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CHAPTER I   LITERATURE REVIEW 

Obesity 

Classification of Obesity 

Overweight and obesity are a result of different degrees of positive energy 

imbalance, in which energy consumption is greater than energy expenditure (EE). In the 

human body, this excess energy is mostly stored as fat. The development of obesity 

involves genetic susceptibility and environmental factors, with the later include excessive 

energy intake, lack of physical activity, insufficient sleep, endocrine disorders, and use of 

certain medications (e.g., atypical antipsychotics) (1;2). 

Obesity is defined as a medical condition in which abnormal or excess body fat 

causes increased morbidity and mortality (3). The World Health Organization (WHO) 

classifies people with a Body Mass Index (BMI) over 30 kg/m
2
 as obese, and within the 

obese category, the degree of obesity was further broken down in to class I (BMI 30.0-

34.9 kg/m
2
), class II (BMI35.0-39.9 kg/m

2
), and class III obesity (BMI≥40.0 kg/m

2
) (4). 

In turn, class I obesity is associated with a "moderate risk" of mortality, class II with a 

"high risk", and class III with a "very high risk" (5). Significant positive association 

between increased weight class and the probability of any inpatient stay for women was 

observed by Andreyeva et al. (4). They found that for women, an inpatient stay was 19% 

more likely between overweight and moderate obesity classes compared with a normal 

weight population (p<0.05). In addition, they also found a trend towards higher 

likelihood of inpatient stays in severe and morbid obesity vs. moderate obesity, but this 
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was not statistical significant. Interestingly, this positive association was not observed in 

men (4). 

Obesity associated comorbidity and mortality 

Being the fifth leading risk for global deaths, overweight and obesity cause at 

least 2.8 million adults deaths each year (6). Prospective cohort studies found that 

mortality rate is the lowest at a BMI of 22.5-25 kg/m
2 

(7),and it increases by 30% with 

each 5 kg/m
2 

increase in BMI (7). For people above the age of 60 years, class I obesity 

would reduce the median survival age by 2-4 years, and class III obesity would reduce it 

by approximately 8-10 years (7). Overweight and obesity are also contributing factors to 

44% of diabetes, 23% of ischemic heart disease (IHD), and 7% to 41% of certain types of 

cancers (6). 

Obesity is also associated with Type II diabetes mellitus (8). As an endocrine 

organ, adipose tissue secretes certain hormones such as leptin and adiponectin. These 

hormones can influence insulin actions in the human body and are just one way in which 

obesity is related to diabetes. Evidence shows that leptin can act on pancreatic islet β-

cells and inhibit insulin secretion (9).  Leptin levels are also found to be highly correlated 

with BMI and decreased leptin levels are observed in weight loss in both mice and 

humans (10). Another important hormone secreted by adipose tissue is adiponectin. In 

contrast to leptin’s inhibitory influence on insulin secretion, it enhances insulin action. 

Animal models reveal that adiponectin mRNA expression and plasma adiponectin levels 

are decreased in obesity (11).  
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In addition to diabetes, cardiovascular disease (CVD) is also positively correlated 

with obesity. Recently, in an observational study by Dr. Nordestgaard et al. (12), it was 

reported that for every 4 kg/m
2
 increase in BMI there is a 26% increase in estimate d 

odds for ischemic heart disease (IHD).Obesity causes increase in cardiac output and 

cardiac workload which is likely related to why obese people tend to develop left 

ventricular hypertrophy because of increased filling pressure and stroke volume. It was 

observed that obese people was 30 times more likely to develop premature ventricular 

contractions than normal weight people (13).  

Obesity has also been identified as a contributing factor to various types of 

cancers. In 2002, the International Agency of Research on Cancer (IARC) reported that 

obesity attributed to 11% of colon cancer cases, 9% of postmenopausal breast cancer 

cases, 39% of endometrial cancer cases, 25% of kidney cancer cases and 37% of 

esophageal cancer cases (14). In 2007 the World Cancer Research Fund (WCRF) 

reported additional cancers that are related to obesity, including pancreatic cancer and 

gallbladder cancer (15). 

