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Abstract

Osteoclastogenesis and osteoblastogenesis, the balancing acts for optimal bone health, are under the regulation of small guanosine triphosphate-binding
proteins (GTPases) including Ras, Rac, Rho and Rab. The activities of GTPases require post-translational modification with mevalonate-derived prenyl
pyrophosphates. Mevalonate deprivation induced by competitive inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase (e.g., statins)
prevents the activation of GTPases, suppresses the expression of the receptor for activation of nuclear factor kappa B (NFκB) ligand (RANKL) and activation of
NFκB and, consequently, inhibits osteoclast differentiation and induces osteoclast apoptosis. In contrast, statin-mediated inactivation of GTPases enhances
alkaline phosphatase activity and the expression of bone morphogenetic protein-2, vascular epithelial growth factor, and osteocalcin in osteoblasts and induces
osteoblast proliferation and differentiation. Animal studies show that statins inhibit bone resorption and increase bone formation. The anabolic effect of statins
and other mevalonate pathway-suppressive pharmaceuticals resembles the anti-osteoclastogenic and bone-protective activities conferred by dietary
isoprenoids, secondary products of plant mevalonate metabolism. The tocotrienols, vitamin E molecules with HMG CoA reductase-suppressive activity, induce
mevalonate deprivation and concomitantly suppress the expression of RANKL and cyclooxygenase-2, the production of prostaglandin E2 and the activation of
NFκB. Accordingly, tocotrienols inhibit osteoclast differentiation and induce osteoclast apoptosis, impacts reminiscent of those of statins. In vivo studies confirm
the bone protective activity of tocotrienols at nontoxic doses. Blends of tocotrienols, statins and isoprenoids widely found in fruits, vegetables, grains, herbs,
spices, and essential oils may synergistically suppress osteoclastogenesis while promoting osteoblastogenesis, offering a novel approach to bone health that
warrants clinical studies.
© 2012 Elsevier Inc. All rights reserved.
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Optimal bone health requires a balance between osteoblastic and
osteoclastic activities, a balance that tips towards osteoclastic activity
with age. The differentiation of osteoclasts and osteoblasts is
regulated by small guanosine triphosphate-binding proteins
(GTPases) that depend on the mevalonate-derived intermediates
for their post-translational modification and biological activities. We
first delineate the role of mevalonate pathway in the differentiation of
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BMP, bone morphogenetic protein; COX-2, cyclooxygenase-2; FTI, farnesyl
transferase inhibitor; GGTI, geranylgeranyl transferase inhibitor; GTPase,
small guanosine triphosphate-binding protein; HMG CoA, 3-hydroxy-3-
methylglutaryl coenzyme A; LPS, lipopolysaccharide; NFκB, nuclear factor
kappa B; OPG, osteoprotegerin; PGE2, prostaglandin E2; RANKL, receptor for
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osteoclasts and osteoblasts. Drawing evidence from in vitro, in vivo
and clinical studies with pharmaceuticals including the statins,
bisphosphonates, prenyl transferase inhibitors and menaquinone
derivatives, we propose that suppression of the mevalonate pathway
activities is a valid approach to bone protection. We then present our
central thesis that dietary isoprenoids — particularly the tocotrienol
isomers of vitamin E with mevalonate-suppressive activities — and
their synergistic interactions may have potential for bone health. We
limit the scope of our review to studies with agents that suppress
mevalonate pathway activities.

1. Regulation of bone formation — osteoblastogenesis
and osteoclastogenesis

Human bone is a dynamic organ maintained and reconstructed by
bone multicellular units composed of osteoblasts and osteoclasts, two
main types of cells that are involved in bone modeling and
remodeling [1]. Bone integrity depends on the balancing act of
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osteoclast-mediated bone resorption and osteoblast-mediated bone
synthesis [2–4]. When bone resorption exceeds bone formation,
deteriorated bone health including bone loss, decreased bone mineral
density and structural damage may occur [3]. Estrogen deficiency, for
example, increases the rate of bone remodeling, prolonging the life
span of osteoclasts whereas shortening that of osteoblasts, resulting
in net bone loss that is common after menopause.

