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Background: Rheumatoid arthritis (RA) is the most common autoimmune disease in the word,
affecting 1% of the population. Long-term prognosis in RA was greatly improved following
the introduction of highly effective medications such as methotrexate (MTX). Despite the
importance of this drug in RA, 8%—16% of patients must discontinue the treatment because
of adverse effects. Last decade, we developed a promising new nanocarrier as a drug-delivery
system, lipid-core nanocapsules.

Objective: The aim of the investigation reported here was to evaluate if methotrexate-loaded
lipid-core nanocapsules (MTX-LNC) reduce proinflammatory and T-cell-derived cytokines in
activated mononuclear cells derived from RA patients and even in functional MTX-resistant
conditions. We also aimed to find out if MTX-LNC would reduce inflammation in experimen-
tally inflammatory arthritis at lower doses than MTX solution.

Methods: Formulations were prepared by self-assembling methodology. The adjuvant arthri-
tis was induced in Lewis rats (AIA) and the effect on edema formation, TNF-o. levels, and
interleukin-1 beta levels after treatment was evaluated. Mononuclear cells obtained from the
synovial fluid of RA patients during articular infiltration procedures were treated with MTX
solution and MTX-LNC. For in vitro experiments, the same dose of MTX was used in compar-
ing MTX and MTX-LNC, while the dose of MTX in the MTX-LNC was 75% lower than the
drug in solution in in vivo experiments.

Results: Formulations presented nanometric and unimodal size distribution profiles, with
D[4.3] of 175+17 nm and span of 1.6£0.2. Experimental results showed that MTX-LNC had the
same effect as MTX on arthritis inhibition on day 28 of the experiment (P<<0.0001); however,
this effect was achieved earlier, on day 21 (P<<0.0001), by MTX-LNC, and this formulation
had reduced both TNF-o. (P=0.001) and IL-10¢ (P=0.0002) serum levels by the last day of the
experiment. Further, the MTX-LNC were more effective at reducing the cytokine production
from mononuclear synovial cells than MTX.

Conclusion: The MTX-LNC were better than the MTX solution at reducing proinflammatory
cytokines and T-cell-derived cytokines such as interferon-gamma and interleukin-17A. This
result, combined with the reduction in the dose required for therapy, shows that MTX-LNC are
a very promising system for the treatment of RA.

Keywords: drug delivery, drug targeting, arthritis, cytokines, TNF-c, IL-6, IL-1, IL-17A,
IFN-y

Introduction

Rheumatoid arthritis (RA) is the most common autoimmune disease, and it affects
1% of the world’s population.! The disease affects the synovial membrane of joints,
and, if not properly treated, leads to joint destruction and disability, loss of work
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productivity, and poor quality of life.> Moreover, RA is
associated with a high prevalence of comorbidities, such as
cardiovascular diseases, in affected individuals.’ Notably, a
reduced life expectancy in RA sufferers compared with the
normal population has been reported.* Although the exact
immunological mechanism for the disease etiology remains
unclear, both genetic background and environmental factors
have been associated with the loss of tolerance and rising
autoimmunity.>® It should be emphasized that RA involves
high costs of treatment regarding medications (especially
biologics), surgical procedures, and indirect costs.” Thus, it
is clear that optimized treatments are required to minimize
the clinical and socioeconomic impacts of RA.

In the previous decade, the long-term prognosis of RA
greatly improved following the introduction of highly effec-
tive medications, such as methotrexate (MTX) and biologic
agents, as well as treatment adjusted to target low disease
activity or remission.> MTX is the cornerstone of RA and
other rheumatic disease treatments. MTX was first devel-
oped in the 1940s as a specific antagonist of folic acid that
inhibits the proliferation of malignant cells.® However, the
demonstration in 1985 that intermittent low-dose MTX is a
potent and effective therapy for RA dramatically changed
the main concepts of patient treatment.” At least two differ-
ent mechanisms are responsible for the anti-inflammatory
properties of MTX. Regardless of MTX’s pharmacodynam-
ics, MTX treatment can reduce cytokine levels and synovial
and systemic inflammation.'®!"

