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Abstract: Epidemiologic studies showed that higher vitamin K (VK) consumption correlates with a
reduced risk of osteoporosis, yet the dispute remains about whether VK is effective in improving bone
mineral density (BMD). We sought to discover the anti-osteoporotic effect of menaquinone-4 (MK-4)
and evaluate the expression of critical genes related to bone formation and bone resorption pathways
in the body. Fifty female C57BL/6 mice (aged 13 weeks) were randomly arranged to a sham-operated
group (SHAM, treated with corn oil) and four ovariectomized groups that were administered corn oil
(OVX group), estradiol valerate (EV, 2 mg/kg body weight as the positive control), low or high doses
of VK (LVK and HVK; 20 and 40 mg MK-4/kg body weight, respectively) by gavage every other
day for 12 weeks. Body and uterine weight, serum biochemical indicators, bone microarchitecture,
hematoxylin-eosin (HE) staining, and the mRNA expression of critical genes related to bone formation
and bone resorption pathways were assessed. Either dose of MK-4 supplementation increased
the alkaline phosphatase (ALP), decreased the undercarboxylated osteocalcin (ucOC) and tartrate-
resistant acid phosphatase (TRACP, p < 0.05) levels, and presented higher BMD, percent bone volume
(BV/TV), trabecular thickness (Tb.Th), and lower trabecular separation (Tb.Sp) and structure model
index (SMI, p < 0.05) compared with the OVX group. Additionally, both doses of MK4 increased the
mRNA expression of Runx2 and Bmp2 (p < 0.05), whereas the doses down-regulated Pu.1 and Nfatc1
(p < 0.05) mRNA expression, the high dose decreased Osx and Tgfb (p < 0.05) mRNA expression,
and the low dose decreased Mitd and Akt1 (p < 0.05) mRNA expression. These data show the
dual regulatory effects of MK-4 on bone remodeling in ovariectomized mice: the promotion of
bone anabolic activity and inhibition of osteoclast differentiation, which provides a novel idea for
treating osteoporosis.
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1. Introduction

Bone homeostasis is a dynamic balance between bone formation mediated by os-
teoblasts and resorption mediated by osteoclasts under physiological conditions [1]. The
improvement of osteoblast activity or osteoclast activity will disrupt this dynamic balance
and lead to abnormal bone metabolisms, such as osteopetrosis or osteoporosis [2]. Osteo-
porosis is a comprehensive bone disease caused by a variety of reasons, such as a decrease
in BMD, an increase in bone fragility, and the destruction of the bone microstructure, etc.
When the secretion of estrogen decreases or calcium is lacking, it will cause bone loss,
low BMD, fragility, which lead to osteoporosis [3]. It threatens the health of middle-aged
and the aged, especially postmenopausal women [4]. Osteoporosis is widely viewed as a
global public health problem, and most of the clinical drugs used to treat osteoporosis are
anti-resorption agents, such as bisphosphonates, calcitonin, estrogen, and its substitutes.
The primary mechanism is to inhibit osteoclast activity and control the process of bone
resorption [3]. Saito et al. [5] reported that anti-resorption agents only reduced the risk of
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non-vertebral fractures by 20%, and they cannot increase BMD. Teriparatide, abaloparatide,
and romosozumab have been used to treat osteoporosis to stimulate the synthesis of new
bone. Due to high prices and toxic side effects, their usage is restricted [6]. Therefore, in pre-
venting and treating osteoporosis, there is an urgent need to seek alternative substances that
can simultaneously increase the activity of osteoblasts and inhibit the osteoclastogenesis
genes without toxic side effects.

VK is a general term for a class of 2-methyl-1, 4-naphthoquinones, and all their deriva-
tives with clotting effects. Natural VK includes phylloquinone (K1) and menaquinone
(K2), whose coagulation function was first discovered by Henrik Dam in 1929 [7]. VK2 has
been a hot topic of scientific research in recent years, mainly focusing on its role in bone
and cardiovascular function [8]; VK2 keeps the health of the body in many ways, includ-
ing the prevention of cancer [9], the regulation of glucose and calcium metabolism [10],
and the promotion of cell growth and proliferation [11]. Additionally, numerous clinical
observations and animal experiments have shown that VK2 plays a key and dominant
role in calcium deposition in bone during bone metabolism [12,13]. It is well known that
excessive osteoclast activity and inadequate osteoblast activity can cause the development
of osteoporosis [14]. VK2 can prevent osteoblast apoptosis, reduce osteoclast activity, and
alleviate postmenopausal osteoporosis in ovariectomized rats [15,16]. However, some
studies found insufficient evidence for the use of VK supplements to prevent bone loss,
fracture, and increase BMD [17,18]. These findings are still controversial and deserve fur-
ther investigation. Furthermore, the mechanism of VK2 in the improvement of osteoblast
activity and the reduction of osteoclast activity remains unclear. In the present experiment,
we systematically researched the effects of MK-4 on bone protection and the influences
of the MK-4 on expressing critical genes related to bone formation and bone resorption
pathways in ovariectomized mice.

