
 

JOURNAL OF BIOLOGY ENGINEERING AND MEDICINE 
 

  

 

Available online at www.sciencerepository.org 

 

Science Repository 

 

 

 

 

 
*Correspondence to: Matthew B. Wheeler, Ph.D., Professor of Biotechnology and Developmental Biology, Department of Animal Sciences, University of Illinois, 

1207 West Gregory Drive, Urbana, Illinois 61801, USA; Tel: 2173332239; Fax: 2173338286; E-mail: mbwheele@illinois.edu 

Research Article 

The Effects of Vitamin D3, Vitamin B12, and Vitamin K on the Differentiation of 

Porcine Adipose-Derived Stem Cells (ASC) into Osteoblasts 

Bane T.A.1, Bertels J.C.1, Polkoff K.M.1, Rubessa M.1,2 and Wheeler M.B.1,2,3* 

1Department of Animal Sciences, University of Illinois, Urbana-Champaign, Urbana, Illinois, USA 
2Carl R. Woese Institute for Genomic Biology, University of Illinois, Urbana-Champaign, Urbana, Illinois, USA 
3Department of Bioengineering, University of Illinois, Urbana-Champaign, Urbana, Illinois, USA 

A R T I C L E  I N F O 

Article history: 

Received: 20 April, 2020 

Accepted: 5 May, 2020 

Published: 11 May, 2020 

Keywords:  

ASC 

differentiation 

osteogenesis 

osteocalcin 

vitamins 

regeneration 

 
A B S T R A C T 

Introduction 

 

The process of osteogenesis occurs through endochondral or 

intramembranous ossification. During the former, mesenchymal cells 

differentiate to form a cartilage matrix that will progressively become 

more bone-like after other stem cells invade the matrix and undergo 

osteogenesis. In contrast, intramembranous ossification involves 

mesenchymal stem cells (MSCs) directly differentiating into osteoblasts 

in situ [1]. Large bone defects from traumatic injury or tumor resection 

present a challenge to both the treating surgeon and to the healthcare 

system. About 10% of those injuries will require surgical intervention 

because of non-union, and these injuries will cost somewhere around 

$2.5 billion per year [2, 3]. Autologous bone graft has been the gold 

standard therapeutic method for many years, but the surgeon is limited 

by size and shape. Structural allografts provide initial stability but are 

very slow to incorporate by creeping substitution. These allografts 

sometimes fail to completely integrate and will eventually suffer fatigue 

failure. Metal implants such as rods or plates and screws would also 

suffer from eventual fatigue failure [4]. Factoring inpatient 

complications and revision surgeries to correct for fatigue failure, the 

total cost for the injuries is much higher than the initial medical 

treatment. Tissue engineering with a biological scaffold offers a viable 

solution to these problems since the scaffold can come in a variety of 

shapes and sizes. In addition, different cells can be injected into the 

scaffold to promote osteogenesis – primarily mesenchymal stem cells 

(MSC) that can differentiate into osteoblasts and other types of 

progenitor cells.  

 

MSCs can be isolated from either bone marrow (BMSC) or adipose 

tissue (ASC). There is a myriad of reasons why ASCs are more viable 

for tissue engineering therapies when compared to BMSCs; however, 

both are capable of differentiating towards osteogenic, myogenic, 

chondrogenic, and adipogenic lineages [5]. ASCs are preferable to 

BMSCs because harvesting adipose tissue for ASCs is safer and results 

in more stem cells than harvesting cells from other tissues such as muscle 

or bone marrow. Additionally, ASCs are more proliferative. As an 

example, flasks seeded with about 3,500 ASCs will reach confluency in 

the same amount of time as a flask seeded with anywhere between 

20,000 to 40,000 BMSCs. The highly proliferative nature of ASCs 

makes them ideal for both in vitro and in vivo experiments [6]. Finally, 

past work as shown that ASCs have robust mineralization within one 

week of osteogenic differentiation done in vitro [4].  

Large bone defects present a tremendous challenge to the treating surgeon. Tissue engineering using 

scaffolds of various sizes and shapes that contain stem cells and other osteoinductive molecules offer a 

potential solution to this difficult problem. The aim of this project was to evaluate if standard osteogenic 

medium infused with either vitamin D3, vitamin K, or vitamin B12 influences the differentiation of adipose-

derived stem cells (ASC) into osteoblasts. Only the 100 nM vitamin D3 treatment had a positive influence 

on ASC differentiation into osteoblasts. Moreover, we found higher levels (statistically significant) of 

osteocalcin production in all vitamin groups compared with the standard osteogenic medium. 
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To stimulate osteoblast formation from ASCs, osteoinductive factors 

have been used in conjunction with an osteoconductive matrix. The bone 

that develops from differentiated ASCs can grow through a structural 

matrix that is made of collagen. This process represents the 

osteoconductive aspect of tissue engineering therapy. Osteoinductive 

factors include various vitamins and minerals that aid in stem cell 

differentiation independent of a scaffold [7]. The literature indicates that 

certain vitamins, such as D3, B12, and K have osteoinductive effects. 

Vitamin D3 (cholecalciferol) is a fat-soluble secosteroid that increases 

intestinal absorption of calcium, iron, magnesium, phosphate, and zinc. 

Vitamin D3 deficiencies can lead to overt rickets in children, 

osteoporosis from increased calcium reabsorption, and muscle weakness 

for adults with osteomalacia [8]. In typical bone formation, osteoblasts 

secrete a collagen matrix that provides structural support in which the 

bone can mature. Without cholecalciferol, the collagen matrix has a 

mineralization defect. This means that the matrix does not provide the 

necessary structural support for osteogenesis [9, 10]. Vitamin B12 

(cobalamin) is a water-soluble vitamin that acts as a coenzyme in energy-

producing metabolic pathways, in addition to preserving nervous system 

functions [11].  

 

The literature remains unclear as to whether cobalamin provides either a 

positive effect on osteoblast proliferation or has no effect [12]. It has 

been shown that B12 deficiency stimulates osteoclastogenesis in vitro 

through an indirect pathway involving increased levels of 

methylmalonic acid and homocysteine [13]. Vitamin K is a fat-soluble 

vitamin required for completing the synthesis of certain proteins 

necessary for osteogenesis, such as osteocalcin. Once vitamin K 

modifies those proteins, they are capable of binding calcium ions. 

Vitamin K has been shown to decrease fracture rates and osteoporosis 

incidence, thus improving bone health [14]. In addition, vitamin K and 

vitamin D3 have been shown to work synergistically to improve bone 

density [15, 16]. Large animal models, such as swine, traditionally have 

been used in the development or improvement of therapeutic protocols. 

Swine models have similar structure and physiology in comparison to 

humans, and they are a plentiful source of MSCs. Thus, the osteoblast 

formation from pig derived ASCs under certain conditions can be used 

as an indication of human ASC behavior under similar conditions [17, 

18]. 

 

When grown in culture with osteogenic differentiation media, ASCs 

differentiate into osteoblasts that are characterized by calcium deposits 

and bone matrix markers [19]. The aim of our study was to determine if 

exposure to increased levels of vitamin D3, vitamin B12, or vitamin K 

can affect the formation of osteogenic nodules in ASC cultures, as 

measured using Alizarin red staining and pig osteocalcin ELISA assay. 

 

Materials and Methods 

 

I Experimental Design 

 

To study vitamin D3, adipose-derived stem cells were plated at a 

concentration of 50,000 cells/mL, and then subjected to 5 treatments of 

vitamin D3; 1000 nM, 500 nM, 100 nM, 50 nM, 10 nM; a positive 

standard osteogenic medium control; and a negative DMEM control. 

The experiment lasted for four weeks, with media being changed twice 

a week to maintain cell nourishment and development. Finally, the cells 

were stained with alizarin red. These stains allowed us to determine 

whether any concentration of vitamin D3 affected the differentiation of 

osteoblasts. A total of 9 distinct replicates (cell line from three pigs were 

used and grown in triplicate) were grown and stained. This same 

procedure was repeated for vitamin K and vitamin B12. Adipose-derived 

stem cells in the vitamin K experiment were subjected to 5 treatments of 

vitamin K: 1000 nM, 500 nM, 100 nM, 50 nM, and 10 nM. Adipose 

derived stem cells in the vitamin B12 experiment were subjected to 6 

treatments of vitamin B12: 20 µM, 10 µM, 2 µM, 1 µM, 0.2 µM, and 0.1 

µM.  

