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Abstract: Osteoporosis causes significant health care and economic burden to society, leading 

to a relentless search for effective preventive agents. Tocotrienol, a member of the vitamin E 

family, has demonstrated promising potential as an osteoporosis-preventing agent. This review 

summarizes evidence on the effects of tocotrienol on bone in animal models. Techniques used to 

examine the effects of tocotrienol on bone in animals included bone histomorphometry, X-ray  

microtomography, dual-energy X-ray absorptiometry, bone turnover markers, bone calcium 

content, and biomechanical strength. Tocotrienol was shown to improve osteoblast number, bone 

formation, mineral deposition, and bone microarchitecture in osteopenic rats. It also decreased 

osteoclast number and bone erosion in the rats. Tocotrienol supplementation resulted in an 

improvement in bone mineral density, although biomechanical strength was not significantly 

altered in the rats. The beneficial effects of tocotrienol on bone can be attributed to its role as 

an antioxidant, anti-inflammatory agent, suppressor of the mevalonate pathway, and modulator 

of genes favorable to bone formation.
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Introduction
The skeletal system undergoes a constant remodeling process governed by bone cells, 

ie, osteoblasts for bone formation, osteoclasts for bone resorption, and osteocytes for 

mechanosensing and mediation of bone remodeling.1 An imbalance in bone remodeling, 

whereby the rate of bone resorption is faster than bone formation, will result in osteo-

porosis.2 Osteoporosis is a metabolic bone disease suffered by both men and women.3 

The hallmark of osteoporosis is the degeneration of bone density and microarchitecture, 

leading to bone fragility and fracture.4 The prevalence of osteoporosis as reflected by 

fragility fracture is higher in women than in men, with a 6:1 ratio of women to men.3 

However, the mortality rate post-fracture is higher in men compared to their female 

counterparts.5,6 The major cause of osteoporosis in women is estrogen deficiency due 

to menopause, while in men it is late-onset testosterone deficiency.7,8 Other causes 

of osteoporosis include prolonged use of glucocorticoid, chronic smoking, alcohol 

abuse, inflammatory bowel syndrome, celiac disease, immobility, and the use of drugs 

affecting the skeletal system.9 Osteoporosis causes a significant economic burden to 

society due to loss of productivity and the high cost of treatment.3,10

The current therapies for osteoporosis, such as bisphosphonates, teriparatide, and 

strontium ranelate, are effective in increasing bone mineral density of the patients and 

reducing fractures, with rare cases of adverse side effects.11 They are indicated for 

patients over 50 years old with a hip or vertebral fracture, osteoporosis, or osteopenia 

determined by bone mineral density and a high fracture probability.9 The commonly 

prescribed preventive agents, ie, calcium and vitamin D, have been found to be effective 
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in preventing fracture among the institutionalized elderly 

only. According to a meta-analysis, the relative fracture risk 

for supplemented institutionalized elderly was 0.71 (confi-

dence interval [CI]: 0.57 to 0.89) as compared to 0.89 (CI: 

0.76 to 1.04) in the community-dwelling elderly.12 Calcium 

supplementation alone or in combination with vitamin D has 

also been linked to a modest but significant increase in the 

risk of myocardial infarction (relative risk: 1.24 [CI: 1.07 

to 1.45]) in a meta-analysis involving 28,072 participants.13 

There are limited alternatives for those who wish to prevent 

osteoporosis even before onset of bone loss.

Many studies aiming to develop alternative osteoporosis-

preventing agents using natural products have been per-

formed. One natural product that has received much attention 

is tocotrienol. Tocotrienol, along with tocopherol, belongs to 

the lipid-soluble vitamin E family. The molecular structure 

of tocotrienol consists of a chromanol ring and a long carbon 

tail with three double bonds, whereas the long carbon tail of 

tocopherol consists solely of single bonds.14,15 Tocotrienol 

can be further divided into four different homologues, which 

are alpha-, beta-, gamma-, and delta-tocotrienol, based on the 

position of side chains on the chromanol ring.14,15 Vitamin 

E from natural sources is usually a mixture of tocotrienols 

and tocopherols.16 The predominant tocotrienol homologue 

in palm oil is gamma-tocotrienol,17 whereas in annatto bean 

it is delta-tocotrienol.18

The antioxidative and anti-inflammatory activities of 

tocotrienol make it a suitable osteoporosis-preventing agent. 

