
ABSTRACT 

LI, YIHANG. Role of Neonatal Dietary Ca in Bone Development and Characteristics of 

Porcine Mesenchymal Stem Cells. (Under the direction of Chad H. Stahl.) 

Optimizing Ca nutrition in order to maximize bone mineral accretion during growth, to 

prevent fragility fractures later in life, has spurned greater interest in the role of Ca nutrition 

to the neonate. Due to incomplete intestinal development, neonates lack vitamin D mediated 

uptake of dietary Ca and are able to achieve greater dietary Ca absorption than adults.  The 

lifetime supply of bone forming cells are provided by the activity of mesenchymal stem cells 

(MSC).  While MSC provide osteoblasts throughout life, they possess the greatest 

proliferation and differentiation potential during the neonatal period.  The objective of the 

following experiments was to understand the potential of neonatal dietary Ca nutrition to 

impact the developmental programming of bone via alterations in MSC behavior. 

In the first experiment, 24 piglets (24 ± 6 h of age) were fed diets for 14 d to assess the 

impact of dietary Ca from deficiency through excess (0.6, 0.9, and 1.3% Ca on a DM basis) 

on neonatal bone growth and the behavior of MSC.  Excess dietary Ca did not affect body 

growth rate, but increased (P < 0.05) bone mineral content and urinary Ca excretion 

compared to the Ca adequate group.  Circulating PTH was decreased (P < 0.05) with 

increasing dietary Ca.  In vivo proliferation of MSC was the greatest (P < 0.05) among pigs 

fed excess Ca.  Dietary Ca deficiency resulted in MSC that were less osteogenic and more 

adipocytic.  Cells from both Ca adequate and Ca excess fed pigs had greater (P < 0.05) gene 

expression of osteocalcin (OC) during osteogenic induction.  Interestingly, MSC from both 

Ca deficient and Ca excess fed pigs had greater (P < 0.05) gene expression of AP2 and LPL 

during adipocytic differentiation than those from Ca adequate pigs. We demonstrated that 

neonatal dietary Ca effects bone mineralization and alters the behavior of MSC in neonatal 

pigs. 

In Experiment 1, we were surprised that the improved bone mineralization seen among pigs 

fed the Ca excess diet was coupled with greater adipogenic potential of MSC. To further 

evaluate the characteristics of the MSC obtained in Experiment 1, clonal analysis was 

conducted in Experiment 2. The most and least osteogenic (O+/O-) and adipogenic (A+/A-) 

colonies from each MSC isolation were selected based on functional staining.  Proliferation 



and differentiation activity of these individual colonies were then determined. The in vitro 

proliferation rates of O+ and A- colonies were the lowest (P < 0.05) among colonies obtained 

from the Ca deficient group. Among O+ and O- colonies, OC mRNA was decreased (P < 

0.05) during osteogenic differentiation in colonies from the Ca deficient group compared 

with Ca adequate group. The A+ colonies from both Ca deficient and excess groups had 

decreased (P < 0.05) RUNX2 gene expression.  The gene expression of PPARG, AP2, and 

LPL were increased (P < 0.05) during adipogenic induction of O- colonies from the Ca 

excess group compared to those from Ca-deficient and Ca-adequate groups. These data 

suggest that neonatal Ca deficiency reduces the osteogenic priming of MSC while 

concomitantly enlarging the sub-population of potentially adipogenic cells; and neonatal 

dietary Ca supplementation above what is considered required allows for greater 

multipotency of MSC. These alterations of MSC behavior could have long term 

consequences for bone health.   

Because we had identified colonies within our heterologous MSC isolations that had 

dramatically different differentiation potentials, our objective in Experiment 3 was to identify 

a genetic signature of these potentials.  In this experiment, individual colonies isolated in 

Experiment 2 were ranked based on their expression of osteogenic and adipocytic genes 

during appropriate induction conditions. Five replicates of colonies for each O+A+, O-A+, 

O+A-, and O-A- classification were selected. Total RNA was obtained from these 20 

colonies while they were actively proliferating and when they reached confluence.  Global 

gene and miRNA expression was determined using the ion-proton platform.  

From these experiments, we conclude that neonatal dietary Ca interventions impact both 

bone mineral deposition and the activity of MSC within the bone marrow.  While the 

importance of avoiding dietary Ca deficiency is intuitive, understanding the potential of 

dietary Ca excess to impact the developmental programming of bone in the neonates via 

alterations in MSC behavior could alter how we think about the nutritional requirements of 

neonates. 
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CHAPTER I: LITERATURE REVIEW 
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Introduction 

Nutritional events in early life may have long term consequences for life time health. The 

Barker Hypothesis states that inadequate nutrition in utero or intrauterine growth restriction 

(IUGR) “programs” the fetus to have metabolic characteristics that can lead to future disease, 

such as cardiovascular problems and diabetes (Barker et al., 1993). This concept spurned a 

great deal of research into examining the role of early life nutrition and later life health 

outcomes (Frankel et al., 1996; Leon et al., 1998; Huxley et al., 2000). One later life disease 

that has been strongly linked to early life development is osteoporosis (Javaid and Cooper, 

2002). The clear importance of maximizing bone mineral accretion during growth in order to 

reduce the risk of later life fractures, has led many to discuss osteoporosis as a pediatric 

disease with an elderly onset (Cooper et al., 2006). Both IUGR and slow neonatal growth 

have been associated with increased risk of osteoporosis (Cooper et al., 2001; Javaid et al., 

2005). Dietary Ca enrichment, above what is considered adequate, during early growth and 

development improves bone integrity (Heaney and Weaver, 2005), particularly among 

premature or small for gestational age infants (Lapillonne et al., 2004). If the Barker 

hypothesis holds true for bone health, the mechanism by which neonatal Ca nutrition impacts 

lifetime bone health may be mediated through mesenchymal stem cells (MSC). Bone-marrow 

derived MSC give rise to the pool of osteoprogenitor cells, but may also differentiate into 

multiple other lineages. The differentiation potential of MSC is tightly regulated by the 

alteration of physiological environment, such as aging or nutritional intervention (Stenderup 

et al., 2003). The potential of dietary Ca to impact the developmental programming of bone 

could be achieved via alterations in MSC behavior. Few studies have focused on the 

programming effect of mineral nutrition on MSC. Neonatal macromineral deficiencies 

reduce bone integrity and the in vivo proliferation rate of MSC (Alexander et al., 2010; 

Mahajan et al., 2011).  Additionally, MSC isolated from Ca deficient neonatal pigs can more 

readily adopt an adipocytic lineage (Mahajan et al., 2011).  If there is a true programming of 

MSC by neonatal nutrition, it likely involves many signaling pathways that require tightly 

coordinated and complex regulation.  This chapter summarizes the literature relevant to the 
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effects of calcium nutrition on bone parameters as well as the characterization and regulation 

of MSC. 

Early life nutrition and bone health 

Environmental influences during childhood and puberty have been shown to influence bone 

mineral accrual, but the relatively rapid rate of mineral gain during intrauterine and early 

postnatal life, coupled with the plasticity of skeletal development in utero, offers the 

possibility of profound interactions between the genome and environment at this stage of life. 

Sufficient calcium nutrition in childhood has persisting improvements (2-3 years) on the 

bone growth in girls (Barr et al., 2001; Bonjour et al., 1997; Bonjour et al., 2001).  Kalwarf 

(2003) found that greater milk intake (which highly correlates with greater Ca intake) during 

women’s childhood was associated with greater BMC in adulthood (age 20-49), and lower 

risk of osteoporotic fracture after 50 years of age. Several studies have also suggested that 

peak bone mass achieved in early adulthood is correlated to the bone mass accumulated in 

early post-natal period (Fewtrell et al., 1999, Heaney et al., 2000). Additionally, IUGR and 

slow growth rates through infancy and early childhood are associated with elevated risk of 

bone fractures later in life (Cooper et al., 2001). 

Growth responses are more sensitive to nutrition and changes in endocrine profile during 

early life compared to adulthood (McCance and Widdowson, 1962). Based on increasing 

evidence linking peak bone mineral accretion during growth and development, and the risk of 

fragility fractures in later life, osteoporosis can be viewed as a developmental disease with an 

elderly onset. Thus, understanding the role of neonatal nutrition in bone growth and 

development is important because finding new strategies to maximize the accretion of bone 

during growth may help improve long term bone health outcomes. 

Dietary calcium 

Calcium is the most abundant mineral in the human body, and is required for intracellular 

metabolism, cell signaling and musculoskeletal function. Intracellular calcium is important 

for various cellular functions, such as regulating gene expression and signal transduction 
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pathways, while extracellular Ca supports the normal function of muscle and nervous tissue, 

and development and maintenance of bones and teeth. Ninety-nine percent of total body Ca 

is found in the bone and the remaining 1% is freely exchangeable within the extracellular 

fluids. Intracellular Ca is tightly regulated at several steps: entrance is controlled by Ca 

transport channels; intracellular levels are mediated by Calbindin-9k (Choi and Jeung, 2008); 

and expulsion is conducted by plasma membrane Ca ATPase (Wasserman, 1997). The 

plasma levels of ionized Ca are sensed by calcium-sensing receptors (CaR), which are 

distributed in the parathyroid glands, kidney, and other tissues, and are tightly regulated by 

the responding actions of hormones in order to maintain Ca homeostasis (Quarles, 2003).  

Three hormones, parathyroid hormone (PTH), 1,25(OH)2 vitamin D, and calcitonin, act in 

concert to maintain serum Ca concentration at a nearly constant level. These hormones direct 

absorption in the small intestine, renal reabsorption, Ca excretion, and release from the bone 

due to resorption (Bass and Chan, 2006).  

Parathyroid hormone 

PTH is a polypeptide consisting of 84 amino acids which acts as an endocrine regulator of Ca 

and P homeostasis. When sera Ca concentrations drop, PTH is secreted by the parathyroid 

gland in response to activated CaR in the parathyroid (Nemeth, 1990). Bone, kidney, and 

small intestine are the primary target organs of PTH.  In bone, PTH stimulates osteoblasts to 

release factors (osteoprotegerin, OPG) that increase osteoclast number and activity resulting 

in increased bone resorption (Fuller, 1998). Increased bone resorption releases Ca and 

phosphate into circulation. In the kidney, PTH increases Ca resorption from distal tubules 

and the thick ascending limb, and decreases phosphate resorption from the proximal tubule 

causing increased phosphaturia. Increased circulating PTH also up-regulates 1-α-hydroxylase 

activity in kidney which converts vitamin D to its active form (1,25(OH)2D3). This activated 

form of vitamin D increases the absorption of calcium in the intestine via calbindin. The 

overall result of PTH secretion is the increased serum Ca and decreased serum phosphate 

concentration. 
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Vitamin D 

Vitamin D plays an important role in affecting Ca homeostasis by regulating intestinal Ca 

absorption and activating PTH effect on bone and intestine. As a steroid, vitamin D regulates 

gene expression by binding to the retinoid-X receptor (RXR) in the intestinal epithelial cells, 

which increases the synthesis of Ca binding proteins (calbindin-9k) (Choi and Jeung, 2008). 

Increased levels of calbindin-9k facilitate intracellular Ca transport leading to increased Ca 

absorption (Fig. 1). This mechanism assists in adapting to a low Ca diet and preventing Ca 

deficiency. Limiting the efficiency of Ca binding to calbindin has been shown to decrease 

intracellular Ca transport and absorption (Favus and Tembe, 1992). Increased concentrations 

of 1,25(OH)2D3 also stimulate rapid increase in Ca transport through a non-genomic pathway 

also termed as transcaltachia. This is primarily mediated by activation of voltage-gated Ca 

channels or activation of protein kinase A or protein kinase C (Nemere et al., 2004). 

However, in the newborn, the majority of Ca absorption occurs via passive transport 

occurring mainly in the small intestine (ileum> jejunum). Passive Ca transport is the 

paracellular diffusion of Ca down a chemical gradient. The transcellular vitamin D-

dependent active transport of Ca is not expressed in the infant (Bronner et al., 1992; Halloran 

and DeLuca, 1981). A study in neonatal rats indicates that non-vitamin D-dependent Ca 

absorption exists in duodenum via a pinocytosis-like nonsaturable transport (Pansu et al., 

1983). Moreover, it has been suggested that vitamin D-independent mechanisms for active 

intestinal Ca2+ absorption exist during early postnatal life in pigs (Schröder et al., 1993).  
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Figure 1. Ca intestinal vitamin D dependent transcellular absorption and paracellular absorption 

 

 

Calcitonin 

Calcitonin (CT) is a 32-amino acid peptide that is synthesized and secreted by the 

parafollicular cells of the thyroid gland. The level of circulating CT is regulated by ionized 

calcium. Increased ionized Ca in circulation results in increases in CT, while low calcium 

concentrations inhibits CT secretion (Deftos, 1993). The precise biological role of CT in the 

overall regulation of calcium homeostasis is uncertain. CT directly inhibits osteoclastic bone 

resorption (Friedman et al., 1968), and the effect is rapid, occurring within minutes of 

administration. Cultures of calvaria from 6-day-old mice show a significant inhibition of 

calcium release within 30 min of the addition of CT to the medium (Reynolds and Dingle, 

1968). These effects are transient and likely are unimportant in chronic calcium homeostasis, 

although they may be important in short-term control of calcium loads. The Ca regulating 

effects of CT are more important during certain life stages. CT may be an important "fetal 

hormone" and increased CT concentrations may relate to the pathogenesis of neonatal 

hypocalcemia (Dincsoy et al., 1982). Because the hypocalcemic effect of the hormone 

depends on suppression of bone resorption, it is not surprising that young actively-growing 

animals with rapid bone turnover are far more sensitive to the hormone than adults (Care and 
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Duncan, 1967). The effect of age on the CT response is striking; while the effect of age on 

the corresponding PTH response is small (Messer, 1974).  

Bone Development 

Embryonic and fetal bone formation include two essential processes, intramembranous 

ossification and endochondral ossification. Intramembranous ossification initiates with 

mesenchymal cells which condense together and differentiate into osteoblasts. Osteoblasts 

transform into osteocytes by mineralization, and line up on the surface of membranes to 

eventually form calvaria. The endochondral ossification that forms all bones other than 

calvaria requires cartilage scaffolds, which are formed from mesenchymal progenitors. The 

proliferation of chondrocytes near the ends of the cartilage scaffolds increases the 

longitudinal growth. The chondrocytes in the centers of cartilage moulds undergo 

hypertrophic differentiation and an apoptotic process, leaving behind a scaffold which is 

invaded by blood vessels for further bone formation. Osteoblasts, which are derived from 

mesenchymal progenitors, around the vascular invasion area, lay down bone matrix on the 

surfaces of cartilage to form bone struts or trabeculae (Karsenty and Wagner, 2002). 

Osteoclast precursors derived from hematopoietic stem cells are recruited from blood in the 

invading blood vessels near the newly formed trabeculae. These precursors then fuse with 

themselves to form multinucleated osteoclasts, which resorb most of the newly formed 

trabeculae (Kondo et al., 2004). Osteoblasts lay down new bone on the remaining trabeculae, 

and most of this new bone is subsequently resorbed by remodeling process in order to make 

space for the medullary cavity. This process is regulated by Runx2, the master transcription 

factor expressed by osteoblast precursor cells (Lian and Stein, 2003; Karsenty, 2000). 

Signaling via BMP2 is also involved in regulating chondrocyte differentiation as well as the 

formation of bone during endochondral ossification (Drissi et al., 2003). 

Bone modeling is the dominant process of bone development, in which longitudinal and 

radial growth occurs in childhood and adolescence. During the modeling process, bones 

change their overall shape by the gradual adjustment of the skeleton in response to endocrine 

signals or mechanical forces. Bones may widen by removal or addition of bone to the 
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appropriate surfaces by independent action of osteoblasts and osteoclasts. Bone remodeling is 

a lifelong process by which bone is renewed to maintain bone strength and mineral 

homeostasis. Postnatal bone growth continues the expansion of the skeletal developmental 

process. At the same time, the bone remodeling process becomes active at this stage. The 

remodeling process resorbs old bone and forms new bone to prevent accumulation of bone 

micro-damage. The failure of the formative phase of bone remodeling to keep up with the 

resorptive phase in the later decades of life can lead to reduced skeletal strength and 

increased risk of fracture. Remodeling is conducted by a tightly coupled group of osteoblasts 

and osteoclasts called the basic multicellular units (BMU) that sequentially carry out 

resorption of old bone and formation of new bone. The life span of a single BMU is 6-7 

months and approximately 10% of the adult skeleton is remodeled every year (Litwack, 

2002). BMU seem to be mostly randomly distributed throughout the skeleton but may be 

triggered by micro-crack formation or osteocyte apoptosis. 