Several biological mechanisms of the obesity and cancer relationship have been 

proposed, including an insulin like growth factor hypothesis (16), sex steroids 

disturbance (17), adkipokine factors (18),obesity-induced hypoxia, shared genetic 

susceptibility, and migrating adipose stromal cells (18). In addition, it was recently 

proposed that fatty acid synthase which is linked to visceral fat accumulation is 

associated with accelerated tumor growth, because fatty acid synthase responds to 

exacerbated de novo fatty acid biosynthesis in tumor cells (19;20).  
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Obesity Worldwide and in the United States 

With 5% of men and 8 % of women being obese in 1980, and 10% of men and 

14% of women being obese in 2008, the prevalence of obesity worldwide has doubled 

during the past 30 years (21). Now, 65% of the population in the world lives in places 

where obesity causes more deaths than underweight (6). According to the data from 

National Health and Nutrition Examination Survey (NHANES), in 2009-2010, over 78 

million (35.7%) U.S. adults were obese (22). Over the past decade, the obesity rate in the 

United States increased by 4-5% (23). With 35.7% adults classified as obese, the United 

States ranked the highest in obesity rate in the world (23). Obesity has also been an 

enormous economic burden. For example, in the United States, it was estimated that in 

2008, the direct and indirect medical costs of obesity totaled $147 billion, accounting for 

1% of the gross domestic product (GDP) (23;24). The medical cost associated with 

obesity is projected to grow to $344 by 2018 (25). 

Energy Balance and Macronutrient Balance 

Energy Balance Equation 

As the first law of thermodynamics states, energy can neither be created nor 

destroyed; it can only be exchanged between different systems. In mammals, energy 

used/consumed is expressed in such heat units as kilocalories or kilojoules (26). One 

kilocalorie represents the amount of heat required to raise one kilogram of water by one 

degree Celsius. In actuality, in addition to heat production, energy from food is also used 

to perform mechanical work and for electrical signaling, as wells as storage as chemical 

energy. When energy equilibrium is achieved, this equation can be expressed as “Energy 
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intake = Energy expenditure (work + heat)”. Alpert (27) suggested that the static energy 

balance equation “change in energy stores = energy intake – energy expenditure” is 

inadequate, in that it did not take into account the time factor, nor did it allow the effect 

of change of body composition (fat free mass and weight) on EE to be reflected on the 

equation (27;28). Therefore, he proposed a dynamic equation “rate of change of energy 

stores=rate of energy intake - rate of EE”. 

After correction for urea formation and digestive loss by the human body, the 

oxidation of protein approximately yields 4 kcals/gram. Oxidation of carbohydrate yields 

about 4.1 kcals/gram, and lipids yield about 9.4 kcals/gram after correction for digestive 

losses. Thus, high fat (HF) diets are of high energy density. Energy density is the number 

of calories in a given volume or weight of food. Since consuming high energy density 

foods can lead to increase of energy intake, yet fat oxidation and EE did not seem to 

increase correspondingly with the fat content of diet (29). It is understandable that 

consumption of foods high in energy density over 6 months was found to be associated 

with higher body fatness (r = 0.38, P = 0.001) (30;31). 

Macronutrient Balance 

Carbohydrate, protein and fat are the nutrients that are consumed in a large 

quantities and which provides the bulk of dietary energy. To achieve macronutrient 

balance, the oxidation of carbohydrate, protein and fat must be commensurate with the 

amount of these nutrients ingested in the diet. When this balance is interrupted, body 

composition change will occur until the fuel utilized matches the dietary macronutrient 

composition.  
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Macronutrient oxidation is controlled mainly by the circulating macronutrient 

level and hormone concentrations (32). In healthy individuals, insulin secretion is 

stimulated by increased circulating macronutrient levels after food intake, which then 

promotes uptake of peripheral glucose, amino acids, as well as the utilization of 

carbohydrate and fatty acids (33). During the post-absorptive state between meals, insulin 

level declines and the release of catecholamines and glucagon is enhanced. This activates 

the utilization of the body’s glycogen and fat store in order to sustain ATP production 

and normal functions of the human body (34).  

The idea of macronutrient balance was first described by Flatt (32). He developed 

a two-compartment model to illustrate the storage capacities and use of the body’s two 

major energy sources—carbohydrate and fat. In the human body, carbohydrate is stored 

as glycogen, but in limited amounts. Conversely, the primary form of stored energy in the 

body is fat (as triacylglycerol).  In addition, the human body has much larger amounts of 

stored fat energy compared with glycogen, and this also changes with the degree of 

adiposity. In the Flatt hypothesis, a small compartment/reservoir represents the body’s 

capacity of glycogen storage, a large compartment/reservoir represents that of fat storage, 

and a conduit that connects the two represents de novo lipogenesis (35). Replenishment 

of the body’s reservoirs of glycogen and fat is realized by food ingestion, which is 

determined mainly by the habitual pattern of meal consumption and physiological factors 

when necessary to avoid the occurrence of hypoglycemia or de novo lipogenesis. Small 

reservoirs (glycogen store) change significantly with food consumption, while large 

reservoirs (fat store) change less appreciably with it. To achieve balance, glucose 
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oxