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Figure 3.6. Oxygen consumption rates of skeletal muscle cells at varying oxygen 

concentrations following differentiation under hypoxia and recovery at normoxia 

with either DMSO or RSV treatment. Oxygen consumption rates were measured by 

closed-cell respirometry using an Oxygraph-2k Clark-type electrode at 37⁰C in a 10 mM 

glucose solution. Data displayed for chamber O2 concentrations of (A) 200 µM 

(approximately 20.9% O2), (B) 50 µM (approximately 5% O2) and (C) 10 µM 

(approximately 1% O2). All data presented as mean ± SEM. Connecting lines indicate a 

significant difference between those values as determined by a two-way ANOVA with a 

Tukey’s post-hoc test (* p<0.05; ** p<0.01; *** p<0.001; n = 4 – 9/experimental group). 

 

A. 200 µM 

C. 10 µM 

B. 50 µM 
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Figure 3.7. Cell viability and mitochondrial abundance are affected by RSV 

treatment. Cell viability was analyzed using a haemocytometer and a trypan blue stain 

(A; n = 6 - 9/experimental group). Mitochondrial number and activity was analyzed using 

a CS activity assay (B; n = 3 – 6/experimental group). Mitochondrial number was further 

analyzed using flow cytometry and the fluorescent probe Mitotracker and set relative to 

Day 0 (C; n = 6 – 11/experimental group). All data presented as mean ± SEM.  

Connecting lines indicate a significant difference between those values as determined by 

a two-way ANOVA with a Tukey’s post-hoc test (* p<0.05; ** p<0.01; *** p<0.001). 

B. CS activity 

C. Mitotracker 

A. Cell viability 
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Figure 3.8. Protein levels of NDUFB8, a subunit of complex I, are not affected by 

RSV treatment. Complex I protein levels were analyzed by Western blot analysis with 

the antibody for NDUFB8, a nuclear encoded subunit of Complex I. These levels were 

normalized to VDAC1, an outer mitochondrial membrane protein normalizing for the 

amount of mitochondrial protein, and analyzed with a Two-way ANOVA with a Tukey’s 

post-hoc test. A representative blot for NDUFB8 and VDAC1 are displayed above the 

graph. There was a significant depression of the 1% treatment protein levels when 

compared to the 5% oxygen treatment at Day 5 (** p<0.01; n = 6 – 9/experimental 

group). All data presented as mean ± SEM. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. RSV increases mRNA levels of mitochondrial biogenesis transcription factors, but not in hypoxic skeletal muscle 

cells. Levels of mRNA for mitochondrial biogenesis genes were analyzed by qRT-PCR and normalized to Day 0. Data were analyzed 

by a Two-way ANOVA and Tukey’s post-hoc test. No significant change was observed for Tfam (A), TFB1M (B) or TFB2M (C). 

Connecting lines indicate a significant difference between those values for mRNA levels of NRF-1 (D) and NRF-2α (C; * p<0.05; 

**p<0.01; n = 5 – 11/experimental group). All data presented as mean ± SEM. 

4
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E. NRF-2α D. NRF-1 

C. TFB2M A. Tfam B. TFB1M 
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Figure 3.10. The mRNA levels of co-activators of mitochondrial biogenesis are 

unaffected by hypoxia, but increase with treatment of RSV during a two day 

normoxic recovery. Levels of mRNA for mitochondrial co-activators were analyzed by 

qRT-PCR and normalized to Day 0. Data was analyzed by a Two-way ANOVA and 

Tukey’s post-hoc test. No significant change was observed for PGC-1α after five days of 

hypoxia or with RSV treatment during recovery (A). Connecting lines indicate a 

significant difference between those values for mRNA levels of PGC-1β with RSV 

treatment (B; * p<0.05; n = 6 – 11/experimental group). All data presented as mean ± 

SEM. 

B. PGC-1β 

A. PGC-1α 
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Chapter 4: Discussion 

Current research suggests that babies born IUGR are more susceptible to 

metabolic diseases such as insulin resistance in adulthood (Jaquet et al., 2000; Hales et 

al., 1991). IUGR offspring develop as a result of placental insufficiency, characterized by 

low placental glucose and O2 transfer from maternal to fetal circulation which results in 

reduced delivery to the fetus, and is a major contributor to the development of IUGR 

(Baschat, 2004; Pardi et al., 2002). Oxygenation alone has profound effects on fetal 

development (Giussani et al., 2007), such as preferentially redistributing blood flow to 

major organs such as the heart, brain and adrenals (Arbeille et al., 1995) presumably 

increasing fetal survival. In IUGR fetuses, however, this blood redistribution is thought to 

result in morphological and metabolic alterations to peripheral tissues, such as skeletal 

muscle, which could cause long-term impairments postnatally.   

