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Abstract: Introduction: Diclofenac is the most prescribed non-steroidal anti-inflammatory drug worldwide
and used to reliev pain and inflammation for inflammatory arthritis. Diclofenac do not slows disease
progression and cartialge damage of Rheuamtoid Arthritis individuals. Moreover, it associated with seriuos
adverse effects even using regular dose regimens. Drug delivery systems can overcome this issues reducing
adverse effects and optmizing efficacy. Objectives: to evaluate the activity of a lipid-core nanocapsule loaded
of Diclofenac (DIC-LNC) in an experimental model of adjuvant-induced arthritis and its anti-arthritic
properties at the joint components. Methods: The diclofenac nanoformulation was obtained by self-assembling
methodology. The stereology analysis aproach was applied for morphological quantification of the volume,
density and cellular profile count of the metatarsophalangeal joints of rats induced to adjuvant arthritis.
Proinflamatory cytokines and biochemical profile was also obtained. Results: DIC-LNC is able to reduce
arthitis compared to control group (p<0.0001) and DIC group (p=0.009). The TNF and IL1 cytokine as well as
C-reative protein and Xanthine-oxidade were efficiently reduced by DIC-LNC. Additionally, DIC-LNC reduces
synovites and condrocytes lossing compared to DIC (p<0.05)and control group (p<0.05). The synovial space
volume was higher for DIC-LNC compared to DIC (p<0.05) and Control (p<0.05). These data are suggesting
that DIC-LNC is showing anti-arthritic actvity preserving deep joint components. Conclusion: DIC-LNC is a
promissing nanoformulation for clinical use, since is able to reduce joint inflamation and synovits, avoiding
damage of cartilage and synovial space at advjuvant athrits. Further studies and developments are necessary
to achieve future clinical use.

Keywords: diclofenac; nanoformulation; lipid-core nanocapsules; stereology; advuvant arthritis

1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are the most prescribed medication to treat
the pain and stiffness caused by Rheumatoid Arthritis (THAKUR et al., 2018). NSAIDs act via the
inhibition of cyclooxygenase (COX) enzymes, blocking the production of prostanoids
(prostaglandins [PGs], prostacyclin [PGI2], and thromboxane [TX]) which promote the pain,
inflammation, and swelling of the inflamed tissue (HUNT et al., 2009; KU et al., 1986).

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Worldwide, Diclofenac is the most prescribed NSAID and can inhibit both isoforms of
cyclooxygenase, COX-1, and COX-2 (ALTMAN et al., 2015). Diclofenac gives temporary relief for the
symptoms of RA and is usually used in combination with Disease-modifying antirheumatic drugs
(DMARDs) and glucocorticoids to relieve pain and inflammation. Non-steroidal anti-inflammatory
drugs do not alter the progression of RA, and long-term use generates serious side effects
(CROFFORD, 2013). Some of the adverse effects caused by the NSAIDs are esophagitis, peptic ulcer
and gastrointestinal bleeding, chronic kidney disease, and death, especially by cardiovascular events.
All of these side effects are caused by the poor selectivity for inflamed tissue (LANAS, 2009; CHAN
et al., 2010).

To overcome this difficulty, nanotechnology can synthesize nanopharmaceuticals that delivers
drugs to the targeted areas of inflammation, avoiding the possible side effects that drugs can cause
to the system (PRASAD; O'MARY; CUI, 2015). Studies have demonstrated the enhanced anti-
inflammatory activity and strong modulation of pro-inflammatory mediators that NSAIDs develop
when used in nanostructure vehicles (CHIONG et al., 2013; TURK et al., 2013).

Lipid-core polymeric nanocapsules (LNC) are a type of polymeric nanoparticles constituted by
a polymeric wall and an organo-gel core containing a dispersion of sorbitan monostearate in
medium-chain triglycerides, stabilized by polysorbate 80 micelles (JAGER et al., 2009; VENTURINI
etal., 2011; FIEL et al., 2013). Recent studies have demonstrated diclofenac (acidform) loaded in lipid-
core nanocapsules with high encapsulation efficiency by its distribution mainly in the polymer watt
of the LNC, which can conduce to decrease the dose to elicit the necessary therapeutic activity and
the side effects. The use of the LNC has shown many advantages like a decreased TNF-a, IL-1, and
IL-6 level and increased the IL-10 level in the arthritis model using a LNC loaded indomethacin
(BERNARDI et al., 2009)

In the effort to understand experimental arthritis, many studies have been using Stereology as a
tool to quantify the morphological changes in these models (KELLER et al., 2012; KELLER et al., 2013).
Stereology is defined as “The body of methods for the investigation of three-dimensional space when
only two-dimensional sections through solid bodies or their projections on a surface are available"
(EXNER, 2011). The application of Stereology provides the calculation of volume, density, and the
counting of structures of one determinate object, through the analysis of two-dimension images.
Helping to obtain accurate results with minimum bias through the evaluation of serial sections made
from the object of interest (BOYCE et al., 2010). Studies have proven the efficacy that this technique
has on the analysis of experimental models of arthritis (SILVA et al., 2004; THOTE et al., 2013). While
conventional histology evaluates qualitative hallmarks of joint inflammation, stereology can provide
accurate quantitative information to understand the treatment effects at key joint tissue components
in experimental arthritis. We hypothesize that the diclofenac lipid-core nanocapsule aqueous
formulation (DIC-LNC) preserves the chondrocytes, synovial space and diminishes synovitis of the
arthritic joints. This work aims to evaluate, through stereological analysis, the anti-arthritic activity
of DIC-LNC in an experimental model of arthritis.

