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Background/Aims: The present study aimed to investigate whether tocotrienol
regulates interleukin 17 (IL-17)-induced osteoclastogenesis in rheumatoid arthri-
tis (RA).

Methods: We evaluated the effect of tocotrienol on IL-17-induced receptor activa-
tor of nuclear factor kappa B ligand (RANKL) production using RA fibroblast-like
synoviocyte (FLS), together with real-time polymerase chain reaction and en-
zyme-linked immunosorbent assay. Osteoclast differentiation was confirmed after
culturing IL-1y-treated RA FLS and Thiy cells with tocotrienol and monocytes. We
analyzed the suppressive effect of tocotrienol on Thiy cells percentage or Thiy-cy-
tokine levels among peripheral blood mononuclear cells using flow cytometry.
Results: We found that IL-17 stimulated FLS to produce RANKL and tocotrie-
nol decreased this IL-17-induced RANKL production. Tocotrienol decreased
the IL-17-induced activation of mammalian target of rapamycin, extracellular
signal-regulated kinase, and inhibitor of kappa B-alpha. When monocytes were
incubated with IL-17, RANKL, IL-17-treated FLS or Thi7 cells, osteoclasts were
differentiated and tocotrienol decreased this osteoclast differentiation. Tocotrie-
nol reduced Thiy cell differentiation and the production of IL-17 and sRANKL;
however, tocotrienol did not affect Treg cell differentiation.

Conclusions: Tocotrienol inhibited IL-17- activated RANKL production in RA FLS
and IL-17-activated osteoclast formation. In addition, tocotrienol reduced Thiy
differentiation. Therefore, tocotrienol could be a new therapeutic choice to treat
bone destructive processes in RA.
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cotrienol; RANK ligand

INTRODUCTION

mote inflammation and proteases that contribute to
cartilage and bone destruction [3]. An osteoclast is a

Rheumatoid arthritis (RA) is a chronic systemic auto-
immune disease marked by symptoms of inflamma-
tion and pain in the joints [1]. Increased production
of tumor necrosis factor (INF)-o, elevated oxidative
stress, interleukin 1f (IL-1f), and IL-6 affect bone me-
tabolism [2]. In RA, fibroblast-like synoviocyte (FLS)
also play a key role by producing cytokines that pro-
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type of bone cell that breaks down bone tissue in RA.
Osteoclasts are regulated by macrophage colony-stim-
ulating factor (M-CSF) and receptor activator of nucle-
ar factor k-B ligand (RANKL) and they are activated in
the inflamed synovium [4].

IL-17 is one of cytokines that induce osteoclast dif-
ferentiation directly. IL-17 also stimulates osteoclasto-
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genesis indirectly through induction of TNF-q, IL-1,
IL-6 and RANKL from macrophages and FLS [5,6]. In
our previous study, IL-17 stimulates the production
of RANKL from RA FLS and differentiates peripheral
blood monocytes into mature osteoclasts [7]. Although
IL-17 is essential for development of inflammatory
arthritis and joint destruction, the results of human
clinical studies for blocking IL-17 are controversial.
Ixekizumab, an anti-IL-17A monoclonal antibody, im-
proves sign and symptoms in RA patients, decreasing
disease activity score and acute phase reactant at week
12 [8]. Another IL-17 inhibitor, secukinumab, does not
achieve the primary efficacy, however, it decreases RA
disease activity [g]. After all the analysis, the blockage
of TL-17 alone is not sufficient in control inflammation
and joint destruction and the ancillary therapeutic mo-
dalities are required.

Tocotrienol, a vitamin E family, suppresses inflamma-
tory cytokines. In several experiments, lipopolysaccha-
rides-induced production of inflammatory cytokines
and nitric oxide are decreased by tocotrienol [10-12]. In
addition, tocotrienol regulates the disease severity of
arthritis in the arthritis animal models [13,14]. More-
over, tocotrienol suppresses osteoclast differentiation in
mouse bone marrow-derived macrophages by suppres-
sion of nuclear factor of activated T cells 1 (NFAT1) and
Fos proto-oncogene, AP-1 transcription factor subunit
(c-Fos) [15,16] and in tartrate-resistant acid phosphatase
(TRAP)+ cells from human CD14* monocytes [17]. Until
now, there is no study showing the effect of tocotrienol
in IL-17-induced osteoclastogenesis. Moreover, the ef-
fect of tocotrienol has not been studied on human dis-
ease cells such as RA FLS.

