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Background and aim: The present study investigated the effects of orally administered a-tocopherol-
loaded polycaprolactone nanoparticles on the articular inflammation and systemic oxidative status of
middle-aged Holtzman rats with Freund's adjuvant-induced polyarthritis, a model for rheumatoid
arthritis. Intraperitoneally administered free a-tocopherol provided the reference for comparison.
Experimental procedure: Two protocols of treatment were followed: intraperitoneal administration of
free a-tocopherol (100 mg/kg i.p.) or oral administration of free and nanoencapsulated a-tocopherol
(100 mg/kg p.o.). Animals were treated during 18 days after arthritis induction.
Results: Free (i.p.) and encapsulated a-tocopherol decreased the hind paws edema, the leukocytes
infiltration into femorotibial joints and the mRNA expression of pro-inflammatory cytokines in the tibial
anterior muscle of arthritic rats, but the encapsulated compound was more effective. Free (i.p.) and
encapsulated a-tocopherol decreased the high levels of reactive oxygen species in the brain and liver, but
only the encapsulated compound decreased the levels of protein carbonyl groups in these organs. Both
free (i.p.) and encapsulated a-tocopherol increased the a-tocopherol levels and the ratio of reduced to
oxidized glutathione in these organs.
Conclusion: Both intraperitoneally administered free a-tocopherol and orally administered encapsulated
a-tocopherol effectively improved inflammation and systemic oxidative stress in middle-aged arthritic
rats. However, the encapsulated form should be preferred because the oral administration route does not
be linked to the evident discomfort that is caused in general by injectable medicaments. Consequently, a-
tocopherol-loaded polycaprolactone nanoparticles may be a promising adjuvant to the most current
approaches aiming at rheumatoid arthritis therapy.
© 2021 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Rheumatoid arthritis is a chronic and autoimmune inflamma-
tory disease that affects primarily the joints and is associated with
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progressive disability and premature death.1 This disease affects
nearly 1.0% of the adult population worldwide.2 The pathophysi-
ology of arthritis involves an intense hyperplasia of synovial
membrane with participation of proinflammatory cytokines and
overproduction of reactive species.3 Rheumatoid arthritis is sys-
temic and, in addition to the joints, inflammation and oxidative
stress affect other organs, such as lungs, liver and brain.4e6 Meta-
bolic changes are also prominent, such as muscle wasting, a con-
dition known as rheumatoid cachexia.7
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Abbreviations

Alpha-tocopherol a-tocopherol
ROS reactive oxygen species
GSH reduced glutathione
GSSG oxidized glutathione
SOD superoxide dismutase
FRAP ferric reducing ability of plasma
AST aspartate aminotransferase
ALT alanine aminotransferase
NF-kB nuclear factor kappa B
Nfr2 nuclear factor erythroid 2-related 2
TNFa tumoral necrosis factor alpha
IL-1b interleukin 1 beta; IL-6, interleukin 6
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Adjuvant-induced polyarthritis is a T cell-mediated chronic in-
flammatory immunopathology in rats that shares many features
with rheumatoid arthritis: synovial hyperplasia, systemic inflam-
mation and cachexia.8 In these animals, oxidative stress is also
increased in many organs, such as brain and liver.9e11 Metabolic
modifications are also very common and in addition to cachexia
significant alterations occur in the liver metabolism, such as
reduced gluconeogenesis and increased glycolysis and fatty acids
oxidation.12e14 Particularly in the liver, where metabolic changes
are pronounced, oxidative stress is more accentuated when
compared to other organs.10e12 In arthritic brains, the increased
oxidative stress is also associated with decreased GSH/GSSG ratio
and lower activity of antioxidant enzymes10.

Alpha-tocopherol (a-tocopherol) is one of the major cellular
antioxidants and belongs to the class of sacrificial antioxidants,
which are consumed during the antioxidant process and need to be
replaced because they cannot be efficiently recycled.15 In the case of
rheumatoid arthritis, the levels of a-tocopherol are decreased in
blood and synovial fluid of patients, a condition that manifests even
before the onset of the disease.15,16 Supplementation with a-
tocopherol, on the other hand, decreases oxidative stress in the
blood of patients.17 Similarly, mice with type II collagen-induced
arthritis fed with a a-tocopherol-deficient diet present higher
expression of synovial proinflammatory cytokines, which is
normalized by subsequent supplementation with a-tocopherol.18

Considering the above, it would be expected that a-tocopherol
would improve the articular inflammation and systemic oxidative
stress of arthritic rats. In fact, a previous study showed that subcu-
taneously administered a-tocopherol decreases leukocyte in-
filtrations and the levels of proinflammatory cytokines in the
injected paw of rats with adjuvant-induced mild arthritis (mono-
arthritis).19 However, these effects only occurred at the dose of
600mgkg�1. If subcutaneously injecteda-tocopherol is to beusedas
a complement in the therapeutic approach to rheumatoid arthritis
and other chronic diseases, one should be aware that this implies in
repeated injections for a relatively long period. Oral intakewould be
no doubt a much better solution for improving patient compliance.
The lipophilic character of a-tocopherol allows it to easily permeate
cellular membranes and to be rapidly absorbed, but at the same
time, makes it difficult to interact with the gastrointestinal aqueous
environment. For this reason, many strategies have been used to
improve the aqueous solubility of a-tocopherol, including its intro-
duction into nanoparticles prepared with biodegradable polyesters,
such as poly-ε-caprolactone, what further allows the controlled
release of the compound in the gastrointestinal tract.20e22 This
should improve the bioavailability of orally administered a-
tocopherol and therefore decrease its effective dose.
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The incidence of rheumatoid arthritis increases with age and it
affects predominantly middle-aged people and elderly.23 Likewise,
the aging process itself is already associated with increased sys-
temic oxidative stress and diminished immune cell functions
(immunosenescence), which contribute to the development of
rheumatoid arthritis.24e27 Therefore, the present study investi-
gated the effects of orally administered a-tocopherol-loaded poly-
caprolactone nanoparticles on articular inflammation and oxidative
stress in the plasma, liver and brain of middle-aged rats with
adjuvant-induced arthritis. These effects were compared with
those of orally and intraperitoneally administered unencapsulated
a-tocopherol.

2. Material and methods

2.1. Nanoparticles preparation

Nanoparticles of poly-ε-caprolactone (PCL) containing a-
tocopherol were prepared by nanoprecipitation as previously
described.21 Briefly, in an ultrasonic bath, 0.14 g of PCL was dis-
solved in 4.0 mL of acetone at 50 �C. Then, 10.0 mL of lecithin so-
lution in acetone:ethanol (60:40) was added to the initial solution
and mixed with 0.80 g of a-tocopherol. This organic solution was
then transferred, under moderate stirring, to an aqueous solution
containing 50.0 mL of hydrophilic surfactant (Pluronic F68 15 g%).
The milky suspension resulting from nanoencapsulation was left
free of the organic solvent by evaporation in a water bath (45 �C)
under stirring overnight. The a-tocopherol-loaded nanoparticles
were finally obtained by lyophilization. Empty nanoparticles were
prepared in the same way without addition of a-tocopherol. The
nanoparticles size was homogeneous,21 the encapsulation effi-
ciency of a-tocopherol in the nanoparticles is around of 90%21 and
a-tocopherol loading was around of 10% (w/w).

