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Abstract

Somatic cell nuclear transfer is a valuable technique for the generation of genetically engineered 

animals, however the efficiency of cloning in mammalian species is low (1–3%). Differentiated 

somatic cells commonly used in nuclear transfer utilize the tricarboxylic acid cycle and cellular 

respiration for energy production. Comparatively the metabolism of somatic cells contrasts that of 

the cells within the early embryos which predominately use glycolysis. Early embryos (prior to 

implantation) are evidenced to exhibit characteristics of a Warburg Effect (WE)-like metabolism. 

We hypothesized that pharmacologically driven fibroblast cells can become more blastomere-like 

and result in improved in vitro embryonic development after SCNT. The goals were to determine 

if subsequent in vitro embryo development is impacted by 1) cloning pharmacologically treated 

donor cells pushed to have a WE-like metabolism, or 2) culturing non-treated donor clones with 

pharmaceuticals used to push a WE-like metabolism. Additionally, we investigated early 

gestational survival of the donor-treated clone embryos. Here we demonstrate that in vitro 

development of clones is not hindered by pharmacologically treating either the donor cells or the 

embryos themselves with CPI, PS48, or the combination of these drugs. Furthermore, these 

experiments demonstrate that early embryos (or at least in vitro produced embryos) have a low 

proportion of mitochondria which have high membrane potential and treatment with these 

pharmaceuticals does not further alter the mitochondrial function in early embryos. Lastly, we 

show that survival in early gestation was not different between clones from pharmacologically 

induced WE-like donor cells and controls.
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Introduction

Advancing gene editing technologies has allowed the creation of pigs that exhibit 

phenotypes of pathological conditions such as breast cancer, spinal muscular atrophy, cystic 

fibrosis, and other maladies. These models are often more reliable and more phenotypically 

accurate than other animal models (reviewed in (Fan and Lai 2013; Prather et al. 2013a; 

Walters et al. 2012)). Moreover, genetically modified pigs are proving to be advantageous to 

production agriculture and animal welfare as well (Prather et al. 2013b; Whitworth et al. 

2016; Whyte and Prather 2011). In light of these innovations, one limitation of the pig is the 

lack of porcine embryonic stem cell lines or validated pluripotency induction protocols 

which are readily available in other model species (Brevini et al. 2007; Hall 2008; Koh and 

Piedrahita 2014; Piedrahita et al. 1990). Due to this, the majority of genetic modifications 

for pig models are achieved through Somatic Cell Nuclear Transfer (SCNT), however the 

success rate of this process is currently only 1–3% in swine (Whitworth and Prather 2010). 

Nuclear transfer embryos which are derived from blastomere donor cells are demonstrated to 

have a high rate of development (Heyman et al. 2002; Mitalipov et al. 2002; Wilmut et al. 

2002); however, others contend that the degree of differentiation of the donor cell may have 

little impact (Oback and Wells 2007; Wakayama and Yanagimachi 2001l).

Recent evidence suggests that early embryos exhibit a Warburg Effect (WE)-like metabolism 

prior to implantation (Krisher and Prather 2012; Redel et al. 2012). A WE hallmark is the 

predominate use of glycolysis to acquire energy where subsequently lactate is produced as 

opposed to the tricarboxylic acid cycle (TCA) as used by differentiated cells (Warburg 

1956). This is a metabolic phenotype exhibited in various types of cancer cells. Increased 

signaling of the PI3K/AKT pathway is correlated with an increase in glycolytic metabolism 

through regulation of expression and activity of glucose transporters and the enzymes 

phosphofructokinase and hexokinase (reviewed in (Hatzivassiliou et al. 2005; Robey and 

Hay 2009)). The allosteric small molecule PS48 (5-(4-Chloro-phenyl)-3-phenyl-pent-2-
enoic acid) is demonstrated to promote glycolysis and lactate production as well as enhance 

reprogramming efficiency of induced pluripotent stem cells by about 15-fold (Zhu et al. 

2010). The pharmaceutical CPI-613 (6, 8-bis(benzylthio)octanoic acid: hereafter called CPI) 

inhibits pyruvate dehydrogenase which catalyzes the conversion of pyruvate to acetyl-CoA, 

a reaction necessary for entrance to the TCA cycle (Lee et al. 2011; Zachar et al. 2011). 

