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Chapter I 

Introduction 

Background 

The overall health of many Americans has declined significantly over the past two 

decades and continues to worsen as the incidence of the metabolic syndrome increases. The 

metabolic syndrome is a collection of risk factors which have been associated with the 

development of atherosclerotic disease and type 2 diabetes mellitus. The risk factors and 

symptoms include obesity, hypertension, dyslipidemia, insulin resistance and glucose intolerance 

all of which have been associated with an elevated postprandial lipemic response. Postprandial 

lipemia (PPL) characterizes blood triacylglycerol (TAG) content following a meal. The lipemic 

response is especially exaggerated following a high fat meal (3). Most American’s eating 

patterns and habits lead them to consume three meals or more each day with each meal 

containing 20 to 70 grams of fat. The subsequent meal or fat intake is often consumed before 

plasma TAG levels have returned to baseline from the previous meal; thus, a relatively constant 

state of lipemia is maintained (31). Elevated PPL is associated with several prospective 

atherogenic changes, including increased chylomicron remnant production, reduced high-density 

lipoprotein (HDL), formation of low-density lipoprotein (LDL) particles that are highly 

susceptible to oxidative modification, activation of inflammatory cytokines and endothelial 

dysfunction (12). Singularly or combined, these symptoms have been shown to increase the risk 

of cardiovascular disease (5, 1).  

Approximately 24 percent of American adults have metabolic syndrome and its 

prevalence increases with age, with an estimated 44 percent of Americans over 50 years olds 

being affected by it (35). In 2001, more than 120 million people had type 2 diabetes mellitus, the 
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most common metabolic disease in the world. It is estimated that more than 220 million people 

currently suffer from type 2 diabetes mellitus; thus, the number of affected individuals has nearly 

doubled in the past decade (26). Insulin resistance and other obesity-related phenotypes have 

been identified even in normal weight, seemingly healthy young women. This may in part be due 

to physical inactivity, increased visceral adiposity, and alterations in characteristics of skeletal 

muscle metabolism (8). Therefore, interventions to improve, and/or slow the decline of the 

metabolic profile in this population are of great concern and interest (8). 

Individuals with the metabolic syndrome have a 2.3 fold increase in the incidence of 

CVD, a three-fold increase in the risk for coronary heart disease and stroke, and a six-fold 

increase in the risk of cardiovascular mortality (35). A meta analysis by Hokanson and Austin (1) 

revealed that hyperlipemia, another symptom of the metabolic syndrome, is linked to a 32 and 76 

percent increase in CVD risk in men and women respectively. Elevated blood TAG levels due to 

impaired clearance, create an atherogenic influence on various lipoprotein species. When the 

circulation residence time of these species is extended, these particles exchange their TAG for 

cholesterol ester from the cholesterol rich lipoproteins. This ultimately leads to diminished high-

density lipoprotein cholesterol (HDLC) concentration and a predominance of small, dense low-

density lipoprotein cholesterol (LDLC) particles, a combination known as the atherogenic 

lipoprotein phenotype (14). Both scientific and clinical research support the idea that 

atherosclerosis is a postprandial phenomenon, worsened by the repeated episodes of lipemia 

experienced throughout the day. This heightened lipemic response is tied to lipoprotein 

metabolism impairment and disturbances that hasten atherosclerosis and further contribute to the 

metabolic syndrome and related complications (7).  
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Many factors affect how the body responds to elevated plasma TAG content, including 

insulin sensitivity and lipoprotein lipase activity, both of which are impacted by recent physical 

activity as well as regular exercise (3). Insulin response plays a primary role in the postprandial 

period and has direct inhibitory and stimulating effects on lipoprotein lipase activity in adipose 

and skeletal muscle based on fasting and feeding; and thus intracellular lipid content. Aerobic 

training has been shown to enhance insulin sensitivity (30). Acute aerobic and resistance  

exercise (RE), one day prior to a high fat test meal, have been shown to decrease the insulin 

response to a test meal, improve glucose disposal and attenuate the PPL response via various 

mechanisms, such as exercise energy expenditure, decreased hepatic VLDL secretion and 

possibly increased lipoprotein lipase activity (1, 2, 8, 13). Miller et al. (19) studied the effects of 

RE on glucose tolerance and glucose stimulated insulin response and found that strength training 

was effective in significantly lowering basal plasma insulin concentration and the insulin 

response to a high glucose load (19). The PPL response to a high fat meal is also lower in 

endurance athletes or trained individuals compared to sedentary people; thus, there may be some 

chronic adaptation in these responses in addition to the acute effects of recent exercise (3).   

There have been many studies seeking to establish the relationship between aerobic 

exercise and the PPL response (1, 5, 6, 11, 13); however, there has been comparatively less focus 

on the relationship between RE and the lipemic response.  While the mechanisms of the 

beneficial effects of acute exercise are not fully understood, exercise timing and energy 

expenditure have been shown to affect PPL response. It appears that the postprandial TAG 

concentration is reduced by two complementary mechanisms: 1) recent, acute exercise bouts at 

appropriate energy expenditure, 2) VLDL secretion from the liver (2, 13). The timing of the 

exercise session, before or after the meal, has different effects on PPL response and TAG 
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clearance (10). Research reveals, both in fasted and postprandial states that the greatest exercise 

stimulated TAG attenuation occurs hours post exercise, rather than during or immediately post 

exercise (2). Herd et al. (4) found that moderate intensity exercise 16 hours prior, reduced PPL 

response to a standard high fat meal. While exercise timing appears to be influential, energy 

expenditure appears to be the primary factor by which exercise influences plasma TAG clearance 

rate (11, 13). There is a moderately strong, inverse relationship between energy expenditure and 

PPL (1). The results of a study by Tsetsonis and Hardman (11) confirm the idea that low 

intensity exercise can have significant beneficial effects on postprandial lipemic response and in 

turn the atherogenic disturbances of lipoprotein metabolism. Regardless of exercise intensity, 

exercise duration or substrate contribution (fat or carbohydrate), when the total energy 

expenditure is held constant or very similar, PPL response is attenuated to an equal extent (1, 2, 

5, 6, 11). 

Increased LPL-mediated lipolysis is also thought to be a major contributor to TAG 

clearance (2). Acute aerobic exercise leads to enhanced LPL activity, by way of enhanced insulin 

sensitivity and thus, a blunted insulin release, as a mechanism for lowering PPL. It is thought 

that the higher intensity and lower repetition contractile activity characteristic of RE may 

increase LPL activity and affect PPL to an equal or greater extent compared to aerobic exercise 

(1). While there are far fewer studies investigating the effects of RE on PPL compared to aerobic 

exercise effects on PPL, RE has been shown to enhance insulin sensitivity, reduce fasting TAGs 

and increase resting and 24 hour fat oxidation (1, 4).  

Resistance exercise training has been shown to induce a significant increase in insulin 

responsiveness to a glucose load in young (23 year old) subjects (21, 48). Miller et al. (19) 

investigated the effects of RE on glucose and glucose stimulated insulin response and found no 
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significant change in glucose but RE was effective in significantly lowering basal plasma insulin 

levels. Insulin response to a high glucose load (100g) was also reduced by 18.9 percent following 

resistant exercise training compared to baseline. Craig et al. (21) reported that after 12 weeks of 

RE training there was a significantly reduced insulin concentration, which represented a 31 

percent decrease in young subjects (ages 21 to 24 years old) and a 20 percent decrease in elderly 

subjects (ages 61 to 63 years old) from basal concentrations. These results indicate that high 

intensity resistance training may provide a means of reducing basal insulin levels and the insulin 

response to a glucose load, thus providing an alternative to aerobic training for controlling blood 

glucose and insulin levels (19).  

Also, an acute bout of strenuous RE, 16 hours before a high fat meal led to decreases in 

baseline TGs and total serum TG response to the meal, and significantly increased resting fat 

oxidation 15 hours post exercise (1). In addition, serum insulin concentrations were significantly 

lower .5 hours postprandially after RE and resting control trials compared to aerobic exercise 

trials (1). Zotou et al. evaluated the effects of a single bout of moderate intensity RE on total TG 

and triglyceride rich lipoprotein (TRL-TG) in premenopausal women. Their results revealed a 

significant decrease in fasting and postprandial total and TRL-TG concentrations. The results 

regarding the association between RE, insulin sensitivity and improved TAG clearance have 

practical implications for subjects suffering from the metabolic syndrome, type 2 diabetes 

mellitus or for those at high risk for atherosclerosis and CVD. Resistance exercise may serve as 

an applicable intervention or adjunct and allows them to incorporate physical activity within 

realistic means (11, 26).   
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Purpose 

The purpose of this study was to evaluate the effects of a single bout of RE on 

triglyceride, insulin and glucose levels, LPL mass, nitrite and nitrate concentrations as well as 

endothelial function via flow mediated dilation, following a high fat meal.   

Hypotheses  

It was hypothesized that a single bout of RE would:  

1) attenuate the PPL response to a high fat meal consumed 16 hours post exercise. 

2) reduce the insulin response thereby increasing insulin sensitivity while glucose levels were 

expected to remain the same as baseline measures.  

3) increase flow mediated dilation counteracting the negative effects of the high fat meal.  

4) increase hypotheses included the expectation LPL mass as an indicator of LPL activity, thus 

acting as  the mechanism for lower blood TAG; and 

5) increase nitrite and nitrate levels, indicating better endothelial vaso-reactivity.  

Significance 

Most Americans spend a majority of the day in a lipemic state due to the frequency of meal 

consumption when following a typical Western dietary patter, and due to the relatively high fat 

content in a typical diet. PPL is associated with the metabolic syndrome (insulin resistance, 

glucose intolerance, type 2 diabetes, and hypertension) which is also associated with an 

increased risk for CVD. Hyperlipidemia leads to a 32% and 76% increase in CVD risk in men 

and women, respectively. PPL is also believed to be associated with atherosclerotic plague 

formation, which is an independent risk factor for CVD. Increased postprandial triglycerides 
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affect endothelial function by decreasing nitric oxide (NO) release from the cells and disturbing 

vaso-activity. Repeated exposure to a hyperlipidemic state is linked to disturbances of 

lipoprotein metabolism, which increases the progression of atherosclerosis. Resistance exercise 

has been shown to increase TAG clearance rate and attenuate the PPL response. Therefore, with 

the appropriate understanding of mechanisms and proper exercise parameters RE may serve as a 

viable intervention to blunt the negative effects of PPL, slow the progression of atherosclerosis 

and decrease CVD risk factors.  
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Chapter II 

Review of Literature  

Background 

 The metabolic syndrome is a nondiscriminatory health issues that may be seen in many 

populations regardless of gender, race, or age. Approximately 24 percent of US adults have the 

metabolic syndrome, with its prevalence increasing with age (35). The metabolic syndrome can 

be characterized by a collection of risk factors and symptoms including hypertension (HTN), 

Insulin resistance (IR), glucose intolerance, visceral adiposity or obesity, dyslipidemia and 

hyperlipemia.  

Insulin resistance and other obesity related phenotypes have been identified even in 

normal weight, seemingly healthy, young populations (8). Currently, type 2 diabetes mellitus is 

the most prevalent metabolic disease in the world. More than 120 million individuals are type 2 

diabetics and it is estimated that more than 220 million people will be diagnosed with the disease 

by the end of 2010 (26). Obesity is a rising epidemic in the United States, greatly contributing to 

the incidence of type 2 diabetes. As much as 1/3 of the population is obese (20).  