2. The role of mevalonate in the differentiation of osteoclasts
and osteoblasts

The important roles of osteoclasts and osteoblasts necessitate fine
regulatory mechanisms for the differentiation and formation of these
cells. The differentiation of monocytic cells to osteoclasts requires the
receptor for activation of nuclear factor kappa B (NFκB) ligand
(RANKL) and NFκB[3,4], and osteoclast survival, differentiation and
function require the GTPases including Ras, Rac [5–7], Rho and Rab
[8–10] (Fig. 1). The membrane attachment and biological activity of
these small GTPases require prenylation, i.e., post-translational
modification with mevalonate-derived intermediates, namely farne-
syl- and geranylgeranyl-pyrophosphates [11]. Ras involved in cell
proliferation and survival is farnesylated [12] whereas Rho, Rac and
Rab responsible for actin-cytoskeletal dynamics, cell adhesion and
motility are geranylgeranylated [13]. Loss of prenylation of Rho, Rac
and Rab [8] leads to osteoclast apoptosis [14,15] and loss of the ruffled
border, a convoluted region of plasma membrane formed between
the osteoclasts and the bone surface that is essential for the resorption
process [3].

The differentiation of osteoblasts from mesenchymal stem cells,
differing from that of osteoclasts, is controlled by growth factors such
as the bone morphogenetic proteins (BMPs) [2,15], a class of six
proteins including the autocrine factor BMP-2 that promote osteo-
blast proliferation and differentiation [16,17], and vascular epithelial
Fig. 1. The proposed mechanism of action for mevalonate suppressors in osteoclasts and o
geranylgeranyl pyrophosphates, for the post-translational prenylation of GTPases including R
osteoblasts. They up-regulate or activate RANKL, NFκB, COX-2, and PGE2, support the surviva
regulating Cbfa1 (Runx2), VEGF, BMP-2, osteocalcin, ALP, mineralization, bone nodule form
suppressors of HMG CoA reductase (statins, monoterpenes, sesquiterpenes, diterpenes, me
(bisphosphonates), and prenyltransferase inhibitors [GGTIs and farnesyl transferase inhibitor
prenylated GTPases on osteoclast and osteoblast activities.
growth factor (VEGF) that stimulates osteoblast differentiation [18].
BMP-2 stimulates the differentiation of mesenchymal cells into
osteoblasts and chondrocytes by binding to its receptor, a Ser/Thr
kinase, and then activating Smad 1 and Smad 5, which in turn induce
Cbfa1 (Runx2) that stimulates protein expression for bone formation
[19]. Prenylation of Rho and Ras block BMP-2 expression [20] and
osteoblast differentiation [21,22] (Fig. 1).

The contrasting roles of protein prenylation in promoting
osteoclast differentiation and suppressing osteoblast differentiation
may underlie the findings that the mevalonate pathway suppressors
inhibit the osteoclast differentiation while stimulating osteoblast
differentiation. The mevalonate suppressors including pharmaceuti-
cals and dietary factors either control the pool of mevalonate-derived
products for the prenylation of the small GTPases (statins, bispho-
sphonates, menaquinone derivatives, and isoprenoids) or block the
transfer of prenyl groups to GTPases (prenyl transferase inhibitors
and bisphosphonates) (Fig. 1). Preclinical mechanistic studies of
mevalonate-suppressive pharmaceuticals presented the mevalonate
pathway as a viable target for improving bone health and paved the
way for nutritional intervention with dietary factors, particularly the
mevalonate-suppressive isoprenoids.

3. The impact of mevalonate-suppressive pharmaceuticals

3.1. Statins: in vitro, in vivo and clinical studies

3-Hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase is
the rate-limiting activity of the mevalonate pathway [11]. Preclinical
studies with the statins, competitive inhibitors of HMG CoA reductase,
offered a glimpse of the potential application of mevalonate
suppressors. The statins inhibit bone resorption [6,23,24] by inhibit-
ing differentiation [6,25–28] and inducing apoptosis in osteoclasts
[5,6] while enhancing osteoblast differentiation [16,29–35] (Table 1).
steoblasts. The mevalonate pathway provides essential intermediates, farnesyl- and
as, Rho, Rac and Rab. Prenylated GTPases have dichotomous effects on osteoclasts and
l and differentiation of osteoclasts, and suppress apoptosis of osteoclasts while down-
ation, and the proliferation and differentiation of osteoblasts (yellow arrows). The
naquinones, genistein and tocotrienols), inhibitors of farnesyl diphosphate synthase
(FTIs)] increase bone mineral density as a consequence of suppressing the effects of