2.2. Animals and induction of arthritis

Male Holtzman rats were obtained from the Center of Animal
Breeding of the State University of Maring�a (UEM) and kept in the
Animal Care Unit of our laboratory under standard conditions. The
animals were fed ad libitum with laboratory diet (Nuvilab®,
Colombo, Brazil). For arthritis induction, 12 months aged animals
(adults) were subcutaneously injected in the base of the left hind
paw with 0.1 mL (500 mg) of Freund's adjuvant (heat inactivated
Mycobacterium tuberculosis, derived from the human strain H37Rv),
suspended in mineral oil.31 Rats of similar ages were injected with
mineral oil and served as controls. The procedures followed the
guidelines of the Brazilian Council for the Control of Animal
Experimentation (CONCEA) and were previously approved by the
Ethics Committee for Animal Experimentation of the State Uni-
versity of Maring�a (Protocol number CEUA 2495130916).

2.3. Experimental design

Two protocols of treatment were followed: (1) intraperitoneal
administration of 100mg kg-1 of unencapsulated a-tocopherol (free
a-tocopherol), and (2) oral administration of free and encapsulated
a-tocopherol (100 mg kg-1). For protocol (1), rats were distributed
into four groups: controls, to which corn oil (C-co/ip) or free a-
tocopherol (C-a/ip) were intraperitoneally administered; and
arthritic rats, to which corn oil (A-co/ip) or free a-tocopherol (A-a/
ip) were intraperitoneally administered. Regarding to protocol (2),
rats were distributed into six groups: control and arthritic rats to
which nanoparticles (C-n and A-n), free a-tocopherol (C-a and A-a),
or encapsulated a-tocopherol (C-na and A-na) were orally admin-
istered. Animals were daily treated five days before and 18 days
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after arthritis induction and used on day 19. Free and encapsulated
a-tocopherol were dissolved, respectively, in corn oil and water for
administration. The curative treatment during 18 days after
arthritis induction has been used because the chronic inflammatory
manifestations are particularly evident between the 14th and 21st
days after the induction28e30. A preventive treatment protocol has
been also used because rheumatoid arthritis is intermittent and
adjuvant-induced arthritis is a model of severe arthritis.28

2.4. Evaluation of the inflammatory response

Following adjuvant inoculation, the volume of both hind paws
up to the tibiotarsal joint was measured by plethysmography over a
18-days period. The results were expressed in terms of increased
paw volume in relation to the initial volume (volume at day 0). The
appearance and severity of secondary lesions were also assessed
from the 10th to the 18th day according to the score previously
described.32 Blood was collected by means of tail incision to count
the number of circulating leukocytes. The total leukocytes recruited
into the femorotibial joint cavity were additionally counted at the
19th day.

2.5. Tissue preparation

Fasted (12 h) rats were anesthetized with an overdose of sodium
thiopental (100 mg kg�1 i.p.) and the peritoneal cavity was surgi-
cally exposed. Blood was then collected from cava vein and
deposited into heparinized tubes. The liver and brain were subse-
quently removed and immediately freeze-clamped and stored in
liquid nitrogen. Thereafter, the hind femorotibial joints were sur-
gically exposed, articular cavities were washed with 40 mL of
phosphate-buffered saline (PBS) solution containing 1 mM EDTA
and exudates used for leukocyte count.

Blood was centrifuged at 9,000g/10 min, the supernatant was
separated and stored in the dark at �80 �C. Freeze-clamped por-
tions of the tissues were separately homogenized in a van Potter-
Elvehjem homogenizer with 10 vol of ice-cold 0.1 M potassium
phosphate buffer (pH 7.4) and an aliquot was separated for use as
total homogenate. The remaining homogenate was centrifuged at
11,000g during 15 min and the supernatant separated.

2.6. Histopathological study

Additional groups of animals equally treated as described above
were euthanized on day 19with an overdose of anesthetic (100mg/
kg of sodium thiopental) and the left femorotibial joint of each rat
was collected and fixed in 10% formalin for 48 h, decalcified in 10%
EDTA (pH 7.4) for 21 days. The samples were afterwards processed
for paraffin embedding. Semi-serial sections of 6 mm were made
and stained with hematoxylin and eosin. For microscopic analysis,
the sections were observed in a Nikon Eclipse®microscope (Tokyo,
Japan) coupled with a Nikon camera (Ds-Fi1c, Shimjuku, Japan).

2.7. Measurement of cytokines mRNA expression

Animals were euthanized on day 19 after arthritis induction
with an overdose of anesthetic (100 mg/kg of sodium thiopental
i.p.) and the left tibial anterior muscle samples were collected and
stored in liquid nitrogen at �80 �C pending total RNA extraction.33

RNA was isolated from 100 mg frozen tissue using the U-Trizol
reagent (Uniscience, BR). The RNA concentration was measured
using a spectrophotometer at thewavelength of 260 nm (NanoDrop
ND 1000 NanoDrop Technologies, Wilmington, DE). cDNA was
synthetized using the QuantiNova® Reverse Transcription Kit
(Qiagen, DE) and quantitation of the tissue expression of selected
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genes was done by quantitative PCR in a Lightcycler 96 (Roche)
with “HOT FirePol® EvaGreen® qPCR Supermix” (Solis BioDyne).
The GADPH genewas utilized as a reference gene. The 2-DCT method
was used for the relative quantification analysis and data were
expressed in arbitrary units (AU).34

2.8. Oxidative stress assays

The levels of protein carbonyl groups were measured by spec-
trophotometry using 2,4-dinitrophenylhydrazine as previously
described.35

The levels of reactive oxygen species (ROS) were quantified in
the supernatant of liver and brain homogenates by spectro-
fluorimetry with 20,70-dichloro-fluorescein diacetate (DCFH-DA).36

Reduced (GSH) and oxidized glutathione (GSSG) weremeasured
spectrofluorimetrically (excitation at 350 nm and emission at
420 nm) by means of the o-phthalaldehyde (OPT) assay as previ-
ously described.37

The catalase activity was estimated by measuring the change in
absorbance at 240 nm using H2O2 as substrate.38 The activity of SOD
was estimated by its capacity to inhibit pyrogallol autoxidation in
alkaline medium at 420 nm.39 One SOD unit was considered the
quantity of enzyme that was able to promote 50% inhibition and
results were expressed as units/mg protein.

The ferric reducing ability of plasma (FRAP) was measured by
spectrophotometry (595 nm) using tripyridyltriazine (TPTZ) and
ferric chloride (FeCl3).40

Thiol contents were measured by spectrophotometry (412 nm)
using DTNB (5,50-dithiobis 2-nitrobenzoic acid) as previously
described.41

The activities of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were measured in the plasma using com-
mercial kits (Gold Analisa®).

2.9. Levels of a-tocopherol in the liver and brain

The contents of a-tocopherol in liver and brainwere determined
by high-performance liquid chromatography (HPLC) analysis (Shi-
madzu, Japan). A freeze-clamped portion of hepatic and brain tis-
sues were separately homogenized in a van Potter-Elvehjem
homogenizer with 10 vol of ice-cold absolute ethanol and centri-
fuged at 9,500g during 10 min. An aliquot (0.5 mL) of supernatant
was added in a falcon tube containing 1.5 mL of hexane, 1.5 mL of
absolute ethanol, 1.0 mL of ultrapure water, 0.1 mL of sodium
dodecyl sulfate (SDS 0.1 M) and 50 mL of butylated hydroxytoluene
(BHT 50 mM). The mixture was vortexed for 1 min, kept for 1 h in
the dark, vortexed again and centrifuged at 2,700g for 5 min. An
aliquot of 1.0 mL of the hexanic fraction was dried under N2 stream
and resuspended in 500 mL of methanol for HPLC analysis. A
reversed-phase C18 CLC-ODS column (5 mm, 150 � 4.6 mm i.d.;
Shimadzu) protected with a CLC-ODS precolumn (5 mm, 4 � 3 mm
i.d.; Phenomenex), was used with an isocratic mobile reverse phase
(methanol:water, 98:2). The samples were eluted from the column
with a flow rate of 1.5 mL/min. Detection was done spectrophoto-
metrically at 260 nm.