Both oxidative stress and inflammation are implicated in the 

pathogenesis of osteoporosis.19,20 Oxidative stress damages 

osteoblasts and affects their differentiation and survival.21 

Increased oxidative stress also enhances the signaling of 

osteoclasts and promotes their differentiation.22 Proinflam-

matory cytokines, such as interleukin-1, interleukin-6, and 

tumor necrosis factor alpha, promote the differentiation of 

osteoclasts.23 Thus, increased oxidative stress and inflamma-

tion will lead to an imbalance in bone remodeling favoring 

resorption, subsequently resulting in osteoporosis. Tocot-

rienol exhibits superior antioxidant activity compared to 

tocopherol due to its uniform distribution in cell membrane, 

high efficacy in radical recycling, and interaction with lipid 

radicals.24 Tocotrienol also suppresses the expression of 

proinflammatory cytokines induced by nuclear factor kappa-

light-chain-enhancer of activated B cells (NFκB).25 Hence, 

it is reasonable to hypothesize that tocotrienol can prevent 

osteoporosis induced by oxidative stress and inflammation. 

In fact, several in vitro studies have revealed that tocot-

rienol homologues suppress the formation of osteoclasts,26,27 

promote the expression of bone formation genes,28 and 

promote the survival of osteoblasts challenged with oxida-

tive stress.29

This review aims to summarize the evidence on the 

effects of tocotrienol on bone in various rodent models. 

The effects of tocotrienol on several aspects of bone health, 

such as bone mineral density, bone microstructure, mineral 

deposition, and bone strength, are discussed. The review 

concludes with an overview of the mechanism of action of 

tocotrienol on bone.

General study design
Tocotrienol has been tested in various animal models, such 

as animals that are gonadectomized or treated with gluco-

corticoid, nicotine, or oxidizing agent (Table 1). The indices 

of bone health examined include bone microarchitecture 

determined using histomorphometry and X-ray microto-

mography, bone turnover markers, bone calcium level, bone 

mineral density, and biomechanical strength. The treatment 

period and composition of the tocotrienols used varied from 

study to study. The general observation was that tocotrienol 

at the dose of 60 mg/kg body weight administered orally 

for 8 weeks was effective in preventing bone loss in rats.  

A lower dose of tocotrienol (30 mg/kg body weight) had been 

used, but it took a longer time to show effects. Thus, in the 

following discussion, tocotrienol administered to the animal 

was 60 mg/kg unless mentioned otherwise. Tocotrienol was 

administered via force-feeding to mimic its consumption as 

a supplement in humans.

Validity of the animal model
The gonadectomized young rats generally showed a reduction 

in bone volume, trabecular number, and trabecular thick-

ness, and an increase in trabecular separation as compared 

to the sham group after 2 months of surgery.30–32 Osteoblast 

surface, osteoid surface, and osteoid volume were reduced, 

and osteoclast surface and eroded surface were elevated in 

the castrated animals compared to the sham group.33,34 In an 

experiment by Ima-Nirwana et al,35 bone mineral density of 

the orchidectomized young rats was significantly reduced as 

compared to the sham group after 8 months, but Norazlina 

et al36 failed to demonstrate similar effects of ovariectomy 

on female rats. There were no significant changes in the 

bone dynamic parameters between the sham and the gonad-

ectomized animals 2 months post-surgery.30,37,38 This might 

indicate that although bone loss transpired in the castrated 

growing animals, the changes in bone turnover were brief 

and undetectable at sacrifice. There were significant changes 

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2051

Tocotrienol and bone

T
ab

le
 1

 O
st

eo
pe

ni
a 

m
od

el
s 

us
ed

 t
o 

ev
al

ua
te

 t
he

 b
on

e-
pr

ot
ec

tiv
e 

ef
fe

ct
s 

of
 t

oc
ot

ri
en

ol

R
es

ea
rc

he
rs

  
(y

ea
r)

M
od

e 
of

 b
on

e 
 

lo
ss

M
et

ho
d 

of
 in

du
ci

ng
  

bo
ne

 lo
ss

T
re

at
m

en
t 

(d
os

e 
in

  
m

g/
kg

 b
od

y 
w

ei
gh

t)
C

om
po

si
ti

on
 o

f t
oc

ot
ri

en
ol

 (%
)

A
ge

 w
he

n 
bo

ne
  

lo
ss

 is
 in

du
ce

d 
 

(m
on

th
s)

A
ge

 w
he

n 
 

tr
ea

tm
en

t 
 

st
ar

ts
  

(m
on

th
s)

T
re

at
m

en
t  

pe
ri

od
A

T
F

A
T

T
G

T
T

D
T

T

H
er

m
iz

i e
t 

al
40

  
(2

00
9)

Sm
ok

in
g

N
ic

ot
in

e 
in

je
ct

io
n 

(7
 m

g/
kg

  
bo

dy
 w

ei
gh

t; 
in

tr
ap

er
ito

ne
al

)
Pa

lm
 t

oc
ot

ri
en

ol
 (

60
)

43
31

14
3

5
2 

m
on

th
s

G
am

m
a-

to
co

tr
ie

no
l (

60
)

