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ABSTRACT 

 

Sclerostin influences body composition adaptations to exercise training 

Nigel Kurgan 

Doctor of Philosophy, Health Biosciences 

Brock University, 2022 

Sclerostin is a secreted glycoprotein mainly produced by the osteocyte, which inhibits the 

canonical Wnt/ß-catenin signalling pathway. In mice, genetic deletion, or inhibition of 

sclerostin with a neutralizing antibody increases bone mass while also improving insulin 

sensitivity and lipid homeostasis. Despite sclerostin not being expressed by adipose tissue 

(AT), reductions in white AT (WAT) mass and adipocyte cross-sectional area can also be 

observed with sclerostin inhibition, ultimately conferring resistance to a high-fat diet. 

Resting circulating sclerostin has also been shown to decrease following exercise 

training. This dissertation includes six studies examining the hypothesis that sclerostin 

influences adaptations in fat mass in response to exercise training. Study 1 did not 

identify serum sclerostin’s response to acute exercise with a top-down proteomic 

analysis. Study 2 of this thesis utilized a targeted approach and found sclerostin increases 

in the circulation transiently following acute exercise in adolescents with excess adiposity 

while those with normal weight have a blunted response. Study 3 utilized a longitudinal 

study design and found a diet and exercise intervention that leads to a reduction in fat 

mass attenuates sclerostin’s post-exercise increase in adolescents with excess adiposity. 

Study 4 identified sclerostin was present in human AT and decreased following exercise 

training in adults with excess adiposity. Study 5 characterized sclerostin’s response to 

acute exercise within serum and WAT depots of a mouse model and showed that serum 

sclerostin is elevated during recovery only in obese mice compared to lean mice and the 



 
 

monomeric form of sclerostin is reduced in scWAT during recovery from acute exercise 

and is abolished in visceral WAT in response to an obesogenic diet. Study 6 showed that 

prevention in the reduction in sclerostin seen with exercise with daily injections of 

recombinant sclerostin also prevents the reduction in scWAT mass and adipocyte cell 

size and increased lean mass seen with exercise training. These changes may be related to 

a shift in fuel utilization. Taken together, this thesis provides evidence that sclerostin is 

influenced by adiposity and exercise training and fluctuations in sclerostin content can 

regulate adaptations in fat mass and lean mass, which may be mediated by changes in 

metabolism. 
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Ec.Pm – endocortical perimeter 

Ma.Ar – medullary area 

Ecc – eccentricity  

i.p. – intraperitoneal injection  

AUC – area under the curve 

iBAT – intrascapular brown adipose tissue  

CI-NDUFB8 – NADH dehydrogenase [ubiquinone] 1 Beta Subcomplex Subunit 

CII-SDHB – Succinate Dehydrogenase (ubiquinone) Iron-Sulfur Subunit 

CIV-MTO1 – Mitochondrial Translation Optimization Factor 1 

CIII-UQCR2 – Cytochrome b-c1 Complex Subunit 2 

CV-ATP5A – ATP Synthase F1 Subunit Alpha 
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Chapter 1 – General Introduction  

1.1 Rationale 

Sclerostin is implicated as a secreted bone derived protein that downregulates bone 

formation by antagonizing the Wnt signalling pathway. Recently, in vivo analysis of 

sclerostin has identified that it has an endocrine role, as its inhibition also decreases fat 

mass and improves glucose homeostasis (Kim et al., 2017;Kim et al., 2019;Kim et al., 

2021). In humans, several studies have identified a short-term increase in sclerostin 

following acute exercise (Gombos et al., 2016;Pickering et al., 2017;Guerriere et al., 

2018;Kouvelioti et al., 2018;2019a;Kouvelioti et al., 2019b;Nelson et al., 2020;Jürimäe et 

al., 2021), yet children appear to be protected from this increase (Falk et al., 2016;Dekker 

et al., 2017). In contrast, sclerostin decreases in the circulation in response to exercise 

training in adults (Hinton et al., 2017;Janik et al., 2018;Sansoni et al., 2018;Murai et al., 

2019) and increases during periods of caloric restriction in young adults (Murphy and 

Koehler, 2020) and following intense training in elite athletes (Amorim et al., 

2018;Kurgan et al., 2018). However, the response of sclerostin and Wnt/-catenin 

signalling within adipose tissue to acute and chronic exercise have yet to be examined 

and neither has the importance of these responses in the context of peripheral tissue 

adaptations to exercise training. Thus, the purpose of this thesis was to examine the 

importance of adiposity to the regulation of peripheral sclerostin to exercise, the 

distribution and mobilization of sclerostin to peripheral adipose depots with exercise, and 

the importance of exercise induced responses in peripheral sclerostin content to adipose 

tissue adaptations to exercise training.  
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1.2 Research Questions and Hypotheses  

1.2.1 Study 1: Changes to the Human Serum Proteome in Response to High Intensity 

Interval Exercise: A Sequential Top-Down Proteomic Analysis   

Research Question: What is the influence of acute exercise on the serum proteome and 

is sclerostin detectable with 2-dimensional gel electrophoresis?  

Hypothesis: We hypothesize that there will be a dynamic change to the human serum 

proteome reflecting changes to inflammatory and growth factor signalling. Based on 

findings from various targeted approaches that have found a range of sclerostin 

concentrations in serum (0.1-2 ng/ml), we also expected to detect sclerostin with this 

method (sensitivity = 0.6 ng/ml).  

1.2.2 Study 2: Cytokines, Adipokines, and Bone Markers at Rest and in Response to 

Plyometric Exercise in Obese vs Normal Weight Adolescent Females 

Research Questions: Do young individuals with high adiposity have higher resting 

circulating sclerostin and is their acute response to exercise different than those with 

normal weight? 

Does adiposity regulate the short-term response of sclerostin to acute exercise in 

adolescent females? Lastly, do the responses in inflammatory cytokines and other bone 

markers respond in parallel to changes in sclerostin?  

Hypothesis: We hypothesized adolescent females will have higher resting levels of 

sclerostin and inflammatory cytokines and the magnitude of increase in response to acute 

exercise will also be larger in comparison to normal weight individuals. 
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1.2.3 Study 3: 12-weeks of a diet and exercise intervention that results in fat mass loss 

blunts the short term sclerostin response to acute exercise in female adolescence with 

obesity. 

Research Questions: Given adolescent females with obesity have an increase in 

sclerostin post-exercise while normal weight adolescent females are protected from this 

response, we were next interested in examining if an intervention leading to fat mass loss 

attenuates their post-exercise increase in sclerostin? 

Hypothesis: We hypothesized sclerostin’s increase post-exercise in obese adolescent 

females will be attenuated following an intervention that leads to fat mass loss.  

1.2.4 Study 4: Subcutaneous adipose tissue sclerostin is reduced and Wnt signalling is 

enhanced following 4-weeks of sprint interval training in overweight adult males. 

Research Question: Since sclerostin’s response to acute exercise is reduced and 

previous literature has shown resting circulating sclerostin decreases with exercise 

training, we wanted to examine if sclerostin was present within human adipose tissue 

(AT) and if it was responsive to exercise training?  

Hypothesis: We hypothesized sclerostin will decrease and Wnt signalling will be 

increased in subcutaneous white adipose tissue (scWAT) following exercise training in 

humans.  

1.2.5 Study 5: Characterization of sclerostin’s response within white adipose tissue to 

an obesogenic diet at rest and in response to acute exercise in C57BL6/J mice. 

Research Question: Since sclerostin’s response to acute exercise is altered in individuals 

with obesity and appears to have an endocrine role in regulating adipose tissue, we next 
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wanted to assess if sclerostin was responsive in scWAT and visceral WAT to acute 

exercise and if obesity impacted the response?  

Hypothesis: Given acute exercise typically increases circulating sclerostin and is 

augmented in obese individuals, we hypothesized sclerostin will increase in WAT depots 

in response to acute exercise and obese mice will have an augmented response.   

1.2.6 Study 6: Sclerostin regulates exercise induced adaptations in energy expenditure 

and body composition in C57BL/6 mice. 

Research Question: What influence does reductions in systemic sclerostin have on body 

composition changes observed with exercise training? 

Hypothesis: Wnt signalling is a known inhibitor of adipogenesis and stimulator of 

myogenesis and osteoblastogenesis and sclerostin is a Wnt antagonist, thus we 

hypothesized preventing reductions in sclerostin will also prevent reductions in fat mass 

and improvements in lean mass and bone mineral properties typically observed with 

exercise training. 

1.3 Overall Experimental Approach and Procedures 

The goal of this thesis was to examine if sclerostin is regulated by exercise and adiposity 

and to determine if it regulates exercise induced adaptations in body composition, 

particularly in adipose tissue. To test these hypotheses, we utilized samples collected 

across 6 different experiments. We initially characterized its responsiveness to acute and 

chronic exercise in humans and assess if individuals with various levels of adiposity have 

a differential response. We then examined through an observational study if sclerostin is 

present in AT. Lastly, depending on the previous studies will assess the importance of 



   
 

5 
 

sclerostin’s response to exercise training and subsequent adaptations in peripheral tissues 

(e.g., AT).  

1.3.1 Study 1 Experimental Approach 

For study 1 (Figure 1.1), we took samples across 2 visits from 6 young adult males that 

were recreationally active. During visit 1 they had a resting, fasted, blood sample taken. 

They then performed an acute bout of high intensity interval exercise (HIIE) and had a 

blood draw immediately following (~5 min). They then had access to 1 cup of water and 

1 blueberry muffin during a 60 min recovery window. Following recovery, another blood 

sample was taken. Participants were asked to come back to the lab ~2 weeks following 

the exercise trial for a control trial. They again had a resting, fasted, blood sample taken. 

They then rested for 60 min and had the same blueberry muffin and cup of water as they 

did during their exercise visit. We then utilized a top-down proteomic approach to 

examine changes in proteoforms to acute exercise and accounted for changes in 

proteoforms that were influenced by resting (e.g., time) and consumption of the muffin.  

 

Figure 1.1. Study 1 design. A = pre-exercise, B = 5 min post-exercise, C = 1h post-

exercise, D = control resting sample, E = 1h post-feeding control resting sample.  
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1.3.2 Study 2 and 3 Experimental Approaches 

For Study 2 and 3 (Figure 2), we took samples across 2 different cohorts of adolescent 

females with either normal weight or overweight/obesity (OW/OB). Cohort 1 included 

normal weight controls that came in for 2 visits (across 24h) for blood sampling from 1 

acute bout of plyometric exercise. Blood samples were taken at pre-exercise and 5 min, 

1h, 24h post-exercise. Another group of participants were recruited for a randomized 

controlled trial (RCT) (registered: www.clinicaltrials.gov (NCT#02581813) that were 

adolescent females with OW/OB. We had them come in for 4 visits of blood sampling 

that were taken from 2 bouts of acute exercise: one pre-intervention and one post-

intervention. For study 2, we first compared the sclerostin response to acute exercise 

between samples collected from cohort 1 of adolescent females with normal weight and 

the pre-intervention samples taken from the adolescent females with OW/OB (cohort 2). 

Subsequently, the adolescent females with OW/OB then went through a 12-week lifestyle 

intervention involving on-site exercise training and dietary counselling from a 

nutritionist. While all participants performed the same exercise training, participants were 

stratified into 2 groups: one group was provided with and instructed to consume 4 

servings of dairy a day (recommended dairy – RDa), while the other was instructed to 

consume <2 servings a day (low dairy – LDa). We then compared their response of 

sclerostin to acute exercise at pre- and post-intervention to see if we could rescue any 

differences that we may have observed in Study 2.  
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Figure 1.2. Study 2 and 3 designs and proposed hypothesis for the sclerostin response to 

acute exercise.  
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1.3.3 Study 4 Experimental Approaches 

For study 4 (Figure 1.3), we recruited young adult males with OW/OB that had resting, 

fasted, blood and scWAT samples taken before and after 4 weeks of sprint interval 

training (SIT). We then examined circulating and scWAT sclerostin content. We also 

assessed downstream markers of Wnt/ catenin signalling to see if changes in sclerostin 

paralleled those in Wnt signalling.  

 

 

Figure 1.3. Study 4 design. SIT = sprint interval training; scWAT = subcutaneous white 

adipose tissue  

 

1.3.4 Study 5 Experimental Approach 

For study 5 (Figure 1.4) we assessed 40 18-week-old C57BL/6J male mice that were 

being analyzed for an unrelated research question (published elsewhere: Baranowski et 

al., 2021). Mice were separated into 2 groups that underwent 10 weeks of either a low-fat 

diet (LFD) (n = 20) or high fat diet (HFD) (n = 20). Within each diet group, mice were 
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assigned to either remain sedentary (SED) or perform 2h of endurance treadmill exercise 

at 15 m·min-1 with 5° incline (EX), creating 4 groups: LFD+SED (N=10), LFD+EX 

(N=10), HFD+SED (N=10), and HFD+EX (N=10). Sclerostin content and Wnt signalling 

markers within scWAT (inguinal white adipose tissue (iWAT)) and visceral (epididymal 

WAT (eWAT)) WAT were then exmained. This study design enables the characterization 

of sclerostin’s mobilization to specific fat pads with fat mass expansion and following 

acute exercise.   

 

 

Figure 1.4. Study 5 design. LFD = low fat diet, HFD = high fat diet, iWAT = inguinal 

white adipose tissue, eWAT = epididymal white adipose tissue.  

 

1.3.5 Study 6 Experimental Approach 

For study 5 (Figure 1.5), 40 10-week-old male C57BL/6J mice either remained sedentary 

(SED) or performed 1h of treadmill running at ~65-70% VO2max 5 d/week (EXT) for 4 

weeks. Mice were further split within their groups and had s.c injections of either saline 

(C) or a physiologically relevant dose of recombinant sclerostin (S) (0.1 mg/kg body 

mass) 5 d/week. thus, making 4 groups (SED-C, EXT-C, SED-S, and EXT-S; 

n=12/group). This dose of sclerostin was chosen to try and prevent exercise training 
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induced reductions in peripheral sclerostin observed in previous studies. This study was 

designed to answer the question of ‘what happens if you prevent EXT induced reductions 

in peripheral sclerostin’. To assess influences on EXT adaptations, we examined changes 

to in vivo body composition and bone mineral properties both pre- and post-intervention. 

At post-intervention we performed insulin sensitivity (insulin tolerance testing ITT) and 

metabolic caging. At necropsy, we measured organ weights and assessed differences in 

tibial microarchitecture and WAT fat pad histology.  

 

 

Figure 1.5. Study 6 design. s.c = subcutaneous, vehicle = saline, DXA = dual energy X-

ray absorptiometry, CT = computed tomography. 
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1.4 General Statement on Selected Population and Exercise Mode 

For the human studies, the population was selected based on answering a separate 

research question independent of this thesis. However, the specific use of adolescent 

females in the post-exercise response studies 2 and 3 (Chapters 4 and 5) was important as 

we had previously shown a lack of a response of sclerostin in this population which may 

be influenced by sex. It is important to note that we have previously shown sclerostin 

response to acute exercise occurs similarly between males and females and that intensity 

matters rather than impact (Kouvelioti et al., 2018). While there is evidence that 

sclerostin is reduced at rest in several populations (young adults and older adults and in 

males and females), for study 4 (Chapter 6) we had access to samples from a population 

(young adult males with overweight/obesity) that has previously shown to have reduced 

peripheral sclerostin following sprint interval training. For Chapters 7 and 8 we chose 

male C57BL/6J mice as female sclerostin knockout mice only show improvements in 

metabolism and lack morphological changes we hoped to assess. In general, this thesis 

will lay experimental evidence of a role of sclerostin in regulating exercise training 

induced adaptations and further work is needed to tease out exercise mode and sex 

specific differences. While exercise mode effects are likely limited to intensity 

differences, assessment of sex specific differences in adaptations in metabolism and 

adipose tissue morphology with exercise training is needed.    

1.4 Significance  

Studies from this thesis will describe the role of sclerostin, a bone derive protein (e.g., 

osteokine), in regulating peripheral tissue homeostasis. These findings can be used as pre-

clinical evidence to support future studies examining sclerostin neutralizing antibodies, 
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which are currently FDA approved for treatment of osteoporosis, to assess the utility to 

treat individuals with obesity induced metabolic syndrome and alterations to bone 

microarchitecture.  
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Chapter 2 – Review of Literature 

2.1 Wnt signalling  

Canonical Wnt/-catenin signalling is summarized in Figure 2.1. Prior to the activation of 

Wnt signalling, β-catenin, an essential secondary messenger, is phosphorylated by 

glycogen synthase kinase 3 (GSK3) with facilitation of scaffolding proteins, Axin and 

adenomatous polyposis coli (APC) (Gregory et al., 2005). GSK3 scaffolded to Axin 

accounts for less than 10% of the total GSK3 content and this interaction is required for 

the phosphorylation of β-catenin (Lee et al., 2003). Casein kinase 1 (CK1) and GSK3 

sequentially phosphorylate β-catenin, resulting in β-catenin ubiquitination and 

proteasomal degradation (He et al., 2004). This continual degradation of -catenin 

prevents its accumulation within the nucleus and the activation of Wnt target genes. 

Activation of Wnt/β-catenin cascade occurs upon the binding of Wnt ligands to a 7-

transmembrane domain-spanning G-protein coupled receptor frizzled (FZD) as well as 

low-density lipoprotein receptor-related protein 5 and 6 (LRP5/6) co-receptors (Karner 

and Long, 2016). This transmembrane domain also contains membrane proteins such as 

disheveled, axin, and Frat-1, which in conjunction lead to disruption of the protein 

complex APC, Axin and GSK3. This disruption in the protein complex, also known as 

the -catenin destruction complex, leads to inhibition of GSK-3, and thus β-catenin 

phosphorylation by GSK-3. Therefore, Wnt signalling results in β-catenin stabilization 

and accumulation in the cytoplasm. Now stable, β-catenin can translocate into the 

nucleus. Translocation of β-catenin into the nucleus leads to formation of complexes with 

members of LEF/TCF family of transcription factors, and mediates transcription of Wnt-

responsive genes (MacDonald et al., 2009). Translocation of β-catenin is also dose 
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dependent, where an increase in Wnt signalling leads to increased translocation (Spencer 

GJ., 2005). GSK3 can be phosphorylated during Wnt signalling by LRP6 (Piao et al., 

2008;Wu et al., 2009), but this is not necessary for Wnt signal transduction (Cormier and 

Woodgett, 2017).  

 

 

Figure 2.1. Wnt signalling when inactivated by sclerostin and when active by Wnt 

ligands.  

 

2.2 Wnt controls adipocyte differentiation and metabolism 

Wnt signal transduction leads to the inhibition of GSK3β and the accumulation of β-

catenin, which goes on to stimulate responsive genes in a cell type specific manner. 

Within bone, activating Wnt signaling is critical for osteoblast differentiation and 

subsequent bone formation (Bennett et al., 2005b;Bennett et al., 2005a;Clement-Lacroix 

et al., 2005;Glass et al., 2005;Holmen et al., 2005;Robinson et al., 2006;Stevens et al., 
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2010;Cawthorn et al., 2012;Gwak et al., 2012). In contrast, treatment of adipose derived 

mesenchymal stem cells with Wnt ligands (e.g., Wnt3a) or known activators of Wnt 

signalling (lithium (LiCl)) inhibits adipocyte differentiation by increasing -catenin 

accumulation, subsequently decreasing the expression of regulators of adipogenesis, 

C/EBP and PPARγ (Li et al., 2008) (Figure 1.2). Wnt signalling also appears to play a 

critical role in regulating mesenchymal stem cell commitment and clonal expansion of 

pre-adipocytes and must be shut off before pre-adipocytes can undergo terminal 

differentiation (Bowers and Lane, 2008). In vitro (ROB-C26 mesenchymal progenitor 

cells), Wnt inhibition by dexamethasone increases adipocyte differentiation and inhibits 

osteoblast differentiation (Naito et al., 2012). These finding stress the importance of Wnt 

signaling in regulating cell fate in mesenchymal stem cells.  

In vivo, small molecule Wnt activators (indirubin-3'-oxime (I3O)) inhibits the 

development of obesity in HFD fed mice by preventing visceral fat mass gains, 

subsequently improving hyperlipidemia and hyperglycemia (Choi et al., 2014). Similarly, 

natural small molecules that activate Wnt signalling prevent adipogenesis, HFD induced 

gains in fat mass, and lipodystrophy (Chen et al., 2018). Wnt inhibition, either in genetic 

models or with small molecule inhibitors, also prevents brown adipogenesis and the 

thermogenic gene program in iWAT in mice (Lo et al., 2016). TP53INP2 is a supposed 

activator of autophagy that inhibits adipogenesis by activating the Wnt signalling 

pathway by sequestering GSK3 into the late endosome (Romero et al., 2018). 

Downstream of Wnt signalling is transcription factor 7 like 2 (TCF7L2), and adipocyte 

KO models of TCF7L2 that are challenged with a HFD present with impaired glucose 

tolerance, insulin sensitivity, higher weight gain, and increased adipose mass, adipocyte 
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hypertrophy, and reduced lipolysis in iWAT compared to controls (Geoghegan et al., 

2019). Increased Wnt signalling within adipose progenitor cells dissociates lipodystrophy 

from dysfunctional metabolism in a lipid dystrophic mouse model by increasing glucose 

uptake within skeletal muscle, suggesting a fat-muscle endocrine axis through adipose 

tissue Wnt signalling (Zeve et al., 2012). This fat-muscle endocrine axis also appears to 

occur in the opposite direction as ectopic Wnt10b overexpression within skeletal muscle 

prevents increased fat mass, reduces hyperinsulinemia, and prevents dysregulation of 

triglyceride and glucose homeostasis induced by a high fat diet (HFD) compared to 

controls (Aslanidi et al., 2007). Inhibition of Wnt10b expression promotes adipogenesis 

in vivo and increased Wnt10b expression prevents weight gain and metabolic 

abnormalities associated with genetic obesity (e.g., ob/ob mice) (Wright et al., 2007). 

LRP5 hyperactivation (i.e., Wnt activation) in a mouse model of insulin deficient 

diabetes protects against bone loss, bone fragility, as well as hyperglycemia and glucose 

intolerance by improving glucose homeostasis independent of insulin signalling and 

preventing the whitening of brown adipose tissue depots (Leanza et al., 2021). Long 

noncoding RNAs have also been shown to increases adipogenesis (Xu et al., 2021) by 

increasing dickkopf Wnt signaling pathway inhibitor 1 (DKK1) expression subsequently 

inhibiting canonical Wnt signalling (Fan et al., 2020). Wnt10b overexpressing mice have 

a lean phenotype, reduced adipose tissue (brown and white) and are resistant to weight 

gain and glucose intolerance when fed a high fat diet (Longo et al., 2004).  Along with 

Wnt signalling inhibiting the development of adipose tissue, exogenous activation of Wnt 

signalling in mature brown adipocytes suppresses UCP1 expression through the 

repression of PGC-1α and stimulates the conversion to white adipocytes (Kang et al., 
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2005). Thus, upregulating Wnt signalling may be a way of inhibiting adipocyte size or 

proliferation and protecting against challenges with a HFD.  

There are contrasting results on the benefit of activating Wnt and obese models. 

Specifically, Wnt signalling appears to be activated by obesity induced inflammation, 

subsequently preventing adipogenesis, which can induce lipodystrophy. Inhibiting TNF 

also inhibits Wnt signalling and exacerbates obesity development in leptin deficient mice 

(Gong et al., 2014). Wnt signalling is an important regulator of adipocyte lipogenesis and 

inhibited Wnt signalling within adipocytes can be corrected by compensation from cells 

from the stromal vascular fraction of adipose tissue. However, when challenged with a 

HFD, this compensation is lost and mice with inhibited Wnt signalling have decreased 

adipocyte lipogenic gene expression, reduced visceral eWAT, and improved glucose 

homeostasis (Bagchi et al., 2020). 

Mutations in components of Wnt signalling in humans also lead to altered 

metabolism and regulation of fat mass. Mutations in LRP6, thus inhibiting Wnt, increases 

the risk of hyperlipidemia, hypertension, diabetes, and osteoporosis (Mani et al., 2007). 

Variants in TCF7L2 are associated with less weight and fat loss in response to lifestyle 

interventions (Haupt et al., 2010). In humans, overfeeding with a lipid enriched diet 

(+760 kcal/d) for 2 months increased body weight and inhibited the canonical Wnt signal 

transduction pathway (decreased -catenin), while there was a concomitant increase in 

phosphorylated GSKB (Alligier et al., 2012). Circulating Wnt proteins also appear to be 

inversely related to adiposity and directly with insulin response (Almario & Karakas, 

2015). These findings support a role of Wnt signaling in regulating tissue adaptations in 

response to lifestyle modifications (e.g., diet and exercise).  
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2.3 Sclerostin is a novel regulator of body composition and responds to exercise 

Osteocytes are the most abundant bone cell type and have been identified as a contributor 

in the regulation of the complex bone microenvironment (Bonewald, 2011). Sclerostin, a 

glycoprotein mainly secreted by mature osteocytes, decreases bone formation by 

inhibiting Wnt signalling (Winkler et al., 2003). There are several lines of clinical 

evidence that support a role of peripheral sclerostin in regulating peripheral tissue 

metabolism (Figure 1.2). Specifically, serum sclerostin has been shown to be increased in 

individuals with prediabetes and correlates with insulin resistance in skeletal muscle, 

liver, and adipose tissue (Daniele et al., 2015;Stanik et al., 2019;Wędrychowicz et al., 

2019). Additionally, higher circulating sclerostin is associated with lower Wnt signalling 

gene expression in WAT of prediabetic males (Janssen et al., 2019), suggesting sclerostin 

is having an endocrine like effect on adipose tissue in addition to its effect on bone. In 

healthy individuals, sclerostin also appears to be associated with age and fat mass 

(Amrein et al., 2012;Sheng et al., 2012) and increases in response to 90 d of 6° head 

down tilt bed rest in adult males (Spatz et al., 2012).  
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Figure 2.2. Sclerostin controls Wnt signalling in bone and adipose tissue. 

 

Figure 2.3. Clinical studies showing a correlation of peripheral sclerostin content and 

perturbed metabolism.  

 

This clinical evidence of a potential role of Wnt signalling and sclerostin in regulating 

adipose tissue drove in vitro and in vivo examination of the role sclerostin plays in 

regulating adipogenesis and metabolism (Figure 1.2). In vitro examination of sclerostin 

has found it induces adipogenesis in bone marrow derived mesenchymal stem cells 

(Fairfield et al., 2018), similarly to what is seen with Wnt inhibition. Studies in murine 

models have shown that ablation of osteocytes leads to a loss of white adipose tissue 

(Sato et al., 2013;Sato and Katayama, 2015), supporting a role of bone, and specifically 

osteocytes, in regulating fat mass. More specifically, recent studies have shown that 

LRP4 (a critical co-receptor in mediating sclerostin action) adipocyte specific deficient 

murine models (thus inhibited sclerostin action in adipocytes) present with a reduction in 

adipocyte hypertrophy and improved glucose and lipid homeostasis marked by an 

increase in glucose and insulin tolerance and reduced serum fatty acids (Kim et al., 

2019). In contrast, osteoblast specific deletion of LRP4 induces an increase in circulating 

sclerostin and increases fat mass accumulation (Kim et al., 2019).  
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Sclerostin knockout mice exhibit increased bone mass, and confirm the findings 

in the adipocyte LRP4 deficient models, as they also have reductions in adipose tissue 

accumulation and adipocyte cell size and increased insulin sensitivity, and those 

administered a sclerostin neutralizing antibody are resistant to an obesogenic diet (Kim et 

al., 2017a) (obesogenic diets inhibit mineralization (Parhami et al., 2001)). Interestingly, 

the change in body composition observed in these models appears to be a result of 

sclerostin’s effect on adipocyte metabolism. Specifically, Sost–/– mice exhibit a decreased 

rate of de novo lipid synthesis and increased fatty acid oxidation in WAT when compared 

to controls (Kim et al., 2017b). Adenovirus overexpression of sclerostin (+65% increase 

in circulating sclerostin) in mice also leads to a 2% reduction in lean mass, 3% increase 

in fat mass (equal increase in gonadal, inguinal, and retroperitoneal fat pad weight), and 

increased adipocyte hypertrophy (Kim et al., 2017c). additionally, bone specific knockout 

of sclerostin leads to the inhibition of pre-adipocyte maturation in the stromal vascular 

fraction in iWAT and visceral WAT depots of male mice, resulting in pre-adipocyte 

accumulation (Kim et al., 2021). The development of these phenotypes also appears to be 

a result of inhibited Bmp4 and Smad signalling, which have been reported to induce 

adipocyte hypertrophy by stimulating fatty acid synthesis (Modica et al., 2016). This final 

point is interesting as sclerostin has been shown to be a Bmp antagonist (Winkler et al., 

2003), so the absence of sclerostin leading to increased Bmp signalling is 

counterintuitive, and even others have shown that sclerostin overexpression can lead to 

adipose tissue browning (Fulzele et al., 2017). Sclerostin may also exert these differential 

effects through an increase in irisin (Kim et al., 2018), a myokine thought to induce 

browning (Boström et al., 2012) through the increase in mitogen activated protein kinases 
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(MAPK), ERK and p38, induction of UCP1 expression (Zhang et al., 2014). The 

discrepancies in the effect of sclerostin on adipose tissue are likely due to the age of the 

models, genetic and inducible differences, as well as depot specific responses with 

alterations in Wnt signalling and alternative mechanisms. Despite these differences, 

sclerostin secreted by bone clearly regulates adipogenesis and may be responsive to 

changes in energy demands.  

2.4 Acute exercise increases sclerostin content in the circulation 

Evidence for sclerostin being sensitive to changes in energy demands comes from studies 

assessing sclerostin’s response to acute exercise. Findings from our lab show that 

sclerostin increases acutely following exercise in adults and quickly returns to baseline 

levels 1h post-exercise in young adults (Falk et al., 2016;Kouvelioti et al., 

2018;2019a;Kouvelioti et al., 2019b;Nelson et al., 2020). While adolescent children 

appear to be protected from sclerostin’s increase post-exercise (Falk et al., 2016;Dekker 

et al., 2017;Kurgan et al., 2020), obese adolescent children are not (Kurgan et al., 2020). 

There are conflicting results in older adults, as some have shown an increase depending 

on the exercise mode (Gombos et al., 2016) and others have found no response (Nelson et 

al., 2020). Sclerostin is also increased following long distance running (e.g., marathons 

and ultramarathons) (Kerschan-Schindl et al., 2015;Larsen et al., 2020) and can remain 

elevated for several days following a long distance race (Śliwicka et al., 2021). 

Sclerostin’s response to acute exercise appears to be positively related to TNF- as well 

(Kouvelioti et al., 2019a;Śliwicka et al., 2021). Indeed, sclerostin is also increased by 

pro-inflammatory cytokines in vitro (e.g., TNF) (Vincent et al., 2009) and in vivo (Baek 

et al., 2014), however, the acute response of sclerostin to exercise may be mediated 
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through alternative mechanisms not yet identified or be related to secretion of already 

synthesized sclerostin in the bone multicellular unit. 

2.5 Exercise training reduces sclerostin content in the circulation 

Several studies have assessed sclerostin response to exercise training (Table 2.1). 

There appears to be an age, sex, and effect of metabolic status on sclerostin’s response to 

exercise training. These studies are summarized in Table 2.1. Assessment of post-

menopausal women with OW/OB found that a 52-week intervention that leads to weight 

loss also can increased sclerostin (11%). However, when those that underwent weight 

loss programs were also exercise training, this increase was prevented (Armamento-

Villareal et al., 2012;Armamento-Villareal et al., 2014). In a small group of astronauts on 

a mission to the international space station showed a trend for an increase in sclerostin 

(~15%) after 173 days, exercise training mode (no non-exercising control group) and 

bisphosphonate treatment did not influence its response (Smith et al., 2015). Assessment 

of 38 adult males with osteopenia that underwent 12 months of resistance or plyometric 

training found sclerostin decreased independent of exercise mode (~7%) (Hinton et al., 

2017). When sclerostin was monitored through out a year long training plan in a group of 

young adult elite female rowers, it was found that sclerostin and inflammatory cytokines 

mimicked the fluctuations in training load, reflecting reduced energy availability (Kurgan 

et al., 2018). 50 post-menopausal women with osteopenia that went through 12 weeks of 

moderate load training 3x/week found sclerostin decreased following exercise training 

(Janik et al., 2018). Assessment of serum sclerostin in a controlled trial of 9 young adult 

males with normal weight undergoing repeated sprit training 3x/week for 8 weeks found 

sclerostin decreased at 8 weeks but was unchanged after 4 weeks (Sansoni et al., 2018). A 
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large group of elite 34-year-old dancers with low bone mass and high susceptibility of 

low energy availability that were monitored over the course of 2 years found sclerostin 

was higher at all time points of training in female athletes compared to age matched 

controls (Amorim et al., 2018). Another larger study in young adult females with severe 

obesity that underwent Roux-en-Y gastric bypass that also went through a 6 months 

exercise training program found exercise can reduce sclerostin compared to non-

exercising controls (~26%) (Murai et al., 2019). Assessment female athletes with 

oligomenorrhea training over 4h/week (>20 miles) for >6 months were provided estrogen 

replacement or no replacement and found estrogen replacement (patch) resulted in a 

decrease in circulating sclerostin (Singhal et al., 2019). Postmenopausal women with 

osteosarcopenic obesity undergoing an RCT for 12 weeks involving supervised resistance 

training found a trend for a reduction in circulating sclerostin (Banitalebi et al., 2020). Bi-

weekly aerobic and resistance training sessions for 8 weeks in young adults resulted in a 

reduction in sclerostin along with improvements in body composition and performance 

(Baker et al., 2021). Another RCT assessing adults who had recently undergone Roux-en-

Y or sleeve gastrectonomy that underwent exercise training for 11 months found reduced 

sclerostin independent of exercise training while there was an exercise training effect of 

preventing loss in bone mass (Diniz-Sousa et al., 2021). Taken together, these studies 

show that exercise training induces a reduction in circulating sclerostin that depends on 

energy status (e.g., low energy availability increases sclerostin). Interestingly, inhibiting 

sclerostin in mice models show similar effects observed with exercise training, including 

decreased adipocyte cell size and lipid content, increased mitochondrial density, reduced 
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adipokine (pro-inflammatory) production, and an apparent browning of WAT, 

particularly in scWAT in animal models (Stanford et al., 2015).   

Table 2.1. Circulating sclerostin’s response to exercise training in humans 

Model Exercise Type Sclerostin 

Response 

Conclusion Reference 

107 (67 

women) 70 yo 

participants 

with a 37 BMI 

52 wks of 

either control, 

diet induced 

weight loss 

(500-750 

kcal/d deficit), 

exercise 

training (90 

min sessions of 

aeroic and 

resistance 

training, or diet 

induced weight 

loss and 

exercise 

training. 

Following 

52 wks of 

intervention

s diet, which 

resulted in 

weight loss, 

resulted in 

an 11% 

increase in 

sclerostin 

that was 

prevented in 

the diet and 

exercise 

group. 

Sclerostin 

was not a 

predictor of 

bone or 

muscle 

strength 

responses to 

diet or 

exercise 

intervention

s. 

These findings 

suggest 

sclerostin 

contributes to 

weight loss 

induced 

reductions in 

bone mass, 

which exercise 

can prevent, 

potentially 

through 

reducing 

sclerostin 

expression.  

(Armamento-

Villareal et al., 

2012;Armament

o-Villareal et al., 

2014) 

23 (5 women) 

astronauts (47 

yoa) on 

international 

space station 

Mean flight 

duration was 

173d. Free 

access to 

resistive 

devices either 

an old version 

(300 lbs) or a 

new version 

(600 lbs), 

while an 

additional 

Sclerostin 

tended 

(p<0.06) to 

be elevated 

from pre- to 

post-flight 

by 15% 

independent 

of group.  

While sclerostin 

appeared to 

increase 

independent of 

exercise mode 

and 

bisphosphonate 

treatment, 

without a non 

exercising 

control group it 

can not be 

(Smith et al., 

2015) 
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group had 

access to the 

new equipment 

and had 

bisphosphonat

es and all 

groups had 

free access to 

ergometers for 

aerobic 

training.  

concluded 

exercise blunted 

a further rise, 

however, 

unloading (i.e., 

space flight) 

increases 

circulating 

sclerostin.  

38 Men (44+/-

2yoa) diagnosed 

with osteopenia   

12 months of 

either 

resistance 

training 

(2x/wk; 

exercises 

focused on 

trunk and spine 

loading – 

squats) or 

plyometric 

training 

(3x/wk; 40-100 

jumps/session) 

Sclerostin 

decreased 

independent 

of training 

mode by 

7%.  

 

 

 

 

In adult men 

with low bone 

mass exercise 

training was 

able to reduce 

sclerostin 

content along 

with 

improvements 

in bone mineral 

properties 

(Hinton et al., 

2017) 

15 women 

Olympic rowers 

(27 +/- 0.8 yoa)   

45 wk of 

training with 

fluctuations in 

training load 

with blood 

samples taken 

as periods of 

trianing 

fluctuated 

Sclerostin 

was highest 

with the 

highest 

training load 

and 

sclerostin 

was lowest 

at the lowest 

training 

load.  

Sclerostin is 

sensitive to 

changes in 

training load 

and fluctuates 

in parallel with 

inflammatory 

cytokines 

(TNF-a and IL-

6) 

(Kurgan et al., 

2018) 

50 women (50-

75 yoa) 

diagnosed with 

osteopenia 

12 weeks 

3x/wk for 36 

min/session – 

intervals at a 

moderate load 

(maximal load 

of 60 W) 

Significantl

y decreased 

by 12% 

compared to 

baseline and 

was 

unaffected 

following a 

12 week 

Sclerostin 

decreases in 

women with 

osteopenia 

following 

exercise 

training 

(Janik et al., 

2018) 
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control 

period 

9 men and 9 age 

matched 

controls 24 yoa 

with BMI = 22 

Repeated 

sprint training 

consisting of 

18 all out 15m 

sprints with 

17s passive 

recovery 

3x/wk. Blood 

sampling was 

done pre- and 

after 4 wks and 

8 wks of 

training.  

Sclerostin 

was ~30% 

lower than 

controls at 8 

wks of 

training.  

High intensity 

low volume 

training in 

young healthy 

males can 

reduce 

circulating 

sclerostin in 8 

wks but not 4 

wks.   

(Sansoni et al., 

2018) 

115 elite (34 

yoa) and pre-

elite dancers 

(13 yoa) (63 

females) with 

either low or 

normal BMD = 

4 groups + age 

matched 

controls 

Blood 

sampling was 

taken at 

baseline and 1 

and 2ys after 

baseline, 

where 

participants 

continued 

training  

Sclerostin 

was higher 

at all time 

points in 

female 

athletes 

compared to 

controls 

while males 

were not 

different. 

Sclerostin 

did not 

change over 

time.  

These findings 

suggest 

sclerostin is 

elevated in 

athletes exposed 

to high level of 

training and low 

energy 

availability and 

with low bone 

mass, but does 

not increase 

further over 

time. 

(Amorim et al., 

2018) 

70 women (25-

50 yoa) with 

severe obesity 

(BMI>40) 

following 

Roux-en-Y 

gastric bypass 

6 month 3/wk 

consisting of 

resistance 

exercise of 

major muscle 

groups (~30 

min) and 30-60 

min of 

moderate 

intensity 

aerobic 

walking 

A 

significant 

groupxtime 

interaction 

was shown 

between 

EXT vs 

CTRLs, 

which was 

reflective of 

sclerostin 

being ~26% 

lower after 6 

months of 

EXT 

compared to 

Sclerostin 

decreases in a 

population 

susceptible to 

bone loss 

following 

exercise 

training  

(Murai et al., 

2019) 
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controls, 

which was 

elevated.  

6 women (32+/-

3 yoa)  

61 days of 

expedition 

across the 

Antarctic, 

hauling 80 Kg 

sledges over 

1700 Km. 

blood sampling 

was taken 39 d 

prior and 15d 

post expedition 

Sclerostin 

was 

unchanged 

while there 

were 

reductions 

in trunk, 

ribs, and 

spine aBMD 

Sclerostin is not 

sensitive to 

changes in 

energy 

expenditure 2 

weeks 

following an 

intense period 

of high-volume 

exercise  

(O'Leary et al., 

2019) 

121 

oligoamenorrhe

ic female 

athletes 20 yoa 

Performing 

aerobic weight 

bearing 

activity for 4 

h/wk and/or 

ran >20 

miles/wk for 

>6 months. 

They were 

provided with 

estradiol 

continuously 

with a patch, a 

combined 

ethinyl 

estradiol and 

desogestrel pill 

or no estrogen 

for 12 months 

The patch 

increased 

estradiol the 

most and 

resulted in a 

significant 

decrease in 

circulating 

sclerostin 

compared to 

the other 

groups 

Women athletes 

with low 

estrogen in 

endurance sport 

are at risk of 

low bone mass 

and have 

increased 

fracture risk. 

Replacement of 

estradiol 

decreases 

sclerostin.  

(Singhal et al., 

2019) 

63 women 

between 68-80 

yoa with 

osteosarcopenic 

obesity 

(BMI>30 and 

low BMD) 

RCT; 12 wk 

supervised 

elastic band 

resistance 

training for 

major muscle 

groups 3x/wk 

There was a 

main effect 

for group, as 

exercises 

had lower 

sclerostin 

independent 

of time, and 

there 

trended to 

be a 

groupxtime 

interaction 

Sclerostin was 

not significantly 

influenced by a 

low intensity 

resistance 

training 

program in 

individuals with 

obesity and low 

bone mass. 

Perhaps a 

different 

exercise mode 

(Banitalebi et al., 

2020) 
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(p=0.09) as 

sclerostin 

tended to 

decrease 

from pre- to 

post-training 

where the 

control 

group was 

unchanged.  

would be more 

beneficial.  

18 (14 male) 20 

yoa matched for 

age, sex, and 

physical activity 

level matched 

controls 

Bi-weekly 

training 

sessions for 8 

weeks for a 

total of 16 

training 

sessions, 

which always 

incorporated 

high intensity 

interval 

training, 

resistance 

training 

(circuit 

training), and 

aerobic 

training. 

Controls were 

exercising 

3x/wk 

Sclerostin, 

along with 

measures of 

body 

composition 

and physical 

performance

, predicted 

46-66% of 

estimated 

bone 

strength 

variance at 

the fracture-

prone 38% 

tibial site. 

However, 

sclerostin 

did not 

change from 

pre- to post-

training.  

Sclerostin along 

with calf 

muscle CSA are 

predictors of 

bone 

microarchitectur

e at sites of the 

tibia that are 

prone to 

fracture. While, 

concentrations 

are not sensitive 

to changes in 

this mode of 

EXT, however, 

it is important 

to consider this 

type of training 

may be typical 

in this 

population.  

