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Introduction
Abstract
While statins are being used worldwide for the prevention of
cardiovascular diseases, statin users have an increased probability
of developing diabetes, arteriosclerosis, and other lifestyle-related
diseases. Here, we review the molecular mechanisms underlying
the onset of osteoporosis, chronic kidney disease, type 2 diabetes,
and arteriosclerosis, and lowered testosterone levels induced by
statin use. Statins inhibit 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase, which is a rate-limiting enzyme of the
mevalonate pathway that generates geranylgeranyl diphosphate
(GGPP), 7-dehydrocholesterol (7-DHC), and cholesterol. GGPP
is essential for vitamin K2 (VK2) synthesis from ingested vitamin
K1. 7-DHC is a precursor of vitamin D3 (VD3). VD3 and VK2
upregulate the mRNA expression of osteocalcin (OC) and matrix
Gla protein (MGP), respectively, via activation of their respective
nuclear receptors. VK is essential for γ-carboxylation-mediated
activation of several proteins. γ-Carboxylated MGP inhibits arterial
and kidney calcifications. Insulin synthesis is stimulated by OC and
γ-carboxylated protein S. GGPP is essential for secretion of insulin
and luteinizing hormone (LH), and insulin action. VK2, OC, and LH
stimulate testosterone synthesis via activation of protein kinase A.
Both VK2 and VD3 are essential for these processes, and their
deficiency leads to the onset of diabetes, vascular calcifications/
arteriosclerosis, and disruption of testosterone synthesis. VD and
VK2 supplementations ameliorate the symptoms of chronic kidney
disease and osteoporosis; therefore, statin is contraindicated in
those patients. Thus, caution must be exercised when prescribing
statins for long-term use. Collectively, deficiencies of VD3 and
VK2 induced by long-term statin use promote the onset of lifestylerelated diseases.
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Statins are widely used to control blood cholesterol levels. Besides
their cholesterol-lowering effect, statins are reported to exhibit
pleiotropic effects, including the prevention of cardiovascular disease
via decreasing aortic valve calcium accumulation [1-3]. However,
several reports have suggested that statin use increases the risk of
diabetes mellitus [4-6]; the pharmacological mechanisms underlying
statin-induced diabetes have been partly clarified [7]. Here, we
report the molecular mechanisms through which long-term statin
therapy causes arteriosclerosis and diabetes, and disturbs testosterone
synthesis. Statins inhibit 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase, which catalyzes the rate-limiting step in
the mevalonate pathway. This pathway provides various important
substances such as 7-dehydrocholesterol (7-DHC) and geranylgeranyl
diphosphate (GGPP); 7-DHC is a common precursor of vitamin D3
(VD3) and cholesterol, whereas GGPP is necessary for the production
of vitamin K2 (VK2) from vitamin K1 (VK1) as the side-chain source
[8,9], secretion of insulin and luteinizing hormone (LH) [10,11], and
insulin action [12-14].
There are two forms of VD—VD2 and VD3—of plant and animal
origin, respectively. VD plays a major role in bone mineral homeostasis
by promoting the transport of calcium and phosphate to ensure that
the blood levels of these ions are sufficient for normal mineralization
of type I collagen matrix in the skeleton. In addition, VD serves
to maintain calcium homeostasis in the small intestine, bones,
and kidneys. VK is distributed abundantly in the brain, kidneys,
pancreas, gonadal tissues, liver, and bones. VK consists of three
forms, with different side chains bound to the naphthoquinone
ring. VK1 and VK2 (menaquinone-4, MK-4) differ only in the
side chains; VK1 possesses a phytyl group whereas VK2 possesses
a repeating, unsaturated trans-polyisoprenyl group. MKs include
a range of related forms generally designated as MK-n, where n is
the number of isoprenyl units. VKs play a role in the bone-building
process as well as in the classic blood coagulation pathway. Since
the 1980s, statins are widely used for lowering cholesterol, and
since then, VD, VK, and osteocalcin (OC) actions and membrane
trafficking have been studied extensively, which revealed the
following mechanisms:
VK2 is synthesized from dietary VK1, using GGPP as the source
of the side chain [8,9,15].
GGPP is necessary for the secretion of peptide hormones (insulin,
LH, etc.) and for insulin action [10-14].
VD3 and VK2 activate their respective nuclear receptors to modify
the expression of various genes (especially, those encoding OC and
matrix Gla protein [MGP]) related to bone homeostasis [16-19].
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OC is crucial for not only glucose and bone metabolism, but also
steroidogenesis [20,21].
In this review, we summarize the molecular mechanisms by which
long-term statin use increases the risk of multiple types of lifestylerelated diseases, including diabetes mellitus and cardiovascular
disease, through the inhibition of VD3 and VK2 biosynthesis.