Both compounds should decrease mitochondrial use of the TCA cycle and promote the PI3K 

pathway, promoting resources toward the pentose phosphate pathway. In this study, we 

investigated embryonic development of clones as impacted by PS48, CPI, and the 

combination of drugs (MIX) on 1) embryos created from the treated donor cells, and 2) 

during culture of embryos created from non-treated donor cells. Embryos produced from 

these treatments were assessed for percentage of zygotic cleavage and blastocyst formation, 

total cell number within blastocysts, DNA damage or degradation within blastomeres, and 

mitochondrial membrane potential (Δψm) all of which have been previously implicated as 

indicators of developmental quality and competence.
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Results

In vitro development of embryos derived from non-treated donor cells cultured with 
pharmaceuticals after reconstruction

Drug treatments were tested in the culture of SCNT embryos from non-drug-treated 

fibroblasts where pharmaceuticals were added during the incubation period with scriptaid 

culture and again (16 hours later) when they were moved to new culture media for the 

remainder of development until the blastocyst stage (day 7; 168 hours after activation). 

Blastocyst development was impacted by drug culture treatment (P = 0.05): PS48 10 μM and 

CON (0 μM) had higher percentages (43.3 and 41.2%) compared to CPI 100 μM and MIX 

(33.6 and 32.7 ± 2.9%; Table 1). Compared to the other treatments, terminal 

deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) positive cell number was 

increased in MIX embryos (P = 0.01; MIX = 2.1 vs. ≤ 1.4 ± 0.26 in other treatments; Table 

1). Zygotic cleavage percentage and cell number within blastocysts were not altered with 

embryonic drug culture (P ≥ 0.07; Table 1). By the time blastocyst formation had occurred, 

mitochondrial membrane potential (as measured by JC-10 staining) was not different when 

treatment during culture (after cloning; P = 0.23; Table 1). Figure 3 depicts representative 

JC-10 stained clone embryos. For publication, embryos were imaged differently than the 

imaging of blastocysts for analysis (see methods section for further detail) therefore 

intensities depicted are not reflective of intensity values in Table 1.

In vitro development of donor cell treated derived embryos

After 7 days of respective treatments, fibroblasts were analyzed for viability by Annexin-V-

conjugated FITC and propidium iodide staining. All treatments yielded a large proportion of 

healthy cells for use in SCNT (Figure 1). Initially, we tested for impact of CPI and PS48 

dosage on number of blastomeres and degree of DNA degradation within clones derived 

from pharmaceutically treated donor fibroblasts. The percentage of embryos which 

underwent zygotic cleavage, the percent which formed blastocysts, the number of 

blastomeres within blastocysts, and the number of blastomeres with detectable DNA damage 

(as measured by TUNEL) were not augmented with donor cell dosages of CPI (0, 50, 100 

μM; P ≥ 0.33; Supplementary Table 1), nor by dosages of PS48 (0, 5, 10 μM; P ≥ 0.08; 

Supplementary Table 2). As the highest concentrations of CPI and PS48 did not negatively 

impact development, they were used in subsequent experiments; moreover the two 

compounds were also used in combination as per the goal to program a WE-like metabolic 

effect. Cleavage and blastocyst percentages, blastocyst cell number, and TUNEL positive 

cell number were not augmented by donor cell treatments (P > 0.14; Table 2.). 

Mitochondrial membrane potential of blastocysts was not impacted when donor cells 

received pharmacological treatment (P = 0.12; Table 1). Figure 3 depicts representative 

JC-10 stained clone embryos. For publication, embryos were imaged differently than the 

imaging of blastocysts for analysis (see methods section for further detail) therefore 

intensities depicted are not reflective of intensity values in Table 1.

During SCNT, the treatments were randomized so that reconstructed embryos from one 

treatment or another were not always created first or last. We kept track of the ‘order’ of 

reconstruction and activation during all SCNTs. The order in which SCNT embryos were 
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produced in the same day did not affect the rate of zygotic cleavage (P = 0.80); however, it 

did impact the percentage which obtained blastocyst stage development (P = 0.03). The 

duration between SCNT groups was approximately 20 minutes across replicates. Embryos 

which were in the first 3 SCNT groups created had higher blastocyst production rates ≥ 

41.5% whereas those which were produced last had a rate of 33.5% blastocyst formation 

(Error = 3.2%; Table 3).

In utero early gestational survival of embryos based on transfer parameters

Embryos used for embryo transfer had been reconstructed either 5 or 6 days prior. Embryos 

which were transferred on day 6 of development had a higher probability of survival to day 

35 of gestation than embryos transferred on day 5 of development (0.070 ± 0.013 vs. 0.036 

± 0.010; P = 0.017). There was also an impact of cell line on embryonic survival (P < 

0.0001) where clones created from the green fluorescent protein cell line had higher survival 

probabilities than those from the tomato fluorescent line (0.081 vs. 0.025; Error = 0.010). 

There was not an interaction of cell line used for cloning and embryonic day of development 

on survival (P = 0.65). Gilts used as surrogates were either in day 3, 4, or 5 of their estrous 

cycles where day 0 of heat is considered the first day gilts were observed as ‘in heat’ or 

receptive to breeding. There was an interaction of gilt cycle day and day of embryonic 

development at the time of transfer (P < 0.0001) where day 6 developed embryos transferred 

into day 4 cyclic surrogates had higher probability of survival (0.119 ± 0.016) than the other 

combinations for transfer (P ≤ 0.054 ± 0.019; Figure 2).

