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Abstract

Hypertrophic white adipose tissue found in obesity leads to chronic inflammation and reduced 

insulin sensitivity, bringing rise to a myriad of diseases and is a significant risk factor for premature 

death. Obesity can be combatted with physical activity, dietary restrictions, or a combination of the two. 

However, exercise training regardless of changes in body weight has been shown to improve metabolic 

health. Expanding on a previous study of changes in metabolic biomarkers upon weight gain and after a 

period of athletic conditioning, in this project we used a sled dog model to examine biomarker shifts over 

a course of sedentary weight gain, exercise training without weight loss, and exercise training 

accompanied by weight loss.

In order to examine the benefits of exercise training both with and without weight loss, a cohort 

of healthy sled dogs each served as their own controls as we observed changes in metabolic indices in 

conjunction with moderate body weight gain, exercise training while sustaining the higher body weight, 

and exercise training with weight loss.

We focused on indices specifically linked to type II diabetes - an obesity-linked disease affecting 

more than 10% of American adults. Biomarkers measured include plasma glucose, glucose transporter 4, 

insulin, and hemoglobin A1c. We also measured inflammatory cytokines tumor necrosis factor alpha and 

interleukin 6, as well as hormones leptin, adiponectin, and resistin. Many biomarkers measured produced 

not significant change or fell outside of our standard concentrations, but plasma glucose, glucose 

transporter 4, and tumor necrosis factor alpha produced intriguing results.

Weight gain increased plasma glucose while exercise training increased glucose transporter 4 

present on peripheral blood mononuclear cells. The changes we observed to plasma glucose, glucose 

transporter 4 and tumor necrosis factor alpha may be indicative of reduced insulin sensitivity with 

exercise and weight loss. We believe this may be the result of the high energy demand of exercise 

training coupled with low caloric availability.
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General Introduction: Obesity and its Role in Disease

1.1 Introduction

Adult obesity is medically defined using the Body Mass Index (BMI), which is calculated with a 

person's mass in kilograms divided by the square of their height in meters. A BMI of 30 kg/m2 or higher 

is classified as obese, with 40 kg/m2 or higher considered “severe” obesity (CDC, 2020). The concern 

with obesity is not the weight itself, but the metabolic changes that tend to follow. While on an individual 

level, BMI alone is not a great indicator of metabolic health, studies continue to show that BMI serves as 

a strong predictor of experiencing metabolic disease and premature death (Flegal et al., 2013; MacMahon 

et al., 2009). Obesity is a risk factor for a myriad of diseases ranging from metabolic syndrome (MetS) 

and type 2 diabetes (T2D) to at least 13 different types of cancer (ASMBS, 2018). While there are many 

mechanisms leading from obesity to disease, plenty of which are not fully understood (Gallagher & 

LeRoith, 2015), a number of these are linked to low-grade, chronic inflammation caused by excess 

adiposity (Gregor & Hotamisligil, 2011).

1.2 Obesity and Inflammation

Inflammation is a part of the body's immune response and plays an important role in preventing 

and healing damage from illness or injury. This response is typically acute, allowing the return of 

homeostasis (Chen et al., 2018). In obesity-induced inflammation, the immune response is low-level but 

chronic, leading to inflammatory disease (Gregor & Hotamisligil, 2011).

One source of obesity-linked inflammation is hypertrophic adipocytes. Adipocytes are designed 

to serve as a dynamic energy storage, flexible and expandable to take free fatty acids (FFAs) into an inner 

lipid droplet for storage and released as needed for energy. Excessive expansion of lipid droplets adds 
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undue stress to the adipocyte, forcing lipid remodeling in the membrane to compensate (Pietilainen et al., 

2011). Cell membranes incorporate additional cholesterol, altering leaflet interactions and causing the 

lipid bilayer to stiffen, decreasing adipocyte dynamics (Figure 1.1) (Desai & Miller, 2018). While this 

remodeling can have an immediate protection against oxidative stress, it can also leave the cells more 

vulnerable to damage and inflammation (Pietilainen et al., 2011).

Membrane damage in adipocytes can lead to uncontrolled release of FFAs into the plasma (Choe 

et al., 2016). High levels of FFAs can be absorbed by the liver, leading to nonalcoholic fatty liver 

disease. FFAs can also be taken up by the endothelium, causing endothelial dysfunction and 

cardiovascular disease (Ghosh et al., 2017).

Damage of the cell membrane also triggers adipocyte necrosis, which signals for an inflammatory 

response (Longo et al., 2019). M1 macrophages are recruited to the tissue, which express pro- 

inflammatory cytokines including tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) (Choe et 

al., 2016). Cells also experience a decrease in adiponectin, which plays a role in regulation of both 

glucose and FFAs. The immune response is designed to acutely respond to a damaging stimulus and 

restore homeostasis (Chen et al., 2018), but the low-grade inflammatory response to necrotic adipose cells 

becomes chronic, causing continuously elevated levels of pro-inflammatory cytokines, decreasing insulin 

signaling (Figure 1.2) (Choe et al., 2016).

1.3 Insulin Resistance

Insulin resistance can also develop independent of adipose inflammation (Kim et al., 2015). In a 

healthy adipocyte, glucose transporter 4 (GLUT4) translocates to the cell surface along the actin 

cytoskeleton in response to insulin. Lipid droplet engorgement in hypertrophic adipocytes interrupts actin 

dynamics, interfering with GLUT4 translocation (Figure 1.3) (Choe et al., 2016; Kim et al., 2015).
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Additionally, TNF-α expressed by hypertrophic adipose tissue, has also been shown to contribute 

to insulin resistance (Hotamisligil et al., 1995). TNF-α disrupts the phosphorylation cascade normally 

activated by insulin in skeletal muscle tissue. This interrupts both GLUT4 translocation due to insulin 

stimulation and GLUT4-independent glucose uptake in skeletal muscle tissue, contributing to insulin 

resistance (De Alvaro et al., 2004).

1.4 Cancer

Insulin resistance, driven both by chronic inflammation and impaired insulin signaling, is a key 

symptom of MetS, can lead to T2D, and is also linked to numerous cancers. While the exact mechanisms 

connecting insulin resistance and obesity to cancer are not entirely understood, there is a demonstrated 

increase in the risk of developing at least 13 types of cancer in overweight and obese individuals 

(National Cancer Institute, 2017). Insulin resistance may promote cell proliferation and decrease 

apoptosis due to increased activity of insulin-like growth factor 1, potentially welcoming neoplasia (Jee et 

al., 2005). A number of abnormalities in other biological pathways are common to both diabetes and 

various cancers, suggesting influence of one on the other (Rahman et al., 2021). Chronic inflammation is 

also a risk factor for certain cancers, increasing cancer risk for patients with obesity-induced 

inflammation (National Cancer Institute, 2017). Forty percent of all cancers diagnosed in the United 

States can be linked to excess body weight (Steele et al., 2017).

1.5 Metabolically Healthy Obesity

While BMI-defined obesity dramatically increases risk factors for a myriad of conditions, it does 

not lead to disease in all cases. Metabolically healthy obesity is not well-defined, and ranges from 

individuals with no metabolic abnormalities to those who have as many as two components of metabolic 

syndrome but fall short of the minimum three required for diagnosis. Obese individuals demonstrating 
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none of the components of metabolic syndrome other than waist circumference appear to be at no greater 

risk of disease than those who are at a healthy weight (Smith et al., 2019). The World Obesity 

Foundation considers obesity to be a chronic, relapsing, progressive disease process (Bray et al., 2017). 

Patients may fluctuate between stages of metabolically healthy and unhealthy obesity (Blüher, 2020). A 

meta-analysis of studies which included a follow-up with metabolically healthy obese patients over a 

period of 3-10 years found that more than half of patients developed at least one metabolic abnormality in 

that time, suggesting that this may serve as more of a transient phase than a stable condition (Blüher, 

2020). While risk factors for disease are measurably lower in those with metabolically healthy obesity 

than metabolically unhealthy obesity, the risk is still higher than for those at a healthy BMI. While BMI 

is not a direct measure of an individual's metabolic health (Phillips, 2013; Smith et al., 2019), it does 

provide an easily-measured marker of risk of developing metabolic disease and may still provide an 

indication for weight-loss intervention (Blüher, 2020).

1.6 Conclusion

While BMI alone does not specifically reflect metabolic health, obesity defined by BMI is a 

strong predictor of metabolic abnormalities which may lead to disease and premature death. 

