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Abstract: Recent studies have found conflicting evidence on the role of α-tocopherol (αTF)
on bone health. This nonsystematic review aimed to summarize the current evidence on the
effects of αTF on bone health from cell culture, animal, and human studies in order to
clarify the role of αTF on bone health. Our review found that αTF exerted beneficial,
harmful or null effects on bone formation cells. Animal studies generally showed positive
effects of αTF supplementation on bone in various models of osteoporosis. However,
high-dose αTF was possibly detrimental to bone in normal animals. Human studies mostly
demonstrated a positive relationship between αTF, as assessed using high performance
liquid chromatography and/or dietary questionnaire, and bone health, as assessed using
bone mineral density and/or fracture incidence. Three possible reasons high dosage of αTF
can be detrimental to bone include its interference with Vitamin K function on bone, the
blocking of the entry of other Vitamin E isomers beneficial to bone, and the role of αTF as
a prooxidant. However, these adverse effects have not been shown in human studies.
In conclusion, αTF may have a dual role in bone health, whereby in the appropriate doses it
is beneficial but in high doses it may be harmful to bone.
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1. Introduction
Our skeletal system is tightly regulated by a multitude of internal and external factors, which govern
bone formation and resorption. Osteoporosis represents a classic example of this regulation gone astray,
where bone resorption occurs at a higher rate than bone formation. This results in fragile bone due to
degenerative changes in the microarchitecture of bone tissue and a reduction in bone mass [1]. The
World Health Organization defines osteoporosis as bone mineral density (BMD), as measured by
dual-X ray absorptiometry, lower than 2.5 standard deviations (SD) from the young adult mean value
(T score < −2.5 SD) [2]. Post-menopausal women are at greater risk for osteoporosis due to estrogen
deficiency. Men also suffer from osteoporosis but it occurs at a later stage of their life [3–5]. Common
risk factors for osteoporosis are low peak bone mass, low body weight, the use of certain medications
(glucocorticoids, anticonvulsants, lithium, etc.), low Vitamin D and calcium intake, endocrine
disorders (hypogonadism, hyperparathyroidism, hyperthyroidism, etc.), prolonged immobility, cigarette
smoking, alcoholism and systemic inflammation [6,7].
There are other theories on the development of osteoporosis. One of the theories revolves around
oxidative stress. Cross-sectional studies found that blood levels of oxidation products like
8-iso-prostaglandin F2α (8-iso-PGF2α) were associated negatively with BMD while antioxidant levels
were associated positively with BMD [8–11]. These have been confirmed by case-control studies,
whereby osteoporotic subjects had a higher level of oxidants and a lower level of antioxidants
compared to control subjects [12,13]. Animal studies showed that the differentiation of osteoclasts in
nuclear factor-erythroid 2-related factor 2 knock-out mice, which had impaired oxidative status, was
significantly promoted [14]. In vitro studies showed that the presence of free radical species or their
products promoted osteoclastogenesis via up-regulation of receptor activator of nuclear factor κ-B
ligand (RANKL) expression and signaling but suppressed the differentiation of osteoblasts [15–17].
Natural products possessing antioxidant activity have been shown to protect bone health [18–20].
Sex hormone deficiency has been linked to inflammation [21]. A study by Khosla et al. showed that
withdrawal of estrogen or testosterone caused elevation in interleukin-1 (IL1), interleukin-6 (IL6) and
tumor necrosis factor-α (TNFα) levels in elderly men and treatment with either testosterone or estrogen
alone was able to suppress this increase [22]. Similarly, a cessation of ovarian function has also been
linked to an increase in inflammatory cytokines in post-menopausal women [23]. Inflammatory cytokines
have been shown to promote osteoclastogenesis and inhibit bone formation [24]. For example, TNFα has
been shown to augment RANK-induced osteoclast differentiation but inhibit SMAD signaling essential
in osteoblast differentiation via nuclear factor κ-B [25]. Anti-inflammatory substances have been shown
to prevent bone loss in inflammation-induced osteoporosis in animal models [26–28].
Large epidemiological studies have suggested that dietary components other than calcium are
associated with bone health [29,30]. The role of vitamin E, a dietary component which functions as an
antioxidant and antiinflammatory agent, in bone health have been studied but there are some
conflicting findings [29,31]. Vitamin E consists of two major groups, which are tocopherols (TFs) and
tocotrienols (TTs) [32,33]. The distinctive feature between these two groups is the presence of double
bonds on the carbon chain of TTs [32,33]. There are four distinct isomers (α, β, γ and δ) in each group
depending on the position of the methyl group on the chromanol ring [32,33]. Of all the isomers of
vitamin E, α-tocopherol (αTF) is the most biologically relevant because of its abundance in nature and
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in health supplements, and also because it is selectively retained in our body through the action of αTF
transporter protein (αTTP) in the liver (Figure 1) [34,35]. Previous reviews have discussed the effects
of tocotrienols on bone health [36,37]. Therefore, the current discussion will focus on the relationship
between αTF and bone health.
Figure 1. Molecular structure of α-tocopherol.

