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Abstract: Anti-rheumatoid arthritis (RA) effects of α-tocopherol (α-T) have been shown in human
patients in a double-blind trial. However, the effects of α-T and its derivatives on fibroblast-like
synoviocytes (FLS) during the pathogenesis of RA remain unclear. In the present study, we compared
the expression levels of genes related to RA progression in FLS treated with α-T, succinic ester of α-T
(TS), and phosphate ester of α-T (TP), as determined via RT-PCR. The mRNA levels of interleukin
(IL)-6, tumor necrosis factor-α (TNF-α), matrix metalloproteinase (MMP)-3, and MMP-13 were
reduced by treatment with TP without cytotoxicity, while α-T and TS did not show such effects.
Furthermore, intraperitoneal injection of TP ameliorated the edema of the foot and joint and improved
the arthritis score in laminarin-induced RA model mice. Therefore, TP exerted anti-RA effects through
by inhibiting RA-related gene expression.

Keywords: α-tocopherol; tocopheryl phosphate; tocopheryl succinate; rheumatoid arthritis

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized by pannus for-
mation involving activated fibroblast-like synoviocytes (FLS) [1,2]. Pannus, a thick and
swollen synovial membrane, consists of myofibroblast, fibroblast and inflammatory cells [1].
Intercellular communication between FLS and immunocompetent cells through inflamma-
tory cytokines is important for pannus formation [1–3]. Within the joints of RA, synovial
cells proliferate to form pannus, and immunocompetent cells enter the synovial tissue via
neovascularization, followed by immune activation, which leads to pain, arthritis, and joint
swelling [1,2]. Pannus in the vicinity of the bone also causes joint destruction by secreting
large amounts of matrix metalloproteinase (MMP) [1,2]. Thus, activated FLS, which play a
central role in the pannus, contribute to the pathogenesis of RA.

Tumor necrosis factor (TNF)-α is an important proinflammatory cytokine responsible
for pannus formation, impacting FLS activity [4,5]; it induces FLS proliferation, vascular
endothelial cell activation, expression of the proinflammatory cytokine IL-6, and MMP
expression [6–9]. Thus, TNF-α-stimulated FLS have been used to analyze the pathogenesis
of RA [10–13]. IL-6 also induces autoantibody production, vascular endothelial growth
factor expression, T cell activation, and osteoclast differentiation [14–17]. Thus, TNF-α and
IL-6 are major proinflammatory cytokines that are pivotally involved in the pathogenesis
of RA, and TNF-α and IL-6 inhibitors are used clinically to treat RA [18–21]. MMP-3 and
MMP-13, which are induced by TNF-α [9], promote joint destruction by degrading collagen
and fibronectin in cartilage tissue.

Molecules 2022, 27, 1425. https://doi.org/10.3390/molecules27041425 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27041425
https://doi.org/10.3390/molecules27041425
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://doi.org/10.3390/molecules27041425
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27041425?type=check_update&version=1


Molecules 2022, 27, 1425 2 of 11

Previous studies have investigated the effect of antioxidants on FLS because reactive
oxygen species induce inflammatory cytokine expression [22–24]. α-Tocopherol (α-T) is
a lipophilic antioxidant and one of the most bioactive forms of vitamin E [25,26]. Pre-
viously, the efficacy of oral administration of α-T in rheumatic patients was evaluated
in a placebo-controlled double-blind trial [27]; α-T was shown to have analgesic activity
without inflammatory activity or oxidative modification. Therefore, there are many unclear
points regarding the antirheumatic effects of α-T. In particular, the effect of α-T on FLS,
which is pivotal in the pathogenesis of RA, has not been fully investigated. In the present
study, we used FLS to investigate the effect of α-T on the expression of the RA-related
genes TNF-α, IL-6, MMP-3, and MMP-13. In addition, we examined the effects of α-T
derivatives, specifically α-tocopheryl succinate (TS) and α-tocopheryl phosphate (TP), on
FLS. TS is a succinate ester of α-T that not only induces cancer cell-specific apoptosis and
inhibits angiogenesis, but also inhibits the transcriptional activity of TNF-α [28–30]. TP is a
phosphate ester of α-T and is water-soluble and chemically stable. TP reportedly exhibits
various cellular regulatory effects of TP, including inhibition of CD36 scavenger receptor
surface exposure, oxidized low-density lipoprotein uptake, stimulation of the PI3K signal-
ing pathway and angiogenesis in cultured cells [31–35]. Furthermore, TP interacts with the
cannabinoid receptor system, protects against ultraviolet-induced skin damage, prevents
atherosclerosis, and has anti-inflammatory effects through the reduced presentation of
CD36 to the cell surface and diminished expression of inflammatory cytokines IL-6 and
TNF-α in animal studies [31,36–39].

