McGowan, J., Towheed,
T., Welch, V., Wells, G., Tugwell, P., 2012. American College of Rheumatology 2012
recommendations for the use of nonpharmacologic and pharmacologic therapies in
osteoarthritis of the hand, hip, and knee. Arthritis Care Res. 64, 465–474.

Horisawa, E., Kubota, K., Tuboi, I., Sato, K., Yamamoto, H., Takeuchi, H., Kawashima, Y.,
2002. Size-dependency of DL-lactide/glycolide copolymer particulates for intra-artic-
ular delivery system on phagocytosis in rat synovium. Pharm. Res. 19, 132–139.

Howie, D.W., Manthey, B., Hay, S., Vernon-Roberts, B., 1993. The synovial response to
intraarticular injection in rats of polyethylene wear particles. Clin. Orthop. Relat.
Res. 352–357.

Kapoor, M., Martel-Pelletier, J., Lajeunesse, D., Pelletier, J.P., Fahmi, H., 2011. Role of proin-
flammatory cytokines in the pathophysiology of osteoarthritis. Nat. Rev. Rheumatol.
7, 33–42.

Lee, S.C., Oh, J.T., Jang, M.H., Chung, S.I., 1999. Quantitative analysis of polyvinyl alcohol on
the surface of poly(D,L-lactide-co-glycolide) microparticles prepared by solvent evap-
oration method: effect of particle size and PVA concentration. J. Control. Release 59,
123–132.

Lee, J.-H., Koo, T.H., Yoon, H., Jung, H.S., Jin, H.Z., Lee, K., Hong, Y.-S., Lee, J.J., 2006. Inhibi-
tion of NF-κB activation through targeting IκB kinase by celastrol, a quinone methide
triterpenoid. Biochem. Pharmacol. 72, 1311–1321.

Legendre, F., Bogdanowicz, P., Martin, G., Domagala, F., Leclercq, S., Pujol, J.P., Ficheux, H.,
2007. Rhein, a diacerhein-derived metabolite, modulates the expression of matrix
degrading enzymes and the cell proliferation of articular chondrocytes by inhibiting
ERK and JNK-AP-1 dependent pathways. Clin. Exp. Rheumatol. 25, 546–555.

Li, H., Guo, H., Wu, L., Zhang, Y., Chen, J., Liu, X., Cai, H., Zhang, K., Cai, B., 2013. Compara-
tive pharmacokinetics study of three anthraquinones in rat plasma after oral admin-
istration of radix et rhei rhizoma extract and Dahuang Fuzi Tang by high performance
liquid chromatography-mass spectrometry. J. Pharm. Biomed. Anal. 76, 215–218.

Lorenz, H., Richter, W., 2006. Osteoarthritis: cellular and molecular changes in
degenerating cartilage. Prog. Histochem. Cytochem. 40, 135–163.

Louthrenoo, W., Nilganuwong, S., Aksaranugraha, S., Asavatanabodee, P.,
Saengnipanthkul, S., the Thai Study, G., 2007. The efficacy, safety and carry-over effect
of diacerein in the treatment of painful knee osteoarthritis: a randomised, double-
blind, NSAID-controlled study. Osteoarthr. Cartil. 15, 605–614.
Mahajan, A., Singh, K., Tandon*, V.R., Kumar, S., Kumar, H., 2006. Diacerein: a new symp-
tomatic slow acting drug for osteoarthritis. J. Med. Educ. Res. 8.

Malaguti, C., Vilella, C.A., Vieira, K.P., Souza, G.H., Hyslop, S., Zollner Rde, L., 2008.
Diacerhein downregulate proinflammatory cytokines expression and decrease the
autoimmune diabetes frequency in nonobese diabetic (NOD) mice. Int.
Immunopharmacol. 8, 782–791.

Marinho, H.S., Real, C., Cyrne, L., Soares, H., Antunes, F., 2014. Hydrogen peroxide sensing,
signaling and regulation of transcription factors. Redox Biol. 2, 535–562.

Martel-Pelletier, J., Pelletier, J.P., 2010. Effects of diacerein at the molecular level in the os-
teoarthritis disease process. Ther. Adv. Musculoskelet. Dis. 2, 95–104.

Martel-Pelletier, J., Mineau, F., Jolicoeur, F.C., Cloutier, J.M., Pelletier, J.P., 1998. In vitro ef-
fects of diacerhein and rhein on interleukin 1 and tumor necrosis factor-alpha sys-
tems in human osteoarthritic synovium and chondrocytes. J. Rheumatol. 25,
753–762.

Meissner, F., Molawi, K., Zychlinsky, A., 2008. Superoxide dismutase 1 regulates caspase-1
and endotoxic shock. Nat. Immunol. 9, 866–872.