(Baker et al., 

2021) 

84 patients 

(BMI=45, 43 

yoa) following 

gastric bypass 

(Roux-en-Y) 

(71%) or sleeve 

gastrectomy  

Randomized to 

control or 

exercise: 11 

months of 

supervised 

multicompone

nt exercise 

program 3 

consecutive 

d/wk and 

assessed at 1, 6 

and 12 months 

post-bariatric 

surgery  

Exercise 

prevented 

loss in 

lumbar 

spine and 

femoral 

neck BMD 

and had no 

additive 

effect on 

circulating 

sclerostin 

levels of 

Sclerostin may 

decrease with 

improvements 

in glucose 

handling 

associated with 

gastric bypass, 

however, 

exercise is not 

additive to this 

effect. 

(Diniz-Sousa et 

al., 2021) 
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compared to 

controls 
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Chapter 3 – Study 1 
 

Changes to the Human Serum Proteome in Response to High Intensity 

Interval Exercise: A Sequential Top-Down Proteomic Analysis 
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3.1 Abstract 

Exercise has been shown to improve health status and prevent chronic diseases. In 

contrast, overtraining can lead to maladaptation and detrimental health outcomes. These 

outcomes appear to be mediated in part by released peptides and, potentially, alterations 

in protein abundances and their modified forms, termed proteoforms. Proteoform 

biomarkers that either predict the beneficial effects of exercise or indicate 

(mal)adaptation are yet to be elucidated. Thus, we assessed the influence of high-intensity 

interval exercise (HIIE) on the human serum proteome to identify novel exercise-

regulated proteoforms. To this end, a top-down proteomics approach was used, whereby 

two-dimensional gel electrophoresis was used to resolve and differentially profile intact 

proteoforms, followed by protein identification via liquid chromatography-tandem mass 

spectrometry. Blood was collected from six young-adult healthy males, pre-exercise and 

5 min and 1h post-exercise. Exercise consisted of a maximal cycle ergometer test 

followed by 8x1 min high-intensity intervals at 90% Wmax, with 1 min non-active 

recovery between intervals. Twenty resolved serum proteoforms changed significantly in 
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abundance at 5 min and/or 1h post-HIIE, including apolipoproteins, serpins (protease 

inhibitors), and immune system proteins, known to have broad anti-inflammatory and 

antioxidant effects, involvement in lipid clearance, and cardio-/neuro-protective effects. 

This initial screening for potential biomarkers indicates that a top-down analytical 

proteomic approach may prove useful in further characterizing the response to exercise 

and in understanding the molecular mechanisms that lead to health benefits, as well as 

identifying novel biomarkers for exercise (mal)adaptation. 

3.2 Introduction 

It is well-documented that regular exercise is associated with numerous health benefits 

(Smorawinski et al., 2000;Warburton et al., 2006). Mechanisms that lead to the numerous 

health benefits associated with exercise training may be stimulated through multiple 

bouts of acute (single-session) exercise, i.e. high-intensity interval exercise (HIIE), that 

occurs over a time-period of training (Hojman et al., 2018). Specifically, it is 

hypothesized that HIIE elicits alterations to protein function or content in blood, 

contributing to the numerous multi-system health benefits observed with continued 

training. However, excessive training can also lead to an apparent catabolic and systemic 

inflammatory state (i.e., mal-adaptation) (Kurgan et al., 2018). 

In order to better elucidate mechanisms underlying beneficial and/or detrimental 

effects of exercise, alterations to the skeletal muscle proteome (Petriz et al., 2017) (which 

may influence/be influenced by the plasma/serum proteome(s)), plasma peptidome 

(Parker et al., 2017;Santos-Parker et al., 2018), serum metabolome (Nieman et al., 

2013;Pechlivanis et al., 2013), and plasma extracellular vesicle content (Whitham et al., 

2018) have been investigated. Recently, a cross-sectional assessment of the effects of 
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high and low levels of physical activity on the plasma proteome utilizing an aptamer-

based SOMAscan proteomic assay has also been reported (Santos-Parker et al., 2018). 

Collectively, these have found large perturbations in bioactive peptides, metabolic 

pathways (e.g., glycolysis), cell cycle regulatory proteins, and proteins related to 

immunity. However, untargeted and comprehensive assessments of plasma and/or serum 

proteomes in response to HIIE – inclusive of gene, splice, and post-translationally 

modified variants (i.e., proteoforms), which are influenced by metabolic needs and 

health/disease state (Jungblut et al., 2008;Thiede et al., 2013;Coorssen and Yergey, 2015) 

– are yet to be carried out.  

Exercise-regulated changes in the abundance of targeted proteins within serum 

have been found to profoundly effect cell proliferation and differentiation in vitro (e.g., 

anti-cancer effects) (Hojman et al., 2018). Increased serum collagen leading to increased 

tensile strength in engineered ligaments has also been observed (West et al., 2015). Many 

of the observed health benefits to exercise have been attributed to a select number of 

myokines, including IL-6 (Pedersen, 2012), IGF-1 (Hamrick et al., 2010), BDNF 

(Pedersen et al., 2009), and irisin (Bostrom et al., 2012) (Pedersen and Febbraio, 2012a). 

Alterations with positive effects on the immune response, including increased plasma and 

serum IL-6 and natural killer cell (NK) tumor infiltration (Pedersen et al., 2016), as well 

as inhibition of toll-like receptors (TLR), recruitment of M1 macrophages and CD8+ T 

lymphocytes (reviewed in: (Lancaster and Febbraio, 2014)), and NK gene expression and 

microRNA changes associated with cancer and cell communication (e.g., p53 signalling 

pathway) (Radom-Aizik et al., 2013), are also reported. Thus, here we assessed the 

immediate and delayed impacts of HIIE on the human serum proteome to further 
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elucidate underlying molecular mechanisms and identify novel candidate biomarkers 

(e.g., exercise regulated factors/exerkines) for the therapeutic and disease-preventative 

effects of exercise.  

To assess intact proteoforms rather than simply amino acid sequences, two-

dimensional gel electrophoresis (2DE), coupled with liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) for subsequent protein identification, was utilised to 

differentially profile the proteome of whole serum, preceding, immediately following, 

and an hour following HIIE. This top-down approach, which currently offers the most 

reproducible, comprehensive resolution and quantitative detection of intact proteoforms 

(Oliveira et al., 2014;Coorssen and Yergey, 2015;Zhan et al., 2018), revealed several 

changes following HIIE which may, with further investigation, improve our 

understanding of and predictions for health outcomes of exercise. 

3.3 Materials and Methods 

3.3.1 Materials 

Where applicable, consumables were of electrophoresis grade or higher. Vacutainer® 

SST (serum-separator tubes) and 21G butterfly needles were from BD (Franklin Lakes, 

NJ). ReadyStripTM immobilised pH gradient (IPG) strips (17 cm, pH 3–10 non-linear), 

Bio-Lyte carrier ampholytes (pH 3-10, pH 4-6), and 2-D SDS-PAGE Standards were 

from Bio-Rad Laboratories (Hercules, CA). AEBSF, agarose I, bovine serum albumin 

(BSA), CHAPS, dithiothreitol (DTT), leupeptin, mineral oil, and TG-SDS buffer 

concentrate were from Amresco (Solon, OH). Acetic acid was from Anachemia 

(Montreal, Quebec); sodium dodecyl sulfate (SDS) was from JT Baker Chemical Co. 

(Phillipsburg, NJ); mass spectrometry-grade trypsin was from G-Biosciences (St. Louis, 
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MO); Coomassie Brilliant Blue G-250 (CBB) was from Genlantis (San Diego, CA); and 

Broad-range (200-10 kDa) Unstained Protein Standard was from New England Biolabs 

(Ipswich, MA). Ammonium persulfate and aprotinin were from Thermo Fisher Scientific 

(Waltham, MA). Acetonitrile, formic acid, and methanol were from EMD Millipore 

(Burlington, MA). Acrylamide/bis-acrylamide (37.5:1) solution and all other chemicals 

utilised were from Alfa Aesar (Haverhill, MA). Double glass-distilled water (ddH2O) was 

used throughout. 

3.3.2 Study design, body composition and VO2max measurements 

This study was approved by the Brock University ethics committee and was conducted in 

accordance with the Declaration of Helsinki II. Written informed consent was obtained 

from each participant prior to beginning the study. Study design is outlined in Figure 3.1. 

Briefly, six healthy male participants (age = 24.5 ± 1.3y; weight = 85.8 ± 10.3 kg; height 

= 184.1 ± 5.1 cm; body fat% = 12.8 ± 6.8% (mean ± SD)) volunteered to participate, with 

testing conducted at the Applied Physiology Lab, Brock University. Height was 

measured with a stadiometer to the nearest millimetre. Body composition was measured 

via air displacement plethysmography (BodPod; Life Measurement, Inc, USA) to obtain 

measures of body, fat, and fat-free mass (kg), and body fat percentage. Using a 

continuous, incremental exercise protocol (described in more detailed below), VO2max 

was measured on a cycle ergometer (Monark, Vansbro, Sweden). Heart rate was recorded 

continuously during the assessment using a chest band heart monitor (TIMEX Group 

Inc., Toronto, ON), and metabolic gases were analyzed using an AEI metabolic cart 

(Model S-3A, AIE Technologies, Pittsburgh, Pennsylvania). A respiratory gas exchange 
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ratio of at least 1.15 and a heart rate >90% of age-predicted maximal heart rate were 

criteria for achieving peak aerobic capacity. 

 

 
Figure 3.1. Schematic representation of the study design, and proteomic workflow 

(i.e., 2DE-LC-MS/MS) for the assessment of the serum proteome following HIIE 

and during recovery.  

A. The studied sample consisted of 6 healthy young adult males, who performed one 

acute bout of HIIE. Blood sampling occurred at pre- (A) and 5-min (B) and 1h post-

HIIE (C).  

B. Triplicates for samples taken at the 5-time points for each participant were resolved 

by 2DE (90 gels in total) and used to assess spot changes over time. LC-MS/MS was 

used to analyze and identify the proteoforms present within the protein spots of 

interest, and gene ontology (Uniprot) and PANTHER were used to analyze and 

catalogue the functions/interactions and biological pathways potentially involved.   
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For the HIIE trials, participants were asked to abstain from exercise for 24h prior 

and to arrive in a fasted state (at least 12h). Testing began between 0700 and 0900h, with 

one participant tested at a time. Upon arrival, the participant rested in a seated position 

for 15 min prior to their first rested blood draw (A). Venous blood was collected from the 

medial cubital vein into a 5 ml clot activator serum collection tube. The participant then 

warmed up on a cycle ergometer for 2 min at 50W before undergoing a maximal exercise 

(VO2max) test that started at 50W and increased by 1.5W every second. The participant 

was required to remain seated and maintain >80 revolutions per minute (RPM). The test 

was concluded once the participant either stood up from their seat or fell below 60 RPM. 

The maximum workload (Wmax) was then recorded as the maximum power achieved at 

the final stage of the incremental test. A 5-10 min recovery period was permitted prior to 

commencing HIIE, which consisted of 8x1 min trials at 90% Wmax, with 1 min non-active 

recovery between trials. Heart rate was continuously recorded as above. Following the 

HIIE trials, exertion was measured by the Borg scale (Borg, 1998). 

The participant was permitted to cool-down for 2 min at 50W before stepping off 

the cycle ergometer for the 2nd blood draw, taken ~5 min post-HIIE to assess acute effects 

of exercise (B). Following this blood draw the participant consumed ~250 ml of water 

and one store-bought blueberry muffin (~115g). Blood was drawn 1h post-HIIE to assess 

recovery from exercise (C).  

A second visit parallel to the first except without exercise, in which blood was 

drawn prior to (D) and 1h following the consumption of a blueberry muffin (E), served to 

control for potential day-to-day variability as well as food consumption.  
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3.3.3 Sample preparation 

Blood samples in collection tubes were inverted 5 times and allowed to clot at room 

temperature for 25 min prior to 4°C centrifugation at 1500 x g for 15 min. Serum was 

collected and supplemented with kinase, phosphatase, and protease inhibitors (inhibitor 

cocktail: 4 µM staurosporine; 5 mM sodium fluoride; 1 mM benzamidine; 0.2 mM DTT; 

0.3 µM aprotinin; 0.6µM pepstatin A; 0.85 µM leupeptin; 8 µM AEBSF (Coorssen et al., 

1998;Butt and Coorssen, 2005)). Serum aliquots were snap-frozen in liquid nitrogen and 

stored at -80°C. 

 Per participant, one aliquot of serum per time-point was thawed and combined 

with 2DE lysis buffer (8M urea; 2M thiourea; 4% (w/v) CHAPS) at a ratio of 1:7, 

supplemented with inhibitor cocktail as detailed above. Total protein solubilisation was 

carried out over 2h at 4°C with intermittent (15-30 min) gentle vortexing and 

centrifugation at 500 x g. Solubilised serum samples were aliquoted and snap frozen, 

with 10 µl of each reserved for estimation of total protein concentration. 

3.3.4 Protein concentration estimation  

Estimation of total protein concentration was carried out using a solid-phase protein assay 

as previously described  (Noaman and Coorssen, 2018). Briefly, solubilized serum 

samples were serially diluted to yield concentrations appropriate for measurement against 

a linear calibration curve (0.5-0.05 mg/ml of BSA in 2DE lysis buffer). 1 µl of each 

dilution was dot-blotted in triplicate onto Whatman™ 3MM chromatography paper (GE 

Healthcare, Chicago, IL). Dried blots were washed with methanol for 5 min, dried under 

ambient conditions, and stained for 10 min with colloidal CBB (cCBB). Destaining was 

carried out for 5x5 min with ddH2O, and blots were dried prior to imaging via reflective 
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densitometry using the GS-900 Calibrated Densitometer (Bio-Rad, Hercules CA, USA) 

followed by quantitation using ImageLab (Bio-Rad, Hercules CA, USA) and Microsoft 

Excel 2013. 

3.3.5 Two-dimensional gel electrophoresis (2DE) 

Samples were assigned a numerical code and the order of sample analysis was 

determined with the use of a random number generator. Whole-serum 2DE was carried 

out as described previously (D'Silva et al., 2018). Briefly, 500 µg total serum protein was 

combined with rehydration buffer (2DE lysis buffer with 0.75% (v/v) pH 3-10 and 0.25% 

(v/v) pH 4-6 carrier ampholytes (Bio-Rad Hercules CA, USA)), supplemented with 

TBP/DTT in the first hour, and acrylamide in the second hour, for protein reduction and 

alkylation, respectively. 17 cm pH 3-10 non-linear IPGs were passively rehydrated for 

16h prior to isoelectric focussing (IEF), carried out at 17°C and 10000V for 75000 VH 

using a Protean i12 IEF cell (Bio-Rad, St. Louis MO, USA), with multiple electrode wick 

changes during voltage ramping to facilitate desalting. Following IEF and prior to SDS-

PAGE, IPGs were incubated for 20 min in equilibration solution (6M urea, 0.375M tris 

[pH 8.8), 2% (w/v) SDS, 10% (w/v) glycerol), supplemented with 2% (w/v) DTT in the 

first 10 min followed by 350 mM acrylamide in the last, for reduction and alkylation, 

respectively. 

SDS-PAGE was in hand-cast large-format (18 x 18 x 0.1 cm) 7-20%T gradient 

gels (0.375M Tris [pH 8.8]; 0.1% (w/v) SDS; 0.1% (w/v) LDS; 0.05% (w/v) APS; 0.05% 

(v/v) TEMED (D’Silva et al., 2017)), poured using a gradient former and multi-caster 

produced by the Brock University Machine Shop (such equipment may be purchased 

commercially). Electrophoresis was carried out at 4°C and 300V for 15 min followed by 
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120V until completion, typically for 24-26h, using the Protean II XL system (Bio-Rad, 

Hercules, CA). Resolved proteins were fixed in-gel with 10% (v/v) methanol, 7% (v/v) 

acetic acid for a minimum of 1h, washed 3x20 min with ddH2O, and stained for 20h with 

cCBB followed by 5x15 min destaining with 0.5M NaCl (Noaman et al., 2017). Gels 

were imaged via transmissive densitometry using the GS-900 at highest scanning 

resolution (36.3 µm). For each of the five serum samples from each of the six 

participants, three 2DE replicates (technical n = 3) were resolved to ensure 

reproducibility. 

3.3.6 Image analysis 

Quantitative 2DE gel image analysis was done using Delta2D (DECODON Gmbh v4.7, 

Greifswald, Germany). Gel images were grouped into (A) pre-exercise, (B) 5 min post-

exercise, and (C) 1h post-exercise, as well as visit 2 (D) pre-muffin and (E) 1h post-

muffin. Images were meticulously warped, and a consensus gel image was created using 

‘union fusion’ and automatically established detection parameters (average spot size, 

local background region in pixels, and sensitivity). From this image, a protein spot 

pattern was generated, manually edited to exclude artefacts, and transferred to all 

individual gel images for ‘100% spot matching’.  

The resulting quantitation table which displayed average normalised spot volumes 

for each spot across each condition was used to determine significant changes in protein 

abundances. Spots which were statistically different (p-value <0.05) in normalised 

volume between pre-exercise and 5 min and/or 1h post-exercise, and 5 min post-exercise 

to 1h post-exercise, with a ratio > 1.1 or < 0.9 and a relative standard deviation ≤30%, 

were considered genuine changes, and thus candidates for analysis by LC-MS/MS.  
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Comparisons of visit 1 pre-exercise and visit 2 pre-muffin samples, as well as 

visit 2 pre- and post-muffin samples, were carried out to ensure significant changes 

following HIIE were not attributed to day-to-day variability and/or food consumption.  

3.3.7 In-gel digestion and LC-MS/MS 

In-gel digestion was carried out essentially as described previously (Wright et al., 

2014). Manually-excised protein spots combined from multiple gels were equilibrated 

briefly in 100 mM ammonium bicarbonate, and destained with 50% (v/v) acetonitrile and 

50 mM ammonium bicarbonate prior to dehydration with 100% (v/v) acetonitrile. In-gel 

tryptic digestion with 3 ng·µl-1 trypsin in ammonium bicarbonate was carried out for 30 

min at 4°C followed by 12h at 37°C. Peptide solutions were recovered in microcentrifuge 

tubes and dried in a speed vacuum. Samples were shipped in microcentrifuge tubes at 

ambient temperature for LC-MS/MS analysis.  

MS analysis was carried out using a Q-Exactive mass spectrometer (Thermo 

Scientific), using a top 10 data dependent acquisition method with automatic switching 

between MS and MS/MS. Full-scan MS mode (375–1600 m/z) was operated at a 

resolution of 70 000 with automatic gain control and a target of 1 × 106 ions. Ions 

selected for MS/MS were subjected to the following parameters: resolution 17 500, target 

of 1 × 105 ions, 1.5 m/z isolation window, normalized collision energy 27.0V and 

dynamic exclusion 20.0s. Source ionization parameters were as follows: spray voltage, 

1.9 kV; capillary temperature, 280°C; and s-lens RF level 50.0. 

LC-MS/MS results were searched using Proteome Discoverer (version 2.2, 

Thermo Scientific) against the SwissProt human database (49,070 entries) in which raw 

files were searched using the Sequest HT algorithm. Peptides produced by trypsin 
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proteolysis with a maximum of two missed cleavages were matched using precursor and 

fragment mass tolerances of 10 ppm and 0.02 Da, respectively. Propioamide (C) selected 

as a fixed modification, and oxidation (M), deamidation (NQ) and acetyl (protein N-term) 

were chosen as variable modifications. Peptide spectrum matches (PSMs) were verified 

based on q-values set to 1% false discovery rate (FDR). This resulted in the identification 

of multiple proteoforms (defined as differences in pI and/or MW). In these instances, 

only those hits with high sequence coverage (i.e. >5%) and number of unique peptides 

(i.e. ≥2) were accepted as identified proteoforms (Table 1). All raw mass spectrometry 

data has been deposited and is publicly available: 

ftp://massive.ucsd.edu/MSV000083129.   

3.4 Results 

Each of the six young, healthy, male participants had an initial blood draw before 

engaging in an HIIE testing phase. Mean VO2max was 50.4±1.0 ml/kg/min, and Wmax was 

391.8±8.3W, the latter within the 80th percentile for healthy men in the age category 

assessed (Wang et al., 2010), indicating that the participants had adequate endurance 

potential. During HIIE trials, mean heart rates were >90% of the participants predicted 

HRmax (94.1±5.3%) and immediately following they all responded >19/20 on the Borg 

scale (Borg, 1998). This confirmed that the HIIE trial was indeed high-intensity and 

successful in exhausting the participants. Following HIIE trials, blood was collected 5 

min and 1h post-exercise for 2DE analysis. 

2DE enabled the resolution and detection of 977 consensus spots (i.e. spots which 

resolved consistently and were thus analysed across all gels). Twenty spots were 
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identified to have changed significantly from pre-exercise to 5 min post-exercise and/or 

1h post-exercise (p < 0.05; Figures 3.2A and 3.2B).  

 

 

Figure 3.2. Spot pattern and fold changes for spots that changed significantly post-

exercise and/or during recovery when compared to pre-exercise. 

A. Representative gel image of the serum proteome, indicating the spots that changed 

significantly 5-min/1h post-HIIE. Spots in red indicate a significant increase 

while blue indicates a decrease. Spots with a triangle indicate changes only 5 min 

post-HIIE (B), while squares indicate changes only during 1h post-HIIE (C), and 

circles indicate changes both 5 min post-HIIE (B) and 1h post-HIIE (C) when 

compared to pre-exercise (A).  

B. Heat map of the changes for each participant for each spot; each cell is the 

average spot volume ratio change from 5 min and 1h post-HIIE when compared 

to pre-exercise for each participant from the triplicate gels resolved for each 

participant. Blue and red indicate a decrease and increase, respectively, while 

white is no change when compared to pre-exercise levels. Since the ratios 

presented in the heat map were calculated based on the pre-exercise spot volume 

for each individual, pre-exercise then indicates no change; the first column (pre-

exercise) is thus white to better visually emphasize the changes for each spot for 

each participant. Averages are also presented, which represent the mean of all 

participants and their replicates. Statistics (i.e., p-values and quantities) are 

presented in Table 3.1. 
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Several high-quality/confidence database hits were returned following LC-MS/MS, identifying at least 15 different 

proteoforms within these spots (Table 3.1). These spot changes were not observed between visit 1 and 2 (pre-exercise, and pre-

muffin consumption, respectively) samples, nor visit 2 pre- and post-muffin- consumption samples (not shown), indicating that 

neither day-to-day variability nor food consumption affected the proteoforms shown here to be associated with acute HIIE.  

 

Table 3.1. Ratios of spot volumes for 5 min and 1h post-HIIE when compared to pre-exercise and the proteins 

identified within those spots by LC-MS/MS  

Spot 
No. 

Response 5-

min PE 
(ratio/ 

p-value) 

Response 

1-h PE 
(ratio/ 

p-value) 

 Gene  Protein Identified Accession no. Theoretical 

MW/pI* 
(kDa/pI) 

Observed 

MW/pI 
(kDa/pI) 

Score 
/PSM 

Seq. 

Cov 
% 

No. of 

Peptides
/ unique 
peptides 

1 ↔ 

1.1 

0.4 

↑ 

1.2 

0.02 

 SERPINA3 α-1-antichymotrypsin P01011 47.6/5.5 63.3/4.6 14/9 13 5/5 

2 ↔ 

1.1 

0.08 

↑ 

1.2 

0.02 

 AHSG α-2-HS-glycoprotein 
(fetuin-a) 

C9JV77 39.4/5.7 61.2/4.5 529/232 13 5/5 

SERPINA1 α-1-antitrypsin A0A024R6I7 46.7/5.6  67/44 21 10/10 

KNG1 Kininogen-1 P01042 71.9/6.8   7 4/4 

3 ↔ 

1.1 

0.08 

↑ 

1.2 

0.02 

 AHSG 

 

 

SERPINA1 

α-2-HS-glycoprotein 

(fetuin-a) 

α-1-antitrypsin 

P02765 

 

A0A024R6I7 

39.4/5.7 

 

 

46.7/5.6 

60.0/4.5 674/274 

 

 

117/77 

19 

 

 

25 

11/11 

 

 

13/13 

4 ↑ 

1.2 

↑ 

1.3 

 SPERINC1 Antithrombin-III P01008 52.6/6.7 59.8/4.5 58/52 29 9/9 
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0.02 0.005 

5 ↔ 

1.1 

0.2 

↑ 

1.2 

0.02 

 SERPINA1 α-1-antitrypsin A0A024R6I7 46.7/5.6 60.0/4.7 805/524 55 27/27 

        

6 ↔ 

1.0 

0.4 

↑ 

1.1 

0.02 

 SERPINA1 α-1-antitrypsin A0A024R6I7 46.7/5.6 58.8/4.9 1676/94
0 

61 33/33 

7 ↔ 

1.1 

0.3 

↑ 

1.3 

0.004 

 GN Vitamin D binding 
protein 

P02774 

D6RF35 

53.0/5.5 57.4/5.0 1194/65
0 

46 28/4 

8 ↔ 

0.8 

0.2 

↓ 

0.7 

0.008 

 IGHA1 

 

 

IGHV3OR16-9 

Immunoglobulin heavy 
constant α 1 

 

Immunoglobulin heavy 
variable 3/OR16-9 
(non-functional) 

P01876 

A0A0G2JMB2 

 

A0A0B4J2B5 

37.6/6.5 

 

 

10.7/8.7 

64.5/5.1 

 

 

 

391/184 

 

 

9.9/4 

 

 

 

44 

 

 

31 

15/5 

 

 

2/2 

9 ↔ 

1.0 

0.4 

↑ 

1.2 

0.02 

 TF 

 

IGHM 

Serotransferrin 

 

Immunoglobulin heavy 
constant µ 

 

P02787 

 

A0A1B0GUU9 

77.0/7.1 

 

51.9/5.8 

72.3/6.4 1868/10
87 

101/63 

78 

 

35 

89/89 

 

17/17 

    HRG Histidine-rich 
glycoprotein 

P04196 59.5/7.5  31/21 18 8/8 

10 ↑ 

1.4 

0.002 

↑ 

1.7 

0.0008 

 CLU Clusterin (APOJ) P10909 52.5/6.3 60.1/58.5 165/105 24 12/12 
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11 ↑ 

1.6 

0.0000 

↑ 

1.5 

0.0003 

 CLU Clusterin (APOJ) P10909 52.5/6.3 43.5/4.6 338/230 26 11/11 

12 ↑ 

1.2 

0.004 

↑ 

1.3 

0.01 

 CLU Clusterin (APOJ) P10909 52.5/6.3 41.8/4.7 14/10 11 2/2 

13 ↑ 

1.4 

0.007 

↑ 

1.6 

0.0002 

 APOE Apolipoprotein E P02649 36.1/5.7 37.7/5.0 31/26 29 9/9 

14 ↔ 

1.1 

0.4 

↑ 

1.3 

0.02 

 APOE Apolipoprotein E P02649 36.1/5.7 36.6/5.1 68/74 34 10/10 

15 ↔ 

1.1 

0.1 

↑ 

1.2 

0.02 

 APOE Apolipoprotein E P02649 36.1/5.7 35.8/5.2 1511/81
5 

68 26/21 

16 ↑ 

1.2 

0.04 

↑ 

1.3 

0.01 

 JCHAIN Immunoglobulin J 
chain 

P01591 18.1/5.2 27.3/4.4 26/24 11 3/3 

17 ↑ 

1.3 

0.02 

↑ 

1.3 

0.007 

 JCHAIN Immunoglobulin J 
chain 

P01591 18.1/5.2 27.3/4.5 86/83 26 4/4 

18 ↑ 

1.3 

0.02 

↑ 

1.3 

0.007 

 APOA1 

 

Apolipoprotein A-1 

 

 

P02647 

 

 

30.8/5.8 

 

25.2/5.0 4400/18

35 

86 52/52 

19 ↑ 

1.3 

0.04 

↔ 

1.0 

0.8 

 IGKC 

 

 

Immunoglobulin κ 
constant 

 

P01834 

 

 

11.8/6.5 

 

 

29.0/6.2 393/178 

 

 

86 

 

 

9/9 
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Some of the spots contained more than one clearly identifiable protein; presented here are the best hits (i.e. highest coverage 

and peptide count). PE = post-exercise; MW = molecular weight; kDa = kilodaltons; PSM = peptide spectrum matches; ↔, ↑, 

and ↓ = directional change from pre-exercise levels; ratio = either 5 min or 1h post-exercise spot volume/pre-exercise spot 

volume  

*Tabulated theoretical molecular masses and isoelectric points predominantly relate to intact precursors. Please refer to 

databases (e.g., UniProt, ExPASy ProtParam) for MW and pI of potential cleavage products and gene/splice isoforms, as well 

as common PTMs 

IGLC2 

 

 

IGKV3-15 

 

 

IGLL5 

Immunoglobulin λ 
constant 2 

 

Immunoglobulin κ 
variable 3-15 

 

Immunoglobulin  λ-like 
polypeptide 5 

  

P0DOY2 

 

 

P01624 

 

 

A0A0B4J231 

11.3/7.2 

 

 

12.5/5.2 

 

 

23.1/8.8 

240/124 

 

 

58/34 

 

 

52/35 

56 

 

 

26 

 

 

27 

4/2 

 

 

2/2 

 

 

4/2 

20 ↓ 

0.8 

0.006 

↓ 

0.8 

0.0004 

 IGKC 

 

 

IGKV3-20 

 

 

IGLC2 

 

 

IGLL5 

Immunoglobulin κ 
constant 

 

Immunoglobulin  κ  
variable 3-20 

 

Immunoglobulin λ 
constant 2 

 

Immunoglobulin λ-like 
polypeptide 5 

 

P01834 

 

 

P01619 

 

 

P0DOY2 

 

 

A0A0B4J231 

11.8/6.5 

 

 

12.5/4.9 

 

 

11.3/7.2 

 

 

23.1/8.8 

27.5/6.2 462/194 

 

 

150/71 

 

 

129/67 

 

 

42/29 

 

 

 

53 

 

 

41 

 

 

60 

 

 

29 

6/6 

 

 

3/2 

 

 

5/2 

 

 

5/2 
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Table 3.1 summarizes the most confidently identified proteoforms within each spot 

analyzed which changed from pre- to 5 min and/or 1h post-exercise. Additional peptide 

data from each spot can be found in Supplementary Data Table 1. Average spot volume 

ratio changes for each participant are summarized in a heat map in (Figure 3.2B), 

demonstrating the extents of biological variability.  

Proteoforms that changed post-HIIE were largely from the protein families 

including serpins, apolipoproteins, fetuins, immunoglobulins and albumins. The 

proteoforms that were found to have increased post-HIIE were fetuin-a, α-1-antitrypsin, 

vitamin D binding protein, histidine-rich glycoprotein, apolipoprotein J (clusterin), 

apolipoproteins E and A1, and immunoglobulin J chain; and those that decreased 

included immunoglobulin heavy constant α 1, immunoglobulin k constant, and β-2-

glycoprotein 1. Apolipoprotein E, vitamin D binding protein, immunoglobulin J chain, 

and clusterin were each found in more than one fixed MW and pI gel region, suggesting 

resolution of different proteoforms (Jungblut et al., 2008; Thiede et al., 2013; Oliveira et 

al., 2014; Coorssen and Yergey, 2015; Zhan et al., 2018).  

 Of the spots changing in abundance, 8 of 20 were found to decrease in volume at 

5 min post-HIIE and remained decreased 1h post-HIIE. The proteoforms in these spots 

were identified as immunoglobulin heavy constant α 1 and immunoglobulin κ constant, 

respectively. The other 18 spots either increased only 1h post-HIIE (α-1-

antichymotrypsin, fetuin-a, α-1-antitrypsin, kininogen-1, serotransferrin, histidine-rich 

glycoprotein, and immunoglobulin κ constant) or at both 5 min and 1h post-HIIE 

(clusterin, apolipoprotein E, immunoglobulin J chain, apolipoprotein A-1, and retinol 

binding protein 4). 
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Figure 3.3. Characterization and associations of the proteoforms altered in response 

to HIIE.  

A. Candidate exercise-regulated proteoforms that may be mediating the numerous 

multi-system health benefits we observe with exercise training 

B. Gene Ontology biological functions of the proteoforoms altered post-exercise - 

identified with Uniprot. 

C. Protein associated pathways of the proteoforms altered post-exercise - identified 

with PANTHER. 

*Protein names in red indicate proteins that increased post-exercise, and proteins in blue 

indicate a decrease. Biological functions and associated pathways in red, blue, and green 

are related to apolipoproteins, proteases/immunity, and immunoglobulins, respectively. 

 

Bioinformatic analyses suggested that most of the proteoforms which changed in 

abundance following HIIE were related to inflammatory responses, protein and lipid 

binding, antioxidant activity, metabolism and exosome formation (Figures 3.3A and 

3.3B). Specifically, the apolipoproteins that increased post-HIIE (apolipoproteins A1, E, 

and clusterin) are associated with LDL/HDL particle receptor binding, amyloid β 

binding, tau protein binding, heat-shock protein binding and antioxidant activity; and the 

pathways they affect include GPCR signalling, mineral absorption, HDL remodelling, 

and PPAR signalling. Protease inhibitors and binding proteins that increased in 
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abundance following HIIE (α-1-antichymotrypsin and α-1-trypsin and fetuin-a, 

respectively) were associated with amyloid-β binding (fetuin-a), and their pathways 

include neutrophil degranulation, platelet degranulation, Nrf2 pathways, complement and 

coagulation cascades, and mineralization (fetuin-a). Immunoglobulins affected by HIIE 

are associated with antigen binding and innate immunity (Figures 3.3C and 3.3D). 

3.5 Discussion  

2DE coupled with LC-MS/MS enabled the resolution and identification of 

differentially abundant intact proteoforms, unlikely to have been specifically detected by 

a bottom-up MS-based ‘shotgun’ proteomic approach nor through targeted proteomic 

assays (e.g., western blotting, ELISA, SOMAscan) since both methodologies generally 

assess only gross changes in abundances, with critical information pertaining to intact 

proteoforms and their unique physicochemical characteristics (that modulate function and 

localization) lost or unaccounted for. This is the first study to sequentially assess the 

human serum proteome following HIIE using a comprehensive top-down approach to 

identify significant changes in proteoforms (i.e., resolved protein species deviating in pI 

and/or MW from the theoretical values that are defined only on the basis of amino acid 

sequence; Table 1) (Jungblut et al., 2008;Thiede et al., 2013;Coorssen and Yergey, 

2015;Zhan et al., 2018), implicating proteoforms associated with immune function, 

coagulation cascades, vitamins, protein and lipid metabolism, and proliferative and 

apoptotic pathways.  

Many of these novel exercise-regulated proteoforms (i.e., exerkines) have been 

previously suggested as potential therapeutic targets in chronic diseases (i.e., Alzheimer’s 

disease (AD), type II diabetes mellitus and CVD) (Booth et al., 2012b), supporting the 
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notion that these proteoforms may mediate the longer-term health benefits associated 

with exercise training. These findings serve as initial evidence to further investigate the 

utility of these proteoforms as biomarkers for long-term positive health outcomes, though 

perhaps also for acute exhaustive exercise. Herein, the discussion will focus on the 

identified proteoforms that are altered following acute HIIE and their potential impact on 

immune function and the subsequent health benefits; however, it is important to keep in 

mind that these protein species have roles in health and disease other than those discussed 

here. 

3.5.1 HIIE modulates serum proteins known to regulate immune function 

It has been suggested that acute bouts of exercise may lead to a state of immune 

suppression which increases the risk of opportunistic infection (Peters and Bateman, 

1983; Nieman et al., 1990; Gleeson, 2007). In contrast, others propose that immunity is 

improved as immune cells begin to localize in peripheral tissues (e.g., lungs and bone 

marrow) to increase surveillance and remove damaged/malignant cells (Matthews et al., 

2002; Dhabhar, 2014; Campbell and Turner, 2018)). Changes in proteoform abundance 

may be representative of varying post-translational modifications (PTMs) (Jungblut et al., 

2008; Thiede et al., 2013), changes in expression, secretion or rate of degradation, or 

indicate an increase in distribution to peripheral tissues. Thus, certain tissues may 

experience an increase in homing factors resulting in an increase in inflammatory 

cells/factors being recruited to the periphery when a decrease is measured in serum. This 

is important to consider when moving forward with a discussion of these initial results, as 

well as in considering the design of future studies.   
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These data indicate that proteoforms of immune-regulatory proteins either 

increase (α-1-antichymotrypsin, fetuin-a, α-1-antitrypsin, apolipoprotein A1, clusterin, 

and immunoglobulin J chain) or decrease (immunoglobulin heavy constant α 1 and 

immunoglobulin k constant) in abundance post-HIIE. The immunoglobulin J chain is 

critical for production of secretory antibodies, which suggests there may be an increase in 

the secretion and priming of IgA and IgM, which are the initial responders to a specific 

immunologic defense (i.e., mucosal defense) (Woof and Mestecky, 2015). On the other 

hand, the decrease in immunoglobulins k and α indicates either that B cells are 

suppressed during HIIE or that there is a redistribution of immunoglobulins to the 

periphery to increase surveillance during and immediately following HIIE. Exercise 

induces the mobilization of B cells into the circulation; however, naïve B cells increase 

more in number than effector B cells (Turner et al., 2016). Although B cell function was 

not assessed in this study, given that J chain increases and immunoglobulin α decreases in 

abundance, we speculate that there is likely a redistribution of immunoglobulin α. These 

findings are thus consistent with the suggestions that exercise may play an important role 

in preventing infection, and indicate a potential mechanism as to how acute and chronic 

exercise may modulate or ameliorate the effects of pro-inflammatory cytokine (e.g., 

TNF-α and IL-1β) production in response to infection (Kohut et al., 2009). 

The increase in circulating protease inhibitors α-1-antichymotrypsin and α-1-

antitrypsin and their pro-forms, and the binding protein fetuin-a, suggest a suppression of 

neutrophil, platelet and mast cell degranulation (Hercz, 1974; Lebreton et al., 1979). This 

may be a compensatory response to the observed HIIE-induced increase in circulating 

neutrophils (Neves et al., 2015). α-1-antichymotrypsin also acts as a negative regulator of 
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pro-inflammatory cytokine production (e.g., TNF-α and IL-1β) and innate immunity, thus 

protecting against systemic inflammation (i.e., lethal endotoxemia and sepsis) (Wang and 

Sama, 2012). Furthermore, α-1-antitrypsin appears to have other anti-inflammatory 

properties (Bergin et al., 2012), which include protection against apoptosis induced by 

pro-inflammatory cytokines (e.g., TNF-α, IL-1Β, and IFN-γ) (Kalis et al., 2010), 

inhibition of toll-like receptor 4 and 2 signalling (Jonigk et al., 2013), and regulation of 

neutrophil chemotaxis induced by soluble immune complexes (Bergin et al., 2010). 

Additionally, apolipoprotein A1 appears to be a critical anti-inflammatory mediator 

during the acute phase, and is known to inhibit pro-inflammatory cytokine production in 

monocyte-macrophages (e.g. TNF-α and IL-1β) (Hyka et al., 2001). Furthermore, in a 

model of non-alcoholic steatohepatitis, overexpression of clusterin has been shown to 

inhibit pro-inflammatory cytokine production (e.g., TNF-α and IL-1β) and hepatic 

macrophage infiltration, and to abolish hepatic fibrogenesis through the activation of the 

transcription factor Nrf2 which activates the antioxidant response element (Park et al., 

2018), thus increasing proteins that lead to detoxification and elimination of reactive 

oxygen species and electrophilic agents (Falgarone and Chiocchia, 2009; Nguyen et al., 

2009).  

Other identified proteoforms, including histidine-rich glycoprotein (Poon et al., 

2011), transferrin (Mancini et al., 2016), antithrombin III (Inthorn et al., 1998), kininogen 

I (Bryant and Shariat-Madar, 2009), and vitamin D binding protein (Gomme and 

Bertolini, 2004), have also been shown to have either anti-inflammatory properties or 

regulate the immune response. Taken together, these post-HIIE molecular responses 

suggest an overarching anti-inflammatory response rather than immune suppression, 
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which is often said to occur following intense exercise. While these proteoforms are not 

the classical inflammatory cytokines used to describe systemic inflammation, many have 

been extensively shown to have anti-inflammatory effects. We have previously shown 

that pro-inflammatory cytokines, TNF-α and IL-1β, transiently increase post-HIIE and 

return to baseline 1h post-HIIE (Mezil et al., 2015). The increase in α-1-

antichymotrypsin, α-1-antitrypsin, apolipoprotein A1, and clusterin shown here, may 

indicate a protective mechanism through anti-inflammatory and antioxidant activity, 

which is sustained through recovery (i.e. 1h post-HIIE). 

One of the major underpinnings of chronic disease is inflammation caused by 

obesity or a sedentary lifestyle. There is an overt variation in immune cells as well as 

platelets, and molecular makeup within the circulation and in peripheral tissues in 

individuals with chronic disease (i.e., metabolic syndrome). The data here thus indicate 

that there is a shift towards the regulation of these inflammatory responses/pathways 

through an increase in anti-inflammatory agents. Thus, the modulation of these immune-

regulatory proteins post-HIIE may have a role in the prevention and treatment of many 

chronic diseases. 

3.5.2 HIIE modulates proteoforms that may mediate the prevention of several 

chronic diseases 

Exercise is the ideal first option therapy for prevention and treatment of numerous 

chronic diseases (e.g., accelerated aging, metabolic syndrome, T2DM, and CVD) (Booth 

et al., 2012b). Specifically, fetuin-a has been shown to have cytoprotective activity 

against oxidative injury in neuronal cells (Kanno et al., 2017) and inhibits calcification of 

atherosclerotic plaques in patients with type II diabetes mellitus (Emoto et al., 2010). The 
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anti-inflammatory effects of fetuin-a and α-1-antitrypsin, as well as their potential roles in 

mediating insulin sensitivity in response to exercise training (Kalis et al., 2010; 

Blumenthal et al., 2017), may thus be an avenue of interest in efforts to find therapeutics 

that act as mimetics for exercise and thus combat metabolic diseases/insulin resistance. In 

this regard, however, it is important to note that α-1-antitrypsin was identified in five 

different resolved spots, and fetuin-a in three, each of which differed markedly in MW 

and pI from the theoretical values. Therefore, these effects are likely mediated (perhaps 

selectively) by various proteoforms of the canonical species, emphasizing the importance 

of clearly identifying active species prior to the development of therapeutics. Focussing 

on amino acid sequences alone is insufficient in terms of identifying effective biomarkers 

and designing new therapeutics.  

Lipid handling/storage appears to have an important role in the inflammatory 

response in individuals with atherosclerosis, CVD, and neurodegenerative diseases 

(Libby et al., 2013). Apolipoproteins are a major class of lipid binding proteins that are 

thought to be associated with several chronic diseases, given their roles in binding and 

clearing various lipids (i.e., cholesterol), forming HDL (apolipoprotein A1), and 

degrading LDL (Horejsi and Ceska, 2000). Cholesterol accumulation contributes to the 

activation of the immune response and subsequent increase in pro-inflammatory 

cytokines, which can lead to pathological chronic inflammation (Libby et al., 2013). 