2.10. Statistical analysis

The parameters presented in graphs and tables are
means ± standard errors of the means. Statistical analysis was done
by means of the GraphPad Prism Software (version 5.0). The sta-
tistical significance of the data was analyzed by means of ANOVA
ONE-WAY and the Newman-Keuls post-hoc test was applied with
the 5% level of significance (p < 0.05).
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3. Results

3.1. Effects of alpha-tocopherol on inflammation

The intraperitoneal route of administration was chosen as
reference because of the large surface area of the abdominal cavity
and the abundant blood supply, features that allow rapid delivery
to the whole body.42 Fig. 1A and B show, respectively, the time-
courses of the volume changes and the final volume increments
(edema) of the injected paws. The initial volume of the hind paws
before adjuvant injection was 1.85 ± 0.20 mL. Inflammatory re-
actions in the injected paws were observed at the first day and they
were equal in all arthritic groups. From the second day the paw
volumes of the a-tocopherol-treated arthritic groups tended to be
smaller and at the 18th day (around 40% when compared to the
corn oil or nanoparticles-treated arthritic rats; Fig. 1B).

The time-course of the volume changes and the final volume
increments of the non-injected hind paws (contralateral paws)
are shown, respectively, in Fig. 1C and D. The volume of the
contralateral paw of all groups was not modified until day 10,
when the paw volume of corn oil- and nanoparticles-treated
arthritic animals progressively increased until day 18. The intra-
peritoneal administration of free a-tocopherol and oral adminis-
tration of encapsulated a-tocopherol caused smaller increments
(by 53%) in the contralateral paw volumes (Fig. 1D). The oral
administration of free a-tocopherol did not decrease the edema
of the contralateral paw.

The body weight before starting treatment was 540 ± 30 g and
treatment of control rats did not change this parameter (Fig. 2A).
Following the adjuvant injection, the body weight of all arthritic
groups decreased progressively until day 19, when they were
Fig. 1. Effects of a-tocopherol on evolution of paw volume of arthritic rats. D volume of paws (p
(i.p.); A-a/ip, a-tocopherol-treated rats (i.p.); A-n, empty particles-treated rats (p.o.); A-a, un
rats (p.o.). The values are the mean ± SEM of 5e7 animals. PANEL A and C: *p < 0.05: for diffe
particles. PANEL B and D: Values with different superscript letters are different.
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around 16% lower than that of control animals. Secondary lesions
appeared at day 10 and reached the highest scores on day 18 for
corn oil and nanoparticles-treated arthritic rats (Fig. 2B). These
scores were lower only in arthritic rats intraperitoneally treated
with free a-tocopherol.

The number of leukocytes recruited into the left femorotibial
join cavity (joint of the injected paw) was around 85% higher than
that of the leukocytes recruited into the contralateral joint cavity
(Fig. 2C and D). The number of leukocytes in the contralateral joint
cavity was decreased by approximately 25% in all a-tocopherol-
treated arthritic groups. The number of leukocytes in the left
femorotibial join cavity was decreased by approximately 15% in
arthritic rats intraperitoneally and orally treated with free a-
tocopherol, but the number was even smaller (�28%) in rats orally
treated with encapsulated a-tocopherol. The number of circulating
leukocytes on day 18 was increased four-fold in corn oil or
nanoparticles-treated arthritic rats (compared to day zero) and
treatment of all arthritic groups with a-tocopherol did not produce
any decrease (Fig. 2E).

Considering that the number of leukocytes in the left femo-
rotibial joint cavity was smaller in rats treatedwith encapsulated a-
tocopherol (compared to rats intraperitoneally and orally treated
with free a-tocopherol), histological analyses of inflammation and
cartilage damage were performed in this joint. Fig. 3 shows the
typical photomicrographs of knee joint sections that were stained
with hematoxylin/eosin. In the control group (A) observe, in
sagittal section, the joint of a control animal, with the articular
surfaces of the femur (f) and tibia (t) delimited by the dotted line,
the cruciate ligament (li), the synovial membrane (sm), with adi-
pocytes in the subintima and the fibrous membrane of the joint
capsule (ca) on the anterior surface of the joint. The articular
aw edema) ¼ volume at day 18 - initial volume (day zero). A-co/ip, corn oil-treated rats
encapsulated a-tocopherol-treated rats (p.o.); A-na, encapsulated a-tocopherol-treated
rence from controls þ empty particles; #p < 0.05: for difference from arthritis þ empty



Fig. 2. Effects of a-tocopherol on body weight, arthritis score and number of blood and articular leukocytes of arthritic rats. Treatment of the animals was initiated 5 days before arthritis
induction and maintained for 18 days after (PANEL A). The number of articular leukocytes was measured in the femorotibial hind joints at day 19. A-co/ip, corn oil-treated rats (i.p.);
A-a/ip, a-tocopherol-treated rats (i.p.); A-n, empty particles-treated rats (p.o.); A-a, unencapsulated a-tocopherol-treated rats (p.o.); A-na, encapsulated a-tocopherol-treated rats
(p.o.). The values are the mean ± SEM of 5e7 animals. PANEL A and B: *p < 0.05: for difference from controls; #p < 0.05: for difference from arthritis þ empty particles. PANEL C, D
and E: Values with different superscript letters are different.
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cartilage had smooth surfaces with intact layers, without inflam-
mation or bone loss (Fig. 3A). In untreated arthritic animals (B) the
articular surface is inflamed and swollen, and fibrous connective
tissue (fi) replaces the articular surfaces. In (C), the synovial
membrane detail shows the loss of the intimal monolayer (arrows)
and the replacement of subintimal adipocytes by granulation tis-
sue, characteristic of the pannus (Fig. 3B and C). In the group orally
treated with encapsulated a-tocopherol, the joint did not show the
typical changes of arthritis, except for the synovial membrane
which presented a fibrotic band adjacent to the intima (in the inset
of Fig. 3D). The other morphological characteristics were similar to
those of the control group (Fig. 3D). The femorotibial joints of rats
treated orally with free a-tocopherol showed inflammation and
fibrosis in the joint space and in the subintima of the synovial
membrane. The collagen fibers deposited in the subintima were
thicker and organized in parallel bundles (Fig. 3E and F). After
intraperitoneal treatment with free a-tocopherol, no inflammation
or morphological changes in joint tissues were observed (Fig. 3G
and H). Histological analyses showed that rats that received
encapsulated a-tocopherol orally or free a-tocopherol
418
intraperitoneally presented morphological characteristics similar
to those of control animals.