The rate of bone development as a percentage of body mass is the highest during childhood 

due to increased bone formation. During infancy, average whole body bone mineral content 

and total body mineral density increase by 389% and 157% respectively (Koo et al., 1998). 

About 90% of the total adult bone mass is accrued by age 20, and a significant proportion of 

this is achieved during puberty alone (Cashman, 2002). In the early life, the precursors of 

osteoblasts are at their peak number and activity, and they undergo an accelerated senescence 

and reduced life span with aging (Stenderup et al., 2003). 

Bone integrity 

Bone integrity describes the ability of bone to resist fracture.  This trait depends on the 

quantity and the quality of the bone, and its architecture. Quantity of bone is determined by 

the amount of bone mineral present (often determined as bone mineral content (BMC) or 

bone mineral density (BMD)), while quality of bone depends on the organization and 

elasticity of the matrix proteins in bone as well as the microarchitecture of the bone 

(trabeculae thickness and number, and crosslinking). Dietary Ca and P play a critical role for 

bone development and maintenance, and comprise approximately 80% of the bone mineral 
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content. In growing pigs, bone mineral content is highly correlated with bone strength 

(Crenshaw, 1986). The quality of the bony tissue also impacts its integrity. The process of 

bone remodeling allows for the repair of microcracks in the bone mineral as well as allowing 

the replacement and repair of the protein matrix (Seeman, 2006). In summary, it is not only 

the quantity of bone but also its intrinsic properties and cancellous architecture that all play 

important roles in its ability to resist fracture (Bourrin et al., 2002). 

Mesenchymal stem cells 

Stem cells are cells which possess both the capacity of self-renewal and ability to 

differentiate into at least one mature cell type. Furthermore, the term “stem cell” is used to 

refer to a range of cells from those with genuine toti-potency (i.e. embryonic stem cells) to 

those with restricted lineage specificity, referred to as adult stem cells (i.e. mesenchymal 

stem cells). Mesenchymal stem cells (MSC) are adult stem cells, named for their ability to 

differentiate into multiple mesenchymal lineages, including osteogenic, chondrogenic, 

adipogenic, myogenic, and neurogenic lineages (Chamberlain et al., 2007). MSCs were first 

recognized by Friedenstein and colleagues (1970), who demonstrated single cell suspensions 

of bone marrow were able to generate colonies of adherent, fibroblast-like population that 

could regenerate rudiments of normal bone in vitro (Friedenstein et al., 1970). Also, MSCs 

have the capacity to differentiate in vitro and in vivo into several mesenchymal tissues. These 

multi-potent adherent cells, which have been isolated from many tissues, with fibroblastic-

like morphology have been named variously based on the morphology, immunophenotype, 

or gene expression profile criteria (Baksh et al., 2004). Due to the lack of specific markers, 

there are controversies in terms of what terminology should be used and what the minimal 

requirements to qualify the MSC are. In 2006, the International Society for Cellular Therapy 

proposed that cells with the following characteristics should be considered as MSCs, (1) cells 

adherent to plastic in culture; (2) the presence of CD105, CD73 and CD90 but absence of 

CD34, CD45, CD14 or CD11b, CD79α or CD19, and HLA-DR molecules; and (3) cells with 

the capacity to differentiate into osteoblasts, chondrocytes and adipocytes (Dominici et al., 

2006). 
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Traditionally MSC have been isolated from bone marrow, but they are not tissue-specific, 

and reside in multiple locations throughout the body. Recent reports have detailed the 

isolation of cells with MSC characteristics from a variety of tissues including cord blood, 

fetal liver and lung, and adipose tissue (Campagnoli et al., 2001; De Ugarte et al., 2003; 

Erices et al., 2000). Most evidences suggest that MSC are not present in the peripheral blood 

of healthy adults (Roberts, 2004). Since then, evidence has been accumulating that MSCs 

exist not only in the bone marrow but probably in all organs (Da Silva Meirelles et al., 2008). 

It is worth mentioning that adipose tissue is an attractive source for MSC isolation do to the 

easy of collection for use in heterologous cell therapies.  Human adipose-derived stromal 

cells (or hASC) have been demonstrated to have significant potential for use in tissue 

engineering applications, as shown in preclinical animal models (Levi et al., 2010). 

Like other adult stem cells, MSCs remain in a nonproliferative, quiescent state during most 

of their lifetime until activated by simulating signals triggered by tissue damage and 

remodeling (Fuchs et al., 2004; Hirao et al., 2004). Once stimulated, they can differentiate to 

desired cell types for tissue repair and homeostasis, as well as proliferate to replenish their 

stem cell pool. In addition to self-renewal and multipotentiality, adult stem cells possess the 

ability to transdifferentiate, that is, to switch their specific developmental lineage into another 

cell type of a different lineage, sometimes across embryonic germ layers. For example, 

mesenchymal stem cells (MSCs) can be induced to become nonmesodermal cells, including 

functional neurons, astrocytes, oligodendrocytes, and endothelial cells, by appropriate 

extrinsic stimuli in vitro (Cho et al., 2005; Jiang et al., 2002; Keene et al., 2003; Wislet-

Gendebien et al., 2005) and to become hepatocyte-like cells after xenograft (Sato et al., 

2005). In addition, MSCs are able to maintain their multi-differentiation potential after 

commitment. As recently demonstrated (Song and Tuan, 2004), osteoblasts, chondrocytes, 

and adipocytes differentiated from human mesenchymal stem cells (hMSCs) can 

transdifferentiate into other cell types in response to extrinsic factors, likely through genetic 

reprogramming.  
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Functionally, in bone marrow, the MSC pool comprises not only putative “mesenchymal 

stem cells” but also subpopulations at different states of differentiation (Fig. 2). The 

heterogeneous population of MSC in terms of their multilineage differentiation potential is 

supported by single-colony studies. Research has demonstrated that only a third of the in 

vitro derived MSC clones exhibit a tri-lineage (Osteoblast, Chondrocyte, Adipocyte; (O, C, 

A)) differentiation potential, while the remainder displayed a bi-lineage (O, C) or uni-lineage 

potential (O) (Muraglia et al., 2000;  Pittenger et al., 1999).  It has been proposed that these 

tri-potent and bi-potent precursor cells are morphologically similar to the multipotent MSCs, 

but differ in their gene transcription programming, and still reside in their “stemness” 

compartment. When stimulated with appropriate factors, the stem cells will enter the 

commitment compartment and become mature cells with distinguishable phenotypes.  

 

 

Figure 2. Models of mesenchymal stem cell differentiation (Baksh, D. et al. 2004. J. Cell Mol. Med.) 

 

 

The most widely accepted method of bone marrow derived MSC isolation is based on their 

characteristic property of adhering to plastic surface. In this process, the bone marrow 

mononuclear cells (MNC) are separated by discontinuous density gradient centrifugation 

initially. The mononuclear layer is simply cultured and the MSCs adhere to the plastic. Over 

time in culture, the MSC can be easily separated by removing the non-adherent 
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hematopoietic cells and keeping the adherent cells. Typically, they form an adherent 

monolayer of spindle-shaped cells with a fibroblast-like appearance. This isolation method 

removes the hematopoietic contaminants and enriches MSCs from only approximately 0.01-

0.001% of bone marrow mononuclear cells (Sakaguchi et al., 2005). 

The adherent cells can then be expanded in medium consisting of Dulbecco’s Modified 

Eagles Medium-low glucose (DMEM-LG), supplemented with 10% fetal bovine serum 

(FBS) and L-glutamine at 37℃ with 5% CO2 at densities from 5×103 to 0.4 ×106 cells/cm2.  

Media with at least 10% FBS consistently supports optimal growth of hMSC, whereas lesser 

concentrations of FBS result in serious reductions in proliferation. After an initial lag phase 

(Gregory et al., 2003), the cells divide rapidly, with an initial doubling time of 12 to 24 h, 

which is dependent on initial plating density (Spees et al., 2004). As the cultures approach 

high density, the MSCs enter a stationary phase and transform from a spindle-like 

morphology to a larger, flatter phenotype. 

Proliferation (self-renewal) potential is an important characteristic of MSC. The self-renewal 

potential of MSC is substantial, but highly variable. When cultured at low density (1-100 

cells per cm2), MSCs proliferate much more rapidly than when grown in high density 

cultures (Colter et al., 2000; Sekiya et al., 2002). MSCs from low density cultures can be 

cloned as single cell derived colonies, but the resulting colonies vary in size and morphology 

(Smith et al., 2004). In order to modify the expansion capacity of MSC, some specific growth 

factors (Bianchi et al., 2003) and cell seeding density (Colter et al., 2000) have been used. 

However, these cells often have limited self-renewal and proliferation capability during in 

vitro culture. They will progressively become senescent and lose their multilineage 

differentiation potential after 34-50 population doublings in culture (Baksh et al., 2004). 

MSC also have weak or even absent telomerase activity (Sethe et al., 2006). 

Bone marrow-derived MSCs have been shown to differentiate to many mesenchymal tissues 

both in vitro and in vivo, including bone (Bruder et al., 1998), cartilage (Pittenger et al., 

1999), tendon (Awad et al., 1999), muscle (Ferrari et al., 1998), adipose tissue (Pittenger et 
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al., 1999), and hematopoietic-supporting stroma (Prockop, 1997) (Fig. 3). However, with 

extended in vitro culture, hMSC tend to lose their differentiation and proliferation potential.  

 

 

Figure 3. MSC are capable of differentiating into multiple mesenchymal lineages (DiMarino, AM. et al. 

2013. Front. Immunol.) 

 

The molecules that regulate osteogenesis development are only partially known. Osteoblasts 

differentiation requires a specific microenvironment, where confluent MSC cultures are 

grown in osteogenic induction medium containing dexamethasone, ascorbic acid, and beta-

glycerophosphate for 2-4 weeks (Chamberlain et al., 2007). Early signs of osteogenesis 

include an increase in bone-specific alkaline-phosphatase (ALP) activity, which can be 

measured enzymatically (Yoshimura et al., 2007). During the differentiation, mineralizing 

nodules form, which can be stained with Alizarin Red S (Sottile et al., 2002). Also, molecular 

markers of osteogenesis including osterix, osteocalcin, corebinding factor α1, osteopontin, 

and bone sialoprotein, can be detected during differentiation (Friedman et al., 2006). 
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The differentiation of adipocytes from MSC proceeds through two phases. In the first phase, 

a stem/progenitor cell commits to the adipocytic lineage. In the second phase, called terminal 

differentiation, pre-adipocytes acquire the machinery that is necessary for lipid transport and 

synthesis, insulin sensitivity, and the secretion of adipocyte-specific markers (Rosen and 

MacDougald, 2006). The key regulators of adipogenesis include the transcription factors 

peroxisome proliferator-activated receptor (PPARg) and CCAAT-enhancer-binding proteins 

(C/EBPs) (Rosen et al., 2002). Confluent cultures of MSCs can be differentiated into 

adipocytes by growing them with adipogenic induction medium containing dexamethasone, 

insulin, and indomethacin for 2-3 weeks (Chamberlain et al., 2007).The differentiated cells 

contain lipid droplets that can be stained with Oil-Red-O (Pittenger et al., 1999). Molecular 

markers of adipogenesis detected in differentiating MSCs include transcription factors 

PPARg and C/EBPα, lipoprotein lipase (LPL), and fatty acid binding protein (FABP) 4 

(Sekiya et al., 2004). 

MSCs in Regenerative Medicine  

The insufficient numbers of organ donors combined with the limitations based on 

immunological rejection makes autologous tissue engineering approaches an important 

source for organ transplantation. By autologous or allogeneic cell injection, MSCs can be 

used as cell therapy for localized diseases, systemic transplantation, and the tissue 

engineering protocols (Kassem and Abdallah, 2008). Two important capabilities of MSCs 

contribute to the attention they have received among the tissue engineering and regenerative 

medicine communities. First, MSCs can differentiate into distinctive end-stage cell types, 

which then can be used for reforming mesenchymal tissues through tissue engineering 

approaches. Second, MSCs secrete a broad spectrum of bioactive macromolecules, which are 

both immunoregulatory and serve to structure regenerative microenvironments in tissue 

injury (Caplan, 2007). For example, MSCs have been used to reform tissues when encased in 

tissue-specific scaffolds and implanted into various tissue sites. MSCs embedded in calcium 

phosphate porous ceramics have produced morphologically and biomechanically enhanced 

bone (Kon et al., 2000). Also, MSCs in hyaluronan and polymeric scaffolds have been used 
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for cartilage repair (Solchaga et al., 2005). Engraftment of osteoblasts was associated with 

improvements in bone histology, total body mineral content, and growth acceleration of 

children receiving cell therapy (Horwitz, 2001). Infusion of allogeneic MSCs into patients 

with Hurler syndrome (mucopolysaccharidosis type-IH) and metachromatic leukodystrophy 

resulted in significant improvements in nerve conduction velocities (Koc et al., 2002). 

Moreover several studies demonstrated that the intracoronary injection of bone marrow 

mononuclear cells or MSCs could represent a relatively simple and successful approach to 

the treatment of heart disease (Chen et al., 2004). For treatment of neurological diseases, 

MSCs have been shown to improve neurological performance in rats with brain ischemia 

(Zhao et al., 2002). Not only can the MSCs themselves regenerate tissue, they also promote 

tissue repair by secretion of factors that enhance the regeneration of injured cells, stimulate 

proliferation and differentiation of endogenous progenitor cells, decrease inflammatory and 

immune reactions (Phinney and Prockop, 2007; Prockop and Olson, 2007).  However, some 

concerns over the use of MSC in regenerative medicine have been raised. The transplanted 

cells may enhance the growth of unintended cancers as well. Also, the injection of high 

concentrations of cells might present a risk for pulmonary emboli or infarctions because of 

the aggregation of injected cells (Murphy et al., 2013). In the future, more studies are needed 

to better characterize the cells used in clinical trials.  Additionally, more standardized 

techniques to isolate and prepare MSCs for clinical trials should be utilized.  

Regulation of MSC Differentiation 

The commitment and differentiation of MSC towards an adipogenic or osteogenic cell fate 

depends on a variety of signaling and transcription factors. A competitive relationship exists 

between the signaling cascades that promote osteogenic and adipogenic lineage 

differentiation among MSC.  Increasing adipogenic differentiation results in decreased 

osteogenic differentiation, and vice versa (Beresford et al., 1992; Krishnan et al., 2006). 

Transcription factors 

Osteogenesis.  Among the many transcription factors that are involved in the regulation of 

osteogenesis (Marie, 2008), Runx2 (Cbfa1) and Osterix have been the most widely studied. 
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Runx2 is regarded as the master regulator controlling osteoblast commitment and 

differentiation. As a member of Runt-domain gene family, Runx2 is expressed in 

mesenchymal cells early in skeletal development and throughout osteoblast differentiation. 

Runx2 plays a key role in osteogenesis by binding to a cis-element on the osteocalcin gene.  

The forced expression of Runx2 in osteoblast precursor cells (MC3T3-E1), causes the 

transcription of the osteoblast specific genes osteocalcin and collagen 1A1. Moreover, 

overexpression of Runx2 can induce osteogenesis in vitro and in vivo by increased 

expression of the osteoblastic markers, osteopontin and osteocalcin (Zheng et al., 2004) .  