2. Materials and Methods

This study was conducted in the Animal Nutrition Metabolism Laboratory at the
Ministry of Agriculture and Rural Affairs Feed Efficacy and Safety Evaluation Center, which
is located in China Agricultural University (Beijing, China). All animal procedures were
approved by the Institutional Animal Care Committee of China Agricultural University
(ICS: AW41501202—1—1).

2.1. Animals

Female C57BL/6 mice (aged 12 weeks) were purchased from the SiPeiFu Bioscience
Co., Ltd. (Beijing, China). The animals were kept under normal cage conditions in a
temperature-controlled room set at 25 ◦C, relative humidity of 65± 5% with 12-h light/12-h
dark cycles, fed a standard diet, and allowed to acclimate for 7 d. Food and drinking
water were freely supplied throughout the experiment. The diet composition is shown in
Supplementary Table S1.

2.2. Experimental Protocols

After 7 d of adaptation, the sham operation or ovariectomy (including anesthesia)
was carried out in line with the reference [19]. Three days after surgery, the animals were
randomly divided into 5 groups: the corn oil control (SHAM, n = 10), ovariectomy with
corn oil (OVX, n = 10), ovariectomy with estradiol valerate (EV, positive control, n = 10),
ovariectomy with a low dose of MK-4 (LVK, n = 10), ovariectomy with a high dose of
MK-4 (HVK, n = 10). MK-4 was dissolved in corn oil, and mice in the low- and high-dose
groups received 20 or 40 mg/kg of body weight, respectively. These levels of VK2 in
the present study were decided according to the previous study [18]. Mice in the EV
group (EV was dissolved in corn oil) received 2 mg/kg of body weight based on previous
research [19]. Mice in the SHAM and OVX groups received the same amount of corn oil,
and all treatments were given by gavage every other day for 12 weeks. Mice were weighed
weekly, and the dose adjusted according to their weight.
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2.3. Sample Collection

After 12 weeks of treatment, blood was sampled from the orbital sinus. Serum was
obtained by centrifugation at 3000× g for 10 min. The uterus, all tibia, and femur were also
dissected. The serum, uterus, and tibia were stored at −80 ◦C. The femur was fixed in 4%
paraformaldehyde and reserved at room temperature (BOSTER Biological Technology Co.,
Ltd., Wuhan, China).

2.4. Serum Biochemical Indicators

ELISA was conducted to determine mouse ucOC (CUSABIO Co., Ltd., Wuhan, China),
ALP, and TRACP (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), according
to the manufacturers’ instructions.

2.5. Micro-CT Analysis

The left femur was used for micro-CT analysis as recommended by the American So-
ciety for Bone and Mineral Research [20]. High-resolution ex vivo micro-CT (Skyscan1174,
Bruker Microtomograph, Kontich, Belgium) with a 12 µm voxel resolution, 50 kV voltage,
800 µA current, and a field size of 1304 × 1024 was used for image acquisition, and the
scans were then integrated into 2D images. The bottom of the growth plate at the side of the
femur knee joint was taken as the scanning reference line, and 83 continual sections were
taken, that is, the area with a thickness of 1 mm was set as the 3D reconstruction region of
interest, and bone morphology indexes were measured. For visualization, 3D images of the
distal femur were reconstructed using the N-Recon software, and quantitative analyses of
the morphometric parameters were conducted using the CT-AN software. The following
trabecular morphometric indexes were analyzed: BMD, BV/TV, Tb.Th, Tb.Sp, trabecular
number (Tb.N), and SMI. All analyses were conducted by individuals who were unaware
of the specimen processing.

2.6. Hematoxylin-Eosin Staining

Right femurs were isolated and fixed in 4% paraformaldehyde, decalcified in 10%
EDTA, and paraffin-embedded. The slice thickness was 5 µm and hematoxylin-eosin (HE)
stained. For deparaffinization, the sections were soaked twice in xylene at 56 ◦C for 10 min;
100%, 90%, 80%, and 70% ethanol soaked for 5 min each; and water washed thrice for
5 min. All of the images were collected through microscopy (Olympus BX51, Olympus
Corporation, Tokyo, Japan) to observe the arrangement of osteone, the boundary between
the lacunae and bone matrix, and the bone cells of the compact bone.

2.7. Real-Time PCR for Gene Expression Analysis

Total RNA was extracted from the tibia using the EASY spin Plus Bone Tissue RNA Kit
(Aidlab Biotechnologies Co., Ltd., Beijing, China). RNA quality and concentrations were
measured using the NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). A
cDNA with a total volume of 200 µL was generated by reverse transcription with 1 µg RNA.
Real-time PCR was conducted with SYBR Premix EsTaq reagents using a StepOnePlus
real-time PCR system (Applied Biosystems, Waltham, MA, USA). The relative mRNA
expression was normalized to Actb. The primers for the real-time PCR are listed in
Supplementary Table S2. The relative mRNA expression of the target gene was determined
using the 2−∆∆Ct method [21].