 Skeletal muscle dysfunction alters glucose metabolism, which is associated with 

the development of insulin resistance and type 2 diabetes (Selak et al., 2003, Patti et al., 

2003). Skeletal muscle exposed to hypoxia in utero or in cell culture display decreases in 

skeletal muscle cell respiration (Selak et al., 2003; Arthur et al., 2000; Lane et al., 1998), 

a reduction in factors involved in mitochondrial biogenesis (Regnault et al., 2010) and 

mitochondrial proteins (Lane et al., 1998), suggesting mitochondrial dysfunction is 

altered during a hypoxic insult. Therefore, I investigated alterations in skeletal muscle 

metabolism. Specifically, I sought to examine whether hypoxia during differentiation of 

skeletal muscle cells affected oxidative metabolism and mitochondrial biogenesis, and 

whether any alterations persist after recovery from hypoxia. Furthermore, I studied if 
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RSV, a pharmacological intervention which increases mitochondrial biogenesis (Park et 

al., 2012), is able to promote recovery from the hypoxic insult.   

 

4.1 Role of hypoxia in altering skeletal muscle OXPHOS 

 Oxygen consumption rates of mouse C2C12 skeletal muscle cells were depressed 

following five days of differentiation under 1% O2 when compared to both the 5% and 

20.9% controls (Figure 3.1 A – C). This hypoxic suppression of O2 consumption of 

hypoxic cells persisted even after the hypoxic insult was alleviated by two days of 

normoxic recovery. Interestingly, this change in O2 consumption rate was not associated 

with decreases in cell viability or mitochondrial abundance as these were not affected in 

the hypoxic treatment. In reports of mouse 32D myeloid cells cultured under normoxic 

conditions, the "apparent Km" of respiration for O2 was determined to be 0.5 µM 

(Scandurra and Gnaiger, 2010), 20-fold lower than the 1% O2 concentration of my 

hypoxic treatment. Therefore, it might be assumed that the decreased O2 consumption rate 

displayed by my cells incubated at 1% O2 was not the result of O2 limitation of complex 

IV, but rather a controlled down-regulation of mitochondrial metabolism in response to 

chronic (five days) hypoxia. Furthermore, my results suggest that hypoxia-induced 

alterations to O2 consumption have permanent consequences. Previous studies have 

demonstrated that C2C12 cells display rapid decreases in O2 consumption with decreases 

in O2 concentration, although, these cells returned to normoxic O2 consumption rates 

upon re-oxygenation (Arthur et al., 2000). This study however, investigated acute 

changes (no longer than three hours) in skeletal muscle O2 consumption while my study 
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demonstrated that a chronic five day hypoxic insult results in a sustained suppression of 

O2 consumption for at least 48 hours of re-oxygenation.    

Reducing O2 consumption during hypoxia is advantageous as it would aid in 

increasing survival of skeletal muscle cells by reducing hypoxia-induced signaling 

cascades which lead to DNA damage and apoptosis (Greijer and van der Wall, 2003). A 

major consequence of hypoxic signaling is a reduction of OXPHOS, a major consumer of 

O2 within the cell (Papandreou et al., 2006). Skeletal muscle isolated postnatally from 

IUGR rat offspring displayed reductions in OXPHOS capacity (Selak et al., 2003). In this 

case, a model of placental insufficiency by reducing blood flow through the uterine artery 

was used; therefore, these IUGR rat fetuses were displaying the compounding effects of 

decreased O2 and nutrient supply. My study determined that hypoxia alone is sufficient to 

cause these potentially permanent reductions in skeletal muscle O2 consumption.  