Despite the importance of MTX for RA and other
inflammatory conditions, it should be noted that 8%—16%
of patients must discontinue the drug because of adverse
effects, such as hepatic, gastrointestinal, hematological, renal,
and pulmonary problems.!? The clinical responsiveness of
RA patients to MTX treatment is another important issue.
Approximately 26% of patients treated with MTX must stop
the drug because of poor response, high toxicity, or both.!?
Accordingly, the intra-articular administration of MTX was
tested, but the results were not fully successful because of
the rapid clearance of MTX from the joints.'*

Many different nanocarriers, which are used as drug-
delivery systems, have the potential to achieve the treatment
goals of theumatic conditions.!*!¢ Diverse approaches have
been tested to overcome the discussed issues and to concen-
trate MTX at inflammatory sites.'® In this line of investiga-
tion, it is well known that the intravenously administered
nanoparticles over 100 nm can concentrate mainly at inflam-
matory sites because of their particle size, which enables the
nanocarriers to only cross defective capillary vessels, thereby

avoiding the liver, spleen, and bone marrow.!” These find-
ings could maximize the therapeutic index to reduce adverse
effects and improve drug benefits.

In the previous decade, we developed a new system that
contains an organogel core, which is formed by a dispersion
of sorbitan monostearate in medium-chain triglycerides,
surrounded by a polymeric wall of poly(e-caprolactone)
(PCL) and stabilized by polysorbate 80 micelles.!®2! This
new nanoparticulate system is referred to as lipid-core nano-
capsules (LNC), and it has proved an interesting nanocar-
rier for indomethacin for the therapy of glioblastomas and
the inflammation process,?>* as well as for methotrexate
diethyl ester and tretinoin, which have been implicated in
the reversion of tumor resistance.?*** Based on the promising
properties of LNC as a new drug-delivery system, the aims
of our investigations were to evaluate whether methotrexate-
loaded lipid-core nanocapsules (MTX-LNC) prepared in a
liquid-dose form reduce proinflammatory and T-cell-derived
cytokines on activated mononuclear cells derived from RA
patients, even in functional MTX-resistant conditions, and
whether the MTX-LNC are able to reduce inflammation at
lower doses than an MTX solution in an experimental model
of inflammatory arthritis.

Materials and methods

Materials

PCL (molecular weight [MW] =65,000 g-mol™) was sup-
plied by Sigma-Aldrich Co (St Louis, MO, USA). Caprylic/
capric triglyceride was obtained from Delaware (Brazil) and
polysorbate 80 was obtained from Brasquim (Porto Alegre,
Brazil). Span® 60 (sorbitan monostearate) was obtained from
Sigma-Aldrich Co. MTX was supplied by Pharma Nostra
(Anapolis, Brazil). All other chemicals and solvents used
were of analytical or pharmaceutical grade. All reagents
were used as received.

Methods

Preparation of the LNC dispersed in water

The LNC formulations were prepared using a self-as-
sembling method as previously described.?® An acetone
solution (27 mL), at 40°C, that contained PCL (0.100 g),
sorbitan monostearate (0.038 g), caprylic/capric triglyc-
eride (0.160 g), and MTX (0.0025 g) was injected into an
aqueous solution (53 mL), which contained polysorbate 80
(0.077 g) at 40°C. A turbid solution was instantaneously
obtained, which was maintained under magnetic stirring
for 10 minutes. Acetone was then eliminated, and the sus-
pension was concentrated under reduced pressure at 40°C
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to approximately 9 mL. The final volume was adjusted to
10 mL in a volumetric flask. The two LNC formulations
were named (1) MTX-LNC, containing 0.250 mg-mL™" of
MTX, and (2) LNC, without MTX.