Hypertrophic adipocytes lead to chronic inflammation, contributing to insulin resistance and other 

metabolic abnormalities linked to MetS and T2D. Obesity is also linked to numerous cancers. While 

some individuals experienced metabolically healthy obesity, health risks are still greater than for those 

who are at a healthy BMI.
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1.8 Figures

Figure 1.3: Lipid droplet engorgement disrupts actin cytoskeleton, diminishing GLUT4 trafficking and impairing insulin 
signaling in hypertrophic adipocytes
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Chapter 2 A Sled Dog Model for Positive Health Effects of 
Weight Management and Exercise1

1 Prepared for future submission to The American Journal of Biochemistry and Biotechnology. Laura K. 
Falkenstein, Scott P. Jerome, Arleigh J. Reynolds, Emma C, Jerome, and Kriya L. Dunlap. 2021. “A Sled Dog 
Model for Positive Health Effects of Weight Management and Exercise.”

2.1 Abstract

Obesity is a significant risk factor in Metabolic Syndrome (MetS) and Type II Diabetes (T2D).

Physical activity and/or dietary modification can reduce incidence of obesity. Marginal fitness levels 

limit the efficacy of exercise training and most humans choose from a wide range of dietary strategies to 

lose weight. Despite these limitations, exercise in the absence of weight loss may offer protective 

benefits against the development of MetS and T2D. In order to examine the benefits of exercise training 

with and without weight loss, we measured changes in metabolic indices in conjunction with moderate 

body weight gain, exercise training with no intended change in body weight, and exercise training with 

body weight reduction in a healthy canine model. We measured glucose transporter type 4 (GLUT4) on 

peripheral blood mononuclear cells (PBMC), plasma glucose, hemoglobin A1c (HbA1c), tumor necrosis 

factor alpha (TNF-α), interleukin 6 (IL-6), and insulin levels before, during, and after weight gain, 

exercise, and weight loss. Weight gain increased plasma glucose while exercise increased GLUT4 present 

on PBMC. We also observed changes to plasma glucose, GLUT4, and TNF-α which may be indicative of 

reduced insulin sensitivity with exercise and weight loss, potentially due to the high energy demand 

coupled with low caloric availability.

2.2 Introduction

Obesity is an accumulation of excess adipose tissue in the body (WHO, 2020). From birth until 

adolescence, human white adipose tissue grows through hyperplasia. In adulthood, the number of 
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adipocytes remains stable regardless of body fat changes, and adipose tissue grows through hypertrophy 

instead (Choe et al., 2016). Adipocytes are designed for dynamic energy storage, allowing free fatty acids 

to be stored or released as needed in the body for energy. In obesity, adipocytes become over-enlarged, 

which can cause cell membrane damage (Pietilainen et al., 2011). This damage leads to cell necrosis, 

triggering the body's immune response. Necrotic cells attract macrophages which increase pro- 

inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), and 

decrease production of adiponectin, disrupting the effective regulation of glucose metabolism (Choe et al., 

2016). Adipose membrane dysfunction can also lead to disruption in glucose transporter type 4 (GLUT4) 

trafficking, which is required for insulin signaling (Choe et al., 2016). Because of these immune 

responses and disruptions in insulin signaling, obesity often leads to Metabolic Syndrome (MetS) and 

Type II Diabetes (T2D).

Approximately 25% of adults worldwide and 33% of adults in the U.S. are living with MetS, and 

over 10% of American adults and 9% of adults worldwide are living with T2D (DHHS, 2020; IDF, 2006; 

WHO, 2020). T2D and its complications are one of the leading causes of premature death in the 

developed world (IDF, 2006). Fewer than half of T2D patients successfully manage their condition 

(García-Perez et al., 2013). A diagnosis of T2D or MetS often comes with a recommendation of 

sweeping lifestyle changes that can be difficult to maintain, which may contribute to the inability to 

regain glycemic control (García-Perez et al., 2013). The most effective changes are the ones which are 

attainable. If we can narrow down the effectiveness of these lifestyle adjustments, there is a greater 

likelihood that a person at risk of these conditions will be able to make the necessary changes. Exercise 

has many benefits, but diet generally plays a greater role in actual weight reduction. If the deleterious 

effects of weight gain can be combatted by exercise alone, then it might be easiest for a patient to increase 

physical activity without specifically worrying about weight loss. The goal is to take steps to improve 

outcomes for those at risk for or experiencing symptoms of MetS and T2D. By narrowing the 
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effectiveness of these changes, and concentrating on which are most effective, we can improve patient 

outcomes.