 

The second part of the experiment was aimed at determining the quality 

of the osteoblasts produced in the most promising treatments from each 

vitamin. The spent medium was saved after the fourth week of the 

experiment and analyzed with a pig osteocalcin ELISA kit. Using this 

kit, we were able to determine the osteocalcin concentration in the 

experimental medium compared to the concentration in the standard 

osteogenic medium, which would determine the quality of the 

osteoblasts. In total, 5 samples from each vitamin were run in triplicate 

on the ELISA kit to determine osteocalcin concentrations.  

 

II ADSC Isolation and Culture in Vitro 

 

Subcutaneous back fat and bone marrow were acquired from 3 castrated 

Yorkshire crossbred male pigs, at approximately 6 months of age, under 

protocols approved by the University of Illinois Institutional Animal 

Care and Use Committee (IACUC). Pigs were euthanized at the 

University of Illinois Meat Science Laboratory abattoir. The skin 

overlying the loin area was shaved to remove the hair and scrubbed three 

times using Betadine® solution (Povidoneiodine, 10% - Purdue Products 

L.P., Cranbury, NJ), and three times with 70% ethanol (Aaper Alcohol 

and Chemical Co. Shelbyville, KY) to avoid contamination of the 

sample. A square of subcutaneous back fat (~ 100 cm2) was then excised 

from the sanitized area from each pig, placed in a sterile plastic bag, 

transported to the laboratory on ice and placed at 4ºC until cell harvest 

(< 1 hr). The subcutaneous fat was dissected from the skin with a sterile 

scalpel. All the surfaces of the fat, which were originally exposed at 

tissue harvest, were also trimmed off with a sterile scalpel blade so that 

only sterile fat was processed for cell isolation. Strips of sterile fat were 

washed twice in Dulbecco’s Phosphate Buffer Saline (DPBS, Sigma 

Aldrich D5773, St. Louis, MO) containing 1% Penicillin G-

Streptomycin (Sigma P3539) and 5.0 mg/L of Amphotericin B (Sigma 

A9528). After washing, tissue was minced with scalpel blades and then 

digested with 0.075% collagenase type I-A (Sigma C2674) in DPBS, in 

a 50 mL conical tube (Corning, NY) (v/v - tissue/collagenase), in the 

incubator at 37°C for 90 min. The conical tubes, containing fat and 

collagenase, were vigorously shaken every 10 to 15 min to ensure 

uniform digestion. After digestion, tubes were centrifuged at 200 x g for 

10 min at room temperature. The buoyant cell fraction and supernatant 

were discarded, and 2 mL of red blood cell lysis buffer (Sigma R7757) 

was added to the pellet and gently mixed for 2 min. Subsequently, 20 

mL of DPBS was added to the tubes and were centrifuged at 200 x g for 

5 min at room temperature, to obtain a cell pellet that was then 

resuspended in the culture medium.  

 

The culture medium used was high glucose Dulbecco’s Modified 

Eagle’s Medium (DMEM, Sigma D5648), supplemented with 10% Fetal 
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Bovine Serum (FBS, BenchMark™, Gemini Bio –Products, West 

Sacramento, CA), plus 1% Penicillin G-Streptomycin and 5.0 mg/L of 

Amphotericin B. Cells were counted using a hemocytometer, plated in 

75 cm2 Corning cell culture flasks at 7.5 x 105 cells in 15 mL of culture 

medium, and incubated at 39°C and 5% CO2 in 100% humidified air. 