10
0

im
a-

N
ir

w
an

a 
et

 a
l35

  
(2

00
0)

T
es

to
st

er
on

e 
 

de
fic

ie
nc

y
Bi

la
te

ra
l o

rc
hi

de
ct

om
y

Pa
lm

 v
ita

m
in

 e
 (

30
)

24
.4

21
.6

27
.7

11
3

3
8 

m
on

th
s

C
hi

n 
an

d 
im

a 
N

ir
w

an
a30

  

(2
01

4)
T

es
to

st
er

on
e 

 
de

fic
ie

nc
y

Bi
la

te
ra

l o
rc

hi
de

ct
om

y
A

nn
at

to
 t

oc
ot

ri
en

ol
 (

60
)

10
90

3
3

8 
w

ee
ks

C
hi

n 
et

 a
l34

 (
20

14
)

T
es

to
st

er
on

e 
 

de
fic

ie
nc

y
Bi

la
te

ra
l o

rc
hi

de
ct

om
y

A
nn

at
to

 t
oc

ot
ri

en
ol

 (
60

)
10

90
3

3
8 

w
ee

ks

A
hm

ad
 e

t 
al

39
 (

20
05

)
Fr

ee
 r

ad
ic

al
Fe

rr
ic

 n
itr

ilo
tr

ia
ce

ta
te

  
in

je
ct

io
n 

(2
 m

g/
kg

;  
in

tr
ap

er
ito

ne
al

)

Pa
lm

 t
oc

ot
ri

en
ol

 (
10

0)
30

.7
55

.2
14

.1
1

1
8 

w
ee

ks

N
az

ru
n 

et
 a

l41
 (

20
05

)
Fr

ee
 r

ad
ic

al
Fe

rr
ic

 n
itr

ilo
tr

ia
ce

ta
te

  
in

je
ct

io
n 

(2
 m

g/
kg

; 
in

tr
ap

er
ito

ne
al

)

Pa
lm

 t
oc

ot
ri

en
ol

 (
10

0)
30

.7
55

.2
14

.1
1

1
8 

w
ee

ks

im
a 

N
ir

w
an

a 
an

d 
 

Fa
kh

ru
ra

zi
44

 (
20

02
)

G
lu

co
co

rt
ic

oi
d

D
ex

am
et

ha
so

ne
  

in
je

ct
io

n 
(1

20
 µ

g/
kg

  
bo

dy
 w

ei
gh

t; 
or

al
)

Pa
lm

 v
ita

m
in

 e
 (

60
)

24
.8

3
20

.7
3

26
.6

8
13

.3
2

3
3

8 
w

ee
ks

N
or

az
lin

a 
et

 a
l36

 (
20

00
)

Es
tr

og
en

 d
efi

ci
en

cy
Bi

la
te

ra
l o

va
ri

ec
to

m
y

Pa
lm

 v
ita

m
in

 e
 (

30
 a

nd
 6

0)
24

.8
3

20
.7

3
26

.6
8

13
.3

2
3

3
8 

m
on

th
s

N
az

ru
n 

et
 a

l64
 (

20
08

)
Es

tr
og

en
 d

efi
ci

en
cy

Bi
la

te
ra

l o
va

ri
ec

to
m

y
Pa

lm
 t

oc
ot

ri
en

ol
 (

60
)

30
.7

55
.2

14
.1

3
3

3 
w

ee
ks

A
kt

ifa
nu

s 
et

 a
l37

 (
20

12
)

Es
tr

og
en

 d
efi

ci
en

cy
Bi

la
te

ra
l o

va
ri

ec
to

m
y

T
oc

ot
ri

en
ol

-e
nr

ic
he

d 
 

fr
ac

tio
n 

(6
0)

20
.1

1
24

.6
7

38
.9

5
4.

55
4

4
8 

w
ee

ks

So
el

ai
m

an
 e

t 
al

38
 (

20
12

)
Es

tr
og

en
 d

efi
ci

en
cy

Bi
la

te
ra

l o
va

ri
ec

to
m

y
Pa

lm
 t

oc
ot

ri
en

ol
 (

60
)

20
.1

1
24

.6
7

38
.9

5
4.