A number of studies have examined the effects of weight loss induced by equivalent caloric 

deficits achieved through either calorie restriction, exercise, or a combination of the two (Coker et al., 

2009; Lefevre et al., 2009; Redman et al., 2007, 2011). These studies show that total weight reduction 

occurs fairly equally regardless of method of energy balance. However, while all methods of weight loss 

provide health benefits and reduce the risk of obesity-related comorbidities, exercise additionally 

improves cardiovascular and metabolic health (Redman et al., 2007) and additional improvements in 

markers related to insulin signaling (Coker et al., 2009; Redman et al., 2011). Despite the superior 

metabolic benefits of exercise-induced weight loss in obese individuals, marginal fitness levels and 

inadequate compliance to exercise training may limit the practical aspect of exercise training as a mono

therapy for obesity (Coker & Wolfe, 2017). On the other hand, even modest weight loss or exercise 

training without weight loss may yield measurable health improvements (Coker et al., 2006, 2009; Ryan 

& Yockey, 2017). Smaller, targeted, achievable goals may produce better results simply because of better 

patient compliance.

In order to evaluate the influence of interventions such as exercise training and dietary 

modifications on the risk of metabolic disease, insulin sensitivity is often measured to evaluate their 

effectiveness. Unfortunately, many of these approaches are somewhat complicated or lack the specificity 

required for this type of assessment (Hays et al., 2006). Glucose transporter type 4 (GLUT4) is typically 

found in intracellular storage vesicles which are translocated to the cell surface in response to a stimulus. 

In T2D, lower GLUT4 levels are found in adipose tissue but not skeletal muscle. Therefore reduced 

GLUT4 translocation, rather than global GLUT4 level, is considered to be a significant contributor to 

insulin resistance (Stockli et al., 2011). GLUT4 in skeletal muscle tissue was initially known to respond 

to insulin as a stimulus but was also found to translocate in response to exercise (Ren et al., 1994). 

Traditionally, GLUT4 activity has been sampled from biopsied skeletal muscle tissue, which is an 
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invasive procedure. Maratou et al. found that GLUT4 translocation in response to insulin can also be 

measured on the peripheral blood mononuclear cells (PBMC) (Maratou et al., 2007). We have previously 

demonstrated that GLUT4 translocation occurs in PBMC in response to exercise similarly, providing 

convincing evidence in the use of PBMC as a less-invasive proxy tissue for GLUT4 measurement 

(Schnurr et al., 2014; Sticka et al., 2018). Earlier studies measured GLUT4 on PBMC using flow 

cytometry (Maratou et al., 2007), but we have established a protocol to conduct these measurements with 

a commercially available ELISA, providing a simpler and less expensive approach (Schnurr et al., 2014; 

Sticka et al., 2018).

Canines have been used as a pre-clinical model for research in diabetes and metabolism for at 

least 120 years, with the discovery of an anti-diabetogenic factor produced by the pancreas (Von Mering 

& Minkowski, 1890). Diabetes is also common and a growing concern in pet dogs as it is in humans 

(Catchpole et al., 2005). Canines provide a more homogenous population than do humans, with easily 

controlled diet and exercise routines. Sled dogs especially are elite athletes and therefore at low risk of 

developing T2D and other obesity-related conditions, so observed changes in biomarkers are likely due to 

moderate changes in weight and exercise rather than from another underlying condition. These animals 

have significantly higher basal metabolic rate than do humans (Hinchcliff et al., 1997) providing an 

efficient model for observing biomarker shifts. Our lab has recently used a sled dog model to investigate 

GLUT4 translocation with both acute and chronic exercise (Schnurr et al., 2014, 2015) and changes in 

TNF and adiponectin with weight gain and exercise separately (Collin et al., 2019). The aim of the 

present study was to further investigate biomarkers associated with T2D and MetS in conjunction with 

weight gain, exercise, and weight loss.
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2.3 Materials and Methods

Test Subjects

The subjects examined in this study were privately owned sled dogs housed in Salcha, Alaska 

(65°N, 147°W). Dogs selected for this study were removed from an athletic training plan for a minimum 

of six weeks prior to the study (Figure 2.1). Original body condition scores (BCS) ranged from 5-6 upon 

the baseline blood draw, indicating an ideal-to-overweight condition (Table 2.1, Figure 2.2) (Laflamme, 

1997). Dogs remained sedentary and were fed a caloric surplus for six weeks to allow moderate weight 

gain bringing the BCS range to 6-7. After six weeks, the dogs began an exercise program, steadily 

increasing in length and intensity, while fed a caloric balance. All dogs maintained or increased BCS 

during this phase, bringing the range to BCS of 7-8. After six weeks, feeding was reduced to allow a 

calorie deficit, while maintaining the exercise plan. After six more weeks, all dogs returned to a weight 

lower than that at which they began the study, with final BCS ranging from 3-5, indicating a body 

condition between thin and ideal (Laflamme, 1997).