Alone or combined, the symptoms of the metabolic syndrome have been linked to 

postprandial lipemia (PPL), and the development of atherosclerosis and cardiovascular disease 

(CVD) (5, 1). Studies show that subjects with the metabolic syndrome have a 2.3 fold increased 

incidence of CVD, 3 fold increased risk of coronary artery disease (CAD) and stroke, and 6 fold 

increased risk of cardiovascular mortality (35). The impaired clearance of triglycerides (TG) and 

lipoproteins causes an atherogenic environment. The rate of TG clearance is of extreme 

importance during the postprandial state. When lipoproteins (especially LDLC and VLDLC) 

have an extended residence time in the circulation, particles are exchanged, via cholesterol ester 
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transfer protein. This results in a decreased HDLC concentration and preponderance of small, 

dense LDL particles. This combination of low HDLC and high LDLC has been termed the 

atherogenic lipoprotein phenotype (14). Both scientific and clinical studies affirm the idea that 

atherosclerosis is a postprandial phenomenon, worsened by the repeated episodes of lipemia 

experienced throughout the day (7). 

Dietary Intake and Postprandial Lipemic Response 

 PPL characterizes blood triglyceride (TG) content following a meal, and is especially 

overstated following a high fat meal (3). Studies show that rises in postprandial activity and 

impaired postprandial lipoprotein metabolism play principal roles in the development of the 

atherosclerotic disease process (2). Most Americans eating habits and patterns lead them to 

consume three or more meals each day with each meal containing 20 to 70 grams of fat. Often, 

the next meal or fat intake is consumed before plasma TG levels have returned to baseline from 

the previous meal (31). A repeated episode of increased PPL response serves to reduce HDLC, 

impair reverse cholesterol transport and facilitates the formation of small dense LDL, which is 

highly atherogenic (4).  

 There are many factors that negatively influence an individual’s PPL response. People 

with hypertriglcyeridemia have a 4 times longer half life of circulating TG. This results in higher 

plasma TG content for a longer period of time. Dyslipidemia, another characteristic of the 

metabolic syndrome, also increases PPL. Impaired insulin sensitivity (Si) leads to increased 

hepatic VLDL secretion which in turn impairs TG clearance rate and increases PPL. Research 

suggests that plasma TG levels are a primary determinant of plasma cholesterol metabolism and 

that the negative correlation between HDLC and coronary heart disease (CHD) is a product of 

the positive relationship between plasma postprandial TG levels and CHD (13). Obesity is also 
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directly linked to PPL due to the greater fat intake associated with obesity, and high free fatty 

acid (FFA)  concentration due to fat mobilization from the adipose tissue to skeletal muscle and 

hepatic tissue, which also impair TG clearance. A diet habitually high in saturated fats, physical 

inactivity, age, gender and genetics are all factors affecting the PPL response (31).  

 The PPL response or rate of TG clearance has widespread affect on various tissues 

throughout the body. Adipose tissue is certainly affected by PPL but hepatic tissue and skeletal 

muscle are also primarily influenced. Skeletal muscle is a primary mediator in TG clearance. 

Studies show that skeletal muscle may clear approximately 50 percent of a dose of intravenous 

fat emulsion, compared with only 13 percent cleared by adipose tissue (7). Elevated blood lipid 

levels cause FFAs to be taken up in the muscle cell and stored. This in turn effects blood glucose 

uptake and inevitably insulin activity.  

 Research shows that postprandial lipid metabolism impairments have been demonstrated 

in obese subjects with one study illustrating a greater 24 hour postprandial TG response in obese 

subjects versus lean controls (23). One study revealed that subjects with greater adiposity 

experienced a greater lipemic response to the test meal without regard to presence or absence of 

previous acute exercise bout (9). Dallongeville et al., found that postprandial TG rose after the 

carbohydrate (CHO) load in obese women but not in the lean controls. This suggests that obese 

women may be more sensitive to CHO induced postprandial hypertriglyceridemia than their lean 

counterparts (23).  

The macronutrient energy composition of a meal is a major determinant of PPL response to the 

meal. Many studies have evaluated the effects of high fat meals and high carbohydrate meals, on 

plasma TG levels and the rate of clearance. Sharman et al. showed in a preliminary study that 

supplementing a very low-carbohydrate diet rich in monounsaturated fat had significant effects 
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on TG clearance, and reduced PPL and fasting insulin in normal weight men. The study was 

designed with a very low fat diet (20% protein, 25% fat, 55% CHO) and a very low carbohydrate 

diet (30% protein, 60% fat, 10% CHO). The results showed that LDLC was reduced with the low 

fat diet. TG/HDLC ratio was reduced by the low CHO diet. Blood glucose levels, serum insulin 

and insulin resistance were each reduced to the same extent (-42%, -43%) by each diet 

respectively. Overall, PPL was reduced by both diets compared to baseline values but was better 

effected by the low CHO diet (12). Yet another study suggested that a low fat, high carbohydrate 

diet combined with 30 to 60 minutes of daily exercise would attenuate the PPL response to a 

greater degree than the typical “mixed” diet (2). A final study looked at the effects of a 2 week 

high CHO diet versus 2 weeks of a high fat diet on lipoprotein lipase (LPL) activity and found 

that the high CHO exposure increased LPL activity after a feeding in both adipose and skeletal 

muscle, where as LPL activity is generally only high in muscle during fasting. This suggests that 

the high CHO diet led to fat mobilization, via LPL activity, in turn producing increased plasma 

TG levels.  

 The metabolic syndrome and CVD are diseases with rapidly growing incidence and direct 

and indirect associations with triglyceridemia and PPL. Exercise has been shown to have various 

beneficial effects. However diet is also a large component of healthy living and even disease 

prevention. A study by Garg et al. showed that a diet low in CHO and high in monounsaturated 

fats was more successful at stabilizing the lipid profile in subjects with type 2 diabetes (46).  

Hypoenergetic, very low carbohydrate diets have been shown to better HDLC levels and reduce 

LDLC. This ratio provides positive atherogenic effects thereby benefiting the delay or prevention 

of CVD and related comorbidities (12).  
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Cardiovascular Disease and Atherosclerosis 

Research has established that patients with an increased risk of CAD frequently 

demonstrate an atherogenic lipid profile and lipoprotein phenotype closely mimicking the 

phenotype of individuals with the metabolic syndrome and type 2 diabetes. This distinct profile 

includes elevated plasma TG levels, diminished HDLC and an abundance of small, dense LDLC, 

and is associated with an approximately 3 fold increase risk of atherosclerotic disease. As 

established previously atherosclerotic progression (and the accompanying inflammatory process) 

is associated with increased risk of CVD (32).  

CVD describes atherosclerosis, a disease affecting most adults in the developed 

countries; atherothrombosis, the catastrophic event resulting in occluded arterial blood supply; 

and ischemic infarction that result from arterial occlusion (34). Research provides that there is an 

association between high postprandial TG concentration and the presence of CAD. Studies in 

women are less conclusive. One study showed an association between elevated postprandial TG 

concentration and coronary artery stenosis, while another study concluded no such relationship. 

However another study found a significant relationship between intimal medial thickness and 

PPL, suggesting a possible link between postprandial metabolism and early manifestations of 

atherosclerosis (31). 

 Atherosclerosis, simply put, is a state of chronic inflammation characterized by an 

accumulation of lipid and fibrous elements in subendothelial space. In 2004 atherosclerosis was a 

leading cause of death in the US (33). Endothelium is a vital endocrine and paracrine organ. Its 

important functions include maintenance of vascular tone, regulation of vascular cell growth, and 

regulation of leukocyte and platelet adhesion, regulation of thrombosis and mediation of 

inflammation (36). Clinical trials and mechanistic studies using animal models and cell cultures 
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have provided evidence supporting a link between PPL and atherosclerosis with direct and 

indirect effects of plasma TG (31). The lipolysis that occurs during PPL may lead to increased 

reactive oxygen species (ROS) production and chylomicron remnants. This catabolic process 

may ultimately lead to increase nitric oxide (NO) degradation via effects on pro-coagulant and 

proinflammatory signaling pathways in the endothelium (38).  

Endothelial Function 

NO is the most important endogenous vasodilator and is synthesized and released along 

with other vasoactive factors from the endothelium (36, 39, 50). NO degradation directly hinders 

vaso-activity and impairs endothelial function and plays a role in various other biological 

processes including: neurotransmission, immunity, tumor cell killing and general inflammatory 

processes (50). Endothelial dysfunction (ED) is exemplified by the partial or complete loss of 

balance between opposing vascular states. These include constriction and dilation, pro-

inflammation and anti-inflammation, growth promotion and growth inhibition and coagulation 

and fibrinolysis (45). Plasma nitrate and nitrite are indicated as markers of nitric oxide synthase 

(NOS) activity and NO radical production. NO radical levels in the blood are difficult to 

determine due to its short half life and radical behavior. The consensus is nitrate is the key NO 

radical metabolite. Because hemoglobin quickly oxidizes nitrite to nitrate in whole blood the 

determination or presentation of nitrite levels alone are not helpful (50). Moshage et al. verified 

the validity and reproducibility of the Griess Reagent assay for total plasma nitrite + nitrate. 

Researchers also found that while deproteinization of the sample is important for concentration 

accuracy, the determination of nitrite alone is futile marker of NO radical formation. Rather total 

plasma nitrite + nitrate provide an accurate reflection of nitrite and nitrate concentration in blood 

(50). 
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Endothelial function is greatly affected by blood lipid levels often influenced by diet. 

Studies have shown a relationship between postprandial TG content and ED and the initiation 

and progression of atherosclerosis. In vitro studies indicate that postprandial chylomicron and 

VLDL are linked with adverse effects on arterial endothelium (31, 42). Berry et al. provide 

strong evidence indicating that endothelial function is acutely impaired following a high fat meal 

compared to a high CHO in healthy subjects, and PPL leads to enhanced ROS production (38). 

Two studies by Lundman et al. and Vogel et al. have demonstrated that vasoreactivity and 

endothelial function are impaired after an infusion of TG emulsion or a high fat meal (42). 

Recent studies reveal that atherogenetics of PPL are not only associated with properties of TG 

rich lipoproteins such as VLDL (size, composition and metabolism) but also their secondary 

effects on cholesterol rich lipoproteins such as LDL and HDL (31).  

 Mechanisms by which elevated plasma TG levels may hinder endothelial function 

include, production of superoxide anion and stimulatory effects of chylomicrons and FFAs on 

the proinflammatory and procoagulant signaling pathways, all of which inevitably lead to a 

reduction in NO bioavailability and ED (38). Lipoprotein transport into the endothelium 

increases in direct proportion to TG concentration and transport decreases as lipoprotein particle 

size increases. Transcyotic vesicles are responsible for the transportation of small chylomicron 

remnant into the arterial wall (31). Fatty streak formation begins with LDL diffusion into the 

endothelium where it undergoes oxidation. The oxidized LDL can initiate the release of adhesion 

molecules and other critical mediators of atherosclerosis. Fatty streaks within the endothelium of 

large arteries are the first developmental signs of atherosclerosis and usually appear within the 

first decade of life. This suggests that atherosclerosis and CVD are not just issues concerning 

geriatric populations. The atherosclerotic process and deterioration of the lipid profile may begin 
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early in life (33). While initially it may be asymptomatic, it is still an issue that should be 

addressed and investigated in younger, seemingly healthy populations.  

Increased arterial blood flow causes a vasodilatory response that is dependent on local 

NO bioavailability. ED can be assessed via the measurement of arterial blood flow (37). The 

noninvasive technique of flow mediated dilation (FMD) at the brachial artery has been highly 

correlated with the accuracy of the invasive assessments of coronary artery endothelial function 

(39). FMD is an endothelium dependent function of the brachial artery and is measurable by 

providing a stimulus that induces the release of vasodilators (specifically NO) (40). FMD is 

conceptually simple and can measure the effect of various interventions. Changes during and due 

to acute inflammation are detectable (37). These changes can be imaged and measured/quantified 

as an index of “vasomotor function” (40). Assessment of endothelial function via FMD utilizes 

high frequency ultrasound to measure the change in brachial artery diameter. FMD is based on 

the principle that increased blood flow causes sheer stress which stimulates NO release (36). 