The ETC, a major consumer of O2 within the cell by OXPHOS, was examined in 

this study to determine if the reduced O2 consumption observed during and after hypoxia 

was associated with alterations in the complexes as there was no hypoxic effect on 

mitochondrial abundance or cell viability (Figure 3.2 A - C). Complex I is a multi-subunit 

protein and is derived from both mitochondrial and nuclear genes (Scarpulla, 2008; Caroll 

et al., 2003). In this study, an established antibody directed against NDUFB8, a nuclear 

encoded subunit of complex I, was used to determine protein levels of complex I. This 

antibody was part of a cocktail of five antibodies which was used to evaluate the protein 

levels of all the complexes of the ETC. Of this cocktail only NDUFB8 protein levels were 

reduced after five days of differentiation under hypoxia (Figure 3.4) while no other 

complexes of the ETC were altered by hypoxia which suggests that complex I alone was 

a target of hypoxia-induced alterations. Decreases in complex I activity would decrease 
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O2 consumption rates as there would be a reduction in the rate of electrons entering the 

ETC. This decrease would not only help maintain the already low O2 levels, but also may 

attenuate the initial burst of ROS being produced by the ETC that presumably occurred at 

the onset of hypoxia.  

ROS have a major role in hypoxic signaling (Hoppeler et al., 2003; Chandel et al., 

2000), and the mitochondria is suggested to be the source of ROS under hypoxia (Guzy et 

al., 2005; Anderson and Neufer, 2005; Schroedl et al., 2002; Chandel et al., 1998; 

Vanden Hoek et al., 1998). Despite this, I found that differentiation under hypoxia did not 

increase ROS at the level of either the whole cell or mitochondria when compared to 

20.9% and 5% O2 controls (Figure 3.3 A, B). However, high levels of ROS within the cell 

can also be damaging, which is most likely why hypoxic bursts in ROS levels are acute 

and begin to decline within an hour of the onset of hypoxia (Chandel et al., 1998). My 

experimental design sampled skeletal muscle cells after five days of differentiation under 

hypoxia and would not have detected these early bursts of ROS, which may be due to 

decreases in NDUFB8 protein and the O2 consumption rate. Presumably, C2C12 cells 

would display an increase in ROS levels within an hour of exposure to hypoxia (Chandel 

et al. 1998) as has been observed in previous studies of isolated rat skeletal muscle (Zuo 

and Clanton, 2005), which is linked to hypoxic signaling by HIF-1α (Chandel et al., 

2000). 

Following two days of normoxic recovery, NDUFB8 protein levels in the hypoxic 

(1% O2) treatment remained low, but were no longer significantly lower than the 5% and 

20.9% O2 treatments (Figure 3.4). This result likely reflects slight decreases in the 5% and 

20.9% NDUFB8 protein levels compared with the Day 5 levels, which was not found in 

the 1% O2 treatment. My data show a decrease in NDUFB8 under chronic hypoxia, which 
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was not reversed upon re-oxygenation. Interestingly, previous studies reported that 

hypoxia decreased expression of complex I subunits derived from mtDNA and complex I 

activity (Piurat and Lopez-Barneo, 2005). This hypoxic suppression of complex I was 

reversible upon re-oxygenation (Piurat and Lopez-Barneo, 2005). This study, however, 

exposed cells to hypoxia for no longer than 24 hours while my study investigated the 

effects of a chronic five day hypoxic incubation on NDUFB8 protein levels. Previous 

studies have suggested that alterations in ETC complex I subunits are plastic (Piurat and 

Lopez-Barneo, 2005). This plasticity could result from post-translational mechanisms 

induced by HIF-1α which selectively target complex I. Increased stabilization of HIF-1α 

during hypoxia increased expression of NDUFA4L2 and microRNA-210 which reduced 

complex I activity and protein levels, respectively (Tello et al., 2011; Chan et al., 2009). 

NDUFA4L2 and microRNA-210 could be two hypoxia-specific mechanisms active in my 

model by which complex I subunits are altered, and their expression would be attenuated 

upon re-oxygenation and degradation of HIF-1α allowing for NDUFB8 to recover. 

Although NDUFA4L2 and microRNA-210 may be active in my system during the 

hypoxic insult, further research is necessary to determine if these are contributing factors 

to maintaining low levels of NDUFB8 after normoxic recovery. 

Upstream factors of OXPHOS may have been altered during hypoxia and could 

contribute to the persistent suppression of the O2 consumption rates of hypoxic cells 

following normoxic recovery. Decreased PDH activity would restrict substrate supply to 

the ETC, potentially decreasing O2 consumption rates. HIF-1α suppressed PDH levels by 

increasing PDHK levels (Papandreou et al., 2006). In addition, in rat models of IUGR, 

decreases in PDH activity and increases in PDHK of skeletal muscle were maintained 

into early adulthood when compared to controls (Selak et al., 2003). In my study, glucose 
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was used as the sole oxidative substrate for measurements of O2 consumption rates and 

the activity of PDH could therefore exert considerable control over O2 consumption rates. 