2.8. Statistical Analysis

The UNIVARIATE procedure of SAS 9.2 (SAS Institute, Cary, NC, USA) was used
to verify the normality of data. The significance of results was evaluated using a one-
way ANOVA, followed by an appropriate Tukey’s multiple comparison test. p < 0.05
was considered statistically significant. The experimental data were expressed as the
mean ± standard deviation (SD).
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3. Results
3.1. Effect of MK-4 on Body and Uterine Weight in Ovariectomized Mice

At the beginning of the experiment, there were no significant differences among
treatments in body weight. Body weights in the OVX group were higher than that of the
SHAM group after 12 weeks (p < 0.05). However, treatment with EV or MK-4 did not
affect body weights compared to those observed in the OVX group. Uterine weights of
the ovariectomized mice were significantly decreased compared with those of mice in the
SHAM group (p < 0.05; Figure 1B) and were not affected by the MK-4 treatment, but EV
administration increased the uterine weights of the ovariectomized mice (p < 0.05).
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3.2. Effect of MK-4 on Bone Metabolism-Related Serum Biochemical Indicators in
Ovariectomized Mice

Bone turnover markers are biochemical byproducts of bone formation or bone absorp-
tion [22]. There was no difference in the levels of ALP between the SHAM group and OVX
group (Figure 2A), while treatment with EV or either dose of MK-4 significantly increased
the ALP level in ovariectomized mice (p < 0.05). Serum levels of ucOC increased in the
OVX group compared with the SHAM group (Figure 2B, p < 0.05), but EV or either dose
of MK-4 treatment significantly reduced the levels of ucOC (p < 0.05) in the OVX group.
The TRACP activity was also increased in the OVX group compared to the SHAM group
(p < 0.05). The LVK and HVK groups showed lower levels of TRACP compared with the
OVX group (p < 0.05), while the EV administration did not influence the serum levels of
TRACP in ovariectomized mice.
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3.3. Treatment of Ovariectomized C57BL/6 Mice with MK-4 Increases Bone Mass

The micro-CT images and the corresponding quantitative results are shown in Figure 3.
In the OVX group, the levels of Tb.Sp and SMI (p < 0.05) were increased, while the trabecula
BMD, BV/TV, Tb.Th, and Tb.N (p < 0.05) were decreased compared with the SHAM group.
These results indicate bone mass was reduced in ovariectomized mice. Compared to the
OVX group, treatment with EV and either dose of MK-4 increased the BMD, BV/TV, and
Tb.Th (p < 0.05) and decreased the Tb.Sp and SMI (p < 0.05). Moreover, EV supplementation
also increased the Tb.N (p < 0.05) compared with the OVX group. These data suggest that
MK-4 can prevent ovariectomy-induced bone loss and effectively improve trabecula bone
mass after a 12 weeks treatment.
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Figure 3. Bone microstructures in mice that were sham operated or ovariectomized and untreated or administered EV,
LVK, or HVK for 12 weeks. Representative micro-CT images of the 3D reconstruction of distal femurs and cross sections
(A). Quantitative analysis of the BMD, BV/TV, Tb.Th, Tb.Sp, Tb.N, SMI of trabecular bone by micro-CT (B–G). Values are
mean ± SD, n = 5 per treatment. Labeled without a common letter means a significant difference, p < 0.05. BMD, Bone
mineral density; BV/TV, percent bone volume; EV, estradiol valerate; HVK; MK-4 40 mg/kg body weight group; LVK, MK-4
20 mg/kg body weight group; MK-4, menaquinone-4; OVX, ovariectomized group; SD, standard deviation; BMD, bone
mineral density; BV/TV, percent bone volume; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.N, trabecular
number; SMI, structure model index.

3.4. Hematoxylin-Eosin Staining of Compact Bone in Ovariectomized Mice

Tissue morphology of the femur was observed after HE staining (Figure 4). In the
SHAM group, the cortical osteocytes of the femur were evenly distributed, the boundaries
between lacunae and bone matrix were clear, and the arrangement of bone plates was
relatively regular. However, cortical osteocytes of the femur were sparse, bone plates were
disorganized, and the boundary between lacunae and bone matrix was fuzzy in the OVX
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group compared with those observed in the SHAM group. In contrast, treatment with EV
or either dose of MK-4 effectively improved femur morphology.
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3.5. Effect of MK-4 on Bone-Related Gene Expression in Ovariectomized Mice

The real-time PCR data on the tibia showed there was no difference in the mRNA
expression of Runx2, Osx, Tgfb, and Bmp2 between the SHAM group and the OVX group
(Figure 5A–D). However, treatment with both doses of MK-4 increased the mRNA expres-
sion of Runx2 and Bmp2 (p < 0.05), while the high dose increased Osx and Tgfb mRNA
expression compared with the OVX group. Furthermore, treatment with EV increased the
mRNA expression of Bmp2 (p < 0.05) of the ovariectomized mice.