In utero early gestational survival of embryos from CPI and PS48 treated donor cells

Five of the twelve surrogates became pregnant in experiments in which we transferred 

embryos created from SCNT of cells treated for 7 days with either CPI (100 μM) or PS48 

(10 μM). For results of day 35 retrievals, see Table 4. One gilt was humanely euthanized 

shortly after embryo transfer for health and welfare concerns unrelated to the experiment 

and was not included in analysis. There was no main effect of donor cell treatment on 

survival (P = 0.85; Table 5). Moreover there was not an interaction of treatment and cell line 

on survival probability (P = 0.05; Table 5).

In utero early gestational survival of embryos from MIX and CON treated donor cells

Four of the fourteen surrogates became pregnant in experiments in which we transferred 

embryos created from SCNT of cells treated for 7 days with either MIX (CPI 100 μM and 

PS48 10 μM) or CON (0 μM). For results of day 35 retrievals see Table 6. In this study five 

gilts were detected to be pregnant by ultrasound on day 21, but had lost the pregnancies by 

day 35 when fetuses were retrieved. Donor cell treatment did not impact survival in early 

gestation (P = 0.91; Table 7), and there was not a significant interaction of treatment and cell 

line (P = 0.60; Table 7).

Discussion

In the current study we did not detect differences in cleavage, blastocyst formation, or DNA 

degradation amongst our treatments. The SCNT embryos produced in our experiments 

exhibited in vitro development typical of porcine clones. For example, 41.4% of SCNT 
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embryos reached the blastocyst stage and had an average cell number of about 33 cells; of 

these, roughly 1- 2 cells were TUNEL positive. These parameters are similar to previous 

observations of porcine SCNT blastocysts (Liang et al. 2015; Samiec et al. 2015). During 

SCNT experiments for donor cell treatments, we noticed negative association between the 

length of time, or order, in which the embryos were produced, and development to the 

blastocyst stage, as well as with the amount of DNA degradation within those blastocysts. 

This occurred without differences in cleavage or total cell number of blastocysts. The impact 

of order was eliminated in the pharmaceutically culture-treated experiments as the fused 

groups of embryos were split evenly amongst treatments prior to addition of pharmaceuticals 

to culture media. We are currently exploring why this occurred; however, we recorded the 

time at which donor cell treatments were brought to the SCNT technicians. The average 

duration of time between treatments was about 20 minutes, which is due partially to the 

large number of clones created in this study. We speculate that perhaps the effect of order is 

due to an optimal oocyte maturation time having passed, or related to time-delay of fusion 

and activation, or the time interval between fusion and activation. In any event, these results 

necessitate additional research.

The developmental measures in this study are commonly used qualitative measures for 

testing embryonic competence. Recent literature indicates that rate of blastocyst formation 

and total cell number within blastocyst may not be the best predictors for in utero survival 

(Redel et al. 2016). For example, there are studies in which blastocyst rate of SCNT 

embryos was higher than that of IVF embryos (Cui et al. 2011; Iager et al. 2008) however 

the birth rate of IVF produced embryos in many species is currently higher than that of 

clones. Emerging technologies including use of time-lapse recording demonstrate that the 

timing of cleavage and blastocyst formation may be more useful predictors of embryonic 

survival than the actual rate of cleavage and blastocyst formation (Cruz et al. 2012; Isom et 

al. 2012; Kaith et al. 2015; Motato et al. 2016). In the present study however, in vitro 

development was reflective of in utero survival where none of the treatments out performed 

each other.

Contrary to our hypothesis, clone development during in vitro culture to the blastocyst stage 

and survival in early gestation were not largely impacted when donor cells were treated with 

pharmaceutical agents. Our objective was to determine if a drug-induced Warburg-like effect 

in donor cells prior to SCNT would improve clone survival, however we also tested CPI and 

PS48 in embryo culture media. Selected dosages of CPI (100 μM) and PS48 (10 μM) were 

based on prior research demonstrating a dosage-dependent loss of mitochondrial membrane 

potential in the same porcine fetal fibroblast line which was used for the in vitro experiments 

in this study (Mordhorst et al., 2018). The mixture of these drugs at these concentrations 

induced changes in expression of phosphoenolpyruvate carboxykinase 2, phosphoglycerate 
dehydrogenase, phosphoserine phosphatase as well as the amount of pyruvate, fructose, 

serine, and glutamine in conditioned media indicating changes in metabolic pathways 

including glycolysis and serine biosynthesis (Mordhorst et al., 2018).