Thus, the present study aimed to: (1) detect the reg-
ulatory effect of tocotrienol on IL-17-induced RANKL
expression and osteoclast differentiation; (2) evaluate
whether tocotrienol suppresses osteoclast differentia-
tion when osteoclast precursors are incubated with IL-
17-treated RA FLSs and Thay cells; and (3) determine the
role of tocotrienol in Thay cell differentiation.

METHODS

Ethics statement and patients
Informed consent was obtained from all patients, and the
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experimental protocol was approved by the Institutional
Review Board for Human Research, Konkuk University
Hospital (KUH1010186), as described previously [18].

Isolation of RA FLS

RA FLS were isolated by enzymatic digestion of synovial
tissues obtained from patients with RA undergoing total
knee replacement surgery, who fulfilled the American
College of Rheumatology (ACR) classification of rheu-
matoid arthritis of the knee and had advanced rheuma-
toid arthritis with Kellgren-Lawrens grade 4.

Reagents

Recombinant human RANKL (rhRANKL), rthM-CSF,
and IL-17 were purchased from R&D Systems (Minneap-
olis, MN, USA). Tocotrienol was purchased from Sigma
Chemical Co. (St. Louis, MO, USA).

Isolation of peripheral blood mononuclear cells
PBMC were obtained from heparinized blood using Fi-
coll-Hypaque (GE Healthcare, Philadelphia, PA, USA)
density-gradient centrifugation.

Induction of Th1y differentiation

To induce Thiy differentiation, peripheral blood mono-
nuclear cells (PBMCs) were cultured for 48 hours with
anti-CD28 and anti-CD3 (BD, Franklin Lakes, NJ, USA),
IL-23, IL-6, IL-1f, IL-4-blocking antibodies, and inter-
feron-gamma (IFN-y)-blocking antibodies. To investi-
gate the suppressive effects of tocotrienol, PBMCs were
cultured for 3 hours with tocotrienol, and then incubat-
ed as in Thiy differentiation.

Expression of RANKL mRNA by real-time
polymerase chain reaction

RA FLS were stimulated with IL-17. For RANKL signal
pathway analysis, the FLSs were cultured with or with-
out tocotrienol for 3 hours before the addition of TL-17.
After stimulation for 72 hours, mRNA was extracted us-
ing RNAzol B (Biotex Laboratories, Houston, TX, USA)
according to the manufacturer’s instructions, and then
subjected to real-time polymerase chain reaction.

Enzyme-linked immunosorbent assay

Sandwich enzyme-linked immunosorbent assays (ELI-
SAs) were used to quantify SRANKL, IL-13, TNF-a, IL-6,
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Figure 1. Effect of tocotrienol on receptor activator of nuclear factor x-B ligand (RANKL) expression and the production in
rheumatoid arthritis (RA) fibroblast-like synoviocyte (FLS). (A) RA FLS were pretreated with various doses of tocotrienol, and
then cultured with 20 ng/mL interleukin 17 (IL-17) for 72 hours. The RANKL mRNA level was quantified using real-time poly-
merase chain reaction. (B) RA FLS were treated with IL-17 in the presence of tocotrienol for 72 hours and the production of sol-
uble RANKL in the cultured media was assessed using enzyme-linked immunosorbent assay (ELISA). (C) RA FLS were treated
with IL-17 in the presence of tocotrienol for 72 hours and the production of IL-1f, tumor necrosis factor a. (TNF-a), IL-6, and
IL-8 were assessed using ELISA. The data represent the means + SEM of three independent experiments. TNF, tumor necrosis

factor; Toco, tocotrienol. *p < 0.001, bp <0.05,and “p < o0.01.