On the contrary, compared with the SHAM group, mRNA expression of Mitd, Pu.1,
Nfatc1, and Akt1 (p < 0.05) in the OVX group was significantly increased (Figure 5E–H).
However, treatment with EV decreased the mRNA expression of Mitd, Pu.1, Nfatc1, and
Akt1 (p < 0.05) compared with the OVX group. Meanwhile, treatment with both doses of
MK-4 decreased the mRNA expression of Pu.1 and Nfatc1 (p < 0.05), while the low dose
decreased Mitd and Akt1 mRNA expression compared with the OVX group. As shown in
Figure 5I–K, mRNA expression of Rankl and Opg in the OVX group was increased compared
with the SHAM group. However, there was no difference in the mRNA expression of
Opg/Rankl between these two groups. Moreover, compared with the OVX group, mRNA
expression of Rankl (p < 0.05) in EV and LVK groups was decreased, and mRNA expression
of Opg (p < 0.05) in LVK and HVK groups was increased. Finally, treatment with MK-4
improved the Opg/Rankl ratio compared with the OVX group (p < 0.05).
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4. Discussion

Osteoporosis leads to disability and is a significant disease burden to society that
affects hundreds of millions of people worldwide, and the incidence is slowly increas-
ing [23]. Given the limitations of osteoporosis treatments, safe and effective alternatives
for preventing and treating osteoporosis that both promote osteogenic activity and inhibit
osteoclast activity are needed. As a fat-soluble vitamin, VK2 may play a crucial role in
bone metabolism and bone-related diseases. Clinical trials have pointed out that VK levels
are associated with fracture and BMD, low dietary VK intake may increase the risk of
fracture [24]. In addition, previous studies have shown that VK2 can improve intestinal
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Ca transport and prevent bone loss in vivo [18], improve serum bone metabolism-related
indicators, and alleviate bone loss caused by osteoporosis through improvement in the
bone microstructure [25]. This study used ovariectomized female mice as the animal model,
which has been widely used in the study of estrogen deficiency-induced osteoporosis. We
have characterized the bone phenotype of ovariectomized mice after treatment with MK-4.
Our results show that MK-4 increased bone formation while decreasing bone resorption,
which is associated with a higher expression of osteogenic-related pathway genes and a
lower expression of osteoclast-related pathway genes.

It is well known that body-weight gain is a usual phenomenon observed in estrogen-
deficient mice [26]. Additionally, ovariectomy can lead to a significant decrease in uterine
weight, bone biology mechanics, and microstructure, partly due to estrogen deficiency [26].
Our results show that ovariectomy significantly increased the body weights of mice com-
pared with the SHAM group. As previously described, estrogen secretion decreased in
mice after ovariectomy, and bone mesenchymal stem cells (BMSCs) tend to differentiate
into adipocytes, resulting in weight gain [27]. However, treatment with EV or MK-4 did
not prevent weight gain in ovariectomized mice. Meanwhile, a lack of estrogen can lead
to uterus atrophy in mice. Therefore, EV was used as an active treatment to prevent os-
teoporosis caused by estrogen reduction in our study. Our data indicate that treatment
with EV significantly reduced the loss of uterine weight. However, MK-4 treatment did
not appear to alleviate the reduction in uterine or body weights in ovariectomized mice,
demonstrating that MK-4 may act through other mechanisms independent of estrogen
supplementation to prevent bone loss.

It is established that the serum indicators of bone formation (ALP) and bone resorption
(TRACP) are widely used to estimate bone remodeling [28]. Kim et al. [29] and Hwang
et al. [30] found that estrogen deficiency decreased ALP and increased TRACP activity
in ovariectomized mice. Osteocalcin is a critical matrix protein secreted by osteoblasts
and plays a vital role in regulating bone calcium metabolism after carboxylation. Our
data show that MK-4 treatment increased the ALP and ucOC while inhibiting the activity
of TRACP. Taken together, MK-4 can improve bone metabolism-related serum indicators
in ovariectomized mice through the promotion of osteoblast activity and inhibition of
osteoclast activity.

The microstructure of trabecular bone is a critical factor in determining bone strength
and the physiological function of bone [26]. The lack of estrogen in ovariectomized mice
breaks the balance between osteoblasts and osteoclasts, and the osteoclast activity was
enhanced, resulting in sparse bone trabeculae, an uneven distribution of bone cells, and the
rapid loss of bone mass [19]. Micro-CT is a non-destructive 3D digital imaging technique
used to study changes in bone structure and density during the incubation period in
animal models of osteoporosis and osteoarthritis [31]. In the present study, BMD, BV/TV,
Tb.Th, and Tb.N was significantly decreased, and Tb.Sp and SMI were increased in the
ovariectomized mice after 12 wk. However, oral treatment of MK-4 reduced the damage
to the bone microstructure through the above indicators. In addition, HE staining also
reveal that MK-4 improved the microstructure of bone trabeculae, which was consistent
with the micro-CT results. Therefore, these results indicate that MK-4 can improve bone
micro-architectural properties in ovariectomized mice.

Bmps are members of the Tgfb superfamily and play critical roles in various biological
processes [32]. Styrkarsdottir et al. [33] reported that the Bmp2 gene is a strong candidate
gene for bone formation and osteoblast differentiation and is related to a phenotype of
low BMD and high-risk fractures. Tgfb superfamily members act through activating
heterotetrameric complexes of type I and type II transmembrane Ser/Thr kinase receptors
at the cell surface. These complexes transfuse intracellular signaling through a cascade
of Smad complexes or mitogen-activated protein kinase (Mapk) reactions [34]. In this
study, ovariectomy had no effect on the mRNA expression of Bmp2 and Tgfb, but MK-4
treatment increased the mRNA expression of these two genes. Runx2 and Osx are two
key transcription factors for promoting osteoblasts’ maturation and differentiation and
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are controlled by the canonical Tgfb/Bmp-Smad signaling pathway [35]. Osx-deficient
mice only form cartilage, not bones, similar to the phenotype of Runx2-deficiency [36].
Ovariectomy did not influence the mRNA expression of Runx2 and Osx, but MK-4 treatment
increased the mRNA expression of both Runx2 and Osx in ovariectomized mice. These data
were in keeping with the findings of previous in vitro research [37]. In short, the above
results indicate that ovariectomy mainly stimulates the enhancement of osteoclast activity
leading to osteoporosis, and MK-4 treatment may work through activating the Tgfb/Bmp-2
signaling pathway.