Thus, the increase in abundance of apolipoproteins following HIIE, which regulate the 

handling and clearance of cholesterol and promote an increased HDL:LDL phenotype, 

may be a means of preventing systemic inflammation and adequately regulating 

lipoprotein abundance/ratios.  
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Clusterin protects cardiomyocytes from apoptosis through the Akt/GSK-3ß 

signalling pathway (Jun et al., 2011), and protects the heart from damage caused by 

myocardial infarction (Foglio et al., 2015), transplant (Li et al., 2011), or myocarditis 

(McLaughlin et al., 2000) (reviewed in: (Pereira et al., 2018)). It is thought that apoptosis 

of cardiomyocytes is one of the main age-related contributors to development of heart 

disease (Kumar et al., 2002; Goldspink et al., 2003), thus the increase in abundances of 

three clusterin proteoforms following acute-exercise may be responsible for the lower 

levels of heart disease seen in individuals who are more active (Buchner, 2009). Clusterin 

appears to be associated with AD risk (Schrijvers et al., 2011); however, it is most likely 

a compensatory/neuroprotective response (reviewed in: Nuutinen et al., 2009) as it is 

associated with AD severity, but not with the risk of developing AD at follow up. 

Interestingly, clusterin has been shown to inhibit amyloid formation through (1) binding 

amyloid-β or enhancing its clearance across the blood-brain barrier (Yerbury et al., 

2007); (2) clearance by endocytosis of amyloid-β aggregates and cell debris by brain 

phagocytes (Bell et al., 2007); and (3) inhibition of complement activation (Nuutinen et 

al., 2009). Taken together, these findings suggest clusterin is neuroprotective rather than 

complicit in AD progression and is most likely a component of a compensatory response 

in AD.  

Exercise also has neuroprotective effects through the stabilization of 

apolipoprotein E (Soto et al., 2015), and is integral for maintaining blood-brain barrier 

integrity (reviewed in: (Montagne et al., 2017)). Multiple sclerosis is a disease that is 

characterized in-part by inflammation which provokes the progression and pathogenesis 

of the disease. Exercise training has been shown to moderate symptoms and disease 
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progression, thereby improving the quality of life of individuals with multiple sclerosis 

(Stuifbergen et al., 2006). Apolipoproteins E and A play critical roles in cholesterol 

homeostasis and subsequent anti-inflammatory actions, as well as having a potential role 

in clearing amyloid-β from the brain into the circulation (Robert et al., 2017). These 

functions are critical for neuronal health and regeneration, indicating potential 

mechanisms for how exercise attenuates the progression and improves the quality of life 

of patients with multiple sclerosis (reviewed in: (Gardner and Levin, 2015)) and other 

neurodegenerative diseases. Apolipoproteins E and A1 also appear to promote the 

regression of atherosclerosis in diet-induced hypercholesterolemia and advanced aortic 

atherosclerotic lesions (Raffai et al., 2005), and appear to be critical in the regulation of 

lipid profiles (prevention of hyperlipidemia) and subsequent inflammation-induced 

atherosclerosis (Centa et al., 2018; Favari et al., 2018). Apolipoprotein E also appears to 

be a significant component of extracellular vesicles (e.g., exosomes, ectosomes) and may 

have a role in their formation (Looze et al., 2009; Nikitidou et al., 2017), which could 

indicate a novel mechanism for increased clearance of amyloid-β. Apolipoprotein A1 has 

been suggested to be an emerging risk biomarker for CVD (Florvall et al., 2006; 

Upadhyay, 2015), is a critical component of HDL, and appears to be a key component in 

the inhibition of atherosclerotic plaque formation (Favari et al., 2018). Taken together, 

there appear to be several plausible mechanisms and targets that HIIE may work through 

to explain the role of exercise in the prevention of metabolic syndrome, CVD, and 

neurodegenerative diseases.  

Despite our efforts to control experimental variables there are some limitations to 

this study, which include (1) a relatively small sample size (n=6); (2) only two time-
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points post-exercise, which did not allow us to determine if or when the identified 

proteoforms returned to baseline (or whether there are critical later changes); and (3) 

relatively limited in-gel protein detection sensitivity (~2 ng/ml or ~0.06 ng of total 

protein in a spot with cCBB staining (Noaman et al., 2017)), which, while rivalling 

standard shotgun approaches for peptides, is less than claims made for targeted albeit 

likely less selective proteomic techniques (e.g., ELISA). Future studies will focus on 

validating the species identified here as post-exercise biomarkers. Importantly, the 

characterization of the acute response before and after exercise training will aid in 

understanding the (mal)adaptation events that occur with these proteoforms. Thus, 

repeating the study with more time-points following acute exercise (recovery) and 

looking at the effect of exercise training may reveal if, and when these exercise-regulated 

proteoforms (exerkines) return to baseline. Additionally, assessing other sub-fractions of 

whole blood in this way will increase the detection sensitivity of lower abundance 

proteoforms (e.g., microvesicles) (Whitham et al., 2018), allow for the detection of 

proteoforms that may be lost during clotting (i.e., serum vs. plasma) (Kim et al., 2007), 

provide further understanding of the anti-inflammatory effects of exercise (e.g., 

peripheral blood mononuclear cells), and elucidate the tissues/cell types of origin and 

assess which tissues are affected by these exercise regulated proteoforms (i.e., tissue 

cross talk).  

Overall, it is noteworthy that few of the proteins identified closely matched their 

theoretical pI and MW (i.e. did not conform to identification based only on amino acid 

sequence; a major shortcoming of relying purely on existing databases) and that ~50% 

were found in more than one spot, clearly emphasizing the fundamental importance of 
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proteoforms in biological mechanisms and thus the critical importance of using analytical 

approaches that can resolve these, as they represent specific targets for the development 

of future biomarkers and therapeutics.  

3.6 Conclusion 

The 2DE-based top-down approach used here to assess the serum proteome response to 

HIIE revealed significant perturbations in the abundance of proteoforms, with roles in 

regulating immune function in health and disease during the minutes and hour following 

exercise, providing new insights into the mechanism(s) underlying how exercise may 

exert some of its numerous associated health benefits. We propose that these potential 

serum biomarkers be further validated for their utility in assessing recovery, exertion, and 

health status as well their importance in the anti-inflammatory mechanisms modulated by 

exercise. 
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4.1 Abstract 

Background: In adults, excess adiposity has been associated with low-grade, chronic 

inflammation and compromised bone health, but less is known about these linkages in 

children. The purpose of this study was to compare the circulating levels of inflammatory 

cytokines, adipokines, osteokines and bone markers at rest and in response to plyometric 

exercise between obese and normal weight adolescent females.  

Methods: Ten normal weight (BMI=21.3±2) and ten obese (BMI=32.9±4), 

postmenarcheal females, aged 13-17 years, performed one bout of plyometric exercise (5 

circuits; 120 jumps). Blood samples were taken at rest, 5 min, 1h and 24h post-exercise. 

Tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), insulin, leptin, osteocalcin, 

carboxy-terminal telopeptide (CTX), sclerostin and parathyroid hormone (PTH) were 

measured in serum. Results: Cytokines were not different between groups at rest or over 

time with IL-6 increasing (+31%; p=0.04) 5 min post-exercise and TNF-α decreasing (-

9%; p=0.001) 1h post-exercise. Insulin and leptin were higher in the obese compared to 
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the normal weight females. In both groups, insulin significantly increased 5 min post-

exercise but remained elevated 1h post-exercise only in the obese group. Leptin did not 

change in response to exercise. Osteocalcin was lower in the obese group across time and 

increased (+12%; p=0.02) 24h post-exercise in both groups. CTX was similar between 

groups at rest and decreased (-24%; p<0.001) 1h post-exercise. Sclerostin was similar 

between groups at rest, but there was a significant interaction reflecting a significant 

increase (+29%; p=0.04) 5 min post-exercise in the obese group and a non-significant 

decrease (-13%; p=0.08) in normal weight controls. PTH increased 5 min post-exercise, 

dropped 1h post-exercise to lower than pre-exercise, and returned to baseline 24h post-

exercise in both groups. Conclusion: Obese adolescent females from our study had no 

evidence of resting inflammation or differences in bone resorption but show blunted bone 

formation when compared to normal weight controls. The direction and temporal changes 

in inflammatory cytokines, adipokines and bone turnover markers to exercise were 

similar in both groups, reflecting an overall bone anabolic response for most biomarkers, 

except sclerostin, which increased only in the obese females immediately post-exercise, 

suggesting a different systemic regulation of sclerostin depending on adiposity. 
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4.2 Introduction  

Previous studies have suggested that obesity is beneficial to bone due to the increased 

loading with higher body mass (Fassio et al., 2018). However, there is likely a limit to 

such benefit, as individuals with over 33% body fat have a negative relationship with 

bone mineral density (BMD) (Liu et al., 2014), and overweight adolescent females 

appear to have lower BMD compared to normal weight females (Janicka et al., 

2007;Pollock et al., 2007). This impairment of the normal growth response of the 

skeleton (e.g., lower peak bone mass) due to excess adiposity also appears to increase the 

risk of fracture (Dimitri et al., 2010; 2011). Thus, understanding the mechanisms that 

regulate adiposity and bone growth are important as they may aid in mitigating the risk of 

bone-related diseases and issues, such as osteopenia, osteoporosis, and fractures with 

increased age.  

There are several mechanisms that can explain how obesity may impact bone. 

Obesity can lead to a state of low grade systemic inflammation, which is associated with 

increased circulating pro-inflammatory cytokines (e.g. tumor necrosis factor alpha [TNF-

α], interleukin 6 [IL-6]) and adipokines (e.g., leptin) and an increase in pro-inflammatory 

macrophages within adipose tissue (Wisse, 2004; Rasouli and Kern, 2008; Saltiel and 

Olefsky, 2017). This inflammation may perpetuate bone loss with aging or attenuate bone 

growth during adolescence, as higher circulating levels of pro-inflammatory cytokines 

(Khosla, 2001; Takayanagi, 2007) and adipokines, such as leptin (Caffarelli et al., 2014; 

Feresin et al., 2014), promote bone resorption. Also, obesity promotes the preferential 

increase in adipocyte formation, which may be at the cost of osteoblastogenesis, since 

these cells are derived from the same multi-potential mesenchymal stem cells (Rosen and 
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Bouxsein, 2006). Bone may in turn impact adipose tissue through an endocrine function 

or molecular crosstalk. For example, in vivo ablation of osteocytes leads to a loss of white 

adipose tissue in murine models (Sato et al., 2013; Sato and Katayama, 2015), suggesting 

secretory factors from these bone cells (i.e., osteokines) are likely involved in adipose 

tissue regulation.  

Sclerostin is an osteokine that may be implicated in this crosstalk. It is an 

osteocyte secreted factor that inhibits bone formation by inhibiting Wnt signalling. The 

Wnt signalling cascade is a critical pathway for the regulation of cell fate and function. 

Specifically, in bone, Wnt signalling promotes bone formation (Poole et al., 2005), while 

in adipose tissue it inhibits adipogenesis (Chen and Wang, 2018). Recently, studies have 

shown that sclerostin promotes adipogenesis in vitro (Ukita et al., 2016a), and regulates 

white and brown adipose tissue growth and development in murine models (Fulzele et al., 

2017b;Kim et al., 2017a;Fairfield et al., 2018a;Kim et al., 2019a). In humans, serum 

sclerostin levels appear to be elevated in individuals with prediabetes and correlate with 

insulin resistance in skeletal muscle, liver, and adipose tissue (Daniele et al., 2015). In 

adult females, circulating sclerostin is positively correlated with fat free mass (Sheng et 

al., 2012). Additionally, systemic low grade inflammation may perpetuate bone loss by 

inducing the secretion of pro-inflammatory cytokines that are known to stimulate 

osteoclast activity and subsequent bone resorption (Khosla, 2001; Takayanagi, 2007). 

Indeed, TNF-α has been shown to increase the expression of sclerostin, which indicates a 

coordinated control over bone by the induction of inflammation (Kim et al., 2012; Baek 

et al., 2014b).  Taken together, these findings suggest a dynamic and coordinated 
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communication between bone and adipose tissue that is likely regulated by inflammation, 

metabolism, energy demands or adiposity, and may involve the osteokine sclerostin. 

 Exercise can reduce adiposity and improve bone accrual in adolescence 

(Goodman et al., 2015; Rosa et al., 2015;  Yuan et al., 2016). Acutely, exercise has also 

been shown to increase bone formation and decrease bone resorption in both children and 

adults (Sapir-Koren and Livshits, 2014; Kish et al., 2015; Mezil et al., 2015; Dekker et 

al., 2017). In addition, sclerostin levels have been shown to increase following exercise in 

adults, while normal weight children show no response (Falk et al., 2016a;Klentrou et al., 

2018;Kouvelioti et al., 2018;Kouvelioti et al., 2019c), suggesting children may be 

protected from sclerostin increasing post-exercise. Cytokine levels can also be altered 

both acutely and chronically by exercise, resulting in a net-improved, long term, pro-

inflammatory profile (Ullum et al., 1994; Gleeson et al., 2011; You et al., 2013). In fact, 

the acute inflammatory state post-exercise seems to aid, over time, the long-term 

beneficial muscle adaptations to exercise (Fischer, 2006; Pedersen and Fischer, 2007; 

Pedersen and Febbraio, 2012b). This may be the case for bone and adipose tissue as well. 

We have previously demonstrated correlations between inflammatory cytokines and bone 

markers in normal weight young men following a bout of high intensity cycling (Mezil et 

al., 2015). However, in female adolescents, no data exist examining linkages between the 

cytokine, adipokine and osteokine response with bone turnover, i.e., the balance between 

bone formation and bone resorption, either at rest or following exercise, and certainly no 

data exist examining this relationship in youth with obesity. Thus, the overall purpose of 

this study was to compare the serum levels of inflammatory cytokines, adipokines, 

osteokines and bone turnover markers at rest and in response to one bout of plyometric 
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exercise in obese postmenarcheal adolescent females (ObAF) and normal weight 

postmenarcheal adolescent females (NwAF).  

4.3 Materials and Methods  

4.3.1 Participants  

This study represents a secondary analysis that includes data from 20 adolescent females 

who participated in two larger studies conducted at our institution; half of the NwAF 

participants were from Dekker et al. (Dekker et al., 2017) with the other half recruited 

later and all ObAF participants were from Josse et al. (Josse et al., 2020). Both studies 

and all procedures received ethical clearance from our University’s Biosciences Research 

Ethics Board. Further details from both these studies have been published elsewhere 

(Dekker et al., 2017; Josse et al., 2020). For the purpose of the current study, data from 

10 NwAF (BMI<85th percentile, 15.0±1 years of age) and 10 ObAF (BMI ≥ 95th 

percentile, 14.7±1 years of age), matched for age, menstrual status and somatic maturity, 

met the inclusion and matching criteria and were selected for the final analysis. Although 

there were more ObAF participants in the original study (Josse et al., 2020), we chose 10 

of the ObAF participants with the highest BMI percentile who matched appropriately 

with the 10 available NwAF in all other concordant characteristics to balance the 

comparison. All participants were postmenarcheal and were tested during the early 

follicular phase (days 1–7) of their menstrual cycle. In addition, both groups had no 

previous or current fractures and did not use any pharmaceuticals or 

nutraceuticals/supplements that may affect bone. Baseline characteristics of the 

participants are presented in Table 4.1.  
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4.3.2 Study protocol 

Both studies followed the same protocol, which involved three sessions in the laboratory. 

The first session was to inform participants of the study including the risks and benefits, 

to have them view the laboratory and to obtain informed consent and assent from both the 

parents/guardians and the participant, respectively. The next two sessions were for testing 

and took place during the morning hours (between 0800 and 1000 hours) to minimize any 

circadian rhythm variation in the serum biomarkers. For visits two and three, participants 

were asked to come to the laboratory fasted (~10-12h), and to avoid any vigorous or 

high-impact exercise for at least 24 hours.  Upon arrival to the laboratory, if requested, 

the topical anesthetic cream, Emla (25 mg/g lidocaine + 25 mg/g prilocaine), was applied 

to the antecubital fossa of the participants arm prior to blood sampling. Subsequently, 

height, weight and body composition were measured. Participants then sat down and 

rested for 10 min and had a resting/pre-exercise fasted venous blood sample, which was 

drawn using a standard venipuncture procedure using a 23G winged infusion set and 

vacutainers. Following the resting blood sample, participants were provided with a 

standardized light breakfast (1 granola bar, 1 banana, and water). The breakfast was 

consistent across both groups and was low in protein, since protein is known to influence 

markers of bone turnover (Shams-White et al., 2017; Bhattoa, 2018). Within 20 min, they 

began the 30 min plyometric exercise protocol followed by two more blood samples at 5 

min and 1h post-exercise. Between these two post-exercise blood samples, participants 

filled out the Godin Shephard Leisure-time physical activity questionnaire, which was 

used to calculate the weekly leisure activity score (arbitrary units) as previously described 

(Godin and Shephard, 1985). Lastly, as participants were postmenarcheal, information 



   
 

100 
 

regarding menstrual cycles and age of menarche were recorded. Participants returned to 

the laboratory for the third visit 24h following the exercise protocol for the last blood 

sample.   

4.3.3 Exercise protocol  

The plyometric exercise protocol was designed to provide high-impact, weight-bearing 

loads.  It involved 120 jumps organized into five circuit training stations (three sets of 

eight repetitions, with 3 minutes of recovery between sets) (MacKelvie et al., 2003b). 

The five circuit stations included box, lunge, and tuck jumps, single leg hopping, and 

jumping jacks. The same protocol has been previously used in our laboratory and was 

successful in eliciting responses in bone biomarkers in pediatric populations (Kish et al., 

2015; Falk et al., 2016a; Dekker et al., 2017; Klentrou et al., 2018).  

Participants began the exercise session with a warm-up that included five minutes 

of low-intensity cycling (~40W of resistance) on a cycle ergometer. Once the warm-up 

was completed, participants were given a comprehensive explanation and demonstration 

of each of the circuits. They were also allowed to familiarize themselves with each circuit 

to ensure proper technique and form to minimize injury. Jump height for box jumps was 

set at 40 cm for the NwAF and 25 cm for the ObAF. The height difference between the 

boxes was meant to control for differences in ground reaction forces between the two 

groups due to the obese girls having significantly higher body mass. Though the precise 

load required to elicit an osteogenic response in youth is still unknown, the jump height 

was adjusted for the adolescent females to reflect differences in weight (e.g., have 

comparable ground reaction forces) and to ensure safety. Each plyometric testing 

protocol was carried out by 2 research/study staff to ensure safety, and form/technique 
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was watched closely to minimize any risk of injury. There were no adverse events 

because of the exercise protocol in this study.  

4.3.4 Measurements   

Height and seated height were measured with a stadiometer (Ellard Instruments, Monroe 

WA, USA) to the nearest 0.1 cm with no shoes and light clothes. These measures were 

then used to assess somatic maturity, expressed as years from age of peak height velocity 

(aPHV) as previously described (Mirwald et al., 2002). Body mass (kg) and body 

composition, including lean body mass (LBM), fat mass (FM), and relative body fat 

percent (%BF), were measured using bioelectrical impedance analysis (BIA; InBody520 

bioelectrical impedance analysis system; Biospace Co. Inc. Los Angeles, CA, USA).  

Venous blood was collected into serum separator vacutainers (cat#: 367983-1, 

BD, Mississauga, ON) and clotted for ~15 minutes before being centrifuged at ≤1400 

RCF (g) for 15 minutes. The serum was separated and aliquoted into polyethylene tubes 

for storage at –80°C until analysis upon study completion. Immediately following each 

blood sample, hematocrit was measured to test for potential post-exercise 

hemoconcentration (shifts in plasma volume) using the microhematocrit method (Van 

Beaumont, 1972). Relative change in plasma volume (%ΔPV) from pre- to post-exercise 

was estimated using the Van Beaumont formula (Van Beaumont, 1972). No changes in 

plasma volume between pre- and post-exercise were observed, therefore unadjusted 

concentrations were presented.  

4.3.5 Blood biomarkers 

All samples used for the purpose of this secondary analysis were reanalyzed together. 

Serum sclerostin was analyzed in duplicate using an enzyme linked Immunosorbent assay 
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(ELISA; cat# DSST00; R&D, Minneapolis, MN). The average intra-assay coefficient of 

variation for sclerostin was 3.8%, and the inter-assay coefficient of variation was 5.1%. 

Osteocalcin, parathyroid hormone (PTH), insulin, leptin, IL-6 and TNF-α were analyzed 

in duplicate using Milliplex MAP human bone magnetic bead panels (HBNMAG-51K; 

EMD, Millipore Corporation, Etobicoke, ON). The average intra-assay coefficient of 

variations for IL-6, TNF-α, osteocalcin, PTH, insulin and leptin were 9.5, 5.0, 5.4, 7.9, 

6.5, and 6.5%, respectively. The average inter-assay coefficient of variation for all 

analytes was 6.9%. β‑isomerized Carboxy‑terminal cross-linking telopeptides (CTX) 

(cat#: 11972308 122, β-CrossLaps) was measured from serum at the Mount Sinai 

Hospital Core Laboratory (Toronto, Ontario) using a Roche Cobas e602 Modular 

Analytics automated analyzer. Lower and upper detection limits were 0.010‑6.00 ng/mL 

(quality control standard CV: 4.8%). 

4.3.6 Statistical analysis  

Normality was confirmed using the Kolmogorov-Smirnov test, z-scores for skewness and 

kurtosis and visual screening of box plots. Unpaired/independent t-tests were used to 

assess physical characteristics and maturity between groups. A series of two-way 

repeated measures ANOVAs were used to assess time and group effects and time-by-

group interactions for each biomarker and confidence intervals were adjusted based on 

Least Significant Difference (LSD), as all biomarkers did not pass Mauchly’s Test of 

Sphericity. In the event of a significant time-by-group interaction, further pairwise 

comparisons were made using one-way repeated measures ANOVAs for each group with 

Tukey’s multiple comparison test. Significance was accepted at an alpha level of <0.05 

for all analyses. Statistical Analysis was performed using SPSS version 25 for Windows. 
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4.4 Results  

As per the study design, there were no significant differences in age, height and somatic 

maturity between NwAF and ObAF, while ObAF had significantly higher body mass, 

BMI, %BF and waist-to-hip ratio, and lower weekly leisure activity score than NwAF 

(Table 4.1).  

 

Table 4.1: Comparison of anthropometry, body composition and physical activity levels 

between normal weight and obese girls. 

 NwAF (n=10) ObAF (n=10) p-value 

Age (y) 15.0±1 14.7±1 0.9 

Age from PHV (y) 2.6±1 2.5±1 0.8 

Height (cm) 163.9±7 165.3±7 0.5 

Weight (kg) 58.6±9 89.9±13 <0.001 

BMI 21.3±2 32.9±4 <0.001 

Relative body fat (%) 22.9±5 44.8±4 <0.001 

Waist-to-hip ratio 0.75±0.04 0.92±0.05 <0.001 

Weekly Physical Activity Score 

(AU) 
102.4±31 31.9±17 <0.001 

Data is presented as mean±SD. PHV=peak height velocity; AU=Arbitrary Units. 
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There was a significant main effect for time for IL-6, with no main effect for 

group or time-by-group interaction. Specifically, IL-6 increased 5 min following the 

plyometric protocol compared to pre-exercise (+0.6 pg/ml [+31%], p=0.02), then 

returned to baseline 24h post-exercise in both groups (Figure 4.1a). TNF-α also showed a 

significant main effect for time, but no significant main effect for group or time-by-group 

interaction. In both groups, TNF-α was significantly lower at 1h post-exercise compared 

to both pre-exercise (-0.16 pg/ml [-9%], p=0.001) and 5 min post-exercise (-0.15 pg/ml [-

8%], p=0.001) concentrations (Figure 4.1b).  

 

 

Figure 4.1. Serum concentrations (meanSEM) of interleukin 6 (IL-6, graph 1a) and 

tumor necrosis factor alpha (TNF-α, graph 1b) pre- and post-exercise in normal weight 

(NwAF) and obese adolescent (ObAF) females. For post-hoc analysis for combined 

groups (black letters): a=significant difference from pre-exercise (p<0.05); b=significant 

difference from 5 min post-exercise (p<0.05); d=significant difference from 24h post-

exercise (p<0.05).  

There were significant main effects for time and group, as well as a significant 

time-by-group interaction for insulin, indicating that the ObAF had higher insulin levels 

than NwAF across all tome points (mean difference: 787 pg/ml [174%], p=0.03) and 
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responded differently over time to exercise and feeding (Figure 2a). Insulin significantly 

increased from pre- to 5 min post-exercise (+345 pg/ml [+108%], p=0.001) and returned 

to baseline 1h post-exercise in NwAF (Figure 2a). The ObAF also increased from pre- to 

post-exercise (+1091 pg/ml [+129%], p=0.02), but their levels remained elevated 1h post-

exercise and returned to baseline 24h post-exercise, indicating the exercise and feeding-

induced increase in insulin was higher and more prolonged in ObAF compared to NwAF 

(Figure 4.2a). There was a significant main effect for group for leptin, with the ObAF 

having significantly higher leptin levels than NwAF at all time points (mean difference: 

13579 pg/ml [+2.6-fold], p=0.02) with no significant time effect and no significant 

interaction (Figure 4.2b).  

 

 

Figure 4.2. Serum concentrations (meanSEM) of insulin (2a) and leptin (2b) pre- and 

post-exercise in normal weight (NwAF) and obese adolescent (ObAF) females. For post-

hoc analysis within normal weight females (blue letters) and obese females (red letters): 

a=significant difference from pre-exercise (p<0.05); b=significant difference from 5 min 

post-exercise (p<0.05); c=significant difference from 1h post-exercise (p<0.05); 

d=significant difference from 24h post-exercise (p<0.05). *Significant mean difference 

between groups (p<0.05). 
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Osteocalcin showed a significant main effect for group and time, but no time-by-

group interaction. The main time effect reflected a similar exercise induced increase in 

bone formation/turnover following plyometric exercise in both groups, and both groups 

had a progressive increase in osteocalcin after exercise, reaching a significant difference 

24h post-exercise compared to pre-exercise (+1464.6 pg/ml [+12%], p=0.04). The main 

group effect demonstrated that the ObAF had significantly lower osteocalcin levels 

compared to NwAF (mean difference: 3326 pg/ml [-23%], p=0.04) (Figure 4.3a). CTX 

showed a significant main effect for time, but no group effect or time-by-group 

interaction, suggesting similar exercise-induced bone resorption changes between ObAF 

and NwAF. Compared to pre-exercise, CTX significantly decreased 5 min (-156 pg/ml [-

19%], p<0.001) and 1h following the plyometric exercise protocol (-204 pg/ml [-24%], 

p<0.001), then returned to baseline 24h post-exercise in both groups (Figure 4.3b). 

 

Figure 4.3. Serum concentrations (meanSEM) of osteocalcin (3a) and CTX (3b) pre- 

and post-exercise in normal weight (NwAF) and obese adolescent (ObAF) females. For 

post-hoc analysis for combined groups (black letters): a=significant difference from pre-

exercise (p<0.05); b=significant difference from 5 min post-exercise (p<0.05); 

c=significant difference from 1h post-exercise (p<0.05); d=significant difference from 

24h post-exercise (p<0.05). *Significant mean difference between groups (p<0.05). 
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There was a significant main effect for time and a significant time-by-group 

interaction for sclerostin, but no significant group effect (Figure 4). The interaction 

reflected that the groups responded differently to the exercise bout. Upon further 

inspection, this differential response was mostly driven by the ObAF that had a 

significant increase in sclerostin from pre- to 5 min post-exercise (+73 pg/ml [+26%], 

p=0.04) that returned to baseline 1h post-exercise, while the NwAF had no change in 

sclerostin immediately post-exercise (Figure 4.4). PTH showed a significant main effect 

for time, but no group effect or time-by-group interaction (Figure 5). Specifically, PTH 

levels significantly increased 5 min post-exercise compared to pre-exercise (+15.7 pg/ml 

[+38%], p=0.05), dropped 1h post-exercise to lower than pre-exercise (-14.8 pg/ml [-

36%], p=0.001), and returned to baseline 24h post-exercise in both groups combined 

(Figure 4.5). All percent changes are presented in Supplementary Table 1 for all serum 

biomarker concentrations at 5 min, 1h and 24h post-exercise relative to pre-exercise 

values within each group. 
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Figure 4.4. Serum concentrations (meanSEM) of sclerostin pre- and post-exercise in 

normal weight (NwAF) and obese adolescent (ObAF) females. For post-hoc analysis 

within normal weight females (blue letters) and obese females (red letters): a=significant 

difference from pre-exercise (p<0.05); c=significant difference from 1h post-exercise 

(p<0.05); d=significant difference from 24h post-exercise (p<0.05).  
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Figure 4.5. Serum concentrations (meanSEM) of parathyroid hormone (PT) pre- and 

post-exercise in normal weight (NwAF) and obese adolescent (ObAF) females. For post-

hoc analysis for combined groups (black letters): a=significant difference from pre-

exercise (p<0.05); b=significant difference from 5 min post-exercise (p<0.05); 

d=significant difference from 24h post-exercise (p<0.05). *Significant mean difference 

between groups (p<0.05).  

 

4.5 Discussion  

This is the first study to compare the resting levels of serum osteokines, inflammatory 

cytokines and adipokines and their responses to a single bout of high-impact, plyometric 

exercise in postmenarcheal adolescent females with normal weight (NwAF) and obesity 

(ObAF). There were three main findings from this study. First, there was no evidence of 

chronic low-grade inflammation in these ObAF. In addition, the similar cytokine 

response to exercise between groups suggests an exercise induced anti-inflammatory 

response that is intact even in the presence of excess adiposity. Second, compared to the 
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NwAF, the ObAF had a significantly lower concentration of osteocalcin, both at rest and 

in response to acute exercise, suggesting that obesity during adolescence may blunt bone 

turnover, and thus prevent normal bone growth over time. Despite a global mean 

difference in osteocalcin levels and no difference in CTX, the response to plyometric 

exercise in these markers were similar between NwAF and ObAF, as both showed a 

transitory decrease in bone resorption (i.e., CTX) 1h post-exercise and an increase in 

bone formation/turnover (i.e., osteocalcin) 24h following plyometric exercise. Third, 

there was a differential response of sclerostin to exercise both directionally and 

temporally, as ObAF had an increase 5 min post-exercise while NwAF had no significant 

response.   

4.5.1 Inflammatory cytokines at rest and in response to plyometric exercise 

There was no difference in the resting levels of IL-6 or TNF-α between NwAF and 

ObAF. These findings are in contrast to previous studies that have reported small, yet 

statistically significant, elevations in resting IL-6 and TNF-α levels in inactive 10-13 year 

old children with obesity compared to normal weight controls (Halle et al., 2004; Reinehr 

et al., 2005). In contrast, when children with obesity were as active as children with 

healthy body fat levels, there were no differences in systemic inflammation (Halle et al., 

2004). Our findings do not support this protective mechanism of inflammation with 

higher physical activity levels, since the ObAF reported significantly lower leisure time 

activity than the NwAF despite having similar cytokine profiles. In contrast, the ObAF 

may have surpassed a “threshold” of weekly physical activity that was sufficient to 

protect them despite their levels being significantly lower than the NwAF, as there levels 

appear to be similar to normal weight adults (Amireault and Godin, 2015). Alternatively, 
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our results may simply indicate that there was no detectable systemic low-grade 

inflammation in this cohort of ObAF independent of physical activity/exercise training. 

This is in line with the idea that overt systemic inflammation is not always detectable in 

children, but that an early, potentially local (e.g., in adipose depots), induction of 

inflammation in children with obesity may precede detectable levels within the 

circulation that are typically observed in adults with obesity (Petersen and Pedersen, 

2005b; Gleeson et al., 2011). The accumulation of (visceral) adipose tissue from 

childhood to young adulthood likely precedes the induction of chronic low-grade 

systemic inflammation seen more overtly in adult populations (Pedersen, 2013). Thus, 

our findings reinforce that adolescence is a critical time for intervening to reduce 

adiposity in hopes of preventing systemic inflammation and associated chronic diseases 

later in life (Gleeson et al., 2011; Booth et al., 2012a; Pedersen and Febbraio, 2012b). 

There were no differences in the cytokine response to the acute plyometric 

exercise bout between ObAF and NwAF. Despite the significant differences in body 

mass and fat between the groups there was an identical transient response in IL-6 in 

direction and magnitude, which indicates that this type of exercise was sufficient at 

eliciting an IL-6 response to exercise in both groups. Although this has not been 

confirmed, the IL-6 increase post-exercise was likely secreted by the muscle and driven 

by changes in calcium, reactive oxygen species and/or substrate utilization (e.g., 

glycogen (Starkie et al., 2003; Pedersen, 2013) in response to exercise. This implies that 

these mechanisms resulting in the release of IL-6 are still intact in adolescents with 

obesity. In contrast, the TNF-α response to plyometric exercise in our adolescent females 

was not similar to what is typically observed in adults. Specifically, TNF-α has been 
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shown to increase significantly or remain unchanged post-exercise in adults (Pedersen 

and Febbraio, 2012b; Kouvelioti et al., 2019a; Contrepois et al., 2020). Here we report 

that TNF-α significantly decreased 1h post-exercise. While mechanistically this may 

make sense, given the increase in IL-6 is known to increase anti-inflammatory cytokines 

(e.g., IL-10) and reduce TNF-α production (Ullum et al., 1994; Ostrowski et al., 1998; 

Petersen and Pedersen, 2005b; Pedersen and Febbraio, 2012b), this small decrease (-5% 

and -9% from pre- to 1h post exercise in NwAF and ObAF, respectively) may not be 

clinically relevant.   

4.5.2 Leptin and Insulin at rest and in response to plyometric exercise 

Leptin is an adipokine that acts to stimulate appetite and diminishes energy expenditure 

to maintain fat stores, thus playing a role in energy homeostasis (Pan and Myers, 2018). 

In this study, leptin; was significantly higher at all time points in the ObAF (consistent 

with their greater fat mass) compared to NwAF and unaffected by an acute bout of 

exercise in both groups. Exercise training induced reductions in fat mass are normally 

needed to see reductions in circulating leptin (Bouassida et al., 2010; Josse et al., 2012). 

Moreover, elevated leptin levels with obesity are likely also a result of leptin resistance, 

causing its overproduction (Tilg and Moschen, 2006). Increased leptin levels are 

associated with insulin resistance, which, in turn, can lead to hyperinsulinemia (D'Elia et 

al., 2019). Indeed, we did find evidence of hyperinsulinemia post-exercise only in the 

ObAF (after consuming a high carbohydrate breakfast and exercising), which remained 

elevated for longer compared to NwAF. This indicates a potential impairment in 

postprandial glucose metabolism/handling in the ObAF. Leptin also has immune 

modulating effects (La Cava and Matarese, 2004), which include inducing the production 
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of pro-inflammatory cytokine (e.g., TNF-α and IL-6), reactive oxygen species, and 

lymphopoiesis (Gainsford et al., 1996; Howard et al., 1999; Tian et al., 2002; Matarese et 

al., 2005; Zhao et al., 2005; Tilg and Moschen, 2006; Romeo et al., 2011). While there 

were no differences in circulating inflammatory cytokines between groups in this study, 

chronically elevated leptin may induce systemic inflammation that will be detectable over 

time (Iikuni et al., 2008).  Thus, elevated leptin in youth may trigger local/tissue level 

inflammation that has not yet manifested as systemic inflammation, but still has adverse 

consequences.  

4.5.3 Bone turnover and sclerostin at rest and in response to exercise  

NwAF had a significantly higher concentration of osteocalcin compared to ObAF at rest, 

suggesting that obesity during adolescence may blunt bone turnover and prevent normal 

bone growth over time (Russell et al., 2010). Despite this difference at baseline, the 

direction and magnitude of the response of these markers to plyometric exercise was 

similar between NwAF and ObAF, as both showed a transitory decrease in bone 

resorption (i.e., CTX) 1h post-exercise and an increase in bone turnover/formation (i.e., 

osteocalcin) 24h following high impact exercise. These findings are in line with previous 

studies that highlight a similar osteogenic response to acute exercise (Kish et al., 2015; 

Mezil et al., 2015) in male adults and children and a lower rate of bone turnover, and 

particularly lower bone formation, at rest in adolescents and young adults with obesity 

(Dimitri et al., 2011; Viljakainen et al., 2014). Taken together, it appears obesity in 

adolescence decreases bone turnover at rest, which may explain why children with 

obesity tend to present with an earlier achievement, and lower, peak height velocity, 

ultimately resulting in impaired linear growth (De Leonibus et al., 2014a). It is important 
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to point out that our participants were matched for somatic maturity; hence, there was no 

significant difference in the age from peak height velocity between groups. Alternatively, 

the lower rate of bone turnover may affect bone quality. Studies have demonstrated that 

while adolescents with obesity tend to have increased bone mass, they also have an 

increased risk of fracture (Manias et al., 2006; Fornari et al., 2013) and a relatively lower 

bone mass for their weight (Goulding et al., 2000). While there were differences in bone 

turnover at rest, the osteogenic bone turnover (i.e., CTX and OC) response to high-impact 

plyometric exercise was similar between groups. This suggests that higher impact loading 

exercise is beneficial for promoting positive bone turnover responses during this critical 

period for bone accrual (i.e. adolescence) (Weaver et al., 2016) independent of adiposity 

or body mass.     

There was a differential response in sclerostin post-exercise in the NwAF and 

ObAF. Specifically, NwAF had no change in sclerostin, while the ObAF showed a 

significant increase 5 min post-exercise which returned to baseline 1h post-exercise. The 

response in the NwAF was consistent with what we have previously reported in pre- and 

postmenarcheal females (Dekker et al., 2017). Interestingly, the ObAF response was 

similar to what we have previously observed in adult females of normal weight 

(Kouvelioti et al, 2019). This finding supports previous reports that obesity in 

adolescence may promote advanced linear growth and skeletal maturation (i.e., “bone 

aging”) (de Groot et al., 2017b), which may have a negative impact on normal linear 

bone growth and development (De Leonibus et al., 2014b). Although we are unclear of 

what may be driving this differential response, the fact that adolescents with obesity have 

similar bone responses to adults following impact exercise warrants further investigation. 
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Research suggests that PTH and TNF-α may play a role in regulating sclerostin’s 

response to exercise since they have been shown to decrease (Bellido et al., 2005; Mirza 

et al., 2010) and increase (Baek et al., 2014a; Kouvelioti et al., 2019a) sclerostin 

expression, respectively. While both PTH and TNF-α fluctuated with exercise in this 

study, their responses were similar between the two groups, suggesting that PTH and/or 

TNF-α cannot explain the differential response of sclerostin post-exercise between our 

two groups. Alternatively, the exercise response in the ObAF may merely reflect higher 

sclerostin content within the bone microenvironment (e.g., canalicular-lacunar network) 

(Falk et al., 2016a) that is released/secreted during mechanical loading (i.e., acute 

exercise). We initially hypothesized that there may be tissue crosstalk from adipose tissue 

to bone, in the form of inflammation, that would result in increasing sclerostin levels, 

both at rest and in response to exercise. This would be more apparent in the ObAF 

compared to NwAF. While we did not observe any differences in inflammation between 

ObAF and NwAF, there is an influence of obesity on the regulation of sclerostin post-

exercise. This finding is intriguing given that humans who have mutations that inhibit 

Wnt signalling (i.e., sclerostin’s mechanism of action) show increased bone loss and 

alterations in the regulation of fat mass and energy balance (Styrkarsdottir et al., 2013; 

Wang et al., 2013a). Moreover, murine models highlight an important role of sclerostin in 

regulating adipose tissue metabolism and growth and development (Fulzele et al., 2017b; 

Kim et al., 2017a; Fairfield et al., 2018a; Kim et al., 2019a). This further points towards 

sclerostin as being an endocrine factor that likely plays a role in regulating tissues beyond 

bone (e.g., adipose tissue). 



   
 

116 
 

This study adds to a body of literature examining the effect of obesity on factors 

that regulate inflammation, bone turnover, and adiposity in adolescent females, which is 

an understudied population and a critical period of growth and development. While there 

were several novel findings in this study, there were also some limitations; first, the small 

sample size may have contributed to the lack of detection of significant differences post-

exercise, particularly in inflammatory cytokines. Second, we did not measure all bone-

related biomarkers, including, for example, blood calcium levels, which could have 

provided some insight regarding the fluctuations we observed in serum PTH. In addition, 

participants ate a small, standardized breakfast before performing the exercise bout, 

which is known to impact some of the serum biomarkers we measured (e.g., IL-6, insulin, 

and bone turnover markers (CTX). There were also differences between groups in other 

variables such as habitual physical activity levels in addition to body mass and body 

composition (by design). While we believe that differences in adiposity are most 

responsible for driving these differences, it is unclear whether other differences between 

groups, such as habitual physical activity levels, may also have played a role. Lastly, the 

exercise mode used in this study may have provided small differences in mechanical 

loading between the groups. This was a result of the ObAF having a larger body mass 

and the NwAF having a higher vertical jump. While we tried to reduce the height of the 

box jumps for the ObAF compared to the NwAF to account for this, there still may have 

been small differences. Despite this potential difference, both groups responded similarly 

to the plyometric protocol, therefore we can assume both groups had a sufficient loading 

stimulus. Examination of the influence of longer-term exercise and dietary interventions 

(i.e., lifestyle modification) on the acute response of cytokines, osteokines and adipokines 
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in pediatric populations should be done to see if these differences persist/change over 

time with interventions designed to reduce adiposity and improve fitness and overall 

health. Mechanistic studies should also be done (in animal models) to examine the 

importance of sclerostin to the exercise induced adaptations of adipose tissue.  

4.6 Conclusion 

This study found no detectable differences in inflammatory cytokines at rest or post-

exercise between the adolescent females with normal weight and obesity. This study also 

provided evidence that a single bout of plyometric exercise can lead to an acute anti-

inflammatory response post-exercise, as both ObAF and NwAF showed an increase in 

IL-6 at 5 min post-exercise and a decrease in TNF-α 1h post-exercise. There was also a 

steady decrease in CTX 1h post-exercise and a similar increase in osteocalcin 24h post-

exercise in both groups of adolescent females, suggesting an overall anabolic bone 

response to loading exercise in this population. Additionally, in the fasted rested state, 

osteocalcin was significantly lower in participants with obesity, indicating an overall 

lowering of bone turnover, which overtime may impact normal bone growth and 

development. Finally, we observed no difference in resting sclerostin levels, but there 

was a differential response post-exercise where the ObAF had a significant increase in 

sclerostin immediately post-exercise while the NwAF had no response. The impact of 

this differential regulation post-exercise is not known but is a cause for concern given 

sclerostin’s role in positively regulating adipogenesis and negatively regulating 

osteogenesis. 
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Chapter 5 – Study 3 
 

Twelve weeks of a diet and exercise intervention that reduces fat mass 

improves the bone response to acute exercise in adolescent females with 

overweight/obesity 

 

Presented as prepared for submission:  

 

Kurgan N, Skelly LE, Izabella A, Klentrou P, Josse AR. Twelve weeks of a diet and 

exercise intervention that reduces fat mass improves the bone response to acute exercise 

in adolescent females with overweight/obesity. In preparation for submission to Bone, 

2022. 