IL-8, and IL-17 levels in the culture supernatants from
RA FLS or PBMC.

Western blotting analysis

Primary antibodies recognizing to the phosphorylat-
ed forms of mammalian target of rapamycin kinase
(mTOR), adenosine monophosphate (AMP)-activated
protein kinase (AMPK), JUN N-terminal kinase (JNK),
extracellular signalregulated kinase (ERK), or nucle-
ar factor kappa B inhibitor alpha (IkBa; Cell Signal-
ing Technology Inc., Danvers, MA, USA) were diluted
1:1,000 in 0.1% Tween 20/1x Tris-buffered saline (T'TBS),
and incubated overnight at 4°C. The membranes were
washed with T'TBS, horseradish peroxidase-conjugat-
ed secondary antibody was added, and the membranes
were incubated for 1 hour at room temperature. After
washing with TTBS, the hybridized bands were detected
using an ECL detection kit (Amersham Pharmacia, Pis-
cataway, NJ, USA).

https://doi.org/10.3904/kjim.2019.372

Flow cytometry analysis

Cells were stained with combinations of the following
mADbs: anti-CD4-PE/cyaniney (Cyy) and anti-CD25-al-
lophycocyanin (APC; BD). Cells were washed, fixed,
permeabilized, and stained to detect intracellular cyto-
kines with mADbs recognizing IL-17 and forkhead box P3
(FOXP3; eBioscience, San Diego, CA, USA). Cells were
analyzed on a FACS Calibur flow cytometry system (BD).

Osteoclast formation

Peripheral blood CD14+ monocytes were cultured with
IL-17-treated FLS or Thiy-polarizing T cells in media.
Monocytes were cocultured in a-minimal essential me-
dium and 10% FBS in the presence of 25 ng/mL of thM-
CSF. The addition of thRANKL was used as a positive
control, which was prepared as described previously [19].
A TRAP Staining Kit was used to stain TRAP in osteo-
clasts.
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Figure 2. Effects of tocotrienol on the expression of signal pathway molecules in rheumatoid arthritis (RA) fibroblast-like sy-
noviocyte (FLS). (A) RA FLS were pretreated with tocotrienol for 3 hours, and then cultured with 20 ng/mL interleukin 17 (IL-1y)

for 1 hour. The phosphorylated forms of target proteins and beta-

actin were detected using Western blotting. The figures are

representative of three independent experiments. (B) Data were normalized to the beta-actin level and reported in relative ex-
pression units. The data represent the mean + SEM of three independent experiments. Toco, tocotrienol; mMTOR, mammalian

target of rapamycin kinase; AMPK, AMP-activated protein kinase;

JNK, JUN N-terminal kinase; ERK, extracellular signalreg-

ulated kinase; TkBo, nuclear factor kappa B inhibitor alpha. *p < 0.01, °p < 0.001, and *p < 0.05.

Statistical analysis

The data are expressed as mean * standard error
mean (SEM). Statistical difference was assessed using
Mann-Whitney U test for analyzing two groups or one-
way analysis of variance with Bonferroni’s multiple
comparison post hoc test for analyzing more than three
groups. A p value < 0.05 was considered statistically sig-
nificant.

RESULTS

The suppressive effect of tocotrienol on the
IL-17-activated RANKL gene and protein in RA FLS
To detect the suppressive effect of tocotrienol on the
IL-17-activated RANKL mRNA level, RA FLS were cul-
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tured with tocotrienol for 3 hours. The RA FLS were
then cultured with 20 ng/mL IL-17 for 72 hours. IL-17
increased RANKL gene expression to its maximum ex-
tent at a dose of 20 ng/mL; therefore, we used to IL-17 (20
ng/mL)as an optimal stimulatory dose (data not shown).
Tocotrienol suppressed the IL-17-activated expression
of RANKL (Fig. 1A). Tocotrienol also reduced the pro-
duction of the RANKL protein with a similar pattern to
its mRNA expression (Fig. 1B). Tocotrienol significantly
decreased the production of TNF-a, but did not affect
the IL-17-activated production of IL-6 and IL-8 (Fig. 1C).