Intermediates of cholesterol biosynthesis are necessary for
the production of both VD3 and VK2
Cholesterol is synthesized from acetyl-CoA via the mevalonate
pathway in various tissues, including the brain. Besides cholesterol,
the pathway generates many important lipid metabolites such as
isopentenyl, geranyl, and farnesyl diphosphates, GGPP, lanosterol,
and 7-DHC (Figure 1). Statins suppress cholesterol biosynthesis dosedependently via the inhibition of HMG-CoA reductase and reduce
the levels of various intermediates of cholesterol biosynthesis, among
which GGPP and 7-DHC are essential for the synthesis of VK2 and
VD3, respectively. Lanosterol is necessary for the prevention of lens
protein aggregation and cataract development [22]. In general, more
cholesterol is biosynthesized in the body than is absorbed from food
sources. Therefore, the inhibition of HMG-CoA reductase by longterm administration of statins could cause serious adverse effects
by reducing the supply of VK2 and VD3 to tissues. In addition, bile
acids, which are made from cholesterol, are essential for the intestinal
absorption of both VD and VK.

Vitamins D and K
VD is the only vitamin synthesized in the body. In general,
90–95% of our VD requirement is synthesized from casual
exposure to sunlight [23]. 7-DHC, a precursor of VD3 (Figure 1),
is activated in the skin by ultraviolet irradiation and is metabolized
constitutively to 25-hydroxyvitamin D3 in the liver and then to
1α,25-dihydroxyvitamin D3 (VD3) in the kidneys [16]; the latter
hydroxylation is regulated by feedback mechanisms that sense the
blood levels of VD3, calcium, parathyroid hormone (PTH), and
phosphate. VD3 induces termination of its own signal in target
tissues [16]. Subsequently, it is secreted, and thereafter, VD3 exerts
its biological functions by regulating gene transcription via binding to
its nuclear receptor, vitamin D receptor (VDR), in target cells [16,17].
Dietary VK1 is endogenously converted via VK3 into VK2, which
contains a side chain of four isoprene units from GGPP [8,9]; the
phytyl side chain of VK1 is cleaved to form VK3, which is delivered
through the mesenteric lymphatic system and blood circulation to
tissues, where it is converted to VK2 by a prenyltransferase, such as
UbiA prenyltransferase-containing protein 1 (UB1AD1), using GGPP
as a substrate [8,9,24]. VK1 is the major form (> 90%) of dietary VK;
however, the major form of VK in mammalian tissues is VK2 [8].
Both VD3 and VK2 function as ligands for their respective nuclear
receptors, VDR and steroid and xenobiotic receptor (SXR)/pregnane
X receptor (PXR), and upregulate the mRNA levels of several genes
that participate in bone and glucose homeostasis and steroidogenesis.

