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ABSTRACT 

 

Background: Athletes regularly compete in temperatures ranging from well below 0° Celsius (C) 

to those exceeding human body temperature (37°C). The lack of current understanding regarding 

the individual and interactive influences of exercise during hot and cold exposure is currently 

limiting optimization of training, racing and fueling strategies implemented by endurance athletes 

when performing in these extreme environments. As such, determining the degree to which 

ambient temperature affects substrate metabolism and performance both during and after 

endurance exercise in trained athletes is warranted. In the present study, we systematically 

investigated the environmental impact of temperature on substrate mobilization within 

subcutaneous abdominal adipose tissue (SCAAT) in situ and whole-body substrate oxidation 

during submaximal steady state cycling. Purpose: To investigate the effect of hot, cold, and 

neutral environmental temperatures on lipolysis within SCAAT and whole-body substrate 

oxidation during steady state exercise and subsequent time trial (TT) performance in endurance-

trained cyclists. Methods: Ten healthy, endurance-trained male cyclists (age = 22.80 ± 2.76 yr; 

height = 178.58 ± 5.65 cm; mass = 74.02 ± 10.95 kg; body fat = 18.35 ± 3.37%; peak oxygen 

consumption (VO2peak) = 60.60 ± 4.67 ml·kg-1·min-1; power output at lactate threshold (LT) = 

234.00 ± 35.00 W) participated in randomized, crossover design study that consisted of baseline 

testing to determine LT and VO2peak, two familiarization trials, and three experimental trials. The 

three experimental trials consisted of cycling in hot (39.03±1.06°C; 40.19±2.18%RH), cold 

(3.06±1.78°C; 41.63±5.60%RH) and thermoneutral (19.43±0.98°C; 38.97±2.23%RH) 

temperatures in a randomized order. The exercise protocol consisted of 25 min of cycling at 70% 

LT, followed immediately by 25 min at 90%LT, a 15-min break and then a 20-km TT in a 

thermoneutral room. In situ lipolysis of the SCAAT was measured throughout the trial with 

microdialysis, a minimally invasive method used to monitor SCAAT interstitial glycerol 

concentrations. Whole-body carbohydrate and fat metabolism was measured via indirect 

calorimetry, fingerstick and venous blood sampling. Results: Nine out of ten subjects were unable 

to complete the hot condition steady state portion of the protocol, so no TT was performed on the 

hot visit. No significant differences (p ≤ 0.05) were observed between groups for any measured 

variable aside from increased heart rate (HR) in the heat (141.16 ± 2.40 bpm) as compared to cold 

(124.48 ± 2.40 bpm; p < 0.001) and neutral (127.98 ± 2.40 bpm; p = 0.002) conditions. A 
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significant time effect was observed for HR, core temperature, interstitial glycerol, blood lactate, 

carbohydrate and fat oxidation, VO2 and RER. No differences were observed between cold and 

neutral TT performances. Conclusion: SCAAT lipolysis increases during steady state exercise; 

however, the environmental conditions in which exercise was performed did not significantly alter 

SCAAT metabolism or blood flow, nor did temperature influence whole-body substrate 

metabolism in well-trained male cyclists. Subjects were unable to complete the TT in the heat, and 

no differences were observed between cold and neutral TT performance. 
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CHAPTER 1  

INTRODUCTION 

1.1 Background 

Athletes regularly compete in temperatures ranging from well below 0° Celsius (C) to those 

exceeding human body temperature (37°C). Therefore, determining how temperature influences 

substrate metabolism and performance is warranted during endurance exercise in trained athletes.  

The lack of current understanding regarding the individual and interactive influences of 

exercise during hot and cold exposure is currently limiting optimization of training, racing, and 

fueling strategies implemented by endurance athletes when performing in these extreme 

environments. Therefore, the overall objective of this study was to identify the effect of ambient 

temperature during endurance cycling on metabolism, substrate utilization, and performance 

outcomes.  

With the importance of muscle glycogen storage for endurance performance well 

established, further investigation is ongoing regarding the manipulation of substrate utilization 

during exercise in an attempt to optimize performance. The notion that manipulating endogenous 

carbohydrate and fat utilization can improve endurance performance is based on the fact that 

endurance training has been shown to increase fat oxidative capacity during submaximal exercise 

[1]. Therefore, it is reasonable to infer that increasing the ability for endurance athletes to spare 

muscle glycogen by means of increasing fat oxidation would improve endurance performance. 

In prior research examining the effects of environmental temperature on substrate 

utilization and performance, interventions have been primarily limited to systemic or 

intramuscular analysis, likely due to their higher contributions to overall energy expenditure [2]. 

However, subcutaneous abdominal adipose tissue (SCAAT) represents a major adipose depot and 

its lipolytic response to exercise in various environmental temperatures has not been elucidated.  

1.2 Purpose 

 It has been proposed that exercise in cold environments elicits augmentation of fat 

metabolism, however research remains equivocal as studies have shown increased [3], decreased 
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[4], and no significant difference [5] in comparison to higher temperatures. Therefore, the primary 

purpose of this study was to identify the effect of ambient temperature during endurance cycling 

on metabolism, substrate utilization, and performance outcomes. Specifically, to determine the 

extent to which ambient temperature drives alterations in lipolytic rate directly from SCAAT in 

endurance-trained cyclists using microdialysis as well as systemic fat oxidation. 

 

1.3 Specific Aims and Research Hypotheses 

1.3.1 Specific Aim 1 

To determine the extent to which ambient temperature affects substrate metabolism during 

prolonged, steady state endurance exercise.  

To address Aim 1, we assessed substrate metabolism via both microdialysis in SCAAT 

(interstitial glycerol for SCAAT lipolysis and ethanol for SCAAT blood flow) and expired gas 

analysis (ParvoMedics TrueOne 2400 metabolic cart; ParvoMedics, Sandy, UT) during exercise 

in three different temperatures: 0°C (32°F), 20°C (68°F), and 40°C (104°F).  

1.3.1.1 Hypotheses for Specific Aim 1. We hypothesize that the combination of endurance 

exercise and cold exposure would synergistically increase mobilization and oxidation of SCAAT 

as well as whole-body fat oxidation during and after steady state exercise to a greater degree than 

exercise in thermoneutral exposure. We also hypothesize that the combination of endurance 

exercise and heat exposure would yield the opposite effect via increased glycogen utilization. 

1.3.2 Specific Aim 2  

To determine the extent to which ambient temperature affects performance and substrate 

metabolism during a time trial (TT) following prolonged endurance exercise.  

To address Aim 2, we measured substrate metabolism and performance outcomes during a 

20-km TT following a 2hr steady state cycling protocol.  
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1.3.2.1 Hypothesis for Specific Aim 2. We hypothesized that the combination of 

endurance exercise and cold exposure would increase fat mobilization and oxidation in comparison 

to thermoneutral exposure and to an even greater degree heat exposure; thus, sparing muscle 

glycogen stores and subsequently improving 20-km TT performance following 50 min of 

moderately-intense steady state exercise. 

1.3.3 Specific Aim 3 

To determine the extent to which ambient temperature will modulate blood biomarkers of 

fat metabolism following prolonged endurance exercise. 

To address Aim 3, we analyzed serum samples before and after each ambient temperature 

intervention for adiponectin and serum glycerol as biomarkers of whole-body lipolysis. 

1.3.3.1 Hypothesis for Specific Aim 3. We hypothesized that blood biomarkers would 

indicate that cycling in cold exposure would elicit a greater degree of fat mobilization and 

metabolism than thermoneutral exposure and an even greater degree during heat exposure.  

1.4 Assumptions 

1. All subjects accurately repeated their 48-hr food logs. 

2. All subjects refrained from exercise for the 24 hrs prior to each visit. 

3. All laboratory equipment yielded accurate measurements over the course of repeated 

testing. 

4. All subjects consumed the CorTemp pill the night prior to each performance trial. 

1.5 Delimitations 

1. All subjects had a peak oxygen uptake (VO2peak) ≥ 55 ml·kg-1·min-1, a maximal power 

output ≥ 300W, and cycled on average 3 times/wk for the past 2 months.  

2. All subjects maintained their habitual dietary and physical activity habits (as determined 

by their dietary food logs) to minimize any influence on the dependent variables. 

3. All subjects performed each performance trial after an overnight fast in order to minimize 

any dietary influence on substrate metabolism.  



4 
 

4. All subjects were eligible for this study as determined by pre-screenings given by phone, 

email, or personal meeting.  

1.6 Limitations 

1. Only endurance-trained men were included in the present study and therefore results 

obtained may not be generalized to endurance-trained women or any non-endurance-

trained population. 

2. It is impossible to obtain direct measures of metabolic function in human visceral fat. 

However, simultaneous measurement of SCAAT lipolysis by microdialysis and whole-

body metabolism by indirect calorimetry might provide some insight to the influence of 

ambient temperature on substrate utilization and metabolism during endurance exercise.  
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Introduction 

The efficient use and storage of various sources of energy (i.e. metabolism) is an important 

mediator of health and human performance. As such, metabolism has been the focus of a wealth 

of research efforts for decades. While from these investigations we have greatly improved our 

understanding of the metabolic responses to various stressors, how environmental extremes alter 

these metabolic responses is yet to be fully determined. As athletes regularly compete in 

temperatures ranging from well below 0°C to those exceeding human body temperature (37°C), 

more research is warranted to determine the metabolic response to environmental extremes and 

how various nutritional strategies may be utilized to enhance performance and maintain health.  

Understanding metabolism in extreme environments requires knowledge of the processes, 

which alter substrate utilization. When exposed to extreme temperatures, a widespread 

physiological response is initiated that alters the metabolic function of the body to regulate 

appropriate actions such as heat loss/gain. This response is primarily the result of altered central 

nervous system stimulation, which can affect blood pressure, blood glucose levels, and oxygen 

availability, etc. The emphasis of this review will be placed on the metabolic response to extreme 

hot and cold environments (For a more thorough review of the mechanisms of heat balance see 

references [6–9]).  

The overall role of the sympathoadrenal (SA) system is the maintenance of a constant 

internal environment of the human body [10, 11]. A multitude of changes to homeostatic 

conditions in the body can elicit an acute enhancement of plasma catecholamine levels via 

increased SA activity. Essentially the SA activation is prompted when external stressors cause a 

divergence from a homeostatic environment of the body. While the term “stress” may not have a 

widely accepted meaning, for the purposes of this paper, it simply refers to any condition that 

responds to external or endogenous stimuli with the initiation of elevated catecholamine levels. 

More relevant to this review, exercise and extreme ambient temperature (stressors of the 

homeostatic environment) activate the SA system resulting in increased concentrations of 

norepinephrine (NE) and epinephrine (E) in circulating plasma.  
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While understanding the physiological responses to exercise in hot and cold exposure is 

critical for endurance athletes, the greatest benefit may be the subsequent improvement in human 

performance resulting from a greater understanding of the metabolism occurring while exercising 

in hot and cold environments. However, the current literature regarding the association between 

exercise in hot and cold environments, substrate metabolism, and endurance performance remains 

equivocal. Additionally, it has previously been proposed that cold exposure elicits vasoconstriction 

to the adipose tissue resulting in diminished lipolysis [12] and it has also been reported that 

exercise at moderate intensities actually increases adipose tissue blood flow by two-fold [13]. 

However, to date this has not been confirmed via analysis of the extracellular fluid in the interstitial 

space of the SCAAT itself. This review will attempt to establish a thorough understanding of 

substrate mobilization and metabolism with a concentration on the catabolism of triacylglycerols 

(a process known as lipolysis) and then further discuss the effects of hot and cold ambient 

temperatures on regulation of metabolism during exercise.  

2.2 Part 1: Fatty Acid Mobilization and Muscle Metabolism 

2.2.1 Fatty Acids vs. Carbohydrates 

It is well established that fat and carbohydrates are the primary substrates utilized for 

energy, however there are various physical and biochemical properties that distinguish which 

substrate is used during exercise and also when they are used. Fats are the more efficient fuel 

source (i.e. yields more energy per unit weight) for endurance exercise as they not only contain 

more than twice the amount of energy per gram than carbohydrates (9 kcal/g vs. 4 kcal/g, 

respectively), but fat can be stored anhydrously whereas water is required in almost a 2:1 ratio for 

carbohydrate storage in the form of glycogen [14]. However, more oxygen is required to oxidize 

fat than carbohydrate in order to produce equivalent amounts of adenosine triphosphate (ATP). 

Thus, the efficiency of fat utilization during exercise only manifests itself in aerobic, endurance-

like events where the increased rate of ATP production from carbohydrate becomes less important 

for performance [15].  

Both carbohydrates and fats are stored in various regions of the body. Carbohydrates are 

stored as glycogen in both muscle and liver, and contribute to energy production via different 

mechanisms. Muscle glycogen storage, due to its obvious location inside the muscle itself, can 

directly be used to fuel muscle contraction while glycogenolysis in the liver is required to release 
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glucose into the blood before it can be taken up by muscle and utilized as a fuel source. It should 

be noted that the liver is the site where various other substrates such as lactate, glycerol, and amino 

acids can be converted to glucose (a process known as gluconeogenesis) and ultimately either 

provide increased glucose availability to the body or can be stored as glycogen; whereas muscle 

only has the capability to store blood glucose in the form of muscle glycogen. Even in trained 

individuals who can exhibit greater glycogen storage, the amount of glycogen stored in the entire 

body is only enough to sustain vigorous exercise for roughly 60-90 min. In fact, elite marathon 

runners have been shown to expend approximately 21 kcal/min during a race, which, given that 

approximately 2000 kcal of glycogen is stored in the entire body [16], would yield only 95 min of 

running [17]. Glycogen storage in the body and its potential to produce energy is far less in 

comparison to energy stored as fat.  

Fat stores in the body can be found in various locations and theoretically contain the ability 

to fuel the body for days at the same intensity level that glycogen storage could only fuel for 

roughly 90 min [17]. Of all possible fat storage sites, adipose tissue contains the most abundant 

quantity of fat storage in the body within either subcutaneous or visceral adipose tissue [18]. In 

the simplest terms, adipose tissue storage can be enhanced or diminished by either a positive or 

negative energy balance, respectively; however, alternate hormonal mechanisms also exist. 

Another form of fat storage in the body, although far less than subcutaneous fat tissue, is in the 

form of triacylglycerol droplets directly within the muscle fibers – known as intramuscular 

triacylglycerols (IMTG). The location of this storage is of particular importance to the relationship 

between substrate utilization and exercise performance because these IMTG are located in close 

proximity to the site of oxidation in the muscle mitochondria. For this reason, IMTG can provide 

a considerable amount of energy during exercise, although the exact amount is unclear because 

IMTG levels are difficult to accurately measure as a multitude of variables such as training status, 

fiber type distribution [19–21], and non-homogenous distribution throughout the muscle can yield 

great variation [21, 22].  

2.2.1.1 Lactate. It should be mentioned that, although to a far lesser extent than fatty acids 

and carbohydrates, lactate is another substrate that can be metabolized for energy production. 

There has been a well-documented, controversial history on the perspective of lactic acid 

metabolism [23–25]. Lactic acid is an acidic end product of the glycolytic pathway that naturally 
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dissociates into the anion (lactate) and a hydrogen proton under normal physiological pH values. 

Lactic acid, and thus lactate, is constantly formed and entered into the blood stream, but under 

metabolically steady state conditions, it is removed at the same rate as it appears. Under non-steady 

state conditions (e.g. intense exercise), the production of lactate exceeds the clearance rate and 

lactate concentrations in the blood rise. Lactate can be removed via direct oxidation or conversion 

to glucose via the Cori Cycle. Traditionally, the major focus of exercise studies has been on 

changes in blood lactate concentration during progressive and steady state exercise and the 

metabolism of lactate as a substrate.  

The primary fate of post-exercise lactate is oxidation in the muscle itself [26]. Multiple 

studies have illustrated a direct relationship between lactate disposal rate and oxygen consumption 

(VO2), and that the relative lactate removal rate increases with increasing exercise intensity. In 

fact, Mazzeo et al. reported that 50% of lactate removal was via direct oxidation at rest, but at an 

exercise intensity of 50% maximal oxygen consumption (VO2max), removal through oxidation was 

approximately 90% [27]. Stanley et al. investigated the blood lactate kinetics of two trained 

athletes – an endurance cyclist and a competitive rower – and reported different lactate kinetics in 

response to a submaximal cycling test [28]. Via use of isotopic tracers, they showed similar 

increases in blood lactate appearance, but the cyclist had a greater clearance capacity, causing the 

opposite lactate kinetics (Figure 1).  

Additionally, an inverse relationship between temperature and glycolytic rate has 

previously been reported; thus it is not surprising that many studies have reported increased venous 

lactate concentrations during exercise in colder temperatures in comparison to warmer conditions 

[29–31]. Traditionally, elevated blood lactate concentrations have been accepted as a reflection of 

greater anaerobic contribution of the work being performed [32]; however it should be noted that 

the appearance of blood lactate in venous circulation has been reported to have a temperature-

dependent time lag [33]. To further obscure our understanding, multiple studies have encountered 

issues regarding fingerstick blood draw in the cold due to the cold-induced decreases in peripheral 

blood flow [34] (see Muscle Blood Flow section in Part 5 below – page 34). 

2.2.2 Fat as a Fuel during Exercise 

Substrate utilization measurements can be estimated from the ratio of carbon dioxide (CO2) 

and oxygen (O2) concentrations in expiratory gases (VCO2/VO2) – a ratio known as Respiratory 
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Exchange Ratio (RER). It has long been known that a mixture of carbohydrates and fats are used 

as fuel during both rest and exercise [35, 36]. Relative to fats, the metabolism of carbohydrates 

yields higher amounts of CO2 and requires less O2 during oxidation. While fat is the predominant 

fuel substrate utilized at rest [37], as exercise intensity increases the body’s reliance on 

carbohydrates becomes more prevalent due to its higher rate of ATP production [2, 37–39] (the 

effects of exercise intensity on substrate utilization are discussed in detail in Part 2). Regardless, 

both fuel sources are considered necessary for optimal endurance performance.  

2.2.3 Processes that Potentially Limit Fat Oxidation 

The importance of muscle glycogen during prolonged exercise is well acknowledged [40], 

but given the limited muscle glycogen storage capacity in the body and the subsequent 

performance decrement when these levels are depleted, the utilization of more fat stores during 

endurance exercise of the same intensity would be advantageous for performance. Bergstrom et 

al. [41] clearly demonstrated the positive relationship between high intramuscular glycogen levels 

and improved endurance performance as well as the association between glycogen depletion and 

the onset of fatigue. However, despite the abundance of fat stores in the body, carbohydrates are 

predominantly used during exercise of moderate (typically defined at 60-80% VO2max) to high 

intensity (typically defined as greater than 80% VO2max) as the capacity to oxidize fatty acids is 

limited [16, 40]. While this limitation has not been fully elucidated to date, various mechanisms 

have been suggested as potential limiters in the regulation of the cyclic series of steps that break 

off successive splitting of 2-carbon acyl fragments from fatty acids to yield acetyl CoA (a process 

known as β-oxidation). The mechanisms include: 1) mobilization of fatty acids to the muscle, 2) 

transport of fatty acids to the muscle, 3) uptake of fatty acids by the muscle, 4) mobilization of 

fatty acids by IMTG pools, 5) transport of fatty acids into mitochondria, or 6) oxidation of fatty 

acids in mitochondria [16]. 

2.2.4 Mobilization of Fatty Acids 

While most tissues contain small amounts of fat, they primarily depend on either adipose 

tissue or dietary sources for fatty acids used in fat oxidation. While dietary intake of fatty acids is 

obviously subjective, the mobilization of fatty acids from adipose tissue is dependent upon: 1) the 

rate of catabolism of triacylglycerols into glycerol and fatty acids (i.e. lipolysis), 2) conversely, 
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the rate of reesterification of fatty acids in the adipose tissue, and 3) the subsequent rate of fatty 

acid transport into the circulatory system.  

2.2.4.1 Lipolysis in Adipose Tissue. Lipolysis is constantly occurring in the adipose tissue 

causing the mobilization of fatty acids from stored adipose tissue. In human adipose tissue the 

sympathetic nervous system (SNS) or specific hormones bind to the adrenergic receptors (AR) 

(i.e. E and NE) or G-protein coupled receptors (i.e. glucagon) causing activation of adenylate 

cyclase (AC), which converts ATP into the secondary messenger cAMP [42, 43]. This cAMP then 

activates protein kinase, which initiates the phosphorylation and subsequent activation of hormone 

sensitive lipase (HSL). This occurs via transport of a lipid droplet to the cytoplasm of the adipocyte 

where HSL enzymatically cleaves the second carbon (i.e. β-carbon) of the triacylglycerol. The rate 

of lipolysis is largely determined by the regulation and activation of HSL. It has been shown that 

the SNS and circulating catecholamines stimulate HSL activation [44] while insulin [45] and other 

hormones and byproducts of metabolism such as lactate [46] and ketone bodies [42] exhibit an 

inhibitory effect on HSL (a more detailed description of hormonal regulation is discussed in Part 

2). After separation from triacyglycerol by HSL, monoacylglycerol is then hydrolyzed by 

monoacylglycerol lipase (MGL) leaving only the glycerol backbone. Glycerol, however, cannot 

be reutilized to form new de novo triacylglycerol due to the minimal levels of the requisite enzyme, 

glycerol kinase, present in adipose tissue [47]. The water soluble characteristics of the glycerol 

molecule results in the diffusion of all lipolysis-produced glycerol across the cell membrane into 

the blood – rendering glycerol measured in the blood a trusted marker for whole-body lipolysis 

[48]. It should be noted, however, that Elia et al. [49] have suggested that the glycerol produced 

from lipolysis of IMTG as opposed to adipose tissue, may directly get oxidized in the muscle 

without release into the bloodstream, causing an underestimation of whole-body lipolysis via 

glycerol measurements; however this has not been confirmed. Though IMTG stores do not play 

the predominant role in fat utilization, a combination of increased IMTG utilization and overall fat 

oxidation by endurance-trained individuals may yield a slight underestimation of whole-body 

lipolysis via measurement of glycerol appearance in the blood [49]. Unlike glycerol, fatty acid 

appearance in the blood does not render an accurate measurement of whole-body lipolysis as fatty 

acids can be reesterified in the cytoplasm of the cell to form new triacylglycerols via the 

triacylglycerol-fatty acid cycling process [16]. 
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It has been shown that α-adrenergic inhibitory mechanisms are the primary regulators of 

lipolysis at rest, but during exercise the stimulatory β-AR are predominant [50, 51]. During 

exercise, insulin levels are suppressed by E binding to the α-AR of the pancreatic β-cells causing 

inhibition of the cellular cAMP pathway and the subsequent inhibition of insulin secretion [52, 

53]. With this catecholamine-induced reduction in insulin during exercise in addition to the 

increased β-AR sensitivity [52], there is an overall increase in adipose lipolysis during exercise. 