2. Literature Search
Literature search was performed using Scopus and Pubmed between November 2013 and January 2014.
The search terms used were “α-tocopherol” AND “bone mineral density” OR “fracture risk” OR “bone
remodeling” OR “osteoblast” OR “osteoclast” OR “osteoporosis”. Only literature written in English
and dated since 1995 was included. Titles and abstracts of the selected articles were read by a reviewer
and only the relevant literature was selected. Since we aimed to provide a scoping review on the effects
of αTF on bone health, cell culture, animals, and human studies were considered. Intervention studies
involving co-supplementation of αTF with other supplements were not included because it was
impossible to dissociate the effects among the supplements on bone. Human observational studies that
grouped the effects of αTF with other nutrients and did not distinguish the effects between each
component were not included. For human studies, only those with valid bone health (bone mineral
density or fracture risk assessment or bone remodeling markers) and αTF estimates (intake assessed by
food frequency questionnaire or circulating level assessed by HPLC or both) were included. The final
inclusion of the literature in the current review were discussed and agreed by the two authors.
A systematic approach was not adopted in this review due to the heterogeneity of the human
observational studies involved.
3. What did the in Vitro Evidence Show?
There are very limited in vitro studies that examine the relationship between αTF and bone health.
The existing studies showed conflicting findings. Ahn et al. incubated human mesenchymal stem cells
with αTF in an osteogenic differentiation media [38]. The results showed that these cells proliferated
better in media with αTF. Treated cells also showed increased mRNA expressions of runt-related
transcription factor 2 (RUNX-2) and transforming growth factor β1, as indicated by microarray
analysis and real time reverse transcription-polymerase chain reaction. Since RUNX-2 has been shown
to be an upstream regulator of osteoblastic genes, their results indicated that αTF could possibly
promote osteoblastogenesis [38]. However, in a study by Urban et al. using primary bovine osteoblasts
from the periosteum of calf metacarpus, the addition of 0.16 mg/mL αTF did not promote proliferation
of osteoblasts [39]. α-TF also did not enhance the protein expression of collagen 1, osteonectin and
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osteocalcin as assessed via immunohistology [39]. On the other hand, Soeta et al. showed that TFs
might suppress differentiation of osteoblasts isolated from rat calvariae [40]. α-TF (100 and 200 μM) and
γTF (20 μM) decreased the mRNA expression of alkaline phosphatase significantly compared to
untreated cells at the early stage of differentiation. The noncalcified nodule in treated cells in
TF-treated cultures also appeared to be smaller compared to the untreated culture, which indicated a
suppression of osteoid production. However, the size of the calcified nodule between the treated and
untreated cells was not significantly different [40].
4. The Dual Nature of Vitamin E on Bone Health Revealed in Animal Studies
α-TF shows a plethora of biological activities, including prominent antioxidant and antiinflammatory
activities [41–43]. Thus, the potential of αTF as an antiosteoporotic agent has been tested in animal
studies. A study by Feresin et al. indicated that increases in osteoclast surface and eroded surface due
to ovariectomy in aged female rats were prevented by supplementing them with 525 mg/kg diet
(medium dose) and 750 mg/kg diet (high dose) of αTF for 100 days [44]. Mineralizing surface and
bone formation rate were increased in rats supplemented with the medium dose of αTF. Rats
supplemented with the high dose of αTF also showed increased biomechanical strength (ultimate and
yield load, and ultimate and yield stress). However, all supplemented groups failed to demonstrate
improvement in BMD and bone structural parameters. It should be noted that Feresin et al. induced
osteopenia in these rats for 120 days before initiation of treatment. Hence, this experiment tested the
ability of αTF to cure osteoporosis induced by estrogen deficiency in rats [44].
On the other hand, a series of studies were performed using a relatively low dose of αTF but a more
consistent approach of supplementation (oral gavage) to study the effects of αTF on bone health in
stressed rodents [45–50]. In these studies, the effects of αTF were compared to the unsupplemented
stressed group and the tocotrienol-supplemented group [45–50]. Besides, treatment was initiated not long
after ovariectomy (1–2 weeks post-surgery), so the ability of αTF to prevent osteoporosis induced by
estrogen deficiency in rats was tested [45–47]. Using ovariectomized young rats, Muhammad et al.
showed that αTF supplementation at 60 mg/kg body weight for four weeks prevented degenerative
changes in trabecular bone structural parameters (bone volume, trabecular separation and
number) [45]. Increase in osteoclast surface was also prevented. In this study, the efficacy of αTF was
similar to palm TT mixture [45]. Nazrun et al. showed that αTF at 60 mg/kg body weight for eight weeks
could marginally improve bone biomechanical parameters (maximum load and stress, stiffness and
Young’s modulus) but the changes were not statistically significant [46]. α-TF at this dose was not
able to improve oxidative status of these rats as shown by a persistent elevation of plasma
malondialdehyde (MDA) level. In the same experiment, rats fed with palm TT mixture showed
significantly lower MDA and higher antioxidant enzyme (superoxide dismutase and glutathione
peroxidase) activity in plasma [46]. Norazlina et al. showed that αTF supplementation at 30 mg/kg
body weight for 10 months preserved calcium content of the femur in ovariectomized rats [47]. It also
increased alkaline phosphatase activity and reduced tartrate-resistant acid phosphatase activity in
ovariectomized rats. In this study, the efficacy of αTF was higher compared to palm TT mixture at the
same dose [47].
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Apart from the ovariectomy model, the efficacy of αTF was tested in other osteoporosis rodent models.
Hermizi et al. showed that αTF at 60 mg/kg body weight for two months was able to improve
bone volume, trabecular number, mineral apposition rate and bone formation rate, and reduced
osteoclast surface compared to nicotine-treated group [48]. However, the efficacy of αTF was lower
compared to γTT and TT-enriched fraction [48]. Norazlina et al. attributed the protective effect of αTF
to its ability to reduce inflammation elicited by nicotine treatment, shown by a reduction of IL1 level
in the αTF-supplemented group [49]. Using an osteoporosis rat model induced by intraperitoneal
injection of ferric nitrilotriacetate (an oxidizing agent), Ahmad et al. showed that all three doses
(30, 60, 100 mg/kg body weight) of αTF were not able to protect the rats from degenerative changes in
structural, cellular and dynamic parameters in bone [50]. In contrast, rats treated with palm TT mixture
at 100 mg/kg body weight showed improvements in all of the parameters aforementioned [50].
The effects of αTF deficiency had been tested recently in two separate studies using genetically
modified mice [51,52]. Fujita et al. showed that αTF transfer protein knock-out (αTTPKO) mice,
which were not able to absorb vitamin E, had a higher bone mass compared to wild-type mice [51].
This phenotype was attributed to lower bone resorption in the αTTPKO mice, indicated by a lower
osteoclast number and serum deoxypyridinoline level. This led to the speculation that Vitamin E played
a part in regulating bone mass. In vitro experiments indicated that αTF promoted osteoclast
differentiation and fusion without affecting the proliferation of its precursor [51]. This effect was