Osterix (Osx) is another important transcription factor involved in osteoblast commitment, 

but it acts downstream of Runx2 (Nakashima et al., 2002). The overexpression of Osx is 

capable of initiating osteogenesis, but whether it is sufficient to induce osteogenesis on its 

own remains controversial (Kurata et al., 2007; Wu et al., 2007)  

Adipogenesis.  Peroxisome proliferator activated receptor-g (PPARg) is member of the 

steroid/thyroid hormone receptor gene superfamily. Followed by polyunsaturated fatty acids 

activation, PPARg forms heterodimers with the retinoid X receptor (RXR) which interacts 

with binding sites on targeted genes, in order to recruit transcriptional coactivator proteins 

(Glass et al., 1997). PPARg is considered as the master regulator of adipogenesis and rapidly 

increases in expression during early adipogenesis. It is currently believed that a ligand-

dependent activation of PPARg must occur for any proadipogenic effects. Even then, the 

ligand is only necessary in the commitment phase for the adipocyte lineage, whereas PPARg 

expression is necessary for both commitment and differentiation phases (Schopfer et al., 

2005).  

CAAT/enhancer binding proteins (C/EBPs) are members of the basic-leucine zipper class of 

transcription factors. Overexpression of C/EBPα in fibroblastic cells result in the induction of 

adipogenesis in up to 50% of the cells (Freytag et al., 1994); conversely antisense mRNA 

knockdown resulted in reduced adipose phenotype in differentiated 3T3-L1 cells (Lin and 

Lane, 1992). A positive feedback loop is likely to function through the activation of PPARg, 

via C/EBP binding sites in the PPAR promoter, which then activate C/EBPα, resulting in 
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increasing the expression of PPARg. It is thought that this positive feedback loop maintains 

the expression of these two important transcription factors through to terminal differentiation 

of the adipocytes. 

Transcription factors involved in the inhibition of adipogenesis. C/EBP homologous proteins 

(CHOPs) negatively regulate adipogenesis through interactions with C/EBPs. Tang et al. 

(2000) demonstrated that during differentiation, CHOP10 binds to C/EBPβ preventing it 

from binding PPARg, thus delaying the terminal differentiation of adipocytes (Tang and 

Lane, 2000).  

GATA binding transcription factor (GATAs) family also play a role in the negative 

regulation of adipogenesis. It is suggested that GATA 2 and 3 were expressed in pre-

adipocytes, and their down regulation leads to enhanced adipogenesis. Forced expression of 

GATA 2 and 3 prevents the switch from pre-adipocytes to mature adipocytes, in part through 

binding directly to PPARg, but also through the formation of protein complexes with C/EBP 

α or β (Tong et al., 2005). 

Signaling pathways 

BMP.  Bone morphogenetic proteins (BMPs) are extracellular cytokines which are important 

for both chondrogenesis and osteogenesis. Over 20 different BMPs have been identified, of 

which BMP-2, -4, -7, -9, and -13 are most commonly studied in the context of MSC 

differentiation (Bragdon et al., 2011). BMP are involved with several downstream signaling 

pathways, such as Smad1/5/8, MAP Kinase, and c-Jun N-terminal kinase (JNK) signaling 

pathways (Nishimura et al., 2012). Of these, Smad1/5/8 signaling transduction is the most 

pertinent to MSC differentiation by transcriptional regulation of adipogenic and osteogenic 

programming (Nohe et al., 2004). BMP exhibit adipogenic effects by inducing Smad1/5/8 

signaling or MAPK signaling which activates PPARg via C/EBPα regulation (Hata et al., 

2003). When MSC are forced into a preadipocyte cell lineage, expression of BMP-4 (a potent 

inhibitor of DNA methylation) was increased, which indicate signaling activity at the earliest 

stages of MSC adipogenesis. Moreover, once MSC have been forced into preadipocyte cells, 

BMP-4 overexpression is sufficient to induce commitment to adipocyte lineage 
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differentiation (Bowers and Lane, 2007). BMP signaling is considered as a central signaling 

pathway in osteogenic differentiation and bone formation. In general, BMP induced 

osteogenesis utilizes both autocrine and paracrine pathways (Cheng et al., 2003) and works 

in conjunction with Osterix via both Runx2 dependent and independent pathways. Moreover, 

BMP-2, -4, -6, -7, and -9 have been shown to promote osteogenic commitment, and terminal 

osteogenic differentiation in MSC (Dorman et al., 2012).  

Wnt.  It is well recognized that wingless-type MMTV integration site (Wnt) signaling plays 

an essential role in MSC cell fate determination, proliferation, and differentiation (Kim et al., 

2013). In terms of MSC differentiation, Wnt/β-catenin signaling pathway follows the inverse 

pattern between MSC osteogenic and adipogenic differentiation in both canonical and 

noncanonical signal transduction pathways. 

The activation of Wnt/β-catenin inhibits GSK3b, which results in both the promotion of 

osteogenesis and the suppression of adipogenesis (Galli et al., 2013). Similarly, Wnt10b 

stimulates osteogenesis in vivo to increase bone mass while blocking adipogenesis in 

preadipocytes in vitro via stabilization of free cystolic β-catenin (Bennett et al., 2007). Other 

canonical Wnt ligands, such as Wnt6 and Wnt10a, exhibit similar effects in stimulating 

osteogenesis while also inhibiting adipogenesis (Cawthorn et al., 2012). The inverse 

relationship carries over to the noncanonical branch of Wnt signaling as well. Wnt5a, for 

instance, has been shown to suppress proadipogenic PPARg transactivation when co-induced 

with proosteogenic Runx2 in MSC (Muruganandan et al., 2009).  

Hedgehog.  Current data suggest that HH signaling promotes MSC osteogenic differentiation 

over adipogenic differentiation, primarily via Gli transcriptional factor activity. Generally, 

adipogenesis occurs as a result of decreased Gli1, Gli2, Gli3, and PTCH expression (Fontaine 

et al., 2008). Conversely, up regulating the HH pathway via SMO-activated inducer of HH 

signaling (Sinha and Chen, 2006), decrease level of adipocyte-specific markers: adipocyte 

fatty acid binding protein, adipsin, CD36, adiponectin, and leptin. Through the inhibition of 

adipogenic genes, HH signaling ultimately decreases sensitivity to insulin, which in turn 

reduces the expression of adipogenic transcription factors, C/EBPα and PPARg (Fontaine et 
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al., 2008). Other than their anti-adipogenic properties, HH signaling stimulates MSC 

osteogenic differentiation. A positive feedback loop between Gli2 transcription and BMP-2 

expression indicates that HH-induced osteoblastogenesis requires BMP signaling, and 

together they increase the expression of alkaline phosphatase activity (Zhao et al., 2006). HH 

activity may be the key in stimulating osteoblastogenesis only during early stages of cell 

differentiation. 

IGF1.  Insulin-like growth factor-1 (IGF-1) is well recognized in several intracellular 

signaling pathways. During bone remodeling, Bone matrix derived IGF-1 stimulates MSC 

osteogenic differentiation by activating the target of rapamycin (mTOR). Moreover, the 

proliferation of MSC has been shown to be affected in response to IGF-1 in serum-deprived 

conditions (Mccarty et al., 2009). IGF-1 expression regulated by upstream serum response 

factor (SRF) controls osteoblastogenesis and mineralization during bone formation (Chen et 

al., 2012). IGF-1 does not affect osteogenesis alone, it has also been found to promote 

adipogenic differentiation as well. The cell division of adipocyte precursor cells was induced 

by IGF-1 (Wabitsch et al., 1995). Furthermore, IGF-1 regulates the activity of Akt, which is 

necessary to induce PPARg, the key regulator for adipogenesis. These indicate the key role 

of IGF-1 in the maintenance of cell proliferation, growth, and adipogenic differentiation 

(Peng et al., 2003). 

NELL.  Overall, NELL-1 demonstrates robust induction of bone formation throughout many 

in vivo models, ranging from rodents to large preclinical animals (Zhang et al., 2010). 

Mechanistically, NELL-1 is directly regulated by the transcription factor Runx2. Integrinβ1 

was recently identified as the first cell surface receptor of NELL-1 (Shen et al., 2012). Cell 

surface binding in a preosteoblast cell line required Integrinβ1 expression (Shen et al., 2012). 

NELL-1 is known to promote osteogenesis accompanied by activation of MAPK, canonical 

Wnt and HH signaling (Fig. 4). Recent data has shown that NELL-1 also exerts anti-

adipogenic effects (Fontaine et al., 2008). This was observed both in adipocyte specific gene 

expression and intracellular lipid accumulation. Thus, NELL-1 is an osteoinductive cytokine 
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with concomitant anti-adipogenic properties. These effects may be through 

activation/intersection with MAPK, Wnt, and HH signaling. 

 

 

Figure 4. Schematic of signaling pathways (James, AW. 2013. Scientifica (Cariro)) 

 

Epigenetic Regulation of MSC Differentiation 

While the various signaling pathways involving MSC differentiation are well described, the 

complete understanding of the regulation of these processes is lacking. There has been 

accumulating evidence suggesting that epigenetic regulation plays an important role in 

regulating MSC lineage allocation. Epigenetic regulation refers to heritable changes in 

phenotype or the pattern of gene expression that occur without a change in the underlying 

DNA sequence (Russo et al., 1996). These changes are stable and heritable through cell 

mitotic division and often last for multiple generations (Jaenisch and Bird, 2003). Growing 

evidence suggests that the epigenome is susceptible to a number of environmental factors 

during the prenatal, and early postnatal periods. Moreover the changes, once induced by 

environmental factors, appear to be maintained throughout life leading to long term changes 

in phenotype (Burdge et al., 2007; Lillycrop et al., 2007). 
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An example of epigenetic regulation is terminal cell differentiation. All terminally 

differentiated cells share the same DNA sequence but differ significantly in behavior and 

function. Therefore, epigenetic processes are highly associated with the activation and 

repression of specific genes at specific stages in the lifespan of the cell, allowing for the 

terminally differentiated phenotype. The major mammalian epigenetic processes include 

DNA methylation, histone modification and non-coding RNAs. In recent years, epigenetic 

regulation has also been suggested as an important mechanism of mesenchymal stem cell 

differentiation. 

DNA methylation. Methylation at the carbon-5 position of cytosine in DNA within a CpG 

dinucleotide is a common modification in mammalian genomes, and is also a stable 

epigenetic mark through DNA replication and cell division (Bird, 2002). DNA methylation is 

generally associated with gene repression, either by decreased binding of transcription factors 

or by attracting methyl-CpG-binding proteins that act as transcriptional repressors (Gicquel 

et al., 2008). In the context of in vitro MSC differentiation, a significant hypermethylation at 

the osteocalcin gene locus in undifferentiated cells has been observed. Furthermore, the CpG 

methylation of the osteocalcin promoter is significantly decreased as the osteocalcin gene is 

up-regulated (Villagra et al., 2002). Also, the differentiation of MSCs into osteoblast and 

adipocyte cells have been found to be associated with reduced expression of the stemness 

genes such as Brachyury and LIN28, which basically occurred via hypermethylation of their 

promoter regions (Dansranjavin et al., 2009). 

Histone modification. Histones are small proteins involved in the packaging of DNA into 

chromatin. Histone modification refers to post-translational modifications of histone tails, 

which leads to the recruitment of effector proteins and alterations in gene expression. Histone 

modifications can occur either by methylation or acetylation. Histone acetylation is 

exclusively associated with active chromatin states, while the methylation of lysine residues 

can either be an active or repressive mark depending on the specific lysine involved (Turner, 

2000). Histone methylation has also been reported as an epigenetic mechanism underlying 

MSC osteogenic differentiation. For example, Hassan et al. (2007) found that HOXA10 
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mediates chromatin hyperacetylation and trimethyl histone K4 (H3K4) methylation, which 

resulted in the activation of the transcription of the osteogenic lineage determination genes: 

Runx2, alkaline phosphatase, osteocalcin and bone sialoprotein.  

MicroRNAs.  The discovery of microRNAs (miRNAs) has suggested a new mechanism for 

the regulation of gene expression (Benfey PN, 2003).  MicroRNAs are small non-coding 

RNAs that regulate the translation of protein coding genes by binding to the 3‘untranslated 

region and in most cases causing degradation of the mRNA. The regulation function of 

miRNA is not completely understood due to the complex network in which each miRNA 

interacts with hundreds of distinct target genes and expression of a single coding gene can be 

regulated by several miRNAs (Miranda et al., 2006). Accumulating evidence indicate that 

miRNAs play important roles in the regulation of a range of physiological functions, such as 

stem cell differentiation, immune response, skeletal and cardiac muscle development (Chen 

et al., 2006; Pedersen et al., 2007). In the human genome, over 3% of the genes have been 

found to encode miRNAs, and up to 40% to 90% of the human protein encoding genes are 

under miRNA-mediated gene regulation (Hu et al., 2010). 

MicroRNAs have been shown to be regulators of MSC differentiation (Fig. 5). For example, 

22 miRNAs were downregulated following BMP induced osteoblast differentiation, and 2 of 

them, MiR-133 targets RUNX2 and miR-135 targets SMAD5, directly act on genes important 

in osteoblast differentiation (Li et al., 2008). Similarly, MiR-204/211 downregulates 

osteoblast differentiation and subsequent mineralization of bone marrow-derived MSCs 

through negative regulation of Runx2 transcription factor (Huang et al., 2010). Moreover, a 

number of miRNAs regulate adipogenic differentiation of MSCs. MiR-24 enhanced 

adipogenic commitment of MSCs induced by BMP2; miR-31 downregulates 

CCAAT/enhancer-binding protein expression at both transcriptional and translational levels 

during adipocytic differentiation (Sun et al., 2009). 
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Figure 5. The role of miRNAs in MSC differentiation (Guo, L. et al. 2011. Exp. Hematol.) 

 

 

Transcriptional profiling 

The transcriptome is a term to describe the totality of gene transcripts in a species, which 

represents a key link between genome and phenotype. In order to fully and quantitatively 

describe a transcriptome, many tools have been developed such as expressed sequence tags 

(ESTs), and serial analysis of gene expression (SAGE). However technologies have greatly 

improved with the development of microarray technology (Schena et al., 1995) and more 

recent sequencing technologies. These technologies produce millions of short sequence reads 

and are routinely being applied to genomes, epigenomes and transcriptomes. Sequencing 

steady-state RNA in a sample, known as RNA-seq, is free from many of the limitations of 

previous technologies, such as the dependence on prior knowledge of the organism, as 

required for microarrays and PCR (Hitzemann et al., 2013; Malone and Oliver, 2011). 

However, the datasets produced are large and complex. As with any high-throughput 

technology, analysis methodology is critical to interpreting the data, and RNA-seq analysis 

procedures are continuing to evolve. The currently available data analysis methods and 
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comment on future research directions has been reviewed (Oshlack et al., 2010). With the 

more recent advent of techniques for direct sequencing of the transcriptional output of the 

genome, we can now at least begin to think about a complete transcriptional characterization 

of all the cells of an organism. 

In conclusion, the nutritional intervention in early life have been shown to have a profound 

impact on later life health. Also the activity of MSC in early postnatal period is of critical 

importance to bone integrity. Based on the Ca function of bone integrity, both Ca deficiency 

and excess during this period could tremendously affect the physiology of bone via 

alterations in MSC lineage allocation and activity. It is important to understand the impact of 

neonatal Ca nutrition on the regulation of MSC characterization and its potential alteration on 

bone development.  
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Abstract 

Optimizing Ca nutrition to maximize bone mineral accretion during growth in order to 

prevent fragility fractures later in life has spurned greater interest in the Ca nutrition of the 

neonate. In this study, 24 piglets (24 ± 6 h of age) were fed diets for 14 d to assess the impact 

of dietary Ca from deficiency to excess (0.6, 0.9, and 1.3% Ca on a DM basis) on neonatal 

bone growth and the behavior of MSC. Pigs were limit fed in order to match the growth rate 

of sow-reared controls. Blood was collected at d7 and d14 for determination of indicators of 

Ca status, and bones were collected for mineral content determination and for the isolation of 

MSC on d14. In vivo MSC proliferation was determined by an oral dose of BrdU 12 h before 

tissue collection. Excess dietary Ca did not affect body growth rate, but increased (P < 0.05) 

bone mineral content and urinary Ca excretion compared to the Ca-adequate group. 