These lipolytic stimulatory mechanisms appear to hold true when exercise intensity remains at low 

(i.e. 40-60% VO2max) to moderate (i.e. 60-80% VO2max) levels. However, a multitude of factors 

during high intensity exercise (i.e. >80% VO2max) likely yields a reduction in lipolysis and an 

increase in triacylglycerol reesterification in the adipose tissue as metabolism shifts to favor 

carbohydrate use (the regulatory effects of exercise intensity on the lipolytic response is discussed 

in further detail in Part II). 

2.2.5 Removal Rate of Fatty Acids from Adipose Tissue 

While fatty acid mobilization is regulated by the aforementioned adrenergic mechanisms, 

the removal of fatty acids from the adipose tissue is primarily due to three factors: 1) the plasma 

concentrations of albumin in the blood (the protein that binds fatty acids and transports them in 

the blood to cells for use or disposal), 2) the fatty acid/albumin ratio in the blood, and 3) the amount 

of blood flow to the adipose tissue [54]. Plasma albumin concentrations remain relatively constant 

throughout rest and exercise, but the exercise-induced increase in fatty acid release results in a 

dramatic increase in the fatty acid/albumin ratio in the blood. Albumin affinity for fatty acid 

binding has an indirect relationship with fatty acid concentrations in the blood [55], meaning that 

the exercise-induced elevated fatty acid levels result in an increase in non-albumin bound fatty 

acids in the blood and an even greater fatty acid/albumin ratio. Under these conditions, the 

reesterification of triacylglycerols in the adipose tissue is favored [56, 57]. Additionally, the 

removal rate of fatty acids is markedly increased with increased adipose tissue blood flow [57], 

something that has been shown to increase up to 3-fold during exercise [58–62]. 

2.2.6 Muscle Triacylglycerol 

Skeletal muscle generally stores triacylglycerols in fat depots in close proximity to muscle 

mitochondria and amounts can vary drastically due to factors such as muscle fiber composition, 

nutrition, and training status [63]. Not surprisingly, the non-homogenously distributed 



12 
 

triacylglycerol storage depots are directly associated with the oxidative capacities of each fiber 

type (i.e. in order of highest IMTG concentrations: Type I, Type IIa, Type IIx) [19]. In fact, 

endurance trained individuals have been shown to exhibit greater levels of IMTG [64] and 

subsequently higher rates of IMTG oxidation during exercise than untrained individuals [63, 65]. 

The increased IMTG utilization observed during exercise may play a significant role in 

submaximal endurance exercise as some studies have shown that plasma fatty acids only 

contributed to approximately 50% of total body fat oxidation [66, 67] and IMTG contribution 

potentially accounting for as much as 35% of total energy expenditure [68, 69]. Furthermore, 

muscle biopsy studies have revealed decreased IMTG concentrations in humans after two days of 

exhaustive cycling exercise in highly trained cyclists [70] and after exhaustive swimming exercise 

in rats [71].  

2.2.7 Triacylglycerol-Fatty Acid Cycling 

The lipolytic response occurs rapidly at the onset of exercise [50], but fatty acid 

mobilization is partially regulated by the rate of reesterification in the adipocyte because the release 

of fatty acids from lipolysis is far greater than the need for energy-producing fatty acid oxidation. 

As such, the rate of reesterification has been shown to markedly decrease from resting levels [72] 

(approximately 70% reesterification) during moderate intensity exercise (approximately 25% 

reesterification) [72, 73]. The culmination of increased lipolysis, decreased reesterification, and 

increased adipose tissue blood flow during moderate intensity exercise yields a high rate of fatty 

acid appearance in the blood. Paradoxically, as exercise intensity increases and lactate levels rise 

(i.e. above lactate threshold), fatty acid reesterification, rather than oxidation, has been shown to 

increase [74, 75] and even reduce fatty acid release by up to 35-40% in animals [76]. 

As previously mentioned, glycerol cannot be reutilized to form a new triacylglycerol in 

adipose or muscle cells due to the lack of glycerol kinase present in these human tissues [47]. As 

such, glycerol enters the bloodstream and travels to the liver where it can re-form triacylglycerol 

directly or serve as a gluconeogenic precursor for glucose. Specifically, glycerol kinase can 

directly convert glycerol into the backbone of the triacylglycerol molecule, glycerol-3-phosphate 

(G-3-P). G-3-P can then bind with fatty acids to form triacylglycerol, which then return to the 

adipose tissue for storage or lipolysis. G-3-P can also be derived from glucose in the adipose tissue 

by the reduction of the glycolytic intermediate, dihydroxyacetone phosphate (DHAP), allowing it 
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to then bind with an acyl-CoA and ultimately synthesize a new triacylglycerol molecule (Figure 

2). Interestingly, de novo synthesis of triacylglycerol (i.e. reesterification) is thus hindered when 

blood glucose levels are low (e.g. during prolonged endurance exercise) due to the lack of 

glycolytic intermediates present, thus increasing the level of fatty acid mobilization into the blood 

stream [72, 77]. 

2.2.8 Transport of Lipids by the Blood 

Fatty acid transport across the cell membrane into the interstitial space is accomplished 

either by passive diffusion or via the membrane transport proteins fatty acid translocase (FAT) or 

fatty acid-transport protein (FATP) [78–80]. Once in the interstitial space, the fatty acids bind to 

an albumin protein which transports it to the capillary wall where it crosses into the blood and 

rebinds to one of the 3 high-affinity binding sites of a circulating albumin protein for transport 

throughout the body [55]. Under most circumstances, virtually all endogenous fatty acids in the 

blood are carried bound to albumin (99.9%) and a minority of the albumin binding sites are actually 

bound with a fatty acid [81, 82]. 

2.3 Mechanisms of Fatty Acids Uptake into the Cell 

The albumin-fatty acid complex is too large to pass through the endothelial walls lining the 

muscle cells [83], so the fatty acid is released from the albumin and either passively transports 

across the cellular membrane due to its lipophilic nature [80, 83] or is transported by a membrane 

protein such as FAT [84, 85], FATP [84, 85], or plasma membrane bound fatty acid binding protein 

(FABPpm) [86]. Specifically, the fatty acid is translocated across the luminal membrane and 

subsequently the albuminal membrane of the endothelial cell into the interstitial space bound to 

albumin as previously discussed. Once in the interstitial space, the albumin will then carry the fatty 

acid to the sarcolemmal wall where it will then be transported into the cytoplasm of the cell via 

passive diffusion, FABPpm [87], FAT or FATP [84, 88]. Once in the cytoplasm, the fatty acids 

bind to a cytoplasmic FABP (FABPc) where they remain bound until the carnitine-acyl-transferase 

system is initiated (discussed in further detail below) (Figure 3). 

2.3.1 Uptake of Fatty Acids from Circulating Lipoproteins 

Another source of fatty acid transport in the bloodstream is the transport of triacylglycerols 

bound to very low density lipoproteins (VLDL) and chylomicrons [66] obtained from the diet, 

though the contribution of these fatty acids are considered to have a minimal (<5%) contribution 
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to overall energy production during exercise [66, 89]. However, the muscle endothelium is 

essentially impermeable for the lipoproteins due to their size. As such, fatty acid uptake from the 

lipoproteins into the muscle requires the enzyme lipoprotein lipase (LPL) to hydrolyze the 

triacylglycerol in the blood, releasing the fatty acids from the glycerol backbone and allowing 

transport into the muscle cell for further oxidation. LPL is found in various tissues throughout the 

body and each particular tissue has specific regulation dependent on various stimuli. For example, 

environments that require elevated energy production such as exercise and fasting have been 

shown to increase LPL activity in skeletal muscle [90], increasing fatty acid uptake into the muscle 

for oxidation, but decreases in LPL activity in adipose tissue, minimizing the uptake and 

subsequent storage of fatty acids as triacylglycerols in adipocytes [91, 92].  

2.3.2 Transport of Fatty Acids across the Mitochondrial Membrane 

Fatty acids in the cytoplasm are either esterified and stored as intracellular triacylglycerols 

[93] or transported by FABP to be converted by acyl-CoA synthetase into fatty acyl-CoA for 

further oxidation to ATP. Since the newly formed fatty acyl-CoA is impermeable to the inner 

mitochondrial membrane, the carnitine-acyl-transport system is required for transport of fatty acids 

from the outer mitochondrial membrane across the inner mitochondrial membrane (Figure 4). 

Carnitine acyl transferase (CAT1) converts the activated acyl-CoA into acyl-carnitine so that it 

can translocate across the inner mitochondrial membrane via the protein acyl carnitine translocase 

in exchange for a free carnitine molecule. Once on the matrix side of the inner mitochondrial 

membrane, the CAT2 enzyme converts the newly formed acyl-carnitine back into fatty acyl-CoA 

[94]. Utilization of this transport system is paramount in order to use fat as a fuel source, and 

potentially a rate-limiting step in overall fat oxidation. In fact, Stumpf et al. [95] have shown 

carnitine-deficient individuals are unable to carry out the aforementioned transport process, 

lending support to the importance of the CAT1/CAT2 system for fat oxidation.  

2.3.3 Oxidation of Fatty Acids 

Now in the mitochondrial matrix, the activated acyl-CoA then undergoes β-oxidation. 

During this process the second carbon (β-carbon) of the acyl-CoA (formed from the acyl fragments 

and coenzyme-A) is first oxidized into a trans-enoyl-CoA via acyl-CoA dehydrogenase. This 

structure is then hydrated into L-β-hydroxyacyl-CoA by enoyl-CoA hydratase and further oxidized 

into β-ketoacyl-CoA via β-hydroxyacyl-CoA dehydrogenase. At this point, the addition of 
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coenzymeA via the enzyme thiolase cleaves the structure yielding one acetyl-CoA molecule ready 

for entry into the Kreb’s Cycle and an additional acyl-CoA which can undergo another round of 

β-oxidation [96, 97]. 

2.3.4 Availability of Plasma Fatty Acids 

It is understood that lipolysis is stimulated as a result of exercise. However, at the 

immediate onset of exercise (i.e. during the first 5 min), plasma fatty acid levels actually decrease 

due to increased uptake of fatty acids by muscle and a delayed stimulation of lipolysis from the 

adipocyte [98]. Once rates of lipolysis and reesterification reach an elevated homeostasis 

associated with the given exercise intensity, plasma fatty acid concentrations will increase [72], 

and continue to do so with increasing submaximal exercise intensity [17, 99]. This pattern holds 

true until the level of exercise intensity increases to a point where the utilization of fat as a fuel 

source becomes minimal and plasma fatty acid levels decrease as a result of decreased lipolysis in 

adipose tissue (see Effect of Exercise Intensity on Fat Metabolism section in Part II below – page 

20) [2]. At the cessation of exercise, fatty acids levels will continue to increase for up to 10-15 

minutes due to the continued elevation of lipolytic activity yet decreased fatty acid utilization [17]. 

While these elevated fatty acid concentrations may reach near-toxic levels in humans (i.e. up to 2 

mmol·l-1 with >2 mmol·l-1 generally considered toxic in humans [17, 100]), it can also help 

replenish muscle IMTG stores [101] and increase fatty acid oxidation, particularly in endurance-

trained athletes [67]. It should be noted that while elevated plasma fatty acids levels may increase 

fatty acid oxidation, it is not the sole determinant as multiple other factors have been found to alter 

fatty acid oxidation rates [102, 103]. For example, exercise at intensities higher than ~80% VO2max 

is associated with an increased rate of glycolysis and subsequently higher levels of glycolytic 

intermediates such as muscle pyruvate [104] and Kreb’s Cycle intermediates [105, 106]. These 

factors have been shown to decrease fatty acid oxidation. 

While free fatty acids (FFA) are an important biomarker in the determination of lipolysis, 

the dependence of fatty acids on mobilization from SCAAT, in addition to the subsequent uptake 

by skeletal muscle, suggests that detection of this biochemical variable from the blood may not be 

an accurate indication of the level of lipolytic action occurring in the SCAAT itself. It has been 

suggested that the detection of plasma glycerol levels is a more accurate and stable indication of 

lipolysis occurring in the adipose tissue during endurance exercise [68, 107, 108]. One technique 
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to measure SCAAT lipolysis is microdialysis. The utilization of this technique allows one to 

determine the degree to which an independent factor (e.g. environmental temperature) affects in 

vivo lipolysis in the SCAAT. 

2.4 Part 2: Regulation of Metabolism and Effects of Training 

2.4.1 Hormonal Regulation 

The interaction of carbohydrate and fat utilization during rest and exercise is largely 

regulated by hormone concentrations circulating in the body. It should be noted that while 

hormonal regulation of substrate metabolism is often addressed in an individual manner which 

only the regulation of carbohydrate metabolism or fat metabolism is addressed, it is imperative to 

understand that it is the interaction between the two that are the driving force of overall 

metabolism.  

2.4.1.1 Catecholamine’s Mechanism of Action. Catecholamines initiate cellular response 

via binding to AR located within the plasma membrane of adipocytes. The subsequent 

stimulation/activation of the AR plays an important role in adipose tissue mobilization and 

metabolism by either inhibiting (α2-AR) or stimulating (β-AR) lipolysis in the adipocyte. Both the 

α- and β-AR are coupled with a G-protein subunit that either inhibits (α-AR) or stimulates (β-AR) 

the activation of the enzyme adenylate cyclase; thus initiating a cellular response (see reference 

[109] for a more thorough review). The metabolic role of the G-proteins is to regulate the activity 

of adenylate cyclase, which further regulates the conversion of ATP into the intracellular second 

messenger cAMP. This newly formed intracellular cAMP then activates cAMP-dependent protein 

kinase A (PKA). Activation of PKA is critical in many processes in the body, however as it pertains 

specifically to lipolysis, PKA phosphorylates a serine residue (ser-552) [110] on the rate-limiting 

enzyme for lipolysis, HSL, and subsequently triggers the breakdown of triacylglycerol in the 

adipocyte [109–112].  

2.4.1.2 The Sympathoadrenal System. E and NE are hormones from the adrenal 

chromaffin tissue (adrenal medulla) and sympathetic neurons, respectively [113]. Due to similar 

structural makeup, the roles that these two hormones play on the endocrine system are typically 

examined together, as components of the SA system.  
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 The parasympathetic nervous system (PNS) is primarily associated with resting states of 

the body. PNS activity is mainly concerned with the movement and digestion of food in the 

gastrointestinal (GI) tract, as well as the movement and storage of metabolic substrates in various 

parts of the body (i.e. liver, muscle, adipose tissues). In contrast, the SNS is primarily associated 

with the physiological events resulting from “fight or flight” response. It is well established that 

the PNS and SNS work in opposition of one another [113].  

2.4.1.3 Sympathoadrenal System Receptors. The stimulation/activation of AR plays an 

important role in adipose tissue cell metabolism, lipogenesis, and lipolysis. Playing opposing 

physiological roles, α-AR and β-AR activation result in fat storage and catabolic metabolism 

within the cell, respectively. In human adipocytes, catecholamine activation of these α- and β-AR 

regulates the lipolytic response [109, 114, 115]. More specifically, the response is determined by 

an interplay between the opposing effects of the stimulatory β1- and β3-AR and the inhibitory α2-

AR [109, 111, 115–117]. The primarily role of α-AR receptors is vascular-mediated 

vasoconstriction via α1- and α2-AR. While there are α1-, α2-, and nonselective α-AR, the purpose 

of this paper is to concentrate on the role of α2-AR. α2-AR play a primarily role in the regulation 

of the catecholamine NE. Presynaptic α2-AR (which are on all noradrenergic synapses) promote 

NE autoinhibition (i.e. NE inhibits its own further release) [118]. While β-AR have traditionally 

been divided in the 2 subtypes (β1 and β2), additional β-AR have been found to play roles in 

metabolic process via catecholamine response. The two β-AR associated with lipolysis are β1- and 

β3-AR. More specifically, the neural β1-AR are associated with the lipolytic response of adipose 

tissue (in addition to cardiac muscle contraction) as a result of their increased sensitivity to 

circulating E and NE. While the role of β1-AR on lipolytic action is well-understood, the β3-AR 

have emerged as an additional β-AR that plays an import role in the regulation of both white and 

brown adipose tissue lipid metabolism [109, 119].  

To further illustrate the α- and β-AR interplay, β-AR stimulation of lipolysis was blunted 

due to E and NE activation of α2-AR in in vitro studies [111, 115, 120, 121]. While it seems that 

the dual-action effects of catecholamine regulation of lipolysis via binding to both α- and β-

receptors may seem counterintuitive, it has been suggested that partial inhibition of lipolysis (i.e. 

activation of α-AR) is necessary to avoid unrestrained lipolysis in human adipocytes [122]. It is 

suggested that the catecholamine activation of the α2-AR is the physiological brake to the lipolytic 
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effect of β-AR activation [114, 121–123]. However, this theory is not universally accepted as it 

has also been shown that α- and β-AR function individually under different conditions, such as 

rest versus during exercise [50]. 

Using antagonist radioligands, it has been determined that human adipocytes contain more 

α2-AR than β-AR and that catecholamines (E more so than NE [124]) have a higher affinity for 

α2-AR than β-AR [124, 125]. Furthermore, Mauriege et al. [125] reported that the varied, 

individual lipolytic response seen in humans at rest is a result of α2-AR inhibition as opposed to 

β-AR stimulation of lipolysis. Using isoprenaline perfusion into the SCAAT via microdialysis to 

stimulate β-AR, an in vivo study showed no difference in the SCAAT glycerol response between 

lean and obese men both during and after 90 minutes of a moderate intensity cycling bout (55% 

VO2max) [126]. Subsequent inhibition of the β-AR via the addition of propranolol to the 

isoprenaline perfusion resulted in dialysate glycerol values equivalent to non-stimulated (i.e. no 

isoprenaline perfusion) glycerol values in both groups [126], although these findings are not 

universally accepted. However, the physiological role of AR as it regards to human obesity and 

the interplay between α- and β-AR remains highly controversial in the literature [123, 127]. 

2.4.1.4 Adrenergic Receptor Signal Transduction. Research suggests that a large role in 

the lipolytic dysfunction seen in obese individuals is contributed to by the inhibition of β-AR 

and/or the stimulation of α2-AR [120, 123, 127–130]. It has further been shown that the larger fat 

cell size observed in obese individuals leads to increased β-AR and decreased α2-AR activity [122], 

leading to higher fasting glycerol concentrations in the SCAAT of obese individuals [123, 131]. 

This interrelationship between β-AR and α2-AR activation was further illustrated in healthy, lean 

men by inhibition of the α-AR via the infusion of phentolamine into the SCAAT. More 

specifically, Hellstrom et al. [114] exhibited a two-fold increase in microdialysis dialysate glycerol 

concentration during 30 min of aerobic cycling in comparison to control values when phentolamine 

was administered. Additionally, Stich et al. showed similar increases in glycerol concentrations 

with the perfusion of phentolamine in healthy males during exercise in the second of two 

consecutive, 60-min aerobic cycling bouts at 50% VO2max [121]. These results further validate the 

interplay between α- and β-AR activation. Phentolamine-induced blocking of α-AR elicited the 

expected increase in glycerol concentration in the SCAAT due to domination of β-AR activity. 
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The degree to which catecholamines regulate the activation of α- and β-AR may be due to 

the plasma concentration available for receptor binding [109, 125]. More specifically, most 

research states that higher catecholamine concentrations favor lipolysis via β-AR activation while 

lower concentrations favor anti-lipolytic actions via α-AR binding [121, 123, 125, 129].  

2.4.2 Plasma Insulin and Lipolysis 

 Another hormone that plays a significant role in the regulation of lipolysis in the body is 

insulin. Released from the β-cells of the pancreas, insulin has a potent anti-lipolytic effect on 

adipose tissue and the subsequent inhibition of fat metabolism by inhibiting the action of β-AR. It 

has been proposed that the mechanisms behind insulin’s anti-lipolytic actions are due to a 

combination of two methods: 1) activation of the enzyme that breaks down intracellular cAMP, 

phosphodiesterase-3B (PDE) and 2) desensitization of β-AR activity via activation of the anti-

lipolytic α2-AR [122, 132]. Stitch et al. further illustrated insulin’s role in controlling the activation 

of α- and β-AR by reporting that the profound lipolytic effect E plays on SCAAT was diminished 

during a hyperinsulinemic-euglycemic clamp in eight healthy men [117]. Animal studies have also 

shown a similar blunted lipolytic response to NE during a hyperinsulinemic-euglycemic clamp 

[133]. 