shown exclusively by αTF but not with other vitamin E isomers, and it was not related to the
antioxidant effect of αTF. They also showed that wild type mice fed with 600 mg/kg diet of αTF for
eight weeks showed a 20% reduction in bone mass [51]. Iwaniec et al. attempted to validate the
findings of Fujita et al. in aged αTTPKO mice [52]. They found that αTTPKO male mice had lower
cross-sectional volume, cortical volume, and cortical thickness at the femoral diaphysis compared to
wild type mice. No differences in trabecular bone parameters were observed. Furthermore, they showed
that feeding wild type rats (8.5 months old) with diet containing 15 IU/kg, 75 IU/kg, 500 IU/kg diet of
αTF for 13 weeks did not result in any changes in bone parameters [52]. The reasons for the
differences in bone phenotype displayed by αTTPKO mice at different ages shown by these two
studies are still unknown [51,52]. The negative effects of αTF on bone shown by Fujita et al. [51]
could not be validated by Iwaneic et al. [52].
Other studies found that αTF in high doses could prevent osteoporosis in stress conditions but could
be harmful to bone in normal conditions [53]. Smith et al. treated 8.5 month-old male rats which were
ambulatory or subjected to hindlimb-unloading with 15 IU/kg, 75 IU/kg or 500 IU/kg diet of αTF [53].
They found that ambulatory animals supplemented with 500 IU/kg diet of αTF had a significantly
lower trabecular number and bone volume compared to ambulatory animals supplemented with the
lower doses of αTF [53]. However, supplementation of 500 IU/kg diet αTF successfully prevented
osteoporosis induced by hindlimb-unloading [53]. The researcher attributed the bone protective of αTF
effect to a lower expression of cyclooxygenase-2 in the supplemented group and thereby a reduction in
inflammation [53]. However, the reduction in bone quality in the high-dose supplemented ambulatory
group was not explained. In another study by Arjmandi et al., young (six-month old) and aged
(24-month old) mice were treated with 30 mg/kg diet or 500 mg/diet of αTF for 30 days [54]. The aged
mice benefited from the high dose αTF treatment, as indicated by improved yield stress, ultimate load,
yield load and stiffness of the bone. These changes were not observed in young mice. Despite this, the
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high-dose αTF increased osteocalcin and insulin-like growth factor-1 mRNA expression in both young
and aged mice [54]. Both studies aforementioned could indicate that αTF would be beneficial to bone only
if it was subjected to stress [53,54]. High dose of αTF might exert no effect on normal bone, or it might
even be harmful.
5. The Association between Dietary αTF and Bone Health in Humans
Several epidemiological studies had been conducted to assess the effects of vitamin E on bone
health [29–31,55–61]. These studies used either the blood level or the consumption level of αTF
determined using food frequency questionnaires as the surrogate of total vitamin E [29–31,55–61].
This was a reasonable approach since αTF is the most abundant vitamin E isomer present in food and the
most widely distributed in our body [34,35]. The term “vitamin E” was used in some studies but the
measurements were indicative of αTF only [29,30,55,58–60]. Hence, we used “vitamin E (αTF)” when
discussing these studies.
In a case control study, Maggio et al. compared the oxidative status of 75 osteoporotic
(mean age = 70.4 ± 8.5 years) and 75 normal (mean age = 68.8 ± 3.5 years) post-menopausal women
by measuring the enzymatic and non-enzymatic antioxidants in their blood [55]. Osteoporotic subjects
were found to have significantly lower plasma vitamins A, C and E (αTF), and antioxidant enzymes
superoxide dismutase and glutathione peroxidase. However, vitamin E was not correlated to femoral
BMD in the osteoporotic subjects [55]. Since this study adopted a small sample size, its power in
detecting an association between vitamin E and bone in the aforementioned subjects might be
insufficient. The dietary records of the subjects were not collected; hence the intake of calcium and
other antioxidant that might influence the results were not adjusted for.
In a Spanish post-menopausal population (n = 232 women; mean age = 56.9 ± 6.2 years),
Mata-Granados et al. found that the ratio of serum αTF to lipid (αTF: lipid ratio) was significantly
associated with BMD at the lumbar spine in both logistic and linear regression models [31]. This
association was independent of age, body anthropometry, osteocalcin level, physical activity status,
vitamin D level, smoking status and alcohol intake. The association between αTF:lipid ratio and BMD
at the femoral neck was not significant. The researchers opined that this discrepancy might be due to
the fact that the lumbar spine had more trabecular bone compared to the femoral neck [31]. While the
sample size was moderate, this study was well-adjusted and the ratio of lipids to αTF was considered.
Previous studies had shown that the absorption of αTF was higher when taken with a fat-rich meal [62].
Ostman et al. studied the associations of serum αTF level and oxidative stress at age 77 with BMD
at age 82 in men (n = 405) [56]. They found that αTF alone did not explain the variation in BMD at all
sites among the subjects. However, it modified the association between urinary 8-iso-PGF2a level, a
product of oxidative stress, and BMD (total body, proximal femur and lumbar spine). Subjects with
low αTF and high 8-iso-PGF2α had significantly lower BMD at all sites [56]. These long-lived subjects
might represent a healthy selection, and might not be representative of the general population.
In the National Health and Nutrition Examination Survey, Hamidi et al. assessed the association
between the serum levels of two vitamin E isomers: αTF and γTF and bone remodeling markers in
497 postmenopausal American women (mean age = 65.5 years with SE = 0.6 years) [57]. They found
that a high serum αTF to γTF ratio was significantly and negatively associated with bone alkaline
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phosphatase (BAP) level. Furthermore, there was a decrease in BAP level with every increase in
quintiles of αTF intake, serum αTF level and αTF to γTF ratio. A decrease in serum γTF level was also
associated with a decrease in BAP level. The researchers also showed that supplementation of αTF
reduced the serum γTF level. Hence, it was suggested that γTF might uncouple bone remodeling
process by enhancing bone formation (as indicated by BAP level). α-TF might pose a threat to bone
health by decreasing serum γTF level [57]. A major limitation of this study was that only one marker
for bone formation and one marker for bone resorption were tested [57]. The testing of more markers
for both bone remodeling phases could consolidate the findings of this study [57].
Two separate case-control studies determined the association between vitamin E (αTF) intake,
smoking behavior and the risk of fracture [58,59]. Melhus et al. showed that in the Swedish
Mammography Cohort (n case = 205, n control = 746, all post-menopausal women), current smokers
with low intake of vitamin E assessed using food frequency questionnaire had a higher risk of
suffering from a fracture, with an odds ratio of 3 [58]. The combination of low vitamin E, low vitamin
C and current smoking further increased the odds ratio for fracture to 4.9. Similar interaction was not
seen in other antioxidants studied [58]. In the Utah Study of Nutrition and Bone Health (n case = 1215,
n control = 1349, men and women were involved), Zhang et al. showed that higher quintiles of vitamin
E (αTF) intake was associated with lower prevalence of fractures in ever smokers (current and former
smoker combined) but not in never smokers [59]. The association was inverse and linear [59]. These
two studies illustrated again αTF might be protective to bone in stress conditions, by possibly acting as