 

5.1 Abstract 

Exercise and consumption of dairy foods have been shown to improve bone 

mineralization. However, if they act synergistically or have similar effects on markers of 

bone metabolism at rest or in response to acute exercise in adolescent females with 

obesity, a population susceptible to altered bone metabolism and mineral properties, is 

unclear. The purpose of this study was to examine if twelve weeks of exercise training 

influenced the response of bone biochemical markers to acute exercise and to examine if 

dairy products could further influence their regulation. Thirty low dairy (0-2 servings/d) 

consuming adolescent females with overweight/obesity (OW/OB) were recruited and 

went through 12 weeks of a lifestyle modification intervention involving exercise training 

and nutritional counselling. Participants were randomized into two groups: higher dairy 

intake (RDA; 4 servings/day; n=14) or low dairy intake (LDA; 0-2 servings/d; n=16). 

They also performed one bout of plyometric exercise (5 circuits; 120 jumps) both pre- 

and post-intervention. Blood samples were taken at rest, and 5 min and 1h post-exercise. 
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Sclerostin, osteocalcin, osteoprotegerin (OPG), receptor activator nuclear factor kappa B 

ligand (RANKL), and C-terminal telopeptide of type 1 collagen (CTX) were measured 

in serum. Sclerostin’s response to acute exercise was reduced from pre- to post-

intervention and dairy had no influence on its response. OPG:RANKL ratio was 

unresponsive to acute exercise at pre-intervention but decreased in response exercise at 

post-intervention. This was a result of RDA having an increase in RANKL and LDA 

having a decrease in response to exercise at pre-intervention and both decreasing at post-

intervention. There was no influence of either diet or intervention on OC, OPG, or CTX 

responses to acute exercise. In conclusion, a lifestyle modification involving exercise 

training blunts the increase in sclerostin and augments the increase in OPG:RANKL to 

acute exercise in OW/OB adolescent females, while dairy consumption does not further 

influence these responses.   

 

Keywords: Exercise, Dairy, Bone, Adolescent Females, Obesity, CTX, Sclerostin, 

Osteoprotegerin, RANKL 
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5.2 Introduction  

During adolescence, there is a high rate of bone remodeling, characterized by bone 

resorption and subsequent formation. The balance of these two processes determines 

bone growth/development and the peak bone mass that one will achieve in their lifetime. 

Higher achievement of peak bone mass following adolescence is associated with reduced 

risk of fragility fractures with age (Boreham and McKay, 2011; Gordon et al., 2017), 

highlighting the importance of adolescents for the prevention of low bone mass induced 

fractures (Hernandez et al., 2003). It has been previously thought that individuals with 

overweight or obesity (OW/OB) have higher bone mass (Fassio et al., 2018), but this 

point has recently been challenged, as adolescents with OW/OB have lower bone mineral 

density (BMD) and bone quality compared to normal weight (NW) females when body 

mass is controlled for (Janicka et al., 2007; Pollock et al., 2007). Additionally, lifestyle 

modification strategies that aim only to reduce body mass (i.e., through caloric 

restriction) may put adolescent females at risk of not only losing lean mass but also 

blunting bone growth and negatively influencing bone mineral properties (Rourke et al., 

2003; Kaulfers et al., 2011; Chaplais et al., 2020). Thus, designing lifestyle interventions 

for adolescents with OW/OB still undergoing linear growth that involve elements of 

weight management (not necessarily weight loss), including healthy eating and exercise, 

are critical for not only improving body composition and associated cardiometabolic risk, 

but also optimizing bone mass accrual (Calleja et al., 2020; Josse et al., 2020; Skelly et 

al., 2021).  

 Dairy products have been shown to increase bone accrual in adolescent youth (de 

Lamas et al., 2019; Wallace et al., 2021), a finding repetitively confirmed by whole body 
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BMD measures (Chan et al., 1995; Cadogan et al., 1997; Du et al., 2004; Lau et al., 2004) 

or specific regions (pelvis (Lau et al., 2004), trochanter (Merrilees et al., 2000), and tibia 

(Vogel et al., 2017)). Dairy product consumption also acts synergistically with exercise 

training to improve whole body BMD compared to each alone (Gómez et al., 2021). We 

recently conducted a randomized controlled trial in adolescent females with OW/OB that 

involved a 12-week lifestyle modification intervention consisting of nutritional 

counselling and thrice-weekly supervised exercise training. Those that were given 4 

servings/d of dairy products (i.e., the recommended dairy group (RDA)) had an increased 

daily intake of bone supporting nutrients, including protein, vitamin D, calcium, 

phosphorous, and potassium, while those that maintained a low dairy intake (0-2 

servings/d; LDA) did not. The RDA group also had significant reductions in fat mass and 

increased lean mass that were greater than the LDA group (Calleja et al., 2020), 

suggesting a beneficial effect of increased dairy intake for body composition. Following 

the intervention, the RDA group had reductions in resting levels of the bone resorption 

marker C-terminal telopeptide of type 1 collagen (CTX) compared to the LDA group, 

which is likely related to the increased intake of nutrients that support bone growth found 

in dairy products (Josse et al., 2020).  

Although resting levels of CTX decreased following 12 weeks of exercise 

training and dairy consumption in the RDA group (Josse et al., 2020), examining 

dynamic responses of bone biochemical markers under physiological stresses (e.g., acute 

exercise) may be more relevant to the assessment of bone health status. This notion is 

analogous to how 2-hour postprandial glucose (PPG) levels following an oral glucose 

tolerance test provides important information for how the body handles a glucose load 
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(i.e., a metabolic stressor). Indeed, 2-hour PPG is strongly associated with metabolic 

dysfunction and more closely related to disease progression than fasting rested glucose 

(van Ommen et al., 2009). Acute exercise typically leads to a transient increase in 

markers of bone resorption (e.g., CTX and sclerostin) and a lack of change in markers 

of bone formation (e.g., N-terminal propeptide of type 1 procollagen (P1NP), osteocalcin 

[OC], and osteoprotegerin [OPG]). This temporal response in bone biochemical markers 

to acute exercise is thought to be essential in improving bone mineral properties by 

initiating an increased resorption of old damaged bone and a subsequent, delayed, 

replacement with new osteoid/bone (Dolan et al., 2020). Therefore, alterations in the 

regulation of this process may prevent bone mass accrual. Indeed, the acute responses of 

some bone biochemical markers have also been shown to be influenced by adiposity 

(Kurgan et al., 2020). While our lab found no difference in the CTX response to acute 

exercise between adolescent females with normal weight and OW/OB, we did observe a 

larger and more sustained increase in sclerostin in adolescent females with OW/OB 

(Kurgan et al., 2020). This difference in the post-exercise response of sclerostin between 

adolescents with normal weight or OW/OB supports previous reports that obesity in 

adolescence may accelerate bone maturity in expense of peak bone mass (De Leonibus et 

al., 2014a; de Groot et al., 2017a) and may even oppose the long-term bone benefits 

observed with exercise training in adolescents. Despite our previous investigations 

(Calleja et al., 2020; Josse et al., 2020; Skelly et al., 2021), it remains unknown whether 

chronic lifestyle improvements (i.e., healthy eating and exercise training) in adolescent 

females with OW/OB influences the bone metabolic response to acute exercise. 

Therefore, using a sub-group of participants from our main IDEAL Study (Calleja et al., 
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2020; Josse et al., 2020; Skelly et al., 2021), the present study primarily aimed to 

determine whether the bone biochemical response to acute exercise could be influenced 

by a lifestyle intervention involving exercise training in adolescent females with OW/OB. 

To address this question, both markers of bone anabolism (OC and OPG) and catabolism 

(sclerostin, CTX and receptor activator of nuclear factor k B Ligand (RANKL), were 

examined. In addition, given dairy’s beneficial effects on bone mineralization, the 

secondary objective was to assess whether increased dairy intake augmented any exercise 

training influences on the bone biochemical response to acute exercise.  

5.3 Materials and Methods  

5.3.1 Participants  

This study represents a secondary analysis that answered a novel question from a 

previously published intervention (Calleja et al., 2020; Josse et al., 2020; Kurgan et al., 

2020; Skelly et al., 2021). The present study includes data from 30 (mean age 14.3 ± 2.0 

years; range 10.9–18.9 years) out of 63 adolescent females who took part in a lifestyle 

modification, weight management parallel randomized controlled intervention trial 

entitled, ‘Improving Diet, Exercise And Lifestyle (IDEAL) for Adolescents’, which was 

registered at ClinicalTrials.gov (NCT02581813), and was approved by our institution’s 

Research Ethics Board (BREB file # 14-284). The IDEAL for Adolescents Study was a 

12-week, diet and exercise intervention study in OW/OB adolescent girls carried out 

from June 2016−October 2018. The main CONSORT flow diagram can be found in a 

previously published paper (Josse et al., 2020). Participants were recruited from the 

Niagara Region, Ontario, Canada. Eligibility required participants to be menarcheal, 

between the ages of 10 and 18 years, overweight (OW; ≥85–96 percentile BMI) or obese 
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(OB; ≥97 percentile BMI) based on World Health Organization growth charts, low dairy 

consumers (0–2 servings per day), minimally active (activity 0–2 times per week), and 

otherwise healthy. Participants were excluded if they reported an allergy to dairy foods or 

lactose intolerance, were taking medications related to a chronic condition or one that 

affected bone health or were consuming vitamin or mineral supplements not prescribed 

by a physician. All eligible participants and their parents/guardians were invited to Brock 

University, where they provided informed assent and consent, respectively.  

On their first visit to the lab, participants completed a general health questionnaire 

to document medical history and medication use. After all entry criteria were met, 

participants were stratified by BMI percentile (either OW/OB) and were randomly 

assigned (using a random number generator) to one of three different groups: 

recommended dairy (RDA), low dairy (LDA), or a no-intervention control using an 

unblocked random allocation ratio of 2:2:1. The no-intervention control group was not 

included in this study due to a low sample size for the specific outcomes of interest in this 

study (i.e., the bone markers response to acute exercise).  

5.3.2 Study Design and Procedures 

Prior to commencing the intervention, participants visited the laboratory for baseline 

testing. Tests included anthropometric measurements and the first set (i.e., baseline) of 

blood samples taken at rest and in response to an acute exercise bout (described in detail 

in the following section). Participants were also instructed on how to properly complete a 

7-day food record to confirm their low dairy intake and to examine their habitual 

diet/nutrient intakes. After the initial visit, participants returned to the laboratory for an 

exercise introduction session, where the parent/guardian and participant met their 
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personal trainer, reviewed the exercise program, and outlined the exercise schedule for 

the next 12 weeks. After the exercise introduction session, participants had their first diet 

consultation with a registered dietitian who reviewed the baseline 7-day food record with 

them and their parent/guardian and gave instructions for beginning the dietary protocol. 

Participants in the Rda group were then provided with dairy products and general 

guidance regarding their consumption during this visit and every 2 weeks for the 12-week 

intervention. 

5.3.3 Acute Exercise Session and Blood Sampling 

The acute exercise bout was meant to examine the bone response to exercise; thus, we 

utilized a protocol that involves high-impact, weight-bearing loads, as we have done 

previously in adolescents (Calleja et al., 2020; Josse et al., 2020; Kurgan et al., 2020; 

Skelly et al., 2021). Participants began the exercise session with a warm-up that included 

5 min of low-intensity cycling (40W of resistance) on a cycle ergometer. Once the warm-

up was completed, participants were given a comprehensive explanation and 

demonstration of each of the circuits. The protocol included 120 jumps organized into 

five circuit training stations, which included box jumps (jump height was set at 25 cm), 

lunge jumps, tuck jumps, single leg hopping and jumping jacks (MacKelvie et al., 

2003a). Each station included three sets of eight repetitions and participants were allowed 

3 min of recovery between sets. In addition to the comprehensive explanation prior to 

beginning the exercise session, before beginning each station participants were shown 

how to perform each exercise and familiarized themselves with each circuit type to 

ensure each jump was done with correct technique during the trial to avoid injury and full 
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effort for consistency across trials. Each plyometric testing protocol was carried out by 

the same 2 researchers to ensure safety, technique, and effort were monitored.   

Blood sampling occurred in the morning hours (between 0800 and 1100 hours) 

to minimize any circadian rhythm variation in the serum biomarkers. Participants were 

asked to come to the laboratory fasted (~10-12h), and to avoid any vigorous or high-

impact exercise for at least 24 hours prior to testing. Upon arrival to the laboratory, if 

requested, a topical anesthetic cream, Emla (25 mg/g lidocaine + 25 mg/g prilocaine), 

was applied to the antecubital fossa of the participants arm prior to blood sampling. 

Subsequently, height, weight and body composition were measured. Participants then sat 

down and rested for 10 min. This was followed by a rested, pre-exercise, fasted venous 

blood sample, which was drawn by a phlebotomist using a standard venipuncture 

procedure with a 23G butterfly needle and vacutainers (serum separator tubes (SST)) 

(cat#: 367983-1, BD, Mississauga, ON). Vacutainer tubes sat to clot (~20 min) before 

being centrifuged at 1400 RCF (xg) for 15 min at 4°C. Serum was separated and 

aliquoted into 1.5 ml polyethylene cryotubes that were stored at −80 °C for analysis upon 

study completion. Following the resting blood sample, participants were provided with a 

standardized light breakfast (1 small granola bar, 1 banana, and water). The breakfast was 

provided to ensure participants had adequate energy during the exercise session. It was 

also low in protein and calcium to not allow for the acute intake of these nutrients to 

influence the bone turnover response to acute exercise (Scott et al., 2012;Shams-White et 

al., 2017;Bhattoa, 2018). Within 20 min, they began the 30 min plyometric exercise 

protocol followed by two more blood samples at 5 min and 1h post-exercise.  
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5.3.4 Exercise Intervention 

Participants in both groups (RDA and LDA) completed a structured, supervised exercise 

training program over the 12 weeks (3x/week). The exercise intervention was 

individualized and based on the principles of progressive loading whereby the exercise 

trainers would change exercise variables (i.e., load/reps/duration/speed) to maintain a 

constant exercise stimulus. Each session lasted between 60-90 min and began with a 

plyometric-based (jumping) warm-up for 5–10 min, followed by 20-30 min of aerobic 

training (on either a treadmill, cycle ergometer, elliptical or rowing ergometer) and either 

20-30 min of resistance training using free weights and machines (2x per week), or 

plyometric exercises (1x per week). Upon completion, participants cooled down by 

stretching and walking. Participants consumed a drink immediately after each training 

session. The RDA group drank 1 cup (250 ml) of 1% chocolate milk, and the LDA group 

drank 1 cup of a non-dairy, vitamin D- and calcium-free, carbohydrate-based, electrolyte 

drink. On the days participants did not receive formal exercise training, they were 

encouraged to increase their physical activity to achieve a predetermined number of steps 

during their leisure time. 

5.3.5 Dietary Intervention 

Dietary counseling by a registered dietitian was provided five times during the study 

(weeks 0, 2, 4, 8, 12) to each participant and their parent/guardian, individually. Energy 

requirements/expenditures were calculated for each participant using predictive equations 

from the Academy of Nutrition and Dietetics for OW/OB girls. This was used to 

prescribe a diet for weight maintenance (and not weight loss) based on participant’s age, 

height and body mass. Participants were provided with an eating plan outlining how 
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many servings from each food group they should consume (according to Canada’s 2007 

Food Guide (Canada, 2007)) corresponding to their calculated daily energy requirements 

to maintain energy balance. All participants were counseled on consuming a healthy diet 

of fruit, vegetables, high fiber foods, whole grains, lean meats, and meat alternatives. 

Participants were also asked to avoid processed foods, foods high in “bad” fats (trans and 

some sources of saturated fat), sugar-sweetened beverages, pastries, and confection, and 

they were instructed not to take any vitamin or mineral supplements or fortified 

juices/drinks during the study. 

The study was designed such that the RDA and LDA groups differed primarily in 

the source of protein (and associated nutrients) they consumed, as the RDA group 

consumed half of their daily protein (~20% of total energy intake) from dairy sources. 

For the duration of the intervention (12 weeks), the RDA group was provided with 4 

servings/day of mixed dairy products including 2 cups of 1% milk (white and chocolate), 

2 × 100 g cartons of 0% or 2% MF Greek yogurt (any flavor) and 42 g of full-fat cheddar 

or marble cheese. The LDA group maintained their low dairy intake of 0–2 servings/day 

and continued to consume protein from other sources including: meat, egg, fish, chicken, 

legumes, and grains. They were also asked to refrain from consuming calcium-fortified 

beverages/foods. 

5.3.6 Adherence 

Adherence was calculated separately for the exercise and dairy components of the study 

as detailed in Calleja et al. (Calleja et al., 2020). Briefly, adherence to the exercise 

training component of the intervention was calculated by comparing the number of 

exercise sessions attended to the number of sessions that were scheduled and converting 
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to a percentage. Adherence to the consumption of the dairy products (or not) was based 

on measuring the average daily servings of dairy products consumed at weeks 4, 8 and 

12. Rda participants were considered adherent if they consumed ≥3 of the 4 prescribed 

servings/day. Lda participants were considered adherent if dairy servings were kept 

≤2/day. 

5.3.7 Body Composition and Maturity 

Height (cm), seated height (cm), body mass (kg), and body composition (lean mass and 

fat mass) were assessed for each participant at weeks 0 and 12 by the same investigator. 

Standing and seated height were measured using a stadiometer (Seca 213 Portable 

Stadiometer, CME Corp., Warwick, RI) to the nearest 0.1 cm with light clothing and no 

shoes. Body mass was assessed using a standard scale (Digital Physician Scale, Rice 

Lake Weighing Systems, Rice Lake, WI). Body composition was measured as previously 

described (Calleja et al., 2020), using the BodyMetrix (BMX; BodyMetrix System, BX-

2000, IntelaMetrix, Inc., Livermore, CA), a handheld device which utilizes amplitude-

mode ultrasound technology to measure fat thickness. The somatic maturity offset (years 

from peak height velocity) was estimated using a sex-specific regression equation. This is 

a simple, noninvasive method of assessing somatic maturity in children using known 

differential growth measures of height, seated height, and leg length.  

5.3.8 Food Records 

All participants provided 7-day food records at weeks 0 and 12 and 3-day food records at 

weeks 2, 4 and 8 before each dietetic counseling session to assess dietary intake, to track 

compliance with the nutrition protocol, and to provide guidance moving forward. Food 



   
 

144 
 

records were analyzed using the Food Processor Diet analysis software program (ESHA 

Research, Inc. Salem, OR).  

5.3.9 Serum Bone Biochemical Markers 

The β-CTX; (β-CrossLaps; cat#: 11972308 122) was measured from serum at the Mount 

Sinai Hospital Core Laboratory (Toronto, Ontario) using a Roche Cobas e602 automated 

analyzer. Lower and upper detection limits were 0.010–6.00 ng/ml (quality control 

standard CV: 4.8%). Serum sclerostin was measured in duplicate using an enzyme linked 

Immunosorbent assay (ELISA; cat# DSST00; R&D, Minneapolis, MN). OC and OPG 

were measured in duplicate using a microbead multiplex kit (cat# HBNMAG-51K-08, 

EMD Millipore, Darmstadt, Germany) and RANKL was measured in duplicate using a 

microbead single-plex kit (cat# HRNKLMAG-51K-01, EMD Millipore, Darmstadt, 

German). The average intra-assay coefficients of variation (CVs) for sclerostin, OC, 

OPG, and RANKL were 5.4, 5.6, 4.8, and 6.1%, respectively. The average inter-assay 

CVs for CTX, sclerostin, OC, OPG, and RANKL were 4.8, 5.7, 6.4, 5.1, and 4.1%, 

respectively. 

5.3.10 Statistical Analysis 

Results are presented as mean ± standard deviation (SD) for all Tables and Figures. For 

age, anthropometrics, and nutrient/energy intake variables, a two-way repeated measures 

ANOVAs (RMANOVA) were used to examine main effects for group (differences in 

RDA and LDA) and intervention (pre- and post-intervention response), as well as their 

interaction (group*intervention) to examine if the groups responded differently to the 

intervention. For pairwise comparisons, a Bonferroni correction was used. For fat mass, a 

2-way repeated measures ANCOVA was used with weight change as a covariate like we 
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have previously done (Calleja et al., 2020). Unpaired t-tests were used to examine 

differences in adherence to the diet and exercise intervention between groups. 

Biochemical data were assessed for normality using skewness and kurtosis. For 

concentrations of biochemical markers, sclerostin, CTX, and OC were normally 

distributed, while RANKL and OPG:RANKL were not, but normality improved 

following log transformation. Outliers were identified (> ±3 SD) and replaced with the 

corresponding upper or lower 3 SD limit, which resulted in 0, 4 (2 participants), 0, 11 (2 

participants), 4 (2 participants), and 0 replaced values for sclerostin, OPG,  CTX 

concentration, respectively, and 0, 2, 1, 1, 1, and 0 replaced values for sclerostin, OC, 

OPG, RANKL, OPG:RANKL, CTX percent change values, respectively. Missing 

values (n = 3) were replaced with the group, intervention, and time point-specific mean 

value. Three-way RMANOVAs were performed to examine main effects for the response 

of bone biochemical markers to acute exercise. There were two separate analyses, which 

included an absolute concentration analysis (pre-, and 5 min and 1h post-exercise) and 

percent change from pre-exercise analysis (5 min and 1h post-exercise responses). For 

main effects, short term response to the acute exercise bouts was the main effect of time, 

comparison between pre- and post-intervention was the main effect of intervention, and 

differences between groups (RDA vs. LDA) was the main effect of group. We also 

examined their interactions, which included time*intervention, time*group, 

intervention*group, and time*intervention*group. Following significant main effects or 

interactions, pairwise comparisons using a Least Significant Difference (LSD) correction 

were assessed. For all statistical tests, significance was assumed at an alpha level of 

<0.05. Sphericity was assumed at p>0.05, and if <0.05, the Greenhouse-Geisser 
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correction was used. Analyses were performed using SPSS version 26.0 for Windows 

(SPSS, Chicago, Illinois, USA) and graphs were made in GraphPad Prism 9 (San Diego, 

CA, USA). 

5.4 Results  

There was no difference in adherence to the scheduled exercise sessions between the 

RDA group (attended 85% ± 8%) and LDA group (attended 79% ± 11%; p = 0.06). All 

(100%) of the RDA participants consumed ≥3 servings/day of dairy products and 100% 

of the LDA participants consumed ≤2 servings/day of dairy products. Specifically, the 

combined dietary intake data from the week 4, 8 and 12, showed RDA group consumed 

3.8 ± 0.4 servings/day and the LDA consumed 0.3 ± 0.3 servings/day (p <0.0001).  

Table 5.1 presents pre- and post-intervention data for demographic, 

anthropometric, body composition, and nutrient intakes between LDA and RDA groups 

(Table 1). A main effect for intervention was found for age from PHV (p < 0.0001, grand 

mean difference = +0.2y), height (p = 0.0009, grand mean difference = +0.5 cm), and fat 

mass (p < 0.0001, grand mean difference = -1.1 kg). There was a group main effect for 

energy intake, which was a result of the RDA group having higher energy intake 

compared to the LDA group across both timepoints (p = 0.01, +249 kcal). While there 

was no difference between groups or from pre- to post-intervention in either carbohydrate 

or fat intake, there was a group*intervention interaction for protein intake. This 

interaction was a result of RDA increasing their protein intake from pre- to post-

intervention (p < 0.0001, +32%), while LDA had no difference (p = 0.3, +7.0%). There 

were also group*intervention interactions for all nutrients that are known to support bone 

growth in adolescents (all p ≤ 0.02). These interactions were caused by RDA increasing 
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intakes of vitamin D (p = <0.0001, +77%), calcium (p = <0.0001. +64%), phosphorous (p 

= <0.0001. +63%), and potassium (p = 0.0002. +42%) from pre- to post-intervention, 

while LDA had no changes in intakes of vitamin D (p = >0.9, -1%), calcium (p = 0.4, -

13%), phosphorous (p = 0.3, +12%), or potassium (p = 0.2, +12%) (Table 1). 
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Table 5.1. Age, anthropometric, body composition, and nutrient intake at pre- and post-intervention for RDA and LDA groups. 

Variable RDA (n=14)  LDA (n=16)  RMANOVA p-values 

 Pre-Intervention Post-Intervention Δ Pre-Intervention Post-Intervention Δ Group Intervention Interaction 

Age  

(y) 

13.7±1.4 - - 14.3±2.1 - - 0.2 - - 

Age from PHV 

(y) 

2.0±0.9 2.2±0.9 0.2 2.4±1.1 2.6±1.1 0.2 0.3 <0.0001 0.7 

Height  

(cm) 

165.7±6.2 166.3±6.3 0.6 163.3±6.8 163.9±6.8 0.6 0.3 0.0009 0.9 

Weight  

(kg) 

78.4±13.9 77.8±11.7 -0.6 78.1±13.6 78.2±14.1 0.1 >0.9 0.7 0.5 

Fat Mass 

(kg) 

29.4±7.4 27.9±6.1 -1.5 28.7±7.3 27.8±7.8 -0.9 >0.9 <0.0001 0.5 

Energy Intake 

(kcal) 

1729±393 1755±253 26 1575±400 1409±239 -166 0.01 0.4 0.2 

Protein intake 

(g·kg bm-1·d-1) 

0.90±0.3 1.18±0.3* 0.28 0.85±0.3 0.9±0.2 0.05 0.1 <0.0001 0.008 

Carbohydrate 

intake  

(g·kg bm-1·d-1) 

2.85±0.9 

 

2.72±0.8 -0.13 2.57±0.9 2.25±0.7 -0.27 0.3 0.2 0.5 

Fat intake  

(g·kg bm-1·d-1) 

0.92±0.3 

 

0.88±0.2 -0.04 0.85±0.4 0.74±0.3 -0.09 0.3 0.4 0.8 

Vitamin D 

(µg·d-1) 

2.99±1.4 5.33±1.2* 2.34 1.69±1.1 1.67±1.1 -0.02 <0.0001 <0.0001 0.0003 

Calcium  

(mg·d-1) 

794±271 1306±165* 512 512±240 448±162 -64 <0.0001 0.0003 <0.0001 

Phosphorous  

(mg·d-1) 

908±368 1477±216* 569 771±193 860±174 89 <0.0001 <0.0001 0.0001 

Potassium 

(mg·d-1) 

1697±673 2413±554* 716 1588±477 1778±402 190 0.03 0.0002 0.02 

Data is reported as mean±SD. y = years; cm = centimeters = kg = kilograms; kcal = kilocalories; g·kg bm-1·d-1 = grams per kilogram body mass per day; µg = 

micrograms; mg = milligrams; Δ = post-intervention – pre-intervention and are in their respective units. A two-way RMANOVA was used to examine main 

effects for group and intervention as well as their ‘interaction’ = group*intervention. Bonferroni correction was used for pairwise comparisons; * = p≤0.0002 

compared to pre-intervention for RDA. ANCOVA was used for fat mass with change in body weight as the covariate.
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Our previous study comparing adolescents with normal weight or OW/OB 

showed sclerostin increased immediately post-exercise only in those with OW/OB 

(Kurgan et al., 2020); therefore, we wanted to examine whether our lifestyle intervention 

that decreased fat mass would influence sclerostin’s response to acute exercise. Main 

effects from the three-way RMANOVA for sclerostin concentration identified a time 

effect (p = 0.02) and no group (p = 0.9) or intervention (p = 0.3) effects. There was also 

an intervention*time interaction (p = 0.008), and no intervention*group (p = 0.4), 

time*group (p = 0.4), or intervention*time*group (p = 0.8) interactions. Pairwise 

comparisons for the intervention*time interaction identified a decrease at the 1h post-

exercise timepoint from pre- to post-intervention (p = 0.01, -20.7 pg·ml-1). At pre-

intervention, there was an increase from pre- to 5 min (p = 0.004, +33.3 pg·ml-1), which 

remained elevated from pre-exercise at 1h post-exercise (p = 0.02, +20.4 pg·ml-1), while 

at post-intervention, there was only a decrease from 5 min to 1h post-exercise (p = 0.02, -

19.2 pg·ml-1) (Figure 5.1a). Main effects from the three-way RMANOVA for sclerostin 

percent change identified differences in intervention (p = 0.03, +24.6 pg·ml-1) and time (p 

= 0.04, -11.5 pg·ml-1) effects and no group effect (p = 0.07). There were no 

intervention*group (p = 0.4), time*group (p = 0.4), or intervention*time*group (p = 0.8) 

interactions (Figure 5.1b).  

 Given that sclerostin inhibits osteoblast activity/bone formation (Poole et al., 

2005), we examined total OC, a marker of osteoblast activity. Main effects from the 

three-way RMANOVA for OC concentration identified a time effect (p = 0.005) and no 

group (p = 0.7) or intervention (p = 0.1) effects. There were also no interactions for 

intervention*group (p = 0.9), intervention*time (p = 0.2), time*group (p = 0.2), or 
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intervention*time*group (p = 0.7). Pairwise comparisons for time identified a decrease 

from pre- to 1h post-exercise for OC (p = 0.001, -1719.9 pg·ml-1) (Figure 5.1c). Main 

effects from the three-way RMANOVA for OC percent change identified no main effects 

for either intervention (p = 0.2), time (p = 0.1), or group (p = 0.3) and no interactions for 

intervention*group (p = 0.6), time*group (p = 0.2), intervention*time (p = 0.9), or 

intervention*time*group (p = 0.6) (Figure 5.1d).  
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Figure 5.1. Serum sclerostin and OC responses to acute exercise at pre- and post-

intervention in both RDA (n=14) and LDA (n=16) groups. (a) Serum concentration of 

sclerostin at pre-exercise and 5 min and 1h post-exercise, (b) percent change of serum 

sclerostin at 5 min and 1h post-exercise relative to pre-exercise, (c) serum concentration 

of OC at pre-exercise and 5 min and 1h post-exercise, and (d) percent change of serum 

OC at 5 min and 1h post-exercise relative to pre-exercise in both RDA and LDA groups. 

For pairwise comparisons: a = significant difference from pre-exercise independent of 

group and intervention; α = significant difference from pre-exercise at pre-intervention 

independent of group; & = significant difference from 1h post-exercise at post-

intervention independent of group; * = significant difference between indicated time 

point at pre-intervention and post-intervention independent of group. Main effects and 

interactions from the three-way RMANOVA that are significant are reported in the 

figure, others are reported in text. Data is reported as mean±SD.   
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OPG expression is increased with increased Wnt signalling (Willert et al., 2002), 

thus following the examination of sclerostin, a Wnt antagonist, we examined serum 

concentration of OPG. Main effects from the three-way RMANOVA for OPG 

concentration identified a time effect (p = 0.01), and no group (p = 0.8) or intervention (p 

= 0.5) effects. There were no interactions for either intervention*time (p = 0.2), 

intervention*group (p = 0.2), time*group (p = 0.8), or intervention*time*group (p = 0.7). 

Pairwise comparisons for time identified a decrease at the 1h post-exercise timepoint 

compared to pre-exercise (p = 0.02, -16.2 pg·ml-1) and 5 min post-exercise (p = 0.02, -

16.4 pg·ml-1) (Figure 5.2a). Main effects from the three-way RMANOVA for OPG 

percent change identified no intervention (p = 0.6), time (p = 0.08), or group (p = 0.2) 

effects. There were also no interactions for either intervention*group (p = 0.8), 

time*group (p = 0.5), intervention*time (p = 0.2), or intervention*time*group (p = 0.1) 

(Figure 5.2b).  

 RANKL stimulates osteoclastogenesis and OPG acts a decoy receptor for 

RANKL (Yasuda et al., 1998), thus we examined soluble RANKL (unbound to OPG) 

serum concentration. Main effects from the three-way RMANOVA for RANKL 

identified a time effect (p < 0.0001) and no group (p = 0.2) or intervention (p = 0.8) 

effects. There were no interactions for either intervention*time (p = 0.06), 

intervention*group (p = 0.6), time*group (p = 0.07), or intervention*time*group (p = 

0.3). Pairwise comparisons for time identified no difference between pre- and 5 min post-

exercise, while 1 h post-exercise was lower than both pre-exercise (p < 0.001, -8.9 pg·ml-

1) and 5 min post-exercise (p < 0.001, -11.9 pg·ml-1) (Figure 5.2c. Main effects from the 

three-way RMANOVA for RANKL percent change identified main effects for both time 
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(p < 0.001, -18.9%) and group (p = 0.03, +11.3%) and no main effect for intervention (p 

= 0.09). There was also an interaction for intervention*group (p = 0.005), which was a 

result of RDA being higher than LDA at pre-intervention (p = 0.003, +25.2%) and not 

different at post-intervention (p = 0.6, -2.6%). There were no interactions for time*group 

(p = 0.7), intervention*time (p = 0.2), or intervention*time*group (p = 0.9) (Figure 5.2d).  

Given that the OPG measured could be either bound or unbound to RANKL, it is 

important to present the ratio of OPG to soluble RANKL to show the extent to which 

RANKL is being inhibited by OPG. Main effects from the three-way RMANOVA for the 

OPG:RANKL ratio identified a time effect (p < 0.001) and no group (p = 0.2) or 

intervention (p = 0.6) effects. There was also an intervention*time interaction (p = 0.03) 

and no interactions for intervention*group (p = 0.7), time*group (p = 0.4), and 

intervention*time*group (p = 0.2). Pairwise comparisons for an intervention*time 

interaction identified no differences at any timepoint from pre- to post-intervention, while 

1h post-exercise was trending to be higher post-intervention compared to pre-intervention 

(p = 0.07, +1.6 AU). While there were no significant pairwise comparisons for any 

timepoints at pre-intervention, the 1h post-exercise timepoint was significantly higher 

than pre-exercise (p < 0.001, +2.6 AU) and 5 min post-exercise (p < 0.001, 2.9 AU) at 

post-intervention (Figure 5.2e). Main effects from the three-way RMANOVA for 

OPG:RANKL ratio percent change identified a main effect for time (p < 0.001, +20.2%), 

and no main effects for either intervention (p = 0.06) or group (p = 0.1). There was also 

an intervention*group (p = 0.003) interaction, but no significant interaction for 

time*group (p = 0.6), intervention*time (p = 0.09), or intervention*time*group (p = 

0.09). Pairwise comparisons for the intervention*group interaction identified that RDa 
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was significantly lower pre-intervention compared to LDa (p = 0.01, -21.6%) and was not 

different post-intervention (p = 0.4, +5.0%) (Figure 5.2f).  
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Figure 5.2. Serum OPG, RANKL, and OPG:RANKL ratio response to acute exercise at 

pre- and post-intervention in both RDA (n=13) and LDA (n=15) groups. (a) Serum 

concentration of OPG at pre-exercise and 5 min and 1h post-exercise, (b) percent change 

of serum OPG at 5 min and 1h post-exercise relative to pre-exercise, (c) serum 

concentration of RANKL at pre-exercise and 5 min and 1h post-exercise, (d) percent 

change of serum RANKL at 5 min and 1h post-exercise relative to pre-exercise, (e) ratio 

of serum OPG:RANKL at pre-exercise and 5 min and 1h post-exercise, (f) percent 

change the ratio of serum OPG:RANKL at 5 min and 1h post-exercise relative to pre-

exercise in both RDA and LDA groups. For pairwise comparisons: a = significant 

difference from pre-exercise independent of group and intervention; b = significant 

difference from 5 min post-exercise independent of group and intervention; # = 

significant difference from pre-exercise at post-intervention independent of group; & = 

significant difference from 5 min post-exercise at post-intervention independent of group. 

Main effects and interactions from the three-way RMANOVA that are significant are 

reported in the figure, others are reported in text. Data is reported as mean±SD.   
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To provide insight into osteoclast activity, the bone resorption marker CTX was 

measured. Main effects from the three-way RMANOVA for CTX concentration 

identified a time effect (p < 0.001) and no group (p = 0.9) or intervention (p = 0.7) 

effects. There were also no interactions for intervention*group (p = 0.08), 

intervention*time (p = 0.2), time*group (p = 0.1), or intervention*time*group (p = 0.2). 

Pairwise comparisons for time identified an increase from pre- to 5 min post-exercise (p 

= 0.001, +63.5 pg·ml-1), while 1h post-exercise was lower than pre-exercise (p < 0.001, -

187.1 pg·ml-1) and 5 min post-exercise (p < 0.001, -250.6 pg·ml-1) (Figure 5.3a). Main 

effects from the three-way RMANOVA for CTX percent change identified a main 

effect for time (p <0.001, -28.4%) and no main effects for either intervention (p = 0.6) or 

group (p = 0.4). There were also no interactions for either intervention*group (p = 0.6), 

time*group (p = 0.1), intervention*time (p = 0.7), or intervention*time*group (p = 0.4) 

(Figure 5.3b). 
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Figure 5.3. Serum CTX’s response to acute exercise at pre- and post-intervention in 

both RDA (n=14) and LDA (n=16) groups. (a) Serum concentration of CTX at pre-

exercise and 5 min and 1h post-exercise, and (b) percent change of serum CTX at 5 min 

and 1h post-exercise relative to pre-exercise in both RDA and LDA groups. For pairwise 

comparisons: a = significant difference from pre-exercise independent of group and 

intervention; b = significant difference from 5 min post-exercise independent of group 

and intervention. Main effects and interactions from the three-way RMANOVA that are 

significant are reported in the figure, others are reported in text. Data is reported as 

mean±SD.  
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5.5 Discussion  

This is the first study to compare the influence of a 12-week lifestyle modification (diet 

and exercise training) intervention, and to specifically isolate the effect of increased dairy 

intake during the intervention, on the response of bone biochemical markers to acute 

exercise. The 12-week intervention, independent of dairy consumption, reduced the 

sclerostin response and augmented the OPG:RANKL ratio response to acute exercise. 

Dairy intake during the intervention benefitted the relative RANKL and OPG:RANKL 

ratio responses to exercise in the RDA group (which demonstrated a more detrimental 

response at baseline) but did not result in further improvement beyond the LDA post-

exercise response. Aside from this, increased dairy consumption, and subsequently 

increased habitual intake of bone-supporting nutrients, during the intervention did not 

further influence the regulation of bone markers in response to acute exercise. Thus, our 

results suggest that a lifestyle intervention of healthy eating and exercise training for 

weight management in adolescents with OW/OB can benefit the short-term bone 

response to acute exercise.  

 In this study, we showed that sclerostin increased immediately post-exercise and 

remained elevated at 1h post-exercise at pre-intervention in adolescent females with 

OW/OB. The pre-intervention response was similar to our previous findings (Kurgan et 

al., 2020), which showed adolescent females with OW/OB had a transient post-exercise 

increase in sclerostin that is more characteristic of adult bone (Kouvelioti et al., 2019b), 

while normal weight age matched controls had no response in sclerostin to acute exercise. 

Taken together, these results suggest that adolescent females with OW/OB may have 

more mature bones than age matched normal weight controls (Johnson et al., 2012). 
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However, following 12 weeks of a lifestyle intervention that reduced fat mass, the 

transient post-exercise increase in sclerostin that we initially observed in OW/OB, was 

blunted, independent of dairy intake. This new finding is important because sclerostin is 

known to inhibit bone formation (Poole et al., 2005), suggesting that during adolescence, 

when peak bone mass is accrued, the transient post-exercise increase in sclerostin is 

likely a maladaptation related to OW/OB. Thus, our 12-week intervention involving diet 

modification and resistance and plyometric exercise training, which led to a reduction in 

fat mass, corrected this perturbation/maladaptation in our group of adolescent females 

with OW/OB likely via a reduction in the sclerostin protein content within the bone 

multicellular unit. It has been previously shown in vivo (Robling et al., 2008) and in vitro 

(Spatz et al., 2015) that osteocyte sclerostin expression decreases with long term 

mechanical loading. This is likely why other researchers have observed a negative 

association of circulating sclerostin with long term exercise training in humans (Amrein 

et al., 2012a) and potentially why we see a difference in the response to acute exercise in 

this study. The lifestyle intervention also induced a decrease in fat mass (and an increase 

in lean mass) in both groups. Sclerostin has been shown to have an endocrine role in 

regulating fat mass, indicating changes in fat mass may also play a role in regulating 

adaptations in sclerostin, further suggesting a sclerostin-fat endocrine axis (Kim et al., 

2017c; Kim et al., 2019b; Kim et al., 2021). Indeed, observational studies have found 

circulating sclerostin to be positively correlated with fat free mass in adult females 

(Sheng et al., 2012). Additionally, while we found no response in whole-body measures 

of insulin resistance in our main IDEAL Study cohort (reported elsewhere (Skelly et al., 

2021)), it is important to note that serum sclerostin levels appear to be elevated in 
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individuals with prediabetes and correlate with insulin resistance in skeletal muscle, liver, 

and adipose tissue (Daniele et al., 2015). Therefore, tissue specific changes in 

metabolism/insulin sensitivity, not detected by our whole-body resting measures, over the 

course of this study may also explain the changes we observed in sclerostin regulation to 

exercise. We propose that alterations in fat mass and the subsequent metabolic and 

biochemical changes that occur in tandem can govern sclerostin content within the bone 

microenvironment and influence the post-exercise response. Further studies are needed to 

identify the factors regulating the changes in the response of sclerostin to acute exercise 

and the biological significance of this adaptation (e.g., long term influence on tissue 

growth and metabolism).   

Given sclerostin is a critical regulator of osteoblast activity, we next examined 

OC, an enzymatic marker of osteoblast activity (Lee et al., 2007). OC has previously 

been shown to transiently decrease in response to acute exercise, suggesting that 

osteoblasts contribute less to the acute bone response to exercise (Dolan et al., 2020). 

Findings from this study provide evidence of no influence of a lifestyle modification 

intervention involving diet modification and exercise training on the regulation of OC 

following acute exercise. This finding was expected, as previous studies in normal weight 

adults (Scott et al., 2010) and children (Pomerants et al., 2008;Theocharidis et al., 2020) 

rarely detect increases in bone formation (i.e., P1NP) following acute exercise (Dolan et 

al., 2020). In addition, this analysis only included a measure of total OC, and not the 

assessment of other proteoforms of OC (e.g., undercarboxylated) which are known to 

influence metabolism (Mizokami et al., 2013; Rehder et al., 2015; Tsuka et al., 2015; Gao 

et al., 2016; Guo et al., 2017; Mukai et al., 2021). Taken together, our study does not 
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support an effect of a diet or exercise intervention influencing OCs response to acute 

exercise.  

The bone resorption marker, CTX, increased immediately after acute exercise 

with a subsequent dip at 1h post-exercise, which was not influenced by the intervention 

or level of dairy intake. This response of CTX mimics data from adults (Dolan et al., 

2020) and contrasts our previous analysis that found a progressive reduction at 5 min and 

1h post-exercise in adolescents with either normal weight or OW/OB (Kurgan et al., 

2020). While other labs have shown pre- and post-exercise protein intake can blunt/alter 

the acute CTX response to exercise (Townsend et al., 2017), we did not test this 

paradigm here of acute protein ingestion around the exercise bout. However, we did find 

RDa had increased habitual protein, vitamin D, calcium, phosphorous, and potassium 

intake while LDa had no change. This difference in habitual nutrient intakes between 

groups had no influence on the response of CTX to acute exercise. This suggests that 

increasing habitual intake of bone anabolic nutrients and exercise training, at least in the 

short term (12-weeks), does not influence the response of CTX to acute exercise, 

although we have previously found that it can influence resting CTX concentrations in 

the same study cohort (Josse et al., 2020).  