2. Materials and Methods

2.1 Materials

Poly(e-caprolactone) (PCL) (Mw = 65 000 g mol') and sorbitan monostearate (Span 60®) were
supplied by Sigma-Aldrich Co. Caprylic/capric triglyceride (CCT) was obtained from Delaware
(Brazil) and polysorbate 80 was obtained from Brasquim (Brazil). Sodium diclofenac was obtained
from Galena (Brazil). All other chemicals and solvents used were of analytical or pharmaceutical
grades. All reagents were used as received.

2.2. Preparation of the lipid-core nanocapsules formulations

Firstly, the neutral diclofenac (acid form) was obtained by the methodology previously
described (BECK et al 2004; OLIVEIRA et al 2013), in which the aqueous medium containing sodium
diclofenac was acidified with 5 mol L' hydrochloric acid until turbidity was observed. So, that
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mixture was kept static to allow precipitation in a cooling bath and the precipitate obtained was
filtered and recrystallized using water:ethanol (1:1, v/v). The colorless crystals were characterized by
infrared spectroscopy (FT-IR 8300, Shimadzu) and presenting bands at swavelength number (cm-
1) of 3300 (NH), 3200-2500 (OH), and 1710 (C=0O).

The formulations containing or not diclofenac, denominated DIC-LNC and LNC, respectively,
were prepared by interfacial deposition of preformed polymer methodology previously reported
(VENTURINI et al 2011; OLIVEIRA et al 2013). The organic phases, at 43C, composed of acetone (27
mL), PCL (0.100 g), sorbitan monostearate (0.038 g), capric/caprylic triglyceride (0.160 g), and
diclofenac (0,010 g), in the case of DIC-LNC, was poured into the aqueous phases (53 mL) containing
polysorbate 80 (0.077 g) at 40 oC. The translucent solution was obtained instantaneously, and,
afterward, acetone was removed and the solution was concentrated under reduced pressure at 40 oC.
The final volume was adjusted to 10 mL in a volumetric flask.

2.3. Physicochemical characterization of the formulations

pH measurements

After preparation, the pH values of the formulations were determined without previous dilution
by inserting the probe directly into the liquid formulation at room temperature. To this, a calibrated
potentiometer B-474 (Micronal, Brazil) equipped with an Ag electrode/AgCl (Analion V620) was
used.

Electrophoretic mobility and zeta potential

The zeta potential values were determined by meaduring th eelectropheretic mobility using the
aforementioned Zetasizer® Nano ZS (Malvern Instruments Ltd., UK). The samples were diluted
using 10 mmol L' NaCl aqueous solution (1:500, v/v) and the analysis was carried out at 25C.

Particle sizing

Laser diffraction

The granulometric profile of the DIC-LNC and LNC formulations were obtained by laser
diffraction (Malvern Mastersizer® 2000, Malvern Instruments, UK) in the range of 40 nm to 2 mm.
Each sample was directly added into the wet unit containing distilled water (about 150 mL), at room
temperature. Formulations were analyzed using an obscuration between 2% and 8%. The volume-
weighted mean diameter (D[4,3]) and the polydispersity of the distribution (Span, based on the
diameters at 10%, 50%, and 90% of the cumulative size distribution) were determined.

Dynamic Light Scattering

Formulations were analyzed, at 25 °C, by dynamic light scattering (DLS) using ZetaSizer Nano
ZS (Malvern Instruments Ltd., UK) to determine the distribution curve of diameters in the range from
1 nm to 5 um, the mean hydrodynamic diameter (Dh), using the method of Cumulants, and the
polydispersity index, using the relative variance in the particle size distribution. Formulations were
diluted 500 times in ultrapure water (MilliQ®) and the intensity of the scattered light was analyzed
at an angle of 173 © providing the correlation curves, which were fit using a monoexponential model.

Nanoparticle tracking analysis

Nanoparticle Tracking Analysis (NTA) was performed using a NanoSight instrument (LM10,
NanoSight Ltd., Amesbury, UK) after the formulations were diluted (5000 x) in pre-filtered ultrapure
water (MilliQ®). By Brownian motion of the lipid-core nanocapsules, the hydrodynamic diameter
(Dh), the median diameter (D50), the diameter at the 90th percentile (D90) under the cumulative size
distribution, and the particle number density (PND) were obtained in real-time via a CCD camera.
The video clips were captured over 60 s, at 21.620.5 °C and 0.96 + 0.02 cP.
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Drug content and Encapsulation Efficiency

The DIC content of DIC-LNC was determined by a direct quantification using high-performance
liquid chromatography (HPLC, Perkin Elmer S-200 with an S-200 injector) dotted of a UV-VIS
detector () and mobile phase consisted of acetonitrile: water (65:35 v/v) adjusted to an apparent pH
of 5.0£0.5 with 10% (v/v) acetic acid, with a flow rate of 1.0 mL min and injection volume of the 20
pL?. The sample was diluted in acetonitrile in a volumetric flask and filtered with 0.45 pum membranes
(Millipore, USA). The methodology presented proper linear regression, with 7>0.999 in the interval
used, 1-50 ug mL", and demonstrated specificity, accuracy (99+1 %), repeatability, and precision
(relative standard deviation <5%).