Given the anti-lipolytic effect of insulin, the catecholamine regulation of carbohydrate 

metabolism is intriguing. As expected, stressful conditions cause an elevation of blood glucose 

levels in an attempt to increase the availability of this metabolic substrate for energy production in 

tissues. This increase in blood glucose is primarily a result of E-stimulated hepatic glycogenolysis 

and E-stimulated β-AR activation. Activation of the β-AR causes the breakdown of stored skeletal 

muscle glycogen into lactic acid via the glycolytic pathway, and the subsequent conversion of the 

lactic acid into glucose in the liver via E-stimulated gluconeogenesis. In addition, the 

catecholamines bind to specific α-AR and β-AR causing the inhibition of insulin secretion and the 

stimulation of glucagon secretion, yielding both an elevated blood glucose environment as well as 

an insulin-free environment [134]. This combination prevents the uptake of blood glucose aside 

from muscular contraction-induced relocation of the GLUT-4 protein to the cell surface (a glucose 

transport protein found in muscle, heart, and adipose tissue that transports glucose into said cells) 

[97].  
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2.4.3 Effect of Exercise Intensity on Fat Metabolism 

Brooks and Mercier developed the ‘crossover concept’ in 1994, which established that 

exercise power output (i.e. intensity) is the most important factor in the determination of substrate 

utilization during exercise. The ‘crossover concept’ simply states that at rest the body utilizes fatty 

acids as the predominant fuel source; however, as exercise intensity increases from moderate 

through high intensity, there is a ‘crossover’ of the predominant fuel source from fats to 

carbohydrates (Figure 5). While the ‘crossover point’ can be extended to a higher percentage of 

VO2max as a result of endurance training, Brooks and Mercier state that the ‘crossover’ generally 

occurs at approximately 65% VO2max [135].  

While many other factors play a role, exercise intensity is the main determinant of 

carbohydrate or fat oxidation during exercise. It is traditionally stated that as exercise intensity 

increases, reliance on carbohydrates becomes more predominant. However, despite its accuracy, 

this simplistic statement can be misleading as absolute fat oxidation rates have been shown to 

increase up to 70% VO2max [2]. Furthermore, the actual source of fatty acid mobilization and 

oxidation changes with exercise intensity. Using stable isotopes to measure fatty acid uptake from 

the blood and IMTG contributions to energy delivery, Romijn et al. [2] showed that while exercise 

at 25% VO2max derived nearly 100% of energy from fatty acid oxidation, the contribution at this 

exercise intensity from IMTG stores was minimal in endurance-trained cyclists (VO2max: 67 ± 3 

ml·kg-1·min-1). When exercise intensity increased to 65% VO2max, however, contribution from 

muscle glycogen and IMTG oxidation rates increased while plasma fatty acid oxidation rates 

decreased in comparison to lower exercise intensity (i.e. 25% VO2max). When exercise intensity 

was further increased to 85% VO2max, muscle glycogen contributions continued to increase while 

absolute energy contributions from plasma fatty acids and IMTG oxidation decreased (Figure 6). 

Though the specific mechanism behind the decrease in plasma fatty acid contribution at this 

vigorous exercise intensity has not been fully elucidated, it has been proposed to be a result of 

decreased rates of fatty acid appearance into the blood plasma [136, 137]. More specifically, 

without a concurrent decrease in lipolysis, this decreased rate of appearance of fatty acids may be 

associated with increased lactate levels resulting from high intensity exercise (see details of lactate 

effect in Part 1 – page 13) [74], fatty acids being confined within the adipocyte itself [73], or 

decreased blood flow to the adipose tissue [58, 60, 138]. It should be noted that while all of these 

factors lend mechanistic explanations to substrate utilization via fatty acid availability to the 
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muscle tissue, exogenous infusion of fatty acids did yield the same percentage of substrate 

contributions in moderate (i.e. 65% VO2max) vs. high intensity exercise (i.e. 85% VO2max) despite 

high levels of fatty acid availability in both scenarios. Although fat oxidation rates did increase 

somewhat at high intensity when plasma fatty acids levels were elevated via infusion [139], they 

still remained lower than during moderate intensity exercise [2]. As such, it can be surmised that 

various other intramuscular mechanisms act synergistically to determine fatty acid oxidation rates 

during exercise.  

Due to the simultaneous increases in exercise intensity and rate of carbohydrate utilization, 

it has been proposed that partial inhibition of fat oxidation is due to elevated rates of glucose use 

in glycolytic pathways. More specifically, Sidossis et al. [140] suggest that increased rates of 

acetyl-CoA formation from glucose-6-phosphate at the higher exercise intensities can increase 

malonyl-CoA concentrations in the cell and subsequently inhibit entry of long-chain fatty acids 

into the mitochondria via inhibition of CAT1 (see Regulation through Malonyl-CoA in Part 2 

below – page 23). Furthermore, the increased acetyl-CoA formations via the glycolytic pathways 

may compete with β-oxidation derived acetyl-CoA for entry into the Kreb’s Cycle and further 

inhibit fat oxidation [141]. 

Additionally, increases in exercise intensity yields preferential changes in muscle fiber 

recruitment from less slow-twitch fibers towards more fast-twitch fibers [21]. The shift from the 

highly oxidative capacity of the slow-twitch fibers to the more glycolytic fast-twitch fibers 

subsequently yields decreases in fat oxidation and increases in carbohydrate oxidation [21].  

2.4.4 Glucose-Fatty Acid Cycle (aka Randle Cycle) and Regulation through Malonyl-CoA 

The “Glucose-Fatty Acid Cycle”, also known as the Randle Cycle, was proposed by Randle 

and colleagues in 1963 as a mechanistic description of the dynamic interactions between glucose 

and fatty acids as they relate to fuel flux and fuel selection in mammalian organs (Figure 7) [142]. 

The fundamental principle of the cycle is the reciprocal regulation and competition between 

glucose and fatty acid metabolism (i.e. metabolism of one inhibits metabolism of the other). If 

blood glucose levels are elevated during exercise, the combination of increased blood flow to the 

active skeletal muscle, insulin secretion, and increased GLUT-4 transporters helps the uptake of 

glucose into the muscle cell. Upon entry into the cell, hexokinase phosphorylates the glucose and 

through a series of steps that make up the glycolytic pathway, the glucose is reduced to two 
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pyruvate molecules that then get oxidized into acetyl-CoA. Acetyl Co-A plays a critical role in 

energy production in the body as it acts as the common intermediate between glycolysis and β-

oxidation before entry into the Kreb’s Cycle [97]. Acetyl-CoA is either completely oxidized in the 

Kreb’s Cycle or it returns to the cytosol as citrate for conversion back to acetyl-CoA and then 

catalyzed into malonyl-CoA by acetyl-CoA carboxylase (ACC). The cytosolic citrate acts as an 

allosteric inhibitor of the rate-limiting enzyme of glycolysis, phosphofructokinase, thus inhibiting 

the glyocolytic breakdown of glucose. The synthesis of malonyl-CoA is the rate-limiting step in 

fatty acid synthesis, and regulates substrate metabolism by inhibiting fatty acid oxidation and 

promoting increased triacylglyceride synthesis. Malonyl-CoA promotes fatty acid elongation 

while simultaneously inhibiting the CAT1 action of converting fatty acyl-CoA into fatty acyl 

carnitine [96, 143].  

As proposed by Randle et al., states of high glucose levels can increase citrate and malonyl-

CoA concentrations [144] and essentially ‘compete’ for entry into the Kreb’s Cycle, thus inhibiting 

fat oxidation and promoting fatty acid synthesis. Conversely, high fatty acid levels are transported 

into the mitochondria via FAT and oxidized, thus inhibiting glucose oxidation and potentially 

promoting glycogen synthesis. 

2.4.5 Training and Fatty Acid Oxidation 

Endurance training leads to improved exercise capacity and muscular oxidative potential 

[1, 145] via a shift in substrate metabolism towards a greater utilization of fat and the resulting 

sparing of muscle glycogen stores [1, 14, 21, 37, 68, 145–150]. While an increase in VO2max does 

occur as a result of training, increases in performance and fat utilization during submaximal 

exercise are more pronounced [1, 39, 68, 69, 149, 151, 152]. The requisite increase in carbohydrate 

oxidation as exercise intensity increases to high-intensity renders the aforementioned glycogen 

sparing critical for prolonged endurance performance and the attenuation of muscle glycogen 

depletion rate during exercise [153]. A complete understanding of the mechanisms underlying 

increased fat oxidative adaptations resulting from endurance training has yet to be elucidated. 

However, potential mechanisms include increased oxidative capacity via increases in muscle 

mitochondrial content (and the related oxidative enzymes), increases in IMTG oxidation, increases 

in lipolysis and fatty acid mobilization, and increases in fatty acid uptake [154].  
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2.4.6.1 An Increase in the Number of Oxidative Enzymes and Mitochondrial Content. 

The endurance training-induced increase in oxidative capacity is well-documented and is further 

validated with increased enzymatic activity associated with fatty acid mobilization (fatty acyl-CoA 

synthetase; [155]), transport (CPT1, CAT; [155]), β-oxidation [145, 146, 151, 155, 156], and 

metabolism (3-hydroxyacyl CoA dehydrogenase; [68, 69]). It should also be noted that enzymatic 

activity in the Kreb’s Cycle is increased in endurance-trained muscle, which facilitates not only 

the oxidation of fatty acids via β-oxidation, but also the oxidation of pyruvate via carbohydrate 

oxidation. It has been suggested by Gollnick and Saltin [1, 148] that the aforementioned shift to 

greater fatty acid oxidation (i.e. as opposed to greater carbohydrate oxidation) is due primarily to 

the increased number and size of mitochondria resulting from endurance training. They proposed 

that the increased mitochondrial surface area from the training-induced increase in mitochondrial 

density in skeletal muscle, yields a decrease in free adenosine diphosphate (ADP) levels in the 

muscle via an increased capacity to transport ADP formed in muscle contraction into the 

mitochondria [157]. Previous research has suggested that various concentrations and ratios of the 

ADP, ATP, inorganic phosphate (Pi) substrates are key regulators of metabolism [158–160]. 

Gollnick and Saltin propose that the aforementioned decrease in cytosolic free ADP and 

subsequent increase in ATP:free ADP ratio, favors entry of β-oxidation derived acetyl CoA into 

the Kreb’s Cycle in opposition with pyruvate [148]. 

2.4.6.2 Effect of Training on Plasma Fatty Acid Utilization. Despite the expected 

increase in fatty acid mobilization with endurance training and the accompanied enhancement of 

muscular fatty acid oxidation capacity [66, 161], lower levels of fatty acids concentrations have 

been reported in the blood after training [65, 68, 162, 163]. Decreased mobilization from stored 

triacylglycerols and increased fatty acid uptake by the muscle are likely mechanisms. However, 

multiple studies have shown little-to-no change in fatty acid uptake in trained versus untrained 

individuals [65, 68, 69, 162]. Moreover, important transport proteins associated with fatty acid 

uptake across the membrane (i.e. FABP, FAT, and FATP) have been shown to be increased with 

training [80, 84, 164]. It should be noted that the extrapolation of certain research findings at the 

cellular level to whole-body lipolysis is difficult at best due to the associated alterations in the 

lipolytic hormonal response to various modes of exercise (e.g. single-leg extensions, cycling, etc.). 

With post-training fatty acid extraction not appearing to be a limiting factor in the research [69, 

162], the post-training reduction in plasma fatty acid concentration is likely due to decreased 
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sympathoadrenal lipolytic activation. More specifically, plasma catecholamine concentrations are 

drastically diminished following prolonged submaximal exercise in endurance-trained individuals 

and have been shown to decrease up to 55% during endurance cycling [163]. Additional lipolytic 

hormone concentrations such as glucagon and growth hormone are diminished as a result of 

endurance training [163], while the anti-lipolytic actions of insulin are augmented [162, 165]. 

When taking into account the effects of intensity (see detailed regulatory mechanisms above – 

page 20), it can be concluded that despite similar rates of lipolysis and fatty acid uptake, trained 

individuals exhibit higher rates of triacylglycerol-fatty acid cycling and thus a greater percentage 

of fatty acid uptake and oxidation, a greater contribution from IMTGs, or both [166].  

Interestingly, the lipolytic response in skeletal muscle appears to be enhanced as a result 

of training, but adipose tissue lipolysis seems to be decreased [66, 68, 162, 167]. Mechanistic 

proposals for this discrepancy include the increased skeletal muscle sensitivity to nadolol, a 

nonselective β-adrenergic blockade [168, 169], further suggesting that the decreased SA 

stimulation resulting from training may trigger greater skeletal muscle lipolysis as opposed to 

adipose tissue [163]. Other proposed mechanisms include a potential upregulation of tissue-

specific lipolytic regulation via increased adenylate cyclase activity [162, 170], and an increase in 

HSL enzymatic concentration and activation; however a detailed mechanism has yet to be 

elucidated. 

2.4.6.3 Effect of Training on IMTG Utilization. The paradox of diminished plasma fatty 

acid oxidation despite increases in total fat oxidation during submaximal exercise indicates that 

the fat being oxidized is likely coming from triacylglycerols in the muscle [66, 68, 162, 167] as 

adipose tissue-derived fatty acids would appear in the blood stream. Various other studies have 

shown that IMTGs can represent a significant energy source during exercise [19, 20, 68, 69, 71, 

171–173] and are oxidized at a greater rate post-training [66, 68, 162, 167, 174], lending further 

credence to enhanced IMTG utilization. Proximity of the IMTG lipid droplets to the mitochondria 

yield minimal transport time of the fatty acid from the IMTG into the outer membrane of the 

mitochondria. Although relative IMTG contribution to overall energy expenditure may increase as 

a result of training, it is important to realize that this concentration is still far less than the relative 

contribution of adipose tissue [2]. 
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2.5 Part 3: Post-Exercise Fat Oxidation 

2.5.1 Introduction 

 Post-exercise fat oxidation potentially yields another window of opportunity for optimizing 

the metabolic benefits of exercise and ultimately improving both body composition and human 

performance. A science-based exercise training program could be designed to synergistically 

optimize fat utilization both during and after exercise. 

 It is well-established that energy expenditure remains elevated for up to 24 hours post-

exercise [175] and the degree to which this elevation occurs is directly correlated with exercise 

duration [176–181] and often exercise intensity [179, 180, 182, 183]. However, research remains 

equivocal regarding the exact effect of intensity on post-exercise energy expenditure due primarily 

to various methodological differences [184–187].  

While research regarding the effects of duration and intensity on post-exercise energy 

expenditure is rather extensive, the examination of substrate utilization during this window, and 

the relative influence of exercise duration and intensity are not. In fact, alterations in substrate 

selections may not be associated with exercise duration [176], but many studies that have examined 

post-exercise energy expenditure have not examined substrate selection post-exercise [179, 180, 

188]. Phelain at al. reported an increased exercise intensity yields decreases in RER post-exercise 

(i.e. greater fat oxidation) [189]; however, others have shown no correlation between exercise 

intensity and post-exercise RER [185–187], although results are difficult to evaluate given various 

post-exercise dietary methodology (e.g. fasted, variable food composition, etc.). While the 

evidence regarding the effects of exercise duration and intensity on post-exercise substrate 

utilization remains equivocal, perhaps a combination of the two yields a synergistic effect that 

optimizes fat oxidation.  

 Regarding SCAAT oxidation specifically, Mulla et al. [186] showed an immediate drop in 

SCAAT blood flow back to pre-exercise levels after exercise at 40% and 60% VO2max. 

Interestingly, the SCAAT blood flow began to climb about 60 min post-exercise and continued to 

increase until the sample collection was discontinued 180 min post-exercise where it had reached 

the same level of blood flow as seen during exercise in both conditions [186]. During exercise, 

adipose tissue glycerol and non-esterified fatty acid (NEFA) output rate (measured by 
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subcutaneous catheterized blood draw) in the SCAAT showed significant increases in both 

exercise conditions during exercise. NEFA output remained significantly elevated post-exercise in 

both groups, but glycerol output only remained significantly elevated in the higher intensity 

condition (60% VO2max) compared to the lower intensity (40% VO2max), although both conditions 

began to rise again at 60 min post exercise before peaking again at the stop of data collection. The 

increased blood flow, increased glycerol and NEFA output rate in SCAAT seen in the higher 

intensity group, suggests that higher intensity exercise enhances lipolysis and NEFA mobilization 

from SCAAT post-exercise to a greater degree than lower exercise intensities, although no 

difference was observed during exercise [186]. These findings are in accordance with Romijn et 

al. [2] and Achten et al. [190] who showed through tracer technology that approximately 65% 

VO2max is when lipid metabolism is maximized (Figure 8).  

 Assuming that SCAAT mobilization represents the average adipose tissue activity in the 

body, Mulla et al. suggest a strong correlation between adipose tissue mobilization and whole-

body lipid oxidation from 60 min up to 180 min post-exercise [186]. Although it should be noted 

that this estimation only takes into account SCAAT lipid mobilization and not intra-abdominal 

adipose tissue depot mobilization which likely has a greater rate of lipolysis than SCAAT [191]. 

However, maintenance in the rate of adipose tissue triacylglycerol uptake post-exercise in 

comparison to pre-exercise indicates NEFA/triacylglycerol recycling does not occur for up to 180 

min post-exercise and potentially longer [186]. 

2.5.2 Effect of Post-Exercise Body Position 

 It is important to note that previous studies have shown a strong correlation between 

adipose tissue blood flow and adipose tissue metabolism [56, 57, 59, 61, 186, 192]; however, the 

onset of post-exercise SCAAT vasoconstriction has not been uniform across experiments [60, 

186]. Changes in vascular tone in SCAAT due to alterations in body positioning have been 

described by Hildebrandt et al. [193] as they showed a 50% increase in SCAAT vasodilation in 

the horizontal position as compared to a vertical position. This suggests that a greater degree of 

change in body position (i.e. vertical to horizontal [60] vs. semi-recumbent to horizontal [186]) 

may lead to a faster rate of sympathetic reduction post-exercise and subsequently greater rates of 

lipolytic action in the SCAAT in early post-exercise stages (i.e. less than 60 min post-exercise). 
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2.6 Part 4: Metabolic Response to Heat 

2.6.1 Substrate Utilization 

The majority of research that has examined the effect of exercise on substrate metabolism 

has been conducted in thermoneutral (18-22°C) conditions. It is well understood that 

environmental temperature can drastically alter substrate utilization patterns in skeletal muscle 

[34, 194–196], thus understanding the interaction between environmental temperature and 

metabolism is critical in order to optimize athletic performance. For the purposes of this review, 

the majority of research has shown an increase in carbohydrate utilization during exercise in the 

heat and a diminished reliance of fat as a fuel source [194, 197, 198]. 

2.6.1.1 Lipid Metabolism. Plasma fatty acid levels have predominately been reported to 

be unchanged during exercise in the heat [199–201], therefore a paucity of research exists 

specifically investigating fatty acid metabolism under these conditions. Interestingly, Fink et al. 

[199] found similar plasma fatty acid levels between exercise (70-85% VO2max) in hot (44°C) and 

cold (9°C) conditions; however, they discovered a reduction in IMTG utilization in the heat via 

muscle biopsy (further details of this study are discussed in Part 5). The existing research that 

investigated fatty acid uptake kinetics during exercise in the heat [200, 202] contains 

methodological issues that render application of their findings to the purposes of this review 

impractical (e.g. examination of efficacy arctic clothing).  

2.6.1.2 Carbohydrate Metabolism.  Given the ability to physiologically (e.g. sweat, 

vasodilate, etc.) or behaviorally (e.g. clothing, home thermostats, etc.) alter environmental 

conditions and/or core body temperature [198, 203–206], much research has been conducted 

investigating many of these individual factors. Regarding carbohydrate utilization, research has 

found that heat acclimation [207–210], prevention of dehydration [202, 211], reductions in 

ambient temperatures [4, 212], and external cooling [213] have all attenuated muscle glycogen 

utilization rate and carbohydrate oxidation. More specifically, research investigating substrate 

utilization during exercise in the heat has widely shown an increased reliance on intramuscular 

glycogen utilization [197, 199, 207, 214]; however, it should be noted that these findings are not 

universal [200, 201, 210, 215, 216].  



28 
 

 Fink et al. [199] observed an increase in intramuscular glycogen utilization rate during 60 

min of exercise at 70% VO2max in 41°C when compared to 9°C. Other studies using similar, but 

slightly different protocols (i.e. 70% VO2max but differing exercise protocols), also found 

augmented carbohydrate utilization in the heat when compared to cooler temperatures [197, 207]. 

In a landmark study, Yaspelakis et al. [201] did not observe the enhanced glycogenolytic rates in 

warmer conditions (33.7±0.1°C) when compared to cooler conditions (23.5±0.6°C), in spite of 

using a similar exercise intensity (73.6±1.1% VO2max) to the aforementioned studies. Given the 

similar exercise intensity, these findings suggest that alterations in glycogen utilization rate may 

not be temperature-dependent. It is worth noting that the temperature disparities between the ‘hot’ 

and ‘cold’ conditions utilized by Fink et al. and Yaspelakis et al. are quite drastic (Δ32°C vs. 

Δ10.2°C, respectively). It has been suggested that the temperature disparity utilized by Yaspelakis 

et al. was insufficient to alter core body temperatures enough to significantly alter metabolic 

responses [4, 194].  