Physicochemical characterization of the formulations
Particle sizing

The formulations were analyzed by laser diffraction
(Mastersizer® 2000, Malvern Instruments, Malvern, UK) to
determine the particle-size distribution profiles in the range
of 40 nm to 2 mm, the volume-weighted mean diameters
(D[4,3]), and the polydispersity of the particle sizes was
expressed as span, which is calculated using the diameters at
10%, 50%, and 90% of the cumulative size distribution. The
MTX-LNC and LNC were analyzed by adding the formula-
tions directly to the wet unit that contained distilled water
at room temperature. No treatment or purification was con-
ducted prior to analysis. The measurements were performed
24 hours after preparation in triplicate batches.

To determine the particle-size distributions with more
precision, the formulations were analyzed by photon cor-
relation spectroscopy in the range from 1 to 5 mm. Diluted
samples were analyzed with a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd). For the photon correlation spec-
troscopy analysis, the hydrodynamic diameter (D/) was cal-
culated using the method of cumulants, and the polydispersity
index (PDI) was calculated using the relative variance in the
particle-size distribution. The measurements were performed
at 25°C after diluting the samples (500%, without previous
treatment) with ultrapure water.

Nanoparticle tracking analysis (NTA) was performed using
a NanoSight LM10 instrument (Malvern Instruments Ltd) to
better characterize the polydispersity of the formulations. The
median diameter (D50), diameter at the 90th percentile (D90)
under the cumulative size distribution, and the particle number
density were analyzed using Brownian motion in real-time via
a CCD camera. Each video clip was captured over 60 seconds
at 25°C14°C and 0.90£0.09 cP after the formulations were
diluted (5,000x) in pre-filtered water (Milli-Q®).

pH measurements

The pH values of the formulations were measured without
previous dilution using a calibrated B474 potentiometer
(Micronal, SA, Sao Paulo, Brazil) at 25°C.

Electrophoretic mobility and zeta potential
The zeta potential values were calculated by determining
the electrophoretic mobility after dispersing the sample in

10 mM NaCl aqueous solution. Measurements were per-
formed using the aforementioned Zetasizer Nano ZS.

Quantification of MTX in the MTX-LNC, drug content,
and encapsulation efficiency
To quantify the drug content in the formulation, the MTX-
LNC were dissolved in acetonitrile-tetrahydrofuran (4:6, v/v).
The final solution was filtered (0.45 um, Millipore®), injected
(20 uL), and quantified (A=303 nm) using high-performance
liquid chromatography on a PerkinElmer S-200 with an
S-200 injector, a UV-visible light detector, a guard column
(PerkinElmer Inc, Waltham, MA, USA), and a Spherisorb®
ODS2 column (150x4 mm, 4 um; Waters Corporation,
Milford, MA USA). The mobile phase (0.8 mL-min") was
adapted from a previously reported method,”” which consisted
of water-methanol-tetrahydrofuran (70:20:10, v/v/v) adjusted
to an apparent pH of 6.0£0.5 with 10% (v/v) acetic acid. The
method was validated by demonstrating the linear analytical
curves in the range of 2.00-50.00 pg-mL~" with correlation
coefficients () higher than 0.99, an accuracy of 99%, and
coefficients of variation for precision and reproducibility
lower than 4%. The limit of quantification was 2 pg-mL™".
Additionally, the encapsulation efficiency was calcu-
lated from the difference between the total drug content
(total concentration of the drug in the formulation) and the
concentration of the drug dissolved in the continuous phase
divided by the drug content and multiplied by 100. The drug
concentration in the continuous phase was determined by
ultrafiltration centrifugation without previous treatment
of the MTX-LNC. The ultrafiltrate was directly analyzed
using high-performance liquid chromatography after the
separation of MTX dissolved in the continuous phase of
the formulation at 1,844%x g (RCF) for 5 minutes using a
Microcon® Centrifugal Filter device (10,000 Da; EMD
Millipore, Billerica, MA, USA) in a centrifuge (Sigma®
1-14 Microfuge; Sigma Laborzentrifugen GmbH, Osterode
am Harz, Germany).

