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Abstract: Miniature pigs have been considered as a recommended large animal model for biomedical
research. Mesenchymal stem cells offer promising potential for tissue regeneration. Recent studies
have suggested that dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs)
may provide more reliable strategies for the treatment of dental diseases using a cell-based tissue
engineering approach. The aim of this study was to isolate and compare the characteristics of the
DPSCs and PDLSCs of a miniature pig breed to the DPSCs and PDLSCs of a domestic farm pig
breed. Stem cells of the DP and PDL were obtained from a male Yucatan miniature pig (nine months
old) and a male domestic farm pig breed (six months old). The cell morphology, surface stem cell
marker expression, proliferation, and osteogenic differentiation ability were evaluated. Under a light
microscope, the DPSCs and PDLSCs of the miniature pig breed had morphologies similar to those of
the domestic farm pig breed. The proliferation of PDLSCs in both animals showed no significant
differences, except on day five, whereas the proliferation of DPSCs was significantly higher in the
miniature pig breed. However, the osteogenic abilities of the DPSCs and PDLSCs from the miniature
pig breed were significantly lower compared to the domestic farm pig breed. This observation
emphasizes the need for the breed-specific optimization of an osteogenic differentiation culture
protocol for Yucatan miniature pig DPSCs and PDLSCs before application to cell-based therapy for
tissue engineering and regenerative medicine.
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1. Introduction

Pigs have recently been considered one of the major animal models in biomedical
research, as an alternative to dogs and primates, due to their own unique anatomy and
physiology [1,2]. Pigs and humans share a number of important anatomic and physiologic
characteristics [3,4], which potentially makes the pig a better model for biomedical research
compared to other large animal species. Several strains of miniature pigs have been
developed for biomedical research [5]. Miniature pig breeds require less space and less
food, tend to be more tractable, and require less compound to be tested than domestic farm
pig breeds [6]. These advantages of miniature pig breeds have contributed to a wide range
of biomedical research.

Stem cell research with miniature pigs has developed rapidly. Recent successes
suggest that stem cell research using miniature pigs will be promising in the future [7].
Mesenchymal stem cells (MSCs) have been found in the dental pulp and periodontal
ligament. Dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs)
have a variety of benefits, including a rapid proliferation rate, multi-differentiation ability,
easy accessibility, and high viability. The most prominent feature of DPSCs and PDLSCs is
the capacity to regenerate tissues, such as pulp and periodontal ligament, in vivo. These
stem cells have broader clinical applications in bone and cartilage, adipose formation,
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muscle, and nerve cell production [8–11]. They are also simple when attempting to create
distinct cell lineages [12]. In addition, these stem cells have characteristics that suppress
the immune reaction, as do other stem cells [13,14]. On the basis of these features, many
studies have utilized these cells from pigs, mainly in a dental disease model. Recently, many
studies have suggested that dental stem cells, such as dental pulp (DP) and periodontal
ligament (PDL) stem cells, may be useful in the treatment of dental diseases that require
tissue regeneration [15–18]. However, it has been unclear as to whether studies using
DPSCs and PDLSCs from miniature pig breeds are more efficient than those using domestic
farm pig breeds. Furthermore, knowledge of the characteristics of DPSCs and PDLSCs
of miniature pig breeds is scant compared to the published work on domestic farm pig
breeds. Therefore, the present study aims to investigate and compare the characteristics of
the DPSCs and PDLSCs of a miniature pig breed to those of a domestic farm pig breed by
evaluating the cell morphology, surface marker expression levels, proliferation rates, and
osteogenic differentiation abilities.