an antioxidant [58,59]. However, circulating αTF level was not available for both studies [58,59].
In two groups of young adult women in China (n = 441; age range: 20–35 years), Chan et al.
observed that the intake of vitamin E (αTF) assessed using a food frequency questionnaire was
positively correlated with total BMD at the spine, but not with total BMD at the hip and the femoral
neck [60]. The study populations were from highly urbanized regions, and were not high risk for
osteoporosis; hence they might not represent the general population.
MacDonald et al. performed a longitudinal study to determine the influence of dietary components,
including vitamin E on BMD changes in a group of early menopausal women (n = 891 women; age
range at baseline = 45–55 years; age range at follow-up = 50–59 years) using questionnaires [29].
They found that vitamin E intake (αTF) from diet alone was negatively associated with changes in
BMD at the lumbar spine and femoral neck. However, total vitamin E intake including supplements
was not associated significantly with changes in BMD. The researchers opined that the intake of
dietary vitamin E was significantly confounded by the intake of polyunsaturated fatty acids, so the
significance could be false and vitamin E might simply be a surrogate marker for fat intake [29].
A recent longitudinal study by Michaëlsson et al. examined the intake and serum concentration of
αTF in relation to fractures in 61,422 elderly women from the Swedish Mammography Cohort (followed
for 19 years) and 1138 elderly men (followed for 12 years) from the Uppsala Longitudinal Study of
Adult Men [61]. The hazard ratio for hip fracture and any fracture increased linearly with decreasing
dietary αTF intake for women. α-TF supplementation was also associated to decreased fractures rate in
these women. The hazard ratio for fractures increased in men with lower quintiles of dietary αTF
intake compared to men with the highest quintiles but the trend was not linear. An increase in serum
αTF level was also associated with a decrease in fracture rate in men [61].
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In the Women’s Health Initiative Observational Study and Clinical Trial (n = 11,068;
age range = 50–79 years), Wolf et al. studied the association between the serum level and consumption
level of Vitamin E (αTF) with BMD [30]. They observed that serum Vitamin E and other antioxidant
levels were not associated with BMD at the femoral neck. The intake of vitamin E and all antioxidants
was also not associated with BMD at the femoral neck after multiple adjustments [30].
Several limitations need to be considered in the interpretation of these human observational studies.
Seven of the 10 studies mentioned above are cross-sectional studies [30,31,55,57–60]. Hence, they do
not suggest any causal relationship between αTF and bone health. Four studies depend solely on
dietary or food frequency questionnaire without circulating αTF measurement as the estimate of αTF
level [29,58–60]. The use of questionnaire is subject to biases due to errors in reporting, especially
self-administered questionnaire. The absorption of αTF depends on the food matrix consumed [63],
genetic variability [64] and physiological condition of the subjects [62], hence αTF intake assessed by
dietary questionnaire may not reflect the true circulating αTF level in the subject. The study by
MacDonald et al. also suggested that αTF intake was highly confounded by fat intake [29]. This shows
that it is difficult to separate the effect of one dietary component from another. Only four studies
examine the relationship between αTF and bone as the primary objective [31,56,57,61], while most
studies examine αTF as a part of the matrix of dietary component or antioxidant that might protect
bone health. Due to the heterogeneity of the study designs and outcome measured, a systematic review
was not attempted by the authors. The design of these human studies was summarized in Table 1.
6. Is the Relationship between αTF and Bone a U-Shape Curve?
Human observational studies generally show beneficial effects of αTF on bone health. Since most
of the studies are dietary studies, the normal consumption of αTF in these populations are not
exceedingly high. In animal studies, the effects of αTF supplementation differ between dosage and
physiological condition, whereby in high doses αTF is potentially harmful to bone in normal animals.
Based on the observations from animal studies, we propose that the relationship between αTF and bone
health is U-shaped, whereby at lower doses it is protective but at higher doses it could exert adverse
effects to bone. While the bone-sparing effects of αTF could be attributed to its antioxidant and
antiinflammatory properties, its detrimental effects could be due to three factors, namely (1) the
interaction between αTF and vitamin K, (2) the interaction between αTF and other vitamin E isomers,
and (3) the prooxidant effects of αTF at high concentrations (Figure 2).
There has been speculation that αTF can interfere with the physiological function of vitamin K in the
body [65]. Vitamin K is an essential factor in the coagulation cascade, and is also needed for the
carboxylation of osteocalcin, which is an important non-collagenous protein in the bone matrix [66,67].
Previous studies showed that supplementation of αTF at high doses prolonged prothrombin time and
increased hemorrhagic events in animals [68–70]. This coagulopathy could be reversed by the
supplementation of vitamin K [69,70]. Booth et al. showed that supplementation of 1000 IU αTF for
12 weeks increased the degree of under-γ-carboxylation of prothrombin in healthy subjects and in
subjects suffering from rheumatoid arthritis [71]. The degree of carboxylation of osteocalcin was not
affected by αTF supplementation in this study [71]. Traber hypothesized that αTF could interfere with
the physiological function of vitamin K by modifying xenobiotic pathways that facilitated its metabolism
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and excretion, and by competing with vitamin K enzymes essential for the conversion of phylloquinone
(K1) to menaquinone-4 (MK-4), a more biologically active form of vitamin K [65]. Since vitamin K
was found to be associated positively with BMD and negatively with fracture risk in human
populations [72,73], enhanced vitamin K excretion or inhibition of its activation induced by high-dose
αTF supplementation could be detrimental to bone health.
All isoforms of vitamin E are secreted by the liver into the blood stream by αTTP which exhibits
distinct binding affinity to each isoform [74]. At high doses, αTF could compete effectively with other
vitamin isoforms to bind with αTTP, thereby blocking their entry into the circulation. For example, the
relative binding affinity of γTF to αTTP is only 8.9% of that of αTF [74]. Ikeda et al. showed that in
rodents, co-administration of 50 mg/kg body weight αTT and 50 mg/kg body weight αTF significantly
reduced the accumulation of αTT in blood and in various tissues [75]. Ha et al. demonstrated that mouse
marrow macrophages incubated with αTT showed decrease formation of osteoclasts and resorption
activity [76]. Handelman et al. showed that eight-week supplementation of 1200 IU αTF in humans
significantly decreased their plasma γTF levels [77]. Huang et al. demonstrated that significant
suppression of serum γTF could be achieved with αTF supplementation of 400 IU for eight weeks [78].
As indicated by Hamidi et al. in a cross-sectional study, γTF was related to bone formation markers
and was hypothesized to uncouple bone remodeling in favor of bone formation [57]. The depletion of
these beneficial vitamin E isoforms by high-dose αTF could be harmful to the skeletal system.
Figure 2. The proposed relationship between α-tocopherol and bone health.
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Table 1. The study designs of the human studies assessing the relationship between α-tocopherol and bone health.