The encapsulation efficiency (EE%) was established by an indirect quantification using
ultrafiltration-centrifugation by adding 300uL of the formulation, without previous dilution, in a
Microcon® centrifugal filter device (10KDa, Millipore®, USA), after this the unit was centrifuged at
1844 xg (RCF) for 5 min using a centrifuge (Sigma® 1-14, Germany) and the ultrafiltrate was analyzed
by HPLC with the method above described. The EE% was calculated from the difference between the
total drug content (total concentration of the drug in the formulation) and the drug concentration in
the ultrafiltrate (concentration of dissolved drug in the continuous phase) divided by the total content
and multiplied by 100. All analyses were made in triplicate.

2.4. Animals

Twenty 8-week-old Lewis rats that weighed between 250 and 350 g were maintained in the
biotherium at the Federal University of Amazonas (UFAM) and used in the experiment. The animals
had access to water and food and were maintained in a light-controlled (12-hour light-dark cycle)
and temperature-controlled (22°C) environment. They were allocated by simple randomization into
four groups, four animals were maintained in each cage and one animal was kept alone for negative
control. All experiments were performed with the approval of the Institutional Committee for Ethics
in Animal Experiments under reference number 010/2010 (CEEA) UFAM.

2.5. Induction of arthritis by Freund’s Complete Adjuvant and Experimental Design

The whole experimental design is showed at figure from Suplemmentary Material. The
induction of arthritis was made through an intradermal injection on the tail of the rats with 0.1 mL of
complete Freund’s adjuvant (Difco, USA) after the inhalation of anesthesia with isoflurane, on the
first day of the experiment. After the evidence of arthritis, the animals were allocated into four groups
using simple randomization: Group 1: control (arthritic rats without treatment), Group 2: arthritis
with empty LNC, Group 3: arthritis with a free solution of Diclofenac, and Group 4: arthritis with the
nanoformulation DIC-LNC. On the Day 0 of the experiment, each treatment was initiated with an
intraperitoneal injection of DIC, DIC-LNC and empty LNC, respectively for each group. The DIC and
DIC-LNC dose was 3mg/kg/day. On day 28 of the experiment, the animals were killed by inhalation
of isoflurane and blood was obtained by heart puncture.

2.6. Randomization, Blinding and Allocation Concealment

To allocate animals into a treatment group, a list of random numbers was used, and the animals
were raffled by simple randomization (randomization.com.br). Allocation concealment was achieved
by a codified random list produced by personnel that was not involved with experiment design nor
conducting. All animal treatment assessments, biochemical markers, stereological and data analysis
were conducted under blinding evaluation.

2.7. Edema volume and arthritis score of the hind paw

The volumes of the paws were measured on days 0, 7, 14, 21 and 28 of the experiments, with a
digital plethysmometer (Insight®, Brazil). A blind evaluator assessed the paws volume
measurements. The arthritis score was evaluated on the 28th day of the experiment. We scoring rat
paws using an arthritis score as previously described (BOECHAT et al. 2015)
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2.8. Quantification of cytokines and biochemical markers

With a CBA Flex Sets® (cytometry bead array) the serum levels of TNF-a, IL-1at and CRP were
measured, following the manufacturer’s instructions. To read the samples a FACSCalibur™ flow
cytometer (BD Biosciences) was used. The quantity and mean fluorescence of the cytokines were
calculated using BD FCAP Array™ Software (v 1.0.1; BD Biosciences). To calculate the serum levels
of CRP, a Roche Hitachi Chemistry Analyzer and immunoturbidimetric assay (catalog number:
4956842190) was used following the manufacturer’s instructions. Liver and renal toxicity were
evaluated measuring glutamic oxaloacetic transaminase (TGO), glutamic pyruvic transaminase
(TGP), gamma glutamyl transpeptidase (GGT, creatinine and blood urea nitrogen (BUN).

2.9. Stereological analysis

After the euthanasia, the left and right hind paws were removed and preserved in buffered
formaldehyde 10% until the stereological analysis. Each paw was previously codified according to
group allocation, and all stereological analyses were performed under allocation concealment
strategy. The rat paws were washed in distilled water to remove any residue of formaldehyde. Then,
the second digits of the paws were removed, since the articulation of interest was the
metatarsophalangeal (MTP) of the second digit. The hair and skin of the digits were peeled for better
absorption of the decalcifier substance. All the digits were kept in 10% Formic Acid for 48hrs until
complete decalcification.

After this, they were washed in distilled water and dehydrated in an alcoholic series (70% and
96%), following resin embedding (Technovit 7100, Kiilzer-Heraeus, Germany). Each block containing
the finger was kept in a stove at 500 C for 24 hrs.

After this, each block was positioned in an angle clock and randomly rotated to create different
angles for sectioning, according to the principle of vertical sectioning (BADDELEY; GUNDERSEN;
CRUZ-ORIVE, 1986). Figure 1 shows the procedure used to obtain the vertical sections of the MTP
joint. Ten to eleven sections (5 pm thick) were taken with a constant distance (T) of 50 pm for each
block using a microtome (Leica RM 2145, Germany). The sections were stained with toluidine blue
0.5% (toluidine blue, 0.12 g; Na*borate, 0.5 g; distilled H2O, 100 mL) and basic fuchsin (basic fuchsin,
0.5 g and distilled H20, 100 mL). All these procedures for histological evaluation were described by
Kiernan (1999).

Joint Stereology (Quantitative Morphology)

@ Tissue Sections @ Section Analysis @ Integrative Equations
v b
° - Cavalieri’s Volume
‘2 "3 n
Vi =) Pix(al p)xTs
i=1
@ Joint Elements Counting Component’s Volume
_ Lt Pcomp
VY= Sm Pref

Measured Outcomes

K1

Joint Components
Sinovial Volume
Joint Space

Capsule (cap) Synovial Grid Ehondiogyias
Cartilage (ca) Space (s)
Bone (b)

Figure 1. Methods used for stereological analysis. A. Sectioning level of the 2nd digit of the paw. B.
Block of resin containing an MTP joint (longitudinal lines indicate the location of the knife during the
microtomy. C. Generation of 50um equidistant serial sections. Any section passing through the
longitudinal plane of the finger will be a vertical section. D. Profile of a section used to determine
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Cavalieri volume. In this magnification (8) the structures marked in the image are fully visible. The
lines delimit the area investigated in this study limited by the border with the spongy bone E. Detail
of the joint region used to estimate the volume density (point-counting system), surface area (counting
system with points and curves) and number of chondrocyte profiles (counting system with frames
and a central point). cap, capsule; b, bone; ca, cartilage; s, synovial space.

2.10. Determination of Cavalieri’s Volume

The volume of the MTP joint was determined according to Cavalieri’s principle (LOCKWOOD;
EVES, 2007; GUNDERSEN; JENSEN, 1987). This principle is used when the precise calculation of any
volume is needed. For this matter, all the serial sections of each block were digitized by the
stereomicroscope (Leica EZ4D Digital System, Germany) and through the program of Imod 4.7/
stereology (KREMER; MASTRONARDE; MCINTOSH, 1996) a counting system of points was overlap
on each section. The procedure consists of counting all the points hitting the MTP joint (defined by
the limits of the capsule). The volume was estimated using the following formula:

V(imm3) =YY" Pi XxT xXa/p

Where, V was the absolute volume of the MTP joint; ). Pi was the sum of points hitting MTP; a/p was
the area occupied by each central point (23470 um?) and T (50 pm) was the distance between each
section (GUNDERSEN; JENSEN, 1987).

2.11. Determination of Relative Volume

The percentage of each component within MTP was obtained by the Delesse principle
(DELL'ISOLA; GUARASCIO; HUTTER, 2000). For this, microscopic fields of view within the joint
were systematic, uniform and random sampled (magnification 200). Following the same procedure,
a point counting system was superimposed over the images. The percentage of the volume occupied
by each component in relation to the reference space (joint) was calculated as:

YitqPcomp

Vv (component,reference space) = ==,
Yizq Pref

Where Vv was the volume density of articular component Y Pcomp was the sum of points hitting
each component (capsule, synovial space, and synovial membrane) and Y Pref was the sum of points
hitting the reference space (articular region) (HOWARD; REED, 1998). The percentage values
obtained for each component were transformed into absolutes when multiplied by Cavalieri’s
volume of the joint, as seen on the next formula:

Absolut Volume(mm3) = Vv x Cavalieri Volume

2.12. Determination of Surface Area

The same images from the preview calculation of Delesse Volume were used to obtain the
surface area of the articular cartilage and synovial membrane. Once again, a counting system with
long cycloid curves and points was superimposed over the images. Each time a curve intercepted the
edge of the cartilage in contact with the synovial space or the synovial membrane, it was counted.
The same thing happened with the points that touched these structures. The density of the surface
was calculated as:

231

[]

Sv(mm™) =
( ) Yt Pi x

Where Sv stands for surface density, I is the sum of intersections, 3P is the sum of points, and 1/p
is the length of the test curve per grid point. The relative values obtained for each component were
transformed into absolutes when multiplied by Cavalieri volume of the joint, see following formula:

Surface area (mm™1) = Sv x Cavalieri Volume
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2.13. Counting number of cellular profiles

To determine the number of chondrocytes profiles present in articular cartilage, we used a 2-D
quantification technique. The counting system consists of six frames (2700,28 pm?), and each frame
contains a reference point. The counting frames consisted of a solid forbidden line and a dashed
acceptance line. Only the nucleus of the cells that appear inside the counting frame, and did not touch
the exclusive line were counted. The number of cells was expressed as profiles/mm? and calculated
with the following formula:

i=1Q-

Nv = Nf X Af

Where: };Qchon was the cellular profile number of chondrocytes; YN frames were the sum of all the
analyzed molding frames; Aframe was the area of the molding frame.

2.14. Statistical Analysis

Data were expressed as means and standard deviations. The results are expressed as the means
and standard deviations, and a 95% confidence interval was used. One-way or Two-way ANOVA
were used to compare the means, and a Sidak’s test for multiple comparisons or linear test for trend
was used for post hoc analysis. The Mann-Whitney test was used when the Barllet analysis did not
observe normality. Linear regression and curve-fitting with non-linear polynomial regression were
applied to study the effects of the different MTX preparations on cytokine levels in the blood and
synovial culture cells. A significance level of a=0.05 was adopted, and all p-values were two-tailed.
The level of significance used was 5%. For stereology analysis, the variance was expressed as the
coefficient of error (CE) for each parameter evaluated (V, Vv and Sv). The accuracy of the Cavalieri
volume estimates was determined according to (CRUZ-ORIVE 1999),

1

2
et
(T4 Pi)2

CE= 10,0724 X

Where CE indicates the coefficient of error for Cavalieri’s volume determination; % Indicates the

variance in the count on the sections (shape coefficient) and depends on the morphological
complexity of the structure; n represents the number of sections evaluated and is the number of points
counted on the sections.