Figure 1 Mevalonate pathway and related biochemical pathways
The mevalonate pathway generates many important lipid materials, in addition to cholesterol. Statins inhibit HMG-CoA reductase, which catalyzes the
rate-limiting step in this pathway. Geranylgeranyl-PP is essential for synthesis of VK2 from VK1 and synthesis of Rab-diGG. Rab-diGG is essential for the
secretion of peptide hormones such as insulin and LH. 7-Dehydrocholesterol is a precursor of both VD3 and cholesterol. VD3 and VK2 bind their respective
nuclear receptors (VDR and SXR/PXR) to up regulate the expression of OC and MGP, respectively. VK2 serves as a cofactor for GGCX and catalyzes the
γ-carboxylation of proteins. cOC and cMGP modulate/inhibit bone formation and ectopic calcification. cProtein S modulates glucose homeostasis. VK2, OC,
and LH stimulate testosterone synthesis. VD3 and VK2 are important for glucose and bone homeostasis and steroidogenesis. Depending on the dosage,
statin intake may completely inhibit these pathways because statins act as competitive inhibitors of HMG-CoA reductase. HMG-CoA, 3-hydroxy-methylglutaryl
coenzyme A; isopentenyl-PP, isopentenyl diphosphate; geranylgeranyl-PP, geranylgeranyl diphosphate; farnesyl-PP, farnesyl diphosphate; OC, osteocalcin;
cOC, γ-carboxylated OC; SXR, steroid and xenobiotic receptor; PXR, pregnane X receptor; VDR, vitamin D receptor; GGCX, γ-glutamyl carboxylase; LH,
luteinizing hormone; MGP, matrix Gla protein; cMGP, γ-carboxylated MGP; VD3, vitamin D3; VK1, vitamin K1; VK2, vitamin K2; PTH, parathyroid hormone;
cProtein S, γ-carboxylated protein S; Rab-diGG, digeranylgeranylated Rab.
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Ligand-bound VDR or SXR/PXR heterodimerizes with retinoid X
receptor and then interacts with the VD- or VK-response element,
respectively, at the promoter regions of target genes [16-19]. When
VD3 binds to VDR, the mRNA expression of OC, osteopontin, and
the receptor activator of NF-κB ligand (RANKL) is up regulated,
while PTH mRNA expression is downregulated [16,25,26]. VK2
exerts various actions mediated through nuclear receptor-dependent
transcriptional regulation and protein kinase-dependent pathways
[18,19,27]. VK2 treatment of osteosarcoma cells increases the mRNA
levels of osteoblast markers such as bone alkaline phosphatase,
osteoprotegerin, osteopontin, and MGP through activating SXR/PXR
[18]. Moreover, SXR/PXR mediates VK2-activated transcription
of extracellular matrix-related genes (tsukushi [Tsku], matrilin-2
[MATN2], and CD14), resulting in the accumulation of collagen in
osteoblasts [19].

Statins promote the onset of type 2 diabetes mellitus by
disrupting energy metabolism
The mechanisms of type 2 diabetes induction via GGPP, VD3,
and VK2 deficiencies by statin treatment are illustrated in Figure 2.
The binding of two geranylgeranyl (GG) groups — supplied from
GGPP and required to associate with the target membrane [28] — to
Rab protein is essential for the secretion of peptide hormones such
as insulin and LH [10,11,29]. Rab GG transferase or GG transferaseII catalyzes the transfer of the GG group, a 20-carbon-derivative
of mevalonate, to two C-terminal cysteines of Rab GTPases to
facilitate their membrane targeting for optimal interaction with the
effector proteins and/or fusion of secretory vesicles with the plasma
membrane [28,30]. Statins inhibit insulin secretion by generating
GGPP deficiency (Figure 2).
Moreover, GG is necessary for the binding of Rho and Rab
proteins to enable the translocation of glucose transporter 4 (GLUT4)
to the cell surface in response to insulin, thereby promoting sugar

uptake [12-14]. Insulin cannot act in the absence of GGPP. Racdependent actin reorganization plays a crucial role in insulininduced recruitment of GLUT4 to the surface of muscle cells.
Moreover, statins inhibit the biosynthesis of selenoproteins, which
are known to be required for the trafficking of GLUT4 to the plasma
membrane [7]. Dolicol, a polyisoprenoid synthesized from isoprenyl
intermediates and inhibited by statins, carries the sugar moiety to
the insulin receptor precursor; N-glycosylation is essential for the
mature receptor to move to the plasma membrane [7]. Thus, statins
inhibit both insulin secretion and action, leading to decreased insulin
sensitivity, and consequently, the onset of diabetes. In addition,
geranylgeranylated Rab protein is required for the secretion of
proteinases [matrix metalloproteinases (MMPs) and cathepsins]
and digestive enzymes (amylase) [31-37]. GGPP deficiency shows
inhibitory effects on the lysosomal/endosomal secretion pathway.
These secretions are also inhibited by statin use. VD3 upregulates OC
mRNA levels by activating VDR (Figure 2). The osteoblast-derived
hormone OC stimulates the synthesis/secretion of insulin through
binding to its putative receptor G protein-coupled receptor class
C, group 6, subtype A (GPRC6A) on the pancreatic β-cell surface,
thereby increasing pancreatic β-cell proliferation and creating insulin
sensitivity [38]. With statin use, OC mRNA is not up regulated
because of VD3 deficiency, and therefore, insulin synthesis is not
stimulated (Figure 2). In addition, OC stimulates incretin (glucagonlike peptide-1) synthesis/secretion via binding to GPRC6A in small
intestinal cells, and subsequently, incretin stimulates the synthesis/
secretion of insulin [39,40]. Thus, OC increases insulin synthesis/
secretion both directly and indirectly. Furthermore, OC is involved
in glucose metabolism by increasing adiponectin secretion from
adipocytes [38]. OC is crucial for glucose homeostasis as well as
bone homeostasis [41,42]. Statins induce insufficient OC production
by generating VD3 deficiency, owing to deficient levels of 7-DHC,
eventually leading to diabetes. One of the characteristic functions