Circulating PTH decreased (P < 0.05) with increasing dietary Ca. In vivo proliferation of 

MSC was the greatest (P < 0.05) among pigs fed excess Ca. Ca deficiency resulted in MSC 

that were less osteogenic and more adipocytic. Cells from both Ca-adequate and Ca-excess 

fed pigs had greater gene expression of osteocalcin (OC) during osteogenic induction. 

Interestingly, MSC from both Ca-deficient and Ca-excess fed pigs had greater (P < 0.05) 

gene expression of AP2 and LPL during adipocytic differentiation than those from Ca-

adequate pigs. The data suggest that neonatal Ca nutrition impacts acute bone development 

and also may have long-term consequences for bone health due to programming effects on 

MSC. 

Key words: dietary Ca, bone development, mesenchymal stem cell, differentiation, neonatal 

pigs 
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Introduction 

The well recognized importance of maximizing bone mineral accretion during growth and 

development in order to prevent fragility fractures later in life has led to viewing osteoporosis 

as a developmental disease with an elderly onset. With increasing interest in, and evidence 

of, the developmental origins of adult diseases, the impact of environmental influences 

during the neonatal period on bone development has become of great interest (1). While the 

importance of adequate dietary intake of calcium (Ca) throughout life to maximize bone 

mineral content and reduce the risk of fractures during aging is generally accepted (2), there 

has been increasing support for greater dietary Ca enrichment during early growth and 

development in order to improve lifetime bone integrity (3). In preterm and low birth weight 

human infants, increased Ca fortification of formula improved bone growth (4-6), but 

concerns over exceeding the bone accretion rates seen among breast-fed infants have also 

been raised (7).  

Bone growth and development is dependent on the proliferation and the osteogenic 

differentiation of mesenchymal stem cells (MSC) in the bone marrow. The proliferation rate 

of MSC and the balance between osteoblastic and adipocytic differentiation of MSC are 

thought to be crucial for bone health (8). We have previously demonstrated that neonatal 

macromineral deficiencies reduce bone integrity and the in vivo proliferation rate of MSC (9, 

10). Additionally, MSC isolated from Ca deficient neonatal pigs can more readily adopt an 

adipocytic lineage (10).  While Ca deficiency has been demonstrated to impact MSC, no 

work has examined the potential impact of dietary Ca excess on MSC activity.   

While the importance of avoiding dietary Ca deficiency is intuitive, understanding the 

potential of dietary Ca excess to impact the developmental programming of bone, via 

alterations in MSC behavior, could alter how we think about the nutritional requirements of 

neonates. Piglets serve as an excellent model system for nutritional studies targeting bone 

development, because of similar size and function of their gastrointestinal tract, similar 

physiology, and bone remodeling cycle (4, 12, 13) as well as similarity in the lineage 

allocation of their MSC (14, 15). In this study, we examined the effect of dietary Ca 
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deficiency and excess on bone growth, and the in vivo and in vitro behavior of MSC in 

neonatal pigs.  

Materials and Methods 

Animals.  All animal protocols were approved by North Carolina State University’s 

Institutional Animal Care and Use Committee. Ten male and fourteen female cross-bred 

neonatal pigs (1 d old, 1.6 ± 0.5 kg) were weighed and allotted into 1 of 3 treatment groups 

based on body weight and gender. During the fourteen days experiment, piglets received 

either a Ca-deficient basal milk replacer (0.6% total Ca, Table 1), or the basal milk replacer 

supplemented with Ca gluconate (Sigma-Aldrich, St. Louis, MO, USA) to provide a final Ca 

concentration of 0.9% total Ca in Ca-adequate group (considered as Ca requirement of baby 

pigs (16)) or 1.3% total Ca in the Ca-excess group. Gluconate concentrations were balanced 

across all diets by the addition of Na gluconate (Sigma-Aldrich, St. Louis, MO, USA). All 

the nutrient levels of diet were according to those of sow milk, and no containing plant 

proteins. Pigs were limit fed, in order to match the growth rate of sow-reared controls. All 

piglets were housed individually in raised cages and fed milk replacer at 0900, 1330, 1800 

and 2230 every day by a gravity-flow liquid feed delivery system (17). A total of 6 piglets 

were removed from the trial due to health issues unrelated to dietary treatments (n = 3 from 

Ca-deficient, n = 2 from Ca-adequate, and n = 1 from Ca-excess). Body weight and feed 

intake were recorded daily throughout the 14 d feeding trial. Blood samples were collected 

from anterior vena cava at d7 and d14 by venipuncture using clotting tubes (vacutainer Plus 

BD Vacutainer). Sera were obtained by centrifugation at 3500 × g at 25℃, and stored at -

20℃ until analysis. At the completion of the trial, all piglets were orally given 

bromodeoxyuridine (BrdU, Sigma-Aldrich, St. Louis, MO, USA) 25mg/kg body weight 12 h 

prior to tissue collection. Bone marrow from the left humeri, radii, and ulnar bones was 

aseptically collected for MSC isolation. The right radii and attached ulnar bones were 

collected and stored at 4℃ for determination of mineral content. The mineral content of the 

radius with attached ulna was determined by drying at 60℃ for 24 h followed by ashing at 

600℃ for 24 h. The weight of fresh bone, dried bone, and bone ash weight were measured 
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for the relative bone weight (fresh bone/body weight) and bone ash content (ash weight/dried 

bone) calculations. 

Sera analysis.  Sera content of calcium (Ca), PO4, parathyroid hormone (PTH) were 

determined for all samples. Ca concentration was determined by flame absorption 

spectroscopy following dilution in 0.5% lanthium chloride. Sera phosphate concentrations 

were determined by the method of Gomori (18). The concentration of parathyroid hormone 

(PTH) was determined using Porcine Intact PTH ELISA Kit (Immutopics, San Clemente, 

CA, USA) according to the manufacturer's instructions.   

Urine analysis.  Urinary concentrations of Ca were determined. Urinary creatinine 

concentrations were determined with Creatinine (urinary) Colorimetric Assay Kit (Cayman 

chemical company, USA). Urinary calcium/urinary creatinine ratio (Ca/Cr-ratio) was 

calculated. 

Isolation of mesenchymal stem cell and immunocytochemistry.  All MSC were isolated from 

marrow of humerus and radius/ulna bone individual piglets as previously described (19). 

After removing hematopoietic cells and all other non-adherent cells by vigorous PBS 

washing every 24 h over the first 3 days, MSC were harvested and verified by 

immunocytochemistry assay, until < 5% of cells tested positive for CD45 (AbD Serotec, 

USA) and > 95% positive for CD105 (Thermo Fisher Scientific Inc., USA). A portion of the 

cells from the bone marrow isolations were directly plated in 24-well plates and stained for 

the presence of BrdU as previously described (9). The in vivo rate of cell proliferation was 

determined by calculating the ratio of stained:unstained cells on 24-well plates after isolation. 

Total numbers of cells in 5 fields of view from each of 2 replicate wells for each animal (> 

400 cells total) were counted and the means for each animal utilized for statistical analysis. 

The remainder of the MSC isolations were cryopreserved in Dulbecco's modified eagle 

medium (DMEM) + 10% Fetal bovine serum (FBS) (heat-inactivated, Invitrogen Life 

Technologies, Carlsbad, CA, USA) + 10% dimethyl sulfoxide (DMSO) until needed. 

MSC cell culture.  Cells from each individual piglet were thawed, resuspended in basal media 

(DMEM + 10% FBS + antibiotics), and plated at 104 cell/cm2 in 24-well plates. Complete 
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media changes were carried out every 3 days. When cultures reached approximately 90% 

confluence, the basal media was replaced with either osteogenic media (basal media + 250 

nmol/L dexamethasone + 10 mmol/L β-glycerophosphate + 0.2 mmol/L ascorbic acid) or 

adipogenic media (basal media + 500 nmol/L dexamethasone + 60 µmol/L indomethacin + 

20 µg/mL insulin). Total RNA was isolated at 0, 3, 6 and 9 d post-induction. Alizarin Red 

staining was used for detecting mineralization and Oil Red O staining was used to measure 

lipid accumulation 9 d post induction. 

In vitro cell proliferation.  In vitro proliferation rate of both the heterogeneous and clonal 

MSC populations were determined using the Click-iT EdU (5-ethynyl-2'-deoxyuridine) HCS 

Assay kit (Invitrogen Life Technologies, Carlsbad, CA, USA). Proliferation was measured in 

6 replicate wells for each sample, results were presented as the percentage of EdU 

stained:total cells. 

Gene expression analysis.  Total RNA samples were isolated by using the Ambion 

RNAqueous kit. Contamination of genomic DNA was removed by treating with 

deoxyribonuclease-I (DNA-free kit, Ambion). First strand cDNA was synthesized from 0.5 

µg total RNA using Superscript III (Invitrogen Life Technologies, Carlsbad, CA, USA) and 

both oligo dT (Integrated DNA Technologies, USA) and random hexamer primers 

(Invitrogen Life Technologies) in a 1:1 ratio, and then digested with RNase H (Invitrogen 

Life Technologies, Carlsbad, CA, USA) to remove residual RNA according to the 

manufacturer’s instructions. Both total RNA and cDNA concentrations were quantified by 

fluorescence-based quantification kits (Invitrogen Life Technologies). Semi-quantitative real-

time PCR was used to determine the relative quantities of transcripts of the genes of interest. 

Equal amounts of cDNA, as determined by Quant-iT™ OliGreen® ssDNA Assay Kit 

(Invitrogen Life Technologies, Carlsbad, CA, USA), was used in all PCR reactions.  The 

gene encoding the 60S ribosomal subunit (RPL35) was selected and validated as a suitable 

control gene (20). For adipogenic differentiation, the relative gene expression of peroxisome 

proliferator-activated receptor gamma (PPARG), adipocyte fatty acid-binding protein (AP2), 

and lipoprotein lipase (LPL) was determined. For osteogenic differentiation, the relative gene 
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expression of Runt related transcription factor (RUNX2), and osteocalcin (OC) was 

determined. All the primers of tested genes were designed by PrimerQuest software 

(Integrated DNA Technologies). Optimal primer concentrations for each primer set were 

determined prior to quantification by real-time PCR, and the linearity of amplification for 

each gene of interest over a 2-log range of cDNA concentrations was verified to be similar to 

that of the control gene, 60S ribosomal RNA (RPL35). All PCR reactions were subjected to a 

melt curve analysis to validate the absence of nonspecific products. The analysis of above 

gene expression was conducted by using the 2-ΔΔCT method (20), the data were presented as 

the fold change in gene expression normalized to 60S gene and relative to the d0 control 

prior to statistical analysis.  

Cytochemical staining.  Cells were fixed and stained in duplicate for mineralization and the 

presence of neutral lipids on d9. Staining for calcium deposition was visualized by fixing the 

cells in 10% formalin and then staining with a 2% Alizarin Red solution (pH 4.0~4.2) at 37℃ 

for 30 min, followed by thorough rinsing with water. Accumulation of neutral lipids was 

visualized by Oil Red O staining as described before (10).  

Statistical analysis.  Data were analyzed using the GLM procedure of SAS (Version 9.3, 

SAS Institute). Dietary treatment was considered as a main effect. Differences were 

considered significant at P < 0.05. Values reported in the text are least square means ± SE. 

Results 

Neonatal piglet growth performance 

Pigs in Ca-deficient group reduced (P < 0.05) daily body weight gain over the course of the 

study, compared with other groups (Table 2). There was no effect of dietary Ca level on daily 

feed intake, which led to a trend for decreased feed conversion efficiency among piglets fed 

the Ca-deficient diet. There were no differences in growth performance between pigs 

receiving the Ca-adequate and the Ca-excess diets (Table 2). 
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Macrominerals and PTH 

Sera Ca and P concentrations were not different among dietary Ca treatments throughout the 

study. Increasing dietary Ca levels reduced circulating levels of PTH at both 7 d and 14 d. 

Sera PTH concentrations were 1-fold greater (P < 0.05) in Ca-deficient pigs and 50% lower 

(P = 0.16) in Ca-excess pigs, compared with the Ca-adequate pigs at 7 d. Additionally, after 

14 d the Ca-deficient pigs had 1-fold higher (P = 0.13) sera PTH level than the Ca-adequate 

pigs (Table 3). At the completion of the feeding study, the Ca-excess group also had a 5-fold 

increased urinary Ca/Cr-ratio (P < 0.05) compared to the Ca-adequate group (Table 3). 

MSC in vivo Proliferation and Bone Mineralization 

With dietary Ca concentration increasing, the percentage of BrdU stained MSC was 

increased linearly. There were 1.6-fold (P = 0.001) and 1.3-fold (P = 0.02) increasing 

observed in Ca-excess treatment compared with Ca-deficient and Ca-adequate groups, 

respectively. Mineral content of bone was increased by Ca-adequate (P = 0.01) and Ca-

excess (P = 0.001), compared to Ca deficient group. 

Bone quality and MSC in vivo proliferation 

Dietary Ca deficiency resulted in reduced bone weight and ash content (Table 3). A dose 

response of dietary Ca level was seen in fresh bone weight, dried bone weight and bone ash 

weight (Table 3), with the Ca-excess group having more (P < 0.05) bone ash than both the 

Ca-deficient and the Ca-adequate groups.  The Ca-deficient pigs had lower (P < 0.05) bone 

ash content as a percentage of bone dry matter as compared with both other treatment groups. 

The bone ash weight as a percentage of bone dry matter was not different between the Ca-

excess and the Ca-adequate groups. In vivo proliferation rate of MSC was increased more 

than 30% (P < 0.05) among pigs fed Ca-excess comparing with other groups (Table 3).      

Differentiation potential of MSC populations 

The in vitro proliferation rates of the MSC after 24, 48, and 72 h of culture, were not affected 

by the Ca status of the piglets (Table 3). During osteogenic induction, there were no 

differences in the gene expression of either RUNX2 or OC among MSC isolated from the 
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different Ca treatments. However, there appeared to be 2.8-fold increase (P = 0.18) in the 

gene expression of OC in Ca-excess group after 9 d of osteogenic induction comparing with 

Ca-deficient group (Fig. 1). After 3 d of adipogenic induction, MSC from the Ca-excess 

piglets had 1-fold (P < 0.05), and MSC from Ca-deficient piglets tended (P = 0.2) to have 

0.6-fold higher gene expression of PPARG compared to the MSC from Ca-adequate piglets. 

After both 6 and 9 days of adipogenic induction, MSC isolated from both the Ca-deficient 

and Ca-excess piglets had higher (P < 0.05) PPARG mRNA levels than those isolated from 

the Ca-adequate piglets (Fig. 1). A similar pattern of gene expression for AP2 was seen at 

both 6 and 9 days of adipocytic induction, with increased gene expression among MSC 

isolated from the Ca-excess and Ca-deficient piglets compared to those from Ca-adequate 

piglets (Fig. 1). There was no effect of dietary Ca on LPL gene expression. However, after 6 

days induction, LPL gene expression was 0.6-fold higher (P < 0.1) in the Ca-excess group 

compared to that in the Ca-adequate group. 

Discussion 

In this study, we examined the effect of dietary Ca deficiency and excess on bone growth, 

and the in vivo and in vitro behavior of MSC in neonatal pigs. We have previously 

demonstrated the detrimental effect of neonatal Ca deficiency on bone health, as well as the 

impact of Ca restriction on MSC behavior (10). Increasing acceptance of the role of early-life 

bone growth on lifetime bone integrity has spurned debate about the dietary Ca needs of 

human infants. In both preterm and low birth weight human infants, increased Ca 

fortification of formula improves bone growth and mineral accretion (4-6), but concerns over 

exceeding the bone accretion rates seen among breast-fed infants have also been raised (7). 