55
4

4
8 

w
ee

ks
M

uh
am

m
ad

 e
t 

al
31

 (
20

12
)

Es
tr

og
en

 d
efi

ci
en

cy
Bi

la
te

ra
l o

va
ri

ec
to

m
y

Pa
lm

 t
oc

ot
ri

en
ol

 (
60

)
37

.2
39

.1
22

.6
3

3
8 

w
ee

ks
A

bd
ul

-M
aj

ee
d 

et
 a

l33
 (

20
12

)
Es

tr
og

en
 d

efi
ci

en
cy

Bi
la

te
ra

l o
va

ri
ec

to
m

y
A

nn
at

to
 t

oc
ot

ri
en

ol
 (

60
)

10
90

3
3

8 
w

ee
ks

M
uh

am
m

ad
 e

t 
al

32
 (

20
13

)
Es

tr
og

en
 d

efi
ci

en
cy

Bi
la

te
ra

l o
va

ri
ec

to
m

y
T

oc
ot

ri
en

ol
-e

nr
ic

he
d 

 
fr

ac
tio

n 
(6

0)
20

.1
1

24
.6

7
38

.9
5

4.
55

N
ot

  
m

en
tio

ne
d

N
ot

  
m

en
tio

ne
d

8 
w

ee
ks

A
bb

re
vi

at
io

ns
: A

T
F,

 a
lp

ha
-t

oc
op

he
ro

l; 
A

T
T

, a
lp

ha
-t

oc
ot

ri
en

ol
; G

T
T

, g
am

m
a-

to
co

tr
ie

no
l; 

D
T

T
, d

el
ta

-t
oc

ot
ri

en
ol

.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2052

Chin and ima-Nirwana

in the bone volume and cellular parameters of the rats treated 

with nicotine and ferric nitrilotriacetate indicative of bone 

loss.39–41 However, other studies using bone mineral density 

showed that bone loss did not occur in young42 or aged 

animals43 treated with nicotine. The underlying reason for 

this discrepancy is not known. In the glucocorticoid-induced 

model, bone loss was not observed because bone mineral 

density of the rats continued to increase with time.44 How-

ever, the increase in bone mineral density within the study 

period was not significant in the glucocorticoid-treated group, 

whereas it was significant for the other groups. This might 

indicate an inhibition of growth with glucocorticoid admin-

istration.44 Nevertheless, other studies have shown that bone 

mineral density continued to increase with time in young rats 

(3 months old) treated with glucocorticoid.45

With the exception of a few studies,35–37 most of the 

studies had a baseline group. The bone histomorphometric 

indices of all female rats showed no significant differences 

between the baseline (3 months old) and the sham group 

(5 months old).31–33,38 Although there were no significant 

changes in structural histomorphometry, significant dif-

ferences in dynamic and cellular histomorphometry were 

observed between the baseline (3 months old) and the sham 

group (5 months old) in a study using male rats.30 Double-

labeled surface, mineral apposition rate, and bone formation 

rate were higher in the baseline compared to the sham group. 

This might indicate active bone modeling in the baseline 

group, which had slowed down after 2 months.

The effects of tocotrienol on bone 
health
The effects of tocotrienol on bone 
histomorphometry
Bone histomorphometric examination provides direct 

information on changes in bone microarchitecture, remod-

eling/modeling, and cellular properties, which could not 

otherwise be assessed using bone densitometry and serum 

bone turnover markers. Bone histomorphometry is guided 

with computer-aided analysis and stereological technique 

to provide an accurate depiction of the skeletal changes due 

to osteoporosis and drug intervention.46,47 Nomenclature and 

definition of indices of bone histomorphometry have been 

standardized and discussed elsewhere.48 Three aspects of bone 

histomorphometry were given emphasis in previous studies on  

the effects of tocotrienol on bone, namely bone structural, 

dynamic, and static/cellular histomorphometry.30,31,33–35,37–41 

The preferred site of measurement is the trabecular bone at the 

metaphysis of the distal femur. The trabecular bone is meta-

bolically more active and offers a large surface-to-volume ratio 

for maximal exposure of stimuli.49 Thus, it responds faster to 

internal or external stimuli compared to the cortical bone.

Indices of bone structural histomorphometry describe 

the bone amount (bone volume and trabecular number), 

size (trabecular thickness), and trabecular separation. Two 

separate studies using an estrogen deficiency model showed 

that palm tocotrienol preserved trabecular bone structure, 

especially bone volume and trabecular separation in the 

ovariectomized rats.31,32 In a study by Muhammad et al, the 

bone-sparing effects of tocotrienol were found to be equiva-

lent to calcium supplementation and estrogen replacement.32 

Using a testosterone-deficient model, Chin and Ima-Nirwana 

demonstrated that annatto tocotrienol improved all bone 

structural indices at the distal femur except trabecular thick-

ness in the orchidectomized rats.30 In the same study, bone 

volume was found to be higher in the testosterone-treated 

group compared to the tocotrienol-supplemented group, 

implying that testosterone was more effective than tocotrienol 

in preventing bone loss due to testosterone deficiency.30 

Hermizi et al showed that both tocotrienol-rich fraction and 

gamma-tocotrienol were effective in preserving trabecular 

bone structure in the nicotine-induced bone loss model.40 The 

effects of tocotrienol on bone structural histomorphometric 

indices were less pronounced in the ferric nitrilotriacetate-

induced osteopenia in rats, whereby only trabecular thickness 

was maintained in the supplemented group.41

 Bone dynamic histomorphometry visualizes the mineral-

ization process using fluorescent calcein labeling.50 Aktifanus 

et al37 and Soelaiman et al38 indicated that single-labeled sur-

face was reduced and double-labeled surface was increased 

in the ovariectomized rats supplemented with tocotrienol. 