Animals

Twenty-four 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 ad libitum access to water and
food and were maintained in a light-controlled (12-hour
light—dark cycle) and temperature-controlled (22°C) envi-
ronment. Sixteen animals were randomized into four groups,
and two animals were maintained in each cage. All experi-
ments were performed with the approval of the Institutional
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Committee for Ethics in Animal Experiments under reference
number 010/2010 (CEEA) UFAM.

Arthritis induced by Freund’s Complete
Adjuvant

Arthritis was induced in animals on the first day of the
experiment via the intradermic injection of 0.1 mL of
Freund’s complete adjuvant (Difco®) at the base of the tail*®
after brief inhalation anesthesia with isoflurane. When the
signs of arthritis were evident, the animals were divided into
four groups by raffling the animals into one of the follow-
ing groups: Group 1 — control (arthritis without treatment);
Group 2 — arthritis with LNC; Group 3 - MTX; and Group 4 —
MTX-LNC. From the 14th day of the experiment, when the
signs of arthritis were evident, LNC, MTX, or MTX-LNC
were initiated by intraperitoneal injection. The MTX was
diluted in saline solution under sterile conditions to give a final
concentration of 1 mg/mL, and the final volume injection was
the same for both MTX and MTX-LNC formulations. The
MTX dose was 1.5 mg-kg'-week, and the MTX-LNC dose
was 0.375 mg-kg™"-week. On the 28th day of the experiment,
the animals were killed by profound inhalation of isoflurane,
and blood samples were collected by heart puncture.

Assessment of edema in the rat paw and

arthritis score

Paw swelling was assessed by a trained observer who had
not been involved in the planning of the experiment (blind
assessment). Paw volumes were measured on days 0, 7, 14,
21, and 28 of the experiment with a digital plethysmometer
(Insight®, Brazil). Arthritis was also evaluated by physical
examination of the paws on the 28th day of the experiment
using an arthritis score as described here: briefly, the intensity
of arthritis was scored by grading each paw using the clini-
cal signs of arthritis (erythema, swelling, and deformity) as
follows: 0 — no erythema or swelling; 1 — slight erythema or
swelling of one toe or finger; 2 — erythema and swelling of
more than one toe or finger; 3 — erythema and swelling of
the ankle or wrist; and 4 — complete erythema and swelling
of the toes or fingers and the ankle or wrist and an inability
to bend the ankle or wrist. All four paws were scored; thus,
the highest possible arthritic index score was 16.

Quantification of the cytokines tumor
necrosis factor-ot (TNF-0), interleukin
(IL)-1o, and C-reactive protein (CRP)

Serum concentrations of the cytokines TNF-a and IL-1a
were measured using a cytometric bead array (CBA) with

CBA Flex Sets® for TNF-o and IL-1o0 (BD Biosciences,
San Jose, CA, USA) in accordance with the manufacturer’s
instructions. A FACSCalibur™ flow cytometer (BD Biosci-
ences) was used to read the samples. The concentrations
(pg/mL) and mean fluorescence intensities of each cytokine
were calculated using BD FCAP Array™ Software (v 1.0.1;
BD Biosciences). CRP was measured in the serum samples
using a Roche Hitachi Chemistry Analyzer and immunotur-
bidimetric assay (catalogue number: 4956842190) following
the manufacturer’s instructions. The CRP final concentrations
are expressed as mg/dL.