To help explain any differences in bone resorption, we also examined OPG and 

RANKL’s responses to acute exercise across the intervention. OPG and RANKL both 

decreased slightly in response to acute exercise and this response was not influenced by 

either the intervention or dairy intake. However, our percent change data identified 

RANKL’s acute response to exercise adapted differently in the RDA and LDA groups. 

Post-hoc analyses revealed that differences for RANKL were because RDA had an 
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increased RANKL response to acute exercise at pre-intervention, which was corrected at 

post-intervention to better reflect the LDA response post-intervention. While we cannot 

explain why the RDA group showed a disparate and more unfavorable RANKL response 

pre-intervention vs. LDA, it seems as though the intervention with increased dairy intake 

improved/rescued this group’s RANKL response, placing it in line with the LDA group 

post-intervention. That is, dairy intake during the intervention did not further improve the 

RANKL response beyond LDA, rather it seemed to normalize the RDa response 

indicating less of a bone resorptive response post-intervention. Furthermore, the changes 

in the OPG:RANKL ratio further indicate that the intervention was successful in 

improving the response of this axis to acute exercise. Specifically, the absolute 

OPG:RANKL ratio response to acute exercise, which was unresponsive pre-intervention, 

showed an increase at 1h post-exercise post-intervention. When we examined the percent 

change responses of OPG:RANKL, we observed an effect of dairy intake, which, again, 

reflected the RDA group improving their RANKL response from pre-to post-

intervention.  

Our study had several limitations. There was a difference in the pre-intervention 

RANKL response between groups and there were several trends in main effects and 

interactions, including those for RANKL, OPG:RANKL, and CTX which were likely a 

result of the small sample size. We also lack timepoints that extend past 1h post-exercise. 

Indeed, some of these markers have been shown to be transiently sensitive days following 

acute exercise (Sale et al., 2015), while we have previously shown that others return to 

baseline levels around 1h post-exercise (Falk et al., 2016b; Dekker et al., 2017; 

Kouvelioti et al., 2019b; Kurgan et al., 2020).  While we endeavored to include a 24h 
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timepoint, ~30% of participants did not return for sampling at 24h resulting in too many 

missed data points for this timepoint to be included in our analysis. Lastly, due to specific 

concerns in this population, we provided them with a small, consistent breakfast high in 

carbohydrates prior to their acute exercise session, which is known to blunt bone turnover 

(Sale et al., 2015; Townsend et al., 2017). This may have reduced some of the acute 

responses and prevented identification of key differences (Sale et al., 2015; Townsend et 

al., 2017). It is important to note that we have used this same pre-exercise breakfast 

across studies within our lab (Falk et al., 2016b; Dekker et al., 2017; Kouvelioti et al., 

2019b; Kurgan et al., 2020) to allow for appropriate comparison between studies. While 

there are several limitations, this study provides unique insight into bone metabolism by 

examining the response of bone biochemical markers to acute exercise both pre- and 

post-intervention in a group of adolescent females with OW/OB. This unique, complex, 

study design led to the identification of proteins that adapted to the acute stress of 

exercise following our lifestyle modification intervention that the assessment of resting 

values would not have otherwise identified. Our data, therefore, provide insight into the 

mechanisms that likely regulate long term changes in bone growth and metabolism with 

exercise training.  

5.6 Conclusion 

This study utilizes a unique design to add to a body of literature examining the effects of 

exercise and nutrition (specifically, dairy intake) on bone remodeling and metabolism in 

adolescent females. To our knowledge, there is no previous study designed to investigate 

the influence of a lifestyle modification intervention for weight management with higher 

dairy intake vs. low dairy intake on acute bone metabolism, particularly in this 
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demographic. We identified several differences in bone biochemical markers pre- and 

post-intervention, leading to the conclusion that a lifestyle modification intervention that 

reduced fat mass blunted the increase in sclerostin and augmented the increase in 

OPG:RANKL following acute exercise in OW/OB adolescent females. The implications 

of these findings are critical to furthering our understanding of the influence of OW/OB 

on bone metabolism in adolescent females, which dietary factors influence bone 

metabolism, and the mechanisms that lead to improved bone growth and achievement of 

peak bone mass with multiple bouts of acute exercise (e.g., exercise training).  
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6.1 Abstract 

Sclerostin is a Wnt/-catenin antagonist, mainly secreted by osteocytes, and most known 

for its role in reducing bone formation. Studies in rodents suggest sclerostin can also 

regulate adipose tissue mass and metabolism, representing a bone-adipose tissue 

crosstalk. Exercise training has been shown to reduce plasma sclerostin levels; but the 

effects of exercise on sclerostin and Wnt/β-catenin signalling specifically within adipose 

tissue has yet to be examined. The purpose of this study was to examine subcutaneous 

WAT (scWAT) sclerostin content and Wnt signalling in response to exercise training in 

young men with overweight. To this end, 7 male participants (BMI = 35±4; 25±4y) 

underwent 4 weeks of sprint interval training (SIT) involving 4 weekly sessions 

consisting of a 5-min warmup, followed by 820s intervals at 170% of work rate at 

VO2peak, separated by 10s of rest. Serum and scWAT were sampled at rest both pre- and 

post-SIT. Despite no changes in serum sclerostin levels, in adipose we found a significant 

decrease in sclerostin (-37%, p = 0.04), and an increase in total -catenin (+52%, p = 
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0.03), and no changes in GSK3β serine 9 phosphorylation. There were also concomitant 

reductions in serum TNF- (-0.36 pg/ml, p=0.03) and IL-6 (-1.44 pg/ml, p=0.05) as well 

as an increase in VO2peak (+5%, p=0.03) and scWAT COXIV protein content (+95%, 

p=0.04) and no change in PGC-1α or cytochrome c, GSK3 content or serine 9 

phosphorylation, JNK1/2 phosphorylation, or STAT3 phosphorylation from pre- to post-

SIT. In conclusion, scWAT sclerostin content was reduced and -catenin content was 

increased following SIT, suggesting a role of sclerostin in regulating human adipose 

tissue in response to exercise training.  

6.2 Introduction 

Exercise training offers protection against several metabolic disorders, including obesity 

and insulin resistance/type II diabetes. Adipose tissue adaptations to exercise training 

appear to play a central role in mediating protection against metabolic dysfunction 

(Stanford et al., 2015; Stanford & Goodyear, 2016) and chronic disease. These 

adaptations, which have mainly been studied in murine models, include reduced 

adipogenesis (Gollisch et al., 2009; Sakurai et al., 2010), alterations in the composition of 

resident immune cells (Soltani et al., 2020) (e.g., adipose tissue macrophages 

(Macpherson et al., 2015), changes in the expression and release of adipokines (e.g., 

decreased circulating pro-inflammatory TNF- (Sardeli et al., 2018; Khalafi & Symonds, 

2020), mitochondrial biogenesis (McKie & Wright, 2020), and white adipose tissue 

browning (e.g., increased expression of uncoupling protein (UCP) 1) (Sutherland et al., 

2009; Cao et al., 2011; Boström et al., 2012; Trevellin et al., 2014; Stanford et al., 2015; 

Lehnig et al., 2019). Studies examining the role of various muscle derived proteins (i.e., 

myokines) in regulating several adipose tissue adaptations to exercise have highlighted 
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the importance of tissue crosstalk during exercise. In contrast, less is known regarding 

bone derived proteins (i.e., osteokines) in regulating adipose tissue at rest or in response 

to exercise training.  

Studies in murine models have shown that ablation of osteocytes, bone’s 

mechanosensory cells, leads to a loss of white adipose tissue (Sato et al., 2013; Sato & 

Katayama, 2015), suggesting a possible role of osteocyte-derived osteokines in regulating 

whole body metabolism and fat mass. Osteocytes coordinates bone modeling and 

remodeling by secreting factors that regulate the cells that form (osteoblasts) and resorb 

(osteoclasts) bone (Bonewald, 2011). One factor critical to this regulation and secreted 

mainly by the osteocyte is the glycoprotein sclerostin, which inhibits the canonical 

Wnt/β-catenin signalling pathway (Lin et al., 2009; Spatz et al., 2015). Within bone, the 

canonical Wnt/β-catenin signalling cascade inhibits GSK3β by disassembling the 

destruction complex, preventing the proteolytic degradation of -catenin, which increases 

its accumulation, subsequently activating Wnt target genes and leading to an increase in 

bone formation. Thus, inhibiting sclerostin, with the use of sclerostin neutralizing 

antibodies, has been used as a therapeutic target for treating low bone mass (Langdahl et 

al., 2017). In mice, genetic deletion of sclerostin or inhibiting sclerostin via receptor 

antagonism or neutralizing antibody increases bone mass while also improving glucose 

and lipid homeostasis (e.g., increase in glucose and insulin tolerance and reduced serum 

fatty acids) (Kim et al., 2017a) (Kim et al., 2019). Along with these changes, reductions 

in adipose tissue mass, and adipocyte cross-sectional area can also be observed with 

sclerostin inhibition, ultimately conferring resistance to a high-fat obesogenic diet. These 

changes are a consequence of augmented Wnt signalling, which has been shown to 
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inhibit adipocyte maturation and differentiation (Li et al., 2008; Steinhart & Angers, 

2018).  

There is also clinical evidence supporting a role of sclerostin in regulating the 

metabolism and fat mass in humans. Serum sclerostin has been shown to be elevated in 

individuals with prediabetes and correlates with circulating levels of low-density 

lipoprotein cholesterol (Urano et al., 2012) and insulin resistance in skeletal muscle, 

liver, and adipose tissue (Daniele et al., 2015; Stanik et al., 2019; Wędrychowicz et al., 

2019). Sclerostin also appears to be associated with age and fat mass (Amrein et al., 

2012; Urano et al., 2012). Additionally, higher plasma sclerostin is associated with lower 

Wnt signalling gene expression in WAT of prediabetic males (Janssen et al., 2019), 

suggesting sclerostin is having an endocrine-like effect on adipose tissue and increases in 

individuals with dysregulated metabolism. Interestingly, circulating sclerostin decreases 

in response to moderate intensity exercise training in older adults (Ardawi et al., 2012; 

Hinton et al., 2017; Janik et al., 2018) and Wnt target genes have been shown to increase 

in scWAT of mice following exercise training (Stanford et al., 2015). Taken together, 

these findings suggest a role of sclerostin and Wnt signalling in regulating adipose tissue 

adaptations in response to exercise training. However, no study has examined sclerostin 

protein content within human scWAT at rest or in response to exercise training, which is 

required to provide initial evidence for a role in regulating adipose tissue in response to 

exercise training prior to studies that examine the mechanistic significance.  

The primary purpose of this pilot study was to measure circulating sclerostin and 

examine scWAT for changes in sclerostin content and Wnt signalling (-catenin 

accumulation) following 4 weeks of sprint interval training (SIT) in young men with 
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obesity. By examining sclerostin content in human scWAT, we aim to provide initial 

observational evidence that sclerostin acts as a bone derived regulator of adipose tissue in 

response to exercise training. SIT was chosen based on previous studies finding similar 

fat oxidation over 24h post-exercise compared to endurance exercise (Hazell et al., 2012) 

and reductions in circulating sclerostin occur in similarly aged participants following low 

volume SIT (Sansoni et al., 2018). Also, given individuals with higher adiposity have 

been shown to have higher levels of circulating sclerostin (Amrein et al., 2012) and that 

diet induced obese murine models have higher bone sclerostin expression (Baek et al., 

2014), we recruited young men with excess adiposity as this group was expected to have 

the largest response. We hypothesize that there will be a reduction in scWAT sclerostin 

and increased β-catenin accumulation through upregulation of canonical Wnt signalling 

following SIT. Furthermore, a secondary objective of this study was to reproduce 

findings observed in murine studies, which include examining markers of mitochondrial 

biogenesis (PGC1, cytochrome c, COXIV, and UCP1), which have been shown to 

increase in rodents scWAT, while findings in humans have been inconclusive (Stanford 

& Goodyear, 2016). 

6.3 Methods 

6.3.1 Participants  

Eight young men (25±4 years old) were recruited to partake in this study. Participants 

were included if they were between the ages of 18-30, not involved in an exercise 

training program at the time of enrolment, performing no more than 2-3 weekly sessions 

(150 minutes) of self-reported moderate-to-vigorous physical activity a week, had a waist 

circumference > 98 cm, did not have a prior history of cardiometabolic disease, not 
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taking medication, and cigarette non-smokers. All participants were instructed to 

maintain their habitual physical activity throughout the course of the study to ensure that 

the prescribed SIT was additive to their lifestyle. All experimental procedures were 

approved by both the Health Sciences Human Research Ethics Board of Queen’s 

University and the Health Science Research Ethics Board of Brock University. Verbal 

and written explanation of the experimental protocol and associated risks were provided 

to all participants prior to obtaining written informed consent. 

6.3.2 Study Design   

Participants completed 4 weekly sessions of SIT for four weeks. Pre- and post-training 

testing was completed in the week preceding (PRE) and the week following SIT and 

included the following: 1) a fasted venous blood draw for analysis of serum cytokine and 

sclerostin concentrations, 2) a fasted adipose tissue biopsy for the determination of 

adipocyte cell size changes and molecular adaptations to SIT, 3) anthropometric and 

habitual exercise assessment, and 4) an incremental cycling test to exhaustion for the 

determination of VO2peak.  

6.3.3 Pre- and Post-Training Sampling  

All pre- and post-training tests followed identical procedures and involved 1 laboratory 

visit. Post-training testing was completed ~72 hours following the last training session of 

week 4. Participants reported to the Queen’s Muscle Physiology laboratory between 

08:00-09:00 the morning of testing following a 12 hour overnight fast and abstaining 

from exercise, caffeine, drugs, and alcohol 24h prior to testing. Upon arrival, a fasted 

blood draw was performed from the medial cubital vein using 21G needles and collected 

in sterile BD Vacutainer® tubes (BD Diagnostics, Franklin Lakes, NJ, USA). Blood 
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samples were left at room temperature to clot for 30 minutes before being centrifuged for 

15 minutes at 1000xg. Samples were aliquoted and stored at -80 C until analysis. 

Adipose tissue biopsies were performed as previously described (Williams et al., 

2014). Briefly, biopsies were taken with a Bergstrom needle following local 

anaesthetization (2% lidocaine) and taken from the abdomen with an incision made ~5 

cm lateral to the umbilicus. Approximately 50 mg of adipose tissue was immediately 

placed in Krebs Ringer Bicarbonate buffer with 4% Bovine Serum Albumin (BSA) and 

collagenase and incubated for one hour for isolation of adipocytes and determination of 

adipocyte size (see below). The remaining tissue was immediately blotted, snap-frozen in 

liquid nitrogen, and stored at −80°C until future analysis.  

Following the blood draw and biopsy, participants were fed a standardized 

breakfast that consisted of a toasted bagel (181 kcal; 1g fat, 36g carbohydrate, 7g protein) 

with 15g of cream cheese (44 kcal; 4g fat, 1g carbohydrate, 1g protein), and 250 mL of 

Minute Maid orange juice (56 kcal; 0g fat, 13g carbohydrate, 1g protein). This was 

followed by measurement of anthropometric values (height [cm], weight [kg], and waist 

circumference [cm]) and the VO2peak test. 

6.3.4 VO2peak Test 

Thirty minutes after consumption of the standardized breakfast, participants completed a 

VO2max test on a stationary cycle ergometer (Monark Ergomedic 874E, Monark Sports 

& Medical, Vansbro, Sweden) using a step protocol that involved incremental increase in 

Watt Resistance (WR) every minute. Briefly, participants performed 5 min of non-

resisted cycling, followed by a step increase to 80W for 1 min and subsequent increases 

in work rate of 25W per min until participant reached volitional fatigue, or when the 
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participant was unable to maintain a minimum cadence of 70 RPM (Edgett et al. 2013). 

Gas exchange and heart rate were measured continuously using a metabolic cart (Moxus 

AEI Technologies, Pittsburgh, PA, USA). VO2peak was recorded as the highest 30-sec 

average value obtained during the last stage of the test. 

6.3.5 Training Protocol 

Training was performed 4 times per week for 4 weeks, for a total of sixteen sessions of 

supervised SIT. All training sessions were performed on a mechanically braked cycle 

ergometer (Monark, Ergomedic 874E, Vansbro, Sweden) and consisted of a 5-min 

warmup (non-resisted cycling), followed by eight 20-sec intervals targeting 170% of WR 

at VO2peak, separated by 10 sec of rest, for a total of 9 min of cycling. Participants were 

instructed to maintain a cadence of 80 RPM throughout all training sessions, including 

warm-up, and non-resisted rest periods between intervals.  

6.3.6 Serum Analysis  

Serum sclerostin, TNF-α and IL-6 analyses were run in duplicate and analyzed by 

Quantikine enzyme-linked immunoassays (ELISA) kits according to manufacturer’s 

instructions (CAT# MSST00 for sclerostin, CAT# HSTA00E for TNF-α, and CAT# 

HS600C for IL-6, R&D Systems, Minneapolis, Minnesota, USA).  

6.3.7 Adipocyte Isolation and Determination of Cell Size 

The Krebs Ringer Bicarbonate Buffer was prepared as per manufacture directions 

(Sigma-Aldrich, St-Louis, Missouri, USA). The morning of the biopsy, 4% BSA and 

5mg of collagenase (type I, lot no, 81C-0080, Sigma, St Louis, Missouri, USA) were 

added to the Krebs-Ringer Buffer and subsequently 50 mg of collected adipose tissue was 
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incubated at 37°C for one hour. Following incubation, 50 μl of the supernatant was 

pipetted using a siliconized pipette tip (Bio Plas, San Rafael, California, USA) and placed 

on a microscope slide for analysis. Adipocytes were visualized using an AmScope 

microscope (Irvine, California, USA) and imaged with a SLR/DSLR Camera adapter and 

a Nikon D90 (Mississauga, ON, Canada) camera. A photo was taken of a set scale of 

1000 µm at the same magnification for each photo of adipocytes to allow for calibration 

of images during the determination of the cell size. A 440 pixels x 445 pixels rectangle 

was drawn on the image and using ImageJ software (ImageJ 1.48v, National Institutes of 

Health, USA, Java 1.6.0_65 (32- bit)) and the diameter of each adipocyte within the 

rectangle was measured. One investigator analyzed three images from each visit and the 

mean adipocyte cell size derived from all three images was used as the average adipocyte 

size for each participant at each time point. 

6.3.8 Adipose Tissue Homogenization 

Subcutaneous adipose tissue biopsies were homogenized (FastPrep, MP Biomedicals, 

Santa Ana, California, USA) in 3x volume per mg weight of tissue of NP40 Cell Lysis 

Buffer (CAT# FNN0021, Life Technologies, Carlsband, California, USA) supplemented 

with 3x the recommended volume of phenylmethylsulfonyl fluoride (PMSF) and protease 

inhibitor (PI) cocktail (CAT# 7626-5G and P274-1BIL, respectively, Sigma, St Louis, 

Missouri, USA). The homogenized samples were placed on ice to reduce the foam due to 

homogenization for 30 min. Samples were then centrifuged at 4°C for 15 min at 

16,000xg, after which the infranatant was collected, and protein concentration was 

determined using a Bicinchoninic acid assay (CAT # B9643, Sigma-Aldrich, St. Louis, 

Missouri, USA; CAT# BDH9312, VWR, Radnor, Pennsylvania, USA). The samples 
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were prepared to contain equal concentrations (1 g/l) of protein in 1x Laemmli buffer 

and placed in a heating block at 100°C for 10 min to boil. Samples were cooled and 

stored at -80°C for future analysis.  

6.3.9 Immunoblotting 

For all immunoblots, 15 µg of protein were loaded, except for UCP1, where 3 ug of 

brown adipose tissue was loaded as a positive control. Proteins were resolved on 10% 

TGX fast cast gels (CAT# 1610173, Bio-Rad, Hercules, California, USA) for 30 minutes 

at 250V and then were then semi-dry transferred onto a polyvinylidene difluoride 

membrane at 1.3A and 25V for 7 minutes (Bio-Rad Trans-Blot® Turbo™ Transfer 

System, Hercules, California, USA). Membranes were blocked in Tris buffered 

saline/0.1% Tween 20 (TBST) with 5% non-fat powdered milk for 1 hour at room 

temperature. The appropriate primary antibody (1:500-2000 ratio dilution in 5% milk) 

was then applied and left to incubate on a shaker, at 4°C overnight. Following primary 

incubation, the membrane was washed with TBST 3 x 5 minutes and then incubated with 

the corresponding secondary antibody conjugated with horseradish peroxidase (anti 

rabbit CAT#HAF008, goat CAT#CAF109, and mouse CAT#HAF 007 IgG – 1:2000 

dilution in 5% milk, R&D Bio-Techne, Hercules, California, USA) for 1h at room 

temperature. Signals were detected using either Clarity™ Western chemiluminescent 

substrate or SuperSignal™ West Femto maximum sensitivity chemiluminescent substrate 

(CAT#170-5061, Bio-Rad, Hercules, California, USA or CAT#34095 ThermoFisher 

Scientific, Waltham, Massachusetts, USA, respectively) and were subsequently 

quantified by densitometry using a Bio-Rad ChemiDoc™ Imaging System (Hercules, 

California, USA). Each membrane was stained with Ponceau S to confirm equal protein 
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loading and used to normalize. Densitometry analysis was done using ImageLab 

Software (Bio-Rad, California, USA). Antibodies against total STAT3 (CAT# 8768S), 

phosphoSTAT3-Tyr705 (CAT#9138S), total JNK (CAT# 9252S), phosphoJNK-

Thr183/Tyr185 (CAT# 4671S), total ERK (CAT#4695S), phosphoERK-Thr202/Tyr204 

(CAT# 9101S), total GSK3β (CAT# 12456S), phosphoGSK3β-Ser9 (CAT#9336S), total 

β-catenin (CAT#8480S) were purchased from Cell Signalling (Danvers, Massachusetts, 

USA). Antibodies against UCP1 (CAT# AB10983) and cytochrome c (CAT# AB76237) 

were purchased from abcam (Cambridge, UK). PGC-1α (CAT# AB3242) was purchased 

from Millipore (Burlington, Massachusetts, USA) and COXIV (CAT# A-6404) was 

purchased from ThermoFisher Scientific (Waltham, Massachusetts, USA). Sclerostin 

antibody was purchased from R&D Systems, Inc. (CAT# MAB1406-SP, Minneapolis, 

Minnesota, USA). 

6.3.10 Statistical Analysis  

Comparisons for all variables were examined with paired 2-tailed t tests with an α set at 

0.05 using GraphPad Prism 9. Data are presented as means ± standard deviation (SD). 

6.4 Results 

VO2peak increased while there were no anthropometric changes following 4 weeks of SIT. 

All participants completed all training sessions (100% compliance), however, there was 

one participant who missed a post-SIT adipose tissue biopsy, dropping our sample size to 

7. VO2peak increased following 4 weeks of SIT (p = 0.03, +5.1% from pre- to post-SIT) 

(Table 1). There was no change in body mass (p = 0.7, +0.4% from pre- to post-SIT), 

body mass index (p = 0.7, +0.6% from pre- to post-SIT), waist circumference (p = 0.9, 
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+0.1% from pre- to post-SIT), or adipocyte cross-sectional area (p = 0.2, -0.2% from pre- 

to post-SIT) following 4 weeks of SIT (Table 6.1). 
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Table 6.1. Anthropometric, aerobic capacity, and adipocyte size response to 4 weeks of 

SIT. 

Measure Pre-SIT Post-SIT Δ p-value 

Age (y) 25.1±4 - - - 

Body Mass (Kg) 113.5±13 113.9±15 +0.4 0.7 

BMI 34.7±4 34.9±4 +0.2 0.7 

Waist 

Circumference (cm) 

112.4±12 112.5±11 +0.1 0.9 

VO2peak 

(mL/Kg/min) 

35.6±7 37.4±9 +1.8 0.03* 

Adipocyte Cross-

Sectional area (µm) 

91.3±7 91.1±7 -0.2 0.2 

Data is presented as means±SD. Δ is presented as mean differences of raw values. * 

indicates a significant difference post-SIT from baseline. Paired samples t-tests were 

used, and significance was accepted at p<0.05. 

 

6.4.1 Sclerostin content decreased and Wnt/β-catenin signalling increased within 

scWAT following four weeks of SIT 

To assess if sclerostin was responsive to SIT, we examined peripheral and scWAT 

sclerostin content, as well as scWAT Wnt signalling components to see if there was a 

parallel response. There was no change in resting serum sclerostin from pre- to post-SIT 

(p = 0.1, -15% from pre- to post-SIT, 5/7 showed a decrease) (Figure 6.1a). 

Representative immunoblots for sclerostin, GSK3, and -catenin are presented in Figure 

1b. Specifically, as shown in 1b and 1c, scWAT sclerostin content decreased following 

SIT (p = 0.04, -38% from pre- to post-SIT, 6/7 showed a decrease). To further examine if 

the decrease in sclerostin augmented Wnt signalling within scWAT, we examined serine 

9 phosphorylation of GSK3β and -catenin content. It is important to note that GSK3 

serine 9 phosphorylation is related to growth factor and Akt inhibition of GSK3’s kinase 

activity, while conformational changes that lead to the inhibition of GSK3’s kinase 

activity without changes in serine 9 phosphorylation is related to canonical Wnt 

signalling (McManus et al., 2005; Piao et al., 2008). There was no change in GSK3 
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content or serine 9 phosphorylation status (p = 0.9, 0% change from pre- to post-SIT, 3/7 

showed an increase) (Figures 1b and 1d), while there was an increase in -catenin content 

(p = 0.03, 52% from pre- to post-SIT, 6/7 showed an increase) within scWAT following 

SIT (Figures 6.1b and 6.1e).  

 

 

Figure 6.1. Response of serum sclerostin and Wnt/-catenin signalling within scWAT to 

4 weeks of SIT. (a) Serum sclerostin response to SIT. (b) Representative immunoblots of 

sclerostin, phosphorylated and total GSK3, -catenin, and total protein loading control 

(Ponceau S) at pre-SIT (labelled ‘A’) and post-SIT (labelled ‘B’) with estimated 

molecular weights on the right. These representative samples are the same two 

participants (‘1’ and ‘2’) in sequence across proteins that highlight their response from 

pre- to post-SIT. scWAT (c) sclerostin content, (d) total and phosphorylated GSK3 and 

(e) total -catenin response to SIT relative to pre-SIT. Bar charts have black lines that 
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represent individual responses to SIT with group means presented as white (pre-SIT) and 

grey (post-SIT) bars ±SD. Paired t-tests were used to examine changes pre- to post-SIT. 
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6.4.2 COXIV protein content increased following 4 weeks of SIT, while there were 

no changes in other markers of mitochondrial content 

Given there is conflicting results on the influence of exercise training on mitochondrial 

biogenesis in scWAT (no effect (Larsen et al., 2015; Pino et al., 2016; Dohlmann et al., 

2018; Stinkens et al., 2018; Hoffmann et al., 2020) vs. increase (Rönn et al., 2014))) and 

sclerostin/Wnt signalling has been shown to regulate UCP1 content (Kim et al., 2017b) 

and mitochondrial biogenesis (Mori et al., 2012) in vivo, we immunoblotted for the 

master regulator of mitochondrial biogenesis, PGC-1α, components of the electron 

transport chain, COXIV and cytochrome c, as well as UCP1. Representative 

immunoblots for PGC-1, COXIV, and cytochrome c are presented in Figure 2b. We 

found no effect of exercise training on PGC-1α protein content (p = 0.41, -27% from pre- 

to post-SIT, 3/7 showed an increase) or cytochrome c (p = 0.07, +83% from pre- to post-

SIT, 5/7 showed an increase) (Figures 6.2a and 6.2b) and UCP-1 was undetectable. 

However, we found an increase in COXIV (p = 0.04, +96% from pre- to post-SIT, 6/7 

showed an increase) (Figures 6.2a and 6.2b).   
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Figure 6.2. Response of markers of mitochondrial biogenesis and content within scWAT 

to 4 weeks of SIT. (a) scWAT PGC-1, cytochrome c, and COXIV content response to 

SIT relative to pre-SIT. Bar charts have black lines that represent individual responses to 

SIT with group means presented as white (pre-SIT) and grey (post-SIT) bars ±SD. Paired 

t-tests were used to examine changes pre- to post-SIT. (B) Representative immunoblots 

of mitochondrial proteins (PGC-1, cytochrome c, and COXIV) and total protein loading 

control (Ponceau S) at pre-SIT (labelled ‘A’) and post-SIT (labelled ‘B’) with estimated 

molecular weights on the right. These representative samples are the same two 

participants (‘1’ and ‘2’) in sequence across proteins that highlight their response from 

pre- to post-SIT. 
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6.4.3 Serum inflammatory cytokine concentrations are reduced with limited effects 

on inflammatory signalling within scWAT following four weeks of SIT 

Obesity is typically characterized by a state of chronic systemic inflammation and 

exercise is well known to reduce circulating inflammatory cytokines in individuals with 

obesity and metabolic syndrome (Khalafi & Symonds, 2020). To examine the 

effectiveness of 4 weeks of SIT on reducing systemic and adipose tissue inflammation we 

measured circulating markers of inflammation as well as adipose tissue protein markers 

related to inflammation. Serum TNF- (p = 0.03, -46% from pre- to post-SIT, 6/7 

showed a decrease) and IL-6 (p = 0.05, -42% from pre- to post-SIT, 6/7 showed a 

decrease) decreased from pre- to post-SIT (Figure 3a). We next wanted to examine 

downstream inflammatory signalling within scWAT. Representative immunoblots for 

ERK, JNK, and STAT3 signalling are presented in Figure 3b. There was no change in 

total content of ERK (p = 0.9, -3%), JNK (p = 0.3, +11 %), or STAT3 (p = 0.9, +1%) 

(Figures 3c, 3d, and 3e, respectively). The phosphorylation to total protein content of 

ERK increased from pre- to post-SIT (p = 0.05, +97% from pre- to post-SIT, 6/7 showed 

an increase), while there was no effect on JNK (p = 0.8, +3% from pre- to post-SIT, 2/7 

showed a decrease), or STAT3 phosphorylation (p = 0.07, -42% from pre- to post-SIT, 

5/7 showed an increase) (Figure 6.3c, d, and e, respectively). 
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Figure 6.3. Response of serum inflammatory cytokines and inflammatory signalling 

within scWAT to 4 weeks of SIT. (a) Serum TNF and IL-6 response to SIT. (b) 

Representative immunoblots for scWAT phosphorylated and total ERK, JNK1/2 and 

STAT3 and total protein loading control (Ponceau S) at pre-SIT (labelled ‘A’) and post-

SIT (labelled ‘B’) with estimated molecular weights on the right. These representative 

samples are the same two participants (‘1’ and ‘2’) in sequence across proteins that 

highlight their response from pre- to post-SIT. scWAT (c) phosphorylated and total ERK, 

(d) JNK, and (e) STAT3 response to SIT relative to pre-SIT. Bar charts have black lines 

that represent individual responses to SIT with group means presented as white (pre-SIT) 

and grey (post-SIT) bars ±SD. Paired t-tests were used to examine changes pre- to post-

SIT. 
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6.5 Discussion 

In this pilot study, we found a concomitant reduction in sclerostin content and increased 

-catenin accumulation within scWAT following 4 weeks of SIT, providing novel, 

observational evidence that sclerostin and Wnt signalling have a role in regulating 

adipose tissue adaptations to exercise training in overweight adult males. We also 

observed decreases in peripheral inflammatory cytokines, and increased COXIV, a 

marker of mitochondrial content, within scWAT following 4 weeks of SIT. Adipose 

tissue is a critical regulator of whole-body energy homeostasis and metabolism and is 

essential in mediating the beneficial effects of exercise training (e.g., improved insulin 

sensitivity and glucose handling) (Stanford et al., 2015; Stanford & Goodyear, 2016). 

Examining which molecular/signal transduction pathways within adipose tissue are 

responsive to exercise and regulate metabolism and cell fate is essential in understanding 

mechanisms leading to long term adaptations.  

In the present pilot study, we found no significant effect of SIT on circulating 

sclerostin (-15%, p = 0.2), which contradicts the few previous studies reporting a 

decrease in circulating sclerostin with exercise training in untrained normal weight 

individuals (Hinton et al., 2017; Janik et al., 2018; Sansoni et al., 2018). For example, 

men aged ~44 years performing either resistance (2x/week) or plyometric training 

(3x/week) for 12 months have shown a ~7% reduction in circulating sclerostin (Hinton et 

al., 2017). Likewise, younger men (~24 years of age) performing all out sprint interval 

training (3 d/week) for 8 weeks had a ~30% reduction in circulating sclerostin (Sansoni et 

al., 2018). It is possible, that the non-significant 15% decrease we report herein might be 

due to our small sample size, length of training period (e.g., 4 vs. 8 weeks (Sansoni et al., 
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2018)), or difference in exercise mode. However, we found that sclerostin decreased and 

Wnt signalling was augmented within scWAT in response to SIT, suggesting a role in 

mediating adaptations within scWAT with exercise training. An additional consideration 

for the discrepancy between the sclerostin response in the circulation and scWAT in this 

study is the methods used to detect sclerostin. Sclerostin is known to travel in the 

circulation not only as a monomer, but also primarily as a dimer (Hernandez et al., 2014). 

Examining peripheral sclerostin with ELISA detects both the monomeric and dimeric 

sclerostin content, thus diluting the effect exercise may have on a specific proteoform 

(Carbonara et al., 2021) of sclerostin (e.g., its monomer). In contrast, we only analyze the 

response of the monomeric form of sclerostin, the functional form of sclerostin (Kim et 

al., 2020), within scWAT with the use of immunoblotting, which improves sensitivity in 

detecting changes in this specific proteoform to our exercise intervention. No previous 

study has examined the effect of exercise on human adipose tissue sclerostin content, 

which provides support for further examination of the importance of this response. This 

preliminary new evidence of increased Wnt signalling within scWAT following SIT in 

humans is supported by a study examining mice performing voluntary wheel running for 

11 days, which showed an increased gene expression of downstream targets of Wnt 

signalling within scWAT when compared to sedentary control mice (Stanford et al., 

2015). In support of the specific role of Wnt signalling, we also found an increase in -

catenin that was not associated with any changes in GSK3 phosphorylation, suggesting 

that the increase in -catenin was linked to Wnt activation and subsequent dissociation of 

the destruction complex (Piao et al., 2008). Thus, we propose a role of sclerostin and Wnt 
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signalling in regulating long term adaptations to adipose tissue with exercise training, 

which requires additional human studies to confirm. 

The importance of this role of sclerostin is highlighted in murine models, where 

inhibition of sclerostin action has led to reduced adiposity, protection against an 

obesogenic diet, and improved glucose handling and fat oxidation (Kim et al., 2017a; 

Kim et al., 2019). Additionally, bone specific knockout of sclerostin leads to increased 

adipoprogenitors in the stromal vascular fraction, which is due to their inhibited 

maturation (Kim et al., 2021). Similarly, Wnt overexpression (Longo et al., 2004; 

Aslanidi et al., 2007; Wright et al., 2007), either by treatment with a small molecule Wnt 

activator (Choi et al., 2014) or induced activation of Wnt signalling in adipocyte 

progenitors (Zeve et al., 2012), has shown to prevent adipose tissue accumulation and 

improve glucose homeostasis and insulin sensitivity in genetically obese mice (e.g., ob/ob 

mice) or those fed a high fat diet. Taken together these lines of evidence suggest that Wnt 

activation within adipose tissue regulates cell fat and metabolism. Our results suggest 

adaptations in adipose tissue with exercise training may occur through activating Wnt 

signalling and reduced sclerostin. While there is no reported data on body 

composition/fat mass responses following treatment with sclerostin neutralizing 

antibodies (Padhi et al., 2011; Padhi et al., 2014; Glorieux et al., 2017), this may be an 

alternative use for sclerostin neutralizing antibodies. Thus, future clinical trials should 

examine the response of adiposity to sclerostin neutralizing antibody treatment with and 

without exercise training in individuals with obesity and metabolic syndrome to separate 

the exercise induced responses from those of such treatment in humans.  
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While the main objective of this study was to examine the response of sclerostin 

and Wnt signalling within scWAT to SIT, a secondary objective was to examine markers 

of mitochondrial content. This was a natural extension given Wnt signalling promotes 

adipocyte mitochondrial biogenesis and maximal oxygen capacity in isolated 

mitochondria and inhibiting Wnt signalling in vivo prevents oxidative metabolism and 

stimulates maximal adipocyte growth when mice are given an obesogenic diet (Mori et 

al., 2012). Herein, we found an increase in COXIV, while we observed no change in 

cytochrome c, PGC-1α, or UCP-1. In humans, obesity inhibits mitochondrial biogenesis 

in subcutaneous adipose tissue (Heinonen et al., 2015), and active individuals tend to 

have higher mitochondrial content in scWAT compared to sedentary controls (Pino et al., 

2016). While improvements in mitochondrial function or content with exercise training in 

murine models is well established (Stanford & Goodyear, 2016), evidence in humans is 

less conclusive, showing either an increase in mitochondrial content or function (Rönn et 

al., 2014; Dohlmann et al., 2018) or no change (Larsen et al., 2015; Pino et al., 2016; 

Stinkens et al., 2018; Hoffmann et al., 2020) with exercise training. The paucity of data 

restricts detailed discussion of the influence of participant characteristics or exercise 

training mode or duration. However, the only studies that have shown increases in 

mitochondrial function or content within scWAT of humans are those with a longer 

duration intervention (6 months) (Rönn et al., 2014) or interventions with higher volume 

or intensity of exercise (Dohlmann et al., 2018), including the present study. Given the 

role of Wnt signalling in regulating mitochondrial biogenesis, the influence of decreased 

sclerostin and increased Wnt signalling on mitochondrial biogenesis within scWAT 

following SIT warrants further investigation.  
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There are limited studies examining the response of UCP1 to exercise training in 

human adipose tissue and most studies have looked at gene expression data, which have 

found that UCP1 in scWAT either decreases (Brandao et al., 2019), does not change 

(Norheim et al., 2014; Pino et al., 2016), or increases (Otero-Díaz et al., 2018) ((Norheim 

et al., 2014) if groups (controls vs. patients with pre-diabetes) are collapsed). Two studies 

have examined UCP1 positive adipocytes with immunohistochemical analysis and have 

found either no response to exercise training (Tsiloulis et al., 2018) or an increase (Otero-

Díaz et al., 2018). Cold acclimation inhibits GSK3 and subsequently increases UCP1 

expression (Markussen et al., 2018). Thus, we speculated that, if UCP1 is detectable and 

responsive to exercise training, exercise would decrease scWAT sclerostin leading to 

inhibition of GSK3 and increased UCP1 expression. However, when we examined 

UCP1 protein content we were unable to detect any bands at UCP1’s theoretical 

molecular weight (Supplemental Figure 2), providing further evidence humans have 

negligible UCP1 content in scWAT and exercise training is not a sufficient stimulus to 

induce an increase in expression.   

We also examined the influence of SIT on circulating cytokines and their 

associated signalling pathways within scWAT.  Serum IL-6 and TNF- significantly 

decreased post-SIT (-46% and -41%, respectively). This finding is in agreement with 

previous clinical studies also showing reductions in pro-inflammatory cytokines with 

various modes of exercise training in patients with obesity or metabolic disorders 

(Khalafi & Symonds, 2020), heart failure (Pearson et al., 2018), multiple sclerosis 

(Negaresh et al., 2018), as well as cancer survivors and older adults (Sardeli et al., 2018; 

Khosravi et al., 2019)). Interestingly, the reduction in inflammatory cytokines following 
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SIT in our group of men with overweight and obesity occurred despite having no changes 

in fat mass and having relatively low TNF-a and IL-6 at baseline (Todd et al., 2013). This 

is in contrast to what is typically seen in individuals with obesity, who tend to have 

higher circulating TNF- and IL-6 that subsequently decrease following interventions 

that combine diet and exercise that lead to reductions in fat mass (Nicklas et al., 2005). 

While we saw a reduction in circulating IL-6 there was a small non-significant increase 

(p = 0.07) in STAT3 activation in scWAT 72h following 4 weeks of SIT, which may be a 

result of an increase in the IL-6 receptor content (Leggate et al., 2012). The importance 

of IL-6 signalling and the reductions of adipose tissue to exercise training has been 

previously highlighted in humans (Wedell-Neergaard et al., 2019), thus reductions in IL-

6 peripherally with no change in IL-6 signalling within scWAT may be beneficial. 

Additionally, the reduction in circulating TNF- did not result in reductions in JNK1/2 

activation within scWAT following SIT. While TNF- appears to be more involved in 

the mechanism and progression of the metabolic syndrome (e.g., reduced insulin 

sensitivity through an increase in JNK1/2 activation (Solinas & Becattini, 2016)), IL-6 is 

likely only a marker of metabolic syndrome since it has been shown to increase lipolysis 

and fat oxidation (Petersen & Pedersen, 2005). This is likely why most studies have 

shown a reduction in TNF- and no change to IL-6. Lastly, we observed an increase in 

ERK1/2 phosphorylation, which contrasts with our peripheral TNF- data. ERK is a 

multifaceted protein that is involved in several biological functions that include cell 

proliferation, differentiation, metabolism (e.g., insulin signalling), and transcription, and 

its signalling can be activated by inflammation as well as several proteins released during 

exercise (e.g., FGF21 and irisin) (Zhang et al., 2014; Geng et al., 2019). Together, our 
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results indicate peripheral reductions in circulating cytokines do not correspond to 

changes in their associated signalling pathways in scWAT (i.e., activated independent of 

inflammation). This suggests there is alternative signalling molecules (e.g., proteins 

released during exercise) inducing the activation of ERK1/2, which may be related to 

exercise induced adaptations within adipose tissue (Knudsen et al., 2014; Zhang et al., 

2014; Stanford & Goodyear, 2016; Wedell-Neergaard et al., 2019).   

This was an initial pilot study on this topic, and as such, it was limited by the 

small sample size (n = 7), lack of a non-exercising control group, and the relatively short 

duration of training (4 weeks). Additionally, the lack of a lean comparison group prevents 

conclusions on the magnitude of response among participants of different body 

composition.   

6.6 Conclusion 

In this pilot study we found a reduction in sclerostin and an increase in -catenin content 

within scWAT following 4 weeks of SIT, suggesting a potential role of sclerostin and 

Wnt signalling in mediating adaptations within scWAT to exercise training in humans. 

We also found an increase in one marker of mitochondrial content (COXIV) and a 

downregulation in circulating inflammatory cytokines (TNF- and IL-6) that did not 

translate to a reduction in their associated signalling cascades within scWAT. Future 

studies should aim to examine the importance of exercise induced changes in sclerostin 

content and Wnt signalling to the long-term adaptations to adipose tissue. 