The medium was changed every other day until the initial cell culture 

passage. Passage 0 cells reached confluence at approximately day 10 of 

culture. In order to keep the cells at a sufficiently low density to stimulate 

further growth, the initial cell cultures were washed using DPBS and 

harvested by digestion with 0.25% Trypsin (Sigma T4799) - 0.04% 

EDTA (Sigma E6753) for 3 min. Trypsin was then inactivated by adding 

an equivalent volume of culture medium, and the cells were centrifuged 

at 200 x g for 5 min at room temperature. Cells were resuspended in 

culture medium for plating in 75 cm2 cell culture flasks at a density of 

approximately 7.5 x 105 cells/75 cm2. These passage 1 cells were 80% 

confluent after 4 days. Cells were trypsinized, as described above, and 

frozen at 3 x 106 cells per 1.2 mL in cryogenic vials (Nalgene® Labware, 

Rochester, NY). Freezing medium consisted of 75% DMEM 

supplemented with 15% FBS and 10% dimethyl sulfoxide (DMSO, 

Sigma D2650). Vials were placed in Nalgene Cryo 1ºC Freezing 

containers (Nalgene® Labware) and placed in a -80ºC freezer. On the 

following day, cells were transferred to liquid nitrogen and stored until 

further use.  

 

The base of the osteogenic medium used was made with 100 mL of high 

glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma D5648), 

100 µL of Ascorbic acid-2-phosphate (AA2P)(Sigma 43752) at a 

concentration of 50 µg/mL, 1 mL of Beta Glycerophospate (10mM), and 

10µL of Dexamethasone (100 nM). Once the media was complete, zinc 

sulfate heptahydrate (ZnSO4. 7H2O) was added to give 6 concentrations: 

8mM, 4mM, 0.8mM, 0.4mM, 0.08mM, and 0.04mM. These 6 

treatments, along with a negative DMEM control and a positive standard 

osteogenic control, were plated at a concentration of 5*105 cells/mL of 

respective medium and changed twice a week for a four-week period. 

 

III Alizarin Red S Staining 

 

Alizarin Red S staining is a widely used technique that evaluates the 

presence of calcium-rich deposits formed by cells in culture. It is 

especially useful because the dye can be extracted from the stained 

monolayer and assayed [20]. At the end of the four-week period, cells 

were washed with Dulbecco’s Phosphate Buffer Saline (DPBS, Sigma 

Aldrich D5773, St. Louis, MO) containing 1% Penicillin G-

Streptomycin (Sigma P3539) and 5.0 mg/L of Amphotericin B (Sigma 

A9528), then exposed to 10% buffered formalin for 30 minutes to fix the 

cells. Once fixed, cells were washed with Nanopure autoclaved H2O (dd 

H2O), and then stained with a 2% Alizarin Red S stain, pH 4.5, to stain 

calcium producers. After 45 minutes, Alizarin Red S stain was removed, 

and stains were washed four times with ddH2O, then stored in DPBS. 

Nodules that were stained red were counted and evaluated on an 

Olympus inverted cell culture microscope, and images were acquired 

using a Zeiss camera and running Zen Software (Zeiss, Germany). Data 

were analyzed by analysis of variance using the Generalized Linear 

Model (GLM) procedure (SPSS 24 - IBM). Bonferroni's post hoc test 

was used to perform multiple statistical comparisons. The alpha level 

was set at 0.05. 

 

IV Porcine Osteocalcin ELISA 

 

ELISA for porcine osteocalcin (Catalog No. LS-F5374) was performed 

using a porcine osteocalcin sandwich ELISA Kit (LifeSpan BioSciences 

Inc, LS-F5374) according to the protocol provided by LifeSpan 

BioSciences, Inc. A Lyophilized Standard was diluted in a one-half 

manner and added to the first two lanes of the supplied 96-well Strip 

plate, pre-coated with target specific capture antibodies. Thawed cell 

culture supernatants were centrifuged and added into the plate, then 

incubated at 37ºC for 1 hour. Samples were aspirated off, then followed 

by a biotinylated detection antibody (diluted at a ratio of 1:100), 

followed by hour incubation at 37ºC. This antibody was aspirated, and 

the plate was washed with a 1X wash buffer 3 times before an Avidin-

Horseradish Peroxidase (diluted at a ratio of 1:100) was added to the 

wells and incubated for 30 minutes at 37ºC. This was aspirated, and the 

plate was washed 5 times with the 1X buffer, after which a TMB 

substrate was added to react with the HRP enzyme and bring color 

development. Once color development reached its peak point, sulfuric 

acid was added to stop color development, and the plate was analyzed 

under a plate reader set to 450nm. All recorded parameters were 

subjected to a Student’s t-test. The alpha level was set at 0.05.  