Blood Sampling

Blood sampling was completed at baseline, after six weeks of sedentary weight gain, after six 

weeks of exercise training while overweight, and after six weeks of exercise training with weight loss 

(Figure 2.1). Each sample was collected after an overnight fast. Samples were 10mL of blood drawn 

from the cephalic vein, 8mL into a mononuclear separation tube (MST), with the remainder into EDTA 

Vacutainers.

Blood samples collected in MSTs were centrifuged at 3600rpm for 15 minutes and plasma 

removed, separated and frozen at -80°C for later analysis. The PBMC were transferred into 15mL conical 

vials, re-suspended in 3mL of RPMI with 5% calf serum, and centrifuged at 1500rpm for 15 minutes. 

The supernatant was discarded, and the pellet re-suspended in 3mL of RPMI with 5% calf serum for a 
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total of 3 washes. Finally, the PBMC were re-suspended in 2mL of RPMI with 5% calf serum and 

immediately analyzed for GLUT4.

Samples collected in EDTA were centrifuged and the plasma frozen at -80°C for later analysis.

Analysis

PBMC were standardized for protein content with a BCA assay (Thermo Fisher Scientific) and 

then analyzed for GLUT4 content with a sandwich ELISA (MyBioSource) using the manufacturer's 

protocol. IL-6 and TNF-α were also measured by sandwich ELISA (R&D Systems). The sandwich 

ELISA provided a color complex with absorbance directly proportional to the concentration of the target 

biomarker. HbA1c was analyzed with a competitive ELISA (MyBioSource), which provides an 

absorbance inversely proportional to the HbA1c concentration. Plasma glucose was measured with a 

quantitative glucose assay (Abcam), with a measured absorbance directly proportional to the glucose in 

the sample. Absorbances were measured using a Synergy HT multi-mode microplate reader (BioTek). 

Sample concentrations were determined by interpolations from a standard curve of known concentrations.

Statistics

Data were analyzed by GraphPad Prism statistical analysis software (version 9.0.1) using one

way ANOVA with Tukey post hoc analysis. All results are expressed as mean ± SD. Differences were 

considered significant at P≤0.05.

2.4 Results

Plasma glucose levels rose significantly from the baseline with sedentary weight gain, but there 

were no significant changes with exercise training with or without weight loss (Figure 2.3A). PBMC 

GLUT4 measurements were significantly higher while active without weight loss, with no significant 

differences between other samples (Figure 2.3B). TNF-α was significantly higher after training with 
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weight loss than at baseline, with no significant differences between other measurements (Figure 2.3C). 

No significant changes were found between samples in measurements of HbA1c or insulin (Figure 2.3D- 

E). All measurements of IL-6 fell below the lowest standard and were unable to be determined.

2.5 Discussion

We observed an increase in plasma glucose levels after sedentary weight gain, which is indicative 

of a decrease in insulin sensitivity. This is consistent with what is expected in body weight gain. While 

we might expect insulin signaling to improve with exercise training, and therefore plasma glucose to 

decrease, previous studies have shown that plasma glucose remains relatively unaffected by exercise, but 

is more responsive to diet (Houmard et al., 2004; Shaw et al., 2006; Zheng et al., 2016). Our data are 

consistent with these studies. It would follow, then, that we would expect to see a decrease in our sample 

upon weight loss. While this was not the case in our study, Tvarijonaviciute et al. found similar results in 

a study of weight loss in obese dogs (Tvarijonaviciute et al., 2012). When we took our final blood 

samples, the dogs had returned to an athletic body condition, but were still in a period of active weight 

loss, on an exercise program while working in a caloric deficit. Animals are known to adapt in periods of 

starvation by increased gluconeogenesis (Yu et al., 2016) and decreased glucose usage to prolong survival 

(Cahill & Owen, 1968). While the dogs were not in any danger of actual starvation, it is possible their 

bodies were adapting to the high energy demand and low energy supply.