Table 1
In vitro studies showing the impact of mevalonate-suppressive pharmaceuticals and
isoprenoids on osteoclasts and osteoblasts

Impact Pharmaceuticals Isoprenoids

Inhibit osteoclast
differentiation

Statin [6,25–28] ⁎ Tocotrienol [36]
GGTI [28,37] Menatetrenone [38]
Bisphosphonate [6,37] Geranylgeraniol [38,39]

Borneol [39]
Menthol [39]
T-verbenol [39]
Perillyl alcohol [39]
Farnesol [39]
Zerumbone [40]

Increase OPG
expression

Statin [41]
Bisphosphonate [41]

Suppress RANKL
expression

Statin [41] Tocotrienols [36]
Bisphosphonate [41] Geranylgeraniol [38]

Induce osteoclast
apoptosis

Statin [5,6]
Bisphosphonate [5,37,42,43]
GGTI [37]

Suppress NFκB
activation

Statin [26,44] Tocotrienol [36,45,46]
FTI [47] Zerumbone [40]

Suppress COX-2 and
PGE2 levels

Tocotrienol [45,48]
Menatetrenone [38]

Induce osteoblast
proliferation

Statin [32]

Induce osteoblast
differentiation

Statin [16,29–35]
GGTI [49]

Enhance Cbfa1
(Runx2) expression

Statin [50]

Enhance BMP-2
expression

Statin [16,29,31,33,35,51–58]

Enhance VEGF
expression

Statin [33,57]

Enhance osteocalcin
expression

Statin [29,33,35,50,51,58,59]

Enhance ALP activity
in osteoblasts

Statin [29,32,33,35,59,60] Borneol [39]
Menthol [39]

Suppress prenylation of
Ras, Rho, Rac, Rab

Statin [16,41,51,57] Tocotrienol [61,62]
Bisphosphonate [5,8,37,41,42]
GGTI [28]
Tocotrienol analog [62]

Suppress HMG CoA
reductase

Statin [11,16] Tocotrienol [63–66]
Bisphosphonate [67] Farnesol [68,69]

Geranylgeraniol [70–73]
Borneol [74]
Menthol [74,75]
Perillyl alcohol [76]

Inhibit prenyl
transferase activity

Bisphosphonate [77]
GGTI [37]
FTI [47]

⁎ Reference numbers.

Table 2
In vivo and human studies showing the impact of statins and isoprenoids on bone

Impact Statins Isoprenoids

In vivo
Inhibit bone resorption [6,23,24] ⁎ Tocotrienol [82,83]

Menatetrenone [84]
Camphor [85]
Eucalyptol [85]
Borneol [85]
Bornylacetate [85]
Thymol [85]
Menthol [85]
Thujone [85]
Α-pinene [85]
Β-pinene [85]
Zerumbone [40]

Increase bone growth
and formation

[16,31,54,60,86,87] Tocotrienol [82,88]

Help bone repair [86,89]
Prevent steroid-mediated
bone loss

[90]

Inhibit osteoclast
differentiation & activity

[86] Monoterpenes
mixture [85]

Increase number of
mature osteoblasts

[31] Tocotrienol [82]

Increase ALP activity
in osteoblasts

[86]

Increase BMP-2 expression [86]
Inhibit RANKL expression [86]
Increase serum
osteocalcin level

tocotrienol [82]

Increase bone calcification tocotrienol [91,92]
Case–control
Associated with higher
BMD & reduced risk
of fracture

[53,93–104]

Not associated with BMD
or fracture risk

[105–107]

Prospective cohort
Inhibit bone resorption [101]
Increase BMD [99,108,109]
Reduce risk of fracture [110]
Increase serum osteocalcin [111]
Not associated with BMD
or fracture risk

[103,112]

Cross-sectional
Increase BMD and reduce
fracture risk

[113]

Randomized trials
Maintain peripheral
cortical bone density

Menatetrenone
[114]

Mixed effects on BMD [115]
Age-dependent increase
in osteocalcin

[116]

Not associated with BMD
or fracture risk

[103,110,117–120]

⁎ Reference numbers.
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The ability of forty statin analogs to inhibit HMG CoA reductase is
positively correlated with their ability to inhibit bone resorption
[23]. The effects of statins on osteoclasts are attributed to the
inhibition of protein prenylation [27,78] and, consequently, abro-
gation of RANKL-induced NFκB activation [26,44], effects reversible
with supplemental geranylgeranyl pyrophosphate [28] and gera-
nylgeraniol [39,78]; the latter upon phosphorylation [79,80] forms
the substrate for prenylation. Conversely, statins suppress Rho
protein prenylation [16,51] and signaling [51] and increase the
expression of Cbfa1 (Runx2) [50], BMP-2 [16,29,31,33,35,51–58]
and VEGF [33,57] in osteoblastic cells with a concomitant increase
in the expression of osteocalcin [29,33,35,50,51,58,59], a late
marker for osteoblasts [81]. Mevalonate or geranylgeranyl pyro-
phosphate negates the effect of statins on the expression of BMP-2
[31,51,56] and VEGF [57], suggesting the statin effect is directly
related to suppression of HMG CoA reductase activity [23]. Statin-
containing Chinese red yeast rice also stimulated the proliferation,
alkaline phosphatase (ALP) activity and differentiation of MC3T3-E1
osteoblast-like cells [32].
The anabolic effect of statins shown in the studies of bone cells and
organ [31] is further supported by animal studies (Table 2). Statins
increased the number of mature osteoblasts, bone formation and
bone volume [31,54], helped bone repair [89], prevented the steroid-
mediated bone loss [90] and reduced the ovariectomy-induced
increase in markers of bone metabolism [24]. Chinese red yeast rice
also stimulated new bone formation in New Zealand white rabbits, an
effect accompanied by increased cell viability and ALP activity in rat
UMR 106 osteoblastic cells [60].

These preclinical findings are consistent with most [53,93–104],
but not all [105–107], case–control studies where statin use is
associated with increased bone mineral density and reduced risk of
fracture. The degree of reduction in hip fracture is related to the
extent of statin use whereas non-statin lipid-lowering agents are
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ineffective [95], suggesting the essential role of HMG CoA reductase
inhibition. Most [99,101,108–111,113], but not all [103,112], pro-
spective and cross-sectional studies also support statin-mediated
bone protection. Randomized clinical trials, however, have failed to
prove the efficacy of statins [103,110,117–120]. The discrepancy in
these studies may be attributed to the varying degrees of hydropho-
bicity of the diverse statins, limited systemic distribution of statins
[31,121] and low doses of statins used in these studies with
cholesterol-lowering as the end point [53].

3.2. Bisphosphonates, prenyl transferase inhibitors, and
menaquinone derivatives

Consistent with the bone-protection offered by the statins, a
second class of mevalonate pathway suppressors, the nitrogen-
containing bisphosphonates, induce osteoclast apoptosis
[5,37,42,43]. The bisphosphonates inhibit farnesyl diphosphate
synthase [6,7,42,43,122–124], the activity leading to the syntheses
of farnesyl- and geranylgeranyl- pyrophosphates (Fig. 1), and
suppress the prenylation and membrane association of Ras [5,42],
Rho, Rac and Rab [8]. The bisphosphonate effects were attenuated by
supplemental farnesol [125] and geranylgeraniol [6,37,43,125],
suggesting that protein prenylation plays a role in bisphosphonate-
mediated osteoclast apoptosis. Other bisphosphonates inhibit prenyl
transferase activity [77] that catalyzes the prenylation and as a
secondary function, suppress the expression of HMG CoA reductase in
osteoclasts [67]. “Inappropriate” stimulation of signaling pathways
initiated by unprenylated GTPases might have contributed to the
effects of bisphosphonates [126].