 When discussing carbohydrate utilization, and more specifically intramuscular glycogen 

utilization rate, it is imperative to know that pre-exercise glycogen levels have been shown to 

significantly alter glycogenolytic rates in both hot and cold conditions [217–219]. Young et al. 

[216] had subjects exercise at 60% VO2max in either hot or cold water, and it was reported that 

when pre-exercise glycogen levels were equivalent between the two groups, intramuscular 

glycogenolytic rates were approximately 25% higher in the hot water training group. Furthermore, 

research has shown that if pre-exercise glycogen levels are higher prior to exercise in cold 

temperatures than in warmer temperatures, then no significant difference in glycogenolytic rate is 

observed between conditions [200, 216]. Maxwell et al. [215] examined the effect of 

supramaximal (>100% VO2max) exercise intensity in hot (32.8°C) and cool (21.3°C) environments 

on intramuscular glycogenolytic rates, and found no significant difference between the two 

conditions. The authors suggest that the supramaximal exercise conducted by the subjects 

increased core body temperature to a level that rendered the ambient temperature no longer 

effective. Perhaps this is due to the supramaximal nature of the exercise, or perhaps it is due to the 

aforementioned lack of significant temperature disparity between conditions. Regardless, current 

research suggests that if exercise in the heat is intense enough in both intensity and temperature to 

yield significant increases in core body temperature, then intramuscular glycogen utilization is 
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increased [197, 199, 207]. In the event that core body temperature is not markedly increased; 

however, it appears as if substrate utilization differences will not be observed [4, 194]. 

 Estimation of whole-body carbohydrate oxidation via RER or respiratory quotient (RQ) 

values has consistently shown that carbohydrate, and more specifically glycogen, is oxidized to a 

greater extent during exercise in the heat compared to exercise in the cold [197, 202, 207, 210, 

214, 220]. Interestingly, Hargreaves et al. [214] used isotopic tracer technology to measure glucose 

disappearance rate during exercise (65% VO2peak) in hot (40°C) and cold (20°C) temperatures. The 

results revealed that there was no significant difference between conditions with regards to glucose 

disappearance rate; however they did report significantly higher glucose appearance and overall 

higher carbohydrate oxidation rates in the heat, suggesting greater intramuscular glycogen 

utilization in the heat as reported above. A potential mechanistic explanation behind these findings 

is that activation of the enzyme pyruvate dehydrogenase (PDH) is augmented during exercise in 

the heat and that a metabolic shift towards this glycolytic pathway occurs, though this has not been 

thoroughly investigated [194]. 

2.6.1.3 Lactate Metabolism. The aforementioned increase of glycogenolytic rates due to 

exercise in the heat appears to engage both aerobic and anaerobic pathways as elevated lactate 

accumulation is often observed in the heat as well [197, 202, 207, 210–212]. However, this 

suggested flux between aerobic and anaerobic metabolism is difficult to precisely measure. Nielsen 

et al. [200] showed no significant difference between hot and cooler conditions in arterio-venous 

lactate concentrations nor in rates of lactate release from contracting skeletal muscle when 

comparing conditions, although methodological issues render comparisons between the two 

groups difficult. Furthermore, Rowell et al. [221] were not able to match the increased arterial 

lactate concentrations during moderate exercise (42-56% VO2max) in the extreme heat (48.9°C) to 

that of lactate removal. While the regulation of the apparent aerobic/anaerobic flux warrants 

further investigation, current research suggests that exercise in the heat augments intramuscular 

lactate production to a greater degree than that observed in cooler environments [210].  

2.6.2 Mechanisms of Metabolic Adaptations  

 A variety of potential mechanisms explaining the increased reliance on carbohydrate 

metabolism during exercise in the heat have been proposed and they include: 1) reductions in blood 

flow to skeletal muscles [205], 2) alterations in neuromuscular recruitment [210, 222], 3) increases 
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in metabolic activity via increased muscle temperature [210, 213], and 4) increases in circulating 

catecholamine levels [201, 208]. 

2.6.3 Muscle Blood Flow 

 While exercise in warmer temperatures is generally accepted as more difficult that cooler 

temperatures, the mechanisms behind the reasoning are not fully understood [223]. However, the 

dominant explanation is that a combination of loss of plasma volume via sweating and competition 

for blood flow between the working muscle and the skin (for heat loss via conduction) yields is a 

systemic insufficiency in the cardiovascular system.  

The redistribution of blood flow away from the inactive muscles (vasoconstriction) and to 

the active muscles (vasodilation) as a mechanism to provide further cardiac output to the muscles 

is well documented. Consequently, the increased cutaneous blood flow demand results in 

attenuated blood flow to various other regions of the body during exercise in the heat such as the 

kidneys [224], liver [225], GI tract [221], and inactive skeletal muscle [226]. Despite the attenuated 

blood flow to these areas, exercise in the heat enhances the demand for cutaneous blood flow for 

the purpose of heat dissipation as well as to active skeletal muscle for purpose of oxygen and 

substrate delivery. It has been suggested [199, 200, 213, 227, 228] that during exercise in the heat, 

competition for blood flow between these two areas exceeds the pumping capabilities of the heart 

[227]. Overall, it appears as if active skeletal muscle blood flow is diminished to some degree, but 

whether or not this decrement yields metabolic alterations remains unclear. Gonzalez-Alonso et 

al. [202, 229] showed the oxygen uptake kinetics are enhanced when skeletal muscle blood flow 

is diminished during exercise in the heat to an extent where oxygen availability is not 

compromised. However, the degree to which metabolism, availability, and/or blood flow is altered, 

if at all, remains controversial [200, 230]. The aforementioned findings of Gonzalez-Alonso et al. 

suggest that oxygen availability in active skeletal muscle does not trigger the increased 

glycogenolytic rates discussed above (see Carbohydrate Metabolism – page 28).  

It should be noted that direct measurements of active muscle blood flow via use of a 

thermodilution technique have shown no change in active skeletal muscle blood flow as a result 

of exercise in the heat [200, 231–233], though the degree of heat stress in these studies has been 

drawn into question as it may not have been intense enough to elicit limitations in heart pumping 

capacity [194]. 
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2.6.4 Neuromuscular Recruiting Patterns 

 The augmented post-exercise blood lactate levels discussed above have been attributed to 

a greater reliance on, and subsequent increased recruitment of more fast-twitch, glycolytic muscle 

fibers during exercise in hot compared to thermoneutral environments. Accordingly, Young et al. 

[210] and Sawka et al. [222] have theorized that fast-twitch muscle fibers are more sensitive to 

temperature changes (i.e. both hot and cold vs. thermoneutral) than slow-twitch muscle fibers. In 

complete contrast, Febbraio et al. [194] used histochemical analysis to determine that slow-twitch 

muscle fibers were preferentially recruited regardless of environmental temperature. The current 

literature renders it difficult to definitively state that alterations in muscle fiber recruitment during 

exercise in the heat comprise a significant role in exercise substrate metabolism.  

2.6.5 Effects of Direct Temperature 

  Saltin and Hermansen [234] established in the 1960’s that intramuscular temperature 

(Tmus) increases proportionally with an increase in exercise workload. It has since been determined 

that the exercise-associated rise in Tmus is further amplified by thermal stress [197, 202, 207, 211, 

212], and that this augmentation may be severe enough to alter metabolism via activation of key 

metabolic enzymes [213, 228]. The temperature coefficient (Q10) is a ratio that has been used to 

show the relationship between metabolic enzymatic activity and variations in temperature. The Q10 

value represents the factor by which the rate of metabolic reactions increase for every 10°C change 

in temperature [235]. Given that Tmus has been reported to increase up to 2°C more as a result of 

exercise in the heat compared to a cooler temperature, Q10 values suggest metabolic enzymatic 

activity could be elevated by 30-40% in hot environmental conditions [194]. 

 Previous research by Edwards et al. attempted to directly elevate muscle temperatures via 

immersion in hot (44°C), cold (12°C), and thermoneutral (26°C) water prior to exercise. Results 

showed intramuscular glycogenolytic rates and lactate accumulation to be significantly elevated 

in the hot trials compared to the other two. Results of this study are difficult to associate directly 

with increases in Tmus; however, as their immersion methodology altered both core temperature 

and plasma catecholamine levels – both of which have been shown to affect muscle substrate 

metabolism [202, 207, 212, 214, 236, 237]. Two studies conducted by Febbraio et al. [238] and 

Starkie et al. [239] used heating pads or water-perfused cuffs in an attempt to directly alter Tmus 

without altering core body temperature and plasma catecholamine levels. Febbraio et al. had 
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subjects exercise supramaximally for 2 min at 115% VO2max, and found that the elevated Tmus 

elicited increases in glycogenolysis and lactate accumulation, a finding potentially associated with 

the Q10 effect on glycogenolytic enzymes. The study by Starkie et al. used a protocol where 

subjects unilaterally cooled one leg (water temperature of 0°C) and simultaneously heated (water 

temperature of 55°C) the other via water-perfused cuffs for 40 min prior to exercise and then for 

20 min during exercise at 70% VO2peak. Immediately prior to the onset of exercise, Tmus was 

significantly different between legs (6.9°C difference) and remained significantly different post-

exercise (though it decreased to only a 0.4°C difference). Additionally, muscle biopsies revealed 

greater glycogen utilization in the heated leg, suggesting that Tmus directly plays a regulatory role 

in intramuscular glycogenolytic rates. 

2.6.6 Effects of Catecholamines 

 Augmentation of E secretion resulting from exercise and heat stress is well established [4, 

200, 202, 207, 211, 212, 214, 235, 237]. It is thought that increases in E are associated with 

enhancement of glycogen utilization during exercise in hot conditions via E binding to β-AR [240] 

and the consequent enhancement of glycogen phosphorylase. This theory is further substantiated 

by multiple findings of a close relationship between intramuscular glycogen utilization and plasma 

E levels during exercise in the heat [4, 207, 211, 241], and by a study conducted by Issekutz et al. 

[242] which found blocking β-AR reduced intramuscular glycogen utilization in dogs in a 

thermoneutral environment. Interestingly, the research studies that have infused E in humans and 

demonstrated heightened glycogen utilization infused supraphysiological levels of E [217, 243]. 

In contrast, Chesley et al. [217] and Wendling et al. [244] infused normal physiological levels of 

E and found no change in glycogen utilization. One noteworthy study by Febbraio et al. [245] 

infused either saline (control trial) or E (E trial) into trained men performing two 40-min cycling 

trials at 70% VO2max in a 20°C environment in an attempt to mimic the SA response to exercise in 

40°C. They reported significantly higher RER values and muscle glycogen utilization during 

exercise in the E trial, suggesting that increases in muscle glycogen utilization during exercise in 

the heat is at least partially controlled by the SA release of E. However, due to various 

methodological differences among research studies, the exact role E plays on the regulation of 

intramuscular carbohydrate metabolism remains largely unclear. 
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2.7 Part 5: Metabolic Response to Cold 

2.7.1 Substrate Utilization 

It is well established that glucose and glycogen concentrations are essential for 

performance during strenuous (>65% VO2max) endurance exercise. As such, the degree to which 

fat oxidation contributes to the energy needs of this intensity of exercise is a direct result of the 

rate of carbohydrate oxidation and the availability of FFA. Thus, it can be surmised that the 

primary role of fat oxidation during endurance exercise may be to spare blood glucose and muscle 

glycogen. It has been proposed that exercise in cold environments elicits augmentation of fat 

metabolism; however, research regarding this subject remains equivocal as studies have shown 

increased [3], decreased [4], and no significant difference [5] in comparison to higher 

temperatures. 

2.7.1.1 Lipid Metabolism. Cold exposure or exercise alone will increase lipid 

mobilization and oxidation; however a synergistic effect on lipid metabolism when combining 

these two factors has not been definitively accepted. With catecholamine levels having been shown 

to increase with exercise in cold water [29] and cold air [220, 246], it is reasonable to surmise that 

a lack of synergism between exercise and cold environments is not due to a reduction in hormonal 

stimulus. It has thus been suggested that decreases in plasma FFA and glycerol levels in cold 

exposure are likely, at least in part, due to peripheral perfusion limitations to adipose tissue during 

exercise, as cold exposure has been shown to decrease adipose tissue blood flow via potentiation 

of adrenergic vasoconstriction [12]. As such, the diminished peripheral blood flow may limit the 

escape of FFA and glycerol from the adipose tissue into the bloodstream. Measurement of lipid 

metabolism in the cold via RER values also has equivocal results in the research as some show 

cold stress elicits no change in fatty acid oxidation [29, 31, 246–248], while others have shown an 

increase [220, 249]. 

 Discussion of RER as it pertains to substrate oxidation becomes further complicated when 

discussing exercise in the cold. Dolny and Lemon found higher urea nitrogen levels when exercise 

was conducted in a cold environment (5°C) as compared to hot (30°C), suggesting greater protein 

breakdown in the cold [220]. With protein oxidation rates being more similar to fat than 

carbohydrate (RER of approximately 0.82) and RER representing an estimation of nonprotein 
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fractional utilization, use of RER values as an indication of whole-body lipolysis should be 

accepted with even more caution in cold environments.  

2.7.1.2 Carbohydrate Metabolism.  It is widely understood that the manipulation of 

substrate utilization via altering environmental temperature exposure can further be altered via 

exogenous manipulation of blood glucose concentration. Furthermore, blood glucose levels play a 

critical role in endurance exercise performance and the ability to tolerate the cold. For example, 

decreasing blood glucose levels via insulin infusion has been shown to decrease both rectal 

temperature [250] and shivering [251] in cold environments. However, cold exposure does not 

appear to significantly modify blood glucose concentrations during steady state exercise [29, 30, 

252]. While blood glucose concentrations do not appear to be significantly affected by cold 

exposure, muscle glycogen utilization rate in the cold is dependent on the interaction between 

exercise and cold intensity. Jacobs et al. showed that a combination of 30 min of light cycling 

exercise (50-65W) in a cold environment (9°C) elicited a 23% decline in vastus lateralis muscle 

glycogen content, while the same work in a thermoneutral environment (21°C) yielded minimal 

glycogen depletion [31]. After exercise intensity was increased to moderate intensity (85-120W), 

no difference in muscle glycogen depletion rate was observed between the two environmental 

conditions. Citing research that illustrated a pre-cooled vastus lateralis muscle (28-29°C) was more 

reliant on glycolysis than a thermoneutral muscle (35°C) [33, 253], Jacobs et al. suggested that the 

lower exercise intensity yielded a lower muscle temperature compared to the higher workload, 

resulting in an increased glycolytic reliance in the colder muscle [31]. This finding further 

illustrates the ambiguity in the literature regarding substrate metabolism in cold environments. 

2.7.1.3 Lactate Metabolism. Given the increased glycolytic rate observed in cooler 

muscles, it is not surprising that elevated venous lactate concentrations have been reported in cold 

temperatures when compared to warmer conditions [29–31]. While lactate accumulation is 

generally accepted to represent greater anaerobic contribution for a given workload [32], 

interestingly, Blomstrand et al. reported no difference in venous lactate concentration between 

cooled muscle and normothermic muscle while performing brief high intensity exercise. However, 

a delay in lactate accumulation in venous blood was observed in the cooled muscle. This cold-

induced slow rise in venous lactate accumulation may be temperature dependent [33] and has been 

shown by others [246]. Potential mechanisms describing this trend include a cold-induced delay 
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of lactate release from the muscle, decreased intramuscular aerobic oxidation of lactate, and/or 

decreased hepatic lactate clearance [195].  

 In trained cross country skiers (VO2max: 64.3 ± 5.4 ml·kg-1·min-1), Kruk et al. found 

decreased blood lactate concentrations in 5°C compared to 24°C after each of three consecutive 

tests at 40%, 60%, and 80% VO2max. Lower RER values were also reported after each stage in the 

cold condition, indicating greater lipid utilization in cold environments. However, lactate sampling 

via fingerstick may yield diluted concentrations that are not representative of total body lactate 

concentrations. This is because peripheral vasoconstriction to the muscles of the extremities used 

during exercise in the cold has been shown to impair lactate removal from the active muscle [34], 

leading to fingerstick blood samples that do not accurately measure total body lactate 

concentration. The hindrance of lactate removal from the active muscle tissue resulting from 

vasoconstriction, in addition to the vasoconstriction to the fingertip itself, may yield an imprecise 

measure not representative of whole-body lactate concentration. While this study showed 

increased lipid mobilization in cold environments, it is worth noting that this is an estimation of 

whole-body fat oxidation based on RER values, and that the lipolytic response occurring 

specifically in the SCAAT remains uninvestigated. 

2.7.2 Muscle Blood Flow 

 While the aforementioned blood flow mechanisms remain similar in the cold as compared 

to the heat, there are some potential limitations that may arise with regards to muscle blood flow 

changes and accurate metabolite measurements [254]. Blood lactate measurement via blood 

sampling from the fingertip during cold exposure may not represent whole-body lactate. It has 

been suggested that cold-induced peripheral vasoconstriction to the active muscles may yield a 

diminished ability for lactate to be removed from the working muscles via blood circulation, 

resulting in the dilution of the total body lactate concentration measurement obtained via 

fingerstick [34, 255].  

Additionally, it has previously been proposed that cold exposure elicits vasoconstriction to 

the adipose tissue resulting in diminished lipolysis [12]. However research has also shown that 

exercise at moderate intensities actually increases adipose tissue blood flow by two-fold [13], but 

to date no research regarding blood flow to the SCAAT during exercise in cold ambient 

temperatures exists. 
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2.7.3 Exercise Intensity 

2.7.3.1 Crossover Concept. The Brooks and Mercier ‘crossover concept’ established that 

exercise power output (i.e. intensity) was the most important factor in the determination of 

substrate utilization during exercise [135]. Indeed, exercise intensity greatly affects substrate 

utilization in all ambient temperatures; however the drastic range of environmental protocols 

utilized by previous research makes the definitive effect of ambient temperature on substrate 

utilization difficult to ascertain [34]. 

Previous research has predominately shown that submaximal VO2 levels are increased in 

cold environments when compared to that of moderate environments [3, 249, 256–261]; however 

VO2max levels are reportedly independent of environmental temperatures [135, 258, 262]. It has 

been suggested that the increased submaximal energy expenditure (via VO2 measurements) during 

cold exposure is a product of both an increased thermogenic response to the cold [247] and an 

increase in blood lactate removal [256]. As exercise approaches maximal intensity, however, 

metabolic heat production in the working muscles likely renders additional thermogenesis 

unnecessary causing VO2max values to be temperature-independent. 

2.7.3.2 Below the Crossover. Various factors affecting substrate utilization are potentially 

in play when exercising below the crossover. For example, Sink et al. examined the substrate 

utilization patterns in cold (0°C) and thermoneutral (22°C) conditions while exercising at 50% and 

60% VO2max via RER values [247]. They observed significantly higher plasma triacylglycerols 

and glycerol at both exercise intensities in the thermoneutral condition. These findings were 

attributed to the fact that the subjects were exposed to the conditions for 30 min of rest immediately 

prior to exercise, and that this pre-exercise exposure in the cold environment led to increased 

carbohydrate utilization by means of cold-induced shivering. It was also suggested that the pre-

exercise cold exposure led to lower muscle temperatures at the onset of exercise and a subsequent 

decrement in muscular mechanical efficiency [247] by initiating an increased recruitment of more 

fast-twitch, glycolytic muscle fibers in an attempt to maintain a given workload [34, 257, 263]. 

2.7.3.3 At the Crossover. Research conducted by Dolny and Lemon [220] and Febbraio 

et al. [4] examined the thermal effect of substrate utilization patterns during exercise at 65% 

VO2max. Dolney and Lemon exposed their subjects (healthy, male subjects; VO2max: 55.3 ± 8.2 

ml·kg-1·min-1) to the selected condition for 2 min prior to exercising for 90 min in temperatures of 
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5°, 20°, and 30°C. Significant differences in RER values, blood lactate and venous FFA 

concentrations were observed in the 5°C condition in comparison to the 20° and 30°C conditions. 

Despite use of similar exercise conditions (i.e. 3°C and 20°C), Febbraio et al. [4] exposed their 

subjects to the selected condition for 20 min prior to exercising for 40 min and surprisingly found 

conflicting results. They observed significantly higher RER values in the cold and no difference 

in blood lactate concentrations. In agreement with Sink et al. [247], the authors attributed these 

findings to increased carbohydrate utilization (by means of cold-induced shivering) resulting from 

the pre-exercise exposure in the cold environment. Interestingly, muscle biopsies taken from the 

vastus lateralis revealed lower muscle glycogen utilization in the cold despite the higher RER 

values. It should be noted that Dolny and Lemon [220] ensured subjects were “lightly clothed” for 

all 3 conditions, while the clothing status of subjects in the study by Febbraio et al. was not 

described. Additionally, Febbraio et al. used more aerobically trained individuals than Dolny and 

Lemon (VO2max: 66.7 ± 5.0 vs. 55.3 ± 8.2 ml·kg-1·min-1, respectively) which could have potentially 

altered substrate utilization (see Training Status and Acclimation section below – page 35); 

however, it is interesting to note that these two studies reported opposite findings with regards to 

RER values in the cold (3°C vs. 5°C, respectively) compared to the thermoneutral temperature 

(20°C) [4, 220]. As these studies demonstrate, exercise at the same intensity does not ensure 

similar results due to various methodological differences. 