2. Materials and Methods
2.1. Animal and Cell Preparation

Incisor teeth were extracted from a male domestic farm pig breed (age 170 days,
115 kg weight) and a male Yucatan miniature pig breed (age 270 days, 25 kg weight) within
two hours of death. PDL tissues were scraped from the middle third of the root surface.
After the PDL tissue was collected, the pulp cavity was exposed using a hammer and chisel,
and the pulp tissue was separated from the crown and root. The DP and PDL tissues were
washed three times in PBS supplemented with penicillin-streptomycin (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) and minced and digested in a solution of 3 mg/mL
collagenase type I (Worthington Biochemical Products, Lakewood, NJ, USA) for 2 h at
37 ◦C. Then, the cell-digested solutions were filtered through a 40 µm cell strainer (Falcon,
Thermo Fisher Scientific, Waltham, MA, USA) to obtain the single-cell suspensions of the
PDLSCs and DPSCs. The single-cell suspensions were then cultured in α-modified Eagle
medium (Hyclone, Global Life Sciences Solutions, Marlborough, MA, USA) containing 10%
fetal bovine serum (Hyclone, Global Life Sciences Solutions, Marlborough, MA, USA) and
1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C
in a 5% CO2-humidified incubator. The culture medium was changed every three days.
The scheme of the present study is presented in Figure 1. Cell morphology was evaluated
at the passage 3 confluent cell monolayer using light microscopy (Figure 2).
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Figure 2. Morphology of the dental pulp stem cells (DPSCs) and periodontal ligament stem cells
(PDLSCs) of the miniature pig breed and the domestic farm pig breed at the passage 3 confluent cell
monolayer under a light microscope. The passage 3 cells of the DPSCs and PDLSCs of the miniature
pig breed and the domestic farm pig breed had a fibroblast-like cell morphology, which is one of the
hallmarks of stem cells.

2.2. Fluorescence-Activated Cell Sorting (FACS) Analysis for Cell Surface Markers

Passage 3 cells of the DPSCs and PDLSCs of the domestic farm pig breed and the
miniature pig breed were digested with trypsin/EDTA to obtain single-cell suspensions.
Individual tubes containing the stem cells were incubated with the surface markers for
multipotent mesenchymal stem cells—in this case, CD44 (Santa Cruz Biotechnology, Dallas,
Texas, USA), TGF-β receptor1 (TGF-βR1) (AbCam, Cambridge MA, USA), CD106 (Santa
Cruz Biotechnology), CD146 (AbCam), CD105 (Santa Cruz Biotechnology), and CD73
(Santa Cruz Biotechnology) for positive signals—and a FITC-labeled second antibody was
added. After being washed in PBS, the cells were analyzed using a fluorescence-activated
cell sorter (FACSCalibur, BD Biosciences, San Jose, CA, USA).

2.3. Cell Proliferation

The passage 3 cells of the DPSCs and PDLSCs of the domestic farm pig breed and the
miniature pig breed were plated at a density of 104 cells/well in 24-well plates, and the
proliferation outcomes of the DPSCs and PDLSCs were measured using a cell counting kit
(CCK)-8 (Dojindo, Rockville, MD, USA) on days 1, 3, 5, and 7. The stem cell-seeded plates,
at the desired time points, were rinsed with PBS and incubated in a CCK-8 solution in a 5%
CO2 incubator at 37 ◦C for two hours. The absorbance was measured at 450 nm using a
microplate reader. The cell number was correlated with the optical density (OD). These
procedures were repeated three times for reliable results.

2.4. Alkaline Phosphatase Assay and Alizarin Red Staining of Osteogenic Differentiation
and Mineralization

An alkaline phosphatase (ALP) assay and Alizarin red staining were performed, as
previously reported [19]. Briefly, to test the ALP activity (osteogenic differentiation), cells
were harvested using collagenase I and trypsin, centrifuged at 1500 rpm for 5 min, resus-
pended in 1 mL of cold PBS (4 ◦C), and counted. Next, the Alizarin red stain was quantified
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by measuring the absorbance of the eluted stain at 570 nm using a spectrophotometer and
normalizing it by the number of cells (mineralization).

2.5. Statistical Analysis

Data (mean ± SD) were tested for normal distributions and equal variances. Paired
t-tests were used for comparisons between the DPSCs and PDLSCs within the same animal,
and independent t-tests were used when comparing the properties of the DPSCs and
PDLSCs between the animals. The value of p < 0.05 was considered significant in all cases.

3. Results
3.1. Cell Morphology

Isolated DPSCs and PDLSCs of the domestic farm pig breed and the miniature pig
breed are presented in Figure 2. The passage 3 cells of the DPSCs and PDLSCs had a
fibroblast-like cell morphology, which has a close resemblance to MSCs.