Parallel to the bisphosphonate-mediated osteoclast apoptosis is
the finding that a geranylgeranyl transferase inhibitor (GGTI) (Fig. 1)
disrupts the osteoclast cytoskeleton, induces apoptosis in isolated
osteoclasts, prevents osteoclast formation, and inhibits bone resorp-
tion [28,37]. GGTIs also increased osteoblastogenesis [49]. Menate-
trenone, a homologue of vitamin K2 or menaquinone (Fig. 1), and its
geranylgeraniol side chain with HMG CoA reductase-suppressive
activity [70–73], inhibit 1,25(OH)2vitamin D3-induced osteoclast-like
multinucleated cell formation and 1,25(OH)2vitamin D3- and prosta-
glandin E2 (PGE2)-induced bone resorption; suppression of RANKL
expressionmaymediate the effect of geranylgeraniol [38]. In contrast,
vitamin K1 or phylloquinone, and its phytol side chain with no HMG
CoA reductase-suppressive activity, offer no such protection [127–
129]. The anti-resorption activity of menatetrenone was manifested
in ovariectomized rats [84]. In osteoporotic patients, menatetrenone
at 90 mg/day proved safe and effective in maintaining peripheral
cortical bone density [114].

4. The impact of mevalonate-suppressive isoprenoids

The bone protection afforded by the aforementioned mevalonate-
suppressive pharmaceuticals, the statins, bisphosphonates, prenyl
transferase inhibitors, and menatetrenone suggests that mevalonate-
suppressive dietary constituents may also modulate the osteoclastic
and osteoblastic activities. Many of the estimated 23,000 secondary
products of plant mevalonate pathway, namely, isoprenoids [130],
that are ubiquitous in fruits, vegetables and other plant foods have
been shown to suppress HMG CoA reductase [131,132]. Literature has
recorded bone protective actions of the “pure” isoprenoids, mainly
the mono-, sesqui- and di-terpenes of the isoprenoid family
consisting only of multiples of the five-carbon isoprene unit [131].
The 10-carbonmonoterpenes composed of two isoprene units are the
main constituents of essential oils and are widely distributed in the
plant kingdom. In addition to the aforementioned diterpene ger-
anylgeraniol, mevalonate-suppressive monoterpenes (Fig. 1) [74–
76,132–135] including borneol, menthol, t-verbenol, perillyl alcohol
and perillic acid at physiologically attainable levels (1–100 μmol/L)
and levels nontoxic to osteoblasts inhibit the formation of osteoclasts
and that of their actin ring [39], an indication of cell polarization and a
characteristic of resorbing osteoclasts. Geranylgeraniol and a sesqui-
terpene farnesol potentiated the anti-osteoclastogenic effect of
menthol and perillyl alcohol. Borneol and menthol also induced ALP
expression in osteoblasts [39].

In a separate study, dietary essential oils of pine, dwarf pine,
eucalyptus, sage, juniper, rosemary and thyme, in descending order of
potency, inhibited bone resorption in rats [85]. The ninemonoterpene
constituents of these oils, namely camphor, eucalyptol, borneol,
bornylacetate, thymol, menthol, thujone, α-pinene and β-pinene,
when fed in diet individually and in a blend, showed anti-resorption
activity as well. These results are consistent with our earlier finding of
the additive impact of monoterpenes on the mevalonate pathway
[136]. Dietary pine oil also reduced trabecular bone mineral density
(BMD) loss in aged ovariectomized rats [85]. The resorptive activity of
osteoclasts as measured by number of resorption pits per osteoclast
was suppressed by thymol, borneol, camphor and cis-verbenol, a
metabolite of α-pinene. Borneol also suppressed the formation of
actin ring in osteoclasts. Zerumbone, a sesquiterpene, inhibited
RANKL- and tumor cell-induced osteoclastogenesis and reduced
breast cancer MDA-MB-231-induced bone loss in mice [40]. Note-
worthy is that the isoflavone genistein (Fig. 1), an inhibitor of
osteoclast-like cell formation [137–139], also inhibits HMG CoA
reductase activity [140,141]. These actions of isoprenoids resonate
with the association between intake of fruits and vegetables and
increased bone mineral density [142–146] and reduced risk of bone
fracture [142,144].