2.7.3.4 Above the Crossover. Few research studies exist that investigate the effect of 

exercise performed in hot and cold environments on substrate utilization, and the methodological 

differences among these studies render it difficult to ascertain the true degree to which a singular 

factor (i.e. environmental temperature) plays on substrate utilization. Fink et al. investigated the 

effects of an intermittent exercise protocol consisting of three 15-min cycling bouts performed at 

70-85% VO2max interspersed with 10-min rest periods performed in cold (9°C) and hot (44°C) 

conditions [199]. Muscle biopsies revealed muscle glycogen utilization per 60 min of exercise was 

significantly greater in 44°C (-74 mmol/kg of wet muscle) than 9°C (-42 mmol/kg of wet muscle) 

and muscle triacylglycerol declined 23% during exercise in cold as opposed to only 11% in the 

heat. Additionally, VO2, HR, blood lactate concentration and rectal temperatures were found to be 

significantly higher during exercise in the heat in comparison to the cold [199]. These results 

suggest an increased reliance on glycolytic pathways during exercise in the heat at higher exercise 

intensities, which has previously been attributed to a decrease in oxygen availability by means of 
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reduction in muscle blood flow via vasoconstriction [199, 221]. While the findings of this study 

are interesting, the increased fat utilization in the cold is difficult to interpret due to the “hot” 

condition being relatively more intense than the more moderate “cold” condition. 

2.7.4 Training Status and Acclimation 

 Another important determinant of substrate selection during exercise in the cold is the 

training status of the subject. Research has shown that individuals with higher fitness levels possess 

more efficient thermoregulatory systems than those with lower fitness levels [264, 265]. One 

possible mechanistic explanation is that individuals with lower subcutaneous body fat (commonly 

referred to as ‘fit’) use upregulation of thermogenesis as their physiological mechanism to control 

core temperatures while those with higher subcutaneous body fat (commonly referred to as ‘unfit’) 

are not as reliant on thermogenesis due to their greater capacity to control core temperature via 

insulation [255]. It is suggested that ‘fit’ individuals are more sensitive to sympathetic stimulation 

and thus have an elevated sympathetic response to cold than ‘unfit’ individuals [264, 266], as they 

exhibit signs of increased metabolic heat production such as greater skin and extremity 

temperatures [264]. Interestingly, Shephard [34] found that the relatively obese individuals in a 

group of trans-polar ski trekkers progressively lost body fat over the course of the 3-month trek 

while thinner individuals gained body fat, suggesting that the initial body fat values influence the 

rate of fat utilization during exercise in cold. It is also possible that acclimation to continued cold 

exposure could attenuate the sympathetic response [34], although the impact of acclimation in ‘fit’ 

or ‘unfit’ individuals on substrate utilization has not been investigated. 

2.7.5 Cold Exposure Prior to Exercise 

 A drop in core body temperature at rest will trigger thermogenesis [34]. The combination 

of increased muscle tone and shivering will increase resting metabolism up to 2- to 3-fold [34, 

264]. This increase in resting metabolism is partially a result of fat utilization increasing by up to 

63%, but primarily due an increase carbohydrate utilization by as much as 588% [267]. The 

subsequent reliance on carbohydrate utilization indicates that lactate production will also occur to 

a greater degree in the shivering muscles (see Lactate Metabolism for more details – page 33) and 

this could cause an elevation in resting RER values in cold environments. Moreover, if an 

individual is subjected to cold exposure for durations long enough to trigger thermogenesis or 
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simply to allow for a decrease in muscle temperature, substrate utilization patterns could be 

drastically altered when compared to thermoneutral or warmer environments. 

2.7.6 Immediate Onset of Exercise 

 For the purposes of this review, two studies will be discussed that examined the relationship 

between cold exposure and substrate metabolism while using immediate onset of exercise upon 

exposure to the cold environment (excluding studies where excess clothing was allowed). 

Galloway and Maughan had subjects exercise at 70% VO2max until exhaustion immediately upon 

entry into conditions of 4°C, 11°C, 21°C and 31°C. They reported significantly higher RER values 

throughout the trial in 4°C compared to 11°C and while fat oxidation rates increased over the 

duration of exercise in all trials, no difference was observed between the 4°C condition and any 

other condition. Stating that the exercise intensity was sufficient to prevent a drop in core body 

temperature and the initiation of thermogenesis, the authors attributed the higher energy cost of 

the exercise in the cold to the decreased mechanical efficiency often associated with lower muscle 

temperatures [257, 263].  

 Another study that employed the immediate onset of exercise (90 min of cycling at 65% 

VO2max) upon exposure to cold also found RER values to be higher in cold conditions (-10°C and 

0°C) compared to warmer conditions (10°C and 20°C). In agreement with Galloway and Maughan 

[257], Layden et al. [268] attributed the lower rate of fat oxidation during exercise in the cold 

conditions to reduced skin and muscle temperatures. 

2.7.7 Delayed Onset of Exercise 

 Addressing the subject of pre-exercise cold exposure is complex due to the interplay 

between the duration of exposure and the intensity of the cold exposure (see ‘Severity of Cold 

Exposure’ section below – page 37). As previously mentioned, Febbraio et al. [4] exposed their 

subjects to the selected condition (3°C or 20°C) for 20 min of rest prior to exercising for 40 min 

at the crossover point (65% VO2max) and observed significantly higher RER values in the cold and 

no difference in blood lactate concentrations. This 20-min rest was a sufficient duration to decrease 

core body temperature low enough to initiate shivering thermogenesis. 

 For the purposes of this review, further discussion of the study by Kruk et al. [269] is 

warranted. Subjects in this study performed moderate exercise (50% VO2max) in a cold 
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environment (5°C), and performed three separate pre-exercise protocols: 1) immediate onset of 

exercise, 2) 10-min warm-up in cold environment, and 3) 30-min rest in cold environment. The 

authors concluded that an active warm-up or an immediate onset of exercise is adequate at 

maintaining or potentially increasing core temperature, while the 30-min rest (pre-cooling) 

condition initiated thermogenesis via decreased core body temperature. 

 Ultimately, it appears as if pre-cooling, by means of extended pre-exercise cold exposure 

duration, may lower core temperature and initiate thermogenesis, thus increasing whole-body 

carbohydrate utilization during exercise [4, 269]. Conversely, if exercise starts immediately upon 

exposure to cold, it may delay the warming of the skeletal muscle, reducing the mechanical 

efficiency, and require the recruitment of more fast-twitch glycolytic muscle fibers to match a 

given workload [257, 263, 266, 268]. 

2.7.8 Severity of Cold Exposure 

 Intuitively, one understands that while exercise intensity, training status of the individual, 

and duration of exposure affect substrate metabolism, severity of the cold exposure itself plays a 

critical role in physiological functioning. Hurley and Haymes have suggested that if cold exposure 

is severe enough to lower core body temperature, lipid utilization will increase. Additionally, they 

suggested that only in a scenario where both skin and rectal temperatures decrease, a decrease in 

RER values will be observed as well as an increase in plasma FFA concentration [270]. These 

results suggest that in order to see an increase in lipid utilization as a result of cold exposure, the 

intensity of the exposure has to be great enough to produce decreases in both skin and rectal 

temperatures. 

 In contrast, the aforementioned study by Febbraio et al. attribute their relative increases in 

lipid utilization during exercise in thermoneutral conditions to decreases in local muscle 

temperatures and sympathetic activity that occurred in the cold condition [4]. This conclusion was 

drawn from their findings that local muscle temperature and plasma E levels were lower during 

exercise in the cold condition (3°C) in comparison to the moderate condition (20°C). If this 

approach is accepted as fact, it is possible that in conditions where the cold exposure is severe 

enough to elicit decreased local muscle temperatures and plasma E levels during exercise, active 

skeletal muscle may exhibit increased lipid utilization and decreased carbohydrate utilization 
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during exercise, while inactive skeletal muscle is more reliant on carbohydrate utilization for 

thermogenic purposes. 

It is clear that cold exposure affects substrate metabolism during rest and exercise, and the 

severity of cold exposure adds another confounding factor to the equation. Depending on the 

severity of the cold exposure any or all of the following may occur: 1) decreased skin temperature, 

resulting in decreased oxygen availability by means of reduction in muscle blood flow via 

vasoconstriction [199, 221, 256], 2) decreased skeletal muscle temperature, leading to mechanical 

inefficiency and a greater reliance on glycolytic muscle fiber recruitment [257, 263], and/or 3) 

decreased core body temperature, resulting in the initiation of thermogenesis and a subsequent 

increased reliance on carbohydrates oxidation [4]. To further complicate our understandings, 

studies have shown decreased glycogen utilization rate in cold environments compared to warmer 

conditions despite increases in whole-body carbohydrate use [31, 199, 212]. 

Regardless of environmental condition, it is likely that the variability shown in the 

literature is a result of the numerous factors that are known to influence substrate utilization and 

metabolism such as exercise duration, intensity, training status, nutrition, acclimatization, and 

clothing. Current research regarding exercise during cold exposure drastically differs in all of these 

factors, limiting the ability to clearly identify the individual and interactive influences of exercise 

under various environmental conditions on substrate utilization. Moreover, no research to date has 

used SCAAT microdialysis to understand interstitial abdominal lipolysis and match this to whole-

body fat oxidation. Additionally, methodological practices in the current research differ greatly 

regarding environmental factors (such as the intensity and duration of cold exposure both prior to 

and during exercise [255]) that could either synergistically or antagonistically influence substrate 

metabolism during exercise. Due to research variability in the duration and intensity of exercise 

and environmental exposure, training history and clothing status of subjects, and measurement 

methodology across studies, it is difficult to generalize the physiological effects of cold exposure 

on substrate utilization and performance. For example, while many studies seem to agree that 

exercise in cold environments (temperatures range from -20° to 11°C) elicits increased fat 

utilization (and consequentially decreased glycogen utilization) [3, 199, 249, 270], others have 

shown opposite findings [4, 257, 268] or no significant difference between conditions [5, 212, 258] 
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– further making the determination as to whether or not there is an synergistic or antagonistic effect 

regarding lipolysis when combining cold exposure with endurance exercise even more difficult.  

2.8 Part 6: Microdialysis 

The ability to directly assess the metabolic function of visceral fat is currently impossible 

due to its anatomical location in the human body. However, the simultaneous measurement of 

SCAAT lipolysis via use of the microdialysis technique and whole-body metabolism via indirect 

calorimetry can provide some insight to the influence ambient temperature has on fat metabolism 

during exercise. SCAAT has been shown to be the predominate supplier of FFAs to the circulation 

[271, 272], thus the lipolytic rate of SCAAT may influence fat oxidation and metabolic rate. 

2.8.1 Techniques 

Multiple techniques have been used to measure tissue metabolism (for an in-depth review 

of multiple techniques, please refer to reference [273]); however, for the purposes of this study, 

this review will focus on the use of in situ microdialysis to assess interstitial glycerol 

concentrations [51, 273, 274]. Microdialysis provides a minimally invasive technique that allows 

for continuous monitoring of analytes present in the interstitial fluid of various organs and tissues. 

Following insertion of the microdialysis probe into a given tissue, it is attached to a small, portable 

pump. The pump is then set to a specified flow rate to deliver a continuous flow of a regulated 

solution allowing for the perfusion of the fluid into the probe (perfusate). The fluid is pumped from 

the portable pump through a rubber inflow duct into the probe, dialysis occurs via diffusion of 

select molecules or analytes found in the interstitial space (i.e. glycerol), and then a secondary 

outflow duct is attached to a vial that collects fluid leaving the probe (dialysate) (Figure 9). The 

microdialysis probe mimics the action of a capillary and allows collection of dialysis via simple 

diffusion of molecules or analytes from a higher concentration (the interstitial fluid) across the 

probe membrane to a lower concentration (dialysate) [273]. 

The concentration of a particular substance found in the dialysate collection, however, 

represents only a fraction of the exact concentration found in the interstitial fluid. An accurate 

reading of the interstitial concentration can be determined when the relative recovery of the 

microdialysis probe is known. The relative recovery (i.e. probe efficiency or extraction fraction) 

is the proportional difference in the concentration of a substance between its area of high 

concentration (e.g. interstitial fluid) and low concentration (e.g. dialysate sample) [275]. By 
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determining this difference, interstitial concentrations can be accurately estimated from the 

dialysate sample and also provide appropriate perfusion rates needed to obtain detectable sample 

concentrations during specified collection periods. The following methods have been used to 

assess in vivo recoveries of substances: in vitro method, internal standard method, zero-flow 

method, and difference method.  

In vitro methods consist of knowing the external concentration of two substances (i.e. 

substance not metabolized by the tissue of interest and the analyte of interest) and the subsequent 

determination of the relative recovery for each of these substances by the probe at specified flow 

rates. Similarly, the in vivo recovery for the substance not metabolized by the tissue of interest 

(e.g. ethanol in adipose tissue) can be determined by incorporating a known concentration of 

substance in the perfusate and then measuring its subsequent concentration in the dialysate. It 

should be noted that the relationship between in vitro relative recoveries of two substances is 

assumed to be the same as their in vivo relative recoveries [276]. Therefore, as long as the 

characteristics of the microdialysis probe used in both in vitro and in vivo experiments are identical, 

the relationship between the in vitro recoveries can be used to calculate the in vivo recoveries of 

the analytes of interest (i.e. glycerol). Despite its common use, this method assumes that the 

diffusion of a substance in a solution is similar to its diffusion in the tissue itself, which is not 

always accurate [275, 277].  

The internal standard method determines the in vivo recovery by determining the loss of 

the internal standard (i.e. the radio-labeled analyte added to the perfusate) when measured in the 

dialysate. This is based on the assumption that the perfusion of a specific labeled analyte is not 

affected by the amount of the unlabeled analyte present in the interstitial fluid and that it also 

diffuses across the membrane in a similar manner [275]. This assumption, however, does require 

support from in vitro studies to ensure that perfusion and diffusion characteristics are similar 

between the labeled analyte and the unlabeled analyte of interest in the interstitial fluid. Given 

identical probe characteristics and a known internal standard, in vivo recoveries are calculated in 

the same manner as the in vitro method because the relationship between in vitro relative 

recoveries and in vivo relative recoveries are the same [277].  

The zero-flow rate method assumes equilibrium in the interstitial fluid at a flow rate of zero 

(0.0 μl/min), resulting in the dialysate concentration of an analyte to be equal to that of the 
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interstitial concentration. Dialysate concentrations of a select analyte are then plotted against its 

respective flow rate and linear regression is used to calculate the true interstitial concentration at a 

zero-flow rate [277]. Specifically, the equation of the regression line that intersects both of these 

points is extrapolated to zero to determine the concentration at zero-flow. The in vivo recovery rate 

is then calculated as the ratio between the dialysate concentration at a given perfusion rate (i.e. 2.0 

μl/min) divided by the estimated interstitial glycerol concentrations at zero-flow. 

The difference method, or no-net-flux method, involves the perfusion of known 

concentrations of an analyte (e.g. glycerol) through the microdialysis probe and then determining 

the net difference between the dialysate and perfusate concentrations. The net difference is then 

plotted as a function of the initial analyte perfusion concentration and the slope of the linear 

regression equation. This is used in the in vivo recovery as it gives an indication of the proportional 

difference between dialysate and interstitial concentrations of the analyte. This method assumes 

that the net change in analyte concentration is a result of the gain or loss of the analyte by diffusion 

across the probe membrane, a characteristic dependent on the interstitial concentration (i.e. gain 

of the analyte is due to a lower perfusate concentration relative to the interstitial concentration). 

2.8.2 Blood Flow  

In addition to both dialysate concentration and in vivo recovery of specific analytes, blood 

flow in the area surrounding the microdialysis probe is also important for the determination of the 

interstitial concentrations. Previous research has illustrated that monitoring blood flow during 

microdialysis experiments is possible by including ethanol in the perfusate solution [278, 279]. 

Ethanol is not metabolized in adipose tissue to any significant extent, so it can readily diffuse 

across the probe membrane. Therefore its removal from the probe site would then be a result of 

microcirculatory blood flow in the area surrounding the probe membrane [279]. The ratio of 

ethanol concentration in the dialysate (outflow) to the perfusate (inflow) is inversely related to 

blood flow in the areas surrounding the probe (i.e. higher outflow:inflow ratio equals lower blood 

flow and vice versa) [279]. Low dialysate ethanol concentrations would overestimate the increase 

in ethanol lost by diffusion, therefore ethanol concentrations are expressed as outflow/inflow 

(Ethanoldialysate /Ethanolperfusate) [279] as opposed to inflow/outflow [278]. 
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2.8.3 Application 

It is widely accepted that endurance exercise increases FFA and glycerol concentrations in 

the blood via enhanced lipolysis. However, while FFA’s are an important biomarker in the 

determination of lipolysis, the dependence of this variable on mobilization from subcutaneous 

abdominal adipose tissue (SCAAT), in addition to the subsequent uptake by skeletal muscle, 

suggests that detection of this biochemical variable from the blood may not be an accurate 

indication of the level of lipolytic action occurring in the SCAAT itself. It has been suggested that 

the detection of plasma glycerol levels is a more accurate and stable indication of lipolysis 

occurring in the adipose tissue during endurance exercise [68, 107, 108]. Measuring SCAAT 

lipolysis via microdialysis will elucidate the degree to which environmental temperature affects 

lipolysis in the SCAAT. While microdialysis has successfully been used to investigate the SCAAT 

lipolytic response of resistance training [51, 274], to date, no study has measured glycerol levels 

in the extracellular fluid of the SCAAT (i.e. via microdialysis technique) to get a more precise 

understanding of the degree to which environmental conditions affect lipolysis in the abdominal 

region. To further muddle the understanding of the physiological processes, the majority of 

research regarding substrate utilization during endurance exercise in various environmental 

temperatures, and more specifically the lipolytic response, has utilized a select variety of the 

following: RER or respiratory quotient RQ values, lactate concentrations, and venous FFA levels.  

Moreover, the utilization of microdialysis in this study will allow, for the first time, the 

ability to determine the degree to which environmental temperature affects lipolysis in the SCAAT 

itself. Importantly, concurrently measuring whole-body fat oxidation via expiratory gas exchange 

RER will allow for us to determine if a combination of exercise and/or ambient temperature 

exposure acts synergistically to enhance the mobilization and oxidation of adipose and whole-body 

fat. It has previously been proposed that cold exposure elicits vasoconstriction to the adipose tissue 

resulting in diminished lipolysis [12] and it has also been reported that exercise at moderate 

intensities actually increases adipose tissue blood flow by two-fold [13], but to date this has not 

been confirmed via analysis of the extracellular fluid in the interstitial space of the SCAAT itself. 

Furthermore, it has been shown that, while RER is a useful means in the estimation of non-protein 

fractional substrate utilization, minimal changes in VCO2 or VO2 (10ml·min-1) can result in drastic 

changes in fractional substrate utilization. For example, a decrease in RER of 0.01 yields a 3.4% 

increase in the estimation of fractional utilization of fat [195]. This further warrants the importance 
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of direct glycerol measurement in the extracellular fluid of the adipose tissue in addition to multiple 

other parameters commonly used to estimate lipolytic responses elicited by various exercise 

conditions (e.g. RER, lactate concentrations, etc.). 

Furthermore, use of this technique will provide novel information regarding the effect of 

ambient temperatures on substrate mobilization and metabolism during endurance performance 

and the identification of potential mechanisms behind any changes. To date, the research regarding 

substrate metabolism is equivocal – largely due to drastically different methodologies and indirect 

measurements of metabolism (i.e. RER, etc.). Microdialysis will allow for the determination of 

lipolytic rates occurring specifically in SCAAT alone and set the foundation for further research 

in the area of temperature-driven metabolism. Identification of the specific mechanisms by which 

metabolism occurs in various environments has the capability to benefit the training and dietary 

practices of athletes competing in endurance events in various climates across the world. 

2.9 Conclusion 

While understanding the physiological responses to exercise in any environment is critical 

for endurance athletes, the lack of current understanding regarding the individual and interactive 

influences of exercise in hot and cold exposure is currently limiting the optimization of training, 

racing and potentially fueling strategies implemented by endurance athletes when performing in 

hot and cold environments. Further understating of how environmental extremes alter the 

metabolic responses during endurance performance will help to identify the effect of hot and cold 

exposure during endurance cycling on metabolism, substrate utilization, and performance 

outcomes. Additionally, the metabolic response occurring in the SCCAT itself and the relative 

contributions of total energy expenditure in hot and cold environments has yet to be investigated. 

As athletes regularly compete in temperatures ranging from well below 0°C to those exceeding 

human body temperature (37°C), more research is warranted to determine what degree ambient 

temperature affects substrate metabolism and performance both during and after endurance 

exercise in endurance-trained cyclists. 
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2.10 Chapter 2 Figures 

 

 
Figure 1. Lactate Kinetics – Trained Cyclist vs. Trained Rower. Taken from Stainsby 

and Brooks [254]. 
 
 

 
Figure 2. Triacylglycerol-Fatty Acid Cycle. Taken from Reshef et al., 2004 [280]. 
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Figure 3. Transport of Fatty Acids from the Vascular Space into the Mitochondria of the 

Muscle Cell. Taken from Jeukendrup et al., 1998 [16].  
 

 

 
Figure 4. Transport of Fatty Acids from the Cytoplasm to the Inner Mitochondrial Space 

for Oxidation. Taken from King, 2015 [96]. 
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Figure 5. The Crossover Concept. Adapted from Brooks and Mercier [135] 

 
 

 
Figure 6. Contribution of the Four Major Fuel Substrates to Energy Expenditure after 30 

min of Exercise at 25%, 65%, and 85% of Maximal Oxygen Uptake in Fasted Subjects. 
Reproduced from Romijn et al., 1993 [2]. 
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Figure 7. Glucose-Fatty Acid Cycle. Taken from Jeukendrup et al., 1998 [154]. 