Considering that the tibial muscle is directly associated with the
knee joints and the cytokines levels are reported to increase in this
tissue of rats with osteoarthritis,33 the mRNA expressions of the
proinflammatory cytokines interleukin 1b (IL-1b), interleukin 6 (IL-
6) and tumoral necrosis factor alpha (TNFa) were assessed in the
anterior region of this muscle. The results are shown in Fig. 4. The
levels of IL-1b, IL-6 and TNFamRNAwere respectively 13, 20 and 40
times higher in the tibial anterior muscle of nanoparticles-treated
arthritic rats (compared to the controls). The levels of IL-1b and
IL-6 mRNA were approximately 50% and 85% lower in rats intra-
peritoneally and orally treated with free a-tocopherol, respectively
(when compared to non-treated arthritic rats). Treatment with
encapsulated a-tocopherol, however, maintained the control levels
(Fig. 4A and B). The levels of TNFa mRNA were approximately 75%
and 85% lower, respectively, in rats intraperitoneally and orally
treated with free a-tocopherol (compared to non-treated arthritic
rats). Treatment with encapsulated a-tocopherol, however, main-
tained the control levels (Fig. 4C).



Fig. 3. Photomicrograph of the femorotibial joint of rats. (A) Control, (B and C) arthritic, (D) arthritic treated with encapsulated a-tocopherol, orally, (E and F) arthritic treated with
free a-tocopherol, orally, and (G and H) arthritic treated with free a-tocopherol, intraperitoneally. The inset in (D) details the band of fibrotic tissue adjacent to the intima in the
synovial membrane. Arrows indicate intimal layer and arrowheads indicate the presence of inflammatory cells. (*) indicate posterior face or articular surface. Legend: (f) femur; (t)
tibia; (li) cruciate ligament; (sm) synovial membrane; (ca) joint capsule; (e) edema; (fi) fibrosis; (m) meniscus; (pn) pannus; (a) adipocyte; (pn) pannus. Staining: hematoxylin and
eosin.
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3.2. Effects of a-tocopherol on systemic oxidative stress

Fig. 5 illustrates the oxidative status of the plasma. The levels of
protein carbonyl groups were 30% higher in the nanoparticles-
treated arthritic rats (compared to the controls; Fig. 5A). These
419
levels were decreased by 15% in all a-tocopherol treated arthritic
groups. The levels of thiol groups were quite lower in the plasma of
nanoparticles-treated arthritic rats (Fig. 5B). Alpha-tocopherol did
not increase the levels of thiol groups irrespective of the way by
which it was administered. The ferric reducing ability of the plasma



Fig. 4. Effects of a-tocopherol on cytokines mRNA expression in the tibial anterior muscle.
Control, corn oil-treated control rats; A-co/ip, corn oil-treated arthritic rats (i.p.); A-a/
ip, free a-tocopherol-treated arthritic rats (i.p.); A-n, empty particles-treated arthritic
rats (p.o.); A-a, a-tocopherol-treated arthritic rats (p.o.); A-na, encapsulated a-
tocopherol-treated arthritic rats (p.o.). Values are the means ± SEM of six animals.
Values with different superscript letters are statistically different.

Fig. 5. Effects of a-tocopherol on oxidative status in the plasma. C-n, empty particles-
treated control rats (p.o.); C-a, unencapsulated a-tocopherol-treated control rats; C-
na encapsulated a-tocopherol-treated control rats; A-n, empty particles-treated
arthritic rats (p.o.); A-a/ip, unencapsulated a-tocopherol-treated arthritic rats (i.p.);
A-a, unencapsulated a-tocopherol-treated arthritic rats (p.o.); A-na, encapsulated a-
tocopherol-treated arthritic rats (p.o.). The values for control and arthritic rats treated
with corn oil i.p. were not different from C-n and An, respectively, and therefore were
omitted. Values are the means ± SEM of five animals. Values with different superscript
letters are statistically different.
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(FRAP) of arthritic rats was only half of that one found in control
animals (Fig. 5C). Intraperitoneally administered a-tocopherol and
both orally administered free and encapsulated a-tocopherol
increased FRAP of arthritic rats equally by 22%.
420
Fig. 6 illustrates the oxidative status of the liver. The levels of
protein carbonyl groups and ROS were, respectively, 40 and 100%
higher in nanoparticles-treated arthritic rats (compared to the
controls; Fig. 6A and B). The hepatic levels of ROS were decreased
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by 20e30% in all a-tocopherol-treated arthritic groups, but only the
orally administered encapsulated a-tocopherol decreased the
levels of protein carbonyl groups in arthritic livers (�15%). The
activity of catalase was significantly lower in the nanoparticles-
treated arthritic rats and treatment of all groups with a-tocoph-
erol had no effect on this enzyme activity (Fig. 6C). The activity of
SOD was not different in control and arthritic groups. The hepatic
levels of GSH were 30% lower in the nanoparticles-treated arthritic
rats (compared to the controls) and treatment of all arthritic groups
with a-tocopherol reestablished the GSH levels (Fig. 6E). Only
intraperitoneal administration of a-tocopherol and oral adminis-
tration of encapsulated a-tocopherol reestablished, in arthritic rats,
the low ratio of GSH/GSSG (Fig. 6F).

Fig. 7 illustrates the oxidative status of the brain. The levels of
protein carbonyl groups and ROS were, respectively, 25 and 50%
higher in nanoparticles-treated arthritic rats (compared to the
controls; Fig. 7A and B). Treatment of arthritic animals with a-
tocopherol reestablished the control levels of ROS of all arthritic
groups, but only orally administered encapsulated a-tocopherol
decreased the levels of protein carbonyl groups in the arthritic
condition (�14%). Catalase activity was 25e35% lower in
Fig. 6. Effects of a-tocopherol on oxidative status of the liver. C-n, empty particles-treated contr
a-tocopherol-treated control rats (p.o.); A-n, empty particles-treated arthritic rats (p.o.); A-
tocopherol-treated arthritic rats (p.o.); A-na, encapsulated a-tocopherol-treated arthritic r
different from C-n and An, respectively, and therefore were omitted. Values are the means ±
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nanoparticles-treated arthritic rats and only the oral administra-
tion of encapsulated a-tocopherol improved this enzyme activity
(Fig. 7C). SOD activity was nearly 30% lower in nanoparticles-
treated arthritic rats but only intraperitoneally administered a-
tocopherol improved its activity. The GSH levels and the GSSH/
GSSG ratio were, respectively, 30 and 40% lower in nanoparticles-
treated arthritic rats. Intraperitoneal administration of a-tocoph-
erol and oral administration of encapsulated a-tocopherol rees-
tablished the control levels of GSH and the GSH/GSSG ratio (Fig. 7E
and F).

3.3. Plasma AST/ALT and a-tocopherol content in the liver and brain

The activities of AST and ALT were measured in the plasma to
evaluate a possible hepatic damage. The activities of both enzymes
were not modified in the plasma of all groups (Fig. 8A). Fig. 8B and C
show the content of a-tocopherol in the brain and liver, respec-
tively. In animals that did not receive a-tocopherol, its content in
both liver and brain were similar and relatively low. When a-
tocopherol was intraperitoneally administered its contents were
11- and 15-fold higher in the liver of control and arthritic rats,
ol rats (p.o.); C-a, unencapsulated a-tocopherol-treated control rats; C-na encapsulated
a/ip, unencapsulated a-tocopherol-treated arthritic rats (i.p.); A-a, unencapsulated a-
ats (p.o.). The values for control and arthritic rats treated with corn oil i.p. were not
SEM of five animals. Values with different superscript letters are statistically different.