5. Tocotrienols — the potent mevalonate suppressors with bone
protective benefits

5.1. Tocotrienols down-regulate HMG CoA reductase

Among the most potent mevalonate-suppressive dietary constit-
uents are the tocotrienols (Fig. 1) [63,64,147], vitamin E isomers with
an unsaturated farnesol side chain [148,149]. The tocotrienols are
“mixed” isoprenoids with their farnesyl moiety derived via the
mevalonate pathway [131]. The tocotrienols have a wide presence in
plant foods including avocados, bananas, berries, cabbage, cherries,
coconut, corn, Kiwi, green pea, onions, peaches, pears, plums [150–
152], grape [153], peanuts [154], hazelnut [155], horse chestnuts,
litchi [156], cereals, wheat [157] and olive [158]. Specialty oils from
palm, rice bran, barley and oat are good sources of γ-tocotrienol [159]
while annatto has emerged as a viable commercial source of δ-
tocotrienol [160].

The tocotrienol-mediated down-regulation of reductase mimics
that triggered by farnesol, the endogenous secondary modulator of
reductase [68,69]. The initial finding of the hypocholesterolemic effect
of barley flour [161], barley extract [162] and one of the constituents,
α-tocotrienol, via suppression of HMG CoA reductase [65] led to
subsequent efforts delineating the tocotrienol-mediated post-
transcriptional down-regulation of HMG CoA reductase [63,64,66].
Additionally, δ-tocotrienol was found to down-regulate HMG CoA
reductase at the transcriptional level [64]. In contrast, tocopherols,
the vitamin E molecules with a saturated phytol tail, did not suppress
HMG CoA reductase [66]. In fact,α-tocopherol was found to attenuate
the impact of tocotrienols on HMG CoA reductase [163] or even
induce HMG CoA reductase activity [164].

5.2. Tocotrienols: in vitro and in vivo studies

The HMG CoA reductase-suppressive activity of tocotrienols may
have afforded tocotrienols bone-protective properties. Tocotrienols
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inhibited lipopolysaccharide (LPS)-induced expression of cyclooxy-
genase-2 (COX-2), PGE2, interleukin-6 and tumor necrosis factor α in
murine RAW264.7 macrophages [48]. Similarly, tocotrienol-rich
fractions inhibited LPS-induced inducible nitric oxide synthase,
COX-2 and NFκB expression in human monocytic cells [45]. This
anti-osteoclastogenic activity of tocotrienols was shown at concen-
trations well below that shown to be toxic in primary osteoblasts
(IC50=290 μmol/L)[165]. α-Tocotrienol, but not α-tocopherol, inhib-
ited osteoclastogenesis in coculture of osteoblasts and bone marrow
cells, reduced RANKL expression in osteoblasts, blocked RANKL-
induced osteoclast differentiation and the activation of extracellular
signal-regulated kinases and NFκB and suppressed bone resorbing
activity of mature osteoclasts [36]. Tocotrienols [61,62] and analogs
[62] have been shown to suppress the prenylation of Ras protein and
consequently reduce the level of Ras protein due to the higher turn-
over rate of unprenylated Ras in human lung and melanoma cells. It
remains unknown whether such effect exists in osteoclasts.

Animal studies also suggest that tocotrienols offer bone protec-
tion. Tocotrienol mixture at 60- and 100-mg/kg body weight restored
free radical-induced reduction in serum level of osteocalcin, the
number of osteoblasts, and bone formation in male Wistar rats while
reducing the level of bone-resorbing cytokines [82]. Oral intake of γ-
tocotrienol [91,166] and a mixture of tocotrienols [91,92] increased
bone calcification in Sprague–Dawley rats. A tocotrienol-enhanced
fraction and γ-tocotrienol also counteracted the nicotine effect on
bone resorption in rats [83]. Oral gavage of tocotrienols at 60 mg/kg
improved the static (osteoclast and osteoblast numbers, eroded
surface/bone surface ratio, osteoid surface/bone surface ratio, osteoid
volume/bone volume ratio) and dynamic (single-labeled surface/
bone surface ratio, double-labeled/bone surface ratio, mineralized
surface/bone surface ratio, mineral apposition rate, bone formation
rate/bone surface ratio) parameters of bone following four months of
treatment in Sprague–Dawley male rats [167]. Toxicity of mixed
tocotrienols including bleeding tendency and renal impairment was
observed at 500 mg/kg body weight. No toxicity was observed at
levels up to 200 mg/kg body weight [168] that is well above the
aforementioned effective doses.