Signal pathways involved in the protective effect of
tocotrienol in RA FLS

We investigated the intracellular signal pathways of to-
cotrienol in the IL-17-induced stimulation of RA FLS.

https://doi.org/10.3904/kjim.2019.372
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Figure 3. The effect of tocotrienol on osteoclast differentiation from peripheral blood monocytes. CD14" monocytes were iso-
lated from the peripheral blood of healthy donors and then pretreated with tocotrienol for 3 hours, before being cultured with
25 ng/mL of macrophage colony-stimulating factor (M-CSF), (A) 20 ng/mL of interleukin 17 (IL-17), or (B) 30 ng/mL of receptor
activator of nuclear factor k-B ligand (RANKL). Osteoclasts were identified using tartrate-resistant acid phosphatase (TRAP)
staining. The figures are representative of three independent experiments (original magnification x100). (C) The expression
levels of genes encoding TRAP, cathepsin K, dendritic cell-specific transmembrane protein (DC-STAMP), nuclear factor of
activated T cells, cytoplasmic 1 (NF-ATc1), osteoclast stimulatory transmembrane protein (OC-STAMP), and V-type proton AT-
Pase subunit D2 (ATP6vod2) from differentiated osteoclasts were measured using real-time polymerase chain reaction. Data
were normalized to the beta-actin mRNA level and reported in relative expression units. The data represent the mean + SEM
of three independent experiments. Toco, tocotrienol. * < 0.001, °p < 0.05.
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Figure 4. The effect of tocotrienol on osteoclastogenesis by interleukin 17 (IL-17)-pretreated rheumatoid arthritis (RA) fibro-
blast-like synoviocyte (FLS). (A) RA FLS were pretreated with tocotrienol for 3 hours, cultured with 20 ng/mL of IL-17 for 72
hours, and then cocultured with CD14* monocytes from peripheral blood in the presence of macrophage colony-stimulating
factor (M-CSF). After 21 days of culture, tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cells were counted.
(B) Thay cells were pretreated with tocotrienol for 3 hours, and then cocultured with CD14* monocytes from peripheral blood
in the presence of M-CSF. The figures are representative of three independent experiments (original magnification x100).
(C) The expression levels of genes encoding TRAP, cathepsin K, dendritic cell-specific transmembrane protein (DC-STAMP),
nuclear factor of activated T cells, cytoplasmic 1 (NF-ATc1), osteoclast stimulatory transmembrane protein (OC-STAMP), and
ATP6vod2 from differentiated osteoclasts were measured using real-time polymerase chain reaction. Data were normalized to
the beta-actin mRNA level and reported in relative expression units. The data represent the mean + SEM of three independent

experiments. *p < 0.05, °p < 0.01, and “p < 0.001.
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Figure 5. Effect of tocotrienol on CD4" T cells isolated from the peripheral blood mononuclear cell (PBMC) of healthy donors
and cultured under Thiy-polarizing conditions. Human PBMC were isolated from six healthy subjects and pre-incubated
with tocotrienol (o, 0.2, 1, and 5 pM) for 3 hours, and then cultured under Thiy-polarizing conditions for 48 hours. (A, B) CD4*
T cells were gated for further analysis. The percentages of interleukin 17* (IL-17")/CD4" T cells and CD25*Foxp3*/CD4" T cells
were measured using flow cytometry. The figures are representative of three independent experiments. (C) The production of
IL-17 by Thiy-polarized CD4" T cells and its secretion into the culture supernatant as measured using enzyme-linked immu-
nosorbent assay (ELISA). Bars represent the mean + SEM. SSC, side scatter; RANKL, receptor activator of nuclear factor k-B

ligand. * < 0.001, °p < 0.05, and %p < 0.01.