In the current study the same non-fluorescent cell line was used for all experiments except 

for the embryo transfers. That cell line was created from a fetus within the tomato litter and 

therefore was a full sibling to the fetus from which the tomato cell line (used in embryo 
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transfers) came from (see Figure 5). Furthermore, the CAG-promoter driven GFP-

Proteasome Fusion Protein (PSMA1) transgenic boar used in experiments from Miles et al. 

(2013) and the transgenic Ubiquitin C (UBC) promoter driven tandem-dimer (td)Tomato 

fluorescent boar are both derived from the same original Minnesota Mini pig line. Therefore, 

all cell lines in these experiments are consanguineous. See Figure 4 for images of 

fluorescent cell lines and reconstructed embryos. The most profound effect observed in 

clone gestational survival was related to the line of cells used, not by gene expression 

induced by treatment within those cell lines. Interestingly, in this study the UBC driven 

tdTomato clone lines have decreased gestational survival. While there are numerous possible 

reasons why this may be occurring, no specific cause is obvious. This observation could be 

related to the fluorescent protein itself, for example there is another red fluorescent protein 

known as ‘KillerRed’ from the jellyfish Anthomedusa which has a mutated protein anm2CP 

and is highly phototoxic (Pletnev et al., 2009; Vegh et al., 2011). However tdTomato is 

widely used by many other laboratories so the issue at hand is likely related to the insertion 

site of the gene. Further investigations are warranted in determining why cell lines of the 

same cell type with similar genetics can impact the outcome of cloning to such a degree. We 

and other laboratories, have observed that some cell lines are more ‘clonable’ than others 

(Powell et al., 2004; Shi et al., 2007).

We did not observe developmental differences when the embryos from non-treated donors 

were exposed to the pharmaceutical agents. After Scriptaid treatment, drugs were added and 

were not added to the embryo media again during the week of culture. We tested CPI and 

PS48 in embryo culture to determine impacts of their exposure on clone embryos as 

pharmaceuticals were kept in the droplets with the cells during manipulation in our donor 

cell treatments.

There were no changes in mitochondrial membrane potential in clones derived from drug-

treated donor cells. This is likely due to low contribution of donor-inherited mitochondria as 

the enucleated oocytes contain many of their own mitochondria. Moreover, pharmaceutical 

treatments applied initially during in vitro embryo culture treatment did not provide any 

long-term mitochondrial membrane potential impairment. In this study all embryos had a 

low red intensity to green intensity ratio (ratio of J-aggregates to monomers) averaging 0.26 

regardless of treatment. Figure 3 depicts the lower amount of red JC-10 stain as well as the 

overall similarity of mitochondrial membrane potential amongst the clone embryo 

treatments in this study. Notably embryos in this figure were not imaged in the same way 

which was performed for the analysis, therefore the intensities seen may not reflect values 

which are shown. This can be attributed to imaging in dish wells using a confocal 

microscope with adjusted excitation/emission wavelengths whereas for analysis, embryos 

were imaged on slides via widefield microscope using standard FITC and Texas red filters. 

Please see our methods for further detail.

Our results indicate that in early clone embryos, mitochondrial membrane potential is low, 

and there is not a large amount of mitochondrial respiratory function occurring during this 

stage of pre-implantation development. This supports the observations from Leese et al. 

(2008) that embryo metabolism is ‘quiet’ and from Krisher and Prather (2012) that early 

embryonic metabolism is glycolytic and exhibits the ‘Warburg Effect’. In a study using 
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oocytes from a polycystic ovarian syndrome gilt model, lower quality oocytes had lower red/

green intensity ratios of JC-1 staining (Jia et al. 2016). The authors’ reported intensity ratios 

were higher than those observed in our study. While this may simply be due to method of 

staining and use of JC-1 vs. JC-10, this could be due to differences in mitochondrial function 

between oocytes and blastocysts or perhaps indicate that lower Δψm is an adverse impact of 

SCNT. Jia et al. (2016) demonstrated that the lower quality oocytes had abnormally activated 

one-carbon metabolism and mtDNA hypermethylation.

Phenotypically, mitochondria within oocytes and early pre-implantation embryos have few 

cristae and are spherical; however, mitochondrial morphology seems to mature as 

progressive embryonic development and differentiation occurs with mitochondrial 

elongation and cristae development (Houghton 2006; Hyttel and Niemann 1990; Van 

Blerkom 2009). A similar phenomenon occurs in cardiomyocytes and stem cells where 

differentiation is correlated to larger mitochondria with distinct cristae, increased 

mitochondrial mass or mtDNA content, and ATP production (Chen et al. 2010; Hom et al. 

2011; Lonergan et al. 2007; Rehman 2010; St. John et al. 2005). Indeed many reviews have 

described the metabolism of early embryos to be largely glycolytic and many have discussed 

the mechanisms and motives for a Warburg-like metabolism (Krisher and Prather 2012; 

Redel et al. 2012; Rehman 2010; Smith and Sturmey 2013; Vander Heiden et al. 2009). 