Furthermore, mineral apposition rate and bone formation rate 

were increased in the supplemented group in both studies. 

Improvements in mineral apposition rate and bone formation 

rate were observed in the osteopenic rats supplemented with 

either tocotrienol-rich fraction or gamma-tocotrienol homo-

logue in the nicotine-induced bone loss model.40 Annatto 

tocotrienol was shown to increase double-labeled surface 

and reduce single-labeled surface significantly in orchidec-

tomized male rats.30 However, mineral apposition rate and 

bone formation rate were not affected by annatto tocotrienol 

in the testosterone-deficient model.30

Proliferation of bone cells, trabecular erosion, and 

osteoid deposition were characterized by bone static/cellular 

histomorphometry indices.47 Palm tocotrienol was shown to 

increase osteoblast surface and decrease osteoclast surface 
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in estrogen-deficient rats.31 Similarly, Abdul-Majeed et al 

indicated that osteoblast surface was elevated and osteoclast 

surface was reduced in ovariectomized rats supplemented 

with annatto tocotrienol alone or in combination with low-

dose lovastatin.33 In the same study, they also discovered that 

both treatment groups had lower eroded surface and higher 

osteoid surface and volume compared to the unsupplemented 

ovariectomized group.33 In the testosterone deficiency model, 

annatto tocotrienol increased osteoblast number, osteoid 

surface, and osteoid volume, and decreased osteoclast and 

eroded surface in orchidectomized rats.34 In the nicotine-

treated osteopenic rats, tocotrienol mixture and gamma-

tocotrienol prevented the increase in osteoclast surface and 

eroded surface.40 Ahmad et al demonstrated that, in the ferric 

nitrilotriacetate-induced bone loss model, palm tocotrienol 

decreased eroded surface and increased osteoblast number, 

osteoid surface, and osteoid volume of the supplemented rats 

compared to the unsupplemented rats.39

The effects of tocotrienol on bone 
microarchitecture assessed by X-ray 
microtomography
X-ray microtomography provides a more accurate estima-

tion of bone microarchitecture compared to two-dimensional 

bone histomorphometry. It provides a high-resolution three-

dimensional reconstruction of the bone.51 A study on the 

effects of annatto tocotrienol on bone microarchitecture at 

the proximal tibia in orchidectomized rats was performed 

by Chin and Ima-Nirwana using X-ray microtomography.30 

There were trends of improvement in the structural indices 

such as bone volume, trabecular number, and connectivity 

density. However, only the difference in trabecular separation 

reached statistical significance.30

The effects of tocotrienol on bone 
turnover markers
Bone turnover can also be determined with the circulating 