 

Results 

 

I In Vitro Alizarin Red S and von Kossa Stain 

 

Using methods as dictated by Monaco and colleagues we were able to 

separate nodules into one of two groups: formed and forming nodules 

[19, 21, 22]. The results for Vitamin D3 indicate that only the 100 nM 

treatment had a positive effect on differentiation (Table 1). The other 

vitamin D3 treatments formed nodules, but there was no statistically 

significant difference in the number of nodules compared to the standard 

osteogenic control. When we evaluated the vitamin B12 treatments, we 

did not find any statistically significant difference between the control 

and the experimental groups. Furthermore, the 20 µM treatment yielded 

a significantly lower number of nodules than the standard osteogenic 

control (Table 2). Similarly, vitamin K, in all its concentrations, did not 

show statistically significant difference; none of the vitamin K 

treatments had a positive effect on differentiation. Additionally, the 1000 

nM K treatment yielded significantly less nodules than the standard 

osteogenic control (Table 3). 

 

Table 1: Number of formed and forming nodules observed per vitamin 

D3 treatment. 

Treatment Formed 

Nodule 

Forming 

Nodule 

Total 

Nodules 

1000 nM 2.2 (1.5)A 1.7 (0.5)A 3.8 (1.3)A 

500 nM 3.3 (3.4)A 2.2 (1.6)A 5.5 (4.8)A 

100 nM 5.2 (2.6)B 2.5 (2.3)A 7.7 (4.2)B 

50 nM 2.3 (1.2)A 2.5 (1.6)A 4.8 (1.7)A 

10 nM 1.3 (1.5)A 1.3 (1.8)A 2.7 (3.1)A 

DMEM 0C 0.3 (0.5)C 0.3 (0.5)C 

Osteogenic Media 2.3 (2.1)A 1.8 (1.5)A 4.2 (2.1)A 

ABLeast square means (±SD) within each column without common 

superscripts differ significantly (p<0.05). 
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Table 2: Number of formed and forming nodules observed per vitamin 

B12 treatment. 

Treatment Formed 

Nodule 

Forming 

Nodule 

Total 

Nodules 

20 µM 0A 1.2 (1.5)AB 1.2 (1.5)A 

10 µM 2.8 (1.7)B 2.2 (1.5)AB 5.0 (3.0)B 

2 µM 2.3 (0.8)B 1.5 (0.8)AB 3.8 (1.2)B 

1 µM 2.8 (1.5)B 2.0 (1.8)AB 4.8 (2.5)B 

0.2 µM 1.7 (1.6)B 1.2 (1.0)AB 2.8 (2.2)AB 

0.1 µM 2.5 (3.2)B 2.7 (3.0)B 5.2 (6.1)B 

DMEM 0A 0.3 (0.5)A 0.3 (0.5)A 

Osteogenic Media 2.3 (2.1)B 1.8 (1.5)AB 4.2 (2.1)B 
ABLeast square means (±SD) within each column without common 

superscripts differ significantly (p<0.05). 

 

Table 3: Number of formed and forming nodules observed per vitamin 

K treatment. 

Treatment Formed 

Nodule 

Forming 

Nodule 

Total 

Nodules 

1000 nM 0.7 (1.6)bc 0.2 (0.4)aA 0.8 (2.0)A 

500 nM 3.2 (1.2)B 1.7 (1.6)bB 4.8 (1.6)aB 

100 nM 3.0 (1.9)B 1.5 (1.2)bB 4.5 (2.9)aB 

50 nM 2.5 (2.8)aBC 2.0 (2.3)bB 4.5 (4.8)aB 

10 nM 1.5 (2.7)AB 0.8 (1.2)aA 2.3 (2.5)bB 

DMEM 0A 0.3 (0.5)aA 0.3 (0.5)aA 

Osteogenic Media 2.3 (2.1)aB 1.8 (1.5)B 4.2 (2.1)B 
ABLeast square means (±SD) within each column without common 

superscripts differ significantly (p<0.01). 
abcLeast square means (±SD) within each column without common 

superscripts differ significantly (p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Mean osteocalcin concentration in media containing 100 nM 

D3, 10 µM B12, and 500 nM K, respectively. The concentration is 

expressed in ng/ml. 
ABLeast square means (±SD) within each column without common 

superscripts differ significantly (p<0.01). 