Along with observations that suggest mitochondrial ‘maturation’ is associated with 

differentiation, there is evidence that glycolysis may facilitate reprogramming and 

pluripotency maintenance (Folmes et al. 2011; Kondoh et al. 2005; Moussaieff et al. 2015; 

Zhu et al. 2010). The compound PS48 is thought to enhance reprogramming efficiency 

mediated through activation of the PI3K/AKT pathway (Zhu et al. 2010). In this study 

SCNT embryos that were treated with PS48 in the culture media had a similar number of 

cells and percentage of blastocyst development to that of controls. Other research from our 

laboratory demonstrated that blastocyst rate and total cell number was improved when PS48 

was added in culture media of IVF embryos (Spate et al. 2015); however percentage of 

blastocyst development and total cell number are similar between studies. Of note, however 

not reaching statistical significance, PS48-treated donor embryos had higher survival 

probabilities than CPI-treated donors (Table 5).

Future investigations as to what constitutes the ‘ideal donor cell’ for use in SCNT are 

lucrative and warranted. There have been numerous attempts to enhance synchrony or 

nuclear reprogramming of donor cells including but not limited to, investigations of serum 

starvation and cell cycle regulation, type of cell, age of animal from which cells were 

extracted, age of cells themselves (or passage number), epigenetic reprogramming, degree of 

pluripotency, and antioxidant treatment of cells (Bonk et al. 2007; Campbell et al. 1996; 

Chen et al. 2015; Dominko et al. 1999; Heyman et al. 2002; Iager et al. 2008; Kato et al. 

2000; Mitalipov et al. 2002; Oback and Wells 2007; Powell et al. 2004; Tani et al. 2001; 

Wakayama and Yanagimachi 2001; Wells et al. 2003; Whitworth et al. 2011; Wilmut et al. 

2002; Yang et al. 2012). Alas, none of these treatments have served as the breakthrough 

needed to dramatically improve the standstill efficiency of SCNT.

In the current study, all pregnancies resultant from embryo transfer were collected on day 35 

of gestation. Therefore, there is the limitation that no term piglets have been delivered from 
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these treatments. We chose this day because 30% of conceptus loss occurs in gestation days 

10–30 in pigs (Wessels et al. 2007). From the CPI and PS48 donor-treated clone transfers (5 

pregnancies) there was the same total number of CPI and PS48 fetuses collected (14) leading 

us to speculate that neither treatment had better enhanced in-utero viability over the other. 

Similarly, in the MIX and CON treated donor clones transferred, there were 12 CON fetuses 

and 13 MIX. In the first embryo transfer experiment we had a higher pregnancy rate 41.6% 

(5/12 surrogates) compared to the second experiment 28.6% (4/14 surrogates) which could 

be due to numerous factors including season. In the first experiment we were able to transfer 

all blastocysts however due to harvest facility complications in the second experiment, some 

morula stage embryos were also transferred which may have contributed to pregnancy 

success. In total we reconstructed 460 clone embryos for transfer in the first experiment and 

590 for the second. Therefore the rate of success for cloning as per embryos transferred to 

fetus procurement was 6.1% (28 fetuses from 460 embryos) and 4.2% (25 fetuses from 590 

embryos) in these experiments. This study has demonstrated that fibroblasts 

pharmacologically treated with the compounds CPI-613 and PS48 can be successfully used 

in SCNT and subsequently result in early pregnancy; however, the altered metabolism of 

donor cells we previously evidenced did not improve survival in early gestation.
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Materials and Methods

Chemicals and materials were purchased from Sigma-Aldrich, St. Louis, MO unless 

otherwise specified.

Animal care and compliance with ethical standards

All procedures performed in studies involving animals were in accordance with the ethical 

standards of the University of Missouri Institutional Animal Care and Use Committee at the 

University of Missouri in Columbia, MO. This study does not contain any experiments with 

human participants performed by any of the authors.

Fetal-derived fibroblast cell culture

Porcine fetal fibroblast cell lines used in the study were established from a day 35 pregnancy 

and utilized in previous experiments in our laboratory (Mordhorst et al., 2018). A cryogenic 

vial of fibroblasts (0.5 mL aliquots; 1.5 million/mL in media containing 85% FBS and 15% 

DMSO) was defrosted from liquid nitrogen storage for each replicate. Cells were thawed 

and cultured in DMEM (1 g/L glucose, glutamine, and pyruvate with phenol red) 

supplemented with 15% FBS (Corning, Manassas, VA, USA) for seven days in T25 flasks 

(Corning, Corning, NY, USA) with addition of respective treatment concentrations: 100 μM 

CPI-613 (CPI), 10 μM PS48 (PS48; Stemgent, Cambridge, MA, USA), both drug 

concentrations were mixed (MIX), or lacked pharmaceutical addition (CON). Incubators 

were maintained at 38.5°C with a humidified atmosphere of 5% oxygen, 5% carbon dioxide, 

and 90% nitrogen during experiments. Cells were cultured as per previously established 
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protocol (Mordhorst et al., 2018) to maintain similar cell densities across treatments at 

passaging in an effort to keep drug exposure amongst treatments comparable. Using DMSO 

for suspension, CPI stocks were diluted to 100 mM and PS48 stocks were diluted to 10 mM 

to eliminate the confounding of DMSO concentration with pharmaceutical treatment. 