 
 

 
Figure 8. Fat Oxidation Rates versus Exercise Intensity Expressed as Percentage of VO2max; 

n=11; values are mean SEM. Taken from Achten et al., 2002. 
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Figure 9. Microdialysis Probe Design. (Adapted from Ref [281]) 
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CHAPTER 3 

METHODOLOGY 

3.1 Subjects 

Ten healthy, endurance-trained male cyclists (age = 22.80 ± 2.76 yr; height = 178.58 ± 

5.65 cm; mass = 74.02 ± 10.95 kg; body fat = 18.35 ± 3.37%; peak oxygen consumption (VO2peak) 

= 60.60 ± 4.67 ml·kg-1·min-1; power output at lactate threshold (LT) = 234.00 ± 35.00 W) 

participated in this study. Subjects were required to meet the following criteria to be included in 

the study: (a) between ages 18-45 yrs, (b) VO2peak ≥55 ml·kg-1·min-1 or peak power output ≥350 

watts, and (c) ≥2yr of cycling experience and had cycled ≥3 days·wk-1 and ≥7 hrs·wk-1 for the 

preceding 2 months while regularly competing in races (Appendix A). Subjects were excluded if 

they had: (a) any existing diseases or musculoskeletal disorders/injuries that could be exacerbated 

by a single bout of cycling (b) currently smoked or used any medications known to affect substrate 

metabolism, (c) and/or used any anti-inflammatory drugs (Appendix B). Prior to giving their oral 

and written informed consent (Appendix C), subjects received information regarding the 

requirements of the study and potential risks. Florida State University Institutional Review Board 

approved all procedures (Appendix D).  

3.2 Study Design 

This was a randomized, crossover study that consisted of baseline testing to determine LT 

and VO2peak, two familiarization trials, and three experimental trials. All visits were separated by 

4-9 days. Subjects reported to either the Department of Nutrition, Food, and Exercise Sciences or 

the Institute of Sports Sciences and Medicine (ISSM) at Florida State University for measurements 

and assessments on six different occasions: baseline (Visit 1), familiarization #1 (Visit 2), 

familiarization #2 (Visit 3), hot temperature (39.03±1.06°C; 40.19±2.18%RH) (Visit 4), cold 

temperature (3.06±1.78°C; 41.63±5.60%RH) (Visit 5) and thermoneutral temperature 

(19.43±0.98°C; 38.97±2.23%RH) (Visit 6). The order of visits 4-6 was randomized by selecting 

from a pool of all possible ordered scenarios (six possible scenarios). Once all scenarios were 

selected, the pool was reset and selection process was repeated to determine visits for subjects 7-

10. For the duration of the study, subjects were asked to maintain consistent dietary and training 

habits. Prior to each experimental trial, exercise and diet were standardized. Specifically, two days 
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prior to each experimental trial, subjects replicated their diets via matching a 48-hr dietary log 

(Appendix E) they completed prior to their first experimental trial. Additionally, the day prior to 

testing, subjects were asked to abstain from exercise. Subjects were also asked to abstain from 

alcohol and caffeine for 24 hrs preceding each trial. Subjects who were consuming any dietary or 

ergogenic supplements were instructed to immediately stop consumption and complete a washout 

period appropriate for each respective supplement before participation in the study (except for a 

multivitamin). 

3.3 Baseline Testing and Familiarization 

3.3.1 Baseline Laboratory Visit – Visit 1 

During the initial visit to the ISSM, subjects were assessed for LT and VO2peak. Subjects 

were asked to report to the laboratory after a minimum 4-hr fast (water ad-libitum) and to refrain 

from exercise for 24 hrs prior to arrival. After providing written and oral informed consent, 

anthropometric measurements were performed and body composition was assessed via dual energy 

x-ray absorptiometry (DXA; Hologic Discovery W, Bedford, MA) by a certified technician 

according to manufacturer’s instructions and specifications. Height and weight were assessed via 

use of a wall-mounted stadiometer and a digital scale, respectively (Seca Corporation; Hanover, 

Maryland). 

3.3.2 Maximal Performance Testing (Baseline Continued) – Visit 1  

Upon completion of the anthropometric measurements, subjects were properly fitted to an 

electronically-braked cycle ergometer (Velotron, RacerMate Inc., Seattle, WA) on which they 

performed their graded exercise test (GXT). Proper fitting included appropriate saddle, pedal, 

handlebar, and stem dimensions based on their personal road cycle’s geometry. Subjects wore their 

personal cycling shoes and kit during testing. Subjects were fitted with a HR monitor chest strap 

(Polar Electro Inc., Lake Success, New York) before they performed a 5-min self-selected warmup 

prior to beginning the GXT. During testing, expired gases were continuously measured via face 

mask (Cosmed V2 mask, Cosmed, Rome, Italy) using a TrueOne 2400 metabolic cart 

(ParvoMedics, Sandy, Utah). VO2peak, LT, and power output at LT were determined for each 

subject using a single GXT. After the warmup, subjects cycled at a self-selected workload 

estimated as “a comfortable, but not easy pace for a 1-hr ride.” The initial portion of the GXT 

consisted of the workload increasing 20W every 3 min until lactate threshold (≥4.0 mmol/L) was 
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achieved. At this point fingerstick blood samples ceased, and the remaining stages were shortened 

to 2 min and workload increased to 30W per stage in order to assess VO2peak. The test continued 

until each subject reached volitional exhaustion or was unable to maintain a cadence >50 

revolutions per min (rpm).  

At the end of each stage during the initial LT portion of the test (i.e. up until a lactate 

concentration of ≥4.0 mmol/L was achieved), a fingerstick blood sample was taken in order to 

determine LT and the associated power output at that given exercise intensity was recorded. The 

power output immediately prior to exceeding 4.0 mmol/L was determined as the power output at 

LT. The power associated with 70% and 90% LT was determined for each subject as these 

respective powers were used during the cycling protocol (i.e. Visits 4-6). For the remainder of the 

GXT, VO2peak was established. The following criteria were used to establish that peak oxygen 

uptake was obtained: (1) RER > 1.15; (2) a leveling off of VO2 and HR despite increases in 

workload; and (3) attainment of predicted maximal HR (i.e. 220 – age) [107]. VO2peak was assessed 

as the highest average 5-sec oxygen consumption recorded (ml·kg-1·min-1).  

Following these initial measurements to validate inclusion criteria, subjects were informed 

of their inclusion or exclusion in the study. Given inclusion, subjects then set their future testing 

schedule (i.e. times and dates). 

3.3.3 Familiarization Testing – Visits 2 and 3 

Following baseline testing, two familiarization trials were completed within 4-9 days of 

one another. The familiarization trials took place in the ISSM laboratory and consisted of the entire 

exercise protocol (Figure 10) without the microdialysis procedure or data recording. Subjects were 

instructed to arrive at the laboratory under the same pretesting conditions (i.e. time of day and 

identical exercise and nutritional practices) after a fast of at least 4 hrs. Additionally, subjects were 

informed that the cycling gear (i.e. shorts, bib, jersey, socks, and shoes) was to be replicated for 

all subsequent visits. Testing was performed in the ISSM laboratory so that the subject could 

become familiar with the cycling protocol and proficient with the electronic gear shifting. To 

standardize all trials, a researcher was present to operate the cycling software, but no outside 

encouragement was offered, and no fans, music, food, and drink were permitted.  

Upon completion of Visit 3, subjects were given a 48-hr food log to complete for the 48 

hrs prior to the first experimental trial (Visit 4). Subjects were instructed to replicate the 48-hr food 

log prior to each of the subsequent visits to the laboratory. The night prior to Visit 4, a researcher 
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met each subject at their residence to give them a CorTemp radio-frequency telemetered 

thermometer pill (HQ, Inc., Palmetto, FL, USA) in order to monitor core temperature during 

exercise testing. The pill was delivered the night before to ensure that the pill was properly working 

and to ensure that it was ingested at least 8 hrs prior to arrival to the laboratory [282]. CorTemp 

pills transmit core temperature readings accurately within ±0.1°C to a handheld computer [283–

285].  

 

 

 

Figure 10. Study Timeline. LT, lactate threshold; TT, time trial. 

 

 

3.4 Exercise Interventions 

3.4.1 Cycling Performance Testing – Visit 4 

Upon arrival to the laboratory (0500-0630 hrs), each subject immediately lay supine for 

insertion of the microdialysis probe. A previously sterilized microdialysis probe was inserted into 

the SCAAT with techniques previously described [273] and described in detail below (see 

Microdialysis Technique section below). After probe insertion, there was a 60-min period for 

probe equilibration while the subject lay supine. During this 60-min period, a 10 ml venous blood 

sample was taken from the antecubital vein. During the final minutes of the equilibration period, 

subjects were instructed to completely void their bladders and provide a small (~10 ml) urine 

sample. Urine samples were collected to determine relative urine specific gravity (Atago PAL-

10S; Atago USA, Inc., Bellevue, WA), as a pre-exercise index of positive hydration status [286]. 
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Thereafter, nude body weight was measured and then subjects were asked to change into clothing 

identical to the familiarization visits. The same attire was worn for all five trials (i.e. Visits 2-6) 

and the manner in which it was worn was replicated across all visits (e.g. zipped vs. unzipped 

jersey).  

At the end of the equilibration period, a resting microdialysis sample was taken for 5 min 

while seated. Energy expenditure (5-min collection) via gas analysis was also measured using 

indirect calorimetry (ParvoMedics, True Max 2400, Sandy, UT) and a resting fingerstick blood 

sample was obtained while the subject was seated. Substrate metabolism was estimated from RER 

using CO2 produced/O2 consumed and calculations developed by Frayn [287] and total 

carbohydrate and fat oxidation at rest and during exercise were calculated via stoichiochemical 

equations described elsewhere [288].  

Subjects then entered the environmental chamber (Heinicke Instruments, Hollywood, FL) 

and immediately began the cycling performance protocol. To ensure proper functioning of the 

microdialysis pump and dialysate collection vials, a researcher was with the subject in the 

environmental chamber for the entire duration of the visit. For purposes of standardization, no food 

or water was permitted, no outside encouragement was offered, and subjects were not allowed to 

listen to music during exercise. Cycling began at a wattage that elicited 70%LT (as determined 

from Visit 1) for 25 min. Next, the cycling intensity increased to a wattage that elicited 90%LT 

(as determined on Visit 1) for an additional 25 min. Immediately upon completion of the 50-min 

protocol, each subject got off of the cycle ergometer but remained seated inside the environmental 

chamber in a chair. At this time, an additional researcher entered the chamber and gave the subject 

250 ml of room temperature water to consume while a post-exercise venous blood draw was 

performed. Upon completion of the blood draw, while still inside the environmental chamber, nude 

body weight was measured after the subject wiped himself “as dry as possible” with a towel. Next, 

an additional 250 ml of room temperature water was consumed while each subject changed into a 

dry cycling kit. In total, subjects remained in the environmental chamber for 15 min post-exercise.  

After this 15-min period, subjects then exited the environmental chamber and entered into 

a thermoneutral room (see Table 2 below) where they performed an “all-out” 20-km TT. If needed, 

subjects were permitted to use the restroom “as quickly as possible” during the final few minutes 

of the 15-min period but only after blood draw and nude weight were obtained. During the TT, a 
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computer display provided subjects with only distance covered in kilometers. Subjects were 

instructed to complete the TT as quickly as possible. For purposes of standardization, no outside 

encouragement was offered during the TT and subjects were not allowed to listen to music. 

During exercise, no fluid intake was allowed aside from the two 250 ml intakes during the 

15-min break between the steady state portion and the TT. The subject’s post-exercise weight was 

recorded as: body mass = nude weight – weight of 250 ml water in order to account for the 250 ml 

of water consumed immediately upon cessation of steady state exercise. Sweat rate was calculated 

as [(pre-exercise body weight – post-exercise body weight + fluid intake – urine volume)/exercise 

time in hours] [289]. 

HR, core temperature, and dialysate measurements were taken at rest and every 5 min 

during the entire steady state portion of the test. Metabolic measurements via gas analysis were 

measured for 5 min at rest and for 1.5 min during the start and end of both the 70%LT and 90%LT 

periods of the protocol (i.e. 70%LT: 3.5-5 min, 23.5-25 min; 90%LT: 28.5-30 min, and 48.5-50 

min). Additionally, fingerstick blood samples (~0.5 ml) were taken at the end of these same time 

periods (i.e. 70%LT: 5 min, 25 min; 90%LT: 30 min, 50 min) to analyze for blood glucose and 

lactate concentrations. Due to the “all-out” nature of the TT and the expected variations in TT 

finishing times, fingerstick sampling was not performed during the TT and HR, core temperature, 

and dialysate samples were collected pre, mid (10km), and post (20-km) TT as illustrated in Figure 

10. Fingerstick samples were analyzed using a glucose and lactate analyzer (YSI 2300 Stat™, 

Yellow Springs Instruments, Yellow Springs, OH) and dialysate samples analyzed using an 

automated microdialysis analyzer as described below (CMA 600 analyzer, CMA Microdialysis, 

Solna, Sweden). 

3.4.2 Cycling Performance Testing – Visits 5 and 6 

These visits used an identical protocol as on Visit 4; however, a randomized, alternate 

condition of that used in Visit 4 was used. All visits took place at the same time of day (0500-0900 

hrs). 

3.5 Blood Sampling and Analysis 

A 10ml venous blood sample was collected at rest prior to exercise and immediately upon 

completion of the 90%LT portion of the protocol from the antecubital vein on Visits 4, 5, and 6. 
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Samples were collected into serum vacutainers (Becton, Dickinson & Company, Franklin Lakes, 

NJ), allowed to clot for 10 min, and then put on ice. They were then centrifuged for 15 min at 3500 

rpm at 4°C. Serum was aliquotted into microtubes and stored at -80°C for later batch analysis. 

Serum glycerol (abcam, Cambridge, MA) and adiponectin (R&D Systems, Inc., Minneapolis, MN) 

concentrations were determined using commercially available ELISA kits according to 

manufacturer’s instructions. The average of duplicate samples was used for data analysis. The 

intra-assay coefficient of variation (CV) was recorded for each analyte (glycerol = 3.36%; 

adiponectin = 3.56%).  

3.6 Microdialysis Technique 

Upon arrival to the laboratory, subjects rested in a supine position and had an area ~10 cm 

from the umbilicus cleaned with betadine (Betadine® Solution Swabsticks, Purdue Products L.P., 

Stamford, CT). Prior to use, the microdialysis probes (CMA 20 Elite, 10 mm membrane length, 

20-kDa cutoff, Harvard Apparatus, Inc., Holliston, MA) were placed in 70% isopropyl alcohol for 

25 min and rinsed four times with sterile deionized water (Baxter Healthcare Corporation, 

Deerfield, IL). A sterilized plastic split catheter sheath was placed over an 18G catheter needle 

prior to insertion into the SCAAT. The insertion site (~5-10 cm from the umbilicus) was numbed 

with a topical ethyl chloride spray (Gebauer’s ethyl chloride®, Gebauer Company, Cleveland, 

OH) to reduce discomfort. Following insertion, the needle was removed while the plastic split 

catheter sheath remained in the SCAAT. Thereafter, one microdialysis probe was inserted into the 

SCAAT through the hole in the split catheter sheath and, upon removal of the split catheter sheath, 

held in place by Steri-StripsTM (3M Health Care, St Paul, MN). Following application of Steri-

StripsTM, the probe was sealed down with TegadermTM film (3M Health Care, St Paul, MN). The 

probe was attached to a portable microdialysis pump (CMA 107, M Dialysis AB, Stockholm, 

Sweden) that continuously perfused a solution containing 0.9% sodium chloride (Baxter 

Healthcare Corporation, Deerfield, IL) and ethanol (~10 mM) to determine local blood flow at a 

constant rate of 5.0 μl/min for the duration of the visit.  

The pumped perfusate was collected at the exit end of the probe (dialysate) in a microvial 

and stored at 4°C for analysis of ethanol within 24 hrs (see below) and subsequently stored at -

80°C for later analysis of interstitial glycerol and glucose. While in the environmental chamber, 

all vials were stored in a cooler full of ice after each 5-min collection period was completed.  
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3.6.1 Dialysate Analysis 

Dialysate glycerol and glucose were measured according to manufacturer’s instructions 

using an automated microdialysis analyzer (CMA 600 analyzer, CMA Microdialysis, Solna, 

Sweden). The CMA 600 uses enzymatic reagents and colorimetric methods for the analysis of 

glycerol and glucose [290]. The measuring principle for the determination of glycerol by the CMA 

600 is based on the fact that glycerol is phosphorylated and glucose is enzymatically oxidized by 

a separate series of peroxidase-driven reactions that ultimately yield a red quinoneimine dye. The 

rate of formation of the respective dyes is then measured photometrically at 530 nm which is 

proportional to the glycerol and glucose concentration in the sample [290].  

Dialysate samples were also analyzed for ethanol concentration to determine blood flow in 

the region of adipose tissue surrounding the probe [291] via previously described methods [279] 

(see below for details). 

3.6.1.1 Interstitial Glycerol and Glucose Calculations. The concentration of glycerol or 

glucose in the dialysate sample is only representative of a fraction of the actual interstitial 

concentration, except when perfused at low rates (close to 0 μl/min) as the relative recovery of a 

substance is ~100% at lower flow rates [292]. The true interstitial concentration of the substance 

can be obtained when the in vitro relative recovery of the substance is known by adjusting dialysate 

concentrations for this relative recovery. In the present study we conducted in vitro experiments 

using the same probes and flow rates as in the in vivo conditions of this study (i.e., 5.0 μl/min). 

The probes were placed in a beaker solution [Dulbecco’s phosphate-buffered saline, 0.1% bovine 

serum albumin (BSA), 5 mM glucose, 0.2 mM glycerol, 5 mM ethanol, and 2 mM of lactate], 

similar to conditions previously described [276, 293]. The relationship between the in vitro 

recoveries of a given substance (i.e. glycerol and glucose) was used to calculate the in vivo 

interstitial concentration of the substance of interest, given the assumption that the relationship 

between the relative recoveries of two substances in vitro are the same as the relationship between 

the relative recoveries of those two substances in vivo. Using the known concentrations of the 

beaker solution, in vitro recovery rates for a perfusion rate of 5.0 μl/min were determined by 

sampling both the beaker solution and the dialysate every 30 min over the course of 2 hrs. The in 

vitro recoveries for glycerol and glucose at a perfusion rate of 5.0 μl/min (47.39% and 39.46%, 

respectively) were used as a reference point in the calculation to determine interstitial 

concentrations for each condition. Intra- and inter-assay CV were recorded for both glycerol 
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(4.14% and 2.93%, respectively) and glucose (6.70% and 24.17%, respectively). All interstitial 

concentrations at 5.0 μl/min were calculated using the following equation:  

[Dialysate glycerolflow rate/Recoveryin vitro]*100 

3.6.1.2 Blood Flow Calculation. Ethanol was included in the perfusate and the ethanol 

technique [294, 295] was used to estimate local blood flow in the area surrounding the probes. 

During perfusion, ethanol diffuses over the probe membrane and its removal from the local area 

is related to blood flow in the vicinity of probe membrane because ethanol is not metabolized in 

adipose tissue to any significant extent [278, 294]. Within 24 hrs of sample collection, ethanol 

concentrations were measured in both the perfusate solutions and dialysate samples using a multi-

mode microplate reader (SpectraMax® M5, Molecular Devices, Sunnyvale, CA). Briefly, 2 µl of 

dialysate sample were added to a mixture containing an ethanol buffer (pH 8.9; 74 mM Sodium 

Pyrophosphate, 60 mM Hydrazine Sulfate, 22 mM Glycine) and a nicotinamide adenine 

dinucleotide solution (100 mM NAD) in black 96-well microplates (ThermoScientificTM Immuno 

Plates, Nazareth, PA). Thereafter, 10 µl of alcohol dehydrogenase was added to each well and, 

following a 1-hr incubation at room temperature in the dark, samples were read with fluorescence 

at an excitation and emission of 360 and 415, respectively. The fluorescent NADH product is 

directly proportional to ethanol in the sample [294, 295]. The ethanol outflow/inflow ratio 

(Ethanoldialysate /Ethanolperfusate) is inversely related to blood flow surrounding the probe. The intra-

assay CV for ethanol was 7.07%. 

3.7 Compensation 

Upon study completion, all subjects were given a thank you letter (Appendix F) with their 

anthropometric, body composition and metabolism data, as well as a copy of their DXA scan and 

$200 for their participation throughout the study. 

3.7 Statistical Analysis 

Data were analyzed using SPSS (v.22) Statistics software (IBM, Armonk, NY) package 

with significance set at p ≤ 0.05. Two-way (group x time) repeated measures analysis of variance 

(RMANOVA) tests were used to identify differences between groups in the following variables: 

core temperature, HR, SCAAT glucose and glycerol, fingerstick blood glucose and lactate, 

carbohydrate and fat oxidation rates, VO2, RER, and blood flow. Due to variance in identical 

subject matching for the two exercise intensities (i.e. 70%LT and 90%LT) separate two-way 
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repeated measures ANOVA were run for each intensity. If a significant group x time effect was 

observed, a one-way ANOVA was performed to determine significance between groups at 

individual time points where appropriate. Random, single data points missing from original data 

collection and outliers (i.e. data lying outside of 99% CI curves) were adjusted via linear regression 

model equations to obtain valid cases for all variables, preventing listwise deletion. Rest and post-

90%LT serum glycerol, FFA, and adiponectin data were analyzed via RMANOVA (group x time) 

with significance set at p ≤ 0.05. In the presence of a significant finding, a Tukey HSD post-hoc 

analysis was used to locate differences. To test for a maturation effect, a two-tailed, paired samples 

t test was used to compare 2nd familiarization TT to both the cold and neutral experimental TT. All 

values are reported as mean ± standard deviation (SD), unless otherwise noted.  
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CHAPTER 4 

RESULTS  

4.1 Results 

4.1.1 Descriptive Characteristics 

 Table 1 summarizes the descriptive characteristics obtained at baseline are reported in. In 

addition, nine of the ten subjects were unable to complete the 90%LT steady state portion of the 

protocol in the heat.  