Pu.1 and Mitd are two key transcription factors for osteoclast proliferation and early
differentiation [38]. The mRNA expression of these two genes significantly increased in the
OVX group compared with the SHAM group, and MK-4 treatment reversed this tendency.
These results show that MK-4 can inhibit osteoclast activity and bone resorption. Akt1 is
the major isoform of Akt (Akt1-3), and Akt signaling promotes osteoclast differentiation
and survival [39]. Rankl and macrophage colony-stimulating factor (MCSF) can improve
the survival, proliferation, and differentiation of osteoclasts partly by the activation of
the Akt pathway [40]. The Rankl-Rank-Opg axis is the classic regulatory system of bone
metabolism that regulates osteoclast differentiation [41]. The binding of Rankl to its
receptor Rank leads to the rapid recruitment of intracellular signaling molecules, such
as Mapk, Nfkb, Ap-1, Trafs, and Nfatc1, among which Nfkb is the most vital factor [42].
Furthermore, the Nfatc1 signal plays a pivotal role in the formation of osteoclasts, and
inhibition of the Nfkb signal can inhibit the expression of Nfatc1 [43]. Takatsuna et al. [44]
demonstrated that Nfkb inhibitor suppresses Rankl induced osteoclastogenesis by down-
regulating Nfatc1 expression. In the present study, ovariectomy significantly up-regulated
the mRNA expression of Nfatc1 and Akt1, MK-4 treatment reversed the changes in the
mRNA expression of these two genes in ovariectomized mice. Moreover, the Opg mRNA
expression was increased after treatment with MK-4, but the Rankl mRNA expression
was decreased. Overall, the ratio of Opg/Rankl was increased by treatment of MK-4. The
results in this experiment were in keeping with previous studies reporting decreased
mRNA expression of Rankl and the enhanced mRNA expression of Opg [45]. Briefly, these
results demonstrate that MK-4 inhibited bone resorption possibly by down-regulating Akt1
expression, up-regulating the ratio of Opg/Rankl, and down-regulating Nfatc1 expression.
One limitation of this study is that the mechanisms identified in vivo have not been further
tested, and in addition, there is a lack of in vitro mechanism studies.

5. Conclusions

In conclusion, this study indicated that MK-4 increases BMD, restores the bone mi-
croarchitecture, and improves serum indicators of bone metabolism in ovariectomized
mice by promoting bone formation and inhibiting bone resorption, possibly through the
Tgfb/Bmp and Akt-Nfkb-Nfatc1 pathways. MK-4 may be a novel supplement for the
prevention and treatment of osteoporosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13082570/s1, Table S1: The compositions of ingredients used in the experimental diets,
Table S2: Primers for gene expression using real-time PCR.

Author Contributions: Conceptualization, H.W. and Y.M.; data curation, H.W.; formal analysis,
H.W.; funding acquisition, Y.M.; investigation, H.W., N.Z., L.L. and P.Y.; methodology, H.W.; project
administration, Y.M.; resources, H.W. and Y.M.; writing—original draft, H.W.; writing—review and
editing, H.W. and Y.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (32072740).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

https://www.mdpi.com/article/10.3390/nu13082570/s1
https://www.mdpi.com/article/10.3390/nu13082570/s1


Nutrients 2021, 13, 2570 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zaidi, M. Skeletal remodeling in health and disease. Nat. Med. 2007, 13, 791–801. [CrossRef] [PubMed]
2. Long, F. Building strong bones: Molecular regulation of the osteoblast lineage. Nat. Rev. Mol. Cell Biol. 2012, 13, 27–38. [CrossRef]
3. Khosla, S.; Hofbauer, L.C. Osteoporosis treatment: Recent developments and ongoing challenges. Lancet Diabetes Endocrinol. 2017,

5, 898–907. [CrossRef]
4. Brown, C. Osteoporosis: Staying strong. Nature 2017, 550, S15–S17. [CrossRef]
5. Saito, T.; Sterbenz, J.M.; Malay, S.; Zhong, L.; MacEachern, M.P.; Chung, K.C. Effectiveness of anti-osteoporotic drugs to prevent

secondary fragility fractures: Systematic review and meta-analysis. Osteoporos. Int. 2017, 28, 3289–3300. [CrossRef]
6. Drake, M.T.; Clarke, B.L.; Oursler, M.J.; Khosla, S. Cathepsin K Inhibitors for Osteoporosis: Biology, Potential Clinical Utility, and