Figure 2 Mechanisms underlying the onset of type 2 diabetes owing to statin use
Statins inhibit VK2 and VD3 production via inhibition of GGPP and 7-DHC synthesis, respectively. Inhibited GGPP production induces deficiency of VK2 and
Rab-diGG. Insulin cannot be secreted without Rab-diGG, whereas under VK2 deficiency, protein S cannot be γ-carboxylated. Insulin sensitivity and secretion
are not increased under cProtein S deficiency in streptozotocin-induced diabetic mice. Further, insufficient levels of VD3 cannot upregulate OC mRNA and
insufficient levels of OC cannot stimulate insulin and incretin synthesis. Insulin synthesis cannot be stimulated under OC and incretin deficiencies, and insulin
deficiency induces diabetes. GGPP, geranylgeranyl diphosphate; 7-DHC, 7-dehydrocholesterol; TAM, TAM (Tyro3, Axl, and Mer) receptors; GPRC6A, G
protein-coupled receptor class C, group 6, subtype A. Other terms are the same as those listed in the legend of Figure 1.
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of VK is to serve as a cofactor for γ-glutamyl carboxylase (GGCX),
catalyzing the post-translational modification of specific glutamate
side chains to γ-carboxyglutamate (Gla) in several proteins. VK stores
are limited in humans, but they can be recycled. VK hydroquinone
functions as a cofactor for GGCX, which γ-carboxylates OC and
MGP. VK-dependent protein S is a 75-kDa multimodular anticoagulant factor found in vertebrates that regulates inflammation
and cell apoptosis. Recently, it was reported that exogenous protein
S improves blood glucose level, glucose tolerance, insulin sensitivity,
and insulin secretion significantly in protein S-overexpressing
transgenic as compared to wild-type streptozotocin-induced diabetic
mice [43]. Protein S attenuates diabetes by inhibiting the apoptosis of
β-cells and the development of diabetic nephropathy. It regulates the
inflammatory response and apoptosis pathways through TAM (Tyro3,
Axl, and Mer) receptor tyrosine kinases [44]. γ-Carboxylation enables
protein S to bind to TAM receptors [45], which belong to a family of
VK-dependent receptor tyrosine kinases that have important effects
on hemostasis, inflammation, and tumor cell regulation [46,47]. VK
modulates glucose metabolism via γ-carboxylation of protein S, thus
suppressing diabetes progression (Figure 2). Statin treatments induce
VK2 deficiency and might cause the accumulation of VK3, which
does not function as a cofactor for GGCX. Indeed, dietary VK intake
reduces the risk of type 2 diabetes [48]. In the case of protein S, the
VK-dependent carboxylated form is the active form that stimulates
insulin synthesis/secretion in streptozotocin-induced diabetic mice.
However, VK-independent, non-carboxylated OC retains hormonal
activity to stimulate insulin synthesis/secretion. Insulin signaling
in osteoblasts increases OC activity by lowering osteoprotegerin
mRNA expression [49]. RANKL and osteoprotegerin are known
as an osteoclastogenesis factor and an osteoclastogenesis inhibitory
factor, respectively. An increased ratio of RANKL to osteoprotegerin
stimulates bone resorption by increasing the number of osteoclasts.
The acidic pH (4.5) in the resorption lacunae is sufficient to
decarboxylate γ-carboxylated OC (cOC) to under-carboxylated OC
(ucOC) [49]. Non-carboxylated OC and ucOC, but not cOC, promote
glucose metabolism. VD3 upregulates OC and RANKL mRNA levels,
and VK2 upregulates osteoprotegerin mRNA by activating their
receptors [18,26]. Therefore, osteoclasts, VD3, and VK2 determine
the carboxylation status and function of OC. Abnormal energy
metabolism is a key feature in metabolic syndrome.
Insulin is the only hormone that can lower blood glucose levels.
Insufficient insulin secretion is directly connected to failure to
maintain blood glucose homeostasis, leading to the onset of type 2
diabetes. Postmenopausal women who use statins are 1.5 times more
likely to develop type 2 diabetes than non-users [5]. In a previous
study, participants on statin treatment (n = 2,142) were found to
have a 46% increased risk of developing type 2 diabetes [6]. Statin
treatment decreased insulin sensitivity by 24% and insulin secretion
by 12% compared with non-statin users (p < 0.01). Simvastatin and
atorvastatin treatments decreased both insulin sensitivity and insulin
secretion in a dose-dependent manner [6]. Collectively, these findings
suggest that statins inhibit the synthesis and secretion of insulin
by inhibiting the production of VK2, VD3, and GGPP, ultimately
leading to diabetes (Figure 2).

Statins cause atherosclerosis and cardiovascular diseases
because of insufficient levels of VD3 and VK2
In statin users, the mRNA levels of OC and MGP are low because
of VD3 and VK2 deficiencies. Expression of MGP is detected in the
calcified atherosclerotic plaques as well as in normal blood vessels.
Volume 3 • Issue 2 • 1000122

MGP-deficient mice show excessive cartilage formation and growth
plate mineralization [50], and develop extensive arterial calcification
[51]. Serum MGP levels are inversely correlated with the severity of
coronary artery calcification. Data from rodent studies have revealed
that cMGP, but not non-carboxylated MGP, plays a key role in the
inhibition of tissue calcification [50]. Thus, cMGP is a potent inhibitor
of arterial calcification. Indeed, insufficient VK or inhibition of the VK
recycling system, e.g., by warfarin, causes abnormal ectopic (vascular)
calcification and excessive bone formation [52]. VK modulates the
calcification of the soft and hard tissues through γ-carboxylation of
MGP and OC. Thus, VK plays a significant role in bone homeostasis.
Geleijnse et al. [53] reported that dietary intake of VK2, but not
VK1, reduced the risk of coronary heart disease in the populationbased Rotterdam Study. In their study, severe coronary artery
calcification was inversely associated with VK2 intake, and this
relationship persisted after adjustment for BMI, smoking, education,
diabetes, and dietary factors (Figure 3). The results suggest that
increased intake of VK2 suppresses coronary artery calcifications. In
contrast, statins have been implicated in the calcification of vascular
smooth muscle cells and mesenchymal cells [54,55]. Saremi et al. [56]
examined the relationship between the frequency of statin use and
the volume of coronary artery calcification in diabetics, and reported
that frequent statin use (in > 50% of study visits, n = 161) accelerated
the progression of vascular calcification in 4.6 years of follow-up in
type 2 diabetes patients with advanced atherosclerosis as compared
to less frequent statin use (in ≤ 50% of visits, n = 36; p < 0.01). The
progression of artery calcification volume was 2-fold higher in highfrequency than in low-frequency statin users. Figure 4 explains this
calcification mechanism. MGP mRNA expression is expected to be
low because insufficient VK2 cannot activate SXR/PXR. Moreover,
carboxylation of MGP is not processed adequately owing to VK2
deficiency. The deficient level of cMGP cannot inhibit ectopic bone
formation.
Moreover, VD3 suppresses bone mineralization in osteoblastic
cells by up regulating progressive ankylosis (Ank) and ectonucleotide
pyrophosphatase/phosphodiesterase (ENPP) mRNA levels, which
inhibit the expansion of hydroxyapatite crystals by increasing
extracellular pyrophosphoric acid levels through activating
VDR [57]. Low VD levels are strongly associated with severe
vascular calcifications [58]. Hence, VD plays a significant role
in bone homeostasis as well. Therefore, long-term statin use
causes excessive ectopic bone formation and leads to vascular
calcifications and arteriosclerosis. Thus, although statins are used
for the treatment of arteriosclerosis [1,2], they themselves are
associated with a high risk of arteriosclerosis (Figure 4).