GLUT4 concentration in PBMC increased as expected when dogs began the exercise program. 

This reflects what we had found in a previous study of GLUT4 in PBMC of sled dogs (Schnurr et al., 

2014), providing further evidence that GLUT4 translocation responds not only to insulin, but also to 

exercise. We expected to see the highest GLUT4 concentrations after weight loss, when the dogs were on 

an exercise program and at healthy body weight, however GLUT4 levels were significantly lower than 

they had been while active and overweight. Fasting has been shown to cause a decrease in GLUT4 
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translocation in human white adipose tissue and rats, possibly due to a decrease in mRNA production 

(Kahn, 1992). While the dogs were not actually fasting, the high energy demand required by the exercise 

program coupled with the caloric deficit may have triggered a fasting-like metabolic state.

We expected to see a rise in TNF-α after sedentary weight gain and a decrease while active and at 

a healthy weight (Choe et al., 2016). However, we saw no significant change with weight gain. This is in 

contrast to our previous findings examining changes in biomarkers upon weight gain (Collin et al., 2019). 

Like Collin et al., we intended to begin this study with dogs at a BCS of 3-4, representing an athletic body 

condition. In the previous study there was difficulty getting some dogs to eat enough excess food to gain 

weight, so this time dogs were specifically selected as “good eaters”. This may have played a role in 

sedentary dogs beginning the study at a higher BCS than intended, potentially downplaying the effects of 

weight gain on TNF-α. Additionally, the dogs tested by Collin et al. maintained the higher weight for a 

longer period of time before sampled, waiting for two of the dogs to gain weight. The subjects in the 

present study were still in a phase of metabolic transition when sampled, possibly accounting for the 

difference in observations.

We also saw a rise in TNF-α while active at a healthy weight. At the time of the final blood 

samples, the dogs were active in a caloric deficit, which could put extra stress on the body, increasing 

expression of TNF-α. Like the observations of increasing plasma glucose, an increase in inflammatory 

biomarkers including TNF-α may be a response of the body functioning in a caloric deficit. Fernandez- 

Real and Ricart describe insulin resistance and inflammation in humans as a protective adaptation in 

times of famine (Fernández-Real & Ricart, 1999). Strenuous exercise has also been acknowledged to 

upregulate pro-inflammatory cytokines (Pedersen & Nieman, 1998). The increase in pro-inflammatory 

biomarkers we see here may very well be representative of strenuous exercise and a caloric deficit, rather 

than changes in body fat.

Moderate weight gain produced effects indicative of decreased insulin sensitivity to some, but not 

all, biomarkers measured. Exercise provided a dramatic shift in GLUT4 translocation, but no significant 
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changes to other biomarkers, while exercise training with weight loss appeared to reverse the effect. 

Collecting our final samples while the dogs were still in a caloric deficit likely skewed these results. 

Another six-week phase with continued exercise but a diet fed to maintain weight may provide better 

insight into the effects of activity at a healthy weight. These results also open the door to a question 

regarding the potentially deleterious effects of rapid weight loss. The three biomarkers observed here 

point to potential inflammation and reduced insulin signaling during a period of high activity with 

reduced caloric intake. Future studies should explore other inflammatory biomarkers and potential long

term effects of rapid weight loss.

2.6 Conclusion

Weight gain induced a rise in plasma glucose levels while exercise increased translocation of

GLUT4 to the PBMC. Continued exercise training paired with a caloric deficit showed detrimental

effects on plasma glucose levels, GLUT4 translocation, and TNF-α. Further studies should examine the

effects of exercise coupled with caloric restriction on inflammation and insulin signaling.
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2.8 Figures

6 weeks sedentary

Dogs removed from 
training program

Baseline sample Overweight &
Sedentary Sample

Overweight &
Active Sample

Healthy weight & 
Active Sample

Figure 2.1: Timeline of diet and exercise intervention and sample collection

Figure 2.2: Changes in average BCS and body weight of subjects over the course of the study.
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Figure 2.3: Measured changes in biomarker concentration over the course of the study. All data points shown. Columns 
show mean ±SD. Significant differences indicated by * (p ≤ 0.05).