These concerns stem from the belief that early-life nutrition may have a programming effect 

with unintended negative consequences later in life.  In order to begin to examine this issue, 

we utilized a highly appropriate animal model to examine the impact of both Ca deficiency 

and excess on physiological parameters, bone growth, and the behavior of bone marrow 

derived MSC. 
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In terms of normal Ca homeostasis and bone growth, pigs in Ca-adequate group were 

considered reach their Ca requirement (16). The diets utilized in this study effectively 

generated pigs with a classical Ca deficiency and those that absorbed Ca in excess of 

requirement. The Ca-deficient fed pigs had slightly reduced growth rate, elevated PTH 

concentrations, and decreased bone weight and mineral content compared to the Ca-adequate 

pigs (Table 3), all signs of a classical Ca deficiency (21, 22). The slight increase in bone ash 

content and decrease in circulating PTH seen among the Ca-excess fed (Table 3) pigs 

demonstrate that these animals were able to absorb and utilize more Ca than the Ca-adequate 

fed pigs. The approximately 5-fold increase in urinary Ca excretion (when normalized to 

urinary creatinine) compared with the Ca-adequate fed pigs clearly suggests that the Ca-

excess fed pigs were absorbing dietary Ca in excess of their requirements. These data 

strongly support that the Ca-excess fed pigs did absorb and utilize more dietary Ca than those 

fed the Ca-adequate diet.  In adult animals, we would expect to see a limitation in Ca 

absorption above requirement due to down-regulation of absorption via the vitamin D 

dependent pathway. However in neonates, intestinal Ca absorption occurs via non-vitamin D 

dependent passive absorption (23, 24). We have previously shown that circulating levels of 

1,25-dihydroxyvitamin D are unresponsive to both dietary Ca and P deficiencies in young 

pigs despite changes in circulating PTH concentrations (9, 10). The ability of these neonatal 

pigs to absorb dietary Ca at levels above their requirement coupled with the evidence of 

concomitant endocrine and bone responses lends credibility to the concerns that hyper-

alimentation of Ca in neonates could impact developmental programming.       

The MSC in the bone marrow are critically important for the growth and development of 

bone.  These cells provide the lifetime supply of osteoblasts and also produce signals that 

help to regulate osteoclast differentiation and activity (25). Because these stem cells play 

important roles in bone growth and development throughout life, they are potential targets for 

programming events. Alterations in lineage allocation of MSC causing changes in the ratio of 

cells undergoing osteogenic or adipocytic differentiation is currently thought to be critically 

important for bone health (8, 26-28). In this study, MSC isolated from Ca-deficient pigs 

appeared to be less capable of undergoing osteogenic differentiation (reduced expression of 
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OC) and more capable of adipocytic differentiation (greater and more rapid PPARG and AP2 

expression) (Fig. 1).  These data are consistent with our previous study (10), where dietary 

Ca deficiency predisposed MSC towards adipocytic differentiation. While it is intuitive that 

dietary Ca deficiency, which leads to reduced bone ash content, could reduce the ability of 

MSC to undergo osteogenic differentiation thereby encouraging adipocytic differentiation, 

we were surprised by the response of MSC to Ca-excess diet in this study. The MSC isolated 

from pigs fed the Ca-excess diet, while maintaining their osteogenic capabilities, had 

adipocytic differentiation capabilities similar to the Ca-deficient treatment (Fig. 1). The 

mechanism by which excess Ca improves adipogenic ability of MSC is not clear. High level 

of Ca intake improves the bone development in preterm infants (4). In the present study, the 

more bone ash content generated by excess Ca intake combining with more potential 

osteogenic precursors (increased proliferation rate) implies a possibly higher peak bone mass 

and better life time bone integrity (29). In the United States, common concentration of Ca in 

infant formula is 30% to 100% more than that in human milk, which caused more net Ca 

retention in formula-fed babies. However, no long-term benefits have been shown by 

providing higher level of bone minerals than in human milk (30). On the contrary, 

superfluous nutrients in infant formula is a major reason for later obesity of school age 

children (31-33). Since MSC represent a model for the study of adipogenesis (34), the 

changing of MSC behavior may have relationship with obesity. In our present study, excess 

Ca altered MSC differentiation potential towards adipocyte in certain environment, which 

may cause obesity in later life.  

Overall, the data from this study demonstrate that neonatal Ca nutrition can have a rapid 

impact on bone mineral deposition and alters the activity of MSC. The data also supports that 

we have an interesting window of opportunity in regards to Ca nutrition in the neonate, as the 

intestinal regulation of Ca absorption seen in older animals is not yet active. Therefore, 

intestinal Ca absorption can be increased above what has been thought as the requirement for 

the neonate.  This increased Ca absorption results in increased bone mineral accrual, but also 

in interesting changes in the MSC population. Due to the role that MSC play in lifetime bone 

health, further studies to examine the long-term effects of neonatal Ca nutrition are needed. 
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While the importance of avoiding dietary Ca deficiency is intuitive, understanding the 

potential of dietary Ca excess to impact the developmental programming of bone in the 

neonate via alterations in MSC behavior could alter how we think about the nutritional 

requirements of neonates.   
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Table 1. Experimental diet composition on an as-fed basis1 

 Ca-deficient2 Ca- adequate3 Ca-excess4 

Ingredients, %    

   Lactose 37.9 37.9 37.9 

   12/28 milk replacer fat5 18.2 18.2 18.2 

   13/60 milk replacer fat5 14.6 14.6 14.6 

   Delactosed whey 14.3 14.3 14.3 

   Sodium caseinate 11.3 11.3 11.3 

   Calcium gluconate 0 3.6 8.1 

   Sodium gluconate 8.1 4.5 0 

   Potassium phosphate 0.5 0.5 0.5 

   Vitamin premix6 0.1 0.1 0.1 

   Mineral premix7 0.5 0.5 0.5 

   DL-Methionine 0.5 0.5 0.5 

   Potassium sorbate 0.5 0.5 0.5 

Calculated8    

   Crude protein, % 27.7 27.7 27.7 

   Crude fat, % 18 18 18 

   Gross energy, kJ/kg 19,750 19,750 19,750 

   Lactose, % 36.4 36.4 36.4 

   Delactosed whey, % 20 20 20 

   Ca, % 0.6 0.9 1.3 

   PO4, % 0.9 0.9 0.9 

 
1 Composition of the powdered milk replacer that was reconstituted at a rate of 175 g/kg final 

liquid formula. 
2, 4 Diet was deficient/excess only in calcium. 
3 Diet met pigs’ requirements based on sow milk composition and an extrapolation from the 

NRC recommendations for older pigs. 
5 Manufactured by Milk Specialties Company, Dundee, IL. 
6 Vitamin premix provided per kg: 9.9g retinyl acetate, 165 mg cholecalciferol, 36.7 mg DL-

α-tocopherol, 5.1 g dimethylpyrimidinol bisulfate 2.04 g thiamin, 8.38 g riboflavin, 4 g 

pyridoxine, 44 mg vitamin B-12, 30 g pantothenic acid, 33.1 g niacin, 2.76 g folic acid, 117 g 

ascorbic acid, and 66 mg biotin. 
7 Mineral premix provided per kg: 271 g calcium, 140 mg phosphate, 610 mg sodium, 18.34 

g chloride, 129 mg potassium, 14.6 g magnesium, 26.54 g sulfur, 1.85 g copper, 20 g zinc, 68 

mg selenium, 124 mg cobalt, 437 mg iodine, 20.8 g iron, 5.44 g manganese, and 60 g 

choline. 
8 Nutrient contents were calculated on a dry matter basis by Milk Specialties Co.  
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Table 2. Effect of dietary Ca status on growth performance in neonatal pigs1 

  Deficient Adequate Excess 

Weight gain, kg/d 

0~7 d 0.10 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 

7~14 d 0.19 ± 0.02 0.23 ± 0.02 0.22 ± 0.02 

overall 0.14 ± 0.01B 0.18 ± 0.01A 0.17 ± 0.01A 

Feed intake, kg (DM)/d 

0~7 d 0.10 ± 0.00 0.10 ± 0.00 0.10 ± 0.00 

7~14 d 0.17 ± 0.00 0.17 ± 0.00 0.18 ± 0.00 

overall 0.13 ± 0.00 0.14 ± 0.00 0.14 ± 0.00 

Feed conversion, kg gain/kg 

feed  

0~7 d 1.06 ± 0.10 1.27 ± 0.09 1.28 ± 0.08 

7~14 d 1.08 ± 0.12 1.31 ± 0.11 1.26 ± 0.10 

overall 1.08 ± 0.08 1.30 ± 0.08 1.26 ± 0.07 
1 Values are least square means ± SE, Ca-deficient (n = 5, 2 males and 3 females), Ca-

adequate (n = 6, 3 males and 3 females), Ca-excess (n = 7, 3 males and 4 females).  
A, B Means within a row lacking a common letter differ, P < 0.05. 
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Table 3. Effect of dietary Ca on sera macrominerals, PTH, Bone index, and in vivo and in 

vitro proliferation rate of MSC in neonatal pigs1 

 Deficient Adequate Excess 

Sera macrominerals and PTH    

    Ca d7, mmol/L 2.73 ± 0.07 2.78 ± 0.06 2.83 ± 0.06 

    Ca d14, mmol/L 2.56 ± 0.07 2.75 ± 0.06 2.64 ± 0.06 

    Inorganic P d7, mmol/L 2.27 ± 0.11 2.23 ± 0.10 2.42 ± 0.09 

    Inorganic P d14, mmol/L 2.37 ± 0.12 2.58 ± 0.11 2.65 ± 0.10 

    PTH d7, pmol/L 0.69 ± 0.09A 0.32 ± 0.09B 0.15 ± 0.08B 

    PTH d14, pmol/L 1.53 ± 0.37A 0.73 ± 0.33AB 0.37 ± 0.31B 

Urinary Ca    

    Urine Creatinine, mmol/L 4.76 ± 0.74 4.93 ± 0.67 5.48 ± 0.62 

    Urine Ca, mmol/L 0.34 ± 2.38B 1.20 ± 2.17B 11.87 ± 2.01A 

    Urinary Ca/Cr-ratio 0.08 ± 0.41B 0.33 ± 0.38B 2.06 ± 0.35A 

Bone indexes    

    Fresh bone, g 11.7 ± 0.5B 13.9 ± 0.5A 14.3 ± 0.4A 

    Dried bone, g 4.00 ± 0.17B 4.74 ± 0.15 A 5.12 ± 0.14A 

    Bone (fresh/BW), % 0.31 ± 0.01B 0.33 ± 0.01AB 0.35 ± 0.01A 

    Ash, g 1.26 ± 0.09C 1.84 ± 0.08B 2.12 ± 0.08A 

    Ash (ash/dry), % 31.8 ± 1.7B 38.9 ± 1.6A 41.4 ± 1.5A 

MSC in vivo/in vitro proliferation      

    BrdU, % 4.28 ± 0.54B 5.37 ± 0.49B 7.05 ± 0.46A 

    EdU 24 h, % 21.2 ± 3.5 21.7 ± 3.5 27.4 ± 3.5 

    EdU 48 h, % 19.3 ± 0.9 21.3 ± 0.9 21.0 ± 0.9 

    EdU 72 h, % 17.1 ± 1.0 17.6 ± 1.0 18.1 ± 1.0 
1 Values are least square means ± SE, Ca-deficient (n = 5), Ca-adequate (n = 6), Ca-excess (n 

= 7).  
A, B, CMeans within a row lacking a common letter differ, P < 0.05. 
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Figure 1. Effect of Ca status on gene expressions in heterogeneous MSC populations. Data are 

normalized to d0. Values presented are least square means and SE.  A, B Bars (within a time point) lacking 

a common letter differ, P < 0.05. 
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CHAPTER III: CLONAL ANALYSIS OF DIETARY CALCIUM 

EFFECTS ON PROLIFERATION AND DIFFERENTIATION 

POTENTIAL OF MESENCHYMAL STEM CELLS IN NEONATAL 

PIGS 
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Abstract 

Despite the absolute recognition of the importance of Ca nutrition to the developing skeletal 

system, few studies have examined the effects of neonatal Ca nutrition on bone formation 

and mesenchymal stem cell (MSC) activity. We have previously demonstrated that neonatal 

Ca deficiency reduces bone integrity and alters the proliferation and differentiation of bone 

marrow derived MSC. In this study, 24 piglets (28 ± 6 h of age) were used to assess the 

impact of dietary Ca from deficiency to excess (0.6, 0.9 or 1.3% Ca on a DM basis) over 14 

days. At the completion of the feeding study, MSC were isolated from individual animals. 

From these heterogeneous MSC isolations, individual clonal isolations were also obtained. 

From these colonies, we selected the most and least osteogenic (O+/O-) and the most and 

least adipogenic (A+/A-) clones based on functional staining. Proliferation and 

differentiation activity of both MSC populations and 4 colonies of each population were 

determined. Ca deficiency decreased growth rate, bone mineral content, and urinary Ca 

excretion (P < 0.05). Excess dietary Ca had no effect on growth rate, but numerically 

increased bone mineral content, and increased (P < 0.05) urinary Ca excretion compared to 

the Ca adequate group. Circulating PTH decreased (P < 0.05) with increasing dietary Ca. In 

vivo proliferation of MSC was the greatest (P < 0.05) among pigs fed excess Ca. In vitro 

proliferation of O+ and A- was lowest (P < 0.05) in the deficient group. Gene expression of 

PPARG and AP2 were up-regulated in MSC population from Ca deficient (P < 0.1) and Ca 

excess (P < 0.05) groups, while osteocalcin (OC) was depressed in the MSC population from 

Ca deficient pigs. In O+ and O- colonies, OC was decreased (P < 0.05) in the deficient group 

compared with the adequate group. A+ colonies from both Ca-deficient and Ca-excess group 

decreased (P < 0.05) RunX2 expression. All adipogenic gene expressions of O- colonies 

were increased (P < 0.05) in the excess group. The data suggest that neonatal Ca deficiency 

depressed bone development and osteogenic potential of MSC; excess Ca promoted bone 

development yet with detrimental potential by alternating the lineage priming of MSC. 

Key words: clonal analysis, proliferation, differentiation, MSC, pigs 
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Introduction 

The multilineage differentiation potential of bone marrow MSC has been well described 

since their first discovery in 1960. Under certain induction environment, the tri-lineage 

potential to exhibit adipo-, chondro-, and osteogenesis is a basic criterion for defining 

multipotent MSCs (1). Bone growth and development is dependent on the proliferation and 

the osteogenic differentiation of mesenchymal stem cells (MSC) in the bone marrow. The 

proliferation rate of MSC and the balance between osteoblastic and adipocytic differentiation 

of MSC are thought to be crucial for bone health (2). 

Cytokines, growth factors, adhesion molecules, and extracellular matrix components in the 

stem cell microenvironment play important roles in stem cell fate determination, functioning 

as the driving forces for stem cells to switch from a self-renewal to a differentiation stage (3-

6). During aging or under some nutritional intervention, MSC slow down the proliferation 

and progressively lose their multipotential (7). We have previously demonstrated that 

neonatal macromineral deficiencies reduce bone integrity and the in vivo proliferation rate of 

MSC (8, 9).  Additionally, MSC isolated from Ca deficient neonatal pigs can more readily 

adopt an adipocytic lineage (9).  When increasing the neonatal Ca intake 40% above the 

requirement level, more mineral deposition combining with maintained osteogenic 

capabilities was observed. However, these MSC isolated from Ca-excess pigs had improved 

adipocytic differentiation capabilities similar to the Ca-deficient (30% less) treatment. In the 

context of bone development, alterations in the rate of differentiation of osteoblasts can occur 

via a shift in the percentage of the population of cells committed to osteogenesis (pre-

osteoblasts), and/or by alterations in the lineage priming (alterations in cellular transcriptome 

that affect response to differentiation signals) of multipotent cells, and/or by an increased rate 

of terminal differentiation of these cell types. 

MSCs are a heterogeneous population containing morphologically similar cells with varying 

potencies and lineage commitments (10). The lineage commitment was found to diminish 

cell proliferation, colony-forming efficiency, and colony diameter. Some clonal analysis 

described a partially loss of multipotential, from adipogenic potential to strict osteogenic 



 

60 

progenitors in the heterogeneous population (11, 12). Due to the lack of a specific 

immunophenotype of MSC to indicate its potency (13, 14), and only a partial enrichment of 

multipotent cells by fluorescence-activated cell sorting (15), characterizing MSCs by their 

functional ability to proliferate and differentiate is better for clonal analysis. 