Lessons Learned. Endocr. Rev. 2017, 38, 325–350. [CrossRef]
7. Zempleni, J.B.; Rucker, R.B.; McCormick, D.W.; Suttie, J. Handbook of Vitamins, 4th ed.; CRC Press: Boca Raton, FL, USA, 2007.
8. Willems, B.A.G.; Vermeer, C.; Reutelingsperger, C.P.M.; Schurgers, L.J. The realm of vitamin K dependent proteins: Shifting from

coagulation toward calcification. Mol. Nutr. Food Res. 2014, 58, 1620–1635. [CrossRef] [PubMed]
9. Takahashi, Y.; Kuro, O.M.; Ishikawa, F. Aging mechanisms. Proc. Natl. Acad. Sci. USA 2000, 97, 12407–12408. [CrossRef]
10. Manna, P.; Kalita, J. Beneficial role of vitamin K supplementation on insulin sensitivity, glucose metabolism, and the reduced risk

of type 2 diabetes: A review. Nutrition 2016, 32, 732–739. [CrossRef]
11. Akbari, S.; Rasouli-Ghahroudi, A.A. Vitamin K and Bone Metabolism: A Review of the Latest Evidence in Preclinical Studies.

BioMed Res. Int. 2018, 2018. [CrossRef] [PubMed]
12. Rubinacci, A. Expanding the functional spectrum of vitamin K in bone. Focus on: “Vitamin K promotes mineralization, osteoblast

to osteocyte transition, and an anti-catabolic phenotype by γ-carboxylation-dependent and-independent mechanisms”. Am. J.
Physiol. Cell Physiol. 2009, 297, C1336–C1338. [CrossRef] [PubMed]

13. Knapen, M.H.J.; Schurgers, L.; Vermeer, C. Vitamin K2 supplementation improves hip bone geometry and bone strength indices
in postmenopausal women. Osteoporos. Int. 2007, 18, 963–972. [CrossRef]

14. Boyle, W.J.; Simonet, W.S.; Lacey, D.L. Osteoclast differentiation and activation. Nat. Cell Biol. 2003, 423, 337–342. [CrossRef]
15. Kawata, T.; Zernik, J.H.; Fujita, T.; Tokimasa, C.; Tanne, K. Mechanism in Inhibitory Effects of Vitamin K2 on Osteoclastic Bone

Resorption: In Vivo Study in Osteopetrotic (op/op) Mice. J. Nutr. Sci. Vitaminol. 1999, 45, 501–507. [CrossRef] [PubMed]
16. Koshihara, Y.; Hoshi, K.; Okawara, R.; Ishibashi, H.; Yamamoto, S. Vitamin K stimulates osteoblastogenesis and inhibits

osteoclastogenesis in human bone marrow cell culture. J. Endocrinol. 2003, 176, 339–348. [CrossRef] [PubMed]
17. Hamidi, M.S.; Cheung, A.M. Vitamin K and musculoskeletal health in postmenopausal women. Mol. Nutr. Food Res. 2014, 58,

1647–1657. [CrossRef]
18. Kobayashi, M.; Hara, K.; Akiyama, Y. Effects of Vitamin K2 (Menatetrenone) on Calcium Balance in Ovariectomized Rats. Jpn. J.

Pharmacol. 2002, 88, 55–61. [CrossRef]
19. Xu, X.; Zhang, Z.; Wang, W.; Yao, H.; Ma, X. Therapeutic Effect of Cistanoside A on Bone Metabolism of Ovariectomized Mice.

Molecules 2017, 22, 197. [CrossRef]
20. Bouxsein, M.L.; Boyd, S.K.; Christiansen, B.; Guldberg, R.E.; Jepsen, K.J.; Müller, R. Guidelines for assessment of bone microstruc-

ture in rodents using micro-computed tomography. J. Bone Miner. Res. 2010, 25, 1468–1486. [CrossRef]
21. Liu, H.; Hou, C.; Wang, G.; Jia, H.; Yu, H.; Zeng, X.; Thacker, P.A.; Zhang, G.; Qiao, S. Lactobacillus reuteri I5007 mod-ulates

intestinal host defense peptide expression in the model of IPEC-J2 cells and neonatal piglets. Nutrients 2017, 9, 559. [CrossRef]
22. Jain, S.; Camacho, P. Use of bone turnover markers in the management of osteoporosis. Curr. Opin. Endocrinol. Diabetes Obes.

2018, 25, 366–372. [CrossRef]
23. Roos, P.M. Osteoporosis in neurodegeneration. J. Trace Elements Med. Biol. 2014, 28, 418–421. [CrossRef]
24. Booth, S.L.; Broe, K.E.; Peterson, J.W.; Cheng, D.M.; Dawson-Hughes, B.; Gundberg, C.M.; Cupples, L.A.; Wilson, P.W.F.; Kiel, D.P.