Statins disrupt endocrine function by inhibiting testosterone
production
Ito et al. [59] showed that VK2, but not VK1, stimulates
testosterone, but not LH, synthesis in 8-week-old, male Wistar rats
(Figure 5). VK2 enhances testosterone production by upregulating
CYP11A mRNA expression through the activation of protein kinase
A (PKA), and this activation is crucial for testosterone production
in Leydig cells. CYP11A catalyzes the production of pregnenolone
from transported cholesterol, a rate-limiting step of testosterone
production.
Long-term statin treatment reduces testosterone synthesis by
inhibiting three different routes:
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Figure 3 Dietary intake of VK2 and calcifications: the Rotterdam Study
The data were taken from Geleijnse et al. [53] with permission from the publisher. Residents of Rotterdam (n = 7,983 men and women, age > 55 years)
were followed from August 1990 until June 1993. Aortic calcification was graded according to the length of the calcified area, i.e., no/mild (reference),
≤1 cm; moderate, >1 and <5 cm; severe, ≥5 cm. Severe coronary artery calcification, but not moderate calcification, was inversely associated with VK2
intake, and this relationship persisted after adjustment for BMI, smoking, education, diabetes, and dietary factors. Increased intake of VK2 suppresses
coronary artery calcifications.

Figure 4 Mechanism underlying the onset of arteriosclerosis and cardiovascular disease owing to statin use
Statins inhibit VK2 and VD3 production by inhibiting GGPP and 7-DHC synthesis, respectively. Insufficient levels of VK2 and VD3 cannot upregulate MGP
and OC mRNAs, respectively. Insufficient VK2 cannot catalyze the γ-carboxylation of MGP and OC. Insufficient levels of cMGP and cOC cannot inhibit
ectopic bone formation and excessive bone formation, respectively. cMGP deficiency induces arteriosclerosis and cardiovascular disease. MGP, matrix Gla
protein. Other terms are the same as those listed in the legends of Figure 1 and 2.

The VK2 route: VK2 stimulates testosterone production in rats
via increasing the mRNA levels of CYP11A through activating PKA,
not via LH synthesis [59,60]. VK2 deficiency due to statin-induced
GGPP deficiency leads to lower testosterone production (Figure 6).
VK2 does not influence plasma LH levels (Figure 5) [59].
The LH route: production of testosterone in Leydig cells is
stimulated by LH, which is secreted from the pituitary gland [11,29].
When LH binds to its receptor, a G protein-coupled receptor (GPCR)
located on the membrane surface of Leydig cells, PKA, and other
steroidogenic proteins are activated [59]. Stimulation of testosterone
production by LH is inhibited by H89, a specific inhibitor of PKA,
Volume 3 • Issue 2 • 1000122

but not by warfarin. Statins reduce LH secretion because of GGPP
deficiency. Therefore, testosterone synthesis is not stimulated. Unlike
insulin, testosterone does not require GG for its secretion, because
it is hydrophobic; it is secreted from Leydig cells via diffusion [59].
The OC route: VD3, derived from 7-DHC, stimulates OC
synthesis through binding to VDR [17]. OC has been shown to
promote testosterone biosynthesis in mouse testes by binding
to GPRC6A expressed in Leydig cells [20,21]. OC stimulates the
expression of CYP11A, StAR, and 3β-HSD, which are required
for testosterone synthesis, in a cAMP-response element-binding
protein-dependent manner [20]. Cholesterol is the starting material
• Page 5 of 10 •
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Figure 5 Effect of VK1 and VK2 on testosterone production in Wistar rats
Eight-week-old, male Wistar rats were fed either a control diet (Cont) or a diet supplemented with MK-4 (VK2 sup, 75 mg/kg diet) for 5 weeks. (A), (B), (C), and
(D) show the contents of VK1 in the testes (pmol/g testis), VK2 in the testes (pmol/g testis), testosterone in testis protein (ng/mg testis protein), and plasma LH
(ng/ml), respectively. VK2, but not VK1, enhanced testosterone production without stimulation of LH synthesis. Values presented are the mean values. P-values
indicate significant differences compared with the Cont group. The Figures in panels (C) and (D) were reproduced, and the data for both panels (A) and (B) were
taken from Ito et al. [59] with permission from all authors.

for testosterone synthesis. StAR transports cholesterol into the
inner membrane of the mitochondria, where CYP11A catalyzes the
production of pregnenolone from the transported cholesterol. Statins
induce insufficient OC production by creating VD3 deficiency,
owing to deficient levels of 7-DHC, leading to reduced testosterone
synthesis. OC signaling in Leydig cells does not require LH [21].
Moreover, insulin signaling in osteoblasts increases OC activity by
activating bone resorption, and OC promotes testosterone synthesis.
However, statins inhibit insulin synthesis and secretion, as mentioned
above (Figure 2). Both VD3 and VK2 modulate steroidogenesis
through the up regulation of CYP11A mRNA via PKA activation.
Statin treatment inhibits all these testosterone production routes
(Figure 6).