3. Results

3.1 Preparation of DIC-LNC dispersed in water

Lipid-core nanocapsules loadingdiclofenac, DIC-LNC, and blank lipid-core nanocapsules, LNC,
presented white-bluish opalescent liquids with Tyndall effect (visual aspect). The granulometric
profile of the DIC-LNC and LNC (Figure 2) obtained by laser diffraction (LD) analysis showed
unimodal distributions with D[4,3] below 204+46 nm (Span < 1.7) for both formulations. No
micrometer particle population was formed whatever the formulations, containing or not diclofenac.
Table 3 summarizes all values obtained by different techniques for DIC-LNC and LNC. These
formulations were also analyzed by dynamic light scattering (DLS) to improve accuracy in the
nanoscale range measurements and showed hydrodynamic mean diameter (Dh) below 170 nm with
narrow polydispersity indexes (PDI<0.1). Besides the DLS, the hydrodynamic diameters of the
formulations also were obtained by nanoparticle tracking analysis (NTA). The NTA technique
determines the diameters from individual particles by tracking and sizing them by recording the
positional changes due to their Brownian movement. The formulations showed Dh between 182 and
196, D90 below the 309 nm and particle number density between 4.76 x 102 and 4.98 x 10"
nanocapsules mL" (Table 1).

After assessing the size distribution, the drug loading and encapsulation efficiency of the DIC-
LNC were evaluated showing drug content of 1.09+0.10 mg mL" and encapsulation efficiency of
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100%. The pH and the zeta potential were determined and no significant difference between DIC-
LNC and LNC were observed.

Table 1. Characterization of the formulations by potentiometry, laser diffraction, dynamic light
scattering and nanoparticle tracking analysis.

LNC DIC-LNC

Potentiometry
pH 5.43+0.24 5.39+0.16
Laser diffraction

D[4.3] (nm) 153+10 204+46

Span 1.4+0.2 1.7+0.1
Dynamic Light Scattering

Dh (nm) 170+13 166+13

PDI 0.06+0.02 0.08+0.02
Electrophoretic mobility

Zeta Potential (mV) -13+6 -11+2
Nanoparticle tracking analysis

Dh (nm) 18249 196+14

D50 (nm) 173+13 1862

D90 (nm) 257+10 309+9

PND (x102 particles mL") 4.98+0.25 4.76+0.78

Note. Data are expressed as mean + standard deviation. Abbreviations: LNC, blank lipid-core nanocapsules;
DIC-LNC, acid diclofenac loaded lipid-core nanocapsules; D[4.3], volume-weighted diameter average; Dh,
hydrodynamic diameter; PDI, polydispersity index; D50, median diameter; D90, the diameter at the 90t
percentile; PND, particle number density.

3.2. DIC-LNC reduces edema formation at the hind paws

The Figure 3 shows edema formation (Panel 2A and 2B) and treatments effect over hind paw
volume and arthritis score (Panel C). DIC-LNC reduces paw volume compared to control (p <
0.00010.05) and DIC 9p = 0.05) at 28th days, mean reduction of -0.848mL (95% CI -1.80 to -0.51).
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Moreover, the treatment effect of DIC-LNC appears to be early on arthritis reduction at 21st day
compared to DIC (mean reduction -0.338mL 95%CI -0.54 to -0.19, p< 0.0001).
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Figure 3. Arthritis evaluation and Scores for twenty-eighty days. A. Arthritis kinetics, the black
arrows indicate the maximum effects observed; B — Edema curve with smoothing techniques and C —
Arthritis score. ** (p<0.05).

3.3. DIC-LNC reduces the serum levels of proinflammatory cytokines and CRP

The serum levels of TNF-a were significantly lower in the DIC-LNC group compared with the
DIC group using Sidak’s test (p < 0.0001, Figure 4A). The serum IL1a levels were similar for both
groups when the comparison was performed using a Tukey’s test (p = 0.778); however, the linear test
for trend indicated a significant trend (p = 0.0001). The CRP levels were also lower for the DIC-LNC
group compared with DIC (Mann-Whitney test, p = 0.0286, Figure 4B).
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Figure 4. Serum Inflammatory Markers on day twenty-eight of the experiment. A — Quantification of
the proinflammatory cytokines TNF-a and IL-1a. B — Serum levels of CRP for the DIC and DIC-LNC
groups and C — xanthine-oxidase as an oxidative stress marker. .