IL-17 enhanced the protein levels of AMPK, the phos-
phorylation of mTOR), ERK, and IkB-o. Tocotrienol
significantly reduced the IL-17-activated phosphoryla-
tion of mTOR, ERK, and IkB-a (p < o.05 for each). By
contrast, IL-17 did not phosphorylate JNK and tocot-
rienol significantly increased the IL-17-activated phos-
phorylation of AMPK (Fig. 2).

The suppressive effect of tocotrienol in IL-17- and
RANKL-activated osteoclast formation

The isolated CD14* monocytes from peripheral blood
of three healthy volunteers were incubated with M-CSF
and IL-17, which resulted in TRAP* multinucleated os-

https://doi.org/10.3904/kjim.2019.372

teoclast differentiation. However, pre-incubation with
tocotrienol significantly reduced IL-17-activated osteo-
clastogenesis (Fig. 3A). To detect the suppressive effects
of tocotrienol on RANKL-activated osteoclast forma-
tion, CD14* monocytes were incubated with M-CSF
and RANKL. After 21 days of culture, the cells had dif-
ferentiated into osteoclasts. However, pre-incubation
with tocotrienol significantly reduced RANKL-induced
osteoclastogenesis (Fig. 3B). The gene expression of os-
teoclast markers, such as TRAP, cathepsin K, dendritic
cell-specific transmembrane protein (DC-STAMP), nu-
clear factor of activated T cells, cytoplasmic 1 (NF-ATc1),
and osteoclast stimulatory transmembrane protein
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(OC-STAMP) increased after IL-17 stimulation; however,
their expression was reduced by tocotrienol treatment

(Fig. 3C).

The inhibitory effect of tocotrienol in osteoclast
formation with coculture of monocytes in addition
to RAFLS

RA FLS were incubated with IL-17 and tocotrienol, and
then they were cocultured with peripheral blood CD14*
monocytes and M-CSF. When the monocytes were co-
cultured with IL-17-activated RA FLS without RANKL,
TRAP* multinucleated osteoclasts differentiated and
osteoclastogenesis was more pronounced compared
with monocytes that were cocultured with untreated RA
FLS (Fig. 4A). Tocotrienol suppressed the differentiation
of osteoclasts induced by Thiy cells (Fig. 4B). The gene
expression of osteoclast markers increased during co-
culture with IL-17-pretreated RA FLS, while tocotrienol
treatment decreased their mRNA expression (Fig. 4C).

The suppressive effects of tocotrienol on Thay cell
differentiation

PBMCs were isolated from normal individuals and in-
cubated under Thiy-polarizing conditions in the pres-
ence of tocotrienol, and the percent of IL-17 positive and
Foxp3 positive cells were counted using flow cytometry.
In Thiy-polarizing conditions, both Thiy cells and Treg
cells were differentiated, and tocotrienol remarkably de-
creased the proportion of IL-17°/CD4* T cells. However,
tocotrienol did not affect the differentiation of the cells
into CD25"Foxp3*/CD4" regulatory T cells (Fig. 5A and
5B). Under Thay-polarizing condition, the production
of IL-17 and RANKL increased; however, tocotrienol de-
creased the production of IL-17 and SRANKL in the cul-
ture supernatant (Fig. 5C).

DISCUSSION

In this study, we confirmed that tocotrienol decreased
IL-17-activated RANKL gene expression and protein
production in RA FLS, and inhibited IL-17-induced
osteoclast differentiation. IL-17 is an important cyto-
kine-associated with osteoclast formation. Previously,
we found that other Thi7 cytokines induce RANKL ex-
pression in RA FLS [7,20]. Under Thiy-polarizing con-
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ditions, tocotrienol reduced Thiy cell differentiation
and the production of IL-17 and sRANKL, but did not
affect Treg cell differentiation. RANKL and M-CSF are
essential cytokines for osteoclast differentiation from
precursor cells [21]. This result suggested that tocotrie-
nol indirectly interrupts the initial process of the Thiy
cytokine-associated bony destructive pathways through
inhibition of RANKL production.