No.

1

Authors (Year)

Study Design

Population/Sample Size

Melhus et al. 1999 [58]

Case-control
(The Swedish Mammography
Cohort)

205 cases, 746 controls.
All postmenopausal women

2

Maggio et al. 2003 [55]

Case control

3

Macdonald
et al. 2004 [29]

Longitudinal study

4

5

75 osteoporotic subject
(age: 70.4 ± 8.5 years)
and 75 normal control
(age: 68.8 ± 3.5 years).
All subjects are
postmenopausal women
891 women aged
45–55 years at baseline and
50–59 years at follow up

Method of Measurement
Vitamin E Intake

Bone Health

Self-administered food frequency
questionnaire (by mail)

Hip fracture incidence

HPLC using
αTF standard.
Sample: Plasma

Bone health status
(normal/osteoporotic) and femoral
neck BMD

Self-administered food frequency
questionnaire (by mail)

Femoral neck and
lumbar spine BMD

Total body, lumbar spine, total hip
(femoral neck and
trochanter) BMD

Hip fracture incidence

Wolf et al. 2005 [30]

Cross-sectional (Women’s Health
Initiative Observational Study and
Clinical Trial)

11,068 women aged
50–79 years

Dietary
(self-administered) and
supplementation (assisted)
questionnaire and HPLC
measuring αTG and γTF.
Sample: Serum

Zhang et al. 2005 [59]

Case control/Retrospective (The
Utah Study of Nutrition and
Bone Health) Retrospective.
Fracture happened then
interviewed

Men and women.
1215 cases, 1349 control

Food frequency questionnaire
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6

7

8

9

10

Longitudinal
(The Uppsala Longitudinal Study
of Adult Men)

405 elderly men screened at
77 and 82 years

HPLC measuring αTF

Total body, proximal femur and
lumbar spine BMD

Cross-sectional

221 women from Hong Kong
and 220 women from Beijing.
20 to 35 years

Food frequency questionnaire
(self-administered)

Total hip, femoral neck and total
spine BMD

Cross-sectional. National Health
and Nutrition Examination Survey

497 postmenopausal women,
mean age 65.5 years
(SE 0.6 years)

Food frequency questionnaire
(24-h dietary recall) recorded by
trained personnel and HPLC
measuring αTF and γTF

Bone remodeling markers: serum
alkaline phosphatase and urinary
N-telopeptides

Mata-Granados et al.
2013 [31]

Cross-sectional

232 early postmenopausal
Spanish Caucasian women
(age: 56.9 ± 6.2 years) attending
breast cancer screening

HPLC, vitamin E measured as
αTF. Sample: Serum

Femoral neck and lumbar
spine BMD

Michaëlsson
et al. 2014 [61]

Longitudinal study (from the
Swedish Mammography cohort
and the Uppsala Longitudinal
Study of Adult Men)

61,422 women (from SMC
followed for 19 years) and
1138 men from (ULSAM
followed for 12 years)

Food frequency questionnaire
(self-administered) and HPLC

Hip and other fracture incidence

Ostman et al. 2009 [56]

Chan et al. 2009 [60]

Hamidi et al. 2012 [57]
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Although αTF is a prominent antioxidant, it is capable of acting as a prooxidant as well.
Kontush et al. showed that in mild oxidative states and in the absence of other co-antioxidants like
ascorbate, αTF behaved as a prooxidant by promoting the rate of lipid peroxidation in human plasma
and low-density lipoprotein oxidation in vitro. [79]. They postulated that under the aforementioned
circumstances, α-tocopheryl free radical could not form stable compounds by combining with another
free radical or by donating the free electron to another antioxidant [79]. Therefore, it would interact
with other macromolecules like lipids, thus generating more free radicals [79]. Considering these
observations, it is reasonable to speculate that high-dose αTF supplementation could induce oxidative
stress in vivo without adequate levels of other antioxidants. Hence, the oxidative stress generated could
be harmful to the skeletal system.
The current evidence derived from human observational studies does not suggest αTF would increase
fracture risk or decrease bone mineral density. The study by Hamidi et al. suggests a negative association
of αTF level on bone formation but the long term effects is not known [57]. The adverse effects of αTF
on bone are only evident in animal studies, whereby high-dose supplementation (500–600 IU/kg diet)
decreases bone health of normal animals. It is questionable whether such high doses are achievable in
human even with supplementation. Hence, it is not known the same adverse effects caused by
high-dose αTF as observed in animals could happen in humans.
α-Tocopherol may have a dual role in bone health. At appropriate dosage it can be beneficial to
bone by acting as an antioxidant countering oxidative stress, and as an antiinflammatory agent to
reduce cytokines favorable to bone absorption. At high doses, it is hypothesized to interfere with
vitamin K metabolism, to block the entry of other vitamin E isomers beneficial to bone into the
circulation and to become prooxidant itself, thereby causing adverse effects on bone.
7. Conclusions
Our skeletal system is responsive to nutrients and supplements. α-TF, which possesses antioxidant and
antiinflammatory effects, can be beneficial to bone health in appropriate doses. There is a lack of
in vitro evidence on how αTF could influence bone health. Animal studies showed that αTF
supplementation generally results in improved bone health as evaluated using bone histomorphometry
and biomechanical strength. The effects were prominent in stress models, such as in osteoporosis
induced by estrogen deficiency (ovariectomy), nicotine and hindlimb-unloading. In some studies,
supplementation of high doses of αTF caused adverse effects on bone in healthy animals [53]. A few
studies adopted genetically modified αTTP knock-out mice to study the effects of αTF on bone but the
results were conflicting [51,52]. Cross-sectional studies in humans generally pointed to a positive
association between blood αTF level and/or αTF consumption and bone health as assessed by BMD
and fracture risk. Only one study showed a negative effect but this was confounded by other variables
like the consumption of lipids [29]. We proposed that in stressed conditions and in appropriate doses,
αTF exerts antiosteoporotic effects. However, in large doses, αTF could be harmful to bone via three
possible mechanisms, including interference with Vitamin K metabolism and excretion, competitive
binding for αTTP with other Vitamin E isomers beneficial to bone and thereby blocking their entry,
and the prooxidant effects of αTF. These adverse effects have not been proven in human studies. These
speculations have not been properly tested so far and should be examined closely to unveil the
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complex role of vitamin E in bone physiology. With the prevalence of αTF supplements in the market
and the skyrocketing fracture incidence in developing countries, the need to solve this puzzle entails
indispensable research efforts.
Acknowledgments
The authors thank Universiti Kebangsaan Malaysia for supporting this work via Impak Perdana
Grant (DIP-2012-07), and Xin-Fang Leong for proofreading the manuscript.
Author Contributions
Chin KY performed literature search and drafted the manuscript. Ima-Nirwana S provided critical
review and approved the manuscript.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.

Kular, J.; Tickner, J.; Chim, S.M.; Xu, J. An overview of the regulation of bone remodelling at the
cellular level. Clin. Biochem. 2012, 45, 863–873.
2. World Health Organization. Assessment of Fracture Risk and Its Application to Screening for
Postmenopausal Osteoporosis: Report of a World Health Organization Study Group; World
Health Organization: Geneva, Switzerland, 1994.
3. Chin, K.Y.; Ima-Nirwana, S. Sex steroids and bone health status in men. Int. J. Endocrinol. 2012,
2012, doi:10.1155/2012/208719.
4. Riggs, B.L.; Khosla, S.; Melton, L.J. Sex steroids and the construction and conservation of the
adult skeleton. Endocr. Rev. 2002, 23, 279–302.
5. Khosla, S. Pathogenesis of age-related bone loss in humans. J. Gerontol. 2013, 68, 1226–1235.
6. Lane, N.E. Epidemiology, etiology, and diagnosis of osteoporosis. Am. J. Obstet. Gynecol. 2006,
194, S3–S11.
7. National Osteoporosis Foundation. Physician’s Guide to Prevention and Treatment of
Osteoporosis; National Osteoporosis Foundation: Washington, DC, USA, 2003; pp. 1–20.
8. Ahn, S.H.; Lee, S.H.; Kim, B.J.; Lim, K.H.; Bae, S.J.; Kim, E.H.; Kim, H.K.; Choe, J.W.; Koh, J.M.;
Kim, G.S. Higher serum uric acid is associated with higher bone mass, lower bone turnover, and
lower prevalence of vertebral fracture in healthy postmenopausal women. Osteoporos. Int. 2013,
24, 2961–2970.
9. Basu, S.; Michaëlsson, K.; Olofsson, H.; Johansson, S.; Melhus, H. Association between oxidative
stress and bone mineral density. Biochem. Biophys. Res. Commun. 2001, 288, 275–279.
10. Kuyumcu, M.E.; Yesil, Y.; Oztürk, Z.A.; Cınar, E.; Kızılarslanoglu, C.; Halil, M.; Ulger, Z.;
Yesil, N.K.; Cankurtaran, M.; Arıoğul, S. The association between homocysteine (Hcy) and
serum natural antioxidants in elderly bone mineral densitometry (BMD). Arch. Gerontol. Geriatr.
2012, 55, 739–743.