3.4. Absence of liver and renal toxicity with DIC-LNC

To evaluate the liver and kidney toxicity liver enzymes and renal function markers were
evaluated (Figure 5, Panel A and B). It was observed that the use of the DIC-LNC did not alter the
serum levels of these enzymes (p>0.05) at the doses used at this research, suggesting no liver toxicity
(Figure 5, Panel A). Following the same protocol, the serum levels of creatinine and blood urea
nitrogen (BUN) were measured to evaluate renal toxicity (Figure 5, Panel B). It was also observed
that the use of the DIC-LNC did not alter the serum levels of BUN nor creatinine, in comparison with
the other treatments (p>0.05).
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Figure 5. Liver and Kidney Toxicity biochemical markers. A) Liver biochemical markers (TGO, TGP,
GGT) of all five groups (Ul/mL). B) Kidney biochemical markers (BUN, CRE) for all five groups
(mg/dL).

3.5. Cavalieri’s Volume of M TP joints

Figure 6 shows the influence of the number of sections on the efficiency and accuracy of
determining the Cavalieri volume of the MTP joint. In a pilot study, a rat's paw finger was
histologically processed into resin and thoroughly sectioned to produce 28 sections that were
evaluated for the determination of volume according to Cavalieri. A reductive process was applied
to show the relationship between the smallest number of sections associated with a low CE. Our
results indicated that the use of 10 sections is as accurate as the use of 28 sections and, in addition, it
is much more efficient.
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Figure 6. Relationship between Cavalieri’s volume and the coefficient of error. Demonstration of the
relation between the number of serial sections (x axis), the volume of Cavalieri (right y axis) and the
coefficient of error (left y axis). Continuous lines indicate the volume and dotted lines represent the
respective error coefficient. Blue indicates 28 serial sections equidistant 20 mm; Green indicates 14 40
mm equidistant serial sections; Purple indicates 10 equidistant 60 mm serial sections and red indicates
16 equidistant 80 mm serial sections.

Table 2 and Figure 7 (Panel A) present the results of MTP joint volume. The volume was higher
on the Arthritis group when compared with the Diclofenac (p = 0.0007) and DIC-LNC group (p <
0.0001). Most important, the DIC-LNC presented differences with the Diclofenac group (p = 0.023),
showing the DIC-LNC formulation was more efficient to control edema formation. These results
demonstrate that DIC-LNC had an effective diminution of joint volume with values similar to the No

Arthritis group.
Table 2. MTP Joint volume and Density of its different components.
Volume (mm?)
Groups Joint Cartilage  Bone Capsule  Synovial  Synovial
Space Membrane
Arthritis 3.02+0.08! 0.50+0.10  1.20+0.05 0.97+0.14 0.16+0.01 0.06+0.04
LNC 2.80+0.321 0.36x0.08  1.08+0.16 0.89+0.15 0.17+0.01 0.04+0.01

Diclofenac 2.46+0.122 0.34+0.03  1.02+0.12 0.67+0.02  0.19+0.02 0.03+0.00

Diclofenac-  2.10+0.10° 0.21+0.01  0.75+0.05 0.58+0.02  0.26+0.01 0.02+0.00
LNC

No Arthritis  1.95+0.05* 0.23+0.03  0.61+0.06 0.52+0.03  0.41+0.03 0.01+0.05

Note. Data are expressed as mean * standard deviation. ANOVA and Turkey’s multiple comparisons (p<0.001).
Abbreviations: LNC, blank lipid-core nanocapsules.

3.6. Density of the joint components and Absolute volume

Table 2 and Figure 7 (Panel B) summarize the results obtained from the calculation of the
relative volume of each component of MTP. The Arthritis group presented an elevated volume of
cartilage (arthritis vs DIC p = 0.002; arthritis vs DIC-LNC p < 0.0001), bone (arthritis vs DIC p =0.142;
arthritis vs DIC-LNC p = 0.0002), capsule (arthritis vs DIC p = 0.142; arthritis vs DIC-LNC p < 0.0002)
and synovial membrane (arthritis vs DIC p =0.0003; arthritis vs DIC-LNC p =0.0001), when compared
with Diclofenac and DIC-LNC groups respectively. It is interesting to note that cartilage volume
expansion is reflecting both damage of cartilage content by inflammation and marginal bone and
cartilage formation.

The treatment with DIC-LNC preserved the synovial space (p = 0.007) and diminished the
volume of cartilage (p = 0.031), bone (p = 0.01,6) and synovial membrane (p = 0.0009, Brown-Forsyte
ANOVA test due to unequstandardard deviation and Dunnet’s T3 for multiple comparisons) when
compared with the Diclofenac group (Figure 7C). Demonstrating that DIC-LNC causes a reduction
of joint inflammation.
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Figure The volumelume of the MTP joint and each component. A) MTP joint volume of all treated
groups. B) Absolute volume of the components of MTP of each treated group and C) Volume of
Capsule, Synovi,al Space and Synovial Membrane. ANOVA significance p <0.05.

3.7. Surface area of MTP joints

Table 3 and Figure 8 are showing the rethe sults of surface area of the cartilage and synovial
membrane of MTP. The erosions at cartilage surface usually are reflected by a higher surface area
measurement. On the other hand, a higher surface area is observed due to inflamed synovial
villosities. Thus, the Arthritis group presented the highest surface area of cartilage (arthritis vs DIC
p=0.001; arthritis vs DIC -LNC p =0.0001) and synovial membrane (arthritis vs DIC p =0.006; arthritis
vs DIC-LNC p <0.0001) when compared with the Diclofenac and DIC-LNC groups, respectively. As
shown in Figure 8, the treatment with DIC-LNC restored the values of cartilage (p = 0.015) and
synovial membrane (p = 0.045) in comparison with the Diclofenac group.