 



   
 

200 
 

6.7 Acknowledgements 

This study was funded by a Natural Sciences and Engineer Research Council of Canada 

(NSERC) grant to P. Klentrou (grant # 2020-00014). N. Kurgan and BJ. Baranowski hold 

NSERC doctoral scholarships.  

 

6.8 Conflict of Interest Statement 

The authors have no conflict of interest to declare. 

 

6.9 Disclosure Statement  

This research was approved by our Universities Research Ethics Board and we obtained 

written and oral consent from each participant. Authors report no conflict of interest. 

Data is available upon request.   



   
 

201 
 

6.10 References 

Amrein K, Amrein S, Drexler C, Dimai HP, Dobnig H, Pfeifer K, Tomaschitz A, Pieber 

TR & Fahrleitner-Pammer A. (2012). Sclerostin and its association with physical 

activity, age, gender, body composition, and bone mineral content in healthy 

adults. The Journal of clinical endocrinology and metabolism 97, 148-154. 

Ardawi MS, Rouzi AA & Qari MH. (2012). Physical activity in relation to serum 

sclerostin, insulin-like growth factor-1, and bone turnover markers in healthy 

premenopausal women: a cross-sectional and a longitudinal study. J Clin 

Endocrinol Metab 97, 3691-3699. 

Aslanidi G, Kroutov V, Philipsberg G, Lamb K, Campbell-Thompson M, Walter GA, 

Kurenov S, Ignacio Aguirre J, Keller P, Hankenson K, Macdougald OA & 

Zolotukhin S. (2007). Ectopic expression of Wnt10b decreases adiposity and 

improves glucose homeostasis in obese rats. Am J Physiol Endocrinol Metab 293, 

E726-736. 

Baek K, Hwang HR, Park HJ, Kwon A, Qadir AS, Ko SH, Woo KM, Ryoo HM, Kim GS 

& Baek JH. (2014). TNF-α upregulates sclerostin expression in obese mice fed a 

high-fat diet. J Cell Physiol 229, 640-650. 

Bonewald LF. (2011). The amazing osteocyte. J Bone Miner Res 26, 229-238. 

Boström P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, Rasbach KA, Boström EA, 

Choi JH, Long JZ, Kajimura S, Zingaretti MC, Vind BF, Tu H, Cinti S, Højlund 

K, Gygi SP & Spiegelman BM. (2012). A PGC1-α-dependent myokine that drives 

brown-fat-like development of white fat and thermogenesis. Nature 481, 463-468. 

 



   
 

202 
 

Brandao CFC, de Carvalho FG, Souza AO, Junqueira-Franco MVM, Batitucci G, Couto-

Lima CA, Fett CA, Papoti M, Freitas EC, Alberici LC & Marchini JS. (2019). 

Physical training, UCP1 expression, mitochondrial density, and coupling in 

adipose tissue from women with obesity. Scand J Med Sci Sports 29, 1699-1706. 

Cao L, Choi Eugene Y, Liu X, Martin A, Wang C, Xu X & During Matthew J. (2011). 

White to Brown Fat Phenotypic Switch Induced by Genetic and Environmental 

Activation of a Hypothalamic-Adipocyte Axis. Cell Metabolism 14, 324-338. 

Carbonara K, Andonovski M & Coorssen JR. (2021). Proteomes Are of Proteoforms: 

Embracing the Complexity. Proteomes 9. 

Choi OM, Cho YH, Choi S, Lee SH, Seo SH, Kim HY, Han G, Min DS, Park T & Choi 

KY. (2014). The small molecule indirubin-3'-oxime activates Wnt/β-catenin 

signalling and inhibits adipocyte differentiation and obesity. Int J Obes (Lond) 38, 

1044-1052. 

Daniele G, Winnier D, Mari A, Bruder J, Fourcaudot M, Pengou Z, Tripathy D, 

Jenkinson C & Folli F. (2015). Sclerostin and Insulin Resistance in Prediabetes: 

Evidence of a Cross Talk Between Bone and Glucose Metabolism. Diabetes Care 

38, 1509-1517. 

Dohlmann TL, Hindsø M, Dela F, Helge JW & Larsen S. (2018). High-intensity interval 

training changes mitochondrial respiratory capacity differently in adipose tissue 

and skeletal muscle. Physiological Reports 6, e13857. 

Geng L, Liao B, Jin L, Huang Z, Triggle CR, Ding H, Zhang J, Huang Y, Lin Z & Xu A. 

(2019). Exercise Alleviates Obesity-Induced Metabolic Dysfunction via 



   
 

203 
 

Enhancing FGF21 Sensitivity in Adipose Tissues. Cell Reports 26, 2738-

2752.e2734. 

Glorieux FH, Devogelaer JP, Durigova M, Goemaere S, Hemsley S, Jakob F, Junker U, 

Ruckle J, Seefried L & Winkle PJ. (2017). BPS804 Anti-Sclerostin Antibody in 

Adults With Moderate Osteogenesis Imperfecta: Results of a Randomized Phase 

2a Trial. J Bone Miner Res 32, 1496-1504. 

Gollisch KS, Brandauer J, Jessen N, Toyoda T, Nayer A, Hirshman MF & Goodyear LJ. 

(2009). Effects of exercise training on subcutaneous and visceral adipose tissue in 

normal- and high-fat diet-fed rats. Am J Physiol Endocrinol Metab 297, E495-

504. 

Hazell TJ, Olver TD, Hamilton CD & Lemon PW. (2012). Two minutes of sprint-interval 

exercise elicits 24-hr oxygen consumption similar to that of 30 min of continuous 

endurance exercise. International journal of sport nutrition and exercise 

metabolism 22, 276-283. 

Heinonen S, Buzkova J, Muniandy M, Kaksonen R, Ollikainen M, Ismail K, Hakkarainen 

A, Lundbom J, Lundbom N, Vuolteenaho K, Moilanen E, Kaprio J, Rissanen A, 

Suomalainen A & Pietiläinen KH. (2015). Impaired Mitochondrial Biogenesis in 

Adipose Tissue in Acquired Obesity. Diabetes 64, 3135-3145. 

Hernandez P, Whitty C, John Wardale R & Henson FMD. (2014). New insights into the 

location and form of sclerostin. Biochemical and Biophysical Research 

Communications 446, 1108-1113. 

Hinton PS, Nigh P & Thyfault J. (2017). Serum sclerostin decreases following 12months 

of resistance- or jump-training in men with low bone mass. Bone 96, 85-90. 



   
 

204 
 

Hoffmann C, Schneeweiss P, Randrianarisoa E, Schnauder G, Kappler L, Machann J, 

Schick F, Fritsche A, Heni M, Birkenfeld A, Niess AM, Häring H-U, Weigert C 

& Moller A. (2020). Response of Mitochondrial Respiration in Adipose Tissue 

and Muscle to 8 Weeks of Endurance Exercise in Obese Subjects. The Journal of 

Clinical Endocrinology & Metabolism 105, e4023-e4037. 

Janik M, Stuss M, Michalska-Kasiczak M, Jegier A & Sewerynek E. (2018). Effects of 

physical activity on sclerostin concentrations. Endokrynol Pol 69, 142-149. 

Janssen LGM, van Dam AD, Hanssen MJW, Kooijman S, Nahon KJ, Reinders H, Jazet 

IM, van Marken Lichtenbelt WD, Rensen PCN, Appelman-Dijkstra NM & Boon 

MR. (2019). Higher Plasma Sclerostin and Lower Wnt Signalling Gene 

Expression in White Adipose Tissue of Prediabetic South Asian Men Compared 

with White Caucasian Men. Diabetes Metab J, 10.4093/dmj.2019.0031. 

Khalafi M & Symonds ME. (2020). The impact of high-intensity interval training on 

inflammatory markers in metabolic disorders: A meta-analysis. Scandinavian 

Journal of Medicine & Science in Sports 30, 2020-2036. 

Khosravi N, Stoner L, Farajivafa V & Hanson ED. (2019). Exercise training, circulating 

cytokine levels and immune function in cancer survivors: A meta-analysis. Brain 

Behav Immun 81, 92-104. 

Kim J, Han W, Park T, Kim EJ, Bang I, Lee HS, Jeong Y, Roh K, Kim J, Kim J-S, Kang 

C, Seok C, Han J-K & Choi H-J. (2020). Sclerostin inhibits Wnt signalling 

through tandem interaction with two LRP6 ectodomains. Nature Communications 

11, 5357. 



   
 

205 
 

Kim SP, Da H, Li Z, Kushwaha P, Beil C, Mei L, Xiong WC, Wolfgang MJ, Clemens TL 

& Riddle RC. (2019). Lrp4 expression by adipocytes and osteoblasts differentially 

impacts sclerostin's endocrine effects on body composition and glucose 

metabolism. J Biol Chem 294, 6899-6911. 

Kim SP, Da H, Wang L, Taketo MM, Wan M & Riddle RC. (2021). Bone-derived 

sclerostin and Wnt/β-catenin signalling regulate PDGFRα+ adipoprogenitor cell 

differentiation. The FASEB Journal 35, e21957. 

Kim SP, Frey JL, Li Z, Kushwaha P, Zoch ML, Tomlinson RE, Da H, Aja S, Noh HL, 

Kim JK, Hussain MA, Thorek DLJ, Wolfgang MJ & Riddle RC. (2017a). 

Sclerostin influences body composition by regulating catabolic and anabolic 

metabolism in adipocytes. Proc Natl Acad Sci U S A 114, E11238-e11247. 

Kim SP, Frey JL, Li Z, Kushwaha P, Zoch ML, Tomlinson RE, Da H, Aja S, Noh HL, 

Kim JK, Hussain MA, Thorek DLJ, Wolfgang MJ & Riddle RC. (2017b). 

Sclerostin influences body composition by regulating catabolic and anabolic 

metabolism in adipocytes. Proceedings of the National Academy of Sciences 114, 

E11238-E11247. 

Knudsen JG, Murholm M, Carey AL, Biensø RS, Basse AL, Allen TL, Hidalgo J, 

Kingwell BA, Febbraio MA, Hansen JB & Pilegaard H. (2014). Role of IL-6 in 

exercise training- and cold-induced UCP1 expression in subcutaneous white 

adipose tissue. PLoS One 9, e84910. 

Langdahl BL, Libanati C, Crittenden DB, Bolognese MA, Brown JP, Daizadeh NS, 

Dokoupilova E, Engelke K, Finkelstein JS, Genant HK, Goemaere S, Hyldstrup 

L, Jodar-Gimeno E, Keaveny TM, Kendler D, Lakatos P, Maddox J, Malouf J, 



   
 

206 
 

Massari FE, Molina JF, Ulla MR & Grauer A. (2017). Romosozumab (sclerostin 

monoclonal antibody) versus teriparatide in postmenopausal women with 

osteoporosis transitioning from oral bisphosphonate therapy: a randomised, open-

label, phase 3 trial. The Lancet 390, 1585-1594. 

Larsen S, Danielsen JH, Søndergård SD, Søgaard D, Vigelsoe A, Dybboe R, Skaaby S, 

Dela F & Helge JW. (2015). The effect of high-intensity training on 

mitochondrial fat oxidation in skeletal muscle and subcutaneous adipose tissue. 

Scand J Med Sci Sports 25, e59-69. 

Leggate M, Carter WG, Evans MJC, Vennard RA, Sribala-Sundaram S & Nimmo MA. 

(2012). Determination of inflammatory and prominent proteomic changes in 

plasma and adipose tissue after high-intensity intermittent training in overweight 

and obese males. Journal of applied physiology (Bethesda, Md : 1985) 112, 1353-

1360. 

Lehnig AC, Dewal RS, Baer LA, Kitching KM, Munoz VR, Arts PJ, Sindeldecker DA, 

May FJ, Lauritzen HPMM, Goodyear LJ & Stanford KI. (2019). Exercise 

Training Induces Depot-Specific Adaptations to White and Brown Adipose 

Tissue. iScience 11, 425-439. 

Li HX, Luo X, Liu RX, Yang YJ & Yang GS. (2008). Roles of Wnt/beta-catenin 

signalling in adipogenic differentiation potential of adipose-derived mesenchymal 

stem cells. Mol Cell Endocrinol 291, 116-124. 

Lin C, Jiang X, Dai Z, Guo X, Weng T, Wang J, Li Y, Feng G, Gao X & He L. (2009). 

Sclerostin mediates bone response to mechanical unloading through antagonizing 

Wnt/beta-catenin signalling. J Bone Miner Res 24, 1651-1661. 



   
 

207 
 

Longo KA, Wright WS, Kang S, Gerin I, Chiang S-H, Lucas PC, Opp MR & 

MacDougald OA. (2004). Wnt10b inhibits development of white and brown 

adipose tissues. The Journal of biological chemistry 279, 35503-35509. 

Macpherson RE, Huber JS, Frendo-Cumbo S, Simpson JA & Wright DC. (2015). 

Adipose Tissue Insulin Action and IL-6 Signalling after Exercise in Obese Mice. 

Med Sci Sports Exerc 47, 2034-2042. 

Markussen LK, Winther S, Wicksteed B & Hansen JB. (2018). GSK3 is a negative 

regulator of the thermogenic program in brown adipocytes. Sci Rep 8, 3469. 

McKie GL & Wright DC. (2020). Biochemical adaptations in white adipose tissue 

following aerobic exercise: from mitochondrial biogenesis to browning. Biochem 

J 477, 1061-1081. 

McManus EJ, Sakamoto K, Armit LJ, Ronaldson L, Shpiro N, Marquez R & Alessi DR. 

(2005). Role that phosphorylation of GSK3 plays in insulin and Wnt signalling 

defined by knockin analysis. The EMBO journal 24, 1571-1583. 

Mori H, Prestwich TC, Reid MA, Longo KA, Gerin I, Cawthorn WP, Susulic VS, 

Krishnan V, Greenfield A & Macdougald OA. (2012). Secreted frizzled-related 

protein 5 suppresses adipocyte mitochondrial metabolism through WNT 

inhibition. The Journal of clinical investigation 122, 2405-2416. 

Negaresh R, Motl RW, Mokhtarzade M, Dalgas U, Patel D, Shamsi MM, Majdinasab N, 

Ranjbar R, Zimmer P & Baker JS. (2018). Effects of exercise training on 

cytokines and adipokines in multiple Sclerosis: A systematic review. Mult Scler 

Relat Disord 24, 91-100. 



   
 

208 
 

Nicklas BJ, You T & Pahor M. (2005). Behavioural treatments for chronic systemic 

inflammation: effects of dietary weight loss and exercise training. CMAJ : 

Canadian Medical Association journal = journal de l'Association medicale 

canadienne 172, 1199-1209. 

Norheim F, Langleite TM, Hjorth M, Holen T, Kielland A, Stadheim HK, Gulseth HL, 

Birkeland KI, Jensen J & Drevon CA. (2014). The effects of acute and chronic 

exercise on PGC-1α, irisin and browning of subcutaneous adipose tissue in 

humans. Febs j 281, 739-749. 

Otero-Díaz B, Rodríguez-Flores M, Sánchez-Muñoz V, Monraz-Preciado F, Ordoñez-

Ortega S, Becerril-Elias V, Baay-Guzmán G, Obando-Monge R, García-García E, 

Palacios-González B, Villarreal-Molina MT, Sierra-Salazar M & Antuna-Puente 

B. (2018). Exercise Induces White Adipose Tissue Browning Across the Weight 

Spectrum in Humans. Front Physiol 9, 1781. 

Padhi D, Allison M, Kivitz AJ, Gutierrez MJ, Stouch B, Wang C & Jang G. (2014). 

Multiple doses of sclerostin antibody romosozumab in healthy men and 

postmenopausal women with low bone mass: a randomized, double-blind, 

placebo-controlled study. J Clin Pharmacol 54, 168-178. 

Padhi D, Jang G, Stouch B, Fang L & Posvar E. (2011). Single-dose, placebo-controlled, 

randomized study of AMG 785, a sclerostin monoclonal antibody. J Bone Miner 

Res 26, 19-26. 

Pearson MJ, Mungovan SF & Smart NA. (2018). Effect of aerobic and resistance training 

on inflammatory markers in heart failure patients: systematic review and meta-

analysis. Heart Fail Rev 23, 209-223. 



   
 

209 
 

Petersen AM & Pedersen BK. (2005). The anti-inflammatory effect of exercise. J Appl 

Physiol (1985) 98, 1154-1162. 

Piao S, Lee S-H, Kim H, Yum S, Stamos JL, Xu Y, Lee S-J, Lee J, Oh S, Han J-K, Park 

B-J, Weis WI & Ha N-C. (2008). Direct Inhibition of GSK3β by the 

Phosphorylated Cytoplasmic Domain of LRP6 in Wnt/β-Catenin Signalling. 

PLOS ONE 3, e4046. 

Pino MF, Parsons SA, Smith SR & Sparks LM. (2016). Active individuals have high 

mitochondrial content and oxidative markers in their abdominal subcutaneous 

adipose tissue. Obesity (Silver Spring) 24, 2467-2470. 

Raleigh JP, Giles MD, Islam H, Nelms M, Bentley RF, Jones JH, Neder JA, Boonstra K, 

Quadrilatero J, Simpson CA, Tschakovsky ME & Gurd BJ. (2018). Contribution 

of central and peripheral adaptations to changes in maximal oxygen uptake 

following 4 weeks of sprint interval training. Appl Physiol Nutr Metab 43, 1059-

1068. 

Rönn T, Volkov P, Tornberg Å, Elgzyri T, Hansson O, Eriksson K-F, Groop L & Ling C. 

(2014). Extensive changes in the transcriptional profile of human adipose tissue 

including genes involved in oxidative phosphorylation after a 6-month exercise 

intervention. Acta Physiologica 211, 188-200. 

Sakurai T, Endo S, Hatano D, Ogasawara J, Kizaki T, Oh-ishi S, Izawa T, Ishida H & 

Ohno H. (2010). Effects of exercise training on adipogenesis of stromal-vascular 

fraction cells in rat epididymal white adipose tissue. Acta Physiol (Oxf) 200, 325-

338. 



   
 

210 
 

Sansoni V, Perego S, Vernillo G, Barbuti A, Merati G, La Torre A, Banfi G & Lombardi 

G. (2018). Effects of repeated sprints training on fracture risk-associated miRNA. 

Oncotarget 9, 18029-18040. 

Sardeli AV, Tomeleri CM, Cyrino ES, Fernhall B, Cavaglieri CR & Chacon-Mikahil 

MPT. (2018). Effect of resistance training on inflammatory markers of older 

adults: A meta-analysis. Experimental gerontology 111, 188-196. 

Sato M, Asada N, Kawano Y, Wakahashi K, Minagawa K, Kawano H, Sada A, Ikeda K, 

Matsui T & Katayama Y. (2013). Osteocytes regulate primary lymphoid organs 

and fat metabolism. Cell metabolism 18, 749-758. 

Sato M & Katayama Y. (2015). Osteocytes and Homeostasis of Remote Organs : Bone-

Buried Osteocytes Talk to Remote Organs. Current osteoporosis reports 13, 193-

197. 

Solinas G & Becattini B. (2016). JNK at the crossroad of obesity, insulin resistance, and 

cell stress response. Molecular metabolism 6, 174-184. 

Soltani N, Marandi SM, Kazemi M & Esmaeil N. (2020). The Exercise Training 

Modulatory Effects on the Obesity-Induced Immunometabolic Dysfunctions. 

Diabetes Metab Syndr Obes 13, 785-810. 

Spatz JM, Wein MN, Gooi JH, Qu Y, Garr JL, Liu S, Barry KJ, Uda Y, Lai F, Dedic C, 

Balcells-Camps M, Kronenberg HM, Babij P & Pajevic PD. (2015). The Wnt 

Inhibitor Sclerostin Is Up-regulated by Mechanical Unloading in Osteocytes in 

Vitro. J Biol Chem 290, 16744-16758. 

Stanford KI & Goodyear LJ. (2016). Exercise regulation of adipose tissue. Adipocyte 5, 

153-162. 



   
 

211 
 

Stanford KI, Middelbeek RJW, Townsend KL, Lee M-Y, Takahashi H, So K, Hitchcox 

KM, Markan KR, Hellbach K, Hirshman MF, Tseng Y-H & Goodyear LJ. (2015). 

A Novel Role for Subcutaneous Adipose Tissue in Exercise-Induced 

Improvements in Glucose Homeostasis. Diabetes 64, 2002-2014. 

Stanik J, Kratzsch J, Landgraf K, Vogel M, Thiery J, Kiess W & Körner A. (2019). The 

Bone Markers Sclerostin, Osteoprotegerin, and Bone-Specific Alkaline 

Phosphatase Are Related to Insulin Resistance in Children and Adolescents, 

Independent of Their Association with Growth and Obesity. Horm Res Paediatr 

91, 1-8. 

Steinhart Z & Angers S. (2018). Wnt signalling in development and tissue homeostasis. 

Development 145, dev146589. 

Stinkens R, Brouwers B, Jocken JW, Blaak EE, Teunissen-Beekman KF, Hesselink MK, 

van Baak MA, Schrauwen P & Goossens GH. (2018). Exercise training-induced 

effects on the abdominal subcutaneous adipose tissue phenotype in humans with 

obesity. J Appl Physiol (1985) 125, 1585-1593. 

Sutherland LN, Bomhof MR, Capozzi LC, Basaraba SAU & Wright DC. (2009). 

Exercise and adrenaline increase PGC-1α mRNA expression in rat adipose tissue. 

The Journal of Physiology 587, 1607-1617. 

Todd J, Simpson P, Estis J, Torres V & Wub AH. (2013). Reference range and short- and 

long-term biological variation of interleukin (IL)-6, IL-17A and tissue necrosis 

factor-alpha using high sensitivity assays. Cytokine 64, 660-665. 

Trevellin E, Scorzeto M, Olivieri M, Granzotto M, Valerio A, Tedesco L, Fabris R, Serra 

R, Quarta M, Reggiani C, Nisoli E & Vettor R. (2014). Exercise training induces 



   
 

212 
 

mitochondrial biogenesis and glucose uptake in subcutaneous adipose tissue 

through eNOS-dependent mechanisms. Diabetes 63, 2800-2811. 

Tsiloulis T, Carey AL, Bayliss J, Canny B, Meex RCR & Watt MJ. (2018). No evidence 

of white adipocyte browning after endurance exercise training in obese men. Int J 

Obes (Lond) 42, 721-727. 

Urano T, Shiraki M, Ouchi Y & Inoue S. (2012). Association of circulating sclerostin 

levels with fat mass and metabolic disease--related markers in Japanese 

postmenopausal women. J Clin Endocrinol Metab 97, E1473-1477. 

Wedell-Neergaard AS, Lang Lehrskov L, Christensen RH, Legaard GE, Dorph E, Larsen 

MK, Launbo N, Fagerlind SR, Seide SK, Nymand S, Ball M, Vinum N, Dahl CN, 

Henneberg M, Ried-Larsen M, Nybing JD, Christensen R, Rosenmeier JB, 

Karstoft K, Pedersen BK, Ellingsgaard H & Krogh-Madsen R. (2019). Exercise-

Induced Changes in Visceral Adipose Tissue Mass Are Regulated by IL-6 

Signalling: A Randomized Controlled Trial. Cell Metab 29, 844-855.e843. 

Wędrychowicz A, Sztefko K & Starzyk JB. (2019). Sclerostin and its association with 

insulin resistance in children and adolescents. Bone 120, 232-238. 

Williams CB, Hughes MC, Edgett BA, Scribbans TD, Simpson CA, Perry CGR & Gurd 

BJ. (2014). An examination of resveratrol's mechanisms of action in human 

tissue: impact of a single dose in vivo and dose responses in skeletal muscle ex 

vivo. PloS one 9, e102406-e102406. 

Wright WS, Longo KA, Dolinsky VW, Gerin I, Kang S, Bennett CN, Chiang S-H, 

Prestwich TC, Gress C, Burant CF, Susulic VS & MacDougald OA. (2007). 



   
 

213 
 

Wnt10b Inhibits Obesity in <em>ob/ob</em> and Agouti Mice. Diabetes 56, 

295-303. 

Zeve D, Seo J, Suh JM, Stenesen D, Tang W, Berglund ED, Wan Y, Williams LJ, Lim A, 

Martinez MJ, McKay RM, Millay DP, Olson EN & Graff JM. (2012). Wnt 

signalling activation in adipose progenitors promotes insulin-independent muscle 

glucose uptake. Cell metabolism 15, 492-504. 

Zhang Y, Li R, Meng Y, Li S, Donelan W, Zhao Y, Qi L, Zhang M, Wang X, Cui T, 

Yang LJ & Tang D. (2014). Irisin stimulates browning of white adipocytes 

through mitogen-activated protein kinase p38 MAP kinase and ERK MAP kinase 

signalling. Diabetes 63, 514-525. 

  



   
 

214 
 

6.11 Supplemental Figures 

 

 
 

Supplemental Figure 6.1. Uncropped UCP1 blot from C57BL6/J brown adipose 

tissue (‘Ba’) and inguinal adipose tissue depots (‘I’) compared to 5.5 participants 

pre-SIT (labelled ‘A’) or post-SIT (labelled ‘B’) human abdominal scWAT samples. 

Protein load: Ba = 3 ug and I, A and B = 20 ug. Molecular weights (MW) of the ladder 

are along the left-hand side. This is an overlayed image: one image was taken for 

chemiluminescence and one for Ponceau S and overlayed to show the molecular weights 

of the ladder (‘L’) on the chemiluminescent image.  
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Chapter 7 – Study 5 
 

Characterization of sclerostin’s response within white adipose tissue to 

an obesogenic diet at rest and in response to acute exercise 

 

Presented as submitted: 

 

Kurgan N, Baranowski BJ, Stoikos J, McNeil A, Fajardo VA, MacPherson REK, Klentrou 

P. Subcutaneous adipose tissue sclerostin is reduced and Wnt signalling is enhanced 

following 4-weeks of sprint interval training in adult males with overweight. In 

preparation.   

 

7.1 Abstract 

This study examined the effect of a high-fat diet (HFD) on sclerostin content within 

subcutaneous inguinal visceral white adipose tissue (iWAT), and visceral epididymal 

WAT (eWAT) depots at rest and in response to acute aerobic exercise. Male C57BL/6 

mice (n=40, 18 weeks of age) underwent 10 weeks of either a low-fat diet (LFD) or HFD. 

Within each diet group, mice were assigned to either remain sedentary (SED) or perform 

2h of endurance treadmill exercise at 15 m·min-1 with 5° incline (EX), creating 4 groups: 

LFD+SED (N=10), LFD+EX (N=10), HFD+SED (N=10), and HFD+EX (N=10). Serum 

and WAT depots were collected 2h post-exercise. Serum sclerostin showed a diet-by-

exercise interaction, reflecting HFD+EX mice having higher concentration than HFD-

SED (+31%, p=0.03), and LFD mice being unresponsive to exercise. iWAT sclerostin 

content decreased post-exercise in both 28 kDa (-31%, p=0.04) and 30 kDa bands (-36%, 

main effect for exercise, p=0.02). iWAT -catenin (+44%, p=0.03) and GSK3 content 

were elevated in HFD mice compared to LFD (+128%, main effect for diet, p=0.005). 
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Monomeric sclerostin content was abolished in eWAT of HFD mice (-96%, main effect 

for diet, p<0.0001), was only detectable as a 30 kDa band in LFD mice and was 

unresponsive to exercise. -catenin and GSK3 were both unresponsive to diet and 

exercise within eWAT. These results characterized sclerostin’s mobilization to WAT 

depots in response to acute exercise, which appears to be specific to a reduction in iWAT 

and identified a differential regulation of sclerostin’s form/post-translational 

modifications depending on diet and WAT depot.  

 

Keywords: Sclerostin, Wnt Signalling, GSK3, Adipose Tissue, Exercise 

 

New & Noteworthy 

Sclerostin is a bone derived protein that has an endocrine role in inhibiting adipogenesis. 

This study identified that sclerostin was increased in the circulation of obese insulin 

resistant mice and not lean mice, while subcutaneous white adipose tissue sclerostin 

content decreased following exercise in both lean and obese mice. We also present 

differences in molecular weights of sclerostin between white adipose tissue depots and 

diets, providing support for tissue specific and diet dependent regulation of sclerostin's 

post-translational modifications. Results of this study provides novel context to 

sclerostin's response to both acute exercise and high-fat diet within white adipose tissue 

and the circulation.  
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7.2 Introduction 

White adipocytes are a major storage site for lipids and play a key role in substrate 

mobilization (e.g., fatty acids) to tissues (e.g., skeletal muscle) during periods of high 

energy expenditure (Lundsgaard et al., 2018). When energy intake is in excess to 

expenditure and is sustained, adipose tissue expansion occurs through the hypertrophy 

and hyperplasia of adipocytes (Spalding et al., 2008; Arner et al., 2013; Wang et al., 

2013). Despite a growing understanding of the development of adipose tissue depots, the 

mechanisms and signals regulating these responses according to changes in energy needs 

is not fully understood.  

Sclerostin is a glycoprotein that is mainly associated with the regulation of bone 

metabolism. In the bone microenvironment, osteocytes secrete sclerostin in response to 

mechanical unloading, which inhibits Wnt/-catenin signalling within the bone forming 

cells, the osteoblasts. This leads to the inhibition of bone formation and downstream to 

the upregulation of the activation of the bone resorbing cells, the osteoclasts. While 

studies have shown lower expression by liver, kidney, both the vascular smooth muscle 

(Zhu et al., 2011) and skeletal muscle (Magarò et al., 2021), testis, pyloric sphincter, 

carotid arteries, and the cerebellum (Collette et al., 2013), the majority of circulating 

sclerostin comes from bone (Kim et al., 2019;Kim et al., 2021). In contrast, adipose tissue 

does not express sclerostin (Kim et al., 2017). However, sclerostin knockout mice or 

mice with peripheral inhibition of sclerostin by a neutralizing antibody present with 

increased bone mass, as well as reduced peripheral fat pad weights, increased insulin 

sensitivity, and fatty acid oxidation (Kim et al., 2017;Kim et al., 2021). These findings 

suggest an endocrine role of bone derived sclerostin in regulating adipose tissue mass and 
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metabolism. Sclerostin’s endocrine role in adipose tissue is likely mediated in part by 

inhibiting Wnt signalling, a pathway known to inhibit adipogenesis (Cawthorn et al., 

2012).  Indeed, when sclerostin content is increased both in vivo (Fulzele et al., 2017; 

Kim et al., 2017; Fairfield et al., 2018) and in vitro (Ukita et al., 2016), Wnt signalling is 

inhibited, resulting in increased adipogenesis and adipocyte cell size.  

Evidence for a physiological role of sclerostin in regulating fat mass comes from 

assessment of humans with higher adiposity (Amrein et al., 2012; Urano et al., 2012) and 

mice with increased adiposity induced by a HFD, which both have higher circulating 

sclerostin compared to their normal weight controls (Baek et al., 2014; Kim et al., 2017). 

Exercise differentially influences circulating sclerostin levels; specifically, acute exercise 

induces a transient increase (Kouvelioti et al., 2019), while resting levels decrease with 

long term exercise training (Ardawi et al., 2012). Additionally, adolescent females appear 

to be protected from this increase while obese adolescent females are not (Kurgan et al., 

2020), providing evidence for adiposity dependent differential mobilization of sclerostin 

in the circulation following acute exercise. Which may be related to sclerostin’s 

association with insulin sensitivity and glucose metabolism, which has been shown in 

humans (Urano et al., 2012; Daniele et al., 2015) and in vivo murine models (Kim et al., 

2017; Kim et al., 2019; Kim et al., 2021). Taken together, these data suggest sclerostin’s 

endocrine function may regulate adipose tissue mass and metabolism in response to 

excess energy intake (e.g., HFD) and energy expenditure (e.g., exercise). Examining the 

mobilization of sclerostin to different WAT depots in response to acute exercise or to 

chronic changes in energy availability (e.g., HFD) will provide physiological context to 

sclerostin’s endocrine function. The purpose of this study was to examine subcutaneous 
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and visceral WAT sclerostin content and Wnt/b-catenin signalling in response to a HFD 

and determine whether the subsequent metabolic adaptations (reduced insulin 

sensitivity/dysregulated glucose homeostasis) influence the post-exercise response in 

WAT sclerostin content.  

7.3 Methods 

7.3.1 Animals 

Experimental protocols are in compliance with the Canadian Council on Animal Care and 

were approved by the Brock University Animal Care Committee (File #17-06-02). This 

study utilized one cohort of 40 male C57BL/6 mice (18 weeks of age; 31.9 ± 2.5 g) 

ordered from The Jackson Laboratory (Bar Harbor, ME, United States) for a study 

originally designed to examine brain signalling response to acute exercise (Baranowski et 

al., 2021). Upon arrival, the mice acclimatized for 3d in the Brock University 

Comparative Biosciences Facility (St. Catharines, ON, Canada). During acclimatization, 

mice were fed standard chow (2014 Teklad global 14% protein rodent maintenance diet, 

Harlan Tekland, Mississauga, ON, Canada). All mice were housed in fours, were kept on 

a 12 h light / 12 h dark cycle, and had ad libitum access to food and water through the 

entirety of the study. 

7.3.2 Experimental Design 

As previously described (Baranowski et al., 2021), the mice were randomized into either 

a HFD (n = 20, 60% kcal fat, cat#D12492) or low-fat diet (LFD) group (n = 20, 10% kcal 

fat, cat#D12450B). Baseline measurement of body weight of all mice (n = 40) was 

conducted immediately after acclimatization and the mice remained on their respective 

diets for a 10-week period, with body mass measurements taken weekly. Following the 
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10-week dietary intervention, LFD and HFD mice were further randomized into either 

the sedentary or the acute exercise group, creating 4 groups: LFD+Sedentary (n = 10), 

LFD+Exercise (n = 10), HFD+Sedentary (n = 10), or HFD+Exercise (n = 10). The 

sedentary groups did not exercise, while the exercise groups performed a single bout of 

treadmill running for 2 h at 15 m·min-1 on a 5% incline as previously described 

(MacPherson et al., 2015a). Following a 2h recovery period, the mice were euthanized, 

and serum, as well as the inguinal white adipose tissue (iWAT) and epididymal white 

adipose tissue (eWAT) depots, were collected. Necropsy tissue weights were also 

measured prior snap freezing in liquid nitrogen and storage in -80°C for future analysis.  

7.3.3 Glucose and Insulin Tolerance Testing 

Data from the glucose (GTT) and insulin tolerance testing (ITT) from a larger cohort of 

animals is described and reported elsewhere (Baranowski et al., 2021). Briefly, 

intraperitoneal GTT were performed on fasted (6 h), non-anesthetized mice during the 9th 

week of the dietary intervention. Tail vein was sampled for blood glucose using an 

automated glucometer at baseline and at 15, 30, 45, 60, 90, and 120 min following an 

intraperitoneal injection of glucose (2 g·kg body mass-1) and area under the curve (AUC) 

of the glucose response over time is reported in Table 1 (Baranowski et al., 2021). 

Intraperitoneal ITT were performed on non-anesthetized mice following 48 h of 

recovery from the GTT. Tail vein was sample for blood glucose using an automated 

glucometer at baseline and at 15, 30, 45, 60, 90, and 120 min following an intraperitoneal 

injection of insulin (0.75 U·kg body mass-1) and (AUC) of the glucose response over time 

is reported in Table 1 (Baranowski et al., 2021).   
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7.3.4 Blood Sampling and ELISA  

At end point, blood samples were taken by cardiac puncture with 1 mL insulin syringes 

(cat#01ST; ELIMEDICAL, Markham, Canada) and 25G needles (Cat#26403; EXCELINC 

International,Co., California, USA). Blood samples were left on ice to clot for 1 h before 

being centrifuged for 15 min at 1500 x g. Samples were aliquoted and stored at -80°C until 

analysis. Serum sclerostin was analysed in duplicate using one Quantikine enzyme-linked 

immunoassay kits (cat#MSST00; R&D Systems, Minneapolis, Minnesota, USA) 

according to manufacturer’s instructions and had an intra assay coefficient of variation of 

4.8%.  

7.3.5 Adipose Tissue Homogenization 

iWAT and eWAT depots were tandemly homogenized (FastPrep, MP Biomedicals, 

Santa Ana, CA) on the same day in 3x volume per mg mass of tissue in NP40 Cell Lysis 

Buffer (Life Technologies; cat# FNN0021) supplemented with 3x the recommended 

volume of phenylmethylsulfonyl fluoride (PMSF) (3 mM) and 100x protease inhibitor 

(PI) cocktail (Sigma-Aldrich; cat#7626 and cat#P8340, respectively). Following 

homogenization, samples were placed on ice for 30 min then centrifuged at 4°C for 5 min 

at 5,000 x g. The infranatant was then collected and protein concentration was 

determined using a Bicinchoninic acid assay (cat#B9643; Sigma-Aldrich, St. Louis, 

Missouri, USA; copper (II) sulfate pentahydrate, cat#BDH9312, VWR, Radnor, 

Pennsylvania, USA). The samples were prepared to contain equal concentrations (1 

g·l-1) of protein in 4x Laemmli buffer (diluted to 1x; cat#1610747, Bio-Rad, Hercules, 

California, USA) and placed in a heating block at 100°C for 10 min, allowed to cool, and 

then stored at -80°C for future analysis.   
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7.3.6 Immunoblotting 

20 µg of protein were loaded and resolved on 10% TGX fast cast gels (cat# 1610173, 

Bio-Rad, Hercules, California, USA) for 30 min at 250 V. Proteins were then semi-dry 

transferred onto a polyvinylidene difluoride membrane at 1.3 A and 25 V for 7 min 

(Trans-Blot® Turbo™ Transfer System, Bio-Rad, Hercules, California, USA). 

Membranes were blocked in Tris buffered saline/0.1% Tween 20 (TBST) with 5% non-

fat powdered milk for 1 h at room temperature. Primary antibody (1:500-2000 ratio 

dilution in 5% milk) was then applied and left to incubate on a shaker at 4°C for ~16 h. 

Membranes were then washed with TBST 3 x 5 min and then incubated with the 

corresponding secondary antibody conjugated with horseradish peroxidase (anti rabbit 

(cat#HAF008) and anti-goat (cat#CAF109), R&D Systems, Minneapolis, Minnesota, 

USA – 1:2000 dilution in 5% milk) for 1h at room temperature. Signals were detected 

using either Clarity™ Western chemiluminescent substrate (cat#170-5061, Bio-Rad, 

Hercules, California, USA), or SuperSignal™ West Femto maximum sensitivity 

chemiluminescent substrate (cat#34095, ThermoFisher Scientific, Waltham, 

Massachusetts, USA) and were imaged using a Bio-Rad ChemiDoc™ Imaging System 

(Hercules, California, USA). Each membrane was stained with Ponceau S to normalize to 

total protein. Densitometry analysis was done using ImageLab Software (Bio-Rad, 

Hercules, California, USA) and compared to sedentary LFD mice protein content (e.g., 

100%). Antibodies against total GSK3β (cat#12456S), serine 9 phospho-GSK3β 

(cat#9336S), total β-catenin (cat#8480S) were purchased from Cell Signalling (Danvers, 

USA). Sclerostin antibody was purchased from R&D Systems, Inc. (cat#MAB1406, 

R&D Systems, Minneapolis, Minnesota, USA), and was confirmed by immunoblotting 
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femur homogenates and recombinant sclerostin (cat# 1406, R&D Systems, Minneapolis, 

Minnesota, USA) (Supplemental Figure 1) (Supplemental Figures (1-3) are deposited in a 

public access data repository:  https://doi.org/10.6084/m9.figshare.19119203.v1).  

7.3.7 Statistical Analysis  

Baseline comparisons between diet groups were done using independent t-tests. 

Comparisons of all proteins responses to diet and exercise were done with a 2-way 

ANOVA (diet by exercise groups) and significant interactions were followed up with 

Tukey post hoc analysis using GraphPad Prism 9. Data are presented as means ± standard 

deviation (SD) with significance assumed at an α = 0.05. 

7.4 Results 

7.4.1 Diet induced changes to body mass and insulin sensitivity 

Table 7.1 presents data from a smaller cohort of previously published data (Baranowski 

et al., 2021). The difference in sample size required us to perform analysis on these 

variables again to characterize the difference between groups in this specific study. Mice 

on HFD had higher body mass (mean difference = +16.2g or +1.5-fold, p < 0.0001), 

necropsy iWAT mass (mean difference = +1.5g or +4.8-fold, p < 0.0001), necropsy 

eWAT mass (mean difference = +0.8g or +2-fold, p = 0.0003), and necropsy liver mass 

(mean difference = +1.3g or +2.2-fold, p < 0.0001) compared to mice on LFD (Table 

7.1). Mice on HFD also had higher area under the curves (AUC) of blood glucose in 

response to ITT (mean difference = +435.2 mmol·L-1·min-1 or +1.8-fold, p < 0.0001) and 

GTT (mean difference = +758.2 mmol·L-1·min-1 or +1.6-fold, p < 0.0001) compared to 

LFD. These results provide evidence that our HFD resulted in fat mass expansion and 

perturbed insulin sensitivity\glucose metabolism.  
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Table 7.1. Group differences in body mass, tissue necropsy, and insulin sensitivity 

measures following 8 weeks of dietary intervention. 

 LFD HFD p-value 

Body Mass (g) 32.2±3.2 48.4±5.2 <0.0001 

iWAT Mass (g) 0.4±0.4 1.9±0.5 <0.0001 

eWAT Mass (g) 0.8±0.4 1.6±0.3 0.0003 

Liver Mass (g) 1.1±0.2 2.4±0.6 <0.0001 

ITT AUC (mmol·L-1·min-1)  520.4±80.3  955.6±84.6 <0.0001 

GTT AUC (mmol·L-1·min-1) 1299.1±159.6 2057.3±286.5 <0.0001 

Data are means±SD. Independent sample t-tests were used to examine group differences. 

LFD = low fat diet; HFD = high fat diet; iWAT = inguinal white adipose tissue; eWAT = 

epididymal white adipose tissue; ITT = insulin tolerance test; AUC = area under the 

curve; GTT = glucose tolerance test. Data is a cohort of a previously published study 

(Baranowski et al., 2021). 

7.4.2 Circulating sclerostin increases acutely following exercise only in HFD mice 

Circulating sclerostin content showed no main effects for exercise (p = 0.1) or diet (p = 

0.3), but there was a diet by exercise interaction (p = 0.02), indicating that the sclerostin 

response to acute exercise was different between diets (Figure 7.1). Pairwise comparisons 

identified that HE mice had higher serum sclerostin compared to HS (mean difference = 

+36.9 pg·ml-1, p = 0.03) and trended to be significantly higher than LE mice (mean 

difference = +30.3 pg·ml-1, p = 0.08), while there were no differences between LS and 

LE groups. These findings reflect similar results observed in humans with obesity 

compared to those with normal weight (Kurgan et al., 2020).  
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Figure 7.1 Serum sclerostin response to HFD and acute exercise. Pink bars represent 

sedentary mice and dark red bars represent mice sampled 2 h following 2 h of endurance 

exercise and are grouped by diet; LFD = low fat diet; HFD = high fat diet. Data are 

presented as mean±SD. A two-way ANOVA was used to examine main effects for diet 

and exercise as well their interaction. * = p <0.01. Tukey correction was used for multiple 

pairwise comparisons. 