Hypoxia alone initiated increases in PDHK (Papandreou et al., 2006), and this could be a 

mechanism that suppressed O2 consumption rates in hypoxic skeletal muscle cells even 

after exposure to two days of normoxia. Examinations of hypoxic C2C12 skeletal muscle 

levels of PDH and PDHK would determine if alterations in PDH contribute to the altered 

O2 consumption rates. 

Decreases in mitochondrial biogenesis could also contribute to alterations in 

skeletal muscle O2 consumption. Alterations in factors associated with mitochondrial 

biogenesis have been observed in skeletal muscle of in vitro models (Regnault et al., 

2010) and in adults with insulin resistance (Patti et al., 2003). In my study mRNA levels 

of the nuclear transcription factors involved in mitochondrial biogenesis, NRF-1 and 

NRF-2α, were unaffected by hypoxia (Figure 3.5 D, C). There was a rise in mRNA levels 

of NRF-2α in both the 20.9% O2 control and 1% O2 hypoxic treatments post-recovery, 

which can be attributed to continued differentiation and associated increases in 

mitochondrial biogenesis (Duguez et al. 2001). Although there were no changes in the 

nuclear transcription factors studied, other nuclear transcription factors could be affected 

by hypoxia such as the estrogen-related receptor α (ERR-α; Schreiber et al., 2004). ERR-

α is involved in the expression of nuclear oxidative phosphorylation genes and 

mitochondrial biogenesis with separate DNA binding sites than NRF-1 and NRF-2α 

(Schreiber et al., 2004; Mootha et al., 2004). There was, however, a significant reduction 

in the mRNA levels of TFB2M following five days of differentiation under hypoxia when 

compared to controls (Figure 3.5 E). TFB2M is involved in both mtDNA transcription 

and replication (Cotney et al. 2007; Scarpulla, 2006); therefore it can be assumed that 
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reductions in TFB2M would contribute to decreases in mitochondrial biogenesis. In my 

study I did not observe alterations in mitochondrial abundance as indicated by mitotracker 

and citrate synthase enzyme activity after five days of differentiation under hypoxia when 

compared to controls. This could potentially be attributed to slow turnover of 

mitochondria, ranging from 4 to 24 days, that was reported in other cell types (Lipsky and 

Pedersen, 1981; Menzies and Gold, 1971). If these C2C12 cells were allowed to grow 

beyond the seven days of differentiation in this study, decreases in mitochondrial 

abundance may be observed. 

Any alterations in the mRNA of mitochondrial biogenesis factors that were 

analyzed in my study did not persist following recovery in normoxic conditions. Previous 

whole animal studies have implicated alterations in mitochondrial biogenesis factors in 

IUGR pig offspring postnatally, including decreases in mRNA levels of Tfam and NRF-1; 

however, these alterations were only pronounced when a high fat diet was fed to these 

IUGR pigs postnatally (Liu et al., 2012). Potentially hypoxia alone is not sufficient to 

decrease mRNA levels of these mitochondrial biogenesis factors and is also dependent on 

nutritional factors. 

 

4.2 RSV is not an effective pharmacological intervention for 

reversing hypoxic-induced alterations in cultured skeletal muscle 

cells. 

 
RSV is a known antioxidant (Mahal and Mukherjee, 2006) and has protective 

effects on skeletal muscle during ischemia and reperfusion (Ikizler et al., 2006). 