Dietary Ca intervention during neonatal period impact the component of bone marrow MSC 

population, subsequent alteration of osteogenic potential could have both immediate and 

long-term consequences for bone health. While the importance of avoiding dietary Ca 

deficiency is intuitive, understanding the potential of dietary Ca excess to impact the 

developmental programming of bone, via alterations in MSC behavior, could alter how we 

think about the nutritional requirements of neonates.  In this study, we examined the effect of 

dietary Ca deficiency and excess on individual colonies of MSC in neonatal pigs. 

Materials and Methods 

MSC colony isolation and immunocytochemistry.  Individual colonies were obtained by 

limiting dilution from each original MSC population. Briefly, MSCs from each piglet were 

diluted to ~60 single cells/mL of basal media, and plated into 96-well plates.  Cultures were 

checked 24 h after plating, and wells containing only a single cell were kept for future 

isolation. A total of four 96-well plates were prepared for each heterogeneous MSC 

population. All of the clones that reached 60% confluence within 1 week were detached with 

0.05% trypsin-0.01% EDTA (Sigma, St Louis, MO, USA) and gradually expanded to 24-

well plate then 6-well plate then culture flask until reaching approximately 2 × 105 cells. 

From each animal, no fewer than 20 individual colonies were randomly isolated. After 

individual colony isolation, each MSC colony was harvested and verified by 

immunocytochemistry assay, until reach < 5% positive for CD45 (AbD Serotec, USA) and > 

95% positive for CD105 (Thermo Fisher Scientific Inc., USA). The differentiation 

capabilities of these colonies were evaluated by functional staining. A portion of the cells 

from the clonal isolations were directly plated in 24-well plates and stained for the screening. 

The remainder of the MSC isolations were cryopreserved in Dulbecco's modified eagle 

medium (DMEM) + 10% Fetal bovine serum (FBS) (heat-inactivated, Invitrogen Life 
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Technologies, Carlsbad, CA, USA) + 10% dimethyl sulfoxide (DMSO) until needed. The 

least (O-) and most (O+) osteogenic colonies of the 20 colonies were selected by Alizarin 

Red staining after 9 days osteogenic induction, and the least (A-) and most (A+) adipogenic 

colonies of the 20 were selected by Oil Red O staining after 9 days adipogenic induction. 

Following the screening, differentiation potential of selected colonies was determined by 

gene expression analysis after osteogenic and adipogenic inductions. 

MSC cell culture.  Cells from each individual colonies were thawed, resuspended in basal 

media (DMEM + 10% FBS + antibiotics), and individually plated at 104 cell/cm2 in 24-well 

plates. Complete media changes were carried out every 3 days. When cultures reached 

approximately 90% confluence, the basal media was replaced with either osteogenic media 

(basal media + 250 nmol/L dexamethasone + 10 mmol/L β-glycerophosphate + 0.2 mmol/L 

ascorbic acid) or adipogenic media (basal media + 500 nmol/L dexamethasone + 60 µmol/L 

indomethacin + 20 µg/mL insulin). Total RNA was isolated at 0, 3, 6 and 9 days post-

induction.  Alizarin Red staining was used for detecting mineralization of osteogenesis and 

Oil Red O staining was used to measure lipid accumulation 9 days post induction. 

In vitro cell proliferation.  In vitro proliferation rate of the clonal MSC populations were 

determined using the Click-iT EdU (5-ethynyl-2'-deoxyuridine) HCS Assay kit (Invitrogen 

Life Technologies, Carlsbad, CA, USA). Proliferation was measured in 6 replicate wells for 

each sample, results were presented as the percentage of EdU stained:total cells. 

Gene expression analysis. Total RNA samples were isolated by using the Ambion 

RNAqueous kit. Contamination of genomic DNA was removed by treating with 

deoxyribonuclease-I (DNA-free kit, Ambion). First strand cDNA was synthesized from 0.5 

µg RNA using Superscript III (Invitrogen Life Technologies, Carlsbad, CA, USA), and 

digested with RNase H (Invitrogen Life Technologies, Carlsbad, CA, USA) to remove 

residual RNA according to the manufacturer’s instructions. Semi-quantitative real-time PCR 

was used to determine the relative quantities of transcripts of the genes of interest. Equal 

amounts of cDNA, as determined by Quant-iT™ OliGreen® ssDNA Assay Kit (Invitrogen 

Life Technologies, Carlsbad, CA, USA), was used in all PCR reactions. The gene encoding 
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the 60S ribosomal subunit (RPL35) was selected and validated as a suitable control gene 

(16). For adipogenic differentiation, the relative gene expression of peroxisome proliferator-

activated receptor gamma (PPARG), adipocyte fatty acid-binding protein (AP2), and 

lipoprotein lipase (LPL) was determined.  For osteogenic differentiation, the relative gene 

expression of Runt related transcription factor (RUNX2), and osteocalcin (OC) was 

determined. All PCR reactions were subjected to a melt curve analysis to validate the 

absence of nonspecific products.  The analysis of above gene expression was conducted by 

using the 2-ΔΔCT method (20), the data were presented as the fold change in gene expression 

normalized to 60S gene and relative to the d0 control prior to statistical analysis. 

Cytochemical staining.  Cells were fixed and stained in duplicate for mineralization and the 

presence of neutral lipids on d9. Staining for calcium deposition was visualized by fixing the 

cells in 10% formalin and then staining with a 2% Alizarin Red solution (pH 4.0~4.2) at 37℃ 

for 30 min, followed by thorough rinsing with water.  Accumulation of neutral lipids was 

visualized by Oil Red O staining as described before (9). 

Statistical analysis.  Data were analyzed using the GLM procedure of SAS (Version 9.3, 

SAS Institute). For the clonal isolates, dietary treatment, cell type (O-, O+, A-, and A+), and 

their interactions were considered main effects. Differences were considered significant at P 

< 0.05. Values reported in the text are least square means ± SE. 

Results 

In vitro analysis of clonal isolates 

In order to begin to assess if the differences in differentiation among MSC populations, 

which were seen between dietary Ca treatments, were due to global changes to the MSC 

populations or to changes among only a sub-population of the MSC, we conducted in vitro 

differentiation studies with clonal isolates.  Because good markers of MSC potency have not 

yet been identified, we utilized functional staining outcomes to identify extremes within the 

population. 
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The most and least osteogenic colonies (O+/O-) and the most and least adipogenic colonies 

(A+/A-) from 20 randomly isolated colonies of each pig were selected by functional staining 

(Fig. 1). Distinguishable differences were observed between the most and least 

differentiation colonies in each animal. Further verification of selection was supported by 

differential mRNA abundance of indicator genes under osteogenic/adipogenic induction (Fig. 

2, 3). The selected colonies represent the different ranking of sub-population in heterologous 

population. 

Osteogenic selection 

Regardless of the Ca status of the piglets they were obtained from, clones selected for good 

osteogenic differentiation (O+) had higher (P < 0.05) rates of in vitro proliferation.  This 

resulted from the higher (P < 0.05) in vitro proliferation rates of O+ compared with O- clones 

obtained from both the Ca-adequate and Ca-excess groups (Fig. 6 A).  While the proliferation 

rates of the O+ and O- clones obtained from the Ca-deficient group did not differ, they were 

both lower (P < 0.05) than those of the O+ clones obtained from the Ca-adequate and the Ca-

excess groups. There were no differences in proliferation rate among the O- clones across 

dietary Ca levels (Fig. 6 A).  During osteogenic induction, O+ clones had greater (P < 0.05) 

RUNX2 gene expression and tended to have greater (P = 0.15) OC gene expression after 9 

days of induction (Fig. 2 A).  Among the O- colonies, there were no differences in either 

RUNX2 or OC gene expression based on the Ca status of piglets (Fig. 4 B).  However among 

the O+ colonies, the colonies obtained from either Ca-adequate or Ca-excess fed piglets had 

higher (P < 0.05) levels of OC mRNA after 9 d of osteogenic induction (Fig. 4 A).  When the 

clones selected based on osteogenic differentiation were induced to adopt an adipocytic 

lineage, the O+ clones had less (P < 0.05) gene expression of AP2 after 6 and 9 days of 

induction (P = 0.16 and P < 0.05, respectively) (Fig. 2 B).  Among the O- clones, those 

obtained from the Ca-excess fed piglets had higher (P < 0.05) gene expression of AP2 (3.1-

fold, 4.1-fold) and LPL (3.3-fold, 5.3-fold) after both 6 and 9 days of adipocytic induction 

than any other treatment group (Fig. 4 B). 
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Adipocytic selection 

In vitro proliferation and differentiation. Regardless of the Ca status of the piglets they were 

obtained from, clones selected for poor adipocytic differentiation (A-), had higher (P < 0.05) 

rates of in vitro proliferation (Fig. 6 B).  Within both the Ca-adequate and the Ca-excess 

colonies, the A- colonies had greater (P < 0.05) proliferation rates than the A+ colonies.  

However, the proliferation rates of the A- vs. A+ colonies isolated from the Ca-deficient 

animals did not differ (Fig. 6 B).  After 9 days of adipocytic induction, A+ colonies had over 

2-fold greater (P = 0.06 and 0.09, respectively) gene expression of AP2 and LPL than the A- 

colonies (Fig. 3 B).  Dietary Ca treatment did not meaningfully affect the gene expression of 

these markers of adipocytic differentiation among either the A- (Fig. 5 B) or the A+ colonies.  

During osteogenic differentiation of these colonies, there was a transient decrease in RUNX2 

gene expression among A+ colonies obtained from both the Ca-deficient and the Ca-excess 

group compared to those obtained from the Ca-adequate pigs at 6 days post induction (Fig. 5 

A).  At 9 days post-osteogenic induction, the reduced expression of RUNX2 was only seen in 

A+ colonies isolated from the Ca-deficient pigs (Fig. 5 A). 

Discussion 

Adult stem cells remain in a non-proliferative, quiescent state during most of their lifetime 

until stimulated by the signals triggered by tissue damage and remodeling (17). Once 

stimulated, uncommitted MSCs go through asymmetric division (10), generate one exact 

replica multilineage potential cell, and a precursor cell, with a more restricted developmental 

program. Cytokines, growth factors, and cell-cell interactions in the stem cell 

microenvironment determine the stem cell fate, functioning as the driving forces for stem 

cells to switch from a proliferation to a differentiation stage (3-6). During aging or under 

some nutritional intervention, MSC progressively lose their multipotential and slow down the 

proliferation (7). 

The MSC in the bone marrow are critically important for the growth and development of 

bone.  These cells provide the lifetime supply of osteoblasts and also produce signals that 

help to regulate osteoclast differentiation and activity (18).  Because these stem cells play 
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important roles in bone growth and development throughout life, they are potential targets for 

programming events.  Alterations in lineage allocation of MSC causing changes in the ratio 

of cells undergoing osteogenic or adipocytic differentiation is currently thought to be 

critically important for bone health (2, 19-21).  In our previous study, MSC isolated from Ca-

deficient pigs appeared to be less capable of undergoing osteogenic differentiation (reduced 

expression of OC) and more capable of adipocytic differentiation (greater and more rapid 

PPARG and AP2 expression).  These data are consistent with our previous study (9), where 

dietary Ca deficiency predisposed MSC towards adipocytic differentiation. While it is 

intuitive that dietary Ca deficiency, which leads to reduced bone ash content, could reduce 

the ability of MSC to undergo osteogenic differentiation thereby encouraging adipocytic 

differentiation, we were surprised by the response of MSC to Ca-excess diet in this study.  

When increasing the neonatal Ca intake above the requirement level, more mineral 

deposition combining with maintained osteogenic capabilities was observed. However, these 

MSC isolated from Ca-excess pigs had improved adipocytic differentiation capabilities 

similar to the Ca-deficient treatment. 

In order to further evaluate the impact of neonatal dietary Ca treatments on the changes in 

MSC activity, we isolated individual clones and assessed their ability to adopt either an 

osteogenic or an adipocytic lineage by functional staining for Ca or neutral lipids by Alizarin 

Red or Oil Red O, respectively. By selecting clones that represent the extremes of each 

population, i.e. the most and least osteogenic and adipogenic, we hoped to gain insight into 

whether neonatal Ca status was affecting all of the MSC in a similar manner. 

Mesenchymal stem cells are a heterogeneous population of cells (22), and individual cells or 

sub-populations can exhibit different proliferation rates (14, 23) and differentiation potentials 

(24, 25). Furthermore, the population consist with a nonlinear hierarchy of lineage 

commitment: only the third of the in vitro derived MSC clones exhibited a tri-lineage (O, C, 

A) differentiation potential, while the remainder displayed a bi-lineage (O, C) or uni-lineage 

potential (O) (11, 26). The lineage commitment was found to diminish cell proliferation, 

colony-forming efficiency, and colony diameter. Some clonal analysis described a partially 
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loss of multipotential, from adipogenic potential to strict osteogenic progenitors in the 

heterogeneous population (11, 12). The differences we observed in the osteoblastic and 

adipogenic differentiation capabilities of the heterogeneous MSC based on neonatal dietary 

Ca interventions in this study could have been caused by a shift in the percentage of the 

mono-potent MSC (pre-osteoblasts or pre-adipocytes) in the population, and/or by alterations 

in the lineage priming (alterations in the transcriptome of cells that impact the cellular 

response to differentiation signals) of multipotent cells, and/or by an increased rate of 

terminal differentiation of these cell types. 

Due to the lack of a specific immunophenotype of MSC to indicate its potency (13, 14), and 

only a partial enrichment of multipotent cells by fluorescence-activated cell sorting (15), 

characterizing MSCs by their functional ability to proliferate and differentiate is better for 

clonal analysis. The selection of the most and least differentiation colonies via visual 

observation had been supported by the gene expression of markers of both osteoblastic and 

adipogenic differentiation (Fig. 2 A, 3 B) during osteogenic induction. These more 

homogeneous colonies were expected to represent the extreme sub-population in the 

heterologous population, due to the lack of specific cell surface marker of MSC (22).  

However, the ranking of osteogenic potential of each individual colony does not necessary 

related to the ranking of their adipogenic potential. In the present study, the least osteogenic 

clones had greater adipogenicity (Fig. 2) while the poorly adipogenic clones did not have 

greater osteogenic (Fig. 3).  The initial multipotent MSC progressively lose their 

differentiation potential during aging or programming alteration. The unbalance of 

osteogenic to adipogenic potential in each colony indicates the relative loss of multipotency.  

Therefore, the colonies showing the both relatively greater osteogenic and adipogenic 

potential during comparison could be considered possessing the greater multipotency.  

Interestingly, there were significant differences in the osteogenic capabilities of the O+ 

colonies between the different dietary Ca treatments. The best osteogenic clones from the Ca-

deficient fed pigs were far less osteogenic than those from the Ca-adequate and Ca-excess 

fed pigs as is evident by an over two fold lower OC expression after 9 d of osteogenic 

induction (Fig. 4 A).  Combing the fact that these O+ colonies have no difference in their 
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adipogenic potential (Fig. 4 A), the data implies that Ca-deficient have the greater relative 

loss of osteogenic potential when comparing the same ranking of osteogenic cells by Ca 

treatment Of additional interest was that during the comparison of the same osteogenic 

ranking cell among Ca treatments, the O- colonies obtained from the Ca-excess fed pigs have 

the tremendously greater adipogenic potential (Fig. 4 B), while barely no difference in terms 

of their osteogenic potential (Fig. 4 B). The data suggests that these O- colonies in Ca-excess 

group possess the relative higher multipotential compared with other groups. The colonies 

selected based on adipogenic potential did not differ based on the Ca status of the pigs they 

were obtained from in the expression of genetic markers either for adipocytic or osteogenic 

differentiation. 