Briefly, after thawing, cells were plated at 1 × 105 cells/mL in T25 flasks. After 72 and 120 

hours, cells were passaged to new T25 flasks and plated (approximately 5 × 105 cells) to 

achieve ~80% confluence (desired confluence prior to nuclear transfer). Media was changed 

daily on all flasks, i.e. those which received PS48, CPI, or MIX had new drugs applied daily 

(24± 2 hours). On day 7 (168 hours) flasks were briefly rinsed with PBS + 0.01 M EDTA, 

and fibroblast cells were dissociated from flasks by brief incubation (37°C) with 1X TrypLE 

Express (Gibco, Denmark). Fibroblasts were pelleted (5 minutes at 500 × g) and 

resuspended with their respective drug treatments and approximately 2,000 cells/treatment 

were collected to be used for selection during SCNT.

Annexin-V-FITC and propidium iodide cell viability

Fibroblast viability was measured based on positive fluorescence in a FL × FL2 (530/40 × 

575/25 filters) channel plot by using a Beckman Coulter CyAN ADP Analyzer cytometer 

(Beckman Coulter, Inc, Fullerton, CA). Axis of plots were determined by using fibroblasts 

singly stained with either annexin-V (FITC conjugated) or propidium iodide as well as by 

using unstained control cells. Fibroblasts were defined as healthy and viable if they did not 

stain positively for annexin-V or propidium iodide.

Somatic cell nuclear transfer and surgical embryo transfer

Sow-derived oocytes were purchased from DeSoto Biosciences (Seymour, TN) and shipped 

overnight in maturation medium. After 40–42 hours of maturation, cumulus cells were 

removed from the oocytes by vortexing in the presence of 0.1% hyaluronidase. Average 

percentage of oocyte maturation across replicates in experiments was 82.1% (standard 

deviation 3.7%). Oocytes used for enucleation were selected based on presence of a polar 

body and uniform cytoplasm. Oocytes were placed in manipulation medium (Lai and Prather 

2003) supplemented with 7.0 μg/mL cytochalasin B during oocyte manipulation. In all 

experiments, SCNT was performed by two technicians and each treatment was split evenly 

amongst the technicians. Order of treatment in which SCNT was performed first was 

selected randomly. A hand-tooled thin glass capillary was used to remove the polar body 

along with a portion of the adjacent cytoplasm (presumably containing the metaphase II 

plate) and a donor cell was placed in the perivitelline space. For donor cell treatments, 

fibroblasts which had been treated daily for 7 days with pharmaceuticals were used and had 

the compounds freshly added at the time they were placed in droplets to be used for SCNT.

Afterward, reconstructed embryos were fused in a fusion medium (0.3 M mannitol, 0.1 mM 

CaCl2, 0.1 mM MgCl2, 0.5 mM HEPES buffer, pH 7.2) by two DC pulses (1-sec interval) at 

1.2 kV/cm for 30 μsec using a BTX Electro Cell Manipulator (Harvard Apparatus). After 

electric pulse fusion, fused embryos were fully activated with 200 μM thimerosal for 10 

minutes in the dark and 8 mM dithiothreitol for 30 minutes. Embryos were then incubated in 

our in house culture media MU1 (Redel et al. 2015) with a histone deacetylase inhibitor 0.5 

μM Scriptaid, for 14–16 hours in the normal (atmospheric 20%) oxygen incubator. The next 
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day, the SCNT embryos were moved into new MU1 culture media (without Scriptaid) and 

placed in a low (5%) oxygen incubator. To investigate the impact of the pharmaceuticals on 

embryos themselves, clone embryos were also created from non-drug-treated fibroblast 

donor cells and cultured with CPI-613 (50 or 100 μM), PS48 (5 or 10 μM), or vehicle 

control (DMSO 100 μM) after artificial activation. Additionally, fresh CPI and PS48 for 

respective treatments were applied to MU1 culture media (after incubation with Scriptaid) 

and placed in low oxygen incubators. Blastocyst stage SCNT embryos were either stained 

and imaged (day 7 of development) or 40 to 50 were surgically transferred into the oviductal 

ampullary-isthmic junction of a surrogate gilt (day four or five of development). Surgical 

embryo transfer technique was conducted as previously established within our laboratory 