Moldovan, F., Pelletier, J., Jolicoeur, F.C., Cloutier, J.M., Martel-Pelletier, J., 2000. Diacerhein
and rhein reduce the ICE-induced IL-1β and IL-18 activation in human osteoarthritic
cartilage. Osteoarthr. Cartil. 8, 186–196.

Nicolas, P., Tod, M., Padoin, C., Petitjean, O., 1998. Clinical pharmacokinetics of diacerein.
Clin. Pharmacokinet. 35, 347–359.

Permuy, M., Guede, D., Lopez-Pena, M., Munoz, F., Caeiro, J.R., Gonzalez-Cantalapiedra, A.,
2015. Effects of diacerein on cartilage and subchondral bone in early stages of osteo-
arthritis in a rabbit model. BMC Vet. Res. 11, 143.

Qvist, P., Bay-Jensen, A.C., Christiansen, C., Dam, E.B., Pastoureau, P., Karsdal, M.A., 2008.
The disease modifying osteoarthritis drug (DMOAD): is it in the horizon? Pharmacol.
Res. 58, 1–7.

Ratcliffe, J.H., Hunneyball, I.M., Smith, A., Wilson, C.G., Davis, S.S., 1984. Preparation and
evaluation of biodegradable polymeric systems for the intra-articular delivery of
drugs. J. Pharm. Pharmacol. 36, 431–436.

Ratcliffe, J.H., Hunneyball, I.M., Wilson, C.G., Smith, A., Davis, S.S., 1987. Albumin micro-
spheres for intra-articular drug delivery: investigation of their retention in normal
and arthritic knee joints of rabbits. J. Pharm. Pharmacol. 39, 290–295.

Roy, K., Kanwar, R.K., Kanwar, J.R., 2015. Molecular targets in arthritis and recent trends in
nanotherapy. Int. J. Nanomedicine 10, 5407–5420.

Salazar, J., Bello, L., Chavez, M., Anez, R., Rojas, J., Bermudez, V., 2014. Glucosamine for os-
teoarthritis: biological effects, clinical efficacy, and safety on glucose metabolism. Ar-
thritis 2014, 432463.

Sauerschnig, M., Stolberg-Stolberg, J., Schulze, A., Salzmann, G.M., Perka, C., Dynybil, C.J.,
2014. Diverse expression of selected cytokines and proteinases in synovial fluid ob-
tained from osteoarthritic and healthy human knee joints. Eur. J. Med. Res. 19, 65.

Shive, M.S., Anderson, J.M., 1997. Biodegradation and biocompatibility of PLA and PLGA
microspheres. Adv. Drug Deliv. Rev. 28, 5–24.

Siepmann, J., Faisant, N., Benoit, J.P., 2002. A new mathematical model quantifying drug
release from bioerodible microparticles using Monte Carlo simulations. Pharm. Res.
19, 1885–1893.

Sokolove, J., Lepus, C.M., 2013. Role of inflammation in the pathogenesis of osteoarthritis:
latest findings and interpretations. Ther. Adv. Musculoskelet. Dis. 5, 77–94.

Stevenson, C.L., Santini Jr., J.T., Langer, R., 2012. Reservoir-based drug delivery systems uti-
lizing microtechnology. Adv. Drug Deliv. Rev. 64, 1590–1602.

Sun, H., Yin, Q., Zhang, A., Wang, X., 2012. UPLC-MS/MS performing pharmacokinetic and
biodistribution studies of rhein. J. Sep. Sci. 35, 2063–2068.

Tak, P.P., Firestein, G.S., 2011. NF-kappaB: a key role in inflammatory diseases. J. Clin. In-
vest. 107, 7–11.

Tamura, T., Kosaka, N., Ishiwa, J., Sato, T., Nagase, H., Ito, A., 2001. Rhein, an active metab-
olite of diacerein, down-regulates the production of pro-matrix metalloproteinases-
1, -3, -9 and -13 and up-regulates the production of tissue inhibitor of metallopro-
teinase-1 in cultured rabbit articular chondrocytes. Osteoarthr. Cartil. 9, 257–263.

Tamura, T., Shirai, T., Kosaka, N., Ohmori, K., Takafumi, N., 2002. Pharmacological studies
of diacerein in animal models of inflammation, arthritis and bone resorption. Eur.
J. Pharmacol. 448, 81–87.

Toegel, S., Wu, S.Q., Piana, C., Unger, F.M., Wirth, M., Goldring, M.B., Gabor, F., Viernstein,
H., 2008. Comparison between chondroprotective effects of glucosamine, curcumin,
and diacerein in IL-1β-stimulated C-28/I2 chondrocytes. Osteoarthr. Cartil. 16,
1205–1212.

Verbruggen, G., 2006. Chondroprotective drugs in degenerative joint diseases. Rheuma-
tology (Oxford, England) 45, 129–138.