This technique is accurate, reproducible after adequate training and applicable to large 

populations. A study by Donald et al demonstrated that FMD is the most “robust” measurement 

of endothelial function compared to other FMD techniques (37). Studies show that assessment of 

endothelial function via brachial flow mediated dilation is an alternative marker of 

cardiovascular risk and has been shown to be reduced in those with the metabolic syndrome (35). 

There are many factors that may influence FMD including environment temperature, 

food, drugs, tobacco and caffeine (40). Technician accuracy and experience as well as 

procedures can also affect FMD measurements. Cuff placement is a concern because it changes 

the area of induced ischemia and the artery being assessed. Cuff placement below the elbow is 

generally preferred by subjects due to comfort. Most procedures call for the cuff to be inflated to 
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200 mmHg or 50 mmHg above the subject’s measured systolic pressure for 4 to 5 minutes to 

appropriately induce ischemia downstream. Cuff deflation causes reactive hyperemia due to the 

sheer stress of increased blood flow through the artery. The image of the reactive artery is taken 

no longer than 15 seconds after cuff deflation (39, 40). The change in artery diameter is 

positively correlated with cuff inflation time. However the change in diameter after 5 minutes is 

very similar to the change seen after 10 minutes, suggesting that 5 minutes of cuff inflation is 

adequate and more tolerable for subjects (40).     

 A study by Berry et al. measured the PPL effect of two fat rich diets on endothelial 

function and oxidative stress via FMD. Researchers found that postprandial change in FMD was 

different between the two fat meals, despite the fact that they had equivalent fat content. 

However, they found no significant relationship between the extent of PPL and the change in 

FMD, while other studies have suggested that PPL induced ED is correlated with the magnitude 

of lipemia (38). Marchesi et al. studied postprandial FMD in young healthy men and found that 

FMD was significantly reduced at 2 and 4 hours after the high fat meal. FMD returned to 

baseline at 6 and 8 hours postprandially. There was a significant increase in insulin levels at 2 

hours after the meal but the changes in FMD and insulin were not significantly correlated. This 

study demonstrates that even young, asymptomatic healthy men may exhibit transient reductions 

in FMD in the postprandial state directly and significantly related to postprandial increases in 

serum TG levels. However FMD impairment is not significantly related to fasting TG, total 

cholesterol or LDLC or HDLC (42).  

The significance of inflammation in the progression of atherosclerosis is irrefutable 

considering atherosclerotic plaque formations are not only lipid rich physical blockages. Rather 

they are a mix of cytokines, adhesion molecules, chemokines, collagens, elastins and enzymes 
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secreted from various cells (33, 35). Research ties obesity, type 2 diabetes and CVD to a general 

elevation of systemic inflammation (9).Yudkin et al found that in 107 nondiabetic individuals 

there was a significant correlation between inflammatory markers and several features of the 

metabolic syndrome. They also found that CRP levels were highly associated with insulin 

resistance, blood pressure, low HDL and TG (35).  Due to the undeniable inflammatory role in 

atherogenesis, inflammatory markers such as highly sensitive C-reactive protein (HS-CRP) may 

provide an alternative or additional method for global assessment of type 2 diabetes and CVD 

risk. HSCRP has been significantly correlated with many CVD risk factors, adiposity and 

physical inactivity (15, 33). CRP is an easily measureable inflammatory marker that has been 

shown to be a strong indicative factor of diabetes incidence and correlates strongly with other 

metabolic syndrome components including fasting insulin levels (43). Multiple studies have 

shown that CRP levels are associated with major CVD events not only in individuals with 

preexisting CHD but also in the general, asymptomatic population (34). Ridker et al. concluded 

that CRP is possibly a stronger indicator of risk than LDLC because it offers prognostic 

information regarding the metabolic syndrome and can predict the development of type 2 

diabetes and symptomatic peripheral arterial disease (33). Another study by Ridker et al 

determined that at all levels of metabolic syndrome severity; CRP provides important 

independent prognostic information regarding future CVD, myocardial infarction, stroke and 

diabetes risks. The inflammatory mechanisms of both diabetes and ED provide strong evidence 

that IR and atherosclerosis share a common inflammatory basis (43). Elevated CRP levels might 

be an additional indicator of a metabolic disturbance possibly influenced fat mass or responsive 

to prior exercise in a manner similar to lipid or glucose variables. Inter Luekin 6 (IL6), another 



 18 

inflammatory marker is known to respond to a single bout of exercise but little is known 

regarding CRP’s response to acute exercise (9).   

Milani et al. measured the effects of cardiac rehabilitation and exercise training on 

HSCRP levels. Results revealed that significant improvements in cardiovascular risk facts, 

including HDLC, TG and exercise capacity. Median HSCRP values decreased 41 percent after 

the treatment compared to control subjects. At baseline 122 patients (54 percent of subjects) 

demonstrated elevated HSCRP levels (≥ 3.0 mg/L). Post treatment measures showed 86 patients 

(38 percent of subjects) had elevated HSCRP levels. These results suggest that exercise may 

offer an alternative intervention to pharmaceutical therapies in inflammation management, 

ultimately slowing the progression of atherosclerosis and the deterioration of the metabolic 

profile (15).   

Lipoprotein Lipase activity (expression or deficiency) 

Lipoprotein lipase (LPL) is the enzyme that hydrolizes TGs into glycerol and FFAs and 

produces chylomicron remnants (25). The FFAs derived from the TG hydrolysis are then 

available for uptake and use in extrahepatic tissues for oxidation or storage (7, 26). LPL is 

synthesized in parenchymal cells but is found in the capillary endothelium of heart and skeletal 

muscle, lung and adipose tissue, lactating mammary glands and all parts of the nervous system 

(1, 25). Cardiac and skeletal muscle tissues exhibit greatest expression of LPL and are major 

sites of synthesis. LPL expression in certain tissues is dependent on life stage and changes as we 

age.   

LPL enzymatic activity plays a major regulatory role. It influences normal lipoprotein 

metabolism, tissue specific substrate delivery and utilization, energy balance, insulin action, 

body weight and atherosclerosis. In situations of excess visceral adiposity or obesity, adipose 
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tissue LPL is increased per cell but is virtually unresponsive to insulin and energy substrates. 

LPL expression has been shown to increase as TG accumulation increases during preadipocyte 

differentiation. Adipose tissue can synthesize its own FFAs but would prefer to store FFAs 

provided by TG hydrolysis. In this regard LPL plays a chief role in the initiation and/or 

development of obesity. LPL itself is regulated by basic, transcriptional, posttranscriptional, 

translational, and post translational mechanisms, as well as interactive proteins, and nutritional 

and hormonal factors within specific tissues. This tissue specific regulation is the mechanism by 

which the physiologically appropriate distribution of lipoprotein lipids is maintained (25).  

Under physiological conditions there is basically no LPL activity in serum. To analyze 

LPL activity in clinical studies, an intravenous injection of heparin is needed to make LPL 

detach from the endothelial surface, where it generally resides and functions. LPL detached and 

released into the blood is termed “postheparin” LPL and is considered an acceptable reflection of 

the amount of whole body LPL production. However recent evidence by Olivecrona et al. and a 

sensitive immunoassay demonstrates the presences of LPL mass in serum without heparin 

injection (preheparin LPL). It is suggested that LPL protein detaches naturally from the 

endothelial surface after degradation. It is further proposed that this preheparin mass may reflect 

the amount of working LPL better than or as well as postheparin mass. Hirano et al found better 

significance between preheparin LPL and lipid metabolism compared to postheparin. 

Researchers concluded that preheparin LPL mass may be more useful for studying TG 

metabolism and that preheparin mass may reflect whole body LPL activity more accurately than 

postheparin mass.  Conversely Miyashita and Shirai have established a positive correlation 

between pre and post heparin LPL mass but the correlation was not significant, which suggests 

that the two are not equal or interchangeable (29).  
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Preheparin LPL mass has been implicated as a biomarker for the metabolic syndrome and 

its various comorbidities. There are many factors in the metabolic syndrome but the degree of 

impairment for each factor doesn’t always or accurately reflect the severity of the metabolic 

syndrome. Therefore the accurate estimation of the probability of atherosclerosis and CVD may 

be limited. However, the metabolic syndrome and the level of insulin resistance are considered 

generally consistent. Various studies have provided evidence suggesting that serum preheparin 

LPL levels correlate closely with each risk factor of the metabolic syndrome and coronary 

atherosclerosis. Preheparin LPL mass is linked to insulin sensitivity in general populations. 

Because of his positive correlation it is likely that preheparin LPL mass reflects insulin 

sensitivity and may be currently viewed as the most important quantitative parameter reflecting 

whole body insulin resistance (28, 29). The level of LPL mass is significantly lower in persons 

with type 2 diabetes (25). Miyashita and Shirai supported this assessment and found that insulin 

therapy drugs enhanced the preheparin LPL mass level suggesting that preheparin LPL mass 

may reflect insulin activity in the body (29). Hanyu et al. found a negative correlation between 

preheparin LPL mass and HOMA-R in type 2 diabetics, as well as a negative correlation between 

LPL mass and impaired glucose tolerance and normal glucose tolerance. A positive correlation 

was found between preheparin LPL mass and insulin sensitivity in both men and women. These 

results suggest that preheparin LPL mass is regulated by insulin sensitivity rather than insulin 

levels (28, 29). Saiki et al. summarized that preheparin LPL mass may be a significant marker of 

the metabolic syndrome with or without the presence of obesity. They also found that mean 

levels of preheparin LPL mass were significantly decreased with the increase in number of 

metabolic syndrome symptoms in obese, nonobese and nondiabetic subjects. Researchers in this 

study concluded that preheparin LPL mass may reflect metabolic syndrome severity due to the 
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positive correlation with HLDC and negative correlation with body weight, TG levels, fasting 

blood glucose and HbA1C (27). These findings are further supported by Olivecrona et al. who 

found that preheparin LPL mass is negatively correlated with TG and positively correlated with 

HLDC Miyashita and Shirai confirmed these results in healthy men and women. Kobayasi et al. 

reported an inverse relationship between visceral fat at the umbilical level and preheparin LPL 

mass (29). Hitsumoto et al. found a significant difference between preheparin LPL mass levels 

and coronary atherosclerosis. They found that serum preheparin LPL levels were significantly 

lower in patients with coronary stenosis versus those with no lesion. There was a negative 

correlation between preheparin LPL mass and the number of lesions. Statistical anaylsis revealed 

that preheparin LPL mass had the highest T-value among all the coronary risk factors studied. 

Hitsumoto et al. concluded that LPL mass may be a beneficial marker of preliminary stage and 

probability of coronary atherosclerosis (29).      

Many correlations have been found between disease risk factors and LPL level or activity 

which suggests that LPL deficiency or gene deletion or overexpression can be detrimental to 

lipid metabolism and regulatory processes. Studies using rodent models have investigated tissue 

specific LPL deletion and overexpression. The results of these studies directly implicate LPL in 

the regulation of body weight and composition. Human studies have afforded further evidence 

that LPL is an obesity gene (25). Kim et al. conducted a rodent model study of tissue specific 

LPL overexpression, in liver and skeletal muscle tissues, to measure its effects on tissue specific 

insulin resistance. The results indicate that liver specific overexpression of LPL induced liver 

specific insulin resistance but maintained normal insulin action and signaling in skeletal muscle. 

The mechanism by which LPL overexpression causes tissues specific insulin resistance may 

include the accumulation of intracellular FFA metabolites. Their findings add to the evidence 
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base that increased FFA delivery/uptake (due to increased TG hydrolysis) in muscle and liver 

tissues negatively alter insulin’s ability to metabolize glucose. The tissue specific nature of LPL 

illustrates that severe insulin resistance can be caused by locally derived FFA metabolites. 