In the present study, we examined the effects of α-T, TS, and TP on the expression of
RA-related genes in FLS, and determined the in vivo anti-RA effects of TP on laminarin-
induced RA model mice.

2. Results and Discussion
2.1. Effects of α-T, TS, and TP on the Viability of FLS

The chemical structures of α-T, TS, and TP are shown in Figure 1a. In general, cell
viability affects the expression of various genes. To determine the concentration of α-T, TS,
and TP without cytotoxicity in FLS, we investigated the effects of α-T, TS, and TP on the
viability of FLS. The viabilities of FLS treated with α-T and TP were comparable to those
of untreated cells (Figure 1b). In TP-treated FLS, the viability did not change even when
the cells were treated with concentrations greater than 100 µM. On the other hand, the
viability of FLS was inhibited by treatment with TS at concentrations greater than 50 µM
(Figure 1b). These results suggested that α-T and TP showed no cytotoxicity against FLS
at the indicated concentrations, whereas TS was cytotoxic at concentrations over 50 µM.
It has been reported that reactive oxygen species (ROS) induce apoptosis in FLS [40,41].
In various cell lines, TS induces apoptosis through the production of superoxide anion
radicals [28,42]. Although α-T has no cytotoxicity in various cells because it is a major
antioxidant, it has been reported that the cytotoxicity of TP depends on the concentration
of treatment [32,43,44]. At low concentrations, TP protects against ROS-mediated cell death
through the inhibition of peroxides, lipid hydroperoxides, and superoxide anion radicals
such as α-T [44]. Therefore, FLS might show high sensitivity to ROS, with TS (≥50 µM)
showing cytotoxicity in FLS, whereas α-T and TP showed no effects.

In this study, to determine the effects of α-T, TS, and TP on rheumatoid arthritis-related
gene expression without cytotoxicity, the concentrations of α-T, TS, and TP were set at 50,
20, and 50 µM, respectively.
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HFLS-RA cells were treated with 50 μM α-T, 20 μM TS and 50 μM TP for 24 h. The cell viability was 
determined by WST-1 assay. Values represent the means of three individual experiments. Bars rep-
resent SD. 

2.2. Effects of α-T, TS, and TP on the Expression of Rheumatoid Arthritis-Related Genes 
The rheumatoid arthritis-related genes, IL-6, TNF-α, MMP-3, and MMP13, were se-

lected in this study. The mRNA levels of IL-6, TNF-α, MMP-3, and MMP13 were signifi-
cantly inhibited by TP treatment alone, whereas α-T did not alter the expression of any 
gene examined in the present study (Figure 2). To determine whether the site of action of 
TP affects gene expression, we quantified the amount of TP in the culture medium by 
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estimated as follows: cellular uptake efficiency = {(TP concentration without FLS: 35.2 μM) 
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has previously been reported that the cellular uptake of TP is mediated by organic anion 
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Figure 1. Chemical structures of α-T, TS, and TP, and their effects on the viability of HFLS-RA.
(a) Chemical structures of α-T, TS, and TP, (b) Effects of α-T, TS, and TP on the viability of HFLS-RA.
HFLS-RA cells were treated with 50 µM α-T, 20 µM TS and 50 µM TP for 24 h. The cell viability
was determined by WST-1 assay. Values represent the means of three individual experiments. Bars
represent SD.