Wojdasiewicz, P., Poniatowski, L.A., Szukiewicz, D., 2014. The role of inflammatory and
anti-inflammatory cytokines in the pathogenesis of osteoarthritis. Mediat. Inflamm.
2014, 561459.

Yang, R., Yang, L., Shen, X., Cheng,W., Zhao, B., Ali, K.H., Qian, Z., Ji, H., 2012. Suppression of
NF-kappaB pathway by crocetin contributes to attenuation of lipopolysaccharide-in-
duced acute lung injury in mice. Eur. J. Pharmacol. 674, 391–396.

Yang, L., Zhang, J., Wang, G., 2015. The effect of sodium hyaluronate treating knee osteo-
arthritis on synovial fluid interleukin-1 beta and clinical treatment mechanism. Pak.
J. Pharm. Sci. 28, 407–410.

Yaron, M., Shirazi, I., Yaron, I., 1999. Anti-interleukin-1 effects of diacerein and rhein in
human osteoarthritic synovial tissue and cartilage cultures. Osteoarthr. Cartil. OARS,
Osteoarthr. Res. Soc. 7, 272–280.

Zhang, W., Nuki, G., Moskowitz, R.W., Abramson, S., Altman, R.D., Arden, N.K., Bierma-
Zeinstra, S., Brandt, K.D., Croft, P., Doherty, M., Dougados, M., Hochberg, M., Hunter,
D.J., Kwoh, K., Lohmander, L.S., Tugwell, P., 2010. OARSI recommendations for the
management of hip and knee osteoarthritis: part III: changes in evidence following
systematic cumulative update of research published through January 2009.
Osteoarthr. Cartil. OARS, Osteoarthr. Res. Soc. 18, 476–499.

http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0040
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0040
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0040
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0045
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0045
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0045
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0050
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0050
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0055
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0055
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0060
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0060
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0060
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0065
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0065
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0070
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0070
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0075
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0075
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0075
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0080
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0080
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0080
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0085
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0085
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0090
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0090
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0095
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0095
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0100
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0100
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0105
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0105
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0105
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0110
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0110
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0110
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0115
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0115
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0115
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0120
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0120
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0125
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0125
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0125
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0130
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0130
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0135
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0135
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0135
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0140
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0140
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0140
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0145
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0145
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0145
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0145
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0145
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0145
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0145
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0145
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0150
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0150
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0150
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0155
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0155
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0155
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0160
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0160
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0160
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0160
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0165
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0165
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0170
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0170
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0170
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0015
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0015
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0175
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0175
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0175
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0180
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0180
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0185
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0185
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0190
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0190
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0190
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0190
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0195
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0195
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0200
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0200
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0200
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0205
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0205
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0210
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0210
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0215
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0215
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0220
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0220
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0220
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0225
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0225
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0225
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0230
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0230
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0235
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0235
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0235
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0240
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0240
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0245
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0245
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0250
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0250
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0250
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0255
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0255
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0260
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0260
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0265
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0265
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0270
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0270
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0275
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0275
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0275
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0275
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0280
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0280
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0280
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0285
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0285
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0285
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0290
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0290
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0295
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0295
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0295
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0300
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0300
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0300
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0305
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0305
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0305
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0310
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0310
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0310
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0315
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0315
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0315
http://refhub.elsevier.com/S0928-0987(16)30433-X/rf0315

	Development, characterization and in vitro evaluation of biodegradable rhein-�loaded microparticles for treatment of osteoa...
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Microparticle preparation
	2.3. Physicochemical characterization of MPs
	2.3.1. Extraction of rhein from microparticles
	2.3.2. Quantification of rhein in samples
	2.3.3. Particle size and zeta potential
	2.3.4. Scanning electron microscopy
	2.3.5. X-ray diffraction (XRD)
	2.3.6. Differential scanning calorimetry (DSC)
	2.3.7. In vitro release kinetics of rhein from microparticles

	2.4. Cell assays
	2.4.1. Cell line and culture condition
	2.4.2. Cell viability assay
	2.4.3. Enzyme-linked immunosorbent assay for quantification of interleukin-1β (IL-1β) and tumor necrosis factor alpha (TNF-α)
	2.4.4. Measurement of intracellular reactive oxygen species (ROS)

	2.5. Statistical analysis

	3. Results and discussion
	3.1. Effect of the polymer employed and initial drug amount on loading and encapsulation efficiency
	3.2. Particle size, morphology and zeta potential
	3.3. Structural analysis
	3.3.1. Powder X-ray diffraction
	3.3.2. Differential scanning calorimetry (DSC)

	3.4. In vitro release kinetics
	3.5. Cell assays
	3.5.1. MTT cell viability assay
	3.5.2. Effect of treatment with rhein-loaded microparticles on the production of pro-inflammatory cytokines and reactive ox...


	4. Conclusions
	5. Declaration of interest
	Acknowledgments
	References