Associations between Vitamin K Biochemical Measures and Bone Mineral Density in Men and Women. J. Clin. Endocrinol. Metab.
2004, 89, 4904–4909. [CrossRef]

25. Hong, Y.-J.; Liu, S.; Jiang, N.-Y.; Jiang, S.; Liang, J.-G. Vitamin K3 increased BMD at 1 and 2 months post-surgery and the maximum
stress of the middle femur in the rat. Nutr. Res. 2015, 35, 155–161. [CrossRef]

26. Liu, J.; Zhang, Z.; Guo, Q.; Dong, Y.; Zhao, Q.; Ma, X. Syringin prevents bone loss in ovariectomized mice via TRAF6 mediated
inhibition of NF-κB and stimulation of PI3K/AKT. Phytomedicine 2018, 42, 43–50. [CrossRef]

27. Nian, H.; Ma, M.-H.; Nian, S.-S.; Xu, L.-L. Antiosteoporotic activity of icariin in ovariectomized rats. Phytomedicine 2009, 16,
320–326. [CrossRef]

28. Sogabe, N.; Maruyama, R.; Baba, O.; Hosoi, T.; Goseki-Sone, M. Effects of long-term vitamin K1 (phylloquinone) or vitamin K2
(menaquinone-4) supplementation on body composition and serum parameters in rats. Bone 2011, 48, 1036–1042. [CrossRef]

29. Kim, S.J.; Hwang, Y.H.; Mun, S.K.; Hong, S.G.; Kim, K.J.; Kang, K.Y.; Son, Y.J.; Yee, S.T. Protective Effects of 2,3,5,4′-
Tetrahydroxystilbene-2-O-β-d-glucoside on Ovariectomy Induced Osteoporosis Mouse Model. Int. J. Mol. Sci. 2018, 19, 2554.
[CrossRef] [PubMed]

30. Hwang, Y.-H.; Kang, K.-Y.; Lee, S.-J.; Nam, S.-J.; Son, Y.-J.; Yee, S.-T. The Protective Effects of Alisol A 24-Acetate from Alisma
canaliculatum on Ovariectomy Induced Bone Loss in Vivo. Molecules 2016, 21, 74. [CrossRef] [PubMed]

http://doi.org/10.1038/nm1593
http://www.ncbi.nlm.nih.gov/pubmed/17618270
http://doi.org/10.1038/nrm3254
http://doi.org/10.1016/S2213-8587(17)30188-2
http://doi.org/10.1038/550S15a
http://doi.org/10.1007/s00198-017-4175-0
http://doi.org/10.1210/er.2015-1114
http://doi.org/10.1002/mnfr.201300743
http://www.ncbi.nlm.nih.gov/pubmed/24668744
http://doi.org/10.1073/pnas.210382097
http://doi.org/10.1016/j.nut.2016.01.011
http://doi.org/10.1155/2018/4629383
http://www.ncbi.nlm.nih.gov/pubmed/30050932
http://doi.org/10.1152/ajpcell.00452.2009
http://www.ncbi.nlm.nih.gov/pubmed/19828834
http://doi.org/10.1007/s00198-007-0337-9
http://doi.org/10.1038/nature01658
http://doi.org/10.3177/jnsv.45.501
http://www.ncbi.nlm.nih.gov/pubmed/10575640
http://doi.org/10.1677/joe.0.1760339
http://www.ncbi.nlm.nih.gov/pubmed/12630919
http://doi.org/10.1002/mnfr.201300950
http://doi.org/10.1254/jjp.88.55
http://doi.org/10.3390/molecules22020197
http://doi.org/10.1002/jbmr.141
http://doi.org/10.3390/nu9060559
http://doi.org/10.1097/MED.0000000000000446
http://doi.org/10.1016/j.jtemb.2014.08.010
http://doi.org/10.1210/jc.2003-031673
http://doi.org/10.1016/j.nutres.2014.10.008
http://doi.org/10.1016/j.phymed.2018.03.020
http://doi.org/10.1016/j.phymed.2008.12.006
http://doi.org/10.1016/j.bone.2011.01.020
http://doi.org/10.3390/ijms19092554
http://www.ncbi.nlm.nih.gov/pubmed/30154383
http://doi.org/10.3390/molecules21010074
http://www.ncbi.nlm.nih.gov/pubmed/26760992


Nutrients 2021, 13, 2570 11 of 11

31. Boyd, S.K.; Davison, P.; Müller, R.; Gasser, J.A. Monitoring individual morphological changes over time in ovariectomized rats by
in vivo micro-computed tomography. Bone 2006, 39, 854–862. [CrossRef]

32. Feng, X.H.; Derynck, R. Specificity and versatility in tgf-beta signaling through Smads. Annu. Rev. Cell Dev. Biol. 2005, 21, 659–693.
[CrossRef]

33. Styrkarsdottir, U.; Cazier, J.-B.; Kong, A.; Rolfsson, O.; Larsen, H.; Bjarnadottir, E.; Johannsdottir, V.D.; Sigurdardottir, M.S.;
Bagger, Y.; Christiansen, C.; et al. Linkage of Osteoporosis to Chromosome 20p12 and Association to BMP2. PLoS Biol. 2004, 1,
e69. [CrossRef]

34. Chen, G.; Deng, C.; Li, Y.-P. TGF-β and BMP Signaling in Osteoblast Differentiation and Bone Formation. Int. J. Biol. Sci. 2012, 8,
272–288. [CrossRef]

35. Celil, A.B.; Hollinger, J.O.; Campbell, P.G. Osx transcriptional regulation is mediated by additional pathways to BMP2/Smad
signaling. J. Cell. Biochem. 2005, 95, 518–528. [CrossRef]

36. Nakashima, K.; Zhou, X.; Kunkel, G.; Zhang, Z.; Deng, J.M.; Behringer, R.R.; de Crombrugghe, B. The novel zinc fin-ger-containing
transcription factor osterix is required for osteoblast differentiation and bone formation. Cell 2002, 108, 17–29. [CrossRef]

37. Yamaguchi, M.; Weitzmann, M.N. Vitamin K2 stimulates osteoblastogenesis and suppresses osteoclastogenesis by sup-pressing
NF-κB activation. Int. J. Mol. Med. 2010, 27, 3–14.