2.2. Effects of α-T, TS, and TP on the Expression of Rheumatoid Arthritis-Related Genes

The rheumatoid arthritis-related genes, IL-6, TNF-α, MMP-3, and MMP13, were
selected in this study. The mRNA levels of IL-6, TNF-α, MMP-3, and MMP13 were
significantly inhibited by TP treatment alone, whereas α-T did not alter the expression of
any gene examined in the present study (Figure 2). To determine whether the site of action
of TP affects gene expression, we quantified the amount of TP in the culture medium by
HPLC-FL. When FLS were treated with 50 µM TP for 24 h, the concentration of TP was
33.3 µM. When the culture medium containing 50 µM TP was incubated without FLS for
24 h, the concentration of TP was 35.2 µM. The 14.8 µM decrease in concentration when TP
was incubated without FLS might be due to hydrolysis of TP or non-specific adsorption to
the culture plate. Based on these results, the cellular uptake efficiency of TP was estimated
as follows: cellular uptake efficiency = {(TP concentration without FLS: 35.2 µM) -− (TP
concentration with FLS: 33.3 µM)}/(applied dose: 50 µM) × 100. Thus, 3.8% of the applied
dose of TP was taken up by the FLS. This result suggested that TP molecules were taken
up by FLS, inducing the inhibitory effects of IL-6, TNF-α, MMP-3, and MMP-13. It has
previously been reported that the cellular uptake of TP is mediated by organic anion
transporters in the human monocytic leukemia cell line THP-1 [45]. Furthermore, CD36
and SR-BI scavenger receptors are involved in the cellular uptake of TP in THP-1 cells [35].
However, organic anion transporters, CD36 and SR-BI scavenger receptors might not
necessarily participate in the cellular uptake of TP in HFLS-RA cells, as the expression and
activity of these proteins might differ between THP-1 and HFLS-RA cells.

In the present study, α-T did not inhibit the expression of RA-related genes. However,
it has previously been reported that TP is hydrolyzed within cells and converted to α-T
in vivo [46]. Although further investigation is needed, TP may act as a provitamin of α-T.

FLS are key effector cells for understanding the pathology of RA, with FLS being
activated by TNF-α treatment [4–9]. Furthermore, TNF-α activates the gene expression of IL-
6, MMP-3, and MMP-13 [9]. Therefore, we examined the effects of TP on RA-related mRNA
expressions in TNF-α-stimulated FLS. As shown in Figure 3, TP treatment significantly
suppressed IL-6 and MMP-3 mRNA levels, which were upregulated by TNF-α, while MMP-
13 mRNA levels remained unaltered. These results suggest that TP decreased IL-6 and
MMP-3 mRNA levels by inhibiting TNF-α signaling, although additional investigations
are warranted.
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Figure 2. Effects of α-T, TS, and TP on the expression of IL-6, TNF-α, MMP-3 and MMP-13 mRNA
in HFLS-RA. HFLS-RA cells were treated with 50 µM α-T, 20 µM TS, and 50 µM TP for 24 h. IL-6
(a), TNF-α (b), MMP-3 (c), and MMP-13 (d) mRNA levels were determined by RT-PCR with these
specific primer sets. Values represent the means of three individual experiments. Bars represent SD.
* p < 0.05 and ** p < 0.01.
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Figure 3. Effects of TP on the expression of IL-6, MMP-3 and MMP-13 mRNA in HFLS-RA cells
stimulated with TNF-α. HFLS-RA cells were treated with 50 µM TP in the presence of 20 ng/mL
TNF-α for 24 h. IL-6 (a), MMP-3 (b) and MMP-13 (c) mRNA levels were determined by RT-PCR with
specific primer sets. Values represent the means of three individual experiments. Bars represent SD.
* p < 0.05, ** p < 0.01 and *** p < 0.001.
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2.3. Anti-RA Effects of TP on Laminarin-Induced RA Model Mice

To determine the in vivo anti-RA effects of TP, especially arthritis, TP was intraperi-
toneally administered to laminarin-induced RA model mice. As shown in Figure 4a,
laminarin-induced swelling, reddening, and edema were inhibited by TP treatment in
comparison with the control group and TP-administered mice 21 days after the laminarin
injection. Histological evaluation showed that TP administration could inhibit pannus
formation observed in PBS (−)administered mice (Figure 4b). The edema ratios of the joint
and top of the forefoot and of the back foot in the TP-treated group were lower than those
in the control group (Figure 5). Furthermore, the arthritis scores of the forefoot and back
foot in the TP-treated group were lower than those in the control group (Figure 6). On
quantifying plasma TNF-α levels using ELISA (LBIS Mouse TNF-α ELISA Kit, FUJIFILM
Wako Shibayagi Corporation, Gunma, Japan), this level was lower in the TP-treated group
than that in the control group; however, no statistical differences were observed (Figure 7a).
These results suggest that the TP-induced anti-arthritis effect might involve the decrease in
plasma TNF-α level. During the experiments, the body weights in the TP-treated group
were almost the same as those in the control group (Figure 7b). These results suggest that
TP safely inhibited arthritis in RA model mice.