Effects of MTX-LNC on human
peripheral blood and synovial fluid

mononuclear cells

All procedures that involved humans, directly or indirectly,
were approved by the Committee for Ethics in Research
with Humans, Hospital Geral Adriano Jorge, Manaus, Brazil
(reference number CAAE —0016.0.0193.000-11), in accor-
dance with Brazilian law, which complies with the Decla-
ration of Helsinki. All subjects were individually informed
about the proposed study and agreed to participate by signing
a written informed consent form. During corticoid joint injec-
tion procedures at the Rheumatoid Arthritis Clinic, Adriano
Jorge Hospital, 40 mL of synovial fluid from RA patients was
collected in sterile conditions and stored in polypropylene
tubes. The human mononucleated cells were separated and
harvested from synovial fluid immediately, using a Ficoll-
Hypaque® (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) gradient. The harvested mononuclear synovial cells
were cultured using fully Roswell Park Memorial Institute
medium 1640 (Sigma-Aldrich Co), supplemented with
20% fetal bovine serum (Gibco®, Thermo Fisher Scientific,
Waltham, MA, USA) and 5% streptomycin. The cells were
subsequently incubated at 37°C in an atmosphere of 95%
humidified air and 5% CO, for 4 hours, with different doses
of conventional MTX, MTX-LNC, and LNC. Peripheral
blood mononuclear cells (PBMCs) from 20 mL of peripheral
blood obtained from healthy individuals were separated and
cultured with the same technique. However, prior to incu-
bation with MTX formulations, these cells were activated
using 4B-phorbol-12-myristate 13-acetate (PMA) (5 nM).
After activation, the cells were also incubated at 37°C in an
atmosphere of 95% humidified air and 5% CO, for 4 hours
with different doses of conventional MTX, MTX-LNC, and
LNC. After 4 hours, the culture supernatants were collected,
and Thl, Th2, and Th17 cytokines were quantified using a
CBA with a Human CBA Th1/Th2/T17 Kit (BD Biosciences;
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catalogue number: 560484) as previously described for the
other cytokines.

Statistical analysis

The results are expressed as the means and standard devia-
tions, and a 95% confidence interval was used. One-way
or two-way analyses of variance (ANOVAs) were used to
compare the means, and a Tukey’s test or linear test for trend
was used for post-hoc analysis. The Mann—Whitney test was
used when normality was not observed. Linear regression
and curve fitting with nonlinear polynomial regression were
applied to study the effects of the different MTX preparations
on the cytokine levels in the blood and synovial culture cells.
A significance level of 0=0.05 was adopted, and all P-values
were two tailed.

Results
Preparation of MTX-LNC dispersed in

water

The LNC formulation macroscopically exhibited a homoge-
neous, milky appearance, and the MTX-LNC formulation
macroscopically appeared as an opaque yellow liquid. The
total drug content in the MTX-LNC liquid formulation was
0.251£0.010 mg-mL™", and the encapsulation efficiency was
20.0%%3.0%. The pH values of the formulations were 4.8
and 5.8, respectively (Table 1). The volume-weighted aver-
age diameter, D[4.3], was 172121 nm (LNC) and 17517 nm

Table | Characterization of the formulations by potentiometry,
laser diffraction, photon correlation spectroscopy, and nano-
particle tracking analysis

LNC MTX-LNC

Potentiometry

pH 5.840.2 4.810.5
Laser diffraction

D[4.3] (nm) 172421 175217

Span 1.5+0.2 1.6+0.2
Photon correlation spectroscopy

Dh (nm) 188+14 194+6

PDI 0.07+0.03 0.11+0.01
Electrophoretic mobility

Zeta potential (mV) -3zl -8l
Nanoparticle tracking analysis

Mean diameter (nm) 19112 2159

D50 (nm) 181+4 203%1 |

D90 (nm) 271£11 30910

PND (x10'2 particles mL™") 4.55+0.80 4.64+0.40

Note: Data presented as mean * standard deviation.

Abbreviations: D[4.3], volume-weighted average diameter; D50, median diameter;
D90, the diameter at the 90th percentile; Dh, hydrodynamic diameter; LNC, blank
lipid-core nanocapsules; MTX-LNC, methotrexate-loaded lipid-core nanocapsules;
PDI, polydispersity index; PND, particle number density.

(MTX-LNC), and the span values were smaller than 1.6+0.2
for both formulations. The D/ was approximately 190 nm
with a PDI lower than 0.11 (Figure 1). Regarding the NTA,
the mean size, D50 and D90, were 19112, 18144, and 271£11,
respectively, for LNC, and 21549, 20311, and 309+£10,
respectively, for MTX-LNC. The particle number densities
for the formulations were 4.55x10'? and 4.64x10'? particles
mL, respectively. The results are summarized in Table 1.