 

II ELISA Measurement of Osteocalcin Expression 

 

Osteocalcin levels were assayed from samples corresponding to the most 

promising concentrations from each vitamin: 100 nM D3, 10 µM B12, 

and 500 nM K (Figure 1). Least Significant Difference (LSD) analysis 

demonstrated that cultures incubated in each vitamin produced 

significantly more osteocalcin compared to those in osteogenic media 

alone (p <.01). However, the cultures incubated in the vitamin treatments 

did not produce significantly different amounts of osteocalcin when 

compared to each other (p >.01). These findings suggest that there is a 

difference in the quality of nodules formed in the experimental groups 

compared to those in the osteogenic medium without any added 

vitamins. 

 

Discussion 

 

Changing a medium’s chemical composition can alter cellular activity. 

This change can involve either altering levels of preexisting media 

components or adding a new component. At the same time, the effect of 

micronutrients like vitamins is not well known [23]. This study focuses 

on the latter in the hopes that adding a new component will enhance the 

osteogenic differentiation of ASCs. The first step of this study was to 

find the therapeutically relevant range of concentrations for vitamin D3, 

vitamin K, and vitamin B12. The second step was to evaluate the effect 

of vitamin supplementation on osteogenic differentiation of ASC. The 

importance of all three vitamins for human physiology is well 

established in the literature. Specifically, vitamin D3 enhances intestinal 

absorption of calcium, phosphate, and other minerals that will aid in 

bone development vitamin K is required to synthesize osteocalcin, an 

important protein necessary for proper bone health and vitamin B12 

deficiencies lead to increased osteoclastogenesis and therefore poor bone 

density [9, 10, 13, 14].  

 

In this study, we showed the positive influence of vitamin D3 

supplementation on stem cell differentiation: there was an increase in the 

formation of osteogenic nodules in differentiating ASC cultures under 

the 100 nM D3 treatment (7.7 vs. 4.2 D3 and standard osteogenic 

medium, respectively). These results parallel findings where dental bud 

stem cells (DBSCs) were cultured with 10 nM 1α,25-Dihydroxyvitamin 

D3 (1,25(OH)2D3) [24]. Posa and coworkers demonstrated the positive 

effect of supplementing the osteogenic medium with vitamin D3 on 

osteogenesis of DBSC cultures. In parallel, when we evaluated the effect 

of vitamin B12, we did not find a concentration that produced nodules 

that was significantly higher compared with the control. In the literature, 

there are few reports regarding the effect of vitamin B12 on stem cells. 

In 2006, there was one report that showed a positive effect of vitamin 

B12 when cultured with embryonic stem cells [25]. Our results showed 

the detrimental effect of vitamin B12 at concentrations above 10 µM; 

however, below10 µM, nodule formation was similar to the control. 

Finally, vitamin K is known to have an active role in bone formation and 

osteoblast metabolism [26]. However, our results do not show an 

increase in the number of nodules compared with the osteogenic base 

medium. Instead, a detrimental effect was noted at the concentration of 

1000 nM. The results summarized show that only vitamin D3 increased 

the number of nodules formed. However, when we went on to evaluate 

the quality of the osteoblasts, we found positive effects of the vitamins 

in the three experimental groups showing a statistically significant 

increase (p<0.01) in the amount of osteocalcin produced.  

 

Conclusion 

 

We have demonstrated that supplementing standard ASC osteogenesis-

promoting media with 100 nM vitamin D3 has a positive effect on the 

differentiation of porcine ASCs into osteoblasts We have also shown that 
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supplementation with 1000 nM vitamin K has a negative effect on 

porcine ASC during the differentiation into osteoblasts, whereas the 

other concentrations had no effect. Similarly, supplementation with 20 

µM vitamin B12 has a negative effect on porcine ASC differentiation 

into osteoblasts, whereas the other concentrations had no effect. The 

concentration of osteocalcin in the 10 µM vitamin B12 and 500 nM 

vitamin K groups, respectively, was larger relative to that in the 

osteogenic medium.  
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