(Lai and Prather 2003). To establish which donor cell treatment the fetuses originated from, 

we bred CAG-promoter driven GFP- Proteasome Fusion Protein (PSMA1) and Ubiquitin C 

(UBC) promoter driven tandem-dimer (td) Tomato fluorescent protein Minnesota miniature 

boars to domestic (Yorkshire/Landrace cross) gilts to create fluorescent cell lines which 

were treated with pharmaceuticals (as per donor cell treatments of embryo transfer 

experiments; see Figure 4) and conducted embryo transfers using two surrogates each time; 

one surrogate received an even number of GFP expressing treatment ‘1’ fibroblast clones 

and Tomato expressing treatment ‘2’ fibroblast clones and another surrogate received an 

even number of the opposite fluorescent color by pharmaceutical combination of embryos. 

See Figure 5 for design of cell line development.

Embryo staining and imaging

Blastocyst cell number and chromosomal integrity—On day 7 of embryonic 

development, blastocysts from all treatments were collected, washed in TL HEPES, and 

zona pellucidae were removed by using a physiological saline lowered to a pH of 1.79. 

Blastocysts were fixed with 4% paraformaldehyde (96% TL HEPES) for 20 minutes, then 

permeablized with 0.1% Triton (in TL HEPES) for 15 minutes. Embryos were then 

incubated at 38.5°C with TUNEL stain for 30 minutes then with Hoechst 33342 (2 ng/mL) 

for an additional 15 minutes. Embryos which served as positive controls were treated with 

DNAse 25 μg/mL and embryos which served as negative controls were incubated without 

the TUNEL reaction enzyme. After staining, slides were immediately prepared using 

Vectashield mounting medium (Vectashield, Burlingame, CA) and embryos were imaged at 

20X magnification using a Nikon Eclipse Ti-S (Nikon Instruments Inc., Tokyo, Japan) 

inverted microscope in FITC and UV filtered channels and cell numbers were collected.

Mitochondrial activity in blastocysts—To determine if our treatments impacted 

mitochondria respiratory capacity (and thereby TCA cycle capability) within embryos we 

measured mitochondrial membrane potential (Δψm) using a JC-10 a biphasic cationic dye. 

The properties of JC-10 allow the dye to infiltrate both the cytoplasm and mitochondria in a 

monomeric green emission form (525 nm); yet when mitochondrial membrane potential is 

elevated, the dye forms J-aggregates which have an orange emission (590 nm). An increased 

ratio of red to green fluorescence intensity (Texas red/FITC filters) is indicative of higher 

mitochondrial membrane potential. Blastocysts from each treatment were collected on day 7 

of embryonic development and washed in TL HEPES. Embryos were then incubated at 

38.5°C in TL HEPES with 2.5 μM JC-10 (5, 5′, 6, 6′-Tetrachloro-1, 1′, 3, 3′-
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tetraethylbenzimidazolylcarbocyanine iodide; Enzo Life Sciences, Farmingdale, NY) for 30 

minutes. Positive control embryos were treated with 5 μM valinomycin to depolarize 

mitochondria during incubation with JC-10. Slides were prepared immediately using 

Vectashield mounting medium (Vectashield, Burlingame, CA). Embryos were imaged at 

40X magnification using a Nikon Eclipse E600 Microscope with Y-FL EPI Fluorescence 

(Nikon Instruments Inc., Tokyo, Japan) in FITC and Texas red filter channels by 

fluorescence microscopy using NIS-Element software F 2.30 (Nikon Instruments Inc., 

Tokyo, Japan). Mean intensity of green and orange-red fluorescence was measured using 

Image J software (available from the National Institutes of Health webpage: https://

imagej.nih.gov/ij/) by outlining each entire embryo as a region of interest first in the FITC 

micrograph then by applying the same ROI outline to the Texas red micrograph. For 

publication images, to visualize both the nuclei and mitochondria, embryos were incubated 

in TL HEPES with 2.5 μM JC-10 for 15 minutes then Hoechst 33342 (2 ng/mL) was added 

and incubation continued another 15 minutes in 38.5°C. Embryos were transported in an 

incubator to the Molecular Cytology Core at the University of Missouri (0.80 km distance; 

15 minute travel duration). Afterward embryos were placed in TL HEPES in 35 mm petri 

dishes which have 20 mm microwells (MatTek corporation, Ashland, MA, USA) for 

imaging at 20X magnification using an inverted scanning confocal Leica TCS SP8 laser 

scanning microscope with a 405-nm diode laser and tunable supercontinuum white light 

laser to generate maximum projections. The following excitation/emission band-pass 

wavelengths were used: 405/430–480 nm (DAPI), 490/500–550 nm (green), and 540/580–

615 nm (red). Supplier recommendations for excitation/emission of JC-10 are: low 

membrane potential (green; ~510 nm and 520 nm); high membrane potential (red; ~510 nm 

and 570 nm). The confocal microscope was equipped with an environmental box for live cell 

imaging.