7.4.2 Obesogenic diet increases GSK3 and -catenin content and acute exercise 

reduces sclerostin content within iWAT 

When immunoblotting for sclerostin within iWAT, a distinct banding pattern occurred at 

28 and 30 kDa, which represents glycosylation at N-linked sites (N175) (Krause et al., 

2010;Holdsworth et al., 2012;Kim et al., 2020). There was also a band at ~56 kDa, that 

we believe to be a sclerostin dimer (Hernandez et al., 2014). This band was haloing when 

the monomer was detectable, which could indicate a saturated signal and thus a higher 



   
 

226 
 

abundance than the monomer (Supplemental Figure 7.3). Nevertheless, the monomeric 

form of sclerostin has been shown to be functional and interact specifically with the Wnt 

coreceptor (LRP6) inhibiting its action (Kim et al., 2020). Thus, we report here analysis 

only on the monomer of sclerostin, which was accomplished by analyzing membranes 

that had been cut below 56 kDa to only detect monomeric sclerostin without the haloing 

56 kDa band (e.g., Supplemental Figure 7.2). Examination of iWAT sclerostin showed a 

main effect for exercise (difference in predicted means from pre- to post-exercise = -

34.7%, p = 0.04), with no main effect for diet (difference in predicted means of LFD and 

HFD = +3.0%, p = 0.9) and no interaction (p = 0.5) for sclerostin’s 28 kDa band (Figure 

7.2a). There was a main effect for exercise (difference in predicted means from pre- to 

post-exercise = -35.3%, p = 0.02), but no main effect for diet (difference in predicted 

means of HFD and LFD = +27.4%, p = 0.08;) and no interaction (p = 0.8) for sclerostin’s 

30 kDa band within iWAT (Figure 7.2a). There was a main effect for diet (difference in 

predicted means of LFD and HFD = +173.7%, p = 0.004), but no main effect for exercise 

(difference in predicted means from pre- to post-exercise = +7.1%; p = 0.9) and no 

interaction (p = 0.9) for serine9 phosphorylation of GSK3 within iWAT (Figure 7.2b). 

Likewise, there was a main effect for diet (difference in predicted means of LFD and 

HFD = +141.5%, p = 0.005), but no main effect for exercise (difference in predicted 

means from pre- to post-exercise = +7.3%, p = 0.8) and no interaction (p = 0.7) for total 

GSK3 content within iWAT (Figure 7.2c). Together, these responses resulted in no 

main effects for either exercise (difference in predicted means from pre- to post-exercise 

= -8.1%, p = 0.4) or diet (difference in predicted means of LFD and HFD = +10.9%, p = 

0.4) and interaction (p = 0.5) for serine9 phosphorylation/total GSK3 ratio within iWAT 
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(Figure 7.2d). There was a main effect for diet (difference in predicted means of LFD and 

HFD = +65.8%, p = 0.03) with no main effect for exercise (difference in predicted means 

from pre- to post-exercise = +55.4%, p = 0.07) and no interaction (p = 0.7) for total -

catenin content within iWAT (Figure 7.2e). 

 

Figure 7.2 Response of iWAT sclerostin content (a), serine9 phosphorylation status (b 

and d) and total GSK3 content (c), and total -catenin content (e) to HFD and acute 
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exercise. Pink bars represent sedentary mice and reds bars represent mice sampled 2 h 

following 2 h of endurance exercise and are grouped by diet; LFD = low fat diet; HFD = 

high fat diet. Proteins are corrected for total protein with the house keeping protein 

vinculin and are all relative to LFD sedentary mice. Data are presented as mean±SD and 

main effects are presented on graphs only if they are either close to or are significant. A 

two-way ANOVA was used to examine main effects for diet and exercise as well their 

interaction. Square bars on the legend represent main effects for acute exercise and 

straight bars over columns represent main effects for diet. * = p<0.05; ** = p<0.01. Tukey 

correction was used for multiple pairwise comparisons. 

7.4.3 Obesogenic diet abolishes sclerostin content within eWAT and results in a 

differential response to acute exercise in inhibitory GSK3 serine9 phosphorylation 

status  

In contrast to the iWAT doublet banding pattern at 28 and 30 kDa when sclerostin was 

immunoblotted, eWAT only had 1 band at 30 kDa (there were 2/20 samples with 

detection of the 28 kDa band). Thus, only analysis of the 30 kDa band is presented. There 

was a main effect for diet (difference in predicted means of LFD and HFD = -114.9%, p 

= <0.0001), while there was no main effect for exercise (difference in predicted means 

from pre- to post-exercise = +17.7%, p = 0.2) and no interaction (p = 0.1) in the 30 kDa 

band of sclerostin within eWAT. The main effect for diet was a result of the 30 kDa 

monomer of sclerostin being nearly undetectable in eWAT of HFD fed mice (Figure 

7.3a). It is important to note that there were detectable bands at 30 kDa in recombinant 

sclerostin when compared to eWAT samples (Supplemental Figure 7.2) and at 

sclerostin’s dimer predicted molecular weight of 56 kDa (Supplemental Figure 7.3).  

There were no main effects for either exercise (difference in predicted means 

from pre- to post-exercise = +5.2%, p = 0.8) or diet (difference in predicted means of 

LFD and HFD = +12.9%, p = 0.6) and no interaction (p = 0.3) for total GSK3 content 

within eWAT (Figure 7.3b). Likewise, there were no main effects for either exercise 
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(difference in predicted means from pre- to post-exercise = -6.3%, p = 0.7) or diet 

(difference in predicted means of LFD and HFD = +17.8%, p = 0.2) and no interaction (p 

= 0.3) for serine9 phosphorylation of GSK3 within eWAT (Figure 7.3c). There were no 

significant main effects for either exercise (difference in predicted means from pre- to 

post-exercise = -0.1%, p = 0.9) or diet (difference in predicted means of LFD and HFD = 

-1.5%, p = 0.9) and no interaction (p = 0.07) for serine9 phosphorylation over total 

GSK3 within eWAT (Figure 7.3d). There were no main effects for either exercise 

(difference in predicted means from pre- to post-exercise = -2.2%, p = 0.5) or diet 

(difference in predicted means of LFD and HFD = +12.9%, p = 0.9) and no interaction (p 

= 0.7) was found for total -catenin content within eWAT (Figure 7.3e). 
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Figure 7.3 Response of eWAT sclerostin content (a), serine9 phosphorylation status (b 

and d) and total GSK3 content (c), and total -catenin content (e) to HFD and acute 

exercise. Pink bars represent sedentary mice and reds bars represent mice sampled 2 h 

following 2 h of endurance exercise and are grouped by diet; LFD = low fat diet; HFD = 

high fat diet. Proteins are corrected for total protein with the house keeping protein 

vinculin and are all relative to LFD sedentary mice. Data are presented as mean±SD and 

main effects are presented on graphs only if they are either close to or are significant. A 

two-way ANOVA was used to examine main effects for diet and exercise as well their 

interaction. Straight bars over columns represent main effects for diet. **** = p<0.0001. 

Tukey correction was used for multiple pairwise comparisons. 
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7.5 Discussion 

In this study, we show new evidence that sclerostin is elevated in the circulation during 

recovery from acute exercise only in HFD induced obese and insulin resistant mice. 

When looking at the adipose tissue specific responses, we found that in iWAT, sclerostin 

decreased following exercise, independent of diet; however, eWAT sclerostin content 

was not responsive to exercise and was no longer detected after the HFD. Moreover, 

revealing downstream markers of the Wnt signalling pathway (GSK3 and -catenin 

content) identified differential responses to HFD between iWAT and eWAT. Together, 

these results provide novel context to sclerostin’s endocrine role, which appears to be 

responsive to acute exercise (iWAT) and diet induced obesity/insulin resistance (eWAT) 

depending on the depot. We also present differences in molecular weights of sclerostin 

between WAT depots and diets, providing support for tissue specific and diet dependent 

regulation of sclerostin’s post-translational modifications.  

 Circulating sclerostin’s response to acute and chronic exercise has been 

extensively studied in humans, while there is no evidence in mice. In young adult humans 

(~30 years of age), circulating sclerostin increases immediately following an acute bout 

of exercise, independent of mechanical loading in both male and female young adults 

(Kouvelioti et al., 2019). Older adults with osteoporosis also have an acute increase in 

sclerostin in response to walking/resistance exercise (Gombos et al., 2016). However, 

postmenopausal women without osteoporosis showed no acute sclerostin response to 

plyometric exercise but have higher levels of resting sclerostin compared to young adult 

women (Nelson et al., 2020). Our lab has also shown that normal weight healthy children 

have no response of circulating sclerostin to acute exercise, while those with obesity have 
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an adult-like, transient post-exercise increase (Dekker et al., 2017; Kurgan et al., 2020). 

Taken together, there appears to be protection from an increase in circulating sclerostin in 

healthy children (likely a result of increased bone formation) and healthy older adults 

(inability to mobilize bone turnover), which is lost in individuals with perturbed 

metabolism or bone status. This is consistent with our present findings, where HFD mice 

had increased levels of sclerostin 2 h post-exercise, while LFD mice were unresponsive 

to acute exercise. There were no differences in sclerostin at rest in HFD mice compared 

to LFD mice, which is in contrast to previous studies that have shown that a HFD 

increases bone sclerostin expression (Baek et al., 2014) leading to increased circulating 

sclerostin (Kim et al., 2017). Since we used the same strain and sex of mice, these 

differences may be due to age or the length of the HFD, as these studies used 8 weeks of 

HFD with mice ~16 weeks of age, while we used 10 weeks of a HFD with same strain 

mice 18 weeks of age (24 vs. 28 weeks of age at analysis). 

 The identification of sclerostin’s endocrine role in regulating fat mass (Kim et al., 

2017; Kim et al., 2019; Kim et al., 2021) and HFD mice circulating sclerostin increasing 

following acute exercise led us to examine the influence of fat mass expansion and 

perturbed insulin sensitivity (HFD vs. LFD fed mice) on the response/mobilization of 

sclerostin within adipose tissue at rest and in response to acute exercise. In contrast to 

peripheral sclerostin, there appears to be a reduction in monomeric sclerostin content 

(both 28 and 30 kDa bands) within iWAT following acute exercise independent of diet. 

While there was no significant effect of acute exercise on iWAT GSK3 serine9 

phosphorylation, there was a trend (p = 0.07) for an increase in -catenin content, which 

is expected with less sclerostin and increased Wnt signalling. This increase in Wnt 
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signalling could represent an attempt to use fat stores for energy rather than store them 

(e.g., adipogenesis). The timing of sampling is likely why we only observed a trend (p = 

0.07) for an increase in -catenin content following acute exercise. This response is likely 

temporal, as our study examined the response 2 h post-exercise and previous studies have 

shown Wnt/-catenin signalling within adipose tissue increases immediately following 

exercise (Shen et al., 2016). 

It is interesting to note that iWAT total GSK3 and -catenin content were both 

higher in HFD mice compared to LFD mice. With its role in the Wnt signalling pathway, 

an increase in GSK3 would theoretically lead to reduced levels of -catenin. However, 

our data suggests otherwise, where HFD enhanced Wnt signalling independent of 

changes in total GSK3. This is likely a compensatory response to changes in the 

regulation of Wnt signalling with HFD feeding aimed at enhancing lipolysis in the face of 

excessive adiposity. This compensation is likely regulated by other components of Wnt 

signalling (e.g., Wnt’s co-receptors LRP 5/6). In addition, it has been shown that HFD 

feeding in adipocyte specific -catenin knockout mice can compensate for this inhibited 

Wnt signalling by increasing -catenin expression by stromal-vascular cells within 

adipose tissue, which can be used to rescue Wnt signalling within adipocytes (Bagchi et 

al., 2020). Furthermore, an increase in GSK3 content is not entirely surprising given its 

role in adipogenesis and metabolism where it has been shown that GSK3 can inhibit 

expression of the thermogenic gene program (Markussen et al., 2018), and increase 

inflammation (Wang et al., 2018) and adipogenesis (Benjamin et al., 1994; Ross et al., 

1999; Zaragosi et al., 2008). We propose that GSK3 increases content in iWAT in 

response to HFD feeding to increase adipogenesis, and acute exercise can counteract this 
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by increasing Wnt signalling (trend for increased β-catenin content), which may be 

regulated in part by reduced sclerostin.   

 Since sclerostin knockout models are protected against an obesogenic diet in both 

subcutaneous and visceral fat pads by inhibiting adipogenesis and increasing insulin 

sensitivity and fat oxidation (Kim et al., 2017), we hypothesized that a HFD would 

increase sclerostin content in both WAT depots due to reduced insulin sensitivity. In 

contrast, we found monomeric sclerostin content was unresponsive in iWAT and 

undetectable in eWAT of HFD mice compared to LFD fed mice at rest. However, this 

does not mean sclerostin was not present in eWAT, as there was a strong band at ~56 

kDa (Supplemental Figure 7.3), representing a sclerostin dimer (Hernandez et al., 2014). 

We suspect that there is either a push to preferentially form dimers and reduce 

monomeric sclerostin content or there is a reduction in the mobilization of monomeric 

sclerostin to visceral WAT while subcutaneous WAT is not impacted. There are no 

crystallized structure images on protein data bank (Berman et al., 2000) of the sclerostin 

dimer, which prevents speculation on the influence of changes in glycosylation or 

dimerization on protein function. Imaging sclerostin’s dimer structure or predicting its 

structure through computational methods (Brini et al., 2019) would provide insight into 

the influence dimerization would have on sclerostin’s ability to interact with its LRP6 

epitope (Kim et al., 2020) and enable comparison of dimeric sclerostin’s inhibition of 

Wnt function compared to monomeric sclerostin. It is important to note that eWAT 

sclerostin and components of Wnt/-catenin signalling were unresponsive to acute 

exercise in this study, suggesting sclerostin may not influence eWAT’s long term 

adaptations to diet or exercise, which may be due to alterations in its sensitivity to 
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sclerostin action (e.g., receptor content – LRP4 and 6 (Kim et al., 2019; Kim et al., 

2020)). The importance of these changes to sclerostin’s content and post-translational 

modifications with exercise and HFD feeding are critical in furthering our understanding 

of its role in regulating bone (Poole et al., 2005), adipose tissue (Kim et al., 2017), and 

skeletal muscle (Magarò et al., 2021) growth and metabolism, which we plan to directly 

examine in future studies.   

There are several limitations to the present study design, that limits our analysis 

and interpretation to correlations in the response of sclerostin and Wnt signalling. Thus, 

our conclusions lack mechanistic insight or causative effects of changes in sclerostin 

content and Wnt signalling within adipose tissue and their influence on growth and 

metabolism. Rather, we present responses in proteins with known functions in these 

tissues providing preliminary evidence for their role in adaptations to diet and exercise 

and rationale for further examination. Additionally, assessment of more post-exercise 

time points, particularly immediately post-exercise, is needed to fully understand the 

temporal behavior of sclerostin and Wnt signalling acutely post-exercise. WAT is also 

comprised of mature adipocytes, preadipocytes, endothelial, stromal, and immune cells, 

thus it is important to consider the changes we are observing may be a result of changes 

occurring in any of these cell types (Bagchi et al., 2020). Cell specific responses to high 

fat feeding and acute exercise is important to elucidate which cell types are contributing 

to these responses. We also only report responses in male mice, which neglects sex 

specific differences. Lastly, an important caveat is that GSK3 activity is not solely 

regulated by serine9 phosphorylation status or content and Wnt signalling does not 

require its phosphorylation to inhibit its kinase activity for -catenin as its substrate (Piao 
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et al., 2008). Although phosphorylation of GSK3 can occur in tandem, increased -

catenin content is an indicator of canonical Wnt signal transduction.  

Given sclerostin’s association with fat oxidation and insulin sensitivity, future 

studies are needed that examine sclerostin’s response to changes in adipose tissue 

lipolysis (e.g., induced by catecholamines or models of inhibited WAT lipolysis) or 

insulin stimulated glucose uptake. These studies will provide mechanistic insight into 

sclerostin’s mobilization with exercise and the differential response between fat pads. 

Assessment of the importance of sclerostin reduction within iWAT with multiple bouts of 

acute exercise (i.e., exercise training) is also needed to understand its role in regulating 

adipose tissue mass and adipocyte cell size. Lastly, assessing eWAT and iWAT ex vivo 

explants differences in Wnt signalling activation to varying doses of Wnt ligands (e.g., 

Wnt 3a) and sclerostin will allow for further understanding of depot specific sensitivity to 

Wnt signalling and sclerostin action (e.g., receptor content). 

7.6 Conclusion 

Herein we have characterized the monomeric sclerostin response to acute exercise as well 

as the influence of HFD feeding on this response. While HFD and LFD mice have no 

difference in resting levels, HFD augments circulating sclerostin response to acute 

exercise, which remains unresponsive in LFD mice. Within visceral eWAT, monomeric 

sclerostin content is abolished and is unchanged in iWAT in HFD mice compared to LFD 

mice, while acute exercise does not influence eWAT sclerostin it leads to a reduction in 

iWAT independent of diet. Thus, sclerostin is responsive to acute exercise (iWAT) and 

fat mass expansion (eWAT), conferring a contribution of this bone derived endocrine 

factor in regulating WAT growth and metabolism that requires further examination.  
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Chapter 8 – Study 6  
 

Sclerostin influences exercise induced adaptations in body composition 

and white adipose tissue morphology in male mice 
 

Presented as prepared for submission: 

Kurgan N, Stoikos J, Baranowski BJ, Yumol J, Dhaliwal R, Sweezey-Munroe JB, Fajardo 

VA, Gittings W, MacPherson REK, Klentrou P. Sclerostin influences exercise induced 

adaptations in body composition and white adipose tissue morphology in male mice 

 

 

8.1 Abstract 

Produced by osteocytes, sclerostin is an inhibitor of the osteogenic Wnt/β-catenin 

signalling pathway that has an endocrine role in regulating adipose tissue (AT) by 

reducing adipogenesis. Subcutaneous white AT (scWAT) sclerostin decreases during 

recovery to acute exercise and at rest with exercise training (EXT). Therefore, we 

hypothesized that EXT induced reductions in adipose tissue sclerostin may play a role in 

regulating adaptations in body composition and whole-body metabolism. To test this 

hypothesis, 10-week-old male C57BL/6J mice were either sedentary (SED) or 

performing 1h of treadmill running at ~65-70% VO2max 5 d/week (EXT) for 4 weeks and 

had s.c. injections of either saline (C) or a physiologically relevant dose of recombinant 

sclerostin (S) (0.1 mg/kg body mass) 5 d/week; thus, making 4 groups (SED-C, EXT-C, 

SED-S, and EXT-S; n=12/group). No differences in body mass were observed between 

experimental groups, however, food intake was higher in EXT (p=0.03) and S (p=0.08) 

groups. This agrees with a higher resting energy expenditure and carbohydrate oxidation 

observed in each of the treatment groups compared to SED-C. Mice in S groups also had 

higher fat oxidation in the light cycle compared to C mice. EXT-C had a higher lean mass 
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and lower %fat mass compared to SED-C and SED-S. No differences in body 

composition were observed in either the SED-S or EXT-S groups. Lower scWAT 

(inguinal) and vWAT (epididymal) mass as well as scWAT adipocyte cell size was lower 

and percentage of multilocular cells was higher in the EXT-C group, while lower vWAT 

was only observed in the EXT-S group. EXT groups had increased iWAT mitochondrial 

content and sclerostin treatment did not prevent this. Together, these results provide 

evidence that reductions in sclerostin with exercise training may influence associated 

alterations in energy metabolism and body composition, particularly in scWAT.  

Keywords: Sclerostin, Wnt Signalling, GSK3, Adipose Tissue, Exercise 

 

8.2 Introduction 

Sclerostin is a secreted glycoprotein mainly produced by the osteocyte, which inhibits the 

canonical Wnt/β-catenin signalling pathway (Lin et al., 2009). Within bone, Wnt/β-

catenin signalling increases bone formation by increasing osteoblastogenesis. Thus, 

inhibiting sclerostin has become a recent therapeutic target for treating osteporosis 

(Langdahl et al., 2017). In mice, genetic deletion, or inhibition of sclerostin with a 

neutralizing antibody, increases bone mass while also improving insulin sensitivity and 

lipid homeostasis. Despite sclerostin not being expressed by adipose tissue (AT), 

reductions in AT mass, adipocyte cross-sectional area, and inhibited adipocyte maturation 

can also be observed in these models, ultimately conferring resistance to a high-fat 

obesogenic diet (Kim et al., 2017a; Kim et al., 2019; Kim et al., 2021). 

Given the recency of the identification of this novel endocrine function of 

sclerostin, the role it plays in regulating long term adaptations to physiological stimuli 
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has yet to be examined. Studies in humans supports a physiological role of sclerostin in 

regulating metabolism in the context of exercise. Specifically, resting circulating 

sclerostin (Amrein et al., 2012; Hinton et al., 2017; Janik et al., 2018; Sansoni et al., 

2018; Murai et al., 2019) and subcutaneous white AT (scWAT) content has been shown 

to decrease in humans following exercise training (Kurgan et al., 2022b). Sclerostin is 

also known to increase in response to acute exercise and the magnitude of this response is 

higher in adolescents with overweight or obesity (OW/OB) compared to normal weight 

controls (Kurgan et al., 2020), which we have recently shown to occur in male mice as 

well (Kurgan et al., 2022c, in preparation). This difference can be corrected with a diet 

and exercise intervention that leads to reductions in fat mass (Kurgan et al., 2022a PhD 

Study 3, in preparation), suggesting a bone-adipose tissue connection in response to 

exercise training through the regulation of peripheral sclerostin. Indeed, studies in rodents 

undergoing long term mechanical loading/exercise training show decreased sclerostin 

expression and content within bone (Duque et al., 2011; Macias et al., 2012; Gardinier et 

al., 2018; Boudenot et al., 2021) and rodent models of obesity have higher resting serum 

sclerostin (Baek et al., 2014; Kim et al., 2017b). Taken together, these results may 

explain the perturbed response of sclerostin to acute exercise between OW/OB and 

normal weight humans, as well as reductions in resting sclerostin in the circulation with 

long-term exercise training.  

Supporting a role of exercise induced changes in sclerostin regulating adipose 

tissue comes from our lab, which has recently shown sclerostin decreases in mice 

subcutaneous (sc) WAT during recovery to acute exercise (2h post-exercise) (Kurgan et 

al. 2022b) and in human scWAT at rest in response to exercise training (Kurgan et al., 
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2022c). These responses of sclerostin may influence tissue adaptations through the 

regulation of Wnt signalling, which also appears to increase within scWAT following 

exercise training (Stanford et al., 2015; Kurgan et al., 2022b). Given these similar effects 

of endurance exercise training (Stanford and Goodyear, 2016; Lehnig et al., 2019) and 

sclerostin inhibition on reducing adipose tissue mass (Kim et al., 2017b), the present 

study used continuous treatment of recombinant sclerostin to prevent the exercise training 

reduction in sclerostin in order to examine if this would prevent subsequent adaptations 

in metabolism, bone mineral properties, body composition, or adipocyte cell size. We 

hypothesized that bone derived sclerostin may partially prevent AT mass and 

morphology in response to exercise training. Lastly, we speculate that scWAT may be 

preferentially impacted given sclerostin is only responsive within iWAT and not eWAT 

to acute exercise (Kurgan et al., 2022b). We also suspect sclerostin injection will prevent 

improvements in insulin sensitivity with exercise training. 

8.3 Materials and Methods 

8.3.1 Animals 

Experimental protocols are in compliance with the Canadian Council on Animal Care and 

were approved by the Brock University Animal Care Committee (File #21-03-02). This 

study utilized one cohort of 40 male C57BL/6 mice (9 weeks of age) ordered from The 

Jackson Laboratory (Bar Harbor, ME, United States). Upon arrival, the mice acclimatized 

for 7d in the Brock University Comparative Biosciences Facility (St. Catharines, ON, 

Canada). Mice had ab libitum access to both water and food and were fed standard chow 

(2014 Teklad global 14% protein rodent maintenance diet, Harlan Tekland, Mississauga, 

ON, Canada). All mice were kept on a 12 h light / 12 h dark cycle. 
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8.3.2 Experimental Design 

Baseline measurement of body weight and body composition with dual energy X-ray 

absorptiometry (DXA) of all mice (n = 48) was conducted on day 5 of acclimatization. In 

this study, mice were either sedentary (n = 24) or performing exercise training 5d/wk (n = 

24) and were further stratified to either treatment of 5d/wk injections of recombinant 

sclerostin (0.1 mg/kg body mass) (cat# 1589-ST; R&D Systems, Minneapolis, 

Minnesota, USA) or saline control. Given one of the main outcomes was the influence of 

sclerostin on regulating exercise induced changes in fat mass, mice were randomized 

based on body fat percentage into either one of four groups: Sedentary+Saline injections 

(SED+C) (n = 12), Exercise+Saline injections (EXT+C) (n = 12), 

Sedentary+Recombinant Sclerostin injections (SED+S), and Exercise+Recombinant 

Sclerostin injections (EXT+S). Exercise training was performed as previously described 

(Snook et al., 2017), which involved treadmill running for 1 h/d for 5d/wk for 4 weeks. 

The speed of the treadmill progressively increased from 20 m·min-1 to 22, 23, and 25 

m·min-1 on weeks 1-4, respectively. The incline of the treadmill also increased 

progressively, from 10%, to 15%, and to 20% for week 3, and remained at 20% for week 

4. 48h after the final exercise bout and injections, mice were euthanized, and inguinal 

white adipose tissue (iWAT) and epididymal white adipose tissue (eWAT) depots, liver 

(only for necropsy tissue weight), serum, and tibias (for microarchitecture imaging) were 

collected. Necropsy tissue weights were also measured for WAT depots. One side of each 

WAT depot was taken for immunoblotting and the other for histology, and subsequently 

snap frozen in liquid nitrogen and stored at -80°C for future analysis.  
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8.3.3 Recombinant Sclerostin Injections 

Mice either had recombinant sclerostin (cat# 1589-ST; R&D Systems, Minneapolis, 

Minnesota, USA) or saline injections 5d/week for 4 weeks, for a total of 20 s.c injections 

(insulin syringes (cat#: 01ST; ELIMEDICAL, Markham, Ontario, Canada) with 25G 

needles (cat#26403; EXELINT, California, USA) were used). Injection site was rotated 

on a day-to-day basis (e.g., Monday = scruff, Tuesday = right flank, Wednesday = left 

flank, Thursday = mid back, and Friday = low back) to reduce stress caused by repetitive 

injections to the same site. 0.01% Tween 80 and 1% Mannitol in phosphate-buffered 

saline (10 mM phosphate and 150 mM NaCl, pH 7.0) was used as the vehicle and the 

control. Calculating volume for injection was as follows: ((mouse mass (kg)*desired 

concentration (0.1 mg·kg body mass-1))/stock concentration (0.02 mg·ml-1)). For control, 

saline injected mice, volume was determined with the same calculation to control 

injection volume across groups.  

8.3.4 Exercise Test to Exhaustion 

All 40 mice ran on a 20o incline at an initial speed of 12 m·min-1 with speed increasing by 

1 m·min-1 after 2 min, 5 min, and every additional 5 min of exercise up to 40 m·min-1 

where they remained until exhaustion. Exhaustion was determined by an inability to 

remain halfway up the treadmill before falling off the moving belt four times 

consecutively despite light encouragement (based on (Herbst et al., 2011)). Time to 

exhaustion and distance travelled were monitored and used to assess work (Work (J) = 

body mass (kg)*gravity (9.81 m/sec2)*vertical speed (m/sec x angle)*time (sec)) and 

power (Power (W) = work (J)/time (sec)) (Castro and Kuang, 2017).  
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8.3.5 Metabolic Caging 

During the end of the final week of the intervention, 32 mice (8/group) were placed, 

single housed, in metabolic cages (Sable Systems International, North Las Vegas, USA, 

Promethion high-definition behavioural phenotyping system) (Rahbani et al., 2021) 

housed in thermal cabinets set to 25°C with a 12h light/ 12h dark cycle schedule for 48 

hours. Oxygen consumption (VO2), carbon dioxide expiration (VCO2), energy 

expenditure (kcal), respiratory exchange ratio, and total physical movement (in metres; 

measured by infrared beam breaks) were recorded every 30 min using Sable Systems data 

acquisition software (IM-3 v.20.0.3). Data were analysed using Sable Systems 

International MacroInterpreter software (v.2.41) using One-Click Macro (v.2.37). Mass-

dependent variables (VO2, VCO2 and energy expenditure) were normalized to body 

weight. To examine differences in substrate utilization, VO2 and VCO2 were used to 

calculate carbohydrate and fat oxidation. Carbohydrate oxidation= 4.585 VCO2 

production (L·min−1) − 3.226 VO2 production (L·min−1); fat oxidation = 1.695 VO2 

production (L·min−1) − 1.701 V˙CO2 production (L·min−1). Values were divided by 60 

and multiplied by 16.19 (carbohydrate) and 40.80 (fat) to convert to kilojoules per hour 

(kJ/h)) (Péronnet and Massicotte, 1991).  

8.3.6 Whole Body Composition and Bone Properties 

Mice were anesthetized (2-3% isoflurane) and underwent whole body composition (lean 

mass (g), lean percentage, fat mass (g), and fat mass percentage), bone mineral density 

(BMD) (g·cm-2), bone mineral content (BMC) (g), and bone area (cm2) analysis using the 

iNSiGHT Dual Energy X-Ray Absorptiometry (DXA) system (Osteosys, Korea) during 

the week prior to the beginning of the study and following the fourth and final week. The 
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inhouse coefficient of variation (CV) for the DXA is less than 2.5% for all measures, 

which was determined by imaging, readjusting, and analysing the same mouse 6 times by 

the same operator.  

8.3.7 Trabecular and Cortical Bone Structure of the Tibia  

Using micro-computed tomography (SkyScan 1176 V.1.1 (build 12), Bruker microCT, 

Belgium), ex vivo analysis of trabecular and cortical bone structure was conducted at the 

proximal tibia and tibia midpoint, respectively. Methods were conducted as previously 

described (Sacco et al., 2017; Yumol et al., 2018). Briefly, the isolated tibia was wrapped 

in parafilm wax and secured to the scanning bed within a Styrofoam holder. A 0.25 mm 

aluminum filter was applied to the high resolution (9 µm) scans. Under 850 ms of X-ray 

radiation exposure (45 kV voltage and 545 µA amperage), images were acquired at 0.2 

degree increments over a 180° frame. Upon completion, image reconstruction (NRecon 

V.1.7.3.1 software, Bruker microCT, Belgium) was performed based on the following 

parameters: smoothing (3), ring artifact reduction (6), beam hardening (40), and a 

dynamic image range (0-0.148577). DataViewer V.1.5.6.2 (64-bit) software (Bruker 

microCT, Belgium) was then used for reorientation. Regions of interest were manually 

delineated for quantification (CT Analyzer V.1.17.7.2+ (64-bit), Bruker microCT, 

Belgium) of trabecular and cortical bone structure at the proximal tibia (offset: 0.450 mm 

from growth plate reference point; height: 0.675 mm) and tibia midpoint (height: 0.900 

mm), respectively. Trabecular bone structure outcomes included bone volume fraction 

(BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), 

trabecular number (Tb.N, 1/mm), degree of anisotropy (DA, no units), and connectivity 

density (Conn.Dn, mm^3); which were calculated using an adaptive thresholding of 49 
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(low) and 255 (high). Cortical bone structure outcomes included cortical area fraction 

(Ct.Ar/Tt.Ar, %), cortical thickness (Ct.Th, mm), periosteal perimeter (Ps.Pm, mm), 

endocortical perimeter (Ec.Pm, mm), medullary area (Ma.Ar, mm^2), and eccentricity 

(Ecc, no units); which were calculated using an adaptive thresholding of 74 (low) and 

255 (high). One operator performed all imaging and analysis and were blinded to groups.  

8.3.8 Insulin Tolerance Testing 

Intraperitoneal insulin tolerance tests (ITT) were performed on non-anesthetized mice 

following 48 h of no exercise. Tail vein was sampled for blood glucose using an 

automated glucometer at baseline and at 15, 30, 45, and 60 min following an 

intraperitoneal injection (i.p.) of insulin (0.75 U·kg body mass-1) and area under the curve 

(AUC) of the glucose response over time was assessed.   

8.3.9 Blood Sampling and ELISA  

At end point, blood samples were taken by cardiac puncture with 1 mL insulin syringes 

(cat#: 01ST; ELIMEDICAL, Markham, Ontario, Canada) and 25G needles (cat#26403; 

EXELINT, California, USA). Blood samples were left on ice to clot for 1h before being 

centrifuged for 15 min at 1500 x g. Samples were aliquoted and stored at -80°C until 

analysis. Serum sclerostin was analysed in duplicate using a Quantikine enzyme-linked 

immunoassay kit (cat#MSST00; R&D Systems, Minneapolis, Minnesota, USA) according 

to manufacturer’s instructions.  

8.3.10 Processing and Embedding  

Following dissection, WAT depots were fixed in 10% neutral buffered formalin 

(cat#16004-126; VWR, Radnor, Pennsylvania, USA) for 48 h. Tissue samples were then 
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stored in 70% ethanol for 24 h prior to histology. To initiate the embedding process, 

samples were placed in cassettes (cat#18000-136; VWR, Radnor, Pennsylvania, USA) 

and treated with 90% ethanol for 30 min on a stir plate. Samples were then placed in 

100% ethanol for 45 min. Samples were subsequently transferred to 100% ethanol for 45 

min removed and placed in 100% ethanol for another 45 min. Tissues were then treated 

with xylene (cat#UN1307; Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 

45 min on a stir plate, this step was repeated two more times, with samples being 

transferred to fresh xylene each time. Tissues were then placed in paraffin (cat#8330; 

Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 60 min in a cell incubator 

at 57°C. Samples were then transferred to fresh paraffin for another 60 minutes in the 

incubator at 57°C. Subsequently, the samples were embedded in paraffin using the 

Paraffin Embedding Station (cat# EG1150H/EG1150C; Leica Biosystems, Wetzlar, 

Germany) and sectioned at 10 µm using the Rotary Microtome HM 325 (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA). Sections were placed on a water bath set to 

37°C and three sections were placed on a slide. Two slides were made for each 

representative sample. Slides were left to dry at room temperature overnight prior to 

proceeding to the staining.   

8.3.11 Hematoxylin and Eosin Staining  

Slides were deparaffinized in two 10 min treatments of xylene. The samples were then 

rehydrated in 95% ethanol for 2 min and 70% ethanol for 2 min. Slides were rinsed in 

distilled water and then placed in hematoxylin stain (cat#SH26-500D; Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) for 3 min. Slides were then placed in tap 

water for 2 min and excess water was tapped off and slides were treated with a 0.2% 
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acid-alcohol solution (100 ul of concentrated hydrochloric acid in 50 ml ethanol) for 

about 30 s. The slides were then placed in the Eosin Y (cat#SE23-500D; Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) for 15-20 s and the excess stain was removed 

with distilled water. The slides were then dehydrated in 80% ethanol for 2 min, 90% 

ethanol for 2 min, and then 100% ethanol for 2 min. Following the dehydration treatment, 

slides were placed in xylene for 2 min and then cover slipped with Permount (cat#SP15-

500; Thermo Fisher Scientific, Waltham, Massachusetts, USA). For image analysis, three 

representative images of the samples were taken with a Cytation 5 cell imaging multi-

mode reader with Gen5 software (Version 3.10; Biotek, Vermont, USA) and analyzed 

using ImageJ. The mean surface area and percent multilocularity were measured. One 

researcher performed all imaging and analysis and were blinded to groups. 

8.3.12 Adipose Tissue Homogenization 

iWAT were homogenized (FastPrep, MP Biomedicals, Santa Ana, CA) in 3x volume 

per mg weight of tissue of NP40 Cell Lysis Buffer (cat# FNN0021; Life Technologies) 

supplemented with 3x the recommended volume of phenylmethylsulfonyl fluoride 

(PMSF) and protease inhibitor (PI) cocktail (cat#7626-5G and cat#P274-1BIL, 

respectively; Sigma-Aldrich, St. Louis, Missouri, USA). Following homogenization, 

samples were placed on ice for 30 min then centrifuged at 4°C for 10 min at 5,000 x g. 

The infranatant was then collected and protein concentration was determined using a 

Bicinchoninic acid assay (cat#B9643; Sigma-Aldrich, St. Louis, Missouri, USA; cupper 

(II) sulfate pentahydrate, cat# BDH9312, VWR, Radnor, Pennsylvania, USA). The 

samples were prepared to contain equal concentrations (1 g·l-1) of protein in 1x 



   
 

258 
 

Laemmli buffer (cat#1610747, Bio-Rad, Hercules, California, USA) and stored at -80°C 

for future analysis.  

8.3.13 Immunoblotting  

20 µg of protein were loaded and resolved on 10% TGX fast cast gels (cat# 1610173, 

Bio-Rad, Hercules, California, USA) for 30 min at 250 V. Proteins were then semi-dry 

transferred onto a polyvinylidene difluoride membrane at 1.3 A and 25 V for 7 min 

(Trans-Blot® Turbo™ Transfer System, Bio-Rad, Hercules, California, USA). 

Membranes were blocked in Tris buffered saline/0.1% Tween 20 (TBST) with 5% non-

fat powdered milk for 1h at room temperature. Primary antibody (1:500-2000 ratio 

dilution in 5% milk) was then applied and left to incubate on a shaker at 4°C for ~16 h. 

Membranes were then washed with TBST 3 x 5 min and then incubated with the 

corresponding secondary antibody conjugated with horseradish peroxidase (anti rabbit 

(cat#HAF008), goat (cat#CAF109), and mouse IgG (cat#HAF 007) – 1:2000 dilution in 

5% milk, purchased from R&D Systems, Minneapolis, Minnesota, USA) for 1h at room 

temperature. Signals were detected using Clarity™ Western chemiluminescent substrate 

(cat#170-5061, Bio-Rad, Hercules, California, USA) and were imaged using a Bio-Rad 

ChemiDoc™ Imaging System (Hercules, California, USA). Each membrane was stained 

with Ponceau S to confirm equal protein loading and used to normalize. Densitometry 

analysis was done using ImageLab Software (Bio-Rad, Hercules, California, USA). 

Antibodies against total GSK3β (cat#12456), serine 9 phospho-GSK3β (cat#9336), and 

active β-catenin (Ser33/37/Thr41) (cat#8814) were purchased from Cell Signalling 

(Danvers, USA). Sclerostin antibody (cat#MAB1406) was purchased from R&D 

Systems, Inc. (Minneapolis, Minnesota, USA). Total oxphos antibody cocktail 



   
 

259 
 

(cat#ab110413) and UCP1 antibody (cat#ab10983) were purchased from Abcam 

(Cambridge, United Kingdom). PGC-1α (cat#AB3242) was purchased from Millipore 

(Burlington, Massachusetts, USA).  

8.3.14 Statistics 

Comparisons of all factors were assessed with a 2-way ANOVA (Exercise and Injection) 

and significant interactions were followed up with pairwise comparisons with 

Tukey correction using GraphPad Prism 9 (San Diego, California, USA). Data are 

presented as means ± standard deviation (SD) with significance assumed at an α < 0.05. 

8.4 Results 

8.4.1 Sclerostin influences food intake and energy expenditure but does not further 

alter their responses to exercise training despite no effect on body weight.  

Our progressive exercise test to exhaustion following our intervention showed EXT mice 

were able to run longer (time) and obtain a higher top speed (resistance) than SED mice 

(main effect for exercise p<0.0001, grand mean difference = +3111J) with no influence 

of sclerostin on this adaptation (exercise*injection interaction p = 0.3) and no effect in 

general (main effect for injection p = 0.7) (Figure 8.1a). Weekly food intake was higher 

in EXT mice compared to SED (main effect for exercise p = 0.03, grand mean difference 

= +1.85 g/wk). There was no influence of sclerostin on exercise training induced 

increases in food intake (exercise*injection interaction p = 0.6), but food intake trended 

to be higher in sclerostin injected mice compared to saline (main effect for injection p = 

0.08, +1.46 g/wk) (Figure 8.1b). Body weight was also higher in EXT mice compared to 

SED mice (main effect for exercise p = 0.05, grand mean difference = +1.15 g). Despite a 

trending increase in food intake, there was no influence of sclerostin on body weight 
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(main effect for injection p = 0.3) or on exercise induced increase in body weight 

(exercise*injection interaction p = 0.4) (Figure 8.1c). While there was no difference in 

cage ambulation (i.e., activity) that could influence energy expenditure (Figure 8.1d and 

8.1e)., there was an exercise*injection interaction during the light (p = 0.0006) and dark 

cycles (p = 0.0005). Pairwise comparisons found SED-C mice had lower energy 

expenditure compared to EXT-C (p <0.0001, -3.9 kcal/kg body mass/h), SED-S 

(p<0.0001, -3.8 kcal/kg body mass/h), and EXT-S mice (p<0.0001, -5.0 kcal/kg body 

mass/h). EXT-S mice also had higher energy expenditure during the light cycle compared 

to SED-S mice, but this difference was not statistically significant (p = 0.08, 1.3 kcal/kg 

body mass/h) (Figure 8.1f & 8.1g). Similarly, pairwise comparisons found SED-C mice 

had lower energy expenditure compared to EXT-C (p <0.0001, -3.4 kcal/kg body 

mass/h), SED-S (p<0.0001, -4.4 kcal/kg body mass/h), and EXT-S mice (p<0.0001, -4.3 

kcal/kg body mass/h) (Figure 8.1f & 8.1h). There was no difference in EXT-C or EXT-S 

mice, suggesting there wasn’t an additive effect of sclerostin and exercise training on 

energy expenditure. This difference in energy expenditure may contribute to 

discrepancies in weight gain and food intake with sclerostin injection.  
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Figure 8.1. Sclerostin influences food intake and energy expenditure but does not further 

alter their responses to exercise training. (a) weekly food intake, (b) post-intervention 

body weight, cage ambulation during (c) light and (d) dark cycles, (e) 24h energy 

expenditure plotted at 30 min intervals, and 12h mean energy expenditure during (f) light 

and (g) dark cycles. Light and dark cycles are differentiated on figure ‘e’ by white and 

grey area, respectively. *(p<0.05) and ****(p<0.0001) indicate differences between 

specific groups or conditions (e.g., exercise vs. sedentary) (with black bars). A line over 

both columns of a specific injection group (e.g., sclerostin) indicate a group main effect. 