Furthermore RSV activates an AMPK pathway which increases PGC-1α protein and 

activity (Park et al., 2012); PGC-1α co-activates mitochondrial biogenesis factors such as 
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NRF-1 and NRF-2α (Scarpulla, 2006). RSV appears to be an ideal pharmacological 

intervention for mitochondrial dysfunction diseases as it can promote increases in the 

mitochondrial biogenesis pathway and mitochondrial abundance, ultimately improving 

oxidative metabolism. Indeed, in mice treated with RSV, isolated heart mitochondria 

(Gutierrez-Perez et al., 2011) and muscle fibers (Lagouge et al., 2006) displayed an 

increased aerobic capacity. Oxygen consumption in my hypoxic (1% O2) and 5% O2 

skeletal muscle cells increased with RSV treatment during normoxic recovery. However, 

this increase was only observed at 200 µM O2 for the 1% O2 (Figure 3.6 A) treatment and 

10 µM for the 5% O2 treatment (Figure 3.6 C). This suggests that RSV does have a 

positive effect on increasing O2 consumption rates of hypoxic cells, but the effect is not 

consistent. Previous research investigating the effects of RSV on C2C12 skeletal muscle 

cells observed increases in the O2 consumption rate with treatment of 50µM RSV (Park et 

al., 2012). The C2C12 cells in Park et al. (2012), however, were not pre-treated with 

hypoxia which is unlike my study. This may indicate that RSV treatment on C2C12 cells 

which differentiated under lower O2 concentrations does not activate the AMPK pathway 

the same as cells which differentiate under 20.9% O2 (Park et al., 2012). RSV treatment 

after a hypoxic-insult in skeletal muscle cell O2 consumption rates has not been 

extensively researched and requires further study as it may have different effects than 

previously found in normoxic conditions. 

In this study, RSV was applied to the 5% and 1% O2 treatments for the full 48 

hours of re-oxygenation following five days of differentiation under 5% or 1% O2. As 

discussed previously, oxidative bursts in ROS may have an important role in re-

oxygenation states as well as hypoxic states. In primary cultured hepatocytes, increases in 

ROS during re-oxygenation aided factors important for increasing cell survival, and 
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antioxidants inhibited this effect and were associated with increases in apoptosis during 

this re-oxygenation (Terui et al., 2004). As both the 1% and 5% O2 treatment would 

experience a re-oxygenation process in the recovery condition, bursts in ROS could 

potentially occur. It is possible that the antioxidant properties of RSV prevented anti-

apoptotic ROS-signaling during re-oxygenation. The lack of consistent increases in the 

aerobic capacity of the 1% and 5% O2 may have been impacted by alterations in cell 

viability brought on by a decrease in cell survival during re-oxygenation. 

Despite the alterations in the number of viable cells (Figure 3.7 A), RSV induced 

an increase in mitochondrial abundance as indicated by increases in citrate synthase 

activity and mitotracker accumulation in both the 5% and 1% O2 treatments (Figure 3.7 

B, C). This coincides with previous RSV research which observed increases in mtDNA, 

related to increases in mitochondrial abundance in both in vitro (Park et al., 2012) and in 

vivo  (Lagouge et al., 2006) systems. This suggests that mitochondrial biogenesis in the 

hypoxic and 5% O2 treated C2C12 cells was induced with RSV treatment during recovery. 

My molecular data confirms these results, as RSV treatment during recovery of cells that 

differentiated under 5% O2 displayed increased mRNA levels of the nuclear transcription 

factors NRF-1 and NRF-2α (Figure 3.9 D, E). This coincides with previous research 

which reported increases in NRF-1 in cultured endothelial cells (Csiszar et al., 2009), 

isolated mice aortas (Csiszar et al., 2009) and mouse skeletal muscle (Lagouge et al., 

2006) with RSV treatment which promoted mitochondrial biogenesis. However, at 1% 

O2, RSV did not alter expression of these genes and NRF-2α was actually significantly 

lower than the 5% O2 treatment. This significant decrease in NRF-2α is most likely due to 

the increase observed in the 5% treatment with RSV, augmenting the difference, and not a 

depression of the 1% O2 treatment mRNA levels due to RSV. This result suggests 
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expression of some mitochondrial biogenesis factors may be permanently affected by 

differentiation under more severe hypoxia. Increases in mitochondrial abundance in the 

hypoxic cells may instead be attributed to other mitochondrial biogenesis factors such as 

PGC-1β, a mitochondrial biogenesis co-activator. PGC-1β, like PGC-1α, is a potent co-

activator of NRF-1 active in skeletal muscle which leads to increased expression of 

mitochondrial gene (Scarpulla, 2006) and would be expected to increase with RSV 

treatment. Indeed, PGC-1β mRNA levels were increased in both the 5% and 1% O2 

treatments (Figure 3.10 B). Increased PGC-1β expression and transcriptional complex 

binding to NRF-1 would be associated with the increases in mitochondrial abundance that 

was observed in the hypoxic cells. The resultant increases in mitochondrial abundance 

could account for the recovery of the oxygen consumption rates of skeletal muscle cells 

exposed to a chronic hypoxic insult. Further research, however, is necessary to investigate 

the differential expression of mitochondrial biogenesis markers with RSV treatment on 

cells pre-treated with hypoxia. 