Neonatal Ca deficiency resulted in MSC populations that had greater adipocytic and lesser 

osteogenic capabilities than MSC isolated from Ca-adequate pigs. The lack of a clear 

improvement in adipogenesis among the O+, O-, A+, and A- colonies isolated from the Ca-

deficient pigs compared with those of the Ca-adequate pigs, suggests that Ca deficiency 

increases the percentage of MSC capable of becoming adipocytes rather than improving the 

adipogenic differentiation rate of either the whole or a part of the heterogeneous MSC 

population. Additionally, Ca deficiency did reduce the osteogenic capabilities of the O+ 

colonies as compared with the other dietary treatments. What role this might play in whole 

animal Ca homeostasis remains to be elucidated. While alterations in MSC activity with Ca 

deficiency was expected based on our previous work (9), the changes seen with excess Ca 

were unexpected. Based on the data obtained from the selected colonies, it appears that the 

osteogenic capabilities of MSC from Ca-excess pigs were the same as those from the Ca-

adequate pigs. However, the O- colonies from the Ca-excess pigs were the most adipogenic 

of any of the colonies selected based on osteogenic activity. It is this subpopulation of the 

MSC that helps to explain how the heterogonous MSC from the Ca-excess fed pigs had the 

ability to be highly osteogenic, like the MSC from Ca-adequate pigs, as well as highly 

adipogenic, like those of the Ca-deficient pigs. Considering our cell culture data, and MSC in 

the framework of cells with a progressive lineage allocation, dietary Ca excess may be 

allowing a portion of the MSC to retain greater multipotency in neonatal pigs. 
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Overall, the data from this study demonstrate that dietary Ca intervention during neonatal 

period have great efficacy to impact the component of bone marrow MSC population. 

Neonatal Ca deficiency reduces the osteogenic priming of MSC meanwhile enlarging the 

sub-population of potentially adipogenic cells; dietary Ca supplementation above what is 

considered required allows greater multipotency of MSC. Due to the role that MSC play in 

lifetime bone health, further studies to examine the long-term effects of neonatal Ca nutrition 

are needed. While the importance of avoiding dietary Ca deficiency is intuitive, 

understanding the potential of dietary Ca excess to impact the developmental programming 

of bone in the neonate via alterations in MSC behavior could alter how we think about the 

nutritional requirements of neonates. 
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Figure 1. Functional staining of individual colonies. Alizarin Red for staining for calcium deposition, Oil 

Red O staining for neutral lipid drops. The most osteogenic colonies (A). The least osteogenic colonies 

(B). The most adipogenic colonies (C). The least adipogenic colonies (D). 

  



 

73 

 

Figure 2.  The gene expressions of the least and most osteogenic colonies. Gene RUNX2 and OC in the 

least (O-) and most osteogenic (O+) colonies cultured in osteogenic conditions (A), and PPARG, AP2 and 

LPL in the least (O-) and most osteogenic (O+) colonies cultured in adipogenic conditions (B). Values are 

least square means and SE, n = 15.  A * indicates a significant difference between cell types within a time 

point, P < 0.05. 
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Figure 3.  The gene expressions of the least and most adipogenic colonies. Gene RUNX2 and OC in the 

least (A-) and most adipogenic (A+) colonies cultured in osteogenic conditions (A), and PPARG, AP2 and 

LPL in the least (A-) and most adipogenic (A+) colonies cultured in adipogenic conditions (B). Values are 

least square means and SE, n = 15.   
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Figure 4. Effect of Ca on the gene expressions of the most and least adipogenic colonies. Genes RUNX2, 

OC after osteogenic induction, and the gene expression of PPARG, AP2, and LPL after adipogenic 

induction. The most adipogenic colonies (A). The least adipogenic colonies (B). Values are least square 

means and SE, n = 5. A, B Values within a time point lacking a common letter differ, P < 0.05. 
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Figure 5. Effect of Ca on the gene expressions of the most and least osteogenic colonies. Genes RUNX2, 

OC after osteogenic induction, and the gene expression of PPARG, AP2, and LPL after adipogenic 

induction. The most osteogenic colonies (A). The least osteogenic colonies (B). Values are least square 

means and SE, n = 5. A, B Values within a time point lacking a common letter differ, P < 0.05.  
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Figure 6. In vitro proliferation rate of the individual colonies. The least (O-) and most osteogenic (O+) 

colonies (A), the least (A-) and most adipogenic (A+) colonies (B) after 24 h of culture. Values are least 

square means and SE, n = 5. A, B, C Values lacking a common letter differ, P < 0.05. 
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PORCINE MESENCHYMAL STEM CELLS WITH VARIED 

DIFFERENTIATION POTENTIAL 
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Abstract 

Although the multipotency of MSC is well described, little is known regarding the 

underlying molecular regulation of lineage allocation of MSC prior to their commitment to a 

specific lineage. We have previously identified colonies within heterologous MSC isolations 

that had dramatically different differentiation potentials. In this study, the bi-potency of 

individual colonies were ranked based on their expression of osteogenic and adipogenic 

genes under appropriate induction conditions. Five colonies for each differentiation 

classification (good osteogenic and adipogenic, O+A+; good osteogenic and poor 

adipogenic, O+A-; poor osteogenic and good adipogenic, O-A+; poor osteogenic and 

adipogenic, O-A-) were selected. The proliferation rates of these colonies were determined 

by EdU staining. Total RNA was obtained from these 20 colonies while they were actively 

proliferating and when they reached confluence. Global gene and miRNA expression was 

determined using the ion-proton platform. Proliferation rates were similar among all 

colonies. A total of 34,151 transcripts were mapped to the pig genome. Hundreds of genes 

were differentially expressed among the classification groups. We identified genes that are 

specific for both osteogenic and adipogenic lineage priming, as well as genes associated with 

a reduction in lineage potential. The known functions of these genes cover a broad range of 

cellular processes, including cell adhesion, organization of the actin cytoskeleton, as well as 

immune-regulatory function, implying that the commitment of adult stem cells is a complex 

process requiring the coordination of multiple molecules and signaling pathways. This study 

generates a data source for identifying genes which regulate the earliest stages of MSC 

commitment. Consequential verification of the gene signature of MSC by small interfering 

RNA inactivation is needed. 

Key words: transcriptional profile, RNAseq, MSC, differentiation potential, porcine 
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Introduction 

Mesenchymal stem cells (MSC) are able to differentiate into many functional cell lineages, 

and therefore have received a great deal of attention for their application in stem cell 

therapies and in tissue engineering (Barrilleaux et al., 2006; Salem and Thiemermann, 2010).  

These adult stem cells are believed to be a heterogeneous population (Russell et al., 2010) 

consisting of a hierarchy of lineage commitment: tri-lineage (osteoblastic, chondrocytic, and 

adipocytic) differentiation potential, bi-lineage or uni-lineage potential (Pittenger et al., 1999; 

Muraglia et al., 2000). In the earliest stages of commitment, MSC undergo transcriptional 

modifications towards a specific lineage without apparent changes in phenotype (Baksh et 

al., 2004). These cells exhibit similar morphology but different gene transcriptomes as well 

as potentially different proliferation rates (Colter et al., 2001; Gronthos et al., 2003). The 

heterogeneity of MSC preparations causes substantial issues for the use of MSC in 

autologous stem cell therapies (Phinney, 2007; Zhang et al., 2006). For clinical application, it 

is important to identify lineage primed MSC during the in vitro expansion period. However, 

there have been no reported cell surface markers or gene expression signatures that are highly 

associated with early cell lineage commitment. 

Global gene expression profiling is a powerful tool to identify genes involved in stem cell 

commitment and differentiation under different inductive microenvironments. Most studies 

have focused on the changes in gene expression profiles between undifferentiated and 

differentiated MSC and have identified genes essential for specific lineage differentiation 

(Doi et al., 2004; Qi et al., 2003; Song et al., 2006). The heterogeneity of MSC isolates does 

pose challenges for global gene expression studies, as the differences in expression of 

potentially important genes for a specific lineage may be masked by the portion of the MSC 

population that will not adopt that lineage. These problems are magnified if we hope to 

examine the differences in gene expression that occur prior to lineage commitment. We have 

previously isolated individual MSC colonies from neonatal pigs under dietary Ca 

intervention and identified their osteogenic/adipogenic differentiation capabilities. By 
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utilizing these colonies, we hope to identify a genetic signature (mRNA and miRNA) of 

MSC with varying differentiation potential.  

Microarray and RNAseq technologies are popular tools for analyzing transcriptome. 

Compared with microarrays, RNA sequencing also allows for the identification of both new 

genes and miRNAs, and has greater accuracy in quantifying transcripts with lower 

expression abundance (Zhao et al., 2014). In this study, in order to identify the earliest 

markers of MSC commitment, we analyzed the transcriptome and miRNAome of MSC with 

known differences in lineage allocation during proliferation and at confluence by RNA 

sequencing. 

Materials and Methods 

MSC colonies isolation and immunocytochemistry. A total of 60 individual colonies were 

obtained from different 15 MSC populations isolated from 15 piglets, 4 colonies per piglet, 

as described in Chapter 3.  

In vitro cell proliferation.  The proliferation rate of individual colonies was tested as 

described in Chapter 3. 

Colony ranking. The 60 colonies were ranked based on gene expression of OC during 

osteogenic induction and AP2 and LPL during adipocytic induction (as described in Chapter 

3). Colonies within the top third for both osteogenic and adipogenic differentiation 

capabilities were considered as bi-potent MSC (O+A+); colonies within the top third for 

osteogenic and the bottom third of adipogenic capability were considered as osteogenic 

primed MSC (O+A-); colonies within the bottom third of osteogenic and top third ranking of 

adipogenic capability were considered as adipogenic primed MSC (O-A+); and those 

colonies within the bottom third of both osteogenic and adipogenic capabilities were 

considered as bi-potent reduced MSC (O-A-). A total of 20 colonies, n = 5/classification 

scheme, were cultured in duplicate in 140/20 mm culture Petri Dishes (Greiner bio-one, 

USA) in DMEM + 10% FBS with complete media changes every 3 days. Total RNA was 
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isolated during proliferation (approximately 5 x 106 cells/plate) and when the cells reached 

confluence.  

Total RNA isolation. Cells were lysed using Trizol reagent (Invitrogen, USA). RNA samples 

were purified by phenol/chloroform extraction and isopropanol precipitation. Small RNA (< 

200 nt) yield was enhanced by overnight isopropanol precipitation at -20℃.  The total RNA 

samples were treated with DNase I using DNA-free kit (Ambion, USA). All RNA samples 

were tested by RNA Nano Chip using Agilent 2100 Bioanalyzer for RNA integrity number 

(RIN). The RNA with great quality (RIN > 9.0) were used for mRNA and small RNA 

enrichment. More than 20 ng mRNA of each RNA sample was enriched from 2 µg total 

RNA by Dynabeads mRNA Purification Kit (Ambion, USA). More than 30 ng small RNA (< 

200 nt) of each RNA sample were enriched from 10 µg total RNA by Ion Total RNA-Seq Kit 

v2 (Life technologies, USA). The quantification of small RNA samples were determined by 

Agilent Small RNA kit (Agilent technologies, USA) through RNA Pico Chip of Agilent 2100 

Bioanalyzer. All the mRNA and small RNA samples were stored at -80℃ for future need. 

Global gene expression analysis. Sequencing libraries of mRNA and small RNA from 

individual samples were prepared by Life Technologies Ion Total RNA-Seq Kit v2 following 

the manufacturers protocol. Individual libraries were given a unique nucleotide adapter 

sequence to allow for multiplexing within sequencing chips. A total of 80 libraries including 

40 samples (4 colony categories x 5 replicates x 2 time points) of both mRNA and small 

RNA were sequenced. Libraries were sequenced on an Ion Proton™ System using a balanced 

design with 16 libraries per sequencing chip (Fig. 1). For mRNA libraries, four colony 

categories with 2 replicates across the 2 time points were pooled for sequencing. Each 

individual library was sequenced on two separate chips to account for technical variation. For 

small RNA libraries, four colony categories with 2 replicates across the 2 time points were 

pooled for sequencing. Resulting sequence files were merged and 12.5 million single end 

reads (≤ 250 base pair in length) per library were expected based on previous experience 

using the Ion Proton™ System.  
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Data analysis. Sequencing data files were downloaded from NCSU ftp server. Multiple fastq 

files for each sample were merged to produce one file per sample. For mRNA analysis, reads 

were trimmed to 75 bp in length and low quality reads (Q < 20) were removed using the 

FASTX toolkit (hannonlab.cshl.edu/fastx_toolkit/index.html). For miRNA data, adapter 

sequences were trimmed and resulting reads < 15bp and > 29 bp in length were filtered out. 

Quality for each merged file was assessed with FastQC 

(www.bioinformatics.babraham.ac.uk/projects/fastqc/). Analysis ready mRNA fastq files 

were mapped to the reference genome (Sscrofa10.2.74; with reference annotation as guide) 

using TopHat (v2.0.10) followed by transcript assembly using Cufflinks (v2.1.1). Individual 

assemblies were merged with Cuffmerge and the merged assembly was then used for 

differential expression analysis with Cuffdiff. For differential expression testing, a q-value 

cutoff < 0.05 was used and transcripts with < 10 reads were omitted. For the analysis of 

miRNA, reads were mapped to the reference genome using Bowtie (v2.1.0) in combination 

with miRDeep2 (Friedländer et al., 2012). Known miRNA were determined for reads which 

mapped to the current miRBase releases (v20) for human and pig. Novel miRNA were 

predicted using the miRDeep2 algorithm with reads mapped to Sscrofa10.2.74. Differential 

miRNA expression analysis was completed on miRNA counts using DESeq2 (Anders and 

Huber, 2010) in R (version 3.0.3).  

Proliferation data were analyzed using the GLM procedure of SAS (Version 9.3, SAS 

Institute). The clonal osteogenic potential (O-, O+), adipogenic potential (A-, and A+), and 

their interactions were considered main effects. Differences were considered significant at P 

< 0.05. Values reported in the text are least square means ± SE. 

Results 

In vitro proliferation rate of selected colonies 

No significant differences were observed in the proliferation rates among colonies. However, 

the proliferation rate of colonies with better osteogenic potential was higher than that of poor 

osteogenic colonies (P < 0.05). No effect of adipogenic potential or adipogenic x osteogenic 

potential interaction were observed (Fig. 2). 

http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Differential gene expression 

A total of 34,151 genes (~70% reads) were mapped to the pig genome. All possible pairwise 

comparisons were conducted among O+A+, O+A-, O-A+, and O-A- colonies. Differences in 

gene expression were considered significant with an adj P < 0.05 and greater than a 1.5-fold 

change between comparisons. The numbers of up-regulated and down-regulated genes in 

each pairwise comparison were shown in Table 1.  During proliferation, 74 genes were 

expressed more in O+A+ colonies compared with all other categories (Table 1). Likewise, 

85, 14 and 88 genes were only highly expressed in category O+A-, O-A- and O-A+, 

respectively. In the contrast, there were 12 genes commonly expressed lower in O-A- colony 

compared with all other categories. Similarly, 51, 1, and 16 genes were expressed lower in 

O-A+, O+A+, and O+A- than other colonies, respectively. Regardless of adipogenic potential 

of colonies, 7 genes were highly expressed in colonies with greater osteogenic (O+) potential 

in common (commonly expressed gene in the comparison of O+A+/O-A+ and O+A-/O-A-). 

Likewise, 9, 8 and 19 genes were highly expressed in worse adipogenic (A-), worse 

osteogenic (O-) and better adipogenic colonies (A+), respectively. About 22,735 genes were 

not differentially expressed in all MSC colonies. The same way of comparison was 

conducted for the colonies during confluence time point, shown in Table 1.  

Genes with various functions are differential expressed between colonies 

The differentially expressed genes among colonies with different lineage priming or lineage 

repression potential were grouped according to their known function in Table 2 and 3. 

During cell proliferation, the genes involving collagen biosynthesis were highly expressed 

only in colonies that have better osteogenic potential (O+). Cells that were more readily able 

to differentiate into adipocytes had increased expression of genes encoding transmembrane 

transporters. The colonies with the poorest osteogenic potential (O-) had increased 

expression of genes involved in regulation of the cell cycle, including development, 

activation, growth and motility (Table 2). Chemokine gene CXCL14 was highly expression in 

colonies with greater ability for both osteogenesis and adipogenesis. Similarly, transcription 

factor HAND2, involving cell proliferation and differentiation, was increased in both 
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osteogenic and adipogenic primed colonies. The gene expression profiles were distinct 

between the proliferating and confluence MSCs, due to differences in expression of genes 

involved in the regulation of cell cycle and developmental processes and also in the structural 

organization of the cell.  