Another study confirmed these results in muscle tissue. Skeletal muscle LPL activity results in 

normal postheparin LPL activity decreased plasma TG concentration and decreased HDLC 

levels (25).  LPL overexpression in skeletal muscle causes muscle specific insulin resistance and 

increased muscle TG concentration without affecting liver insulin activity. In mouse models 

hypotriglyceridemia is the result of muscle specific LPL overexpression. Up to 24 fold increase 

in LPL overexpression and activity resulted in myopathy, extreme weight loss and premature 

death (26). On the other hand, as previously stated cardiac muscle tissue is a major LPL 

expresser and site of synthesis and mice with complete heart specific LPL deficiency exhibited 

increased plasma TG levels and decreased postprandial lipid clearance despite normal post 

heparin LPL activity in other tissues. However, mice who express only cardiac LPL, show 

normal plasma TG concentrations and normal HDLC levels regardless of skeletal and adipose 

tissue LPL deficiency  and a reduced rate of postheparin LPL activity (25).  

LPL activity in muscle is related to TG clearance capacity but is not the case in adipose 

tissue. A single exercise bout will increase muscle TG removal via LPL stimulation in the 

muscle tissue (7). Chronic and acute stress reduces LPL enzymatic activity in adipose tissue but 

stimulate its activity in cardiac and skeletal muscle through the effect of catecholamines (25). 

The mechanism by which exercise enhances muscle and adipose LPL activity is thought to be 

epinephrine and glucagon. These hormones activate a cascade beginning with adenylate cyclase 

and ending with the activation of hormone sensitive LPL. The increased LPL activity in muscle 

is considered the primary determinant in PPL attenuation (10). LPL mRNA, protein content and 
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activity have been induced after local contraction of muscle in rats and humans. Elevated LPL 

activity has been seen as long as 48 hours post exercise, implying that the response of LPL is 

targeted to the muscles involved or exercised (1). Yet, other studies insist that skeletal muscle 

LPL activity is delayed and transient following acute exercise with maximal increases in LPL 

mRNA being reported approximately 4 hours after exercise and returning to baseline levels 

within 24 hours (2). Exercise stimulates muscle LPL activity but insulin opposes it. Depending 

on the severity of the insulin response, the suppressing effect of insulin may exceed the 

stimulatory effect of exercise. (3). This evidence further expresses the complexity of the 

relationship between PPL, LPL and insulin resistance in diabetes and other metabolic diseases. 

Endurance trained individuals display greater TG clearance than untrained individuals. 

This TG clearance is mediated by increased LPL activity due to training (2). One explanation for 

greater TG clearance and reduced PPL response in trained persons is that endurance training 

improves microcirculation thus increasing LPL enzymatic activity. Increased enzyme activity 

causes a greater participation of muscle to TG removal (7). One study showed that skeletal 

muscle LPL activity underwent a 65 percent increase after 12 months of “increased leisure time 

physical activity’. Despite the low intensity of the activity, LPL activity more than doubled 

which suggests that various types of physical activity, even low to moderate intensity exercise, 

may elicit positive responses and adaptations (1). However few studies have looked at the effects 

of resistance exercise training and periods of detraining versus an acute bout of resistance 

exercise (RE) on LPL activity and TG clearance and storage. Studies suggest that during a period 

of detraining adipose tissue storage of TG is favored due to an increased stimulation of adipose 

tissue LPL and a decrease in muscle LPL activity (7).  This concept is especially important 

considering the role of enhanced LPL activity in PPL.  



 24 

LPL activity is also regulated by fasting and feeding patterns. Adipose tissue LPL activity 

is high postprandially, and low during fasting. Evidence shows that fasting rapidly down 

regulated LPL activity in adipose tissue. The fasted state seems to activate a gene whose 

expression converts LPL into an inactive form, preventing its catalytic functions. Once feeding is 

reinstated LPL down regulation is rapidly reversed and within in 4 hours activity reaches levels 

seen during the fed state. Intuitively, most studies show that the opposite is true in skeletal and 

cardiac muscle; LPL activity is low postprandially and high during fasting. However, one study 

shows that in obese subjects an overnight fast induces moderate decreases or no change in LPL 

activity (25).   

However, there are still arguments against the role of LPL in PPL. Researchers in 

opposition suggest that LPL activity returns to baseline within 24 hours of exercise so its effects 

would be less helpful 16 hours post exercise when the high fat meal is ingested, and that the 

postprandial state encourages TG storage in adipose tissue, as insulin upregulates adipose LPL 

activity and down regulates muscle LPL (4).   

 

Exercise Effects on Postprandial Lipemia 

Exaggerated PPL is associated with a collection of potentially atherogenic, lipid profile 

modifications. Increased production of chylomicron remnants, small dense LDL particles, 

activation of blood coagulation, stimulation of inflammatory cytokines, and reduced HDL levels 

all contribute to PPL’s role in the progression of CVD (12). Physical activity and exercise have 

been shown to induce whole body and systemic improvements via multiple mechanisms. In 

focusing on the PPL and elevated TAG levels much research has been done involving aerobic 

exercise but few have incorporated RE. Acute aerobic exercise one day prior to a high fat test 
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meal has been shown to decrease insulin’s response to the test meal and to attenuate the PPL 

response (1). The considerations influencing exercise’s attenuation of PPL consist of energy 

expenditure, training status (trained or untrained), acuteness, recency and meal timing. The 

primary factor in exercise’s beneficial TAG lowering effect seems to be related to total energy 

expenditure (EE) of the exercise bout (2). Exercise bouts with varying duration and intensities 

but similar EE have been reported to induce similar decreases in PPL response, despite the 

reliance on different intramuscular and blood substrates (5). Pettit et al. suggested that there was 

a moderately strong relationship between EE and the reduction in postprandial area under the 

curve (AUC) suggesting that EE and PPL are inversely related, with a greater EE eliciting a great 

PPL attenuation (1). Malkova et al. found that regardless of the relative contribution of fat and 

CHO to energy metabolism during exercise, as long as the EE is held fairly constant exercise 

serves as an effective means to reduce the lipemic response to a high fat meal (5).  

 Researchers have studied both the fasted and postprandial state and found that maximal 

TAG attenuation due to exercise occurs considerably time after the exercise bout rather than 

immediately post or even during exercise (2).There is evidence suggesting that the time between 

the exercise bout and subsequent meal is a strong determining factor in the PPL response in 

conjunction with the EE of the exercise bout (13). Timing of exercise session in regards to the 

meal may have different effects on the PPL response and TAG clearance as well as HDL 

metabolism due to exercise’s effects on LPL activity (10). It may be the LPL activity in response 

to acute aerobic exercise that induces increased TAG hydrolysis following a meal and the 

decreased hepatic VLDL secretion that contribute to an overall lower PPL (1, 2). As mentioned 

previously LPL is a hormone sensitive enzyme, easily affected and altered by hormones released 

in response to exercise. Catecholamines released from the adrenal glands during physical stress 
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or exercise decrease LPL activity in isolated adipocytes. The mechanism behind this decrease 

thought to be catecholamines alteration of LPL translation rate which can have varying effects on 

the level of LPL mRNA or the rate of LPL transcription (25). Other hormones such as estrogen 

and testosterone have also been found to inhibit LPL activity in adipose tissue and encourage 

lipid mobilization while stimulating LPL activity in cardiac and skeletal muscle (25).  

A study by Iverius and Brunzell provides support and strongly suggests that estradiol acts as a 

“major negative regulator of fasting adipose tissue LPL activity in women” (47). Regular 

exercise may also have positive effects on insulin, another hormone involved in LPL regulation, 

and insulin signaling. Acute aerobic exercise enhances insulin sensitivity which affects muscle 

and adipose LPL activity post exercise and postprandially. Exercise may stimulate a greater 

intramyocellular lipid oxidation and encourage glucose disposal via insulin signaling (8, 26).  

 Energy expended during the exercise bout seems to have the greatest influence on the 

association between exercise and PPL (13). In a study by Zhang et al. the major findings 

revealed that acute exercise bouts at 40, 60 and 70 percent maximum oxygen consumption (VO2) 

11 hours prior to a high fat meal resulted in decreased PPL response (30, 31 and 39 percent 

respectively) in subjects with the metabolic syndrome. The three exercise groups had different 

EE but exercise at 60 and 70 percent VO2max yielded decreased plasma insulin concentrations 

and reduced fasting plasma glucose concentrations. These results indicated that there may be a 

dose response of exercise on PPL (6). However, studies since have provided further evidence 

that regardless of exercise intensity, exercise bouts of the same EE both significantly reduce PPL 

compared to a control (1). Evidence also suggest that as long as EE is held constant, PPL will be 

attenuated to the same degree whether the exercise is completed in a single session or multiple 

sessions, suggesting that three 30 minute sessions would elicit the same PPL response as one 90 
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minute session of the same EE (2). A study by Petitt et al. showed that resistance training has 

positive effects on insulin sensitivity, fasting TAG levels and resting as well as 24 hour fat 

oxidation. Researchers propose that the higher intensity and lower repetition contractile activity 

that characterize resistance exercise (RE), may  increase LPL activity and affect PPL to a greater 

extent or at least as significantly as aerobic exercise. Despite the low EE of the exercise bout, RE 

reduces the PPL response (1). 

Tstesonis and Hardman provide further support for EE as the major determinant of PPL 

attenuation. Their initial study showed that a 2 hour bout of walking at 30 percent VO2max 

reduced the PPL response after a high fat meal and overnight fast by 1/3. Their later study used 

the same design with 2, 1.5 hour bouts of walking at 60 and 30 percent VO2max. Their results 

confirm the idea that nonintense exercise can have significant; beneficial effects on PPL 

response and in turn the atherogenic disturbances of lipoprotein metabolism. This has practical 

implications for overweight and obese subjects who would benefit in numerous ways from 

exercise, allowing the application of nonintense exercise prescription and incorporating this type 

of exercise within realistic means (11). 

 Various studies have measured the effects of exercise on PPL in trained and untrained 

individuals. Well trained men and women exhibit a lower PPL response and greater TAG 

clearance than their untrained counterparts. However, these studies also show that the actual 

difference in PPL may be, in part, a result of a recent acute exercise bout rather than overall 

training status (1, 7). Tsetsonis et al. found no significant difference between trained and 

untrained women for HDL, insulin or glucose concentrations in the fasted stated but lipemia was 

significantly lower in trained women during the exercise trial than untrained. Likewise, trained 

women experienced a decreased insulin response following the high fat meal whereas untrained 
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women did not (7). Yet it has been suggested that exercise training isn’t the key influencer in 

lowering PPL but that it might enhance the acute TG metabolism changes elicited by individual, 

acute exercise sessions. Also, overall exercise training may offer added benefits to TG 

metabolism perhaps, simply because trained individuals are generally capable of expending more 

energy during an exercise session than untrained persons (2). The lack of focus on training status 

as a key factor is further supported by studies  designed to test PPL 60 hours after their last 

exercise bout reveal no significant difference in PPL between endurance trained, sprint trained or 

strength trained and untrained young adults. Similarily there is no significant difference in PPL 

between endurance and untrained middle aged women. These results provide further evidence 

that it is the most recent acute bout of exercise that positively influences PPL (2). This again is 

supported by studies measuring the effects of detraining on PPL response. While endurance 

exercise has been shown to decrease PPL and the PPL response is lower in endurance athletes or 

trained individuals compared to sedentary people, studies measuring the effects of detraining on 

TG metabolism support the idea that exercise training may not markedly influence TG 

metabolism in the absence of recent exercise (2, 3). Any positive effects of endurance training on 

PPL are negated and quickly reversed with detraining. PPL increases rapidly during periods of 

detraining suggesting that a single bout of exercise elicits the acute responsive changes on TG 

metabolism, which positively affect PPL (3). A study by Herd et al. showed that 6.5 days of no 

exercise in endurance trained subjects led to a 35 percent increase in PPL compared to PPL 

values 15 hours post exercise. Another study trained previously untrained men and women for 13 

weeks, followed by a detraining period of 9 days. There was a 37% increase in PPL at 60 hours 

and a 46 percent increase within to total 9 day period. This indicates that positive changes on TG 

metabolism may be very short lived during the early stages of detraining with studies showing 14 
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to 22 days of detraining yield an approximately 40 percent increase in PPL in male distance 

runners. Periods of detraining in runners showed decreased LPL activity in skeletal muscle but 

increased active in adipose tissue. This would theoretically cause an increase in FFA 

mobilization and increased plasma TAG concentrations (2). 