level of bone turnover markers, which can be classified into 

formation and resorption markers. Bone formation markers 

are proteins secreted by osteoblasts during the fabrication of 

bone matrix, such as osteocalcin, alkaline phosphatase (ALP), 

and procollagen type 1 N-terminal propeptide (P1NP). Bone 

resorption markers are the degradation products of bone 

matrix, such as carboxyl terminal telopeptide of type 1 col-

lagen crosslinks (CTX-1), pyridinoline crosslinks (PYD), 

and deoxypyridinoline crosslinks (DYP). Osteoclast-specific 

proteins like tartrate resistant phosphatase (TRAP) are also 

used as bone resorption markers. Bone turnover markers are 

useful for providing continuous monitoring of bone turnover 

throughout the antiosteoporotic drug intervention.52,53

Most of the studies revealed insignificant changes in 

both bone formation and resorption markers in the ova-

riectomized rats supplemented with tocotrienol.30,37,38,54 In a 

study by Norazlina et al, supplementation of palm vitamin E  

at 30 mg/kg body weight showed an increase in serum 

ALP level but a negligible effect on TRAP level in the 

ovariectomized rats.36 This observation could be incidental 

because supplementation of tocotrienol at a higher dose  

(60 mg/kg body weight) did not produce a significant effect.36  

A study by Abdul-Majeed et al indicated a significant low-

ering of CTX-1 level and an increase in osteocalcin level 

in the annatto tocotrienol-supplemented rats compared to 

the unsupplemented ovariectomized rats.33 In a testosterone 

deficiency model, supplementation of annatto tocotrienol 

did not produce significant changes in either bone formation 

(osteocalcin and P1NP) or resorption markers (CTX-1 and 

TRAP5b) in the orchidectomized rats.30,34

Norazlina et al administered nicotine (7 mg/kg body 

weight) in male rats for 3 months and initiated tocotrienol 

treatment in the second and third month. The levels of both 

osteocalcin and DYP did not differ before (week 0) and after 

treatment (week 12).54 Due to the lack of a proper negative 

control, the authors could not conclude whether this lack 

of change was due to the beneficial effect of tocotrienol 

in suppressing bone turnover or the failure of nicotine in 

inducing adverse changes in bone turnover.54 In a later 

experiment, Norazlina et al administered nicotine (7 mg/kg 

body weight) in male rats for 2 months to induce bone loss. 

Immediately after nicotine cessation, they supplemented the 

rats with tocotrienol for 2 months.55 The elevation of PYD 

and the decrease of osteocalcin due to nicotine administra-

tion were averted by tocotrienol supplementation.55 Ahmad 

et al showed that tocotrienol lowered DYP level in the ferric 

nitrilotriacetate-treated rats compared to the unsupplemented 

rats.39 However, tocotrienol had no effects on the osteocalcin 

level in this study.

The effects of tocotrienol on bone 
mineral density
Dual-energy X-ray absorptiometry is the gold standard in the 

diagnosis of osteoporosis, as the World Health Organization 

defines the disease based on bone mineral density.56 The rec-

ommended skeletal sites for the assessment of bone mineral 

density are the proximal femur, femoral neck, trochanter, and 

spine.57 Changes in bone histomorphometry precede changes 

in bone mineral density. In our studies using dual-energy 
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X-ray absorptiometry, rats needed to undergo tocotrienol 

treatment for a longer period of time (9–10 months) as 

compared to studies employing bone histomorphometry  

(4–8 weeks) for a significant difference to be observed.35,36,44 

The ovariectomized rats treated with palm vitamin E at 30 and 

60 mg/kg body weight had significantly higher bone mineral 

density at the femur and vertebrae compared to the untreated 

group.36 Similar findings were obtained in the testosterone 

deficiency and the glucocorticoid bone loss model.35,44

The effects of tocotrienol on bone 
calcium level
Calcium in the form of hydroxyapatite is the principal 

inorganic component of bone.58 Vitamin D deficiency  

(50 nmol/L) will cause an increase in the parathyroid 

hormone, which in turn mobilizes calcium from bone to the 

circulation, subsequently causing osteoporosis.59,60 The level 

of calcium in the bone can be measured using an atomic 

absorption spectrophotometer. Palm vitamin E was found to 

restore bone calcium level at the femur and vertebra of orchi-

dectomized and ovariectomized rats.35,36 It was also found to 

preserve bone calcium level in rats receiving dexamethasone.44 

A study by Muhammad et al showed that tocotrienol did not 

improve bone calcium level at the vertebrae of ovariectomized 

rats.32 This discrepancy might stem from the fact that the rats 

were treated in a shorter period of time (8 weeks) compared to 

former studies35,36 (9–10 months). Hence, the beneficial effects 

of tocotrienol on bone calcium level, as in the case of bone 

mineral density, might take a longer time to manifest.

The effects of tocotrienol on 
biomechanical strength of bone
Biomechanical strength of the bone is determined by its 

material properties and geometric properties (architectural 

design).61 Since tocotrienol has been proved to improve 

bone mineral density and microarchitecture, it is logical to 

postulate that it will enhance bone biomechanical strength as 

well. The biomechanical strength of the bone can be tested 

using a destructive mechanical test.62 A load is applied to 

a part of the bone to induce strain and fracture, so that its 

ability to resist deformation (stiffness) and fracture (strength) 

can be determined.62 Shuid et al showed supplementation of 

gamma-tocotrienol at 60 mg/kg body weight significantly 

improved biomechanical strength of the femur in normal 

male rats.63 However, there are limited studies on the effects 

of tocotrienol on bone biomechanical strength in osteopenia 

models. In studies by both Nazrun et al and Muhammad et al,  

palm tocotrienol supplementation did not produce significant 

improvements in bone biomechanical strength in ovariecto-

mized rats .32,64

Overview on the effects of tocotrienol 
on bone properties
The studies discussed so far confirmed that tocotrienol 

increased osteoblast number and decreased osteoclast number 

in osteopenic rats. This resulted in an increase in bone matrix 

deposition and a decrease in eroded surface on the trabecular 

bone. The increase in osteoblast activity and number led to 

an elevation of mineralizing surface, mineral apposition 

rate, and bone formation rate. Thus, bone calcium content 

was raised. Increased bone formation and decreased bone 

resorption brought about an accumulation of bone volume 

and a reduction in bone porosity, as shown in structural his-

tomorphometry. The improved material content (calcium) 

and microarchitecture should have subsequently preserved 

the biomechanical strength of the bone in the animal, but this 

might take a longer time to manifest. Thus, bone health was 

preserved in the tocotrienol-supplemented group (Figure 1). 