MicroRNA regulation of gene expression between colonies 

Due to the lack information of pig miRNA database, differential expression of miRNA in 

colonies were also mapped to human genome. The differential expressions of miRNA in 

colonies matches their predicted target mRNAs, decreased expression of miRNA associated 

with increased expression of mRNA (Table 3). With the same osteogenic potential, colonies 

having greater adipogenic potential (A+) expressed more genes of FAM180A, CXCL14 and 

HAND2 (Table 2, 3), and lower level of miRNA hsa-miR-29b-1-5p, hsa-miR-19b-1-5p, and 

hsa-miR-25-3p, respectively (Table 3). These data also showed that several miRNAs 

regulated the expression of the same gene. 

Discussion 

MSCs derived from bone marrow are a heterologous population, which contain cells with 

various potential for proliferation and differentiation. Based on the hypothesis of asymmetric 

division, each time the multipotent MSC undergo cell division, they may generate a daughter 

cell that is more restricted to a certain lineage (Baksh et al., 2004).  The committed MSC 

have the same morphology and immunophenotype with the multipotent MSC, but differ in 

their gene transcription repertoire, as well as the proliferation rate (Mareddy et al., 2007). 

Clonal analysis of MSC indicates that the majority of the in vitro derived MSC clones 

exhibited a tri-lineage (O, C, A) differentiation potential, while the remainder displayed a bi-

lineage (O, A) or uni-lineage potential (O) (Russell et al., 2010). The lineage commitment 

was found negatively associate with cell proliferation rate (Russell et al., 2011). A study 

using Affymetrix microarray analysis in hMSCs suggested that during early stage of 

commitment, cells undergo transcriptional modification to suppress the level of some master 

regulator genes holding the stemness of cell and render cells to freely differentiate to multiple 

lineages (Song et al., 2006). Similarly, the gene transcriptome profile is continuously 
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changed within the current hierarchy (from a balanced bi-potent MSC to a lineage primed bi-

potent MSC) until the level of some master regulator genes reaching a threshold for 

transmitting cell to the next hierarchy e.g. from bi-potent to mono-potent. However, it is 

difficult to identify the master genes governing the commitment stage by undifferentiated 

MSCs population, because the heterogeneous population may contain cells with adverse 

differentiation potential. In the previous study, we isolated 60 individual colonies of MSC, 

and selected 20 colonies based on their differentiation potential. The bi-potent (no 

chondrogenesis potential were tested) differentiation potential of all colonies were evaluated 

by functional staining and expression level of functional genes after osteogenic and 

adipogenic induction (Chapter 3). By ranking of gene expression level, we grouped the 20 

colonies into 4 categories: bi-potent balanced MSC (O+A+), osteogenic primed MSC (O+A-

), adipogenic primed MSC (O-A+) and bi-potent reduced MSC (O-A-). In the present study, 

we determine the proliferation rate and analyzed the global gene expression of these 

individual colonies by RNA sequencing. 

It is believed higher proliferation rate of single MSC colony indicate better multipotency 

(Lee et al., 2010). In our data, no difference of proliferation rate of the selected colonies were 

found, but numerically the osteogenic potential of cells have more power in affecting the 

self-renewal ability than the adipogenic potential does (Fig. 2).  A study using hMSC 

indicated no difference of proliferation and senescence rate in OAC and OA colonies, but 

significant decrease proliferation and increased senescence rate in O colonies (Russell et al., 

2011). The similar proliferation rate in our colonies suggests these colonies are in the same 

stage of commitment, but with different gene profile for lineage priming. After global gene 

expression profiling, total 34,151 genes that mapped to pig genome were analyzed by all 

possible pairwise comparisons of selected colonies. By combining the 1.5-fold or higher 

levels of increased expression in O+A+ compared with O-A+ and O+A- compared with O-A-

, we found 7 genes were commonly highly expressed in more osteogenic colonies (Table 1).  

Among the 7 genes, gene LOXL4 is essential for collagen biosynthesis, which have been 

found specifically expressed in O+ group (Table 2). The genes PTPRB and PTPRU are 

members of protein tyrosine phosphatase (PTP) family which are known to be signaling 
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molecules that regulate a variety of cellular processes including cell growth, differentiation, 

and mitotic cycle. Interestingly, these genes were highly expressed both in cells with better 

adipogenic potential and cells with worse osteogenic potential (Table 2). Considering the 

well described reciprocal relationship between osteogenesis and adipogenesis, PTP genes 

may serve as the candidate of master regulator genes in MSC lineage allocation. Similarly, 

genes functioning as proliferation stimulator (IGFBP2 and FGF13) were found commonly 

expressed higher in colonies with greater osteogenic potential and colonies with worse 

adipogenic potential. Among the genes that associated with better differentiation potential, 

regardless osteogenic or adipogenic potential, we found 2 genes HAND2 and CXCL14 were 

highly expressed in both O+ and A+ group (Table 2). These 2 genes involve in multiple 

biological roles, including mesenchymal cell proliferation and differentiation, development 

and immune-regulatory. They may play important role in switching between self-renewal and 

differentiation.  

The whole gene profile of MSC was changed from proliferation to confluence time point: not 

only the number of genes in each category (Table 1), but also the genes for specific cell 

function (Table 3). The genes involving in transmembrane transporter, SLC22A23, MFSD6 

and C1R were only expressed in A+ colonies during proliferation. However, the same 

function but encoded by genes ANKH, SLC1A6, SLC2A3 and SLC44A1 was only expressed 

in O- colonies when they reached confluence. The relationship between osteogenic 

suppression and adipogenic promotion of MSC is still unknown. The genes BMP3 and 

GREM1 were found specifically highly expressed in colonies with worse osteogenic potential 

(Table 3). Unlike other members in BMP family, BMP3 competitively combine with receptor 

resulting a repression in osteoprogenitor differentiation and ossification (Kokabu et al., 

2012). The BMP3 expression was only observed when cells were reaching confluence. 

The miRNAs are small non-coding RNAs that regulate the translation of protein coding 

genes by binding to the 3‘untranslated region and in most cases causing degradation of the 

mRNA. Accumulating evidence indicates that miRNA play important role in regulation of a 

range of physiological functions, such as stem cell differentiation, immune response, skeletal 
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and cardiac muscle development (Chen et al., 2006; Pedersen et al., 2007). A study 

comparing the differentiated to undifferentiated stage of MSC discovered that MiR-204/211 

downregulates osteoblast differentiation by negative regulation of RUNX2 transcription 

factor (Huang et al., 2010). In our study, we were expecting to identify the regulator miRNA 

before inductive differentiation. By comparison between O+A+ and O+A- colonies during 

proliferating, we found the expression of genes CXCL14 and HAND2, candidate regulator 

genes for greater differentiation potential, were increased due to the downregulation of 

expression of miR-19b-1-5p/miR-93-5p, and miR-25-3p/miR-331-5p, respectively (Table 4). 

The regulation function of miRNA is not completely understand duo to the complex network 

in which each miRNA probably controls hundreds of distinct target genes and expression of a 

single coding gene can be regulated by several miRNAs (Miranda et al., 2006). We observed 

the same complex network of miRNA regulation in the present study (Table 4). The further 

siRNA interference study is needed for the evidence of their regulation function. 

In this study, we selected 4 categories of colonies with dramatically different differentiation 

potentials. By the global gene expression analysis of these undifferentiated colonies, we have 

the data source for identifying genes regulating the early stage of commitment. Further 

functional test of the candidate of master regulator genes is necessary to determine if and 

how they are involved in the progression of stem cells from one differentiation stage to the 

next. The early stage gene marker facilitate the enrichment of MSC with certain lineage 

priming, which will benefit for both stem cell development research and autologous stem cell 

therapies. 
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Table 1. The number of differential expressed genes in colonies. 

 Proliferation Confluence 

Pairwise comparisons 
Up-

regulated 

Down-

regulated 

Up-

regulated 

Down-

regulated 

O+A+ vs. O-A+ 434 526 321 432 

O+A+ vs. O+A- 342 459 188 179 

O+A+ vs. O-A- 197 194 272 303 

O+A+ vs. 

(O-A+, O+A-, O-A-) 
74 1 67 69 

O-A+ vs. O+A+ 526 434 432 321 

O-A+ vs. O+A- 240 234 289 108 

O-A+ vs. O-A- 306 209 203 183 

O-A+ vs. 

(O+A+, O+A-, O-A-) 
88 51 58 27 

O+A- vs. O+A+ 459 342 179 188 

O+A- vs. O-A+ 234 240 108 289 

O+A- vs. O-A- 285 164 145 243 

O+A- vs. 

(O+A+, O-A+, O-A-) 
85 16 6 16 

O-A- vs. O+A+ 194 197 303 272 

O-A- vs. O+A- 164 285 243 145 

O-A- vs. O-A+ 209 306 183 203 

O-A- vs. 

(O+A+, O+A-, O-A+) 
14 12 22 26 

O+ (O+A+, O+A-) vs.  

O- (O-A+, O-A-) 
7 8 25 53 

A+ (O+A+, O-A+) vs.  

A- (O+A-, O-A-)  
19 9 3 5 
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Table 2. Differential expressed genes in proliferating colonies. 

 Genes with higher expression in: 

 O+ O- A+ A- 

Collagen biosynthesis and crosslink LOXL4    

Cytoskeleton ACTC1 MYOM1 AKAP12, 

MYLK 

TUBB6 

Extracellular matrix and adhesion COL4A2 CPXM2 COMP, 

FAM180A, 

ANGPT1, 

ISM1, CHRD 

F5, 

NCAM1 

Transmembrane transporter   SLC22A23, 

MFSD6, C1R 

 

Cell cycle  PTPRB, 

TSPAN12, 

EMB, 

ANXA4, 

ANXA8 

PTPRU  

Development   PAPPA CKB, 

HSPB7, 

CCDC3 

Cytokine signaling CXCL14  CXCL14  

Signal transduction LIMK1 MGLL, 

TSPAN12 

 APBB1IP 

Transcription factor  HAND2  HAND2, 

EID1 

 

Receptor  TSPAN12 ARRDC3 ENPP1 

Proliferation IGFBP2   FGF13 
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Table 3. Differential expressed genes in colonies at confluence. 

 Genes with higher expression in: 

O+ O- A+ A- 

Cytoskeleton   MTSS1L LCP1 

Extracellular matrix and 

adhesion 

AMIGO2,  

CRISPLD1, 

COL4A1, 

ADAMTS9 

FAP, CD36   

Transmembrane transporter  SLC2A3, ANKH, 

SLC1A6, SLC44A1 

  

Cell cycle  CTSC, KIF20A, 

DDX3X, ANXA8 

 HEBP2 

Development DDX39B, 

CYP1A1, 

TXNIP 

UPP1, FJX1, 

UBE2QL1, 

HMGCS1, LDHA, 

ADK 

MASP1 CCDC3 

Cytokine signaling  BMP3, GREM1   

Signal transduction  STAC, WSB1, 

INSIG1, NPR1 

  

Transcription factor  HAND2, DLX2  KCNIP3  

Receptor FRZB DPP4  GPRC5A 

Proliferation IGFBP2 IL7   

Differentiation  S100A3, NDRG1   
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Table 4. Differential expression of miRNA and predicted target mRNA during colony 

proliferation. 

Comparison Decreased expression  

of miRNA 

Increased expression of  

targeted mRNA 

O+A+ vs O+A- hsa-miR-19b-1-5p CXCL14 

 hsa-miR-93-5p CXCL14, CCDC3, FAM180A 

 hsa-miR-29b-1-5p FAM180A (2) 

 ssc-miR-296-3p FAM180A, DDX39B 

 hsa-miR-25-3p HAND2 

 ssc-miR-331-5p HAND2 

O-A+ vs O+A- ssc-miR-127 FAM180A 

 ssc-miR-758 FAM180A 

 ssc-miR-128 MASP1 

O-A+ vs O+A+ hsa-miR-449a CYP1A1 

O-A+ vs O-A- ssc-miR-127 FAM180A 
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Figure 1. RNA sequencing sample (mRNA and small RNA) design. Two replicates of each colony 

category per sequencing plate, including both proliferation (P) and confluence (C) time point. 
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Figure 2. In vitro proliferation rate of the O+A+, O+A-, O-A+, and O-A- colonies after 24 h of culture. 

Values are least square means and SE, n = 5.  
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CHAPTER V: GENERAL CONCLUSIONS 
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Increasing evidence substantiates the link between early postnatal malnutrition and later life 

bone health, and has elicited interest in the programing effect of neonatal macromineral 

nutrition on MSC programing. MSCs are the lifetime precursors of osteogenic cell lineages. 

Understanding the characteristics of MSC programing during neonatal stage could alter our 

strategies for maximizing the bone integrity, which will benefit for the whole life bone 

health.  

In our Experiment 1, neonatal piglets were treated with deficient (30%) and excessive (40%) 

Ca, to alter the physiological environment and thus change the programing of MSC. The 

responding difference in levels of circulating PTH and urinary Ca excretion compared with 

adequate Ca treatment indicated that our model was successful. Bone mineralization was 

lower in pigs under Ca deficiency, combining with the reduced osteogenic potential and 

enhanced adipogenic potential of MSC, which demonstrated that neonatal Ca deficiency had 

a detrimental effect on bone health. Although the importance of avoiding Ca deficiency 

throughout life is intuitive, our results pointed out a potential irreversible damage of bone 

forming by low Ca intake during important stage of life. There has been increasing support 

for greater dietary Ca enrichment during early growth and development in order to improve 

bone integrity, especially for preterm infants. However, fortified infant formula may generate 

unintended consequences, such as childhood obesity. In our study, excessive level of Ca 

promoted the bone mineral deposition, and maintained similar osteogenic potential of MSC 

compared with adequate Ca treatment. Surprisingly, the adipogenic potential of MSC from 

excess Ca pigs was enhanced as it did in Ca deficient pigs.  

Due to the lack of specific cell marker of MSC with varied differentiation potential, the 

behavior of each individual cell could be masked by the behavior of heterologous population. 

In the Experiment 2 we randomly isolated individual colonies from MSC in Experiment 1. 

We further evaluated the Ca effects and individual cell effects on the differentiation potential 

of MSC. Interestingly, the behavior of MSC under Ca excess follows a different pattern from 

that in Ca deficiency. Ca deficiency reduced the osteogenic potential of MSC, but increased 

the percentage of good adipogenic MSC in the population. Excess Ca on the other hand, did 
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not alter the MSC behavior of the majority cells, but allowed a portion of cells to retain 

greater multipotency which exhibited the consequently greater adipogenic potential in the 

whole population. The results imply that the loss of multipotential of MSC, which naturally 

happened during aging, is delayed by neonatal excessive Ca intake; meanwhile the 

osteogenic potential of MSC was partially lost in the Ca deficiency compared with normal Ca 

intake. Due to the remaining great adipogenic potential, the long term effect of neonatal Ca 

on bone integrity is still incompletely clear. A long term Ca intervention study from neonatal 

to adult age is needed in future research. 

The major obstacle in evaluating the differentiation potential of MSC population is its 

heterogeneity. Since the differences in expression of potentially important genes for a 

specific lineage may be masked by the portion of the MSC population that will not adopt that 

lineage. In the Experiment 3, we used RNA sequencing technology to analyze the whole 

transcriptome of individual colonies with varying lineage commitments from Experiment 2. 

The results generated a great data source to identify the gene expression signatures (mRNA 

and miRNA) that are highly associated with early cell lineage commitment during early 

expansion period, which will also benefit for the use of MSC in autologous stem cell 

therapies. 

Overall, our studies suggest that we have an interesting window of opportunity in regards to 

Ca nutrition in the neonate, as the intestinal regulation of Ca absorption seen in older animals 

is not yet active. Therefore, intestinal Ca absorption can be increased above what has been 

thought as the requirement for the neonate.  This increased Ca absorption results in increased 

bone mineral accrual, but also in interesting changes in the MSC population. Due to the role 

that MSC play in lifetime bone health, further studies to examine the long-term effects of 

neonatal Ca nutrition are needed. While the importance of avoiding dietary Ca deficiency is 

intuitive, understanding the potential of dietary Ca excess to impact the developmental 

programming of bone in the neonate via alterations in MSC behavior could alter how we 

think about the nutritional requirements of neonates.   

 

 