The PPL response is clearly variable and individualized based on various factors 

(including training status and fitness level) (3). Dietary composition and overall fat intake also 

influence the body’s ability to clear excess TAG from the blood. An exercise induced energy 

deficit attenuates PPL to much greater degree than dietary induced deficit from restricting energy 

intake (2) PPL seems to behave differently in different age groups. However, the “trained” status 

helps counteract the negative effects of age on PPL response. It is suggested that the effects of an 

exercise bout on PPL may be greatly influenced by the subject’s age among other factors (3). 

While the literature does not off an entirely conclusive perspective, it is well established that 

exercise acts a compelling regulator of postprandial lipid metabolism. Exercise induced acute 

metabolic changes following an individual exercise session is responsible for the 

hypotriglyceridemic effects rather than long term adaptations to training. Energy expenditure of 

the exercise bout is a primary determinant of the subsequent TG reduction which is independent 

of exercise intensity, format and substrates used during exercise (2). The difference between 

aerobic and RE and PPL attenuation is of interest and must be further studied in order to make 

more conclusive determinations regarding exercise prescription, atherosclerosis and CVD 

intervention and prevention and real world applicability.    

Exercise Effects on Glucose and Insulin Response  

Obesity related phenotypes have been found in normal weight, seemingly healthy young 

women and are directly and indirectly linked to insulin resistance, via physical inactivity, 
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increased visceral fat, and alterations in skeletal muscle characteristics (8). Body fat distribution 

is known to be an important factor in the development and progression of obesity associated 

metabolic disorders. Visceral fat accumulation in particular is associated with the development 

of insulin resistance (29). There are multiple metabolic issues associated with insulin resistance 

including the stimulation of smooth muscle cell proliferation in arterial blood vessels which 

promotes the influx of cholesterol into the endothelial cells, beta cell exhaustion due to excessive 

insulin secretion, VLDL synthesis, HTN and an overall increased risk for type 2 diabetes 

mellitus and CVD (20).  

Insulin resistance is generally associated with excess plasma FFA levels and indicates a 

reduction in insulin-mediated glucose disposal and metabolism in target tissues, primarily 

skeletal muscle and adipose tissue. Increased FFA content has a primary role in insulin resistance 

development via its effects on glucose uptake and metabolism. Increased FFA uptake and 

oxidation leads to an accumulation of acetyle coenxyme A and citrate which inhibit the 

production of pyruvate dehydrogenase and phosphofructokinase. This FFA metabolite 

accumulation causes increased concentration of glucose 6 phosphate, inhibiting hexokinase and 

negatively interferes with the insulin signaling cascade that induces GLUT-4 translocation. The 

combination of these factors inhibits glucose transport and uptake into the cell (4, 26). Skeletal 

muscles are considered the primary tissue in the establishment of whole body insulin resistance 

(26). Evidence supports that “LPL from adipocytes is required for efficient fatty acid uptake and 

storage”. When LPL is deficient in adipose tissue there is a large increase in adipose tissue FFA 

synthesis in order to maintain normal lipid storage (25).   

It appears that overall postprandial TG concentration is reduced by two complementary 

mechanisms: 1) recent, acute exercise bouts at appropriate energy expenditure, 2) VLDL 
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secretion from the liver (2, 13). There seems to be a strong role of insulin in regulation of PPL. 

Insulin controls the secretion of hepatic VLDL particles as well as stimulates adipose tissue LPL 

activity while down regulating muscle LPL activity during the postprandial period (18). Insulin 

has a major effect on LPL activity during adipocyte differentiation, by increasing LPL gene 

transcription. Insulin regulates LPL activity through increases in LPL mRNA as well as other 

mechanisms (25). Insulin resistance and hypertriglyceridemia encourage hepatic VLDL secretion 

and inhibit LPL action and clearance of lipoproteins which results in high TG levels during 

fasting and postprandially. These facts suggest that hyperinsulinemia induced by a fat rich meal 

is mediated by exercise and helps remove insulin’s inhibition from skeletal muscle LPL activity. 

Evidence also suggests that decreased insulin concentration due to exercise is necessary for lipid 

oxidation in skeletal muscle (6). Normal physiological maintenance of lipid and lipoprotein fuel 

partitioning are dependent on the transport and uptake of FFAs obtained from adipose tissue and 

TG rich lipoproteins (25). Cardiac tissues require an optimal balance of glucose and FFA for 

normal biochemistry and physiological maintenance. Fatty acids are known to provide 

approximately 70 percent of the energy needs for the heart. Chronic imbalances have been 

shown to cardiac dysfunction (25). 

 Liver and skeletal muscles are the predominant insulin responsive organs in the body, 

with skeletal muscle accounting for approximately 80 percent of insulin-mediated glucose 

disposal (25, 26). Excessive skeletal muscle TG content has been linked with insulin resistance 

due to the accumulation of fat metabolites derived in these tissues (26). Insulin resistance is 

heavily dependent on FFAs but impaired glucose uptake and oxidation and the consequent 

imbalance results in glucose intolerance. Glucose transport across the cell membrane has been 

shown to be the rate limiting property for glucose utilization in muscle under most physiological 
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conditions, including diabetes (22). Insulin mediates glucose uptake via GLUT-4. Insulin binding 

to its receptor signals a cascade that results in GLUT 4 translocation (26). GLUT-4 is the major 

glucose transporter isoform in tissues that rely heavily on insulin’s action. It has been proposed 

that GLUT-4 expression in these tissues is the main determinant of insulin-and contraction 

stimulated glucose uptake. Both insulin and local contraction have been shown to result in 

recruitment and translocation of glucose transporters from an intracellular pool to the plasma 

membrane of the muscle (22).  A study in humans revealed that in obese and type 2 diabetics, 

despite overall lower glucose phosphorylation (compared to lean individuals), there was an 

insulin dose response pattern of stimulation of glucose phosphorylation. This suggests that the 

defect is at the level of glucose transport or phosphorylation or both (26). However other studies 

show that muscle GLUT-4 expression is unaltered in obesity or type 2 diabetes or with weight 

loss, despite markedly altered insulin action.  This indicates that insulin responsiveness or 

insensitivity is the problem rather than GLUT-4 expression level (22).  

The insulin response is affected by exercise as well as food ingestion and metabolism. 

The insulin response is blunted in endurance trained females following a high fat meal and 

exercise. This blunted response causes a down regulation of LPL activity in adipose tissue while 

simultaneously up regulating its activity in skeletal muscle further extending the beneficial 

effects of exercise on PPL (7). Exaggerated fat oxidation after exercise is likely a reflection of 

TG rich lipoprotein derived FFA usage which is facilitated by increased muscle LPL activity. 

This supports the observation of one study that there was a significant inverse relationship 

between skeletal muscle LPL activity and 24 hour respiratory quotient (RQ) (4). The reduced 

PPL response after/due to exercise is thought to be the result of decreased hepatic VLDL 

production rather than (or possibly in conjunction with) increased TAG clearance (3). Even 
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young women without extreme adiposity may be at elevated risk for metabolic disorders. The 

positive effect of exercise in reducing PPL in overweight and normal weight sedentary young 

women indicates a need for further investigation and conclusive evidence regarding exercise as 

medicine in the treatment and prevention of risk factors in CVD and metabolic syndrome related 

diseases (9). However the question still remains whether RE is as effective at improving the lipid 

profile and PPL as aerobic exercise.  

Several training studies have demonstrated that regular aerobic exercise in previously 

sedentary adults leads to enhanced insulin sensitivity which is an important independent 

determinant of the variation in FFA and TG concentrations (30). Enhanced insulin sensitivity in 

response to exercise has been attributed to the depletion of muscle glycogen stores which 

stimulates glycogen synthase activity (6). Reduced muscle glycogen content stimulates an 

increase in GLUT-4 in the muscle cell surface which increases glucose transport to the cell and 

reduces the requirements of insulin mediated glucose disposal (13). 

 While it has been well supported that EE is the dominant factor in attenuating PPL, Gill 

et al. have provided data to indicate that the exercise induced changes in PPL are not related to 

the changes in postprandial insulin response and activity (13). Higher aerobic exercise intensities 

(60 and 70 percent VO2max) yield greater reductions in insulin effect and reduce insulin 

resistance better than lower intensity exercise at (40 percent VO2max) (6). One study found that 

a 6 week moderate intensity aerobic training program reduced fasting plasma insulin levels by 26 

percent. This signifies that hyperinsulinemia may be significantly reduced by regular moderate 

intensity exercise (20). Duncan et al. concluded from their study that 6 months of aerobic 

training in sedentary adults increased Si and postheparin LPL activity without weight loss. These 

results show that even modest amounts of exercise may result in improved markers of glucose 
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and fat metabolism (30). Mitchell et al. found that a single bout of aerobic exercise decreased the 

PPL response in both obese and normal weight young women (mean age 18.9 years) again, 

indicating that exercise can have positive effects even in sedentary women who have yet to show 

signs of metabolic issues or disease (9). Furthermore, these studies and research suggests that 

regular aerobic exercise has a significant effect on increased glucose tolerance, peripheral insulin 

action and GLUT-4 expression in various populations with glucose intolerance. It is indicated 

that improved glucose uptake and homeostasis has various multifactorial mechanisms. The 

question is whether GLUT-4 is more closely associated with insulin or contraction stimulated 

glucose disposal, further implementing the role of RE in PPL and perhaps diabetes management 

(22).   

There are far fewer studies investigating the effects of RE on PPL yet it has been shown 

that resistance exercise training induces a significant increase in insulin responsiveness to a 

glucose load in young (23 year old) subjects (21). Also, an acute bout of strenuous RE, 16 hours 

before a high fat meal led to decreases in baseline TGs and total serum TG response to the meal, 

and significantly increased resting fat oxidation 15 hours post exercise. In addition, serum insulin 

concentrations were significantly lower .5 hours postprandially after RE and Con trials compared 

to aerobic exercise trials (1). One study incorporated a 12 week resistance training program and 

found a significantly reduced insulin concentration (31 percent from baseline) (21). Miller et al. 

investigated the effects of RE on glucose and glucose stimulated insulin response. Researchers 

found no significant change in glucose but RE was effective in significantly lowering basal 

plasma insulin levels. Insulin response to a high glucose load (100g) was reduced by 18.9 

percent following resistant exercise training compared to baseline. These results indicate that 

high resistance training may provide means of reducing basal insulin levels and insulin’s 
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response to a glucose load. Therefore high resistance exercise training may provide an alternative 

to aerobic training for controlling blood glucose and insulin levels (19).  