Lower doses of MTX-LNC achieve the

same effect as higher doses of MTX

Figure 2A and B shows the arthritis kinetics of rat paws
for 28 days in the different groups. On the 28th day of
the experiment, the hind paw volume was similar for both
MTX and MTX-LNC (1.275 and 1.225 mL, respectively;
P=0.951). However, it should be stressed that the dose of
MTX in the MTX-LNC used was actually 75% lower than
that of the MTX in the MTX group. These results strongly
suggest MTX-LNC are highly effective, even at a lower dose
regime than MTX.

MTX-LNC have early effects compared
with MTX in the reduction of arthritis
Figure 2A clearly demonstrates the strong arthritis-reducing
effect of MTX-LNC was present on the 21st day of the experi-
ment compared with the control group (P<<0.0001) and MTX
group (P=0.0018). This effect was significantly sustained on the
24th and 26th days of the experiment (P=0.0027 and P=0.049,
respectively) compared with the MTX group. These data indi-
cate a low dose of MTX-LNC had an early effect compared
with MTX alone in the reduction of adjuvant arthritis in rats.

MTX-LNC reduce the serum levels of

proinflammatory cytokines and CRP

The serum levels of TNF-o were significantly lower in the
MTX-LNC group than in the MTX group using Tukey’s test
(P=0.0114, Figure 3A). The serum IL-10o levels were similar
for both groups when the comparison was performed using
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 MTX-LNC group than the MTX
group (Tukey’s test, P=0.011, Figure 3B).

MTX-LNC reduce the production of
proinflammatory and T-cell-derived

cytokines in a dose-dependent manner
When the MTX and MTX-LNC were incubated with synovial
mononuclear cells (Figure 4), the MTX-LNC substantially
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Notes: (A) Quantification of the proinflammatory cytokines TNF-ot and IL-lo. There was a significant difference between TNF-o. levels for MTX and MTX-LNC
(144.5£15.06 and 109.3+6.75, respectively, P=0.0114 [Tukey’s test]). IL-lo serum levels showed a linear decreasing trend, with lower levels for MTX-LNC (post-test for
linear trend, P=0.0001). (B) Serum levels of CRP for the MTX and MTX-LNC groups. The mean serum CRP level was different for MTX and MTX-LNC (3.16+0.20 and
1.62+0.94, respectively, P=0.011 [Tukey’s test]); those for LNC (3.65+0.43) and MTX (3.16+0.20) were not different from that of the control group (3.7810.16) (P=0.989
and P=0.484, respectively [Tukey’s test]). *P<<0.05.
Abbreviations: CRP, C-reactive protein; IL-l10, interleukin-1 alpha; LNC, blank lipid-core nanocapsules; MTX, methotrexate; MTX-LNC, MTX-loaded lipid-core
nanocapsules; TNF-o, tumor necrosis factor-alpha.

reduced both the proinflammatory cytokines, including
TNF-o and IL-6 (P=0.046 and P=0.033, respectively),
and T-cell-derived cytokines, including interferon-gamma
(INF-y) and IL-17A (P=0.046 and P=0.006, respectively)
compared with MTX. More importantly, the polynomial
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trend lines indicated a dose-dependent effect of MTX-LNC
on the reduction of cytokines: TNF-o (+*=0.89, P=0.001),
IL-6 (*=0.68, P=0.0061), IL-17A (+*=0.84, P=0.001), and
INF-y (7=0.94, P=0.001). Of note, when PBMCs from
the healthy controls were previously treated with PMA
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Figure 5 The effects of the MTX-LNC formulation on (A) TNF-o. and (B) IL-6 production in PBMCs stimulated with PMA.

Notes: The cultures of stimulated PBMCs from healthy individuals showed reduction in TNF-o. and IL-6 production by MTX-LNC. The TNF-o. and IL-6 levels were
lower in the MTX-LNC group and statistically different from those in the PMA-LNC (P=0.016 and P=0.018, respectively) and PMA-MTX groups (P=0.034 and P=0.045,
respectively). For the analysis-of-variance multiple comparisons, Tukey’s test was applied. *P<<0.05.