Nutrients 2014, 6

1437

11. Sugiura, M.; Nakamura, M.; Ogawa, K.; Ikoma, Y.; Ando, F.; Yano, M. Bone mineral density in
post-menopausal female subjects is associated with serum antioxidant carotenoids. Osteoporos.
Int. 2008, 19, 211–219.
12. Altindag, O.; Erel, O.; Soran, N.; Celik, H.; Selek, S. Total oxidative/anti-oxidative status and
relation to bone mineral density in osteoporosis. Rheumatol. Int. 2008, 28, 317–321.
13. Sanchez-Rodriguez, M.; Ruiz-Ramos, M.; Correa-Munoz, E.; Mendoza-Nunez, V. Oxidative
stress as a risk factor for osteoporosis in elderly mexicans as characterized by antioxidant
enzymes. BMC Musculoskelet. Disord. 2007, 8, doi: 10.1186/1471-2474-8-124.
14. Hyeon, S.; Lee, H.; Yang, Y.; Jeong, W. Nrf2 deficiency induces oxidative stress and promotes
rankl-induced osteoclast differentiation. Free Radic. Biol. Med. 2013, 65, 789–799.
15. Bai, X.C.; Lu, D.; Bai, J.; Zheng, H.; Ke, Z.Y.; Li, X.M.; Luo, S.Q. Oxidative stress inhibits
osteoblastic differentiation of bone cells by erk and NF-κB. Biochem. Biophys. Res. Commun.
2004, 314, 197–207.
16. Wauquier, F.; Leotoing, L.; Coxam, V.; Guicheux, J.; Wittrant, Y. Oxidative stress in bone
remodelling and disease. Trends Mol. Med. 2009, 15, 468–477.
17. Bai, X.-C.; Lu, D.; Liu, A.-L.; Zhang, Z.-M.; Li, X.-M.; Zou, Z.-P.; Zeng, W.-S.; Cheng, B.-L.;
Luo, S.-Q. Reactive oxygen species stimulates receptor activator of NF-κB ligand expression
in osteoblast. J. Biol. Chem. 2005, 280, 17497–17506.
18. Chaturvedi, R.; Singha, P.K.; Dey, S. Water soluble bioactives of nacre mediate antioxidant
activity and osteoblast differentiation. PLoS One 2013, 8, e84584.
19. Zeng, X.; Tian, J.; Cai, K.; Wu, X.; Wang, Y.; Zheng, Y.; Su, Y.; Cui, L. Promoting osteoblast
differentiation by the flavanes from huangshan maofeng tea is linked to a reduction of oxidative
stress. Phytomedicine 2014, 21, 217–224.
20. Nizar, A.M.; Nazrun, A.S.; Norazlina, M.; Norliza, M.; Ima Nirwana, S. Low dose of tocotrienols
protects osteoblasts against oxidative stress. Clin. Ther. 2011, 162, 533–538.
21. Singh, T.; Newman, A.B. Inflammatory markers in population studies of aging. Ageing Res. Rev.
2011, 10, 319–329.
22. Khosla, S.; Atkinson, E.J.; Dunstan, C.R.; O’Fallon, W.M. Effect of estrogen versus testosterone
on circulating osteoprotegerin and other cytokine levels in normal elderly men. J. Clin.
Endocrinol. Metab. 2002, 87, 1550–1554.
23. Pfeilschifter, J.; Köditz, R.; Pfohl, M.; Schatz, H. Changes in proinflammatory cytokine activity
after menopause. Endocr. Rev. 2002, 23, 90–119.
24. Schett, G. Effects of inflammatory and anti-inflammatory cytokines on the bone. Eur. J. Clin.
Investig. 2011, 41, 1361–1366.
25. Weitzmann, M.N. The role of inflammatory cytokines, the RANKL/OPG axis, and the
immunoskeletal interface in physiological bone turnover and osteoporosis. Scientifica 2013, 2013,
doi:10.1155/2013/125705.
26. Spilmont, M.; Léotoing, L.; Davicco, M.-J.; Lebecque, P.; Mercier, S.; Miot-Noirault, E.;
Pilet, P.; Rios, L.; Wittrant, Y.; Coxam, V. Pomegranate and its derivatives can improve bone
health through decreased inflammation and oxidative stress in an animal model of
postmenopausal osteoporosis. Eur. J. Nutr. 2013, doi:10.1007/s00394-013-0615-6.