There is sufficient evidence establishing the connection between the metabolic syndrome, type 2 

diabetes, atherosclerosis and CVD. Many of their “individual risk factors” are shared and stem 

from common/similar metabolic disturbances. Regardless of population or disease severity, 

exercise has been shown to elicit numerous benefits. While much is known regarding how 

exercise affects lipid metabolism there is still a need for further research with a specific focus on 

resistance exercise. Therefore the purpose of this study was to evaluate the effects of a single 

bout of RE on triglyceride, insulin and glucose levels, LPL mass, nitrite and nitrate 

concentrations as well as endothelial function via flow mediated dilation, following a high fat 

meal.   
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Chapter III 

Methods 

Participants 

Ten sedentary lean (BMI ≤ 25) and 10 sedentary obese (BMI 30-45) women between 18 

and 28 years of age were recruited via the TCU announce network email, flyers posted around 

the Dallas-Forth worth metroplex and word of mouth. For this study, sedentary subjects was 

operationally defined as individuals who do not participate in any structured exercise on a 

consistent basis or no more than twice per week, for at least 6 months prior to testing. Subjects 

completed health screening questionnaires to identify contraindications to exercise. Those who 

revealed positive responses were cleared by a physician before participating in the current study. 

Exclusion criteria included taking medications for hyperlipidemia, hypertension and/or hormonal 

contraceptives. We worked to accommodate the individual’s food preference (due to food 

allergies or aversion to any component of the meal) without compromising the nutritional status 

of the prescribed high fat meal. In the event we were unable to accommodate the individual, she 

was excluded from the study. 

Experimental Design 

This study utilized a three-factor randomized cross over design with a between groups 

comparison for lean and obese subjects, and a repeated measures analysis by condition and time. 

Each subject participated in two trials: an exercise trial (EXS) with a resistance bout followed by 

a high fat meal, and a resting control trial (CON) followed by a high fat meal. The trials were 

conducted within eight days of the start of her menstrual cycle.  
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Preliminary Testing 

All preliminary testing was conducted 1 to 2 weeks before the first trial (CON or EXS).  .  

Subject’s nude body weight was measured on an electronic scale (Nicol Scales Inc. Dallas, TX) 

to the nearest 0.2 kg. Height was measured on a stadiometer (Detecto Webb City, MO) to the 

nearest 0.5 centimeter. Body mass index was determined using the subject’s height and weight 

(kg/m
2
). Body fat percent was measured using the seven-site skin fold technique and the 

Jackson-pollock equation (subscapular, abdominal, triceps, midaxillary, chest, thigh, and 

suprailiac) (49). Waist to hip ratio was determined using a body measuring tape. The waist was 

defined as one inch above the umbilicus. The hip measurement was taken around the largest area 

of the buttocks. Upon recruitment, subjects were given verbal and written instructions on how to 

record their 24-hour dietary food record, to be analyzed during their first trial and/or prior to 

their second trial. This diet was repeated exactly for the 24-hour period preceding the subsequent 

trial. Four weeks prior to testing, subjects were introduced and familiarized with the necessary 

resistance machines as well as tested for strength. Subjects performed a one repetition maximum 

(RM) test for each exercise of the resistance exercise protocol. Testing was conducted in 

accordance with ACSM protocol consisting of two, warm-up sets followed by load progressions 

(approximately 20% increases) until a 1-RM was reached.  Subjects were monitored through 

each exercise by certified personal trainers. 

 

Experimental Testing 

Experimental testing began a minimum of five days following the completion of each 

subject’s preliminary testing (see Figure 1 below).  During the 48-hour period prior to each trial, 

participants were asked to abstain from any form of exercise, alcohol, nicotine and caffeine.  For 
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both the EXP and CON trials, subjects reported to the laboratory for an initial blood sample and 

for the FMD analysis.  Endothelial function (via FMD) was assessed using ultrasound technique 

(Acuson) with color Doppler and L5 or L10 linear array transducer.  Transducer size was 

dependent on the participants arm circumference. Subjects were instructed to rest in the supine 

position at which time an eight second video clip is taken of the brachial artery. This clip is 

regarded as the “pre” clip for that particular time point. The brachial artery was occluded using a 

standard blood pressure cuff  inflated 50 mmHg above the subjects measured resting systolic 

blood pressure and held for 5 minutes. Upon releasing the cuff a second, eight second video clip 

is immediately taken. Eight second clips are recorded every 15 seconds for three minutes for a 

total of 12 clips per time point (“Pre” or day 1, Baseline, 1 hour, 2 hours, 4 hours and 6 hours).    

Reactive hyperemic response and change in vessel diameter were used to determine endothelial 

function. 

For the EXP trial, subjects were taken to the weight room where they completed three sets of 

8-12 reps at 70 percent of their previously determined 1 RM. The session included 10 exercises 

completed in a push/pull combination. The pairs consisted of: bench and lat pull down, overhead 

press and seated row, leg press and shoulder fly, leg extension and leg curl, and abduction and 

adduction. For the CON trial, subjects reported to the exercise physiology lab and remained at 

rest in the supine position for a comparable period of time. 

On the following day, subjects again arrived at the exercise physiology lab 14-16 hours 

after the exercise or resting control session, and after a 12-hour overnight fast. Upon arrival, 

subjects were instructed to rest in the supine position for 10 minutes to allow plasma volume 

equilibration at which time a catheter was inserted into an antecubital vein. Baseline blood 

samples were collected in pre-cooled EDTA (4.0 ml), heparin (4.0 ml) tubes and nonhepranized 
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serum tubes (5.0 ml) which were immediately placed on ice until centrifugation (within 10 

minutes of sample collection). A total of 13-17 ml of blood was collected at each sampling time 

point.   

Immediately following the baseline blood sample and a baseline FMD reading, subjects 

were given the high fat meal and instructed to consume it, in its entirety (with consideration for 

gastrointestinal tolerance), in no more than 20 minutes. The high fat meal (HFM) was prepared 

in the Texas Christian University Metabolic Laboratory. Using the Food Processor software 

(Viocare Inc., Princeton, NJ) the meal was designed to provide 15 kcal/kg body weight for 

predetermined weight ranges (55-64.9 kg, 65-74.9 kg, 75-84.9 kg, 85-95 kg) with 50 percent 

energy from fat, (25 percent from saturated fat), 35 percent from carbohydrate, and 15 percent 

from protein (Table 3). The meal consisted of Eggo frozen waffles, precooked bacon, eggs, egg 

whites and syrup.  Subsequent blood samples were collected every 30 minutes for the first 2 

hours and every hour after that until 6 hours post meal (10 samples total). All samples were 

handled as described above. Flow mediated dilation (FMD) of the brachial artery was measured 

via ultrasound at baseline, 1, 2, 4 and 6 hours post meal. Control trials were conducted in the 

same manner excluding the exercise bout. There was approximately 3-5 weeks separation 

between trials depending on the subject’s menstrual cycle.  

High Fat Meal  

 The high fat meal (HFM) was prepared in the metabolic laboratory. Using the Food 

Processor software (Viocare Inc., Princeton, NJ), each food component of the high fat meal was 

analyzed for weight, Kcal, total fat, saturated fat, protein and carbohydrates. A total kcal “goal” 

was determined for each 10kg weight range based on subject’s body mass (55-64.9 kg, 65-74.9 

kg, 75-84.9 kg, 85-95 kg). For subjects 55-64.9 kg we estimated 900 kcals, with an actual 

measurement of  920.71 kcals. Subjects 65-74.9 kg; estimated 1050 Kcals, actual 1069.33 Kcals, 
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subjects 75-84.9 kg: estimated 1,200 Kcals, actual 1205.03 Kcals, and subjects >85 kg: estimated 

1350 Kcals, actual 1344.96 Kcals. The meal consisted of pancakes, bacon, eggs, and syrup and 

was consumed within 20 minutes. Any remaining food was weighed and subtracted from the 

total weight. The amount of food consumed was duplicated for the succeeding trial. 

Blood Analysis 

Collected samples were centrifuged at 2000 x G, and the plasma or serum was harvested 

and aliquoted into 0.5 mL cryovials and frozen at -80 ºC. Samples were analyzed for total TG, 

and glucose concentration using standard enzymatic spectrophotometric assay methods (Stanbio, 

Boerne, TX). Insulin was analyzed using a radioimmunoassay (RIA) method (Seimens 

HealthcareDiagnostic, Deerfield, IL). LPL mass was measured via ELISA (Alpco 

immunoassays, Salem, NH) and Nitrate/Nitrate concentrations determined via colormetric 

ELISA (Caymen Chemicals, Ann Arbor, MI). All samples for a particular subject and variable 

were analyzed in duplicate or triplicate in the same batch.  

FMD clips were analyzed via Brachial Analyzer for Research Software (Medical Imaging 

Applications, LLC.). The software condensed the recorded brachial diameter (mm) for every 

second of the clip into an average diameter for each clip. The 12 average diameters were used to 

create a line graph allowing the technician to determine the “pre” and “peak” artery diameters for 

the time point (“pre” or day 1, baseline, 1 hour, 2 hours, 4 hours or 6 hours). From this data, delta 

FMD, percent change and AUC were calculated for each time point.   

 

Statistical Analysis 

 Systat® software was used for all statistical analyses. A three-factor analysis of variance 

(ANOVA) was used to determine differences between groups (lean and obese), between 
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conditions (exercise and control) and across time (sampling time points). Repeated analyses were 

used on the condition and time factors. The number of sampling time points varied for each of 

the dependent variables measured: eight for TAG clearance, nine for insulin and glucose, six for 

FMD, five for nitrate/nitrite and two for LPL (2) mass. Area under the curve (AUC) for TAG, 

insulin and glucose responses was calculated using the trapezoidal method, and these responses 

were analyzed using a two-factor (group x condition) ANOVA. Nutritional data were analyzed 

via a one-way ANOVA. Results are presented as means ± standard deviations and the alpha level 

was set at p<0.05. The Huyn Feldt correction as used to correct for sphericity with multiple 

sampling. Newman Keuls post hoc tests were carried to clarify differences identified by the 

ANOVA.  

(  = blood sample,  = endothelial function analysis- FMD) 

Figure 1. Experimental Protocol. 
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Chapter IV 

Results 

Descriptive Variables  

 There were significant main effects between groups for body mass (p=0.00), BMI 

(p=0.00), percent body fat (p=0.00), as well as a main effect between groups for waist to hip 

ratio (p=0.001). There were no main effect between groups for age (p=0.068), height (p=0.176), 

systolic or diastolic blood pressures (p=0.181 and p=0.320 respectively), volume lifted for 1RM 

(p=0.892) or total volume lifted during the trial (p=0.208).  

Table 1. Anthropometric Measures and Subject Characteristics. 

n=20   

 Obese (n=10) Lean (n=10) 

Age, yr 22.78±3.63 20.10±1.20 

Body mass(kg) * 92.97±11.62 66.86±10.60 

Height (cm) 164.22±6.75 167.64±6.63 

BMI * 34.26±3.34 23.51±3.02 

% Fat * 34.54±3.46 26.11±3.46 

Waist:Hip ratio * .086±.033 .77±.065 

Waist (cm) 40.14±3.15 30.68±3.32 

Hip (cm) 46.61±3.72 39.79±2.89 

Volume Lifted   

1RM (kg) 507.95±126.36 505.50±105.94 

70% 1RM (kg) 397.05±83.18 345.45±69.5 

Trial TVL (kg* reps) 35734.1±7487 31090.91±6259.3 

*Indicates significance 

 

 

 

Nutritional Analysis  

There was not a significant main effect for nutritional data between groups for total 

calories consumed (p=0.624) (figure 1), carbohydrates (p=0.428), fat or protein (p=0.738 and 
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0.590 respectively) (figure 2). No differences were found between groups for saturated, 

monounsaturated or polyunsaturated fat (p=0.991, 0.583 and 0.460) (figure 3). There was no 

main effect between groups for total amount of food remaining during the first trial (in other 

words food consumption during the trial was not different between groups)  (p=.249) (table 2). 