Table 3. Surface area and Cellular count of MTP.

Surface Area (mm?) Cellular Count (cell/mm?2)

Isogenous  Total

Groups Cartilage Synovial Chondrocytes Group chondrocyte
Membran s s
e
Arthritis 38.25+4.3  14.22+2.43 1416+126.3 80.55+8.77t  1517+54.30
2
LNC 29.09£3.7  10.42+1.92 1543+49.92 111.5+4.512 1701+91.96

5
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Diclofenac 27.87+3.3  10.06+0.53 1627+95.61 161.1+11.84°  1849+16.73
1
Diclofenac-  20.45+1.5 8.19+0.22 1894+47.00 226.8420.5*  2095+52.33
LNC 8
No Arthritis 19.45+1.2  6.71+1.40 2208+217.4 297.9+¢19.55  2367+225.8
8

Note: Data are expressed as mean + standard deviation.
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Figure 8. The surface area of MTP. The left panel presents the surface area of the cartilage. The right
panel presents the surface area of the synovial membrane. ANOVA significance p <0.05.

3.8. Quantification of chondrocytes

Table 3 and Figure 9 summarize the results of chondrocyte count. The No Arthritis group
presented the highest number of total chondrocytes. On the other hand, the Arthritis group presented
the lowest count of chondrocytes (p =0.084, p = 0.002) when compared with Diclofenac and DIC-LNC
groups. The Arthritis group also presented a reduction in the number of isogenous groups (p < 0.001;
p <0.001) and the total number of chondrocytes (p = 0.004; p <0.001) when compared with Diclofenac
and DIC-LNC groups. The DIC-LNC group presented higher numbers of isogenous groups (p <
0.001) and total chondrocytes (p=0.004) when compared with the Diclofenac group.
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Figure 9. Cellular profile count of MTP chondrocytes. The left panel shows the total number of
chondrocytes count. The middle panel shows the number of isolated chondrocytes. The right panel
shows the number of isogenous groups of chondrocytes, present after mitosis. ANOVA significance
p <0.05.
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4. Discussion

In this project we aimed to evaluate, through stereological analysis, the anti-arthritic activity of
DIC-LNC in an experimental model of arthritis. To this end, a lipid core nanocapsule, containing
diclofenac, was formulated by interfacial deposition of polymer method. We demonstrated at this
work that these diclofenac-loaded lipid-core nanocapsules (DIC-LNC) are able to reduce paw
inflammation and cytokine production, preventing synovitis, synovial space and cartilage losses by
morphologic quantitative methods. Together, these effects strongly support an anti-arthritic effect for
DIC-LNC.

For both formulations, DIC-LNC and LNC, the polydispersity index values were lower than 0.1
indicating narrow size distributions of the nanocapsules showed by unimodal size distribution
profiles. Moreover, DIC-LNC presented mean diameter of 204+46nm, pH of 5.39+0.16 and Dh of
196 nm and D90 of 309 nm obtained by NTA. These physicochemical parameters show that these
nanocapsules are suitable for intravenous circulation. Lipid-core nanocapsules (LNC) have
demonstrated to be effective formulations to entrapped pharmaceuticals (FROZZA et al., 2010) and
to deliver drugs in specific areas of inflammation like multiform glioblastoma (BERNARDI et al.,
2009), neuroinflammation (BERNARDI et al., 2010) and chronic inflammation (CRUZ et al., 2006).
Furthermore, LNCs have been proven to be non-toxic to animal experimental models (BULCAO et
al., 2014). Thus, these nanomaterials are efficient in delivering pharmaceuticals to specific areas while
minimizing the side effects of the drugs.

Although the success of DMARDS use for rheumatoid arthritis treatment under a treat-to-target
approach, pain and inflammation are still challenges at clinical practice (ZANG & LEE, 2018).
Proinflammatory cytokines like tumor necrosis factor-alpha (TNF-a), interleukin-1-beta (IL-1p3),
interleukin-6 (IL-6) and interleukin-17 (IL-17) can rise the peripheral nociceptive neurons
sensitization (SCHAIBLE 2014). These cytokines are locally produced by proliferated synovial cells,
like macrophages and fibroblasts, and activated T lymphocytes cells at joint inflamed synovia
(FIRESTEIN; MCINNES 2017). When proliferated by inflammatory signals, the synovial membrane
cells infiltrate joint components and allow cartilage destruction, bone erosion, and joint space
narrowing (MCINNES et al 2017). Eicosanoids production at inflamed synovia are both related to
pain sensitization and joint inflammation (CROFFORD et al 1994) and are stimulated by
inflammatory cytokines (ANDERSON et al 1996; MARTEL-PELLETIER et al 2004).

It has been well known that pro-inflammatory cytokines especially enhance the expression of
cyclooxygenase-2 (COX-2) and metalloproteinases (MMP) in human synovial fibroblasts (RASF)
(GITTER et al 1989; CROFFORD et al. 1994). Cyclooxygenase and leukotriene inhibition reduce
cartilage erosion and bone erosion for both adjuvant arthritis and collagen-induced arthritis (GILROY
et al 1989; ANDERSON et al 1996; 2009) Moreover, recent investigations showed that RA patients
with optimized treatment highly express cyclooxygenase at the synovial membrane (KOROTKOVA;
JAKOBSSON, 2014). When the human cyclooxygenase-2 gene is silenced on cultured synovial cells
of rheumatoid arthritis patients, there is a reduction of prostaglandin E2 (PGE2), vascular endothelial
growth factor (VEGF), IL-1p and TNF-a (LENG et al 2018). Taking together, these data may account
for those anti-arthritic effects demonstrated for DIC-LNC over conventional diclofenac in
experimental arthritis in our work.