The effects of tocotrienol on bone histomorphometry, bone 

mineral density, and bone calcium content are summarized 

in Table 2.

The mechanism of action 
of tocotrienol
Antioxidant activity of tocotrienol
Clinical and experimental studies have demonstrated 

that oxidative stress is implicated in the development of 

osteoporosis.65,66 An increase in oxidative stress leads to 

decreased differentiation and survival of osteoblasts,67 and 

also increased differentiation of osteoclasts and bone resorp-

tion activity,68 thus impairing the skeletal system.

Maniam et al showed that supplementation of palm tocot-

rienol at 100 mg/kg body weight reduced malondialdehyde, a 

product of lipid peroxidation, and increased glutathione per-

oxidase activity, an antioxidant enzyme in the bone of normal 

male rats.69 Nazrun et al indicated that the ovariectomized rats 

treated with palm tocotrienol showed increased erythrocyte 

superoxide dismutase and plasma glutathione peroxidase 

activities and lower malondialdehyde level.64 These in vivo 

studies showed that supplementation of tocotrienol reduced 

oxidative stress products and antioxidant enzyme activi-

ties, subsequently decreasing oxidative stress. In an in vitro 

study, Nizar et al showed that gamma-tocotrienol homo-

logue decreased oxidative damage on primary osteoblast 

culture.29 A further study indicated that tocotrienol achieved 
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its protective effects by preserving the antioxidant enzyme 

activities in osteoblasts challenged with oxidative stress.70

The effects of tocotrienol on the 
mevalonate pathway
The mevalonate pathway regulates osteoblastogenesis and 

osteoclastogenesis through prenylation of small guanosine 

triphosphate-binding proteins (GTPases), whereby activation 

of GTPase enhances bone loss.71 Similar to statins, tocot-

rienol can suppress the mevalonate pathway as indicated 

in a previous study on the hypocholesterolemic effects of 

tocotrienol.72 Tocotrienol achieves this effect by downregu-

lating the activity of hydroxy-methyl-glutaryl-coenzyme A 

(HMG-CoA) reductase, a key enzyme involved in cholesterol 

synthesis.73

A recent study by Deng et al found that gamma-tocotrienol 

(100 mg/kg body weight, subcutaneous injection, once 

monthly for 3 months) improved bone mineral density, bone 

microarchitecture determined using X-ray microtomogra-

phy, and bone static and dynamic histomorphometry in the 

ovariectomized mice.74 These effects were brought about 

by an increased gene expression of bone formation tran-

scription factors (Runx2 and Osterix) and osteoprotegerin, 

and a decreased expression of gene coding for RANKL in  

the supplemented mice.74 Daily supplementation of 

mevalonate in the tocotrienol-treated ovariectomized mice 

reverted these beneficial changes.74 This implies that the 

bone-protective effects of tocotrienol were mediated through 

the mevalonate pathway. In another study by Abdul-Majeed 

et al, the combination of tocotrienol together with statins 

Figure 1 The effects of tocotrienol on bone.
Notes: ↑, increases; ↓, decreases.
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enhanced the effects of tocotrienol in improving bone static 

histomorphometry and remodeling markers in the ovariec-

tomized rats.33 However, there was no confirmation as to 

whether this effect was produced by the mevalonate pathway 

per se or by other pathways as well.

The anti-inflammatory effects of 
tocotrienol
Proinflammatory cytokines such as interleukin-1, 

interleukin-6, and tumor necrosis factor alpha are important 

mediators of bone resorption.23 They are also implicated in 

the pathogenesis of postmenopausal osteoporosis.75 Previ-

ous studies showed that tocotrienol could prevent ferric 

nitrilotriacetate- or nicotine-induced elevation of proinflam-

matory cytokines such as interleukin-1 and interleukin-6 and 

concurrently preserve the bone health of rats.39,54,55 In an in 

vitro study, Ha et al demonstrated that alpha-tocotrienol 

could suppress the formation of osteoclasts from co-culture 

of bone marrow macrophages and osteoblasts induced by 

interleukin-1 or vitamin D and prostaglandin E
2
.22 Con-

currently, it was observed that RANKL production by 

osteoblasts was suppressed and RANKL signaling in the 

osteoclasts was disrupted.22

Gene-modulating effects of tocotrienol
Differentiation and activity of osteoblasts and osteoclasts 