Long-term statin use promotes the onset of and worsens
chronic kidney disease (CKD)
Epidemiological evidence suggests a possible link between bone
disease and atherosclerosis in CKD. Therefore, renal osteodystrophy
has been renamed CKD mineral bone disorder (CKD-MBD). VK
deficiency is involved in the progression of CKD-MBD. CKD induces
not only abnormal bone mineral metabolism but also vascular
calcification, and in particular, arterial medial calcification. Fusaro et
al. [61] reported that the major complications in CKD are vascular
calcification and fractures, and the authors strongly discouraged the
use of warfarin in CKD patients. We agree with these authors and
believe that statins are as harmful to these patients as warfarin. The VK
recycling system maintains sufficient VK levels for the activation of
VK-dependent proteins through GGCX. However, warfarin inhibits
the VK recycling system by inhibiting two of its important enzymes,
quinone reductase and epoxide reductase, resulting in functional VK
deficiency [61,62]. Moreover, low VD levels are strongly associated
with severe vascular calcifications in hemodialysis patients with
CKD [58]. In CKD patients, statin and warfarin use causes ectopic
calcification and worsening of CKD symptoms, finally leading to
arteriosclerosis and cardiovascular disease. Therefore, statin and
warfarin are contraindicated in these patients. In CKD patients, kidney
function is weak, and PTH is secreted excessively [16]. Therefore, it is
Volume 3 • Issue 2 • 1000122

unlikely that both activation of VD3 by hydroxylation and secretion
of active VD3 from the kidneys occur simultaneously in CKD
patients. Nuclear binding of VD3 down regulates the expression
of PTH [16]. However, insufficient VD3 cannot activate VDR nor
down regulate PTH mRNA expression. Statin use worsens the
symptoms of CKD by causing excessive PTH synthesis. Insufficient
VD3 and VK2 biosynthesis cannot up regulate OC and MGP
mRNAs, respectively. Insufficient VK cannot serve as a cofactor for
GGCX, which in turn cannot catalyze the γ-carboxylation of OC
and MGP. This causes excessive aortic and kidney calcifications
(Figure 4). Dialysis patients require VD and VK2 supplementation
because of arterial calcification owing to impaired kidney
function. Therefore, statin use is also contraindicated in dialysis
patients.

Statin use is contraindicated in the treatment of osteoporosis
In 1999, Mundy et al. [63] reported that statins stimulate bone
formation and increase bone volume in vitro and in vivo in rodents
by up regulating the expression of bone morphogenetic protein-2
(BMP-2) in bone cells. Therefore, they suggested that statins have
therapeutic applications for osteoporosis. Subsequently, Edward et
al. [64] reported that statins increase bone formation by increasing
bone mineral density in postmenopausal women. Moreover, Chan
et al. [65] reported that statins protect against non-pathological
fractures and decrease the risk of osteoporotic fractures in elder
women, possibly owing to their bone mineral density-increasing
effect. However, Wada et al. [66] reported that bone mineral density
was significantly lower in statin users that in non-users in Japanese
patients with type 2 diabetes. They suggested that statin might not
increase bone mineral density, at least in Japanese subjects with
type 2 diabetes. To date, the relationship between statin use and
bone mineral density is still unclear. In 2014, we reported that
mice with (functional) VK deficiency caused by dietary canola and
hydrogenated soybean oils, formed ectopic bone with volumes four
times larger than those in soybean oil-fed animals implanted with
BMPs into a gap in the fascia of the right femoral muscle [52]. Thus,
in the case of (functional) VK deficiency, BMPs induce excessive
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ectopic bone formation. Therefore, in the experiment of Mundy et al.,
BMP-2 might have induced excessive bone formation because statin
treatment inhibits both the production and the γ-carboxylation of
MGP and OC (Figure 4).
Clinical studies have demonstrated that supplementation of
VK2, but not VK1, is effective for preventing osteoporosis fracture
[67,68]. VK2 supplementation up regulates the expression of
bone markers, increases bone density in vivo [18], and sustains
lumbar bone mineral density [68] (Figure 7). Moreover, VK2