2.9 Tables

Table 2.1: BCS and body weights of subjects at each sample collection.
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Dog
Baseline

Overweight &
Sedentary

Overweight &
Active

Healthy weight & 
Active

BCS Weight (lbs) BCS Weight (lbs) BCS Weight (lbs) BCS Weight (lbs)
1 5 58.6 7 65.1 7 63 3 52.3
2 5 53.2 7 60.2 7 57.9 4 46.8
3 6 55.9 7 64.3 8 65.2 4 52.1
4 5 60.5 7 70.2 8 69.6 4 56.2
5 5 58.1 7 62.4 8 65.4 5 57.4
6 5 40.8 6 49.9 7 45 4 40.5
7 5 43.2 7 51.5 7 50.4 4 41.1
8 5 42.8 7 51.6 7 53.1 4 42.7
9 5 55.9 7 67 7.5 66.1 5 55.2
10 6 46.6 7 50.6 7 49.5 4 44.1



Chapter 3 Conclusions

Expanding from observations in a previous study of weight gain and conditioning, in this project 

we set out to examine changes in metabolic biomarkers over a course of weight gain, exercise with 

sustained weight, and exercise with weight loss using a sled dog model. While our results did not match 

all our predictions, the data illuminated an interesting and unexpected metabolic response. Measuring 

other biomarkers and adding an additional phase to the end of the study could provide further insight to 

our observations.

Previously this lab examined changes in adiponectin and tumor necrosis factor alpha (TNF-α) in a 

cohort of sled dogs before and after a period of weight gain. Adiponectin decreased substantially while 

TNF-α increased with weight gain, as expected (Collin et al., 2019). We had also observed changes in 

GLUT4 in the PBMC with both chronic and acute exercise (Schnurr et al., 2014, 2015) This prompted 

interest in examining exercise as a means for combating the detriments of weight gain. In the current 

study, we used sled dogs as their own controls, and observed changes in biomarkers of interest throughout 

the course of weight gain, exercise while overweight, and exercise in conjunction with weight loss. Since 

exercise, irrespective of weight loss, has shown some positive effects on biomarkers related to 

inflammation and insulin signaling (Kim & Park, 2013; Lakka & Laaksonen, 2007), we expected to see 

improvements prior to the weight loss phase of the study, with greater improvement with weight loss.

The biomarkers of particular interest in this project were GLUT4, plasma glucose, and TNF-α. 

We also measured, but observed no significant changes in, HbA1c, leptin, insulin, and resistin. In 

addition, we tested C-reactive protein and interleukin-6, but measured values fell below the lowest given 

standard, so concentrations were unable to be determined.

At first glance, our results seemed a little surprising. While plasma glucose levels rose with 

weight gain, they did not return to a lower level either with exercise or with weight loss. GLUT4 

translocation did rise with the exercise program as expected, but dropped dramatically upon weight loss, 
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even while exercise training continued. And while we anticipated TNF-α rising with weight gain and 

dropping with exercise and weight loss, we observed nearly the opposite: TNF-α did not change 

significantly with weight gain, and in fact rose with weight loss.

A significant consideration worth noting is that, while the dogs had returned to a lean body 

condition score (BCS), they remained in a state of weight loss rather than maintenance. The dogs were 

still at the peak of the exercise training, while also feeding at a caloric deficit, which likely had an impact 

on these biomarkers.

While plasma glucose is typically expected to be higher while overweight than while lean, our 

findings were similar to those found in an earlier study of weight loss in dogs with obesity-related 

metabolic function (Tvarijonaviciute et al., 2012). Human studies have found that exercise alone does not 

have a significant effect on plasma glucose, however diet and exercise intervention typically causes a 

reduction (Houmard et al., 2004; Shaw et al., 2006; Zheng et al., 2016). In this study, the continued rise 

in plasma glucose may be related to adaptations to a high energy output and caloric deficit. The dogs may 

have been experiencing a higher rate of gluconeogenesis as well as lower glucose usage in order to 

compensate for a higher energy demand and low caloric intake (Cahill & Owen, 1968; Yu et al., 2016). 

While the dogs in this study were experiencing weight loss at a reasonable rate, it is worth considering 

that their bodies may have been adapting to prevent potential starvation.