are governed by a cascade of genes.76,77 Abukhadir et al 

showed that supplementation of palm vitamin E significantly 

enhanced the gene expression of Runx2, Osterix, and bone 

morphogenetic protein-2 in a nicotine cessation osteope-

nia model.78 Chin and Ima-Nirwana showed that annatto 

tocotrienol could enhance the expression of genes related 

to bone formation and osteoblast activity such as alkaline 

phosphatase, beta-catenin, collagen type I alpha 1, and osteo-

pontin.30 Gene expression of RANKL was also decreased in 

the supplemented group.30 However, annatto tocotrienol did 

not affect bone resorption genes in the supplemented rats.30

A detailed description of the possible bone-protective 

mechanism of tocotrienol has been published elsewhere.79

The difference in the effects 
on bone between tocotrienol 
and alpha-tocopherol
While most studies revealed beneficial effects of tocotrienol on 

bone, the effects of alpha-tocopherol supplementation on bone 

in animals are heterogenous.80 Some studies revealed beneficial 

effects of alpha-tocopherol on bone while others did not.81,82  

Several studies showed that high-dose alpha-tocopherol 

supplementation might exert negative effects on bone in 

normal animals but was protective in stressed animals.83,84  

A study by Fujita et al showed that there was increased bone 

resorption in mice fed with high-dose alpha-tocopherol, 

probably due to increased differentiation of osteoclasts.85 

However, this study could not be replicated successfully by 

other researchers.86 When alpha-tocopherol and tocotrienol 

were compared, most studies showed that the effects of the 

former was either lesser to40,87 or on par with tocotrienol in 

protecting bone in rats.31,36 The effects of alpha-tocopherols 

on bone have been summarized previously in a review.80

The safety of tocotrienol
Few studies have been performed to assess the safety of tocot-

rienol. Ima-Nirwana et al showed that treatment with palm 

tocotrienol at the doses of 500 and 1,000 mg/kg body weight 

(oral) increased the bleeding and clotting time of mice in sub-

acute (14 days treatment) and subchronic (42 days treatment) 

studies.88 After conversion,89 these are equivalent to 250 and  

500 mg/kg body weight in rats. In another study in which rats 

were fed with palm tocotrienol for 13 weeks, Nakamura et al 

observed some changes in hematological and serum enzyme bio-

chemical indices and organ histology.90 They concluded that the 

no-observed-adverse-effect level was 120 mg/kg body weight 

for male rats and 130 mg/kg body weight for female rats.90

According to the existing toxicological reports,88,89 the ther-

apeutic index for tocotrienol is relatively low for a noncritical 

agent. There is a two- to fivefold difference between the effec-

tive dose and the toxic dose. The toxicological profile of tocot-

rienol is not as well established as that of alpha-tocopherol,  

thus more studies are needed. The available evidence shows 

that it may lower platelet count and prolong bleeding and 

clotting time.88,90 This suggests that it may contraindicate with 

anticoagulants like warfarin. Apart from that, the pharmacoki-

netics and disposition of tocotrienol in skeletal tissue is not 

known. Previous studies revealed that the bioavailability of 

tocotrienol is relatively low compared to alpha-tocopherol due 

to the selective binding of tocopherol transport protein with the 

latter.91,92 This may be the reason a higher dose of tocotrienol 

is needed to achieve its bone-protective effects.

Limitations
Several limitations should be considered when interpreting 

the studies presented in the current review. Significant pub-

lication bias was noted during the literature search, whereby 

a majority of the studies on the effects of tocotrienol on bone 

were published by one research group. While many other 

researchers also study the effects of vitamin E on bone, most 
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of them focus on alpha-tocopherol,83,84 which is the predomi-

nant vitamin E homologue in our body and in nature.14

Conclusion
The studies on tocotrienol have confirmed that it possesses 

promising bone-protective effects in various rat models 

subjected to estrogen deficiency, testosterone deficiency, 

glucocorticoid, nicotine, and free radicals. Tocotrienol 

increases osteoblast number, mineral deposition, and bone 

formation activity and decreases osteoclast number, ero-

sion on bone, and bone resorption activity, thus preventing 

the degeneration of bone mineral density and bone micro-

architecture in osteopenic animals. These effects could be 

attributed to the antioxidative, anti-inflammatory, gene-

modulating activities of tocotrienol. Tocotrienol may also 

suppress the mevalonate pathway and prevent the activation 

of GTPase to achieve its bone-protective effects (Figure 2). 

More studies may be needed to establish the safety profile 

of tocotrienol. There is also a need to study the effects of 

tocotrienol in the aged animal model. The data obtained 

will serve as a basis for future clinical trials to validate the 

protective effects of tocotrienol in the elderly who are at 

risk for osteoporosis.
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