Nutrients 2014, 6

1438

27. Shen, C.-L.; Yeh, J.K.; Cao, J.J.; Tatum, O.L.; Dagda, R.Y.; Wang, J.-S. Green tea polyphenols
mitigate bone loss of female rats in a chronic inflammation-induced bone loss model. J. Nutr.
Biochem. 2010, 21, 968–974.
28. Nazrun, A.S.; Norazlina, M.; Norliza, M.; Nirwana, S.I. The anti-inflammatory role of vitamin E
in prevention of osteoporosis. Adv. Pharmacol. Sci. 2012, 2012, doi:10.1155/2012/142702.
29. Macdonald, H.M.; New, S.A.; Golden, M.H.; Campbell, M.K.; Reid, D.M. Nutritional
associations with bone loss during the menopausal transition: Evidence of a beneficial effect of
calcium, alcohol, and fruit and vegetable nutrients and of a detrimental effect of fatty acids. Am. J.
Clin. Nutr. 2004, 79, 155–165.
30. Wolf, R.L.; Cauley, J.A.; Pettinger, M.; Jackson, R.; Lacroix, A.; Leboff, M.S.; Lewis, C.E.;
Nevitt, M.C.; Simon, J.A.; Stone, K.L.; et al. Lack of a relation between vitamin and mineral
antioxidants and bone mineral density: Results from the women’s health initiative. Am. J.
Clin. Nutr. 2005, 82, 581–588.
31. Mata-Granados, J.M.; Cuenca-Acebedo, R.; Luque de Castro, M.D.; Quesada Gomez, J.M. Lower
vitamin E serum levels are associated with osteoporosis in early postmenopausal women:
A cross-sectional study. J. Bone Miner. Metab. 2013, 31, 455–460.
32. Aggarwal, B.; Sundaram, C.; Prasad, S.; Kannappan, R. Tocotrienols, the vitamin E of the
21st century: It’s potential against cancer and other chronic diseases. Biochem. Pharmacol. 2010,
80, 1613–1631.
33. Colombo, M.L. An update on vitamin E, tocopherol and tocotrienol—Perspectives. Molecules
2010, 15, 2103–2113.
34. Herrera, E.; Barbas, C. Vitamin E: Action, metabolism and perspectives. J. Physiol. Biochem.
2001, 57, 43–56.
35. Stocker, A. Molecular mechanisms of vitamin E transport. Ann. N. Y. Acad. Sci. 2004, 1031,
44–59.
36. Chin, K.-Y.; Ima-Nirwana, S. Vitamin E as an antiosteoporotic agent via receptor activator of
nuclear factor κ-B ligand signaling disruption: Current evidence and other potential research
areas. Evid. Based Complement. Alternat. Med. 2012, 2012, doi:10.1155/2012/747020.
37. Chin, K.-Y.; Mo, H.; Soelaiman, I.-N. A review of the possible mechanisms of action of
tocotrienol—A potential antiosteoporotic agent. Curr. Drug Targets 2013, 14, 1533–1541.
38. Ahn, K.H.; Jung, H.K.; Jung, S.E.; Yi, K.W.; Tae, H.; Shin, J.H.; Kim, Y.T.; Hur, J.Y.; Kim, S.H.;
Kim, T. Microarray analysis of gene expression during differentiation of human mesenchymal stem
cells treated with vitamin E in vitro into osteoblasts. Korean J. Bone Metab. 2011, 18, 23–32.
39. Urban, K.; Hohling, H.J.; Luttenberg, B.; Szuwart, T.; Plate, U. An in vitro study of osteoblast
vitality influenced by the vitamins C and E. Head Face Med. 2012, 8, doi:10.1186/1746-160X-8-25.
40. Soeta, S.; Higuchi, M.; Yoshimura, I.; Itoh, R.; Kimura, N.; Aamsaki, H. Effects of vitamin E on
the osteoblast differentiation. J. Vet. Med. Sci. 2010, 72, 951–957.
41. Singh, U.; Devaraj, S.; Jialal, I. Vitamin E, oxidative stress, and inflammation. Annu. Rev. Nutr.
2005, 25, 151–174.
42. Singh, U.M.A.; Jialal, I. Anti-inflammatory effects of α-tocopherol. Ann. N. Y. Acad. Sci. 2004,
1031, 195–203.

Nutrients 2014, 6

1439

43. Müller, L.; Theile, K.; Böhm, V. In vitro antioxidant activity of tocopherols and tocotrienols and
comparison of vitamin E concentration and lipophilic antioxidant capacity in human plasma.
Mol. Nutr. Food Res. 2010, 54, 731–742.
44. Feresin, R.G.; Johnson, S.A.; Elam, M.L.; Kim, J.S.; Khalil, D.A.; Lucas, E.A.; Smith, B.J.;
Payton, M.E.; Akhter, M.P.; Arjmandi, B.H. Effects of vitamin E on bone biomechanical
and histomorphometric parameters in ovariectomized rats. J. Osteoporos. 2013, 2013,
doi:10.1155/2013/825985.
45. Muhammad, N.; Luke, D.A.; Shuid, A.N.; Mohamed, N.; Soelaiman, I.N. Two different isomers
of vitamin E prevent bone loss in postmenopausal osteoporosis rat model. Evid. Based
Complement. Alternat. Med. 2012, 2012, doi:10.1155/2012/161527.
46. Nazrun, A.; Khairunnur, A.; Norliza, M.; Norazlina, M.; Ima Nirwana, S. Effects of palm
tocotrienol on oxidative stress and bone strength in ovariectomised rats. Med. Health 2008, 3,
83–90.
47. Norazlina, M.; Ima Nirwana, S.; Gapor, M.T.; Khalid, B. Palm vitamin E is comparable to
α-tocotrienol in maintaining bone mineral density in ovariectomised female rats. Exp. Clin.
Endocrinol. Diabetes 2000, 108, 1–6.
48. Hermizi, H.; Faizah, O.; Ima-Nirwana, S.; Ahmad Nazrun, S.; Norazlina, M. Beneficial effects of
tocotrienol and tocopherol on bone histomorphometric parameters in sprague-dawley male rats
after nicotine cessation. Calcif. Tissue Int. 2009, 84, 65–74.
49. Norazlina, M.; Hermizi, H.; Faizah, O.; Ima-Nirwana, S. Vitamin E reversed nicotine-induced
toxic effects on bone biochemical markers in male rats. Arch. Med. Sci. 2010, 6, 505–512.
50. Ahmad, N.S.; Khalid, B.A.K.; Luke, D.A.; Ima Nirwana, S. Tocotrienol offers better protection
than tocopherol from free radical-induced damage of rat bone. Clin. Exp. Pharmacol. Physiol.
2005, 32, 761–770.
51. Fujita, K.; Iwasaki, M.; Ochi, H.; Fukuda, T.; Ma, C.; Miyamoto, T.; Takitani, K.; Negishi-Koga, T.;
Sunamura, S.; Kodama, T.; et al. Vitamin E decreases bone mass by stimulating osteoclast fusion.
Nat. Med. 2012, 18, 589–594.
52. Iwaniec, U.T.; Turner, R.T.; Smith, B.J.; Stoecker, B.J.; Rust, A.; Zhang, B.; Vasu, V.T.;
Gohil, K.; Cross, C.E.; Traber, M.G. Evaluation of long-term vitamin E insufficiency or excess on
bone mass, density, and microarchitecture in rodents. Free Radic. Biol. Med. 2013, 65,
1209–1214.
53. Smith, B.J.; Lucas, E.A.; Turner, R.T.; Evans, G.L.; Lerner, M.R.; Brackett, D.J.; Stoecker, B.J.;
Arjmandi, B.H. Vitamin E provides protection for bone in mature hindlimb unloaded male rats.
Calcif. Tissue Int. 2005, 76, 272–279.
54. Arjmandi, B.H.; Juma, S.; Beharka, A.; Bapna, M.S.; Akhter, M.; Meydani, S.N. Vitamin E
improves bone quality in the aged but not in young adult male mice. J. Nutr. Biochem. 2002, 13,
543–549.
55. Maggio, D.; Barabani, M.; Pierandrei, M.; Polidori, M.C.; Catani, M.; Mecocci, P.; Senin, U.;
Pacifici, R.; Cherubini, A. Marked decrease in plasma antioxidants in aged osteoporotic women:
Results of a cross-sectional study. J. Clin. Endocrinol. Metab. 2003, 88, 1523–1527.