Changes in GLUT4 in PBMC also provided surprising but intriguing results. GLUT4 levels rose 

with exercise, as they had in our previous study (Schnurr et al., 2014), but this time fell with weight loss, 

even while exercise training continued. Again, this may be related to the study subjects being in a period 

of weight loss rather than maintenance at an athletic weight. While GLUT4 mRNA has been observed to 

increase in humans with weight loss (Macartney-Coxson et al., 2020), GLUT4 mRNA production has 

also been shown to decrease both in humans and rats while in a fasted state (Kahn, 1992). Similar to our 

observations with plasma glucose levels, the dogs may have been experiencing adaptations to low energy 

24



intake coupled with high energy output, leading to a decrease in GLUT4 mRNA production and therefore 

less GLUT4 available in the PBMC.

Both of these observations invite questions regarding the potential detriment of rapid weight loss 

through exercise and caloric restriction. The dogs in this study trained within a reasonable capacity while 

fed at a deficit, still within healthy quantities, yet we observed what appears to be evidence of adaptations 

to starvation. In periods of fasting or excessive energy demand, the body turns to ketone bodies as an 

energy source (Newman & Verdin, 2014). While we did not measure ketone bodies in this study, they 

could serve as an indicator of metabolic fasting.

In order to further examine changes in these biomarkers with weight gain and weight loss, it may 

be helpful to add to this study protocol a weight maintenance phase following a return to an athletic BCS. 

Dogs should remain in the exercise protocol but resume a diet of caloric balance rather than restriction. 

Samples collected after this final maintenance phase would provide a better indicator of biomarkers while 

active and fit than while they are in a weight loss phase.

While some of our findings were different than anticipated, they bring up additional queries 

worth exploring. Measuring additional biomarkers, including ketone bodies, could further explore if a 

metabolic fasting state led to our observed evidence of inflammation and insulin resistance. An additional 

period of weight maintenance would help us examine biomarkers while the dogs are active and fit. These 

additional studies may help further our understanding of weight gain, weight loss and exercise as it relates 

to metabolic syndrome and type 2 diabetes.
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(The following information is also available in a printable format in the IRBNet Forms and Templates)

HOW DO I REPORT CONCERNS ABOUT ANIMALS IN A UAF RESEARCH FACILITY?

• All "live" animal concerns related to care and use should be reported to the IACUC
• Email: uaf-iacuc@alaska.edu Phone: 474-7800
• Report form: www.uaf.edu/iacuc/report-concerns/
• IACUC Committee Members: www.uaf.edu/iacuc/iacuc-info/
• Additional information: www.uaf.edu/on/responsible-conduct/research-misconduct/ and 

www.uaf.edu/ori/responsible-conduct/conflict-of-interest/

WHAT SHOULD I DO IF AN ACCIDENT OR INCIDENT OCCURS IN AN UAF ANIMAL FACILITY?

• For all immediate human emergencies call 911 or UAF Dispatch at 474-7721 for less immediate 
emergencies.

• If you have suffered an animal bite or other injury, complete an "Acciden/Incident Investigation 
form" (personal injury) form available at www.uaf.edu/safety/incidentreport-2012.pdf.

• If an accident such as a chemical spill occurs, contact the Environmental Health, Safety, and Risk 
Management (EHS&RM) Supervisor at 474-5617 or the Hazmat Coordinator at 474-7889.

WHO DO I CONTACT IF I FIND A DEAD, INJURED, OR DISTRESSED ANIMAL IN A UAF RESEARCH 
FACILITY?

• During regular business hours, immediately contact facility staff and/or Veterinary Services Staff at
474-7020. ' ' '

• After hours or on weekends, immediately contact facility staff and/or Veterinary Services Staff using 
the contact numbers posted on the "Emergency Contact Information" in the facility or call UAF 
Dispatch at 474-7721.

• Contact the IACUC at 474-7800 or uaf-iacuc@alaska.edu if an "Emergency Contact Information" 
sign is NOT posted in the facility.

• Contact the IACUC if you are not satisfied with the response from Vet Services.

HOW DO I REPORT ANY CONCERNS REGARDING WORK HAZARDS OR ANY GENERAL UNSAFE 
CONDITIONS?

• Complete an "Unsafe Condition Reporting Program" form, available at the EHS&RM website: 
www.uaf.edu/safety/unsafe-condition/

WHERE CAN I OBTAIN GENERAL OCCUPATIONAL SAFETY INFORMATION?

• www.uaf.edu/iacuc/occupational-health/
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Appendix B Additional Data

Figure B.1: Data not included in Chapter 2. Measured changes in biomarker concentration over the course of the study. 
No significant changes determined. All data points shown. Columns show mean ±SD. Differences considered significant 
at p ≤ 0.05.
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