4.1.2 Environmental Conditions 

Table 2 summarizes the environmental conditions. Chamber temperatures were 

significantly different among groups (p < 0.001), but no difference was shown for humidity among 

groups (p = 0.318). During the TT, no significant differences were observed for temperature (p = 

0.103) or humidity (p = 0.087) among groups. 

4.1.3 70%LT Steady State   

4.1.3.1 Central Response. A significant time and group x time effect was observed for 

both core temperature (p < 0.001 and p < 0.001, respectively) and HR (p < 0.001 and p < 0.001, 

respectively). Post-hoc tests indicated HR was significantly greater for hot compared to cold (p < 

0.0001) and neutral (p > 0.001). Post-hoc analysis indicated that HR was significantly higher 

during hot compared to both cold (p < 0.001) and neutral (p = 0.002), from 10 min up to 25 min 

while no differences were seen between cold and neutral HR at any time point (Figure 11). No 

significant differences were observed among groups at any time point for core temperature (Figure 

12).  

4.1.3.2 Peripheral Response. No significant difference was observed among groups for 

interstitial glycerol (Figure 13) or interstitial glucose (Figure 14); however, all groups increased 

interstitial glycerol concentrations over time (p < 0.001).  

No group, time, or group x time interactions were observed for fingerstick blood glucose 

(Figure 15) or blood lactate (Figure 16) with the exception of a significant time effect for blood 

lactate (p < 0.028).  
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For carbohydrate and fat oxidation, a significant time effect was observed (p < 0.0001) but 

no group x time interaction was seen (p = 0.353). Post-hoc analysis indicated significantly higher 

carbohydrate oxidation in cold compared to hot (p = 0.047) and neutral (p = 0.012) at min 5 (Figure 

17). No significant differences among groups were observed at any individual time point for fat 

oxidation (Figure 18).  

A significant time effect was observed for VO2 (p < 0.001), but no group x time interaction 

was reported (p = 0.304) (Figure 19).  

A significant time effect was observed for RER (p = 0.014), but no group x time interaction 

was reported (p = 0.304) (Figure 20). 

4.1.4 90% Steady State 

4.1.4.1 Central Response. A significant time and group x time effect was observed for 

core temperature (p < 0.001 and p = 0.003, respectively) (Figure 11).  HR showed a significant 

time effect (p < 0.001), but no group or group x time interaction (p = 0.884) (Figure 12). Post-hoc 

one-way repeated measures ANOVA reported no significant differences among groups at any 

individual time point for core temperature, although an increased HR in the neutral group 

compared to the cold group approached significance at 35 min (p = 0.082), 45 min (p = 0.088), 

and 50 min (p = 0.079).  

4.1.4.2 Peripheral Response. There was a significant interstitial glycerol concentration 

time effect (p < 0.001) and group x time interaction (p = 0.032) for 25-30 min (hot, cold, and 

neutral) (Figure 13) were found. In order to include all groups and keep the N as high as possible, 

a one-way ANOVA was run for the 35-min time point, however, no significant differences were 

measured among groups (p = 0.963). Nine out of ten subjects were unable to complete 90%LT 

portion of the steady state protocol in the hot condition; thus there were not enough subjects to 

allow for statistical comparisons. Therefore, only cold and neutral conditions were compared for 

min 35-50. From 35-50 min, a significant time effect was observed (p < 0.001) but no group x time 

interaction was seen (p = 0.296). No significant time (p = 0.797) or group x time interaction (p = 

0.741) was observed among groups for interstitial glucose from 25-35 min (i.e. hot, cold, and 

neutral), or between cold and neutral for 35-50 min (p = 0.346 and p = 0.185, respectively) (Figure 

14).   
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No significant group x time interaction was observed among groups for fingerstick blood 

glucose (p = 0.941) (Figure 15) or blood lactate concentrations (p = 0.175) (Figure 16). However, 

a significant time effect was observed for both blood glucose (p = 0.012) and blood lactate 

concentrations (p < 0.001). 

For whole-body carbohydrate and fat oxidation, a significant time effect was observed for 

carbohydrate oxidation (p < 0.001) but no significant group x time interaction was found (p = 

0.0259) (Figure 17). Group x time interactions were non-significant for both carbohydrate 

oxidation (p = 0.259) and fat oxidation (p = 0.384) (Figure 18). 

A significant time effect was observed for VO2 (p < 0.001) (Figure 19) and RER (p < 

0.001) (Figure 20), but no group x time interactions were reported for either (p = 0.539 and p = 

0.267, respectively). 

4.1.5 TT Performance 

Table 3 summarizes the time trial performance measures. Due to an inability to complete 

the steady state portion in the heat, TT performance was only performed during the cold and neutral 

laboratory visits. No significant difference was observed at any time point in either time or average 

wattage between the cold and neutral. Additionally, a two-tailed, paired samples t test showed no 

significant difference between the second familiarization and the cold visit TT (p = 0.689) or the 

neutral visit TT (p = 0.967), indicating no maturation effect among experimental TT. 

4.1.6 Blood Flow 

 SCAAT blood flow changes (measured via ethanol outflow/inflow ratio method) were not 

significantly different among the hot, cold or neutral at rest, during steady state, or during TT 

performance (Figure 21). As such, no blood flow adjustments were necessary.  
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4.2 Chapter 4 Tables 

 

Table 1. Descriptive Variables Measured at Baseline 

  n Baseline 

Age (yrs) 

Height (cm) 

Body mass (kg) 

10 

10 

10 

22.80± 2.76 

178.58 ± 5.65 

74.02 ± 10.95 

Percent Fat (%) 10 18.35 ± 3.37 

VO2peak (ml·kg-1·min-1) 

Power Output at LT (W) 

Urine Specific Gravity (g/L) 

10 

10 

8 

60.60 ± 4.67 

234.00 ± 35.00 

1.015 ± 0.01 

Note: yrs, years; cm, centimeters; kg, kilograms; VO2peak, peak oxygen consumption, ml·kg-1·min-

1, milliliters per kilogram per minute; W, watts. Data are expressed as mean ± SD. 
 

Table 2. Environmental Conditions. 

  Hot Cold Neutral 

Chamber     

 Temperature (°C) 39.03 ± 1.06 3.06 ± 1.78 19.43 ± 0.98 

 Humidity (%) 40.19 ± 2.18 41.63 ± 5.60 38.97 ± 2.23 

Time Trial    

 Temperature (°C) - 23.10 ± 1.73 24.13 ± 0.35 

 Humidity (%) - 49.40 ± 8.83 42.38 ± 7.13 

Note: (C), degrees Celsius; %, percent. Note: “ - ” represents that during the hot trial, no time trial 

was completed or analyzed. Data presented as mean ± SD. 

 

 

Table 3. Time Trial Performance Measures. 

 
Data retrieved from RACERMATE Velotron 3D Rider Performance Files. Note: km, kilometers; 
W, watts. Cold condition: 23.10 ± 1.73°C; 49.40 ± 8.83%RH. Neutral condition: 24.13 ± 0.35°C; 
42.38 ± 7.13%RH. Data presented as mean ± SD. 
 



66 
 

4.3 Chapter 4 Figures 

 

 
Figure 11. Heart Rate Measurements Obtained via Heart Rate Chest Strap Transmission at Rest 
and every 5 minutes during Steady State Exercise in Various Environmental Conditions. Note: 
first 25 min of steady state were at a power output that elicited 70% of lactate threshold (70%LT) 
and the following 25 min were at a power output that elicited 90%LT. A significant time effect (p 
< 0.001) was observed in both intensities (data not shown). * denotes significant group x time 
interaction; ‡ denotes main group effect of p < 0.05; # denotes hot condition significantly different 
between cold and neutral at each individual time point. Data presented as mean ± SD. 

 

 
Figure 12. Core Temperature Measurements Obtained via Radio-frequency Telemetered 
Thermometer Pill Readings at Rest and every 5 minutes during Steady State Exercise in Various 
Environmental Conditions. Note: first 25 min of steady state were at a power output that elicited 
70% of lactate threshold (70%LT) and the following 25 min were at a power output that elicited 
90%LT. A significant time effect (p < 0.001) was observed in both intensities (data not shown). * 
denotes significant group x time interaction. Data presented as mean ± SD.  
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Figure 13. Interstitial Glycerol Concentrations in Subcutaneous Abdominal Adipose Tissue 
Calculated from Dialysate Glycerol Levels at Rest and every 5 minutes during Steady State 
Exercise in Various Environmental Conditions. Dialysate concentrations were collected at a 
constant rate of 5.0 μL/min. Note: first 25 min of steady state were at a power output that elicited 
70% of lactate threshold (70%LT) and the following 25 min were at a power output that elicited 
90%LT. A significant time effect (p < 0.001) was observed in both intensities (data not shown). * 
denotes significant group x time interaction (p = 0.032) at 25-30 min only. Data presented as mean 
± SD. 
 
 

 
Figure 14. Interstitial Glucose Concentrations in Subcutaneous Abdominal Adipose Tissue 
Calculated from Dialysate Glucose Levels at Rest and every 5 minutes during Steady State 
Exercise in Various Environmental Conditions. Dialysate concentrations were collected at a 
constant rate of 5.0 μL/min. Note: first 25 min of steady state were at a power output that elicited 
70% of lactate threshold (70%LT) and the following 25 min were at a power output that elicited 
90%LT. Data presented as mean ± SD. 
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Figure 15. Blood Glucose Concentrations Taken via Fingerstick Blood Sample at the Start and 
End of both Steady State Exercise Intensities in Various Environmental Conditions (i.e. 70%LT: 
0min, 5min, 25min; 90%LT: 30min, and 50min). Note: first 25 min of steady state were at a power 
output that elicited 70% of lactate threshold (70%LT) and the following 25 min were at a power 
output that elicited 90%LT. A significant time effect (p = 0.012) was observed for the 90%LT 
intensity (data not shown). Data presented as mean ± SD. 
 
 

 
Figure 16. Blood Lactate Concentrations Taken via Fingerstick Blood Sample at the Start and End 
of both Steady State Exercise Intensities in Various Environmental Conditions (i.e. 70%LT: 0min, 
5min, 25min; 90%LT: 30min, and 50min). Note: first 25 min of steady state were at a power output 
that elicited 70% of lactate threshold (70%LT) and the following 25 min were at a power output 
that elicited 90%LT. A significant time effect was observed for both the 70%LT intensity (p = 
0.028) and the 90%LT intensity (p < 0.001) (data not shown). Data presented as mean ± SD. 
 
 



69 
 

 
Figure 17. Carbohydrate Oxidation Rate Measured for 1.5 minutes at the Start and End of both 
Steady State Exercise Intensities in Various Environmental Conditions (i.e. 70%LT: 0min, 5min, 
25min; 90%LT: 30min, and 50min). Note: first 25 min of steady state were at a power output that 
elicited 70% of lactate threshold (70%LT) and the following 25 min were at a power output that 
elicited 90%LT. A significant time effect (p < 0.05) was observed in both intensities (data not 
shown). † denotes significant difference between hot and cold conditions (p = 0.047); Δ denotes 
significant difference between cold and neutral condition (p = 0.012). Data presented as mean ± 
SD. 

 

 

 
Figure 18. Fat Oxidation Rate Measured for 5 at the Start and End of both Steady State Exercise 
Intensities in Various Environmental Conditions (i.e. 70%LT: 0min, 5min, 25min; 90%LT: 30min, 
and 50min). Note: first 25 min of steady state were at a power output that elicited 70% of lactate 
threshold (70%LT) and the following 25 min were at a power output that elicited 90%LT. A 
significant time effect (p < 0.05) was observed for the 70%LT intensity (data not shown). Data 
presented as mean ± SD. 
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Figure 19. Oxygen Consumption Rate Measured for 5 minutes at the Start and End of both Steady 
State Exercise Intensities in Various Environmental Conditions (i.e. 70%LT: 0min, 5min, 25min; 
90%LT: 30min, and 50min). Note: first 25 min of steady state were at a power output that elicited 
70% of lactate threshold (70%LT) and the following 25 min were at a power output that elicited 
90%LT. A significant time effect was observed for both the intensities (p < 0.001) (data not 
shown). Data presented as mean ± SD. 
 
 

 
Figure 20. Respiratory Exchange Ratio (RER) Measured for 5 minutes at Rest and the Final 
Minute of the First and Final 5 minute Segments of each Steady State Exercise Intensity in Various 
Environmental Conditions. Note: first 25 min of steady state were at a power output that elicited 
70% of lactate threshold (70%LT) and the following 25 min were at a power output that elicited 
90%LT. A significant time effect was observed for both the 70%LT intensity (p = 0.014) and the 
90%LT intensity (p < 0.001) (data not shown). Data presented as mean ± SD. 
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Figure 21. Ethanol Outflow/Inflow Ratio (Inversely Related to Subcutaneous Abdominal Adipose 
Tissue Blood Flow) at Rest and during Steady State Exercise in Various Environmental 
Conditions. The ethanol ratios (dialysate ethanol/perfusate ethanol) are the mean of the entire 50-
min cycling protocol with microdialysis probes being perfused at a constant rate of 5.0 μL/min. 
Data presented as mean ± SD. 
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CHAPTER 5 

DISCUSSION  

 

Environmental stress mandates physiological alterations to maintain health and 

performance in occupational, recreational, and athletic settings. In the present study, we 

systematically investigated the environmental impact on substrate metabolism, in situ and 

systemically, during submaximal steady state cycling and subsequent TT performance. The 

primary objective was to investigate the effect of hot (39.03±1.06°C; 40.19±2.18%RH), cold 

(3.06±1.78°C; 41.63±5.60%RH), and neutral (19.43±0.98°C; 38.97±2.23%RH) environmental 

temperatures on SCAAT lipolysis and whole-body substrate oxidation during steady state exercise 

in endurance-trained cyclists. Our hypotheses that a combination of endurance exercise and cold 

exposure would increase fat mobilization and oxidation, both in situ (SCAAT) and systemically, 

were not supported. Additionally, we hypothesized that TT performance would be improved after 

steady state exercise in the cold as compared to hot and neutral. While no difference in TT 

performance was observed between cold and neutral as expected, nine of the ten subjects were 

unable to complete the steady state portion of the protocol in the heat. This did not allow 

comparisons of TT performance following steady state in the heat; however, the practical 

implications for performance are obvious. 

Previous studies have supported the notion that exercise yields higher lipid mobilization 

from the SCAAT during exercise [51, 296]. However, to date, there are no data demonstrating the 

effect of cold or hot temperatures during exercise on the mobilization of glycerol from SCAAT. 

Using microdialysis, we were able to determine dialysate glycerol and glucose concentration in 

the SCAAT before and during exercise. The novel finding from the present study is that 

temperature did not influence SCAAT mobilization or blood flow, whole-body lipolysis, or fat 

oxidation during steady state exercise below the LT (70% and 90%LT).  

Our findings of significantly higher HR in the hot trial from 10-25 min may be explained 

by a redistribution of blood volume to the skin, a reduction in central blood volume, and the 

concomitant need to maintain cardiac output [297]. Additionally, these data support previous 

research demonstrating significantly greater HR in the heat [199, 298], particularly research 



73 
 

showing significant differences beginning 10 min into exercise [298]. However, while an increase 

in core temperature occurs proportionately to exercise intensity, the present study did not show a 

difference in core temperature among conditions at any point (Figure 11). While Cuddy et al. 

[299] also reported no change in core temperature during a graded GXT to exhaustion with similar 

temperatures (Hot: 42°C; Neutral: 18°C) and exercise duration (50-65 min) used in the present 

study, subjects in their study were permitted to consume water ad libitum which has been shown 

to attenuate a rise in core temperature [297]. However, based on previous research by Febbraio et 

al. [197] who used a similar protocol to that used in the present study (i.e. 40 min of cycling at 

70%VO2max in 40°C or 20°C), we speculate that given the ability to compare the hot condition 

beyond the 70%LT intensity, significant differences would have been revealed between the core 

temperatures of the hot condition in comparison to both cold and neutral.  

We expected cold conditions to increase interstitial glycerol levels to a greater extent than 

hot or neutral conditions given that previous studies have shown cold environments (temperatures 

range from -20° to 11°C) to elicit increases in whole-body fat utilization (and consequentially 

decreases in glycogen utilization) [3, 199, 249, 270]. It should be noted however, that this is not 

universally accepted and much research regarding fat metabolism in the cold remains equivocal 

[4, 5, 212, 257, 258, 268]. 

 Some research has suggested that results not showing an augmented, cold-induced 

lipolytic response at rest is due, at least in part, to peripheral perfusion limitations to adipose tissue 

during exercise, as cold exposure has been shown to decrease adipose tissue blood flow via 

potentiation of adrenergic vasoconstriction [12]. As such, it has been proposed that diminished 

peripheral blood flow may limit the escape of FFA and glycerol from adipose tissue into the 

bloodstream, although this has not been verified. Therefore, in the present study we measured the 

microcirculatory blood flow in the SCAAT via previously described techniques [278, 279] to 

ensure that any alterations in interstitial markers was a direct result of temperature and not 

temperature-induced alterations in blood flow. Our data demonstrated that the environmental 

conditions in which the exercise was performed had no effect on in situ SCAAT blood flow. 

Interestingly, while the present study is the first to address the environmental influence on SCAAT 

blood flow, previous research by De Glisezinski et al. also found that cycling at 50% maximal 

aerobic power elicited little change in adipose tissue blood flow [296]. Our results agree with that 
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of De Glisezinki et al. [296], thus any changes in interstitial glycerol or glucose concentration 

observed among hot, cold, and neutral environmental conditions are due primarily to changes in 

substrate utilization patterns as opposed to changes in SCAAT blood flow. 

However, to our surprise, no significant differences in interstitial glycerol were observed 

among hot, cold, or neutral conditions. Previous research has used microdialysis to show SCAAT 

lipolysis increases during aerobic exercise [300, 301], and while this study further validates those 

findings, our data are the first to illustrate that environmental temperature has no significant effect 

on SCAAT metabolism during steady state exercise. Due to the fact that research regarding 

environmental influences on SCAAT metabolism is scarce, inferences on metabolic SCAAT 

alterations must be made from previous research investigating the effects of environmental 

temperatures on whole-body and intramuscular fat metabolism. Indeed, studies have shown that 

circulating plasma glycerol and local SCAAT glycerol concentrations respond to stimuli in an 

identical manner [302, 303]. Therefore, it is possible that temperature-induced alterations in 

SCAAT metabolism reflect the findings of previous research. In the present study, SCAAT 

glycerol significantly increased over time, but we found no differences in the interstitial glycerol 

or glucose response among conditions. It is possible that the exercise-induced increases in both 

muscle temperature [304] and core temperature [269] negated any possible changes in SCAAT 

lipolysis that may have been observed as a result of the environment alone (without exercise). 

Additionally, endurance-trained athletes have been shown to elicit a greater catecholamine-

stimulated lipolytic response to exercise in comparison to sedentary individuals [305–307]. Given 

the highly-trained nature of our subjects, this adaptation could have potentially masked any further 

lipolytic augmentation resulting from varying catecholamine responses among the environmental 

conditions. Catecholamine levels have been shown to increase with exercise in the cold (up to 

~256%) [220, 246], as well as during prolonged heat exposure (~150% increase in NE) [308];  

however, without the direct measurement of catecholamines in the present study, it is difficult to 

quantify the hormonal effect on lipolysis among environmental conditions. 

Interestingly, Lonnroth et al. [309], via microdialysis, found that interstitial glucose was 

almost identical to venous plasma glucose (8 ± 3%) in healthy individuals at rest. However, despite 

the fact that no differences were noted among groups for either interstitial glucose or blood glucose 

in the present study, the concentrations of interstitial and blood glucose were markedly different. 
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In agreement with our findings, Cengiz and Tamborlane reported that interstitial glucose 

concentrations do not bear an identical relationship to blood and should be viewed separately 

[310], as blood flow, capillary permeability, and many other factors influence interstitial glucose 

concentrations [310–312].  

When viewing substrate metabolism and oxidation on a systemic level, it has been 

suggested that cold-induced peripheral vasoconstriction to the active muscles may yield a 

diminished ability for metabolites, specifically lactate, to be removed from the working muscles 

via blood circulation, resulting in the diminished total body lactate concentration measurement 

obtained via fingerstick [34, 255]. Therefore, it is possible that systemic blood flow variations 

among conditions masked the exact values of blood lactate values in this study; however, it is 

difficult to speculate as to whether or not fingerstick results obtained in the present study 

represented diminished blood lactate concentrations on account of the aforementioned peripheral 

vasoconstriction. Anecdotally, however, the cold presented no additional difficulties in fingerstick 

blood collection in the current study; therefore we believe that our results represent true levels of 

blood lactate and were not diminished due to peripheral vasoconstriction. While diminished lactate 

concentrations may occur as a result of peripheral vasoconstriction in cold temperatures, increased 

glycogenolytic rates due to exercise in the heat appear to engage both aerobic and anaerobic 

pathways as elevated lactate accumulation is often observed in the heat [197, 202, 207, 210–212]. 