Fig. 7. Effects of a-tocopherol on oxidative status of the brain. C-n, empty particles-treated control rats (p.o.); C-a, unencapsulated a-tocopherol-treated control rats; C-na encap-
sulated a-tocopherol-treated control rats (p.o.); A-n, empty particles-treated arthritic rats (p.o.); A-a/ip, unencapsulated a-tocopherol-treated arthritic rats (i.p.); A-a, unencap-
sulated a-tocopherol-treated arthritic rats (p.o.); A-na, encapsulated a-tocopherol-treated arthritic rats (p.o.). The values for control and arthritic rats treated with corn oil i.p. were
not different from C-n and An, respectively, and therefore were omitted. Values are the means ± SEM of five animals. Values with different superscript letters are statistically
different.
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respectively, but only 3-fold higher in the brain of both control and
arthritic rats. When orally administered in the free form, the con-
tent of a-tocopherol was approximately 2-fold higher in the liver of
control rats and approximately 2.5-fold in arthritic rats. When
loaded nanoparticles were orally administered, on the other hand,
the content of a-tocopherol was 3- and 6-fold higher in the liver of
control and arthritic rats, respectively. In the brain, oral adminis-
tration of the free form of a-tocopherol failed to produce a signif-
icant increase, but a 2-fold increase was found in arthritic rats. On
the other hand, when loaded nanoparticles were orally adminis-
tered the content of a-tocopherol in the brain was 3-fold higher in
both control and arthritic rats.

4. Discussion

Adjuvant-induced arthritis is severe in rats and it shares several
features of advanced rheumatoid arthritis.8 The following basic
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characteristics of arthritic rats must be taken into account when
interpreting the actions of both free and encapsulated
a�tocopherol. The injection of the complete Freund's adjuvant in
one of the hind paws causes a local inflammatory reaction and
these animals also present widespread inflammatory manifesta-
tions, particularly between the 14th and 21st days after arthritis
induction, when the immunological reaction develops in all paws
(polyarthritis), joints and many organs.29,30,43,44 The changes that
are observed in this model are associated with intense cell migra-
tion and proinflammatory mediator release. Local joint cells (syn-
oviocytes, macrophages, fibroblasts, chondrocytes) and recruited
leukocytes produce and release inflammatory mediators, such as
cytokines (TNFa, IL-1b, IL-6, among others), arachidonic acid me-
tabolites, ROS and proteolytic enzymes.30 All these enzymes and
mediators participate in the development and progression of
arthritis by stimulating leukocyte migration, joint and systemic
inflammation, and articular tissue damage.



Fig. 8. Activity of AST and ALT in the plasma (Panel A) and the content of a-tocopherol in
the liver (Panel B) and brain (Panel C). C-co, corn oil-treated control rats (i.p.); C-a,
unencapsulated a-tocopherol-treated control rats (i.p. or p.o.); A-co, corn oil-treated
arthritic rats (i.p.); A-a, unencapsulated a-tocopherol-treated arthritic rats (i.p. or
p.o.); C-n, empty particles-treated control rats (p.o.); C-na encapsulated a-tocopherol-
treated arthritic rats; A-n, empty particles-treated arthritic rats (p.o.); A-na, encap-
sulated a-tocopherol-treated arthritic rats (p.o.). Values are the means ± SEM of five
animals. The symbol * stands for values differing from C-co or A-co or from C-n or A-n
(oral route; p � 0.05); **indicates values differing as indicated by the horizontal bars.
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With respect to the effect of a-tocopherol on arthritis, the ac-
tions of the intraperitoneally administered free compound, at the
dose of 100 mg kg�1, were considered to represent an adequate
comparison basis. This conclusion was based on the fact that the
intraperitoneal route results in high drug delivery rates and,
therefore, in high cellular concentrations of a-tocopherol. Corrob-
orating this, the intraperitoneally administered a-tocopherol was
effective in decreasing the articular inflammation, joint damage,
paw edema, the levels of proinflammatory cytokines in the tibial
anterior muscle and oxidative stress (partly at least) in the liver,
brain and plasma. Actually a previous study has already shown that
subcutaneously administered a-tocopherol decreases the levels of
IL-1b, TNFa and H2O2 in the injected paw of rats with mild
adjuvant-induced arthritis (monoarthritis).19 The latter is induced
in rats by the administration of a low dose of the complete adju-
vant, which is enough to cause only local arthritis in the injected
paw.28 This effect was observed only at a relatively high dose of
subcutaneously injected a-tocopherol (600mg kg�1), which did not
decrease the paw edema. In addition to polyarthritis, the animal
model used in the present study also develops intense cachexia and
presents a pronounced systemic oxidative stress that affects other
organs, such as liver and brain.11,45 The more pronounced effec-
tiveness found with a lower dose of intraperitoneally injected a-
tocopherol (100 mg kg�1) is probably associated with the route of
administration, which allows enhanced delivery and corporeal
distribution of compounds when compared to the subcutaneous
route.42 In fact, when intraperitoneally administered, the content of
a-tocopherol was substantially increased in both liver and brain.
This increase was more pronounced in the liver when compared to
the brain, however, a phenomenon probably related to the high
vascularization of the peritoneal region that drains into the hepatic
portal vein. The dose of 100 mg/kg would correspond to a human
dose of approximately 15 mg/kg as given by the body surface area
normalization method,46 a value still within the recommended
limit of a-tocopherol for adults.47

In spite of all the apparently beneficial effects of a-tocopherol
injected by the intraperitoneal route that were described above,
this route of administration would not be recommendable because
of the obvious discomfort that it causes especially when practised
for long periods of time. In this respect, our findings with orally
administered a-tocopherol-loaded poly-ε-caprolactone nano-
particles present new perspectives in terms of the use of the
compound as a possible adjuvant in the treatment of arthritis. It
cannot be overseen that even orally administrated free a-tocoph-
erol at the dose of 100mg kg�1 as a corn oil solutionwas effective to
improve several manifestations of arthritis. Effectiveness was in
some cases even similar to that of the intraperitoneal injection.
However, the orally administered free a-tocopherol was unable to
decrease the contralateral paw edema and the levels of GSH in liver
and brain. Furthermore, a pronounced inflammation and fibrosis in
the joint space was still observable in arthritic rats treated orally
with free a-tocopherol. All this is possibly related to the lower
concentrations of a-tocopherol in the tissues when compared with
those that were achieved when the compound was injected
intraperitoneally. On the other hand, the a-tocopherol-loaded
nanoparticles, which were also orally administered, presented a
substantially increased effectiveness on inflammation and systemic
oxidative stress. In addition, administration of encapsulated a-
tocopherol to arthritic rats resulted in morphological characteris-
tics similar to those of control animals, an action that was also
observed when free a-tocopherol was administered via the intra-
peritoneal route. In some cases the effectiveness of orally admin-
istered encapsulated a-tocopherol proved even to be higher than
that of the intraperitoneally injected free compound. For instance,



L.S. Moreira, A.C. Chagas, A.P. Ames-Sibin et al. Journal of Traditional and Complementary Medicine 12 (2022) 414e425
encapsulated a-tocopherol decreased even more the articular
infiltration of leukocytes in the left femorotibial joint and the
expression of proinflammatory cytokines in the tibial anterior
muscle (Figs. 2C and 4A-C), whereas the injection of free a-
tocopherol did not result in improved levels of protein carbonyl
groups in the liver and brain (Figs. 6A and 7A). In addition, the
orally administered a-tocopherol-loaded nanocapsules were the
only ones that improved the catalase activity in the brain (Fig. 7C).

In relation to systemic oxidative stress it was evaluated in the
liverandbrainbecause it hasbeen reported tobeverypronounced in
these organs of arthritic rats. This occurs in consequence of both a
stimulated pro-oxidant system and a deficient antioxidant defense,
with predominance of the latter as indicated by the strongly
diminished activities of catalase and GSH levels.10,11,45 Both phe-
nomena seem to be caused by cytokines released into the synovium
which may also reach the systemic circulation.10,11 The levels of
protein carbonyl groups were measured as markers of oxidative
injury to proteins and FRAP and thiol groups were assayed as anti-
oxidant markers in the plasma. Regarding the mechanism of anti-
oxidant action, a-tocopherol may decrease the oxidative stress by
acting directly as free radical scavenger (1), by stimulating the
endogenous antioxidant system (2)48 or by decreasing the inflam-
matory process (3). In the present study, the well-known ROS
scavenger property of a-tocopherol (1) is certainly contributing to
some extent for decreasing oxidative stress in the liver, brain and
plasma.However, other antioxidantmechanismsmust be evolved in
the process, such as a stimulation of the endogenous antioxidant
system (2). The latter hypothesis is substantiated by the observation
that the tocopherols in general, including a-tocopherol, antagonize
the inhibition of the nuclear factor erythroid 2-related 2 (Nfr2),
which upregulates antioxidant defense genes, particularly those of
enzymes related to the synthesis of GSH.48 Furthermore, the anti-
inflammatory activity of a-tocopherol (3) is certainly also contrib-
uting for decreasing oxidative stress. Supporting this conclusion is
the observation that a-tocopherol decreased the levels of TNFa, IL-
1b and IL-6 in the tibial anterior muscle of arthritic rats, which have
been associated to the increase of leukocytes infiltration and ROS
release in the joints and also, systemically, in the liver and brain.10,11

At this regard, thenuclear factorNF-kBmaybeactivatedbyoxidative
stress and the effect of a-tocopherol has also been associated to the
inhibition of the activation of NF-kB that, in turn, reduces oxidative
stress and cytokines release.49,50 It seems, thus, that a-tocopherol is
not solely a potent antioxidant, but that it also has a pronounced
anti-inflammatory activity,mainly by decreasing cytokine release in
leukocytes.

Although a-tocopherol-loaded poly-ε-caprolactone nano-
particles have been already characterized and its antioxidant effect
demonstrated in vitro,20e22 the present study shows that this
formulation is also effective in vivo. The higher effectiveness of a-
tocopherol-loaded polycaprolactone nanoparticles is probably
related not only to the improvement of the solubility of a-tocoph-
erol in the aqueous medium, but also because encapsulation in-
troduces factors that can improve the releasing profile of a-
tocopherol in the gastrointestinal tract. These factors are the rates
of disintegration and dissolution of the nanoparticles. In fact, a
similar formulation containing a-tocopherol carried into poly-
caprolactone nanoparticles, when examined in vitro, exhibited a
controlled release along 140 h with an initial burst during the first
20 h20. In vivo, this is likely to maintain a steady absorption of a-
tocopherol throughout the treatment period. In this regard it is
perhaps significant that the content of a-tocopherol was equally
increased in the brain of rats treated orally with encapsulated a-
tocopherol and intraperitoneally with free a-tocopherol.

Some results of the present study show that a-tocopherol given
orally or injected intraperitoneally are apparently not effective at
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improving some inflammatory and oxidative parameters of
arthritis. The bodyweight loss of arthritic animals, for example, was
not prevented by a-tocopherol. It should be noted, however, that
arthritic cachexia has been reported to be refractory to treatment
and even classic anti-inflammatory drugs do not prevent these
symptoms of adjuvant-induced polyarthritis in rats.26,44,51 Simi-
larly, the levels of thiol groups in the plasma of arthritic rats were
not improved by both intraperitoneally and orally administered a-
tocopherol. It should be noted, however, that thiol groups are
decreased in the plasma of polyarthritic rats mainly in consequence
of the considerably decreased levels of plasma albumin,11,28 which
alone accounts for approximately 70% of the plasma antioxidant
capacity and 80% of all plasma thiol groups.28,52 In this regard, even
compounds that improve systemic inflammation and oxidative
stress of arthritic rats do not improve the levels of thiol groups and
albumin in the plasma of arthritic rats.13,51 The FRAP assay offers a
putative index of antioxidant or reducing potential of plasma38 and,
thus, the increase of FRAP in a-tocopherol-treated arthritic rats can
occur as the result of a direct free radical scavenger action of a-
tocopherol.

A final question to be approached refers to toxicity. Our results
do not reveal appreciable hepatoxicity for poly-ε-caprolactone
nanoparticles. This corroborates the report about absence of hep-
atotoxicity and nephrotoxicity for lipid-core nanoparticles con-
taining a polymeric wall of poly(e-caprolactone) after subchronic
treatments (28 days).53 Brain toxicity was also not found in spite of
the fact that polycaprolactone polymers are reported to permeate
the brain-blood barrier.54

5. Conclusion

The results of the present study show that articular inflamma-
tion and systemic oxidative stress in middle-aged arthritic rats can
be improved by administering a-tocopherol. Oral administration of
free a-tocopherol is less effective when compared to the intraper-
itoneal injection of free a-tocopherol. The oral administration of the
encapsulated form of a-tocopherol, on the other hand, is clearly
superior to the administration of the free form and slightly superior
to the intraperitoneal injection of the same free compound. In the
latter case, the encapsulated form of a-tocopherol should be clearly
preferable because oral administration does not present the in-
conveniencies of the repeated injections of free a-tocopherol. The
enhanced effectivity of the encapsulated form over the free form
when given orally seems to be related to the higher amounts of a-
tocopherol that are delivered to the tissues, as evidenced by the
higher contents of the compound in the liver and brain of arthritic
rats. The main anti-inflammatory mechanism of a-tocopherol
seems to result from an inhibition of the production and release of
proinflammatory cytokines. Inhibition of cytokines production and
release also results in a diminution of oxidative stress, which can be
further reduced by a direct free-radical scavenging activity of a-
tocopherol. Consequently, a-tocopherol-loaded polycaprolactone
nanoparticles may be a promising adjuvant to the most current
approaches aiming at rheumatoid arthritis therapy.

Declaration of competing interest

There are no conflicts of interest to declare.

References

1. Gabriel SE, Michaud K. Epidemiological studies in incidence, prevalence,
mortality, and comorbidity of the rheumatic diseases. Arthritis Res Ther.
2009;11:229e245.

2. Uhlig T, Moe RH, Kvien TK. The burden of disease in rheumatoid arthritis.
Pharmacoeconomics. 2014;32:841e851.

http://refhub.elsevier.com/S2225-4110(21)00143-7/sref1
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref1
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref1
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref1
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref2
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref2
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref2


L.S. Moreira, A.C. Chagas, A.P. Ames-Sibin et al. Journal of Traditional and Complementary Medicine 12 (2022) 414e425
3. Misko TP, Radabaugh MR, Highkin M, et al. Characterization of nitrotyrosine as
a biomarker for arthritis and joint injury. Osteoarthritis Cartilage. 2013;21:
151e156.

4. McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J Med.
2011;365:2205e2209.

5. Stamp LK, Khalilova I, Tarr JM, et al. Myeloperoxidase and oxidative stress in
rheumatoid arthritis. Rheumatology. 2012;51:1796e1803.

6. Lemarechal H, Allanore Y, Chenevier-Gobeaux C, Kahan A, Ekindjian OG,
Borderie D. Serum protein oxidation in patients with rheumatoid arthritis and
effects of infliximab therapy. Clin Chim Acta. 2006;372:147e153.

7. Roubenoff R. Rheumatoid cachexia: a complication of rheumatoid arthritis
moves into the 21st century. Arthritis Res Ther. 2009;11:108e109.

8. Stolina M, Bolon B, Middleton S, et al. The evolving systemic and local
biomarker milieu at different stages of disease progression in rat adjuvant-
induced arthritis. J Clin Immunol. 2009;29:158e174.

9. Schubert AC, Wendt MMN, S�a-Nakanishi AB, et al. Oxidative status and
oxidative metabolism of the heart from rats with adjuvant-induced arthritis.
Exp Mol Pathol. 2016;100:393e401.

10. Wendt MMN, S�a-Nakanishi AB, Ghizoni CVC, et al. Oxidative state and oxida-
tive metabolism in the brain of rats with adjuvant-induced arthritis. Exp Mol
Pathol. 2015;98:549e557.

11. Comar JF, S�a-Nakanishi AB, Oliveira AL, et al. Oxidative state of the liver of rats
with adjuvant-induced arthritis. Free Radic Biol Med. 2013;58:144e153.

12. Wendt MNM, de Oliveira MC, Castro LS, et al. Fatty acids uptake and oxidation
are increased in the liver of rats with adjuvant-induced arthritis. Biochim
Biophys Acta (BBA) - Mol Basis Dis. 2019;1865:696e707.

13. S�a-Nakanishi AB, Soni-Neto J, Moreira LS, et al. Anti-inflammatory and anti-
oxidant actions of methyl jasmonate are associated with metabolic modifica-
tions in the liver of arthritic rats. Oxid Med Cell Longev. 2018;2018:2056250.

14. Castro-Ghizoni CV, Ames APA, Lameira OA, et al. Anti-inflammatory and anti-
oxidant actions of copaiba oil (Copaifera reticulata) are associated with histo-
logical modifications in the liver of arthritic rats. J Cell Biochem. 2017;118:
3409e3423.

15. Halliwell B, Gutteridge JMC. In: Free Radicals in Biology and Medicine. fourth ed.
London: Oxford University Press; 2007.

16. Vasanthi P, Nalini G, Rajasekhar G. Status of oxidative stress in rheumatoid
arthritis. Int J Rheum Dis. 2009;12:29e33.

17. Jaswal S, Mehta HC, Sood AK, Kaur J. Antioxidant status in rheumatoid arthritis
and role of antioxidant therapy. Clin Chim Acta. 2003;388:123e129.

18. Choi EJ, Bae SC, Yu R, Youn J, Sung MK. Dietary vitamin E and quercetin
modulate inflammatory responses of collagen-induced arthritis in mice. J Med
Food. 2009;12:770e775.

19. Rossato MF, Hoffmeister C, Tonello R, Ferreira APO, Ferreira J. Anti-inflamma-
tory effects of vitamin E on adjuvant-induced arthritis in rats. Inflammation.
2015;38:606e615.

20. Quintero C, Vera R, Perez LD. a-Tocopherol loaded thermosensitive polymer
nanoparticles: preparation, in vitro release and antioxidant properties. Polí-
meros. 2016;26:304e312.

21. Noronha CM, Granada AF, Carvalho SM, Lino RC, Maciel MVOB, Barreto PLM.
Optimization of alpha-tocopherol loaded nanocapsules by the nano-
precipitation method. Ind Crop Prod. 2013;50:896e903.

22. Byun Y, Hwang JB, Bang SH, et al. Formulation and characterization of a-
tocopherol loaded poly e-caprolactone (PCL) nanoparticles. LWT - Food Sci
Technol (Lebensmittel-Wissenschaft -Technol). 2011;44:24e28.

23. Crowson CS, Matteson EL, Myasoedova E, et al. The lifetime risk of adult-onset
rheumatoid arthritis and other inflammatory autoimmune rheumatic diseases.
Arthritis Rheum. 2011;63:633e639.

24. Schoffen JP, Santi Rampazzo AP, Cirilo CP, et al. Food restriction enhances
oxidative status in aging rats with neuroprotective effects on myenteric neuron
populations in the proximal colon. Exp Gerontol. 2014;51:54e64.

25. Cannizzo ES, Clement CC, Sahu R, Follo C, Santambrogio L. Oxidative stress,
inflamm-aging and immunosenescence. J Proteonomics. 2011;74:2313e2323.

26. Yoo S-J, Go E, Kim Y-E, Lee S, Kwon J. Roles of reactive oxygen species in
rheumatoid arthritis pathogenesis. J Rheum Dis. 2016;23:340e347.

27. Chalan P, van den Berg A, Kroesen B-J, Brouwer L, Boots A. Rheumatoid
arthritis, immunosenescence and the hallmarks of aging. Curr Aging Sci.
2015;8:131e146.

28. Bracht A, Silveira SS, Castro-Ghizoni CV, et al. Oxidative changes in the blood
and serum albumin differentiate rats with monoarthritis and polyarthritis.
SpringerPlus. 2016;5:36e50.
425
29. Hegen M, Keith JC, Collins M, Nickerson-Nutter CL. Utility of animal models for
identification of potential therapeutics for rheumatoid arthritis. Ann Rheum Dis.
2008;67:1505e1515.

30. Bersani-Amado CA, Duarte AJ, Tanji MM, Cianga M, Jancar S. Comparative study
of adjuvant induced arthritis in susceptible and resistant strains of rats. III.
Analysis of lymphocyte subpopulations. J Rheumatol. 1990;17:153e158.

31. Pearson CM, Wood FD. Studies of arthritis and other lesions induced in rats by
the injection of mycobacterial adjuvant. VII. Pathologic details of the arthritis
and spondylitis. Am J Pathol. 1963;42:93e95.

32. Rosenthale ME. A comparative study of the Lewis and Sprague Dawley rat in
adjuvant arthritis. Arch Int Pharmacodyn Ther. 1970;188:14e22.

33. Cunha JE, Barbosa GM, Castro PATS, et al. Knee osteoarthritis induces atrophy
and neuromuscular junction remodeling in the quadriceps and tibialis anterior
muscles of rats. Sci Rep. 2019;9:6366. https://doi.org/10.1038/s41598-019-
42546-7.

34. S�a-Nakanishi AB, de Oliveira MC, O Pateis V, et al. Glycemic homeostasis and
hepatic metabolism are modified in rats with global cerebral ischemia. Biochim
Biophys Acta (BBA) - Mol Basis Dis. 2020;1866:165934. https://doi.org/10.1016/
j.bbadis.2020.165934.

35. Levine RL, Garland D, Oliver CN, et al. Determination of carbonyl content in
oxidatively modified proteins. Methods Enzymol. 1990;186:464e478.

36. Siqueira IR, Fochesatto C, Silva Torres IL, Dalmaz C, Netto AC. Aging affects
oxidative state in hippocampus, hypothalamus and adrenal glands of Wistar
rats. Life Sci. 2005;78:271e278.