Paradoxically, while RSV mediated increases in mitochondrial abundance in both 

O2 treatments, it did not selectively increase NDUFB8 protein levels (Figure 3.8). This 

finding does not agree with previous research as increases in complex I subunits were 

reported in cultured endothelial cells (Csiszar et al., 2009) and in vivo in isolated mouse 

muscle cells (Lagouge et al., 2006). Neither of these studies, however, employed hypoxia 

perhaps accounting for the discrepancies with my results. Furthermore, in my study 

NDUFB8 levels were standardized to levels of mitochondrial protein as determined by 

VDAC1. It may be that increases in complex I subunit levels are not selectively increased 

by RSV, and instead only increase with mitochondrial numbers by mitochondrial 

biogenesis. Previous studies have investigated relative mRNA expression (Lagouge et al., 
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2006), or complex I levels relative to total cell protein (Csiszar et al., 2009), which are 

not normalized to mitochondrial number or protein. Potentially, in these studies, increases 

in complex I were detected because of increases in mitochondrial abundance, and were 

not associated with increases of subunits of complex I protein selectively.  

 

4.3 Conclusions 

 In agreement with my hypothesis, skeletal muscle differentiation under five days 

of chronic hypoxia in cell culture caused a decrease in cellular O2 consumption rates that 

was maintained after normoxic recovery. Interestingly, mRNA of mitochondrial 

biogenesis transcription factors and NDUFB8 protein levels were suppressed during the 

hypoxic insult, but returned towards control values upon re-oxygenation (Figure 4.1). Rat 

models of IUGR have displayed similar decreases in aerobic capacity and altered gene 

and protein expression of skeletal muscle mitochondria which was maintained postnatally 

(Selak et al., 2003; Lane et al., 1998). My model suggests that hypoxia contributes to the 

suppression of O2 consumption rate in skeletal muscle cells and this persistent decrease 

could contribute to the altered aerobic capacity observed in rat IUGR models postnatally. 

These hypoxia-induced alterations may be permanent and would pre-dispose these IUGR 

infants to later-life diseases such as insulin resistance. Indeed, insulin resistant and type 2 

diabetic adults have decreases in oxidative capacities as indicated by decreases in citrate 

synthase and other oxidative enzyme activities (Simoneau and Kelley, 1997) and 

decreases in factors of mitochondrial biogenesis (Patti et al., 2003). My study suggests 

that hypoxia, isolated from alterations in nutrition, is sufficient to alter O2 consumption 

rates, the ETC and mitochondrial biogenesis in IUGR fetuses. Furthermore, rates may be 
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permanently altered in these infants postnatally as a two day normoxic recovery of 

skeletal muscle C2C12 cells did not reverse the hypoxia-induced suppression of O2 

consumption rates. However, it appears alterations in O2 consumption rates after 

normoxic recovery were not associated with decreases in complex I NDUFB8 protein 

levels, but could be related to other factors of OXPHOS such as deficits in PDH protein 

levels. 

 In contrast to the hypothesis proposed in this study, RSV was not sufficient in 

reversing hypoxia-induced alterations in O2 consumption rates at all oxygen 

concentrations measured, regardless of the increases in mitochondrial abundance that 

were observed (Figure 4.1). This may be due to antioxidant effects of RSV treatment 

during re-oxygenation which decreased cell viability, or could be due to altered RSV 

action within hypoxic cells. Other studies have had success with RSV treatment in young 

adult mice (Lagouge et al., 2006; Baur and Sinclair, 2006), but these studies were not 

investigating RSV effects on hypoxia-induced alterations. My study indicates the need for 

examination of the effects of RSV on hypoxic skeletal muscle cells, its effects during re-

oxygenation and how this differs from cultured cells which differentiate under normoxia. 
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Figure 4.1. Summary of the alterations of skeletal muscle cells which have 

undergone five days of differentiation incubated at 1% O2 (hypoxia) and subsequent 

two days of RSV treatment under normoxia. Arrows indicate an increase or decrease 

associated with either hypoxic or RSV treatment. Five days of differentiation under 

hypoxia decreased O2 consumption rates, protein levels of the NDUFB8 subunit of 

complex I of the electron transport chain (ETC) and expression of TFB2M. The hypoxia-

induced decrease in O2 consumption rates persisted following incubation at normoxia for 

an additional two days (recovery). Normoxic recovery supplemented with RSV increased 

oxygen consumption rates, mitochondrial abundance and expression of PGC-1β.  
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 4.4 Future studies 