Data is presented as mean±SD2-way ANOVAs were used to assess exercise and injection 

main effects and following significant interactions pairwise comparisons were assessed 

using Tukey correction.  
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Exercise training is known to improve insulin sensitivity and influence resting fat 

and carbohydrate oxidation. Additionally, insulin sensitivity is improved in models of 

inhibited sclerostin action (Kim et al., 2017b). Assessment of resting blood glucose found 

it was higher in sclerostin injected mice compared to saline injected mice (p = 0.009, 

+0.26 mM) (Figure 8.2a). However, when we assess AUC for the percent change in 

blood glucose across 1h following ITT, there was no difference between EXT and SED 

mice (main effect for exercise p = 0.5) or between sclerostin or saline injection (main 

effect for injection p = 0.1; exercise*injection interaction p = 0.6) (Figure 8.2b). Like 

resting levels, blood glucose concentration was again elevated at 60 min following ITT in 

sclerostin injected mice compared to saline (p = 0.03, +0.44 mM) (Figure 8.2a). To help 

explain differences in food intake and body mass in sclerostin injected mice compared to 

saline, we used VO2 and VCO2 data to determine fat and carbohydrate oxidation 

(Péronnet and Massicotte, 1991). Fat oxidation during the light cycle was not different 

between EXT and SED mice (main effect for exercise p = 0.9), but was higher in the 

sclerostin compared to saline injected mice (main effect for injection p = 0.048, +0.05 

kJ/h) (Figure 8.2c). There was no difference in fat oxidation between EXT and SED mice 

(main effect for exercise p = 0.5) or sclerostin and saline injected mice (main effect for 

injection p = 0.3) during their dark cycle (Figure 8.2e). Carbohydrate oxidation during the 

light cycle was higher in EXT mice compared to SED mice (main effect for exercise p = 

0.0004, grand mean difference = +0.17 kJ/h)) and higher in sclerostin injected mice 

compared to saline injected mice (main effect for injection p = 0.002, grand mean 

difference = +0.15 kJ/h). There was also a trend for an exercise*injection interaction (p = 

0.06). Pairwise comparisons found SED-C mice had lower carbohydrate oxidation 
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compared to EXT-C (p = 0.002, -0.25 kJ/h), SED-S (p = 0.004, -0.23 kJ/h), and EXT-S 

mice (p<0.0001, -0.31 kJ/h) (Figure 8.2d). Similarly, there was an exercise*injection 

interaction (p = 0.02) and main effects for injection (p = 0.002, +0.17 kJ/h) and exercise 

(p = 0.02. +0.12 kJ/h) for carbohydrate oxidation during the dark cycle. Pairwise 

comparisons found SED-C mice had lower carbohydrate oxidation compared to EXT-C 

(p = 0.009, -0.24 kJ/h), SED-S (p = 0.002, -0.28 kJ/h), and EXT-S mice (p = 0.002, -0.28 

kJ/h) (Figure 8.2f). These differences in fuel utilization/energy expenditure may help 

explain why there were contrasting findings in food intake (higher in sclerostin injected 

mice) and body weight (no difference).  
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Figure 8.2. Sclerostin does not influence insulin sensitivity and increases carbohydrate 

oxidation similarly to exercise training. (a) blood glucose concentration across 60 min 

following ITT, (b) area under the curve (AUC) of the percent change of blood glucose to 

ITT, 12h mean fat oxidation and carbohydrate oxidation during (c and d) light and (e and 

f) dark cycles. *(p<0.05), **(p<0.01) and ****(p<0.0001) indicate differences between 

specific groups or conditions (e.g., exercise vs. sedentary) (with black bars). A line over 

columns or data points of a specific injection group (e.g., sclerostin) indicate a main 

effect for injection. Data is presented as mean±SD. 2-way ANOVAs were used to assess 

exercise and injection main effects and interactions and following significant interactions 

pairwise comparisons were assessed using Tukey correction. 
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8.4.2 Sclerostin prevents increased lean mass and reduced subcutaneous fat mass 

but does not influence bone adaptations to exercise training 

Given sclerostin’s potent inhibition of bone formation (Poole et al., 2005), we next 

examined whole body bone mineral properties and tibial microarchitecture. We chose the 

tibia because it is known to have increased trabecular and cortical bone volume in 

response to exercise training due to increased mechanical loading (e.g., Lee et al., 2022). 

Whole body in vivo change in BMC was not influenced by exercise training (p = 0.1) or 

sclerostin injection (p = 0.6) and there was no exercise*injection interaction (p = 0.6) 

(Figure 8.3a). Whole body in vivo change in BMD was also not influenced by sclerostin 

injection (p = 0.3) or exercise training (p = 0.1) and there was no exercise*injection 

interaction (p = 0.2) (Figure 8.3b). Ex vivo tibial bone volume fraction (BV/TV, %) was 

higher in EXT compared to SED mice (main effect for exercise p < 0.0001, grand mean 

difference = +3.7). Sclerostin injection did not inhibit this response in EXT mice 

(exercise*injection interaction p = 0.8) and had no effect in general (main effect for 

injection p = 0.1) (Figure 3c and d). Ex vivo tibial cortical area fraction (Ct.Ar/Tt.Ar, %) 

was higher in EXT compared to SED mice (main effect for exercise p = 0.01, grand mean 

difference = +1.3). Sclerostin injection did not inhibit this response in EXT mice 

(exercise*injection interaction p = 0.6) and had no effect in general (main effect for 

injection p = 0.1) (Figure 8.3c and 8.3e). Likewise, other trabecular (Table 8.1) and 

cortical parameters (Table 8.2) were improved with exercise training, which were not 

blunted with sclerostin injection. However, trabecular separation (Tb.Sp) was higher 

(main effect for injection p = 0.03, grand mean difference = +0.012) and cortical 

thickness (Ct.Th) was lower in sclerostin injected mice compared to saline injected mice. 
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Indicating our treatment was not able to prevent exercise training induced bone 

anabolism and minimally disrupted mechanical properties.  

 
Figure 8.3. Sclerostin does not influence exercise training induced increases in tibia 

trabecular or cortical bone. (a) change in bone mineral content (BMC) from pre- to post-

intervention, (b) change in bone mineral density (BMD) from pre- to post-intervention, 

(c) 3D representative images for endpoint trabecular (top 2 panels) and cortical bone 

(bottom 2 panels), (d) tibia trabecular BV/TV percentage, and (e) Ct Ar/Tt Ar percentage. 

*(p<0.05) indicate differences between specific groups or conditions (e.g., exercise vs. 

sedentary) (with black bars). Data is presented as mean±SD. 2-way ANOVAs were used 

to assess exercise and injection main effects and interactions and following significant 

interactions pairwise comparisons were assessed using Tukey correction. 
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Table 8.1. Trabecular bone parameters are enhanced with exercise training and minimally impacted by sclerostin injections. 

TV = total volume; BV = segmented bone volume; Tb.Th = trabecular thickness; Tb.Sp = trabecular seperation; Tb.N = Trabecular number; DA  = degree of 

anisotropy; Conn.Dn = connectivity density. Data is presented as mean±SD. 2-way ANOVAs were used to assess exercise and injection main effects and 

interactions. 

 

 

Table 8.2. Cortical bone parameters are enhanced with exercise training and minimally impacted by sclerostin injections. 

 Saline Sclerostin 2-Way ANOVA 

 Sedentary Exercise Sedentary Exercise Exercise Injection Interaction 

Tt.Ar (mm2) 1.29±0.10 1.29±0.074 1.26±0.091 1.32±0.10 0.2 0.7 0.6 

Ct.Ar (mm2) 0.66±0.050 0.69±0.028 0.65±0.049 0.69±0.042 0.009 0.3 0.8 

Ct.Ar/Tt.Ar (%) 51.83±0.92 53.34±1.65 51.27±2.13 52.28±1.77 0.01 0.1 0.6 

Ps.Pm (mm) 7.70±0.46 7.80±0.33 7.66±0.46 7.95±0.43 0.1 0.6 0.4 

T.Pm (mm) 4.58±0.24 4.64±0.17 4.56±0.21 4.71±0.20 <0.05 0.9 0.8 

Ec.Pm (mm) 3.12±0.22 3.21±0.24 3.10±0.26 3.25±0.23 0.1 0.9 0.7 

Ma.Ar (mm2) 0.63±0.058 0.61±0.069 0.62±0.058 0.63±0.065 0.04 0.3 0.9 

Ecc (AU) 0.67±0.026 0.69±0.040 0.68±0.038 0.70±0.027 1 0.9 0.5 

Ct.Th (mm) 0.172±0.006 0.176±0.004 0.169±0.006 0.173±0.004 0.01 0.03 0.9 

Tt.Ar = total cross sectional area; Ct.Ar = cortical area; Ct.Ar/Tt.Ar = cortical area fraction; Ps.Pm = periosteal perimeter; T.Pm = total periosteal perimeter; 

Ec.Pm = endocortical perimeter; Ma.Ar = medullary area; Ecc = eccentricity; Ct.Th = cortical thickness. Data is presented as mean±SD. 2-way ANOVAs were 

used to assess exercise and injection main effects and interactions. 

 Saline Sclerostin 2-Way ANOVA 

 Sedentary Exercise Sedentary Exercise Exercise Injection Interaction 

TV (mm3) 1.72±0.071 1.79±0.11 1.73±0.064 1.79±0.073 0.01 0.9 0.7 

BV (mm3) 0.20±0.050 0.28±0.017 0.22±0.036 0.29±0.023 <0.001 0.1 0.7 

BV/TV (%) 11.76±2.66 15.27±1.31 12.54±2.23 16.39±1.54 <0.001 0.1 0.8 

Tb.Th (mm) 0.044±0.025 0.052±0.003 0.046±0.004 0.052±0.003 <0.001 0.3 0.6 

Tb.Sp (mm) 0.21±0.025 0.20±0.015 0.20±0.023 0.19±0.017 0.08 0.03 0.3 

Tb.N (1·mm-1) 2.65±0.43 2.98±0.24 2.79±0.36 3.12±0.33 0.002 0.2 1 

DA (AU) 2.01±0.19 2.02±0.24 2.15±0.36 1.99±0.14 0.2 0.3 0.1 

Conn.Dn (1·mm-3) 3.91E-4±5.71±E-5 3.66E-4±4.81E-5 3.80E-4±5.49E-5 4.02E-4±4.04E-5 0.9 0.4 0.1 
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Given peripheral sclerostin inhibition with neutralizing antibodies can reduce fat 

mass (Kim et al., 2017b), we also examined if sclerostin injections could prevent exercise 

induced adaptations in body composition, fat pad weight, and WAT adipocyte cell size. 

We found an exercise*injection interaction for change in lean mass (p = 0.03). This was 

the result of EXT-C mice having a larger increase in lean mass compared to SED-C (p = 

0.002, +2.2g) and SED-S mice (p = 0.005, +1.97g) and trended to be higher than EXT-S 

mice (p = 0.06, +1.45g) (Figure 8.4a). There was also an exercise*injection interaction 

for change in body fat percentage (p = 0.02). This was the result of EXT-C decreasing 

their body fat percentage across the study and SED-C being unresponsive (p = 0.006, 

+1.96%) while SED-S and EXT-S mice responded similarly across the intervention (p > 

0.9) (Figure 8.4b). eWAT necropsy weight was also lower in EXT mice compared to 

SED mice (p = 0.0004, -3.1 mg). However, this adaptation in EXT mice was not 

influenced by sclerostin (main effect for injection: p = 0.6; exercise*injection interaction: 

p = 0.4) (Figure 8.4c). There was an exercise*injection interaction for iWAT necropsy 

weight (p = 0.049) due to EXT-C mice having a lower iWAT mass compared to SED-C 

(p = 0.02, -1.86 mg) with no difference in SED-S and EXT-S iWAT mass (p > 0.9) 

(Figure 8.4d). iBAT mass was not different between EXT and SED mice (p = 0.2) or 

sclerostin and saline injected mice (p = 0.4) and there was no exercise*injection 

interaction (p = 0.1) (Figure 8.4e). eWAT adipocyte cross sectional area was not different 

between EXT and SED mice (p = 0.3) or sclerostin and saline injected mice (p = 0.09) 

and there was no exercise*injection interaction (p = 0.3) (Figure 8.4f and 8.4i). iWAT 

adipocyte cross sectional area had an exercise*injection interaction (p = 0.005). This was 

a result of EXT-C mice having a lower iWAT mean adipocyte cross sectional area 
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compared to SED-C mice (p = 0.02, -234 µm2) while there was no difference between 

SED-S and EXT-S (p = 0.6) (Figure 8.4g and 8.4i). Similarly, there was an 

exercise*injection interaction for percentage of multilocular adipocytes in iWAT (p = 

0.03). While there was no significant pairwise comparisons or trends (p<0.1), this 

interaction was a result of EXT-C mice tending to have a higher percentage of 

multilocular adipocytes in iWAT compared to SED-C mice (p = 0.17, +3.2%) while 

SED-S mice tended to have a higher percentage compared to EXT-S mice (p = 0.7, 

+1.7%) (Figure 8.4h and 8.4i). Together, it appears as though increasing sclerostin 

prevents exercise training induced adaptations in body composition, particularly in 

subcutaneous iWAT.  
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Figure 8.4. Sclerostin prevents improvements in body composition and particualy 

inhibits iWAT morphology to exercise training. (a) change in lean mass from pre- to 

post-intervention, (b) change in fat mass from pre- to post-intervention, necropsy weight 

for (c) eWAT, (d) iWAT, and (e) iBAT, (f) eWAT adipocyte cross-sectional area, (g) 

iWAT adipocyte cross-secitonal area, (h) iWAT percentage of multilocular cells, and (i) 

representative histological samples for eWAT and iWAT. *(p<0.05) and **(p<0.01) 

indicate differences between specific groups or conditions (e.g., exercise vs. sedentary) 

(with black bars). Significant exercise*injection interactions with no significant pairwise 

comparisons are presented in text on graphs. Data is presented as mean±SD. 2-way 

factorial ANOVAs were used and following significant interactions pairwise 

comparisons were assessed using Tukey correction. 
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Sclerostin inhibits Wnt/-catenin signalling, a pathway that can regulate 

mitochondrial biogenesis and oxidative capacity (Mori et al., 2012). Additionally, 

exercise training has been shown to augment subcutaneous WAT Wnt signalling in mice 

(Stanford et al., 2013; Stanford et al., 2015) and humans (Kurgan et al., 2022b). 

Therefore, we next examined serum sclerostin concentration and iWAT sclerostin 

content, Wnt/-catenin signalling, and markers of mitochondrial content. As expected, 

serum sclerostin was higher in sclerostin injected mice compared to saline (p = 0.0004, 

+101.0 pg/ml) and was not different in EXT compared to SED mice (p = 0.1, -42.2 

pg/ml) and there was no exercise*injection interaction (p = 0.1) (Figure 8.5a and 8.5f). 

The magnitude of change in peripheral sclerostin with daily treatment of recombinant 

sclerostin is consistent to increases observed in humans with metabolic syndrome/insulin 

resistance compared to controls (Garcia-Martin et al., 2012; Daniele et al., 2015), but 

slightly less of an increase compared to mice that have HFD (10-week intervention) 

induced obesity and perturbed glucose homeostasis/insulin resistance (Kim et al., 2017b). 

iWAT sclerostin was also higher in sclerostin injected mice compared to saline (p < 

0.0001, +77.9%). Similar to what we have seen in humans (Kurgan et al., 2022b), iWAT 

sclerostin trended to be lower in EXT compared to SED mice (p = 0.068, -23.7%) and 

there was no exercise*injection interaction (p = 0.5) (Figure 8.5b and 8.5f). Despite 

increased iWAT sclerostin, iWAT ser9 p/t GSK3 content was higher in sclerostin 

injected mice compared to saline (p < 0.0001, +738.9%) and was higher in EXT mice 

compared to SED mice (p = 0.004, +299.1%). There was no exercise*injection 

interaction for iWAT sclerostin (p = 0.3) (Figure 8.5c and 8.5f). iWAT -catenin content 

was also higher in EXT mice compared to SED mice (main effect for exercise p = 0.03, 



 

272 
 

grand mean difference = +231.9%), which matches responses we’ve seen in humans 

(Kurgan et al., 2022). This response was not different in sclerostin injected mice 

compared to saline (p = 0.2) and there was no exercise*injection interaction (p = 0.9) 

(Figure 8.5d and 8.5f) despite sclerostin being a known Wnt/-catenin inhibiter. Wnt 

signalling is known to regulate mitochondrial biogenesis, and again there was no effect of 

sclerostin injection on any markers of mitochondrial content that increased with exercise 

training within iWAT (e.g., CI-NDUFB8, CIV-MTO1, and CV-ATP5A) (Figure 8.5e and 

8.5f). 
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Figure 8.5. Sclerostin does not inhibit exercise induced increased Wnt/-catenin 

signalling or markers of mitochondrial content. (a) serum sclerostin and iWAT (b) 

sclerostin, (c) p/t GSK3, (d) -catenin, (e) markers of oxidative phosphorylation/ 

mitochondrial biogenesis, and (f) their representative immunoblots. *(p<0.05), 

**(p<0.01), ***(p<0.001), and ****(p<0.0001) indicate differences between specific 

groups or conditions (e.g., exercise vs. sedentary) (with black bars). A line over both 

columns of a specific injection group (e.g., sclerostin) indicate a group main effect. For 

figure ‘e’ exercise*injection interaction and exercise main effect p-values for specific 

proteins are directly above them. There were no significant injection effects, and these 

values are reported in text. Data is presented as mean±SD. 2-way factorial ANOVAs 

were used and following significant interactions pairwise comparisons were assessed 

using Tukey correction. CI-NDUFB8 = NADH dehydrogenase [ubiquinone] 1 Beta 

Subcomplex Subunit; CII-SDHB = Succinate Dehydrogenase (ubiquinone) Iron-Sulfur 

Subunit; CIV-MTO1 = Mitochondrial Translation Optimization Factor 1; CIII-UQCR2 = 

Cytochrome b-c1 Complex Subunit 2; CV-ATP5A = ATP Synthase F1 Subunit Alpha; 

UCP1 = uncoupling protein 1; PGC-1α = The Peroxisome Proliferator-Activated 

Receptor Gamma Coactivator 1-Alpha. 
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8.5 Discussion 

Exercise training has beneficial effects on metabolism (glucose handling and fat 

oxidation) and tissue remodelling (e.g., musculoskeletal system). Recent studies have 

shown that proteins secreted during acute exercise and those that are regulated at rest 

with exercise training can influence these adaptations. In this study, we re-confirm that 

sclerostin is reduced (trend) and Wnt/-catenin signalling is enhanced in subcutaneous 

WAT following exercise training (Kurgan et al., Phys Rep. PhD Study 4). When we 

injected mice with recombinant sclerostin to prevent this reduction, we found that EXT 

induced increases in body weight, lean mass, and iWAT percent multilocular cells and 

reductions in iWAT fat pad weight and adipocyte cell size were prevented. There was 

exercise training induced reductions in eWAT fat pad mass and no influence of sclerostin 

on this depot’s mass or adipocyte cell size, suggesting depot specific effects of sclerostin. 

Exercise training also had increases in energy expenditure, carbohydrate oxidation, and 

tibial bone mineral properties that were not influenced by sclerostin injections. However, 

sclerostin injection alone increased energy expenditure, carbohydrate oxidation, and fat 

oxidation, but had minimal effects on tibial microarchitecture. Our findings suggest even 

small changes in sclerostin’s concentration (i.e., with EXT) can influence body 

composition, tissue morphology (iWAT), and metabolism.  

 Circulating sclerostin is increased immediately in response to acute exercise and 

returns to baseline after 1h in humans (Kouvelioti et al., 2019; Kurgan et al., 2020). 

Sclerostin increases bone resorption over formation, and its response to acute exercise is 

in line with an increase in bone resorption following acute exercise. This increase in 

resorption following acute exercise is thought to be required for a delayed increase in 
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bone formation and subsequent improvements in bone mineral properties with multiple 

bouts of acute exercise (i.e., exercise training ) (Dolan et al., 2020). SED-S and even 

EXT-S mice provide a model where we acutely provide recombinant sclerostin daily, 

which mimics its response to acute exercise. Our study found no impact of sclerostin 

injection on exercise training induced adaptations in whole body bone mineral properties 

or bone microarchitecture. This suggests that exercise training induced changes in 

peripheral sclerostin may be related to its effects on peripheral tissues (e.g., WAT). Our 

recent work in mice has shown sclerostin mobilization to adipose tissue is reduced 2h 

following acute exercise (Kurgan et al., 2022c), supporting this hypothesis. We speculate 

that this is due to a reduction in protein content within the bone multicellular unit as 

mechanical shear stress (in vitro model of mechanical loading) has been shown to 

increase lysosomal degradation of sclerostin in vitro (Gould et al., 2021). Furthermore, 

after multiple bouts of acute exercise (i.e., exercise training) the continual shear stress 

induced lysosomal degradation of sclerostin and mechanical loading induced reduction in 

sclerostin expression (Duque et al., 2011;Macias et al., 2012; Gardinier et al., 2018; 

Boudenot et al., 2021) may contribute to reductions in resting serum sclerostin 

concentration (Amrein et al., 2012; Hinton et al., 2017; Janik et al., 2018; Sansoni et al., 

2018; Murai et al., 2019) and scWAT sclerostin content. 

Previous studies have shown sclerostin impacts visceral and subcutaneous fat 

mass through the regulation of adipocyte metabolism, cell size, and differentiation in vivo 

(Kim et al., 2017b; Kim et al., 2019; Kim et al., 2021). Specifically, when sclerostin 

action is inhibited, there is an increase in insulin sensitivity and fat oxidation, reduction in 

visceral and scWAT and adipocyte cell size, as well as protection against obesogenic diet 
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(e.g., liver steatosis, insulin resistance, and fat mass expansion) (Kim et al., 2017b). 

Adenovirus overexpression of sclerostin (+65% increase in circulating sclerostin) in mice 

also leads to a 2% reduction in lean mass, 3% increase in fat mass (equal increase in 

gonadal, inguinal, and retroperitoneal fat pad weight), and increased adipocyte 

hypertrophy (Kim et al., 2017b). These effects were accompanied by reduced expression 

of Wnt target genes and an increase in enzymes involved in de novo lipid synthesis and 

storage within WAT. Our findings are in line with sclerostin reducing insulin sensitivity 

(higher basal and 60 min post-ITT blood glucose) and reductions in scWAT and lean 

mass, however, our results do not support an effect of sclerostin on visceral WAT and 

contrast the effect on fat oxidation. This may be due to differences in dose or 

administration (e.g., continuous elevation vs. frequent treatment) between studies. EXT 

mice had reductions in iWAT sclerostin, and our low dose appears to sufficiently inhibit 

associated adaptations in this depot. Visceral WAT may be less responsive to sclerostin 

treatment, and a larger dose may be required (e.g., low receptor content). However, it is 

important to note that we have previously shown that eWAT responds to obesogenic diet 

by abolishing monomeric sclerostin content (Kurgan et al., Phys Rep. in review, PhD 

Study 5), suggesting a lack of a role of this depot in physiological stimuli. Our model also 

found sclerostin increased energy expenditure and carbohydrate and fat oxidation while 

others have found no effect on energy expenditure (Kim et al., 2017b). This alteration in 

metabolism reflects changes observed in lean and fat mass as well as food intake. Future 

studies are needed to assess which mechanisms are influencing this change in substrate 

utilization.   
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Given the influence of sclerostin treatment on EXT induced adaptations in iWAT 

mass and histology, we further examined this depot for changes in cell signalling and 

mitochondrial content. Further examination of iWAT found that EXT mice tended to 

have higher markers of mitochondrial content that was not affected by sclerostin 

injections. This contradicted our histological data (reduced adipocyte cell size and 

increased multilocular cells) and previous studies finding that Wnt signalling can 

promote adipocyte expansion and inhibited adipocyte mitochondrial biogenesis and 

maximal oxygen capacity (Mori et al., 2012). However, Wnt/-catenin signalling has 

distinct roles in regulating mature adipocyte metabolism and function depending on the 

model and component examined. Specifically, adipocyte -catenin knockout models do 

not result in altered fat mass or metabolism in chow fed mice, but are protected against 

diet induced obesity by preventing lipogenic gene expression, de novo lipogenesis, and 

lipid desaturation (Bagchi et al., 2020), particularly in subcutaneous WAT (Chen et al., 

2020). In contrast, Wnt overexpression within adipocytes is protective against obesity by 

promoting oxidative metabolism and improving insulin sensitivity/glucose tolerance 

(Longo et al., 2004;Wright et al., 2007;Mori et al., 2012). These lines of evidence point to 

a discrete effect of individual components of Wnt signal transduction in regulating fat 

mass expansion in response to HFD feeding and a divergent effect on glucose 

metabolism. GSK3 phosphorylation typically occurs downstream of Wnt signalling and 

while it is not necessary for its action (Piao et al., 2008), it is typically phosphorylated 

during Wnt activation. Additionally, GSK3 has been shown to inhibit the thermogenic 

gene program (Markussen et al., 2018). While we observed apparent inhibition of GSK3 

via serine 9 phosphorylation with EXT, sclerostin injections also increased its 
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phosphorylation and had no effect on EXT mice. Despite these findings we found no 

response in UCP1 or PGC-1 content to EXT or sclerostin injections. When we assessed 

active -catenin content (i.e., unphosphorylated) we found an increase with EXT and no 

effect of sclerostin injection. There may be compensation from connecting pathways 

(Cormier and Woodgett, 2017) or neighbouring cells (Zeve et al., 2012;Bagchi et al., 

2020) to try and prevent the Wnt inhibitory effect of our continuous sclerostin injections. 

This study and our previous work (Kurgan et al., 2022c) suggests iWAT is the 

most likely target of exercise induced sclerostin. iWAT controls peripheral tissue 

homeostasis through the storage and timely release of substrates that contributes to 

energy expenditure in peripheral tissues (e.g., liver, and skeletal muscle) (Gollisch et al., 

2009;Stanford et al., 2015;Brandão et al., 2020). However, the discrepancy in energy 

expenditure and carbohydrate and fat oxidation between sclerostin and saline injected 

mice suggests other metabolically active tissues, like bone (Riddle and Clemens, 2017; 

Yao et al., 2017), brain (Gerosa and Lombardi, 2021), liver (Kim et al., 2017b; Zhou et 

al., 2021), and skeletal muscle (Magarò et al., 2021) may be either directly (i.e., sclerostin 

binding and influencing cell differentiation and metabolism) or indirectly (i.e., influence 

on lipolysis in iWAT) contributing to these changes in metabolism. Wnt signalling within 

skeletal muscle has been shown to cause a shift to oxidative fibre type (von Maltzahn et 

al., 2012;Kuroda et al., 2013) as well as the regulation of thermogenesis, which may also 

explain sclerostin induced differences in energy expenditure, fat oxidation, and 

carbohydrate oxidation observed in this study (Periasamy et al., 2017).  
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8.6 Conclusion 

These findings suggest a role of sclerostin in regulating body composition, particularly 

scWAT, in response to exercise training. Our findings also support a role of sclerostin in 

regulating peripheral tissue metabolism, implicating it in conditions with elevated 

sclerostin (e.g., obesity, pre-diabetes, low energy availability).  
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Chapter 9 – General Discussion 

9.1 Summary of main findings 

In this thesis, we show that sclerostin is increased in the circulation to a larger extent in 

individuals with OW/OB and this can be attenuated by an intervention that leads to fat 

mass reduction. This finding is in line with previous studies that have found a positive 

correlation in insulin resistance (Daniele et al., 2015; Stanik et al., 2019; Wędrychowicz 

et al., 2019) and fat mass with sclerostin content (Amrein et al., 2012; Urano et al., 2012). 

Together, these studies highlight a potential regulation of fat mass and metabolism 

through changes in bone sclerostin content. We also show that individuals with OW/OB 

have a reduction of sclerostin and increase in Wnt signalling within scWAT following 

exercise training. This supports a role of sclerostin in regulating adipose tissue in 

humans, which can be influenced by exercise training. While we see an immediate 

increase in sclerostin in the circulation following acute exercise (Kouvelioti et al., 2019), 

we show in rodents that scWAT sclerostin is reduced during recovery to exercise and 

there is an influence of diet on PTMs of sclerostin (Hernandez et al., 2014), particularly 

in visceral WAT. These results suggest an influence on the mobilization of sclerostin 

with acute exercise to WAT depending on adiposity. Lastly, when we prevented the 

reduction in peripheral and scWAT sclerostin content with injections, exercise-induced 

adaptations in lean mass and WAT mass and morphology are also prevented, which 

supports previous evidence from knockout models that show reduced fat mass (Kim et 

al., 2017; Kim et al., 2019) and adds to these studies by finding iWAT is preferentially 

influenced and that there is likely an effect on lean mass as well. Sclerostin also increased 

energy expenditure, which may explain some differences it has on regulating WAT and 
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lean mass. Together, the six studies of this thesis provide evidence that sclerostin is 

sensitive to changes in fat mass, exercise training, and support sclerostin’s endocrine role 

in regulating metabolism in peripheral tissues (e.g., scWAT). This thesis in general 

contributes to the advancement of our understanding of how bone can regulate peripheral 

tissue mass and metabolism in response to exercise.  

9.1.1 Study 1: Changes to the Human Serum Proteome in Response to High 

Intensity Interval Exercise: A Sequential Top-Down Proteomic Analysis   

Research Question: What is the influence of acute exercise on the serum proteome and 

is sclerostin detectable with 2-dimensional gel electrophoresis?  

Main findings: Sclerostin is not detectable with a top-down proteomic workflow. We did 

identify several proteoforms related to inflammatory signalling, immunoglobulin 

mobilization and production, and lipid handling that were differentially regulated 

following acute exercise.  

Limitations: This was an initial pilot attempt to characterize the human serum proteome 

response to acute exercise. As such, there were several limitations. These included a 

small sample size, high detection limit (~2 ng/ml or ~0.06 ng of total protein in a spot 

with cCBB staining (Noaman et al., 2017), and assessment of only males. The analytical 

approach used was meant to quantify proteoforms, inclusive of all protein species, 

response to acute exercise. This was an unbiased screening; however, we had hoped to 

resolve sclerostin and identify proteins that were resolved within the same spot. This is 

likely a result of sclerostin having a 0.1-1 ng/ml concentration range, which prevents 

detection with this method. Future work should focus on sclerostin co-

immunoprecipitation in serum samples and peripheral tissues (e.g., scWAT) and resolve 
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the interactome to identify proteins influencing its mobilization (serum) as well as 

identification of a potential soluble receptor and novel protein-protein interactions 

influencing its regulation of cell growth and metabolism.  

9.2.2 Study 2: Cytokines, Adipokines, and Bone Markers at Rest and in Response to 

Plyometric Exercise in Obese vs Normal Weight Adolescent Females 

Research Questions: Do individuals with high adiposity have higher resting circulating 

sclerostin and is their acute response to exercise different than those with normal weight? 

Does adiposity regulate the short-term response of sclerostin to acute exercise in 

adolescent females? Lastly, do the responses in inflammatory cytokines and other bone 

markers respond in parallel to changes in sclerostin?  

Main Findings: Sclerostin increases immediately following acute exercise in adolescents 

with OW/OB and is unresponsive to acute exercise in adolescent females with normal 

weight. Inflammatory cytokines were not different between groups and did not parallel 

changes in sclerostin to acute exercise.  

Limitations: Integrated into Study 3 limitations below.  

9.2.3 Study 3: 12-weeks of a diet and exercise intervention that results in fat mass 

loss blunts the short term sclerostin response to acute exercise in female adolescence 

with obesity. 

Research Questions: Given adolescent females with obesity have an increase in 

sclerostin post-exercise while normal weight adolescent females are protected from this 

response, we were next interested in examining if an intervention leading to fat mass loss 

attenuates their post-exercise increase in sclerostin? 
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Main Findings: Despite increased dairy intake in adolescent females with OW/OB 

causing an increase in bone anabolic nutrients (e.g., protein, calcium, vitamin D, 

phosphorous, potassium), there was no difference in their acute response of sclerostin 

compared to those consuming low dairy. However, both dairy groups showed a reduction 

in the response sclerostin post-exercise, not at rest, from pre- to post-intervention. This 

contrasted previous reports in adults that found reductions in fat mass with exercise 

training coincided with a reduction in peripheral sclerostin content. However, this study 

does provide evidence that exercise training may reduce bone sclerostin content in 

adolescent females with OW/OB. This study also provides support for the assessment of 

bone metabolic markers response to acute exercise to characterize intervention effects.  

Limitations: Study 2 and 3 recruited 2 separate cohorts of participants. Study 2 

recruitment occurred 1 year prior to study 3, resulting in different length of storage of 

samples. Storage time has been shown to impact some markers of bone turnover (mainly 

CTX). Additional limitations of this analysis include a lack of a non-exercise control 

group, which is more of an issue for Study 2. While controlling for dairy intake allowed 

for the assessment of the influence of dairy, since there was no group not exercising, we 

can not confirm the effects we were seeing were strictly related to exercise training and 

not changes in maturation. While we had recruited non-exercising controls, there were 

too few to include in our analysis due to drop out and missing samples. Future studies 

should attempt to isolate the exercise training influence (RCT with exercise training vs. 

no exercise) on the sclerostin response to acute exercise in both males and females and 

across age groups to improve robustness. 
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9.2.4 Study 4: Subcutaneous adipose tissue sclerostin is reduced and Wnt signalling 

is enhanced following 4-weeks of sprint interval training in overweight adult males. 

Research Question: Since sclerostin’s response to acute exercise is reduced and 

previous literature has shown resting circulating sclerostin decreases with exercise 

training, we wanted to examine if sclerostin was present within human adipose tissue and 

if it was responsive to exercise training?  

Main Findings: While we found no significant effect of exercise training on circulating 

sclerostin, sclerostin content was reduced and Wnt/b-catenin signalling was enhanced 

following SIT in obese young adult males.  

Limitations: This was another pilot study to identify if sclerostin was present within 

scWAT of humans. This study was required to provide evidence that this mechanism is 

conserved in humans. Additionally, in this study we aimed to examine the responsiveness 

of sclerostin to exercise training. While we were able to quantify differences in 5/7 of the 

participants, this is a small sample size, and a better designed study (RCT or cross over 

design) is needed in a larger cohort of participants to confirm the responsiveness of 

sclerostin in scWAT to exercise training. Additionally, we found an inverse response of 

sclerostin and -catenin content to exercise training in scWAT. These findings are 

observational and suggest correlation. Work in animal models is needed, particularly 

exercise training studies in models of inhibited Wnt action compared to models of 

inhibited sclerostin action within adipose tissue (e.g., adipocyte LRP4-/- (Kim et al., 

2019)), to confirm sclerostin’s regulation with exercise is impacting Wnt signalling and 

not Wnt agonists (e.g., Wnt ligands) or antagonists (e.g., DKK-1).  
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9.2.5 Study 5: Characterization of sclerostin’s response within white adipose tissue 

to an obesogenic diet at rest and in response to acute exercise in C57BL6/J mice. 

Research Question: Since sclerostin’s response to acute exercise is altered in individuals 

with obesity and appears to have an endocrine role in regulating adipose tissue, we next 

wanted to assess if sclerostin was responsive in scWAT and visceral WAT to acute 

exercise and if obesity impacted the response?  

Main Findings: This study identified proteoform differences in sclersotin between 

iWAT and eWAT. ADdittionaly, while HFD and LFD mice have no difference in resting 

levels, HFD augments circulating sclerostin response to acute exercise, which remains 

unresponsive in LFD mice. Within visceral eWAT, monomeric sclerostin content is 

abolished and is unchanged in iWAT in HFD mice compared to LFD mice, while acute 

exercise does not influence eWAT sclerostin, there is a reduction in iWAT sclerostin 

content with no influence of diet. These results suggest sclerostin is responsive to acute 

exercise with WAT (iWAT) and fat mass expansion (eWAT), conferring a contribution 

of this bone derived endocrine factor in regulating WAT growth and metabolism.  

Limitations: This study attempted to examine the mobilization of sclerostin to peripheral 

fat pads following acute exercise and to examine the influence excess adiposity had on 

this response. This was meant to be a follow up analysis of Studies 2 and 3, which found 

augmented sclerostin response to acute exercise in humans with OW/OB. Thus, if 

sclerostin was being mobilized to the periphery, and impacted by excess adiposity, we 

suspected acute exercise to increase in WAT sclerostin content and this response to 

increase further in models of obesity. However, we found a reduction in iWAT sclerostin 

content and no difference in this response between lean or OB mice. This is likely due to 



 

295 
 

the timing of sampling. We suspect if we had assessed samples immediately post-

exercise we likely would have seen an increase, which may have been augmented in OB 

mice compared to lean mice. Instead, we took samples at 2h post-exercise and found the 

opposite to our initial hypothesis. While this finding supports our exercise training 

induced reductions in sclerostin hypothesis, assessment of more time points post-exercise 

would provide insight into its temporal response to acute exercise.  

9.2.6 Study 6: Sclerostin regulates exercise induced adaptations in energy 

expenditure and body composition in C57BL/6 mice. 

Research Question: What influence does reductions in systemic sclerostin have on body 

composition changes observed with exercise training? 

Main Findings: Sclerostin is reduced within iWAT with exercise training and when this 

reduction is prevented with exogenous sclerostin injections, exercise training induced 

adaptations in body composition and iWAT mass and morphology are inhibited. These 

changes are likely related to sclerostin induced changes in lean mass and metabolism. 

Limitations: This study attempted to assess whether preventing sclerostin reductions in 

scWAT and the circulation would prevent exercise induced adaptations in body 

composition. While we found trends in the reduction of sclerostin in iWAT, there was no 

reduction in circulating sclerostin that has typically been observed in humans. This is a 

limitation in this study, as well as the design, that prevents the conclusion that sclerostin 

is specifically regulating these adaptations or if it is other components of the Wnt 

signalling cascade that were now prevented by exogenous sclerostin treatment. 

Examining the responsiveness of sclerostin to exercise training within rodent models by 

taking serum samples pre- and post-exercise training from the same mouse would provide 
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stronger evidence that sclerostin is decreasing similarly to what is typically observed in 

humans. The distribution/mobilization of recombinant sclerostin in vivo following 

injection should also be examined. In this study we are assessing samples taken ~24h 

following injection of sclerostin, which likely reflects a lower concentration within the 

circulation and iWAT that these mice are getting on average. Assessment of sclerostin 

and Wnt receptor content should also be done to attempt to explain the increase in p/t 

GSK3 content with sclerostin treatment. This is the opposite effect we would have 

observed with sclerostin treatment. Change in receptor content or compensation by 

pathways that also regulate GSK3 signalling may also explain these differences. PI3K 

and Akt signalling also regulate GSK3 phosphorylation and are related to insulin 

signalling. Changes in Akt signalling may also explain the changes in insulin stimulated 

glucose uptake in sclerostin knockout mice.    

9.2 Additional Future Directions 

9.2.1 Influence of sclerostin on lean mass  

In Study 6, sclerostin influenced fat mass and leans mass, which is inline with previous 

overexpressing models showing higher fat mass and lower lean mass compared to WT 

controls. However, no one has assessed the in vivo effect sclerostin has on muscle 

growth, fibre type, or metabolism. The increase in carbohydrate oxidation with sclerostin 

injections may be explained by a shift in oxidative to glycolytic fibre types. This 

suggestion is in line with Wnt treatment leading to a shift to an oxidative phenotype in 

muscle, which may be helpful for the treatment of muscular dystrophy. Changes in 

energy expenditure may also be explained by an influence on lipolysis and mobilization 

of fatty acids. Assessment of mechanisms that regulate WAT lipolysis may provide some 
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insight into why we were seeing changes in energy expenditure, carbohydrate oxidation, 

and fat oxidation. Performing Study 6 again with UCP-1 KO mice would provide context 

to how much it may be contributing to sclerostin induced changes in energy expenditure. 

However, given the large differences in energy expenditure, there are likely other 

mechanisms contributing to this difference. Calcium handling may be an important 

mechanism to examine in muscle to help explain this difference as well. 

9.2.2 EVs are a novel mechanism for cellular crosstalk 

Inter cell communication can occur by contact (adhesion/juxtacrine interactions) or 

paracrine/endocrine factors, which circulate in plasma. However, recent papers have 

suggested that cells also communicate with circular membrane fragments, called 

exosomes (a subtype of extracellular vesicles (EVs), which are of endocytic origin, 

secreted by endocytosis, and carry bioactive molecular content to peripheral cells (Lee et 

al., 2011). EVs can transfer proteins and mRNA’s to peripheral cells, and can be 

functional in this new location (Valadi et al., 2007). The content of EVs may also be 

specific and not merely reflect the cytoplasmic milieu (Baglio et al., 2015; Lin et al., 

2016). EVs are produced by nearly all cell types, and treatment of osteoclasts with 

osteoblast isolated exosomes controls their regulation through RANKL transfer to 

osteoclast membrane, suggesting a novel mechanism of bone cell regulation (Deng et al., 

2015). Furthermore, isolation of mouse mast cell exosomes and treatment to human mast 

cells leads to the protein translation of the mouse mRNA found in EVs (Valadi et al., 

2007). EVs isolated from adipose tissue resident macrophages can modulate insulin 

sensitivity by transferring miRNA to target cells. Treatment of mice with excess 

adiposity with EVs isolated from macrophages from lean mice improves insulin 
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sensitivity, while reversing the treatment, from excess adiposity mice to lean mice, mice 

become insulin resistant (Ying et al., 2017).  

Wnt ligands have been shown to be packaged on the surface of EVs (e.g., 

exosomes and microvesicles) and can then induce signalling in peripheral cells (Gross et 

al., 2012; Beckett et al., 2013). Recently, sclerostin secretion has been associated with 

EV’s in response to mechanical loading in vitro (Morrell et al., 2018), however, if this 

same mechanism occurs in humans, or if sclerostin is detectable in peripherally 

circulating EVs has yet to be determined. Additionally, given the previously identified 

mechanisms of cells translating mRNA from treated exosomes and mediating signalling 

events of peripheral tissues following injection in vivo, it is interesting to hypothesize 

that sclerostin is secreted in EVs by osteocytes and can inhibit Wnt signalling in 

peripheral tissues (e.g., adipose tissue). This may be a novel mechanism by which 

sclerostin is mobilized from osteocytes to adipocytes in the peripheral fat depots. Future 

studies should attempt to: 1. characterize this mechanism by isolating EVs from pre- and 

post-exercise plasma, 2. Assess models of bone specific inhibited EV formation to see if 

sclerostin mobilization to fat depots is also inhibited to confirm this mechanism is 

important for sclerostin mobilization, and 3. inject EVs deplete of sclerostin and compare 

to injections of EV’s enriched with sclerostin in vivo and assess WAT uptake acutely and 

long term adaptations to WAT mass with continual treatment.   

9.2.3 RCT with sclerostin neutralizing antibodies  

Future studies should attempt to assess the efficacy of sclerostin neutralizing antibodies 

in older adults with OB and osteopenia. Our results and others suggest preventing 

sclerostin action should influence WAT mass and improve insulin sensitivity. An RCT 



 

299 
 

assessing changes in fat mass and insulin sensitivity in this population would provide 

clinical evidence that sclerostin can regulate fat mass and metabolism in humans.   

9.3 Significance of this Research 

This work has provided further insight into how bone can regulate fat mass tthrough the 

release of sclerostin, a Wnt signalling antagonist. More importantly, we have provided 

support for the role of this mechanism in regulating exercise training induced adaptations 

in body composition and scWAT histology. These pre-liminary findings should be used 

to drive new research questions related to targeting sclerostin/Wnt signaling in the 

context of metabolism (e.g., insulin sensitivity), weight loss, and prevention of bone mass 

loss (e.g., age related and energy deficiency related).  
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