Table 2. Nutrition and Food data 

  Obese  Lean  

24 food log nutritional analysis       

Calories  2138.48±717.0  1958.28±857.0 

CHO (g)  282.47±97.3 245.73±100.0 

Protein  (g)  77.85±30.9 88.10±49.3 

Fat (g)  80.04±32.1 74.57±38.1 

Sat Fat (g)  26.23±12.9  26.29±13.7± 

Mono (g)  17.54±17.1 13.82±10.7 

Poly (g)  6.47±5.4 4.89±3.2 

Trial Food Remains (g)   62.5±76.1  109.6±95.8 

 

 

Figure 2. Lean vs. obese total calorie consumption as determined by 24 hour food log analysis  
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Figure 3. Lean vs. obese macronutrient consumption  

 

Figure 4. Lean vs. obese calories from various fats 
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Figure 5. Lean vs. obese food remains during the first trial 

 

Table 3.  HFM Recipe Components  

 

 

 

 

 

 

Blood Glucose Uptake 

There was a significant main effect for time for plasma glucose levels (p=.001) (Figure 

5a). Post hoc analysis for time yielded differences between base and half hour time points; .5 and 

1, 1.5, 2, 3 and 6-hrs;  There were no significant main effects between groups (p=0.719) or 

conditions (p=0.645) (Figure 4a). Analysis revealed no significant interactions for group by 
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 Lean  

Obese 

Food Brand Wt (g)  Kcal Fat (g) Pr (g) CHO (g) 

Eggs Foster Farms 50 74 4 6.29 1.36 

Egg whites Foster Farms 100 52 1.53 10.9 0.73 

Waffle Eggo  70 (2) 190 6 4 29 

Bacon  Hormel 12 (2) 60 45 3.7 0.1 

Syrup Log cabin 80 200 0 0 52 

Butter Land o Lakes 14 100 11 0 0 
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condition (p=0.180), time by group (p=0.816), or condition by time (p=0.911). The three way 

interaction of condition by group by time was also not significant (p=0.980) (Figure 4b).  

 

 

 

Figure 6. A (top graph): Blood glucose responses between groups and conditions.  

B (bottom graph): Blood glucose AUC between groups and conditions.  
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Insulin  

 There was a significant main effect for time (p=0.000) but not for conditions (p=0.120) or 

group only (p=0.192). There was a significant interaction between conditions and time (p=0.002) 

but not for conditions by group (p=0.496), time by group (p=0.304), or the three way interaction 

of condition by time by group (p=0.074). Analyzing the AUC for the insulin responses did not 

yield significant main effects for group or conditions (p=0.189 and 0.130 respectively) (Figure 

5). The interaction between conditions and group (p=0.471) was also not significant. Insulin 

sensitivity index analysis (calculated as 10,000/ √(FPG*FPI)*(glucose response to OGTT* 

insulin response to OGTT) revealed a significant main effect for group (p=.042) but not 

condition (p=.625) or condition by group interaction (p=.913) (24).  
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Figure 7. (A) Insulin responses between groups and conditions.  

(B) Insulin AUC scores between groups and conditions. 

(C) Insulin sensitivity (index) 

 

 

 

TAG Metabolism  

The triglyceride time course responses revealed a significant main effect between groups 

(p=.016) and for time (p=.002) (Figure 6A). Post hoc analysis revealed that the lean group was 

lower than the obese at all time points. The specific time differences were found to be between 

“base” and all other time points except the 6 hour time point. The 1-hr sample was significantly 

different from only the 1.5- hr time point. 1.5 was different than 6-hr and 5-hr was different than 

6-hr. Condition (p=0.286) as well as the interactions between conditions and group (p=0.658), 

time and group (p=0.834), condition and time (p=0.454) and condition by time by group 

(p=0.421) were all not significant. The AUC analysis demonstrates the same pattern of 

significant main effect for group (p=0.023) but not condition (p=0.302) or the condition by group 
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interaction (p=0.618) (Figure 1B). TAG responses were 38% lower in lean versus obese as 

indicated by the AUC scores. 

 

 

 

Figure 8.  TAG responses and AUC between groups and conditions 
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Lipoprotein Lipase Response  

There were no significant main effects for group (p=0.785), conditions (p=0.660) or time 

(p=0.157). The interactions between conditions and group (p=0.094), group and time (p=0.591) 

and the three way interaction between conditions, group and time (p=0.916) were also not 

significant.    

 

 

Figure 9. LPL mass between groups and conditions 
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Endothelial Function  

Percent change analysis showed no main effect for group, condition or time (p=0.920, 

0.150 respectively and .205). The condition by group (p=0.173), time by group (p=0.573), 

condition by time (p=.085) and three way, condition by time by group (p=.318) interactions were 

also not significant. Delta FMD analysis also revealed no significant main effects for group, 

condition or time (p= .609, .126, and .265 respectively) or interactions (condition by group 

p=.148; time by group p=.581; condition by time p=.103, condition by time by group p=.349) 

(Figure 9a & b). 

An additional three way ANOVA using group and condition but only the “pre” and 

“base” measures for time exposed a main effect for condition (p=.016) (Figure 9c). AUC 

analysis showed significant main effects for group (p=.036) and conditions (p=.035) (Figure 9d) 
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Figure 10. a & b) Percent Change in FMD between groups and conditions. c) Group by 

Condition by time (pre and base only). d) AUC  
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Nitrite+Nitrate 

No significant main effect was found for groups (p=.332), conditions (p=.352) or time 

(p=.105). The interactions between condition and group (p=.479) and between time and group 

(p= .761) were far from significant; however there was a tendency towards significance for the 

interactions of conditions by time (p=.057) and condition by group by time (p=.051).  These 

were based on greater levels observed in the Base response in the exercise condition.  
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Figure 11. Nitrite+Nitrate levels between groups and conditions 
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Chapter V 

Discussion 

 We sought to determine the effects of a single bout of resistance exercise on the 

postprandial lipemic response, measures of endothelial function, and glucoregulatory responses  

following a typical American high fat meal. The principle finding of this investigation was that 

postprandial TAG response was not reduced by a single bout of resistance exercise following a 

high fat meal. However, there was a difference between the postprandial response in lean and 

obese young women over time meaning that the lean subjects had lower lipemic responses 

compared to obese subjects, apart from prior exercise. There was no interaction between exercise 

and body composition which suggest that the same degree of exercise-induced postprandial 

reduction occurred in both groups. The lack of difference in the LPL mass measurement 

indicates that this method of assessing LPL does not provide the same sensitivity as the 

conventional LPL activity measurement. Further, the significantly lower ISI in the obsess group 

indicates that these individuals displayed some impairment of their glucose metabolism, 

independent of the exercise intervention. Finally, measures of endothelial function did not appear 

to be impacted by any of the independent factors; however, an analysis conducted independent of 

the meal intervention suggested that the exercise bout may have produced an enhanced 

endothelial response.  

  

Anthropometric, Nutritional and Exercise Data 

Anthropometric and descriptive data (see Table 1) revealed that the two groups were 

significantly different according to the primary group differentiation (i.e. body composition). 
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They were, however, surprisingly in terms of their caloric intake and volume of resistance 

exercise.   

Total caloric intake was based on self-reported 24-hour food logs. Due to the 

considerable difference in body mass between the two groups, it was also expected that the 

nutritional analysis of the obese group would indicate continual positive caloric balance. A 

possible explanation is that these women have excess body weight due to minimal levels of 

physical activity (considering that one qualifying criteria for this study was participation in 

physical activity no more than twice a week, this seems like a logical, or at least partial 

explanation). We did not measure resting metabolic rate, but it is also possible that metabolism is 

in part to blame for the excess fat storage. A final and also conceivable explanation is that the 

simple act and process of recording all food intake caused an artificial reduction in consumption. 

Regardless of which explanation was responsible for the relatively low caloric intake in the 

obese group, it probably did not an impact on postprandial lipemic responses since the HFM was 

based on their actual body mass and held constant for both trials.  

Another explanation of those with a greater body mass is the ability to lift greater loads. 

Total volume lifted during 1RM testing and the actual exercise trials were not greater in the 

obese group compared to the lean. This may be due, again, to the lack of physical activity and 

familiarity with resistance exercise or the associated initial discomfort. To facilitate familiarity, 

each exercise was verbally explained then physically demonstrated before the subject was 

instructed to perform 8-10 reps at the lightest possible load (i.e. 45lbs or less on bench press, 

20lbs on all machines). Any noticeable technique or postural mistakes were corrected and 

adjusted before increasing weight. Therefore, it seems likely that the lower total volumes are due 
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to lack of familiarity with the required exertion and discomfort associated with resistance 

exercise, rather than the actual exercises or equipment. 

Lipid Data (TAG and LPL) 

Regardless of condition, the obese subjects had greater lipemic responses to the HFM 

compared to the lean subjects. This is in accordance with previous studies that have revealed 

subjects with greater adiposity had a higher pre-meal TAG level, and experienced a greater 

lipemic response to the test meal without regard to presence or absence of previous acute 

exercise bout (9).  

Although the obese subjects were given larger portions because of their greater body 

mass, it must again be stated that not all obese subjects consumed more than the lean subjects 

during the trial or on a regular basis, according to 24-hour food log analysis and which revealed 

no significant difference between groups in food consumed during the trial. Thus, caloric intake 

was not significantly different between the groups so the pre-meal difference in lipemic response 

must be attributed to a factor other than merely calories. We hypothesized that a single bout of 

RE would attenuate the PPL response, yet statistical analysis revealed no difference between 

conditions suggesting that RE did not affect the lipemic response of either group. The greater 

lipemic response of the obese group while expected based on previous literature, is still alarming 

due to the young age and obesity classification of the individual subjects in the group. With a 

mean age of 22 years and only a class one obesity ranking, it is unfortunate to see that these 

women may already be exhibiting signs of metabolic syndrome.  

AUC scores showed at 38% lower plasma TAG in the lean group compared to obese. 

Because we controlled for previous or habitual exercise (via exclusion criteria of physical 
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activity no more than twice per week), the greater ratio of lean to fat tissue present in the lean 

subjects apparently accounted for a greater proportion of metabolically active tissue and thus a 

reduction in PPL. Although we did not see the expected reduction in PPL due to exercise, the 

response was attenuated to a degree.  

Increases in lipoprotein lipase activity have been implicated as a possible mechanism for 

the attenuation of PPL. Cardiac and skeletal muscles are major sites of LPL synthesis and the 

enzyme is expressed at high levels in the capillary endothelium of these and various other 

tissues. Due to this expression and synthesis, previous studies have suggested the possible 

influence of muscle contraction on muscle LPL activity and its regulatory role in PPL (7, 17, 26). 

LPL mass is a less invasive method of investigating LPL activity since it does not require 

heparin infusion, and studies in both men and women found a negative correlation between 

preheparin LPL mass and HOMA-R in type 2 diabetics, as well as a negative correlation between 

LPL mass and impaired glucose tolerance and normal glucose tolerance (29). Positive correlation 

was found between preheparin LPL mass and insulin sensitivity in both men and women and an 

inverse relationship between muscle LPL mass and insulin sensitivity rather than insulin levels. 