3.2. Cell Surface Marker Expression

A FACS analysis was conducted to characterize the phenotypes of the DPSCs and
PDLSCs. MSC markers, including CD44, CD73, CD105, CD106, CD146, and TGF-βR1, were
positively expressed in the DPSCs and PDLSCs (Figure 3a). The two stem cell populations
exhibited high expression patterns for CD44, CD73, CD105, CD106, CD146, and TGF-
βR1 (Figure 3b), which indicates that the DPSCs and PDLSCs have the characteristics of
multipotent MSCs.

3.3. Cell Proliferation

A CCK-8 assay was used to evaluate the cell proliferation outcomes of the DPSCs and
PDLSCs (Figure 4). The DPSCs of the miniature pig breed were found to have a higher
cell proliferation rate than the DPSCs of the domestic farm pig breed. The DPSCs of the
miniature pig breed showed significantly higher absorbance than those of the domestic
farm pig breed upon five days of culturing (p < 0.05). The results at seven and nine days of
culturing in the miniature pig breed also showed significantly higher absorbance (p < 0.05).
On the other hand, the results from the PDLSCs showed no significant difference between
the two pigs, except on day five. The proliferation capacity of the PDLSCs of the miniature
pig breed was found to be similar to that of the PDLSCs of the domestic farm pig breed.

3.4. Osteogenic Differentiation

The presence of calcium deposits, an indicator of osteogenic differentiation, was
determined through Alizarin red S staining. Mineralization was observed from 14 days
of culturing in both the DPSCs and PDLSCs of the domestic farm pig breed, while weak
mineral depositions were observed in both the DPSCs and PDLSCs of the miniature pig
breed (in the osteogenic media of Figure 5). The levels of alkaline phosphatase activity,
which is an independent indicator of osteogenic differentiation, were significantly lower
(p < 0.05) in the miniature pig breed than in the domestic farm pig breed for both the DPSCs
and the PDLSCs. The results of the ALP activity in the domestic farm pig breed showed a
peak at two weeks, but the ALP activity of the miniature pig breed continued to increase at
three weeks (Figure 6).
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for CD44, TGF-βR1, CD106, CD146, CD105, and CD73 for positive signals.
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Figure 4. The proliferation of the dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs) of the
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of the miniature pig breed showed significantly higher absorbance than those of the domestic farm pig breed at five days of
culturing (p < 0.05). On the other hand, the PDLSC results showed no significant difference between the pigs in the study,
except after five days of culturing (* p < 0.05).
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Figure 5. Alizarin red S staining of the dental pulp stem cells (DPSCs) and periodontal ligament stem
cells (PDLSCs) of the miniature pig breed and the domestic farm pig breed, cultured in controlled
media (CM) and osteogenic media (OM), after 7, 14, and 21 days of culturing. Mineralization was
observed from 14 days of culturing in the DPSCs and PDLSCs of the domestic farm pig breed,
whereas weak mineral depositions were observed in the DPSCs and PDLSCs of the miniature
pig breed.
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Figure 6. The alkaline phosphatase (ALP) activity of the dental pulp stem cells (DPSCs) and periodontal ligament stem
cells (PDLSCs) of the miniature pig breed and the domestic farm pig breed, cultured in osteogenic media at one, two, and
three weeks. The ALP activity was significantly lower in the DPSCs and PDLSCs of the miniature pig breed than in the
DPSCs and PDLSCs of the domestic farm pig breed (* p < 0.05).

4. Discussion

Research on mesenchymal stem cell-based therapies for tissue regeneration has grown
rapidly. Stem cells have been actively studied, as have their characteristics, as important
research topics [20–22]. Comparative studies between stem cells have been active, such as
comparing the characteristics of several stem cells in the same species [20–25] or comparing
interspecific differences [26,27]. The present study is the first attempt to focus on a com-
parison of the characteristics between the DPSCs and PDLSCs of a Yucatan miniature pig
breed and a domestic farm pig breed. Although the two pig breeds are in the same species,
comparative studies of mesenchymal stem cells are necessary because they have different
phenotypical characteristics, such as weight, size, skin, and physiological mechanisms [28].
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The scheme used here to compare the characteristics of the dental pulp stem cells
and the periodontal ligament stem cells of the Yucatan miniature pig breed to those of the
domestic farm pig breed is presented in Figure 1. In a morphology evaluation, the DPSCs
and PDLSCs of the miniature pig breed showed fibroblast-like cell morphologies at the
passage 3 confluent monolayer under a light microscope, similar to those of the DPSCs
and PDLSCs of the domestic farm pig breed. A fibroblast-like cell shape is one of the
features found in mesenchymal stem cells [29]. This result demonstrates that mesenchymal
stem cells can be separated from the dental pulp and periodontal ligament tissues of a
domestic farm pig breed as well as a miniature pig breed, and successful cultivation was
demonstrated in this study. The successful cultivation of mesenchymal stem cells from
dental pulp and periodontal ligament tissues was also reported in previous studies using
human subjects [30,31]. The results of the high expression patterns of the mesenchymal
stem cell-specific surface markers in the FACS analysis support the contention that the
cultured cells from the DP and PDL of the miniature pig breed and the domestic farm pig
breed in the present study have the characteristics of multipotent MSCs.