Statistical Analysis

In all experiments, three or more biological replicates were collected for analysis and the 

average number of clone embryos created per treatment (for in vitro development) within 

each replicate was 68.9 ± 5.6. The average number of embryos per replicate for each 

treatment used for JC-10 staining and imaged in experiments was 14.9 ± 0.8 and the average 

number for TUNEL staining was 14.0 ± 3.4 embryos. Data were normally distributed as 

confirmed via Univariate procedure in SAS 9.4 (SAS, Cary NC) and therefore no 

transformations were made prior to statistical analysis. Analyzed variables were considered 

statistically different if the P-value was less than 0.05. All variables were compared using 

the generalized linear model procedure of SAS for main effect of treatment. Additionally, 

we analyzed for the effect of ‘order’ for data from the donor-treated fibroblast clones which 

we define as the order in which the groups of embryos were created (cells inserted to 

enucleated oocytes and fused) during nuclear transfer on each day for the variables of rate of 

embryonic cleavage and blastocyst formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CPI-613 6, 8-bis(benzylthio)octanoic acid

JC-10 5, 5′, 6, 6′-Tetrachloro-1, 1′, 3, 3′-
tetraethylbenzimidazolylcarbocyanine iodide

MIX mixture of PS48 +CPI

PI3K/AKT pathway phosphatidylinositol-3-kinase/protein kinase B

PS48 5-(4-Chloro-phenyl)-3-phenyl-pent-2-enoic acid

SCNT somatic cell nuclear transfer

TCA tricarboxylic acid

WE Warburg effect

Δψm mitochondrial membrane potential
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Figure 1. 
Cell viability population measures from annexin-V (FITC) and propidium iodide intensity of 

porcine fetal fibroblasts after 7 day pharmacological treatment with CPI (100 μM), PS48 (10 

μM), the mixture of the two (MIX), or without drugs (CON; 0 μM).
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Figure 2. 
Survival probability (number of piglets collected at day 35 of gestation from total number of 

reconstructed embryos transferred) of developmental day 5 or 6 embryos transferred to 

surrogate gilts on 3, 4, and 5 days after observed heat.
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Figure 3. 
Representative CPI (100 μM), PS48 (10 μM), MIX (CPI 100 μM + PS48 10 μM) or CON (0 

μM) donor-treated or culture-treated somatic cell nuclear transfer derived blastocysts stained 

with the biphasic dye JC-10, a measure for mitochondrial membrane potential (Δψm).
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Figure 4. 
Green and tomato fluorescent cell lines used in somatic cell nuclear transfer for embryo 

transfer experiments and cleaving reconstructed embryos.
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Figure 5. 
Design of cell line creation by breeding of CAG- promoter driven GFP-Proteasome Fusion 

Protein (PSMA1) and Ubiquitin C (UBC)- promoter driven tandem-dimer (td)Tomato 

fluorescent protein Minnesota miniature boars to domestic gilts.
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Table 5

Impact of 7 day donor cell treatment with 100 μM CPI-613 or 10 μM PS48 treated GFP (green fluorescent 

protein) and TOM (tomato fluorescent protein) fibroblasts on clone embryo transfer survival to day 35 of 

gestation.

Treatment‡ Cell line Survival probability≠ SE P-value

CPI GFP 0.066 0.023 0.05

PS48 GFP 0.105 0.021

CPI TOM 0.057 0.021

PS48 TOM 0.094 0.023

‡
Donor fibroblasts treated for 7 days with the pharmaceuticals CPI (100 μM) or PS48 (10 μM) prior to somatic cell nuclear transfer.

≠
Survival probability: number of piglets collected at day 35 of gestation from total number of reconstructed embryos transferred.
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Table 7

Interaction of 7 day donor cell treatment with MIX (100 μM CPI-613 and 10 μM PS48) or CON (0 μM) on 

GFP (green fluorescent protein) or TOM (tomato fluorescent protein) fibroblasts on clone embryo transfer 

survival to day 35 of gestation.

Treatment‡ Cell line Survival probability≠ SE P-value

CON GFP 0.070 0.019 0.60

MIX GFP 0.077 0.017

CON TOM 0.020 0.017

MIX TOM 0.009 0.019

‡
Donor fibroblasts treated for 7 days with the pharmaceuticals CPI (100 μM) and PS48 (10 μM) or as CON (0 μM) prior to somatic cell nuclear 

transfer.

≠
Survival probability: number of piglets collected at day 35 of gestation from total number of reconstructed embryos transferred.
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