Abbreviations: IL-6, interleukin-6; LNC, blank lipid-core nanocapsules; MTX, methotrexate; MTX-LNC, MTX-loaded lipid-core nanocapsules; PBMCs, peripheral blood
mononuclear cells; PMA, 4B-phorbol-12-myristate |3-acetate; PMA-LNC, 4-phorbol-12-myristate |3-acetate (PMA) plus LNC; TNF-0, tumor necrosis factor-alpha.

(Figure 5) in the MTX resistance model in vitro, as expected,
we identified a loss of MTX effects on the reduction of the
cytokines TNF-o and IL-6 compared with the PMA-LNC
group (one-way ANOVA, P=0.578 and P=0.411, respec-
tively). However, the MTX-LNC still reduced both TNF-o
and IL-6 compared with MTX (one-way ANOVA, P=0.034
and P=0.045, respectively). In addition, the TNF-o. and
IL-6 levels for MTX-LNC were different from those for
PMA-LNC (P=0.016 and P=0.018, respectively), which
indicates a consistent effect against MTX under cellular
resistance conditions.

Discussion

The encapsulation of drugs in LNC has benefits, such as
improved drug efficacy and decreased side effects, in the
treatment of several diseases.”*' The formulations used
in this study, MTX-LNC and LNC, exhibited unimodal
particle-size distribution profiles by laser diffraction with
nanoscopic z-average diameter and PDIs <0.2, which dem-
onstrate narrow nanoscopic particle-size distributions and
a D90 <309£10 (NTA). The physicochemical parameters
indicate that the formulation is adequate for intravenous
administration. This route of administration has an advan-
tage over other routes because high serum levels of the drug
are promptly achieved, which provides wide access to the
inflammatory sites because only one application is needed

compared with other routes, such as intra-articular; thus,
this is useful in reducing the number of patients who might
discontinue the therapy. Moreover, it is well demonstrated
that the LNC formulation has no potential for either acute
or sub-chronic toxicity in vivo.3>* The loading of MTX on
LNC provides a stable pharmaceutical formulation with a
high concentration in inflammatory sites.

MTX is widely used in the treatment of rheumatic and
non-rheumatic conditions. Therapies approved for RA
treatment have commonly been tested using adjuvant-induced
arthritis.* Thus, previous studies demonstrated that the intra-
articular administration of both MTX lipid nanoemulsion and
liposomally conjugated MTX is able to reduce leukocytes in
the synovial fluid and membrane, as well as those retained
in rat arthritic joints.’>* It has also been demonstrated that
PEGylated MTX liposomes and chitosan-coated formulations
selectively reach the target site with reduced toxicity to other
organs.’” However, these studies could not fully evaluate the
role of nano-encapsulated MTX on cytokine levels. In the
study reported here, we demonstrated that MTX-LNC not
only reduce adjuvant arthritis but also could achieve arthritis
control at lower doses than a conventional MTX formulation.
Moreover, we also identified an early effect on the reduction
of arthritis after the first MTX-LNC administration. These
findings may be important for current RA treatment proto-
cols, in which high standards of disease activity control are
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recommended at 6 to 12 months as an approach to improve
disease outcome and prognosis.3**

TNF-a, IL-10, and IL-6 are proinflammatory cytokines
produced by a range of different cell types, but mainly
by macrophages and antigen-presenting cells, including
activated synovial macrophages and fibroblasts.*' These
cytokines are strictly related to systemic and synovial
membrane inflammations in RA patients.’ Several biologic
therapies that target these cytokines are currently in use as
amechanism to improve efficient clinical disease control.*’
We demonstrated here that at lower doses, MTX-LNC
were more effective in the reduction of TNF-o and IL-1a
in adjuvant-induced arthritis than conventional MTX. The
lower CRP serum levels in the MTX-LNC-treated animals
may reflect the reduction of IL-6 that induces CRP produc-
tion in the liver. Moreover, the MTX-LNC reduced the
proinflammatory, INF-y, and IL-17A cytokine production
on mononuclear cells derived from the synovial fluid of
RA patients, which indicates the potential to reduce the
Th1 and Th17 responses in vivo that represent the major
T-cell responses implicated in the immunopathogenesis
of RAS