37. Hissin PJ, Hilf RA. Fluorometric method for determination of oxidized and
reduced glutathione in tissues. Anal Biochem. 1976;74:214e226.

38. Bergmeyer HU. In: Methods of Enzymatic Analysis. 2th ed. London: Verlag
Chemie-Academic Press; 1974.

39. Marklund S, Marklund G. Involvement of the superoxide anion radical in the
oxidation of pyrogallol and a convenient assay for superoxide dismutase. Eur J
Biochem. 1974;47:469e474.

40. Benzie IFF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a measure of
“antioxidant power”: the FRAP assay. Anal Biochem. 1996;239:70e76.

41. Faure P, Lafond JL. Measurement of plasma sulphidryl and carbonyl groups as a
possible indicator of protein oxidation. In: Favier AE, Cadet J, Kalyanaraman B,
Fontecave M, Pierre J-L, eds. Analysis of Free Radicals in Biological Systems. Basel:
Birkhauser Verlag; 1995:238e247.

42. Turner PV, Brab T, Pekow C, Vasbinder MA. Administration of substances to
laboratory animals: routes of administration and factors to consider. J Am Assoc
Lab Anim Sci. 2011;50:600e613.

43. Martin AI, Castillero E, Granado M, Lopez-Menduina M, Villanua MA, Lopez-
Calderon A. Adipose tissue loss in adjuvant arthritis is associated with a
decrease in lipogenesis, but not with an increase in lipolysis. J Endocrinol.
2008;197:111e119.

44. Bendele AM, Mccomb J, Gould T, et al. Animal models of arthritis: relevance to
human disease. Toxicol Pathol. 1999;27:134e142.

45. Souza KS, Moreira LS, Silva BT, et al. Low dose of quercetin-loaded pectin/
casein microparticles reduces the oxidative stress in arthritic rats. Life Sci.
2021;284:119910. https://doi.org/10.1016/j.lfs.2021.119910.

46. Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to human
studies revisited. Faseb J. 2007;22:659e661.

47. Meydani SN, Lewis ED, Wu D. Perspective: should vitamin e recommendations
for older adults be increased? Adv Nutr. 2018;9:533e543.

48. Niture SK, Khatri R, Jaiswal AK. Regulation of Nrf2-an update. Free Radic Biol
Med. 2014;66:36e44. https://doi.org/10.1016/j.freeradbiomed.2013.02.008.

49. Glauert HP. Vitamin E and NF-kB activation: a review. Vitam Horm. 2007;76:
135e153. https://doi.org/10.1016/S0083-6729(07)76006-5, 2007.

50. Singh U, Jialal I. Anti-inflammatory effects of a-tocopherol. Ann N Y Acad Sci.
2004;1031:195e203. https://doi.org/10.1196/annals.1331.019.

51. Ames-Sibin AP, Bariz~ao CL, Castro-Ghizoni CV, et al. b-Caryophyllene, the major
constituent of copaiba oil, reduces systemic inflammation and oxidative stress
in arthritic rats. J Cell Biochem. 2018;119:10262e10277.

52. Taverna M, Marie AL, Mira JP, Guidet B. Specific antioxidant properties of hu-
man serum albumin. Ann Intensive Care. 2013;3:4e10.

53. Bulc~ao RP, Freitas FA, Venturini CG, et al. Acute and subchronic toxicity eval-
uation of poly(e-caprolactone) lipid-core nanocapsules in rats. Toxicol Sci.
2013;132:162e176. https://doi.org/10.1093/toxsci/kfs334.

54. Nga VDW, Lim J, Choy DKS, et al. Effects of polycaprolactone-based scaffolds on
the bloodebrain barrier and cerebral inflammation. Tissue Eng. 2015;21:
647e653. https://doi.org/10.1089/ten.tea.2013.0779.

http://refhub.elsevier.com/S2225-4110(21)00143-7/sref3
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref3
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref3
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref3
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref4
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref4
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref4
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref5
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref5
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref5
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref6
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref6
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref6
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref6
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref7
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref7
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref7
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref8
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref8
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref8
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref8
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref9
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref9
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref9
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref9
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref9
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref10
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref10
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref10
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref10
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref10
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref11
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref11
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref11
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref11
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref12
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref12
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref12
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref12
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref13
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref13
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref13
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref13
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref14
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref14
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref14
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref14
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref14
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref15
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref15
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref16
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref16
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref16
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref17
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref17
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref17
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref18
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref18
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref18
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref18
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref19
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref19
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref19
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref19
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref20
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref20
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref20
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref20
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref21
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref21
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref21
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref21
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref22
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref22
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref22
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref22
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref22
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref23
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref23
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref23
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref23
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref24
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref24
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref24
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref24
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref25
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref25
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref25
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref26
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref26
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref26
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref27
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref27
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref27
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref27
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref28
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref28
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref28
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref28
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref29
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref29
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref29
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref29
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref30
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref30
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref30
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref30
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref31
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref31
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref31
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref31
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref32
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref32
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref32
https://doi.org/10.1038/s41598-019-42546-7
https://doi.org/10.1038/s41598-019-42546-7
https://doi.org/10.1016/j.bbadis.2020.165934
https://doi.org/10.1016/j.bbadis.2020.165934
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref35
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref35
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref35
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref36
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref36
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref36
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref36
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref37
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref37
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref37
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref38
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref38
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref39
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref39
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref39
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref39
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref40
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref40
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref40
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref41
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref41
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref41
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref41
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref41
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref42
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref42
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref42
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref42
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref43
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref43
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref43
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref43
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref43
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref44
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref44
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref44
https://doi.org/10.1016/j.lfs.2021.119910
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref46
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref46
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref46
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref47
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref47
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref47
https://doi.org/10.1016/j.freeradbiomed.2013.02.008
https://doi.org/10.1016/S0083-6729(07)76006-5
https://doi.org/10.1196/annals.1331.019
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref51
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref51
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref51
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref51
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref51
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref52
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref52
http://refhub.elsevier.com/S2225-4110(21)00143-7/sref52
https://doi.org/10.1093/toxsci/kfs334
https://doi.org/10.1089/ten.tea.2013.0779

	Alpha-tocopherol-loaded polycaprolactone nanoparticles improve the inflammation and systemic oxidative stress of arthritic rats
	1. Introduction
	2. Material and methods
	2.1. Nanoparticles preparation
	2.2. Animals and induction of arthritis
	2.3. Experimental design
	2.4. Evaluation of the inflammatory response
	2.5. Tissue preparation
	2.6. Histopathological study
	2.7. Measurement of cytokines mRNA expression
	2.8. Oxidative stress assays
	2.9. Levels of α-tocopherol in the liver and brain
	2.10. Statistical analysis

	3. Results
	3.1. Effects of alpha-tocopherol on inflammation
	3.2. Effects of α-tocopherol on systemic oxidative stress
	3.3. Plasma AST/ALT and α-tocopherol content in the liver and brain

	4. Discussion
	5. Conclusion
	Declaration of competing interest
	References