With the use of Stereological analysis, it has been proven that there is an augmentation of bone
formation in arthritic experimental models. A group of researchers analyzed the bone surface of the
joints of arthritic mice. They observed that the mineralizing surfaces of the bone were higher on
arthritic mice (p <0.001) when compared with the control group (KRARUP KELLER et al., 2012). This
may be explained by the production of TNF-a that promotes the differentiation of osteoclasts in the
arthritic joints, which leads to invasion of inflammatory tissue, imbalance of bone
resorption/formation and later remodeling of the bone (DIARRA et al., 2007).

In our study, we observed a higher volume of the bone in arthritic joints when compared with
the other groups. Also, the experimental model of arthritis used in the project, Adjuvant-Induced
Arthritis (AIA), isanaggressive representation of RA that leads to ankylosis and joint malformation.
AIA is characterized by inflammation of soft tissue, marked bone loss and periosteal new bone
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formation (CAl et al., 2006). This data may indicate that the arthritic joints were in the process of joint
remodeling.

One marked manifestation of Rheumatoid Arthritis is inflammation of the synovial membrane
(SMOLEN; ALETAHA; MCINNES, 2016). In the synovial lining, there is an increase in the activity of
fibroblast-like synoviocytes, which produce prostaglandins (PGs) and metalloproteinases (MMPs)
that contribute to the destruction of the joint (SMOLEN et al., 2007). Synovitis has been related to the
production of TNF-a, IL-17, IL-6, and IL-1. This group of proinflammatory cytokines cause
hyperplasia of the synovia and angiogenesis by the activation of macrophages, dendritic cells, T and
B lymphocytes (CHOY, 2012).

Synovial membrane augmentation of RA patients was studied using stereological analysis.
Researchers observed a significant increase of the synovia when compared with the control group
(ARTACHO-PERULA et al., 1994). Also applying stereological analysis, Kristensen et. al, studied the
synovial proliferation of arthritic rabbits. The team observed that the arthritic joints of rabbits
presented the highest scores of synovial proliferation and thickness when compared with the control
group (KRISTENSEN et al., 2008). Our results also show an increase in the volume of the synovial
membrane of arthritic joints when compared with the other groups. Making these results coherent
with the literature.

Drug nanoencapsulation may increase drug-tissue interactions raising the drug tissue
concentration or modified drug biodistribution (FRANK et al 2015). For instance, the ketoprofen-
loaded polymeric nanocapsules are able to cross the blood-brain barrier by a passive transport after
in vivo treatment of glioblastoma in rats (SILVEIRA et al 2013). When nanocapsules are given orally,
the adhesion on mucosae improves the performance of the drug nanosystems. Thus, the interaction
of indomethacin ethyl-ester lipid-core nanocapsules with the gastrointestinal tract acting as a
mucoadhesive drug reservoir (CATTANI et al 2010). Of note, nanocapsules are internalized
together with the encapsulated substance into the endosomal compartment or in the micronucleus.
After that, the drug is then released by simple diffusion, by polymer enzymatic degradation, or by
redox-responsive degradation of the polymer.

Recently network metanalysis showed that diclofenac is more likely to control pain, improving
physical function with similar adverse effects to other compared NSAID (van WALSEM et al 2015).
The diclofenac therapeutic effect for arthritis is largely related to its synovial fluid concentration
(FOWLER et al 1983). The synovial bioavailability of diclofenac, on its turn, may be limited by oral
absorption and first-pass hepatic metabolism (FOWLER et al 1983; YUAN et al 2017). A high plasma
concentration of diclofenac is a key pharmacokinetic element to reach synovia. After 6 hours a single
intravenous 75mg injection, the diclofenac synovial concentration corresponds to 166% of plasma
levels (FOWLER et al. 2017). However, after the first-pass metabolism, approximately only 50% of
the drug reaches the systemic circulation in an unchanged form, and this extensive metabolism
accounts for diclofenac having poor oral bioavailability (KASPEREK et al 2017). Moreover, after an
oral diclofenac intake, large interindividual differences in plasma concentrations were observed
(HELLMS et al 2019). These individual variations may account for therapeutic inefficiency, due to
low serum concentrations, and for the observed adverse reactions, when higher serum levels were
achieved. As we previous reported diclofenac nanocapsules formulations achieves higher serum
concentrations compared to sodium diclofenac oral solution with a lower drug-induced organ
damages (GUTERRES et al. 2001).

5. Conclusions

Our results demonstrate the anti-arthritic activity of DIC-LNC. Using stereological analysis we
calculated the articular volume of MTP and its components, the surface area of the cartilage and
synovium and 2-D cellular count profile of chondrocytes. We demonstrated that the lipid-core
nanocapsule reduced the joint synovitis and preserved the articular cartilage, chondrocytes and
synovial space. DIC-LNC is a innovative and promising nanoformulation for future treatment of RA
and other inflammatory joint diseases. However, more analysis needs to be made regarding the
effects of nanocapsules in humans.
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