MTX reduces the blood levels of cytokines, as well as
cytokine tissue production and inflammation; it is related
to the intracellular concentrations of MTX polyglutamates
that inhibit the phosphoribosylaminoimidazolecarboxamide
formyltransferase (AICAR) transformylase enzyme, which
leads to the accumulation of adenosine in the extracellular
fluid." Optimal concentrations of MTX at the inflammatory
site, as well as at the intracellular compartment, are essential
steps to suppress inflammation at the synovial membrane.
Thus, the superior effect of MTX-LNC at reducing inflamma-
tion is most likely a result of the ability of LNC to improve
the intracellular concentrations of MTX. Remarkably, the
ability of the MTX-LNC formulation to reduce cytokine
production of mononuclear synovial cells was enhanced in
a dose-dependent manner, which reflects cellular uptake and
demonstrates that the intracellular concentrations of MTX-
LNC could be improved by increasing the MTX-LNC dose
regimes. To understand these effects, we should highlight
that LNC are able to concentrate at macrophage endocytic
intracellular vesicles, which serve as a drug transmembrane
delivery system.?? It is also interesting to note that this
transmembrane transport ability enables the drug’s actions
on cellular sign pathways.*> Moreover, we have previously
demonstrated that LNC that contain an MTX derivative are
more efficient in the induction of apoptosis than the drug in
solution,? and this effect may also have been implicated in

the reduction of inflammation at the synovial membrane,
perhaps via the induction of synovial macrophage apoptosis.
The capacity of the LNC to increase the drug’s action on
the reduction of proinflammatory cytokines has also been
demonstrated in a rat arthritis model, in which LNC that
contained indomethacin (IndOH-LNC) reduced cytokines;
however, there was no significant effect for the drug in
solution.®

Finally, resistance to MTX is another current issue in the
treatment of RA because it compromises clinical respon-
siveness to the drug. Resistance to MTX occurs because
of a wide range of mechanisms, including MTX uptake
by a reduced folate carrier, an increase of MTX efflux, a
decrease of MTX polyglutamation, and an overexpression
of dihydrofolate reductase.** In this work, we examined
whether MTX-LNC’s cytokine level-reducing effects were
sustained under cellular resistance to MTX. For this purpose,
we treated human PBMCs with PMA. PMA is a potent
activator of protein kinase 6, which induces the expression
of TNF-a and IL-6 as a result of the overexpression of
nuclear factor kappa-B; most important here, PMA induces
the intracellular expression of the transcription factors Spl
and dihydrofolate reductase.*® The MTX-LNC were more
effective than MTX even in these conditions, which is in
accordance with our previous results for neoplastic cells.?
Again, the ability of LNC that carry MTX to concentrate the
drug inside the cells plays a central role in these actions.?
This feature should be important with current RA treatments
for MTX unresponsive patients who commonly set up treat-
ment until biologics is introduced to RA treatment, raising
the costs associated with the disease.

Conclusion

For the first time, as far as we are aware, this work has dem-
onstrated the anti-inflammatory properties of MTX-LNC
on autoimmunity using a range of both in vivo and in vitro
biological assays. The MTX-LNC formulation was highly
effective in the control of inflammation and could achieve
these anti-inflammatory effects at doses 75% lower than con-
ventional MTX administration in a dose-dependent manner.
Moreover, it was effective on activated human synovial cells
and in cellular conditions resistant to MTX. These findings
demonstrate novel drug features of MTX administered as
MTX-LNC that are of considerable biological and clinical
interest in the treatment of RA and other autoimmune diseases.
Further studies are necessary to understand the pharmacoki-
netics, pharmacodynamics, and toxicity at molecular levels,
as well as to investigate the clinical efficacy of MTX-LNC.
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