38. Lacey, D.; Timms, E.; Tan, H.-L.; Kelley, M.; Dunstan, C.; Burgess, T.; Elliott, R.; Colombero, A.; Elliott, G.; Scully, S.; et al.
Osteoprotegerin Ligand Is a Cytokine that Regulates Osteoclast Differentiation and Activation. Cell 1998, 93, 165–176. [CrossRef]

39. Kawamura, N.; Kugimiya, F.; Oshima, Y.; Ohba, S.; Ikeda, T.; Saito, T.; Shinoda, Y.; Kawasaki, Y.; Ogata, N.; Hoshi, K.; et al. Akt1
in Osteoblasts and Osteoclasts Controls Bone Remodeling. PLoS ONE 2007, 2, e1058. [CrossRef]

40. Sugatani, T.; Hruska, K.A. Akt1/Akt2 and mammalian target of rapamycin/Bim play critical roles in osteoclast differen-tiation
and survival, respectively, whereas Akt is dispensable for cell survival in isolated osteoclast precursors. J. Biol. Chem. 2005, 280,
3583–3589. [CrossRef] [PubMed]

41. Xiong, J.; Cawley, K.; Piemontese, M.; Fujiwara, Y.; Zhao, H.; Goellner, J.J.; O’Brien, C.A. Soluble RANKL contributes to osteoclast
formation in adult mice but not ovariectomy-induced bone loss. Nat. Commun. 2018, 9, 1–7. [CrossRef]

42. Tan, E.M.; Li, L.; Indran, I.R.; Chew, N.; Yong, E.-L. TRAF6 Mediates Suppression of Osteoclastogenesis and Prevention of
Ovariectomy-Induced Bone Loss by a Novel Prenylflavonoid. J. Bone Miner. Res. 2017, 32, 846–860. [CrossRef]

43. Zhang, Y.; Xu, S.; Li, K.; Tan, K.; Liang, K.; Wang, J.; Shen, J.; Zou, W.; Hu, L.; Cai, D.; et al. mTORC1 Inhibits NF-κB/NFATc1
Signaling and Prevents Osteoclast Precursor Differentiation, In Vitro and In Mice. J. Bone Miner. Res. 2017, 32, 1829–1840.
[CrossRef] [PubMed]

44. Takatsuna, H.; Asagiri, M.; Kubota, T.; Oka, K.; Osada, T.; Sugiyama, C.; Saito, H.; Aoki, K.; Ohya, K.; Takayanagi, H.; et al.
Inhibition of RANKL-induced osteoclastogenesis by (-)-DHMEQ, a novel NF-kappaB inhibitor, through downregula-tion of
NFATc1. J. Bone Miner. Res. 2005, 20, 653–662. [CrossRef] [PubMed]

45. Wu, W.-J.; Gao, H.; Jin, J.-S.; Ahn, B.-Y. A comparatively study of menaquinone-7 isolated from Cheonggukjang with vitamin K1
and menaquinone-4 on osteoblastic cells differentiation and mineralization. Food Chem. Toxicol. 2019, 131, 110540. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.bone.2006.04.017
http://doi.org/10.1146/annurev.cellbio.21.022404.142018
http://doi.org/10.1371/journal.pbio.0000069
http://doi.org/10.7150/ijbs.2929
http://doi.org/10.1002/jcb.20429
http://doi.org/10.1016/S0092-8674(01)00622-5
http://doi.org/10.1016/S0092-8674(00)81569-X
http://doi.org/10.1371/journal.pone.0001058
http://doi.org/10.1074/jbc.M410480200
http://www.ncbi.nlm.nih.gov/pubmed/15545269
http://doi.org/10.1038/s41467-018-05244-y
http://doi.org/10.1002/jbmr.3031
http://doi.org/10.1002/jbmr.3172
http://www.ncbi.nlm.nih.gov/pubmed/28520214
http://doi.org/10.1359/JBMR.041213
http://www.ncbi.nlm.nih.gov/pubmed/15765185
http://doi.org/10.1016/j.fct.2019.05.048
http://www.ncbi.nlm.nih.gov/pubmed/31173816

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Protocols 
	Sample Collection 
	Serum Biochemical Indicators 
	Micro-CT Analysis 
	Hematoxylin-Eosin Staining 
	Real-Time PCR for Gene Expression Analysis 
	Statistical Analysis 

	Results 
	Effect of MK-4 on Body and Uterine Weight in Ovariectomized Mice 
	Effect of MK-4 on Bone Metabolism-Related Serum Biochemical Indicators in Ovariectomized Mice 
	Treatment of Ovariectomized C57BL/6 Mice with MK-4 Increases Bone Mass 
	Hematoxylin-Eosin Staining of Compact Bone in Ovariectomized Mice 
	Effect of MK-4 on Bone-Related Gene Expression in Ovariectomized Mice 

	Discussion 
	Conclusions 
	References