In terms of signal transduction pathways, we exam-
ined the molecular signaling pathways associated with
the regulatory effects of tocotrienol on RA FLS. We fo-
cused on the mTOR/AMPK/JNK/ERK/IkB-o. pathway,
which has an essential role in the activation of RA FLS
[18]. In signaling pathways, the suppressive effects of to-
cotrienol are mediated through the mTOR/JNK/nuclear
factor kB (NF-kB) pathway [22,23]. IL-17 activates mTOR,
and tocotrienol decreased IL-17-activated mTOR phos-
phorylation. In addition, tocotrienol increased AMPK
phosphorylation. In previous studies, y-tocotrienol
demonstrated an inhibitory effect on the NF-kB activa-
tion pathway [24-27]. Moreover, Wu et al. [28] identified
that a tocotrienol-rich fraction was capable of inhibiting
proinflammatory cytokine production in human mono-
cytes.

We examined the direct inhibitory effect of tocotrien-
ol on the formation of osteoclasts from their precursors.
Tocotrienol directly inhibited RANKL and IL-17-activat-
ed osteoclast differentiation in a dose-dependent man-
ner. This result suggested that tocotrienol could directly
ameliorate cytokine-induced osteoclastogenesis, indi-
cating its possible therapeutic use.

Next, we determined whether tocotrienol modulates
Thay cells under direct stimulation of osteoclast forma-
tion. When monocytes were cultured with Thiy cells,
osteoclast differentiation increased compared with that
in cells cocultured with CD4* T cells. Without RANKL,
Thiy cells directly induced osteoclast differentiation
and tocotrienol inhibited this Thiy cellinduced osteo-
clastogenesis. Tocotrienol controls Thiy cell-induced
osteoclastogenesis in different ways. First, tocotrien-
ol inhibited IL-17-induced RANKL expression in RA-
FLSs. Second, tocotrienol reduced IL-17-induced osteo-
clast differentiation. Third, tocotrienol inhibited Thiy
cell-induced osteoclast differentiation. The ultimate
goal of medical care in patients with RA is the preven-
tion of joint destruction. Bone erosion caused by activat-

https://doi.org/10.3904/kjim.2019.372
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ed osteoclasts induces joint destruction and patient dis-
ability. The results of the present study suggested that
tocotrienol could prevent the bony destructive process
in RA.

There are some limitations in this study. First, we ob-
served the effect of tocotrienol only in vitro. If preclinical
animal study with tocotrienol is performed, more infor-
mation of therapeutic effect of tocotrienol is produced.
Second, we evaluated the effect of tocotrienol using a
single target cell, FLS, however, macrophages/mono-
cytes are major cells producing TNF-o, IL-1 and IL-6.
The effect of tocotrienol to the macrophages/monocytes
needs to be assessed. Third, tocotrienol reduced IL-17-
induced production of TNF-o; however, we did not ana-
lyze the inhibitory mechanism and we did not focus on
TNF-o.

In conclusion, tocotrienol significantly suppressed
IL-17-activated RANKL expression and osteoclast dif-
ferentiation, and attenuated Thiy differentiation. The
results suggested that tocotrienol could represent a new
therapeutic choice to prevent osteoclast-associated bony
destructive diseases, such as RA.

KEY MESSAGE

1. Tocotrienol decreased interleukin (IL)-17-in-
duced receptor activator of nuclear factor k-B
ligand (RANKL) production in rheumatoid ar-
thritis (RA) fibroblast-like synoviocyte (FLS).

2. Tocotrienol decreased the IL-17-induced ac-
tivation of mammalian target of rapamycin,
extracellular signal-regulated kinase, and in-
hibitor of kappa B-alpha.

3. When monocytes were incubated with IL-17,
RANKL, IL-17-treated FLS, or Thai7 cells, os-
teoclasts were produced, and tocotrienol de-
creased this osteoclast differentiation.

4. Tocotrienol reduced Thiy cell differentiation
and the production of TL-17 and sRANKL; how-
ever, tocotrienol did not affect Treg cell differ-
entiation.

5. Tocotrienol could be a new therapeutic choice
to treat bone destructive processes in RA.
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