Nutrients 2014, 6

1440

56. Ostman, B.; Michaelsson, K.; Helmersson, J.; Byberg, L.; Gedeborg, R.; Melhus, H.; Basu, S.
Oxidative stress and bone mineral density in elderly men: Antioxidant activity of α-tocopherol.
Free Radic. Biol. Med. 2009, 47, 668–673.
57. Hamidi, M.S.; Corey, P.N.; Cheung, A.M. Effects of vitamin E on bone turnover markers among
us postmenopausal women. J. Bone Miner. Res. 2012, 27, 1368–1380.
58. Melhus, H.; Michaelsson, K.; Holmberg, L.; Wolk, A.; Ljunghall, S. Smoking, antioxidant
vitamins, and the risk of hip fracture. J. Bone Miner. Res. 1999, 14, 129–135.
59. Zhang, J.; Munger, R.G.; West, N.A.; Cutler, D.R.; Wengreen, H.J.; Corcoran, C.D. Antioxidant
intake and risk of osteoporotic hip fracture in Utah: An effect modified by smoking status. Am. J.
Epidemiol. 2006, 163, 9–17.
60. Chan, R.; Woo, J.; Lau, W.; Leung, J.; Xu, L.; Zhao, X.; Yu, W.; Lau, E.; Pocock, N. Effects of
lifestyle and diet on bone health in young adult chinese women living in Hong Kong and Beijing.
Food Nutr. Bull. 2009, 30, 370–378.
61. Michaëlsson, K.; Wolk, A.; Byberg, L.; Ärnlöv, J.; Melhus, H. Intake and serum concentrations of
α-tocopherol in relation to fractures in elderly women and men: 2 Cohort studies. Am. J. Clin.
Nutr. 2014, 99, 107–114
62. Lodge, J.K.; Hall, W.L.; Jeanes, Y.M.; Proteggente, A.R. Physiological factors influencing
vitamin E biokinetics. Ann. N. Y. Acad. Sci. 2004, 1031, 60–73.
63. Jeanes, Y.M.; Hall, W.L.; Ellard, S.; Lee, E.; Lodge, J.K. The absorption of vitamin E is
influenced by the amount of fat in a meal and the food matrix. Br. J. Nutr. 2004, 92, 575–579.
64. Major, J.M.; Yu, K.; Wheeler, W.; Zhang, H.; Cornelis, M.C.; Wright, M.E.; Yeager, M.;
Snyder, K.; Weinstein, S.J.; Mondul, A.; et al. Genome-wide association study identifies common
variants associated with circulating vitamin E levels. Hum. Mol. Genet. 2011, 20, 3876–3883.
65. Traber, M.G. Vitamin E and K interactions—A 50-year-old problem. Nutr. Rev. 2008, 66,
624–629.
66. Cranenburg, E.C.M.; Schurgers, L.J.; Vermeer, C. Vitamin K: The coagulation vitamin that
became omnipotent. Thrombosis Haemost. 2007, 98, 120–125.
67. Bügel, S. Vitamin K and Bone Health in Adult Humans. In Vitamins & Hormones;
Gerald, L., Ed.; Academic Press: Waltham, MA, USA, 2008; Volume 78, pp. 393–416.
68. Takahashi, O.; Ichikawa, H.; Sasaki, M. Hemorrhagic toxicity of D-α-tocopherol in the rat.
Toxicology 1990, 63, 157–165.
69. Wheldon, G.; Bhatt, A.; Keller, P.; Hummler, H. D,1-α-tocopheryl acetate (vitamin E): A long
term toxicity and carcinogenicity study in rats. Int. J. Vitam. Nutr. Res. 1983, 53, 287–296.
70. Frank, J.; Weiser, H.; Biesalski, H. Interaction of vitamins E and K: Effect of high dietary
vitamin E on phylloquinone activity in chicks. Int. J. Vitam. Nutr. Res. 1997, 67, 242–247.
71. Booth, S.L.; Golly, I.; Sacheck, J.M.; Roubenoff, R.; Dallal, G.E.; Hamada, K.; Blumberg, J.B.
Effect of vitamin E supplementation on vitamin K status in adults with normal coagulation status.
Am. J. Clin. Nutr. 2004, 80, 143–148.
72. Tsugawa, N.; Shiraki, M.; Suhara, Y.; Kamao, M.; Ozaki, R.; Tanaka, K.; Okano, T. Low plasma
phylloquinone concentration is associated with high incidence of vertebral fracture in Japanese
women. J. Bone Miner. Metab. 2008, 26, 79–85.

Nutrients 2014, 6

1441

73. Kanai, T.; Takagi, T.; Masuhiro, K.; Nakamura, M.; Iwata, M.; Saji, F. Serum vitamin K level and
bone mineral density in post-menopausal women. Int. J. Gynecol. Obstet. 1997, 56, 25–30.
74. Hosomi, A.; Arita, M.; Sato, Y.; Kiyose, C.; Ueda, T.; Igarashi, O.; Arai, H.; Inoue, K. Affinity
for α-tocopherol transfer protein as a determinant of the biological activities of vitamin E analogs.
FEBS Lett. 1997, 409, 105–108.
75. Ikeda, S.; Tohyama, T.; Yoshimura, H.; Hamamura, K.; Abe, K.; Yamashita, K. Dietary
α-tocopherol decreases α-tocotrienol but not γ-tocotrienol concentration in rats. J. Nutr. 2003,
133, 428–434.
76. Ha, H.; Lee, J.-H.; Kim, H.-N.; Lee, Z.H. Α-tocotrienol inhibits osteoclastic bone resorption by
suppressing RANKL expression and signaling and bone resorbing activity. Biochem. Biophys.
Res. Commun. 2011, 406, 546–551.
77. Handelman, G.J.; Machlin, L.J.; Fitch, K.; Weiter, J.J.; Dratz, E.A. Oral α-tocopherol supplements
decrease plasma γ-tocopherol levels in humans. J. Nutr. 1985, 115, 80–813.
78. Huang, H.-Y.; Appel, L.J. Supplementation of diets with α-tocopherol reduces serum
concentrations of γ- and δ-tocopherol in humans. J. Nutr. 2003, 133, 3137–3140.
79. Kontush, A.; Finckh, B.; Karten, B.; Kohlschütter, A.; Beisiegel, U. Antioxidant and prooxidant
activity of α-tocopherol in human plasma and low density lipoprotein. J. Lipid Res. 1996, 37,
1436–1448.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