These results suggest that preheparin LPL mass is regulated by insulin sensitivity rather than 

insulin levels (28, 29). Those with greater adiposity (as LPL is stored and synthesized in 

adipocytes among other tissues) often have greater LPL expression (adipose and muscle LPL) 

but are virtually insensitive to its anti-atherogenic effects. In fact, research reveals that insulin 

levels and obesity suppress muscle LPL action but stimulate adipose LPL action. Diabetes has 

also been shown to down regulate muscle LPL. Likewise, those with greater adiposity typically 

also have greater insulin levels, which may contribute to hypertriglyceridemia, but often, also 

suffer from insulin insensitivity (25).  
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Insulin supresses LPL activity; yet, exercise can likewise increase the insulin action. It 

has been well established that aerobic exercise decreases the insulin response, thereby increasing 

insulin action and sensitivity. Brooks (52) showed that resistance may also be effective in 

augmenting insulin sensitivity. Muscle contraction alone has been shown to stimulate GLUT-4 

translocation to the cell membrane to facilitate glucose uptake in so doing, also improve glucose 

tolerance and insulin sensitivity (17,18, 52). However, it is worth mentioning that there is also 

evidence to suggest that the exercise influence on insulin response may be due to a training effect 

or chronic exposure rather than a single or acute bout (18). The timing of exercise is of specific 

importance due to the fact that elevated LPL activity has been seen as long as 48 hours post 

exercise, implying that the response of LPL is targeted to the muscles involved or exercised (1). 

Yet, other investigators report that skeletal muscle LPL activity is delayed and transient 

following acute exercise with maximal increases in LPL mRNA being reported approximately 4 

hours after exercise and returning to baseline levels within 24 hours (2). Regardless, it seemed 

logical to hypothesize that LPL mass would be greater following a single bout of resistance 

exercise due to the expected blunting of the insulin response. While we didn’t find significance 

in LPL mass it may be due to the sampling time points rather than a lack of change or response 

of the blood variable.  

From a methodological standpoint, we measured LPL mass to determine if it would be 

sensitive enough to reflect the acute changes that might be produced by prior exercise.  As 

described above, previous work suggests LPL mass may be a good indicator of the chronic 

relationship between LPL activity and lipid levels.  Although our LPL mass values were 

consistent with those in the literature, the lack of differences between condition and between 
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groups, even in the fact of TAG differences between groups, suggests that it is not a sensitive 

measure of enzymatic activity under the conditions employed in this study. 

Blood Glucose and Insulin Data  

 While there was a main effect for time for plasma glucose levels there was not a group or 

condition effect. While studies have shown resistance exercise training may induce a significant 

increase in insulin responsiveness to a glucose load in young subjects, a specific study by Miller 

et al, (REF) produced contradictory findings in that RE did not cause a significant change in 

glucose.  They did, however, report significantly lower basal plasma insulin levels, a finding that 

would suggest increased insulin sensitivity  (19, 21, 48). Although it was hypothesized that there 

would be a significant difference between groups and conditions, a possible explanation for the 

lack of significance may be due to the nature and volume of the exercise. Previous research 

conducted in our lab (REF), with similar design and methodology, revealed a significant 

differences in glucose response between lean and obese young women (mean age was 18.9 yrs in 

the lean group and 21.2 yrs in the obese group) women following an 60 minute, acute bout of 

aerobic exercise (60% VO2max) on day one and a high carbohydrate meal on day. The test meal 

was served in the form of a smoothie with an 80% CHO content compared to our test meal in the 

form of solid foods with only 35% CHO content. The lower CHO content of the test meal in the 

present study may explain the lack of effect.  In addition, the total volume load (TVL) of the 

resistance exercise bout should be considered.  Previous work has suggested that a minimum 

TVL of 40,000 or more is necessary to produce a significant reduction in postprandial glucose 

responses (1).  Our TVL was 29,874.53, which may not have been high enough to produce a 

significant effect with blood glucose 
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Glucose metabolism is, of course, more complicated due to the fact that similar glucose 

levels can be produced in the face of substantially different insulin levels.  There was an 

interaction between condition and time which suggests that the exercise bout reduced the insulin 

response regardless of group. It is interesting to notice that at the half hour time point, exercise 

actually reduced the insulin response of the obese group to that of the lean group.  

The ISI analysis which collapses glucose and insulin responses into one score, helps to 

provide a clearer picture of what occurred physiologically. Although we typically conclude that 

elevated plasma insulin levels are in response to high plasma glucose concentrations, and that the 

lower the plasma insulin response the greater the degree of insulin insensitivity, the ISI is a 

means of collapsing glucose and insulin response together to express effectiveness of the insulin 

response and overall health of the system (24). Higher ISI values indicate better insulin 

sensitivity and thus a healthier system. The significant difference between groups, and higher 

average ISI values in lean versus obese subjects revealed by analysis of ISI imply, while not 

classified as diabetic or “prediabetic”, obese subjects did have significantly lower insulin 

sensitivity. That is, they had a greater insulin response but with the insulin not being as effective 

in lowering blood glucose levels in response to the HFM in comparison to their lean 

counterparts.  Although exercise did not affect the ISE, these data do point out that these 

apparently healthy, yet obese young women already have indications of developing symptoms of 

the metabolic syndrome. 

Based on a 1999 article by Matsuda and DeFronzo, fasting plasma glucose levels greater 

than the upper level of  the normal range (64.8-104.4 mg/dl) classify individuals as having 

impaired glucose tolerance (IGT). IGT has been listed as a risk factor for cardiovascular disease 

but not impaired fasting glucose (IFG) (51). According to our data only one subject had fasting 
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plasma glucose values greater than 104.4 mg/dl (112.10 mg/dl). This suggest that perhaps the 

lack of a high level of glucose intolerance explains why there was not a greater response or 

difference between conditions. It is possible that in order for exercise effects to manifest 

themselves, greater glucoregulatory dysfunction must be present. Regardless of each of these 

possible explanations, perhaps with a larger sample size the statistical power of the study may 

have been high enough to yield significant differences in the glucose responses between groups 

and conditions.  

Endothelial Function Data  

 Endothelial dysfunction has been associated with many pathophysiologies and has many 

contributing factors such as age, sex, sodium intake, cholesterol levels, glycemia and comorbities 

like obesity and diabetes. However, the most common denominator associated with and 

contributing to endothelial dysfunction is oxidative stress (54, 55). Current literature on the 

subject has well established that nitrite+nitrate is a precursor for eNOS production and thus a 

promoter of endothelial vasoactivity and function (16, 36, 39, 50 53); however, according to 

fairly recent article by Elfatih et al., (16) a compensatory or inflammatory response to endothelial 

damage manifests as greater plasma nitrate concentrations (16). Because obesity can be 

described as state of chronic inflammation, it seems logical to anticipate greater N/N values in 

the obese subjects despite the fact that we would also anticipate greater endothelial dysfunction 

in the same subjects. Nevertheless, despite our original hypothesis that plasma N/N levels would 

increase following RE exercise in congruence with improved endothelial function via greater 

percent vessel dilation, there was no statistical difference between groups, or time but there was 

a tendency towards significance for the interactions of conditions by time (p=.057) and 

conditions by time by group (p=.051). To further exam possible differences we ran a two-way 
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ANOVA for the “base” time point in both conditions. For this there was also a tendency for a 

condition main effect (p=.064). This suggests that exercise might have been beneficial in 

increasing N/N concentration at the “base” time point for lean subjects and possibly for obese 

subjects initially but perhaps the HFM was enough to negatively interfere with the beneficial 

effects of the exercise bout during the postprandial period. 

   N/N samples and FMD were obtained at the same time points, theoretically to allow a 

comparison between the two. Perhaps, later or simply different time points would have revealed 

better significance. Likewise, conceivably the single bout of RE was not enough to overcome the 

effects of the HFM as far as endothelial function is concerned. In a study, Horning et al., (54) 

used 12 patients with chronic heart failure which is highly associated with endothelial 

dysfunction, compared to 7 age matched normal subjects, to assess the effects of training on 

endothelial dysfunction improvements. FMD of the radial artery was assessed at baseline, after 4 

weeks of daily hand grip training, and a final time after 6 weeks of training cessation. Testing at 

each time point was also repeated with a intravenous injection of N
G
-monomethyl-L-arginine (L-

NMMA), a substance known to inhibit endothelial synthesis and the release of eNOS. At 

baseline chronic heart failure patients demonstrated endothelial dysfunction by impaired flow-

dependent dilation (FDD) compared to normal subjects. L-NMMA injected showed even more 

impairment in FDD further indicating the importance of NO in endothelial function. Results after 

4 weeks of training showed restoration of FDD in the chronic heart failure patients, specifically 

in the portion that was treated with L-NMMA was significantly higher after training (54). Thus, 

it must be considered that simply a single bout of resistance exercise is not sufficient in 

endothelial function improvement.  
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 The FMD data and analysis for percent change and delta FMD did not yield significant 

differences. While we expected FMD to be positively affected and improved following a single 

bout of RE, it is likely that the lack of significance is simply due to the “noise” in the data which 

often made individual clip analysis difficult. Additionally it must be considered that if our 

subjects did not actually suffer from endothelial dysfunction (that is the level of vascular 

impairment was not enough to be classified as dysfunction) the lack of significance may be due 

to the fact that there was not much to improve on and that the exhibited responses were actually 

healthy.  

Further analysis via three-way ANOVA for only the pre and base time points revealed a 

significant main effect for condition (p=.016). This suggests that initially the exercise bout did 

sufficiently and positively alter FMD and endothelial function.  Yet again, perhaps it was the 

introduction of the HFM that overruled the exercise effect and prevented further or later 

beneficial FMD improvements. It is also conceivable that the previous day’s exercise was 

enough to initiate a change in FMD early on, but not enough to sustain the functional 

improvement. A review by Feletou and Vanhoutte (2006) stated that therapeutic interventions do 

not sufficiently or necessarily repair endothelial function and that any improvements seen 

through interventions are transitory and likely only improve part of the variables that contributed 

to the initial dysfunction (55).  

FMD AUC analysis was also helpful in completing the endothelial function picture by 

showing that both group (p=.036) and conditions (p=.035) were significantly different. This 

method of examining the data helps to eliminate some of the noise seen with individual clips by 

combining all 13 clips for each time point (using the trapezoidal method) and provides a more 

“inclusive” view of the endothelial response. With this data we can say that the obese subjects 
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exhibited different endothelial or FMD responses than the lean groups regardless of exercise but 

also that exercise did induce an improvement in vessel diameter.  

Conclusion 

 The results of this study indicate that a single bout of RE was not sufficient in improving 

the lipemic response after a high fat meal in lean or obese sedentary young women. The lipemic 

response, apart from condition and as expected, was lower in lean subjects. This indicates that 

we were successful in establishing two significantly different groups despite the fact that the 

exercise bout did not cause a greater change in one group versus the other. RE did not produce a 

lowering effect in insulin response or blood glucose levels in either group, but insulin sensitivity 

index did indicate that the obese group had reduced insulin action compared to the lean group. 

LPL mass was also unaffected by a single bout of RE and was not different between the groups 

or over the selected sampling time period. We conclude that LPL mass is not a good indicator of 

small differences in lipid metabolism such as that found between the lean and obese groups.   

The FMD responses were not conclusive in that neither the group nor the condition impacted this 

marker of endothelial function definitively; however, there was a suggestion that the exercise 

condition may have enhanced FMD. Exercise tended to elevate plasma nitrate+nitrite levels but 

only when looked at prior to meal ingestion; thus, we cannot make definitive conclusions 

regarding this effect.  

 Based on these results, a single bout of RE does appear to have potential in favorably 

affecting certain postprandial blood variables indicative of atherosclerosis, CVD, diabetes and 

related comorbidities. Future research might consider continued examination of RE and PPL 

following a HFM but alter the total volume load and or intensity of the exercise bout to perhaps 

elicit the desired response. The lipemic response of the obese young women in this study 
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suggests that impairments in lipid profile may already be in effect; thus, further research must be 

done with this group (young women) to achieve more conclusive answers regarding possible 

causes and appropriate interventions. Another consideration may be to sample different time 

points. Although, the time points used in this study were based on available literature, perhaps 

sampling earlier in the post-exercise period may reveal additional insight regarding RE and the 

possible influence on lipemic response.  
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