Lee et al. [32] conducted a comparison of the proliferation of stem cells from various
tissues—in that case, the adipose, bone marrow, ear skin, abdominal skin, and lung tissues
of Yucatan miniature pigs—but there has been no report of the DPSCs and the PDLSCs
of Yucatan miniature pigs. In the present study, it was found that the proliferation rates
of the PDLSCs of both the domestic farm pig breed and the miniature pig breed have no
significant differences, except for the day five results, whereas the proliferation of DPSCs
was significantly higher in the miniature pig breed.

Osteogenic differentiation is an important capability because DPSCs and PDLSCs
are widely used in dental disease models. An ALP assay and ARS staining showed
that the DPSCs and PDLSCs of the miniature pig breed were significantly less able to
undergo osteogenic differentiation compared to those of the domestic farm pig breed. In a
comparison of the differentiation ability of the MSCs of the miniature pig breed to those of
other species’ MSCs, Heino et al. [26] reported that the osteogenic differentiation capacity
of miniature pig bone-marrow-derived MSCs was also lower compared to that of human
bone-marrow-derived MSCs.

One of the limitations of this study is that it is difficult to establish a comparable age for
the miniature pig breed and the domestic farm pig breed because they are different breeds.
In this study, comparable ages were set at 170 days old for the domestic farm pig breed
and 270 days old for the miniature pig breed, considering that the lifespans of the domestic
farm pig breed and the miniature pig breed used in this study are estimated to be 10 years
and 16 years, respectively. Furthermore, the weights of the pigs from two different breeds
were not matched. However, miniature breed pigs are more mature than domestic pigs
at the same body weight, and matching miniature and domestic pigs by body weight for
comparison could be misleading because of the potential age differences [33]. Based on the
estimated age comparison, proliferation analyses demonstrated that the DPSC proliferation
rates of both pigs were significantly different, whereas the PDLSC proliferation rates of
both pigs were not significantly different, except on day five. Another limitation of this
study is that osteogenic differentiation alone was carried out to assess the multipotency
of stem cells. More assays, including chondrogenic differentiation, adipogenic differenti-
ation, and colony-forming unit-fibroblast (CFU-F) assays, are necessary to demonstrate
stem cell characteristics and stem cell stemness fully. However, the expression of cell
surface markers, including CD44, CD73, CD105, CD106, and CD146, may support their
multipotency [34–36]. The third limitation of this study is that cell surface markers that
express positively on MSCs alone, such as CD105 and CD73, were analyzed without cell
surface markers that express negatively on MSCs, such as CD45 and CD34. Adding more
cell surface markers, such as CD90, CD45, and CD34, in further studies would make the
results more solid.

In conclusion, different characteristics of the DPSCs and PDLSCs of a Yucatan minia-
ture pig from those of a domestic farm pig were identified in this study. This observation
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emphasizes the need for the breed-specific optimization of an osteogenic differentiation
culture protocol for the DPSCs and PDLSCs of the Yucatan miniature pig before applying
cell-based therapy for tissue engineering and regenerative medicine. Additional studies of
the differences in the characteristics of DPSCs and PDLSCs of the Yucatan miniature pig
and the domestic farm pig breed at matched ages should be carried out. In addition, the
breed-specific optimization of an osteogenic differentiation culture protocol for the DPSCs
and PDLSCs of the Yucatan miniature pig must be established before the application of
stem cell-based tissue engineering.
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