improves bone quality by up regulating Tsku, MATN2, and CD14
mRNA levels via activation of SXR/PXR [19]. In fact, both VD
and VK2 are used for the treatment of osteoporosis to reduce the
incidence of bone fracture in Japan. However, statins induce VD3
and VK2 deficiencies by inhibiting the production of 7-DHC and
GGPP, respectively, as mentioned above. Therefore, statins are
contraindicated for the treatment of osteoporosis. We emphasize
that physicians should be cautious when prescribing statins to
treat women with osteoporosis

Figure 6 Mechanisms underlying the disturbance of internal secretion caused by statin use
Statins inhibit VK2 and VD3 production by inhibiting GGPP and 7-DHC synthesis, respectively. Rab-diGG is not synthesized because of the lack of GGPP.
LH is not secreted because of Rab-diGG deficiency. OC synthesis is not up regulated because of VD3 deficiency. The testosterone synthesis/secretion is not
stimulated because insufficient levels of VK2, OC, and LH cannot activate PKA. GPCR, G protein-coupled receptor; PKA, protein kinase A. Other terms are
the same as those listed in the legends of Figure 1 and 2.

Figure 7 Effect of VK2 supplementation on lumbar bone mineral density (LBMD; A) and incidence of new bone fracture (B), respectively, after 2
years of treatment in 241 osteoporosis patients
The Figure in panel (A) was reproduced, and the data for (B) were taken from Shiraki et al. [68] with permission from the publisher. The control group (without
treatment; n = 121) and the VK2-treated group (n = 120), who received 45 mg/day oral VK2, were followed for LBMD, and occurrence of new clinical fractures.
Data are means ± SEs.. Gla-osteocalcin (cOC, %), Glu-osteocalcin (ucOC, %), and VK2 are serum levels at the end of the follow-up period. VK2 treatment
increased the ratio of cOC to ucOC, and reduced bone fracture frequency (%) as compared to that in controls (p = 0.0273). P-values indicate significant
differences compared with the control group.
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Statins increase the risk of cancers by causing VD3 and VK2
deficiencies
VD3 suppresses the proliferation of mouse myeloid leukemia
cells and induces their differentiation into macrophages [69,70]. In
1993, Corder et al. [71] reported that, in their study using stored
serum, the mean serum VD3 level in 181 men was slightly but
significantly lower in cancer patients than in healthy age- and sexmatched volunteers (p = 0.002). Higher levels of VD3 reduce the
risk of prostate cancer. In men over the age of 57, a reduced VD3
level was found to be an important risk factor for palpable and
anaplastic tumors. The anti-carcinogenic effects of VD are exerted by
differentiation, induction of apoptosis, and cell cycle arrest of cancer
cells [69,70,72-74]. VD3 reduces the risk of various cancers such as
breast, colon, prostate, and blood-based neoplastic cell cancers. VD
and calcium supplementations reduce the risk of all types of cancers
in postmenopausal women [75].
VK2 regulates the transcription of the enzyme that phosphorylates
PKA via the SXR/PXR- or GGCX-independent pathway. Protein
kinase-mediated VK action is associated with anti-tumor effects as
well as steroidogenesis [76]. VK2 induces apoptosis in several types of
tumor cells. Therefore, the VD3 and VK2 insufficiencies induced by
statin use can increase the risk of several types of cancer.

Conclusions
Statins induce VD3 and VK2 deficiencies by inhibiting 7-DHC
and GGPP production, respectively, besides inhibiting cholesterol
production. Both VD3 and VK2, which up regulate OC and MGP
mRNA levels by activating their respective nuclear receptors, play
crucial roles in maintaining bone health, glucose homeostasis, and
steroidogenesis. Moreover, insufficient levels of GGPP induced
by statins cause disturb the secretion of peptide hormones, such
as insulin and LH. Deficiencies of these intermediate metabolites
of the mevalonate pathway induce type 2 diabetes, arteriosclerosis,
cardiovascular disease, osteoporosis, and CKD, and disrupt endocrine
function. The biochemical mechanisms of the actions of statins and
warfarin reviewed here must be considered when these medicines are
prescribed for long-term use.
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