In the present study, the in vivo anti-RA effects of TP were indicated by the TP-
mediated inhibition of RA-related gene expression in HFLS-RA cells. However, TP might
act as a provitamin of α-T because TP is reportedly converted to α-T in vivo [46]. Therefore,
the in vivo anti-RA effects of α-T itself need to be determined in future investigations.
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Figure 4. Anti RA effects of TP in laminarin-induced RA model mice. PBS (−) and TP dissolved in
PBS (−) were intraperitoneally administered into mice thrice weekly, 7 days after laminarin injection.
(a) Typical images of forefoot 21 days after laminarin injection. (b) Hematoxylin and eosin stained
histological images of joint of forefoot at 49 days after laminarin injection. Area surrounded by a
circle of black line indicates infiltrated inflammatory cells.
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Figure 5. Comparison of edema ratio (%) between control and TP-administered mice. (a–d) PBS (−)
(black lines) and TP dissolved in PBS (−) (orange lines) were intraperitoneally administered into mice
three times a week from 7 days after laminarin injection. Edema ratios were calculated as described
in materials and methods section. (a,b) Joint of forefoot (a) and back foot (b). (c,d) Top of forefoot
(c) and back foot (d). N = 3, Bars represent SD. * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Figure 6. Comparison of arthritis score between control and TP-administered mice. (a,b) PBS (−)
(black lines) and TP dissolved in PBS (−) (orange lines) were intraperitoneally administered into
mice three times a week from 7 days after laminarin injection. Arthritis scores of forefoot (a) and
back foot (b) were evaluated as described in materials and methods section. N = 3, Bars represent SD.
* p < 0.05, ** p < 0.01 and *** p < 0.001.
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3. Materials and Methods
3.1. Materials

α-T, TS, TP, 2,2,5,7,8-pentamethyl-6-chromanol (PMC), and laminarin from Laminaria
digitata were purchased from Sigma-Aldrich (St. Louis, MO, USA). Human TNF-α protein
was obtained from PeproTech, Inc. (Cranbury, NJ, USA). Premix WST-1 Cell Prolifera-
tion Assay System, Prime Script Reverse Transcriptase, and SYBR Premix Ex Taq II were
obtained from Takara Bio Inc. (Shiga, Japan). Human fibroblast-like synoviocytes: Rheuma-
toid Arthritis (HFLS-RA) and Synoviocyte Growth Medium Kit were obtained from Cell
Applications, Inc. (San Diego, CA, USA). RNeasy Mini Kit and RNase-Free DNase Set were
obtained from Qiagen (Valencia, CA, USA). Oligo dT primers were purchased from Thermo
Fisher Scientific Inc. (Waltham, MA, USA). SKG/Jcl mice were obtained from CLEA Japan,
Inc. (Tokyo, Japan).

3.2. Evaluation of Cell Viability by WST-1 Assay

HFLS-RA cells were propagated in synoviocyte growth medium at 37 ◦C, 21% O2, and
5% CO2 under humidified conditions. The cell viability assay was performed as described
previously [47]. The cells were seeded on 96-well Cell BIND plates (Corning) at a density of
3 × 103 cells/well. After incubation at 37 ◦C for 24 h, the cells were treated with 20, 50, and
100 µM α-T, TS, and TP for 24 h. Cell viability was determined by WST-1 assay according
to the manufacturer’s instructions. Cell viability was estimated by dividing the absorbance
(at 450 nm) of the sample by that of the untreated group.