 This study has highlighted hypoxia during differentiation as a major contributor to 

alterations in skeletal muscle oxidative metabolism. More importantly, this study suggests 

that alterations in oxidative metabolism remain after the hypoxic insult is alleviated for 48 

hours. Future studies may extend the timeline of the recovery condition to investigate if 

any recovery occurs, or more importantly, and examine the plasticity of these alterations 

such as the changes in mitochondrial abundance, that may occur in future time points. 

 My study implicates O2 as a major factor in skeletal muscle cell development. 

Further examination into how hypoxic signaling affects these developing muscle cells 

may help to elucidate pathways involved in these alterations. Levels of ROS within these 

cells during the initial hypoxic insult and during re-oxygenation should be investigated as 

it has implications in both hypoxic signaling and potentially the effects of RSV during re-

oxygenation. Other antioxidants, besides RSV, could be applied to this system to 

elucidate if antioxidants alone can affect cell viability, or if the decrease in the number of 

viable cells was an RSV-specific effect.  

I observed that NDUFB8 levels were suppressed during hypoxia which can have 

beneficial effects including decreasing ROS levels and conserving O2 in the cell. Post-

translational changes involving NDUFA4L2 or microRNA-210 are factors that can have a 

role during hypoxic signaling and may have been active in these hypoxic skeletal muscle 

cells. Hypoxic increases of the levels of microRNA-210 and NDUFA4L2 protein in 

skeletal muscle cells would indicate that these are active in my model. Because this 

decrease in complex I levels was not maintained after normoxic recovery when compared 

to controls, other factors must also contribute to the decrease in the O2 consumption rates 
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of these skeletal muscle cells. Some factors that have been implicated in hypoxic 

signaling are of interest, such as PDH and PDHK, which are known to be affected after 

HIF-1α stabilization under hypoxia which may be maintained post-hypoxic insult. Protein 

levels of PDH and PDHK would elucidate whether lowered PDH levels contribute to the 

decrease in O2 consumption during hypoxia and normoxic recovery. 

Finally, my study into the pharmacological intervention RSV, did have positive 

effects such as increases in mitochondrial abundance, but my results were not consistent 

in terms of O2 consumption rates. Further investigation into the differential effects of 

RSV between the 20.9% O2 treatment and the 5% and 1% O2 treatments may elucidate 

differences in RSV action in these O2 treatments.  Examination of RSV treated 20.9% O2 

cells of NDUFB8 levels and mRNA levels mitochondrial biogenesis transcription factors 

analyzed in this study would help to clarify differences among all O2 treatments. 

Additionally, attempting to treat these cells with RSV at a later time point than used in 

this study may help to demonstrate if re-oxygenation plays a role in RSV-mediated 

effects. RSV treatment for 6 hours has successfully increased O2 consumption in 

normoxic C2C12 cells (Park et al., 2012), so a shorter RSV treatment could be used in this 

system and may display more consistent results. 
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Appendix: Supplemental figures 
 

 

A.1 Oxygen consumption rates with and without RSV treatment 

 
 Oxygen consumption rates were measured as described in section 3.1.1. Oxygen 

consumption rates of cells which differentiated under 20.9%, 5% and 1% O2 for five days 

and during a two day normoxic recovery period were examined at a range of O2 

concentrations (200 µM – 0 µM) within the Oxygraph-2k chamber (Figure A.1). Data 

were analyzed at 200 µM, 50 µM and 10 µM of O2. 

 To confirm RSV activation of O2 consumption as reported in (Park et al., 2012), 

RSV treatment (50 µM) was applied to the 20.9% O2 condition for a two day period. Data 

were analyzed with a one-tailed Student’s t-test and a significant increase in the O2 

consumption rate with RSV treatment was observed at 200 µM O2 (p<0.05; Figure A.2 

A), but not at lower O2 concentrations within the chamber (p>0.05; Figure A.2 B, C). 