Specifically, Hargreaves et al. reported significantly increased plasma lactate concentrations (p < 

0.05) between hot (40°C; 6.3 ± 0.9 mmol/L) and neutral (20°C; 2.7 ± 0.3 mmol/L) temperatures 

after 40 min of cycling at 65%VO2peak [214].  While no significant difference was observed in the 

present study, we only reported lactate concentrations for the heat through the 70%LT intensity 

(0-25 min). Thus, we can only speculate that lactate concentrations would have shown marked 

increases if a higher number of subjects were able to complete the hot trial. However, lactate 

concentrations were indeed higher in the hot condition at the lower intensity, and at 30 min (only 

5 min into 90%LT intensity) lactate concentrations were continuing to climb and nearing LT (3.90 

± 1.34mmol/L). However, this suggested flux between aerobic and anaerobic metabolism is 

difficult to precisely measure. In contrast, Nielsen et al. [200] showed no significant difference 

between hot (40°C) and thermoneutral conditions (18-21°C) in arterio-venous lactate 

concentrations nor in rates of lactate release from contracting skeletal muscle when comparing 

conditions. Furthermore, it is possible that increases in lactate concentration during exercise could 
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lead to a reduction in lipolytic action. However, Trudeau et al. reported that the lipolytic response 

in SCAAT is not affected by lactate perfusion into the SCAAT during exercise at 50%VO2max for 

two hours. This indicates that, in the present study, even though the hot condition elicited greater 

relative exercise intensity in comparison to the other conditions (as indicated by the significantly 

higher HR response and the subject’s inability to complete the prescribed exercise intensity and 

duration), lactate concentrations alone may not have rendered a reduction in SCAAT lipolysis. 

Measurement of lipid metabolism in the cold via indirect calorimetry also has equivocal 

results in the research as some show cold stress elicits no change in fatty acid oxidation [29, 31, 

246–248], while others have shown an increase [220, 249]. Regarding estimation of whole-body 

carbohydrate oxidation via indirect calorimetry, research has consistently shown that carbohydrate 

oxidation is upregulated during exercise in the heat [197, 202, 207, 210, 214, 220]. In accordance 

with previous findings, we expected to see an increase in carbohydrate utilization during exercise 

in the heat and a diminished reliance of fat as a fuel source [194, 197, 198]; however, there were 

no differences in carbohydrate oxidation rate among groups at any point, with the exception of 

min 5 when cold yielded a higher carbohydrate oxidation rate than hot (1.77 ± 0.22 vs. 1.43 ± 0.24 

g/min, respectively; p = 0.020) and neutral conditions (1.77 ± 0.22 vs. 1.35 ± 0.26 g/min, 

respectively; p = 0.004). Of note, Yaspelkis et al. [201] compared the effects of hot (33.7 ± 0.1°C; 

49.1 ± 1.8%RH) and thermoneutral (23.5 ± 0.6°C; 52.7 ± 2.9RH) environments on glycogen and 

carbohydrate utilization in endurance-trained cyclists at a similar exercise intensity (73.6 ± 1.1% 

VO2max) used in the present study (70%LT = 59.9%VO2peak; 90%LT = 78.45%VO2peak) and 

showed no difference in carbohydrate oxidation between trials. Even though we used a hotter 

temperature in the present study than that used by Yaspelkis et al. (39.03 ± 1.06°C; 40.19 ± 

2.18%RH vs. 33.7 ± 0.1°C; 49.1 ± 1.8%RH, respectively), our findings still showed no difference 

between groups after 50 min of exercise [201]. Again, the inability for comparison to the hot 

condition as a result of subject attrition could very well be masking potential changes that would 

have occurred in the heat trial at 90%LT intensity. Additionally, we speculate that the short 

duration (only 50 min) of the steady state cycling protocol may not have been long enough to 

increase fat oxidation as a result of depletion of muscle glycogen, despite arriving fasted for each 

exercise trial.  
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Furthermore, RER as it pertains to substrate oxidation becomes further complicated when 

discussing exercise in the cold. Dolny and Lemon found higher urea nitrogen concentrations when 

90 min of cycling exercise was performed at 65%VO2max in a cold environment (5°C) as compared 

to hot (30°C), suggesting greater protein breakdown in the cold [220]. Thus, with protein oxidation 

rates being more similar to fat than carbohydrate and RER representing an estimation of non-

protein fractional substrate utilization, use of RER values as an indication of whole-body lipolysis 

perhaps should be accepted with additional caution in cold environments. Nevertheless, our results 

indicated that RER values were similar in hot, cold, or neutral temperatures conditions during 

steady state exercise. As expected, our results suggest that exercise in hot, cold, and neutral 

environmental temperatures elicits no changes in the VO2, which is consistent with previous 

research [208, 313, 314].  

It should be noted that the lack of differences observed among groups in this study does 

not necessarily mean that substrate utilization patterns were not altered as a result of the specific 

environmental conditions tested. Regarding serum FFA concentrations specifically, it is possible 

that no significant differences were observed among groups as a result of the partitioning of other 

adipose tissue depots (e.g., IMTGs, visceral, etc.) and the re-esterification of fatty acids, although 

stable isotope tracers are needed to investigate FFA partitioning. As such, further investigation 

into the cause and location of multiple sites of lipolytic activity during exercise should be included 

in future research in order to quantify the contribution of each depot and elucidate any potential 

influence environmental temperatures may induce.  

The TT was performed in a constant, thermoneutral environment that resulted in different 

starting physiological conditions (e.g. sweat rate, skin temperature, etc.). We expected the TT 

performance following both cold and neutral to be greater than the hot trial as it is well established 

that endurance performance deteriorates as surrounding ambient temperature increases [257]. 

Furthermore, although skin temperature was not measured in the present study, we expected 

improved TT performance following steady state exercise in the cold vs. neutral temperatures. 

Indeed, Faulkner et al. reported significantly faster TT cycling performances (5.8%) in the heat 

(35°C) when subjects began the TT with lower skin temperatures (p < 0.05). However, no 

performance difference was observed between TT performances after the cold vs. the neutral 

conditions in the present study [315]. This is likely due to a combination of 1) the immediate onset 
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of cold exposure, and 2) the high intensity exercise being sufficient enough to prevent a cold-

induced drop in core temperature, rendered physiological changes observed in previous research 

non-significant. Additionally, no TT was performed following exercise in the heat as attrition was 

too great during the 90%LT steady state portion.  

The strengths of this study are numerous. Specifically, the use of microdialysis to measure 

SCAAT lipolysis and blood flow alongside whole-body fat metabolism in well-controlled 

conditions is novel. Care was taken to address nutritional concerns as well. We took time to cover 

every aspect of metabolism that we could via measurement of SCAAT interstitial markers, blood 

markers, and indirect calorimetry at appropriate intervals throughout each trial. Another strength 

is the endurance-trained status of the subjects (60.60 ± 4.67 ml·kg-1·min-1). Additionally, all testing 

was performed in the same “spring” temperatures in Tallahassee, FL (February – April) in order 

to minimize any heat acclimatization often associated with training in Florida weather. Perhaps if 

the study was performed at the end of the summer, the cyclists would be heat acclimatized, thus 

allow for a greater compliance in heat trial completion [316]. As it were, any acclimatization issues 

were likely minimized. Moreover, multiple studies have shown no evidence of cold 

acclimatization in human [317–319]. However, a few methodological limitations exist and need 

to be addressed. The increased metabolic heat production associated with strenuous exercise, in 

combination with impairment of heat dissipation as a result of increased environmental 

temperature and/or humidity, yields a major physiological challenge for an athlete. In the present 

study, this challenge proved too great for nine out of ten cyclists to complete the entire cycling 

protocol in the hot condition. While a reduction in performance as a result of hot conditions is well 

understood [320, 321], this was an unexpected result as, in addition to our own pilot testing, 

previous research has required trained runners to exercise for 80-100min in hot temperatures (90-

120°F), albeit at a lower exercise intensity (~50% VO2max) [208, 313], and trained cyclists for 40 

min at 65%VO2peak in 40°C [214]. Due to the inability of the majority of the cyclists to complete 

the heat trial, the two exercise intensities (i.e. 70%LT and 90%LT) were analyzed separately. Data 

are often presented with a lower subject number so that identical intra-subject comparison could 

be made and inter-subject variability was minimized across trials.   

In conclusion, by using microdialysis, we observed an increase in SCAAT lipid 

mobilization during steady state exercise; however, temperature did not influence in situ (SCAAT) 
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or whole-body substrate metabolism during steady state exercise below the LT (70% and 90%LT), 

nor did it affect subsequent TT performance. A multitude of factors have been shown to affect the 

lipolytic response of exercise-induced lipolysis (e.g. gender, adipose region, etc.) [129, 322]. 

Consequently, it is important to recognize that the results of this study are specific for endurance-

trained males and for SCAAT metabolism. The inability for nine out of ten subjects to complete 

the entire 50-min steady state portion of the protocol limits the ability to compare across all three 

environmental conditions that may have yielded statistical significance. However, the practical 

nature of the impact of heat on performance is a principal outcome that should not be overlooked.  
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 Expose students to a variety of exercise testing, training and instruction techniques used 

to evaluate health and performance measures 

 

Student Lab Director      August 2014 – August 2015 

Department of Nutrition, Food and Exercise Sciences, Florida State University - Tallahassee, FL 

Courses: Applied Exercise Physiology (PET3380/APK3110), Graduate Applied Exercise 

Physiology (PET6931) 

 Oversee up to 15 laboratory classes at both the graduate and undergraduate level and 

supervise the teaching preparation and delivery of up to 5 teaching assistants  

 Clearly communicate with teaching assistants the course purpose and weekly instruction 

plans to ensure uniform understanding of both short and long-term course goals 

 Monitor laboratory setting for testing, health and blood supplies in addition to overall 

laboratory teaching preparation and presentation 
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UNIVERSITY ATHLETICS EXPERIENCE 

Graduate Assistant       August 2010 – August 2012 

University of Tennessee – Knoxville Athletic Department    Knoxville, TN 

 Supervise small teams responsible for maintaining the appearance of athletic facilities  

 Responsible for the preparation and presentation of specific UT events 

 Develop and present proposals for facilities maintenance targeted toward cost minimizing 

and brainstorming for new and effective ideas 

 

Student Assistant       August 2006 – August 2010  

University of Tennessee – Knoxville Athletic Department    Knoxville, TN 

 Supervise a group of students responsible for the preparation and presentation of specific 

UT events 

 Proactively communicate to management recommendations and/or analysis in support of 

short and long-term strategic plans 

 Develop and present proposals for facilities maintenance to management regarding cost 

management and time efficiency 

 

PUBLISHED MANUSCRIPTS 

Invited Journal Articles: 

Ormsbee, M. J., Bach, C. W., & Baur, D. A. (2014). Pre-exercise nutrition: the role of 

macronutrients, modified starches and supplements on metabolism and endurance 

performance. Nutrients, 6(5), 1782-1808.  

 

Refereed Journal Articles:  

Baur, D.A., Bach, C.W., Hyder, W.J., and Ormsbee, M.J. (2015). Fluid Retention, Muscle 

Damage, and Altered Body Composition at the Ultraman Triathlon. Eur J Appl Physiol, 

(Epub ahead of print) 

 

Bach, C.W., Brown, A.F., Kinsey, A.W., and Ormsbee, M.J. (2015). Anthropometric 

Characteristics and Performance Capabilities of Highly-Trained Motocross Athletes 

Compared to Physically Active Men. J Strength Cond Res, (Epub ahead of print). 
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Ormsbee, M.J., Ward, E.G., Bach, C.W., Arciero, P.J., McKune, A.J., and Panton, L.B. (2015). 

The Impact of a Pre-Loaded Multi-Ingredient Performance Supplement on Muscle 

Soreness and Performance Following Downhill Running. J Int Soc Sports Nutr,12(1):2. 

 

McKune, A.J., Bach, C.W., Semple, S.J., and Dyer, B.J. (2014). Salivary Cortisol and α-amylase 

Responses to Repeated Bouts of Downhill Running. Am J Hum Bio, 26(6), 850-5. 

 

MANUSCRIPTS IN REVIEW 

Baur, D.A., Vargas, F.C.S, Bach, C.W., Garvey, J.A., and Ormsbee, M.J. (2016). Slow-Absorbing 

Modified Starch Before and During Prolonged Cycling Increases Fat Oxidation and 

Gastrointestincal Distress without Changing Performance. Nutrients.  

 

MANUSCRIPTS IN PREPARATION 

Bach, C.W., Baur, D.A., Ruby, B.C., Willingham, B.D., and Ormsbee, M.J. (2016). The Effect of 

Ambient Temperature on Substrate Metabolism and Performance in Endurance-Trained 

Cyclists. 

  

Bach, C.W., Baur, D.A., Hyder, W.J., and Ormsbee, M.J. (2016). Blood Glucose Kinetics and 

Physiological Changes in the First-ever Type 1 Diabetic Finisher of the Ultraman 

Triathlon: A Case Study.  

Brown, A.F., Bach, C.W., De Almeida, G., Leonard, S.M., Welsh, T., Ormsbee, M.J. (2015). 

The Effect of Dietary Protein Consumption on Body Composition & Performance 

Capabilities in Female Collegiate Ballet Dancers. J Dance Med Sci.  

Mason, J.R., Madzima, T.A., Bach, C.W., Panton, L.B. (2015). Follow-up Study on Female Breast 

Cancer Survivors after Resistance-Training Intervention. 

 

Bach, C.W., Conger, S.A., Flynn, J.I., Thompson, D.L., and Bassett, D.R. (2015). Effect of a 

Bacteriological Filter on VO2max Measured by a Computerized Metabolic System. 

 

PROFESSIONAL MEMBERSHIP 
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National Strength and Conditioning Association (NSCA)    2014 – Present  

International Society of Sports Nutrition      2014 – Present  

Professionals in Nutrition for Exercise & Sport     2014 – Present  

American College of Sports Medicine      2011 – Present 

 

PROFESSIONAL CREDENTIALS 

Certified Strength & Conditioning Specialist, NSCA     2015 – Present  

Certified Sports Nutritionist, International Society of Sports Nutrition  2015 – Present  

Certified Basic X-Ray Machine Operator (DXA Scan Certification)  2013 – Present  

CPR/AED Certification, American Red Cross     2011 – Present  

 

NATIONAL PRESENTATIONS 

Bach, C.W. (June 2016). Carbon Fiber or Acclimatization – which makes you faster? Presented 

to Gulf Winds Triathlon Club as invited guest speaker. 

 

Bach, C.W. (May 2016). Inflammation Science: Understanding Adaptation to Exercise, 

Nutrition, and Recovery Interventions. Invited guest speaker. Oral presentation at 

Collegiate and Professional Sports Dietitians Association National Conference. Kansas 

City, MO. 

 

Bach, C.W. (February 2016). Sex, Steroids, and Bonking Hard: The Endocrine System. Presented 

at Florida State University as guest lecturer. 

 

Bach, C. W., Baur, D. A., Hyder, W. S., & Ormsbee, M. J. (July 2015). Effects of a Multistage 

Ultra-Endurance Triathlon on Body Composition and Glucose Control in a Type 1 

Diabetic Athlete: A Case Study. Poster presentation at National Meeting, National 

Strength and Conditioning Association. (National) 

 

Bach, C.W., Ormsbee, M.J. (September 2015). 5 Most Common Fueling Mistakes Seen at a 

Triathlon Race. Presented to Gulf Winds Triathlon Club as invited guest speaker. 
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Bach, C.W., Miller, E.A., Gorman, K.A., Spicer, M.T., Eckel, L.A., and Ormsbee, M.J. (May 

2015). Effect of Nighttime Eating on Next Morning Hydration Status and Running 

Performance in Female Endurance Athletes. Poster presentation at annual meeting, 

American College of Sports Medicine, San Diego, CA. (National). 

 

Bach, C.W. (March 2015). Resistance Training Programs. Presented to Tallahassee Community 

College as invited guest lecturer. 

 

Bach, C.W. (December 2014). Sports Nutrition: Substrate Metabolism and Performance. 

Presented to University of Southern Mississippi as invited guest lecturer.  

 

Bach, C.W. (May 2014, July 2014, October 2014). Endocrine Response to Exercise and 

Nutrition: Part 1. Presented at Florida State University as guest lecturer. 

 

Bach, C.W. (May 2014, July 2014, October 2014). Endocrine Response to Exercise and 

Nutrition: Part 2. Presented at Florida State University as guest lecturer. 

 

Bach, C.W., Dyer, B.J., and McKune, A.J. (May 2014). Salivary cortisol and α-amylase 

responses to repeated bouts of downhill running. Poster presentation at annual meeting, 

American College of Sports Medicine, Orlando, FL. (National). 

 

Bach, C.W., Conger, S.A., Flynn, J.I., Thompson, D.L., and Bassett, D.R. (May 2013). Effect of 

a Bacteriological Filter on VO2max Measured by a Computerized Metabolic System. 

Poster presentation at annual meeting, American College of Sports Medicine, 

Indianapolis, IN. (National). 

 

Bach, C.W. (March 2013). South African Research Experience. Presented at Florida State 

University as invited guest speaker for the Nutrition and Exercise in Health Seminar Series. 

 

Bach, C.W. (March 2013). Nutrition and Physical Activity: Keys to Good Health. Presented at 

Florida State University as invited guest lecturer. 
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Bach, C.W. (March 2013). Sports Nutrition: Pre-, During, and Post-Exercise. Presented at 

Florida State University as invited guest lecturer.  

 

Bach, C.W., Brown, A.F., Kinsey, A.W., and Ormsbee, M.J. (February 2013). Physiological 

Characteristics, Performance Capabilities, and Personality Traits of Elite Motocross 

Athletes Compared to Physically Active Men. Poster presentation at Research and 

Creativity Day, Florida State University, Tallahassee, FL. 

 

INTERNATIONAL PRESENTATIONS 

Bach, C.W. (July 2013). Exercise in Hot and Cold Environments. Presented at University of 

KwaZulu-Natal as visiting lecturer. 

 

Bach, C.W. (July 2013). Maximal Oxygen Uptake. Presented at University of KwaZulu-Natal as 

visiting lecturer. 

 

Bach, C.W. (July 2013). Exercise at Altitude. Presented at University of KwaZulu-Natal as 

visiting lecturer. 

 

GRANT FUNDING 

Bach, C.W., & Ormsbee, M.J. (August 2015 – September 2016). Effects of Cold Ambient 

Temperature on Substrate Metabolism and Performance. Funded by National Strength 

and Conditioning Association. 

 

Total award – $15,000. Role: Principal Investigator. 
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Bach, C.W. (2014). Anthropometric Characteristics and Performance Capabilities of Highly-

Trained Motocross Athletes Compared to Physically Active Men. Submitted to Open 

Access Publishing Fund Grant.  

 

Total award – $1,500. Role: Principal Investigator. 

 

PROFESSIONAL CONFERENCES AND TRAINING 

Collegiate and Professional Sports Dietitians Association National Meeting, Kansas City, MO – 

2016. 

Florida State University – International Society of Sports Nutrition Conference. Tallahassee, FL 

– 2016. 

National Strength and Conditioning Association National Meeting. Orlando, FL – 2015.  

American College of Sports Medicine National Meeting. San Diego, CA – 2015.  

Southeast American College of Sports Medicine Regional Meeting. Jacksonville, FL – 2015. 

American College of Sports Medicine National Meeting. Orlando, FL – 2014. 

Florida State University – International Society of Sports Nutrition Conference. Tallahassee, FL 

– 2014.  

“Use of Heart Rate Training Technology to Manage Training Stress and Recovery”, Polar® 

Webinar – 2014. International Sport and Exercise Nutrition Conference. Newcastle upon Tyne, 

England – 2013. 

American College of Sports Medicine National Meeting. Indianapolis, IN – 2013. 

Southeast American College of Sports Medicine Regional Meeting. Greenville, SC – 2013. 

Southeast American College of Sports Medicine Regional Meeting. Jacksonville, FL – 2012. 

“How Physiological Testing Can Be Used to Improve Performance and Safety”, Gatorade Sport 

Science Institute Webinar – 2011.   

“Promoting Healthy Weight Colloquium”, University of Tennessee – Knoxville. Knoxville, TN 

– 2011.  

 

AWARDS AND HONORS 

Student Representative, Exercise Physiology Professors Search Committee 2015 – Present 

College of Human Sciences Fellowship Award, Florida State University  2012 – Present 
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Florida State University Student Employee of the Year Nominee   2015 – Present  

Jean A. Reutlinger and Lillian H. Munn Scholarship     2015 – Present  

Tennessee HOPE Scholarship, University of Tennessee    2006 – 2010 

A.F. Bridges Tennessee Secondary School Association Student Athlete Scholarship  2006   

 

RESEARCH SKILLS 

Microdialysis 

Environmental Chamber 

Enzyme-linked immunosorbent assay analysis (ELISA) 

Core Temperature Thermometer pills (HQ Inc.) 

Phlebotemy 

Urine Specific Gravity 

Laser Doppler  

Proficiency with various metabolic carts (Parvomedics, Cosmed, and Moxus) 

Blood Lactate Testing and Analysis 

Continuous Glucose Monitoring Systems (Dexcom) 

Body composition assessments and equipment (DXA – Lunar and Hologic, hydrostatic 

weighing, skin fold, bioelectrical impedance) 

Various methods of reliably and accurately assessing human health and performance 

Salivary analysis via Salimetrics 

SPSS statistical package 

 

 