3.3. Determination of mRNA Levels by RT-PCR

HFLS-RA cells were seeded on a 60 mm dish at a density of 2.5 × 105 cells/dish. After
incubation at 37 ◦C for 24 h, the cells were treated with 50 µM α-T, 20 µM TS, and 50 µM
TP for 24 h. To stimulate HFLS-RA cells, HFLS-RA cells were treated with 20 ng/mL TNF-
α. After cell collection, total RNA extraction and RT-PCR were performed as previously
described [48]. Total RNA was isolated using the RNeasy Mini Kit and RNase-Free DNase
Set, according to the manufacturer’s instructions. cDNA was synthesized using oligo dT
primers and prime script reverse transcriptase. Real-time PCR was then performed by
ABI PRISM 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA)
using SYBR Premix Ex Taq II with the following specific primers: human IL-6 (forward: 5′-
CAGCCACTCACCTCTTCAGAA-3′, reverse: 5′-GCTGCTTTCACACATGTTACTCTT-3′),
human TNF-α (forward: 5′- TCAGAGGGCCTGTACCTCATCT-3′, reverse: 5′-TGTGGGTG
AGGAGCACATG-3′), human MMP3 (forward: 5′-GGCACAATATGGGCACTTTA-3′, re-
verse: CCGGCAAGATACAGATTCAC-3′), human MMP13 (forward: 5′-AGTGGTGGTGA
TGAAGATGATTTG-3′, reverse: 5′-TCTCAGGTAGCGCTCTGCAA-3′) and human GAPDH
(5′-GCACCGTCAAGGCTGAGAAC-3′, reverse: ATGGTGGTGAAGACGCCAGT-3′). Rel-
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ative mRNA levels were determined by the 2−∆∆Ct method using GAPDH mRNA as an
internal control.

3.4. Quantification of TP Amounts in the Cell Culture Medium by HPLC

HFLS-RA cells were seeded in 12 well plate at a density of 5 × 104 cells/well. After
incubation at 37 ◦C for 24 h, the cells were treated with 50 µM TP for 24 h. The medium was
collected and centrifuged at 2400× g for 2 min. The supernatant was mixed with 500 µM
PMC as an internal standard substance, 0.1% trifluoroacetic acid (TFA) diluted in water,
and 0.1% TFA diluted in methanol at a ratio of 10:1:10:79. After filtration through a 0.45 µm
Millex-LH PTFE membrane filter (Merck Millipore, Darmstadt, Germany), the amount of
TP in the sample was determined by HPLC-FL (JASCO EXTREMA Series, Tokyo, Japan)
using a LUNA C8 (2) column 150 mm, 5 µm (Phenomenex, Torrance, CA, USA). In HPLC
analysis, the flow rate, injection volume, and column temperature were 0.4 mL/min, 5 µL,
and 40 ◦C, respectively. The 0.1% TFA in water (mobile phase A) and 0.1% TFA in methanol
(mobile phase B) were controlled using the following gradient program: A 15% from 0 to
3 min, B 85–100% from 3 to 5 min, and B 100% from 5 to 12 min. The fluorescent signal of
TP was detected at λex = 285 nm and λem = 320 nm.

3.5. Animal Experiments

All mice were maintained and used in accordance with the animal protocol approved
by the Institutional Animal Care and Use Committee of the Kyoto Pharmaceutical Uni-
versity (Kyoto, Japan). To prepare the mouse model of rheumatoid arthritis, 137 mg/mL
laminarin dissolved in PBS (−) was intraperitoneally administered to SKG/Jcl mice at
a dose of 30 mg/mouse [49]. A total of 7 days after the administration of laminarin, TP
dissolved in PBS (−) was intraperitoneally administered to mice at a dose of 100 mg/kg,
3 times a week. In the control group, the same volume of PBS (−) was injected. The macro-
scopic findings of arthritis were assessed using arthritis scores [43]: 0, no change; 1, mild
swelling; 2, clear swelling/reddening; 3, high swelling or edema; 4, degenerative joint. To
evaluate edema in the four limbs, the length, width, and instep thickness were measured
using calipers, and the ratio of edema was calculated using the following formula [50]:
Edema ratio = {(volume after treatment) − (volume before treatment)}/(volume before
treatment) × 100.

3.6. Statistical Analysis

Statistical significance was determined using Student’s t-test or one-way ANOVA,
followed by Tukey’s honest significant test. Statistical significance was set at p < 0.05.

4. Conclusions

In the present study, we investigated the effects of α-T, TS, and TP on the expression of
RA-related genes in FLS. Among these compounds, only TP inhibited the mRNA expression
of IL-6, TNF-α, MMP-3, and MMP-13. Furthermore, TP showed anti-RA effects in a
laminarin-induced RA mouse model. Therefore, TP is one of the natural forms of vitamin E
with anti-RA effects and could be employed in RA therapy.
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