 

A.2 Flow cytometry using BD CFlow software 

 Example output figures of BD CFlow software which highlights the collection of 

data during flow cytometry. For each sample, 50,000 events (cells) were recorded and 

plotted in a frequency distribution which plots forward scatter (FSC-A) on the x-axis and 

side scatter (SSC-A) on the y-axis (Figure A.3 A, A.4 A). This graph is based on the 

scattering of light by the cell as it passes by the light source in the flow cytometer. 

Forward scatter correlates with cell size while side scatter correlates with the complexity 

of the particle such as shape and granularity; a higher forward scatter value indicates a 

larger cell, and a higher side scatter value indicates a more complex cell. Controls for 
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each sample without fluorescent probes were run through the flow cytometer to determine 

background fluorescence. To organize the data, control samples were used to gate the 

data to exclude dead cells (low forward and side scatter values) from all further analysis 

(Figure A.3 B); gates are also applied to their corresponding treated sample (Figure A.4 

B). Lastly, a histogram of these gated samples was produced which plotted the 

fluorescent intensity of each event recorded against the number of times this fluorescent 

intensity was detected (Figure A.3 C, A.4 C). 
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Figure A.1. Oxygen consumption rates of C2C12 skeletal muscle cells over varying O2 concentrations in the Oxygraph-2k 

chamber. Oxygen consumption rates after five days of differentiation under 1%, 5% or 20.9% oxygen (A) and after a two day 

recovery period at 20.9% oxygen (B) are displayed. All data presented as mean ± SEM (n = 6 – 7/experimental group). 

A. Day 5 

B. Recovery 
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Figure A.2. A two day treatment of RSV increases O2 consumption rates in cells 

which differentiated under 20.9% O2. A 50 µM RSV treatment was applied for two 

days at 20.9% O2 to skeletal muscle cells after differentiation under 20.9% O2 for five 

days. Oxygen consumption rates were measured by closed-cell respirometry using an 

Oxygraph-2k Clark-type electrode at 37⁰C in a 10 mM glucose solution. Data displayed 

for chamber O2 concentrations of (A) 200 µM (approximately 20.9% O2), (B) 50 µM 

(approximately 5% O2) and (C) 10 µM (approximately 1% O2). All data presented as 

mean ± SEM. Asterisk indicates a significant difference between those values (* p<0.05; 

n = 4/experimental group). 
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Figure A.3. Example views of BD CFlow software flow cytometry plots for controls. 

BD CFlow software first displays frequency distribution plots with side scatter and 

forward scatter values of all 50,000 events recorded where each gray dot is considered an 

event or cell (A). Gating for live cells excludes events with low values for both forward 

and side scatter (B). These gated controls are then converted to a histogram of the number 

of times a fluorescent value is recorded (C) from which mean fluorescence is calculated.  
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Figure A.4. Example views of BD CFlow software flow cytometry plots for samples 

treated with a fluorescent probe. BD CFlow software first displays frequency 

distribution plots with side scatter and forward scatter values of all 50,000 events 

recorded where each gray dot is considered an event or cell (A). Gating for live cells 

excludes events with low values for both forward and side scatter (B). This is the same 

gate that was applied to the control sample. These gated samples are then converted to a 

histogram of the number of times a fluorescent value is recorded (C) from which mean 

fluorescence is calculated.  
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AWARDS AND ACADEMIC ACHIEVEMENTS 

 

Scholarships 

Western Graduate Research Scholarship, September 2010 - April 2012 

Western Scholarship of Excellence, September 2006 - April 2007 

 

Published Manuscript  
• Brown, J.C.L., Chung, D.J., Belgrave, K.R. and Staples, J.F. (2011). Mitochondrial 

metabolic suppression and reactive oxygen species production in liver and skeletal 

muscle of hibernating thirteen-lined ground squirrels. Am J Physiol, 1: R15-R28 

 

Conference Presentations 

• Poster Presentation of current research: 

 - Lawson Research Day, London, ON (local) 

 - Developmental Origins of Health and Disease, Portland, OR (international) 

 - Perinatal Investigator Meeting, Kingston, ON (national) 

• PowerPoint presentation of current research:  

 - Obstetrics and gynaecology research day, London, ON (local) 

 

VOLUNTEER WORK 

 

Mentor for 4
th

 year thesis student including instruction in laboratory techniques 

September 2011 - April 2012 