5.3. The differential impacts of tocotrienols and tocopherols

In all the comparison studies, α-tocopherol [91,92,166,169],
tocopherols [169] and tocopheryl esters [82,91] with no mevalonate
suppressive activity [63] offer either no protection or less-than-
tocotrienol effects [83,170,171]. γ-Tocotrienol at 60 mg/kg de-
creased trabecular separation and increased trabecular bone volume
and thickness, trabecular number, load value, displacement, stress
value, strain value, viscoelasticity and stiffness in male rats to
significantly greater extent than did equal dose of α-tocopherol [88].
An earlier study showed no beneficial effects of mixed tocopherols
when fed to orchidectomized rats at a much higher level (656 mg/kg
diet) [169]. In fact, tocopherols may have detrimental effects. α-
Tocopherol stimulated osteoclast fusion independent of its antiox-
idant activity. Ttpa−/− mice with α-tocopherol transfer protein
deficiency and hence lower systemic circulation of α-tocopherol had
high bone mass, while wild-type mice or rats fed α-tocopherol
supplementation at levels comparable to that for human consump-
tion lost bone mass [172].

The differential impacts of tocotrienols and tocopherols are
reminiscent of those of menaquinones and phylloquinones. The
tocotrienols and menaquinones contain a mevalonate-suppressive
isoprenyl side chain, whereas the phytol moiety of tocopherols and
phylloquinones has no impact on HMG CoA reductase. These in vitro
and in vivo studies, albeit suggestive of tocotrienol-mediated
mevalonate deprivation, did not prove whether the bone-protective
effect of tocotrienols is directly mediated by suppression of HMG CoA
reductase activity. It should be noted that the aforementioned
mevalonate-suppressive agents, the statins [26,44], prenyltransferase
inhibitors [47], monoterpenes [173], zerumbone [40] and the
tocotrienols [36,45,46,174,175], but not α-tocopherol [176], inhibit
the NFκB activity that is critical in osteoclastogenesis. The reversal of
the effect of tocotrienols on NFκB by supplemental mevalonate [176]
lends additional support to the role of HMG CoA reductase in
tocotrienol-mediated bone protection.

6. Summary and future directions

The mevalonate-suppressive pharmaceuticals including the sta-
tins, bisphosphonates, prenyl transferase inhibitors and menaqui-
none derivatives inhibit osteoclastogenesis by limiting the
prenylation of GTPases and consequently, down-regulating OPG,
RANKL and NFκB. In contrast, these agents promote osteoblastogen-
esis by up-regulating BMP-2, VEGF, osteocalcin, Cbfa1 (Runx2) and
ALP activity. Dietary isoprenoids, e.g., mono-, sesqui- and di-terpenes
and the more potent tocotrienols, down-regulate HMG CoA reductase
and suppress the expression of PGE2 and the activities of COX-2 and
NFκB. The signaling pathways that mediate the effect of prenylated
GTPases on these biomarker proteins of osteoclastogenesis and
osteoblastogenesis remain unknown and warrant further investiga-
tion. Bioavailability and pharmacokinetics of tocotrienols, particularly
those applied to bone, remain unexplored. Clinical studies are needed
to verify the efficacy of tocotrienols in bone protection. Tocotrienols
potentiate the statin-mediated suppression of reductase
[134,147,177–179]. Synergy could be obtained by combining toco-
trienols, down-regulators of HMG CoA reductase [63–66,147], with
the statins, the competitive inhibitors of reductase [132], effectively
lowering the required doses of both agents. Synergistic effect
[73,179–181] may also be attainable with tocotrienols and diverse
isoprenoids [136] widely distributed in fruits, vegetables, herbs,
spices and essential oils [131]. Further investigations are needed to
elucidate the underlying mechanisms for the tocotrienol-mediated
bone protection. Nevertheless, suppression of mevalonate pathway
activities, evidenced by studies with pharmaceuticals and dietary
isoprenoids, proved to be a promising approach in promoting bone
health. Bone protective activity of tocotrienols would add to the
cancer chemopreventive [148], hypocholesterolemic [182], cardio-
protective [183] and neuroprotective [184] activities of this group of
orally available, convenient and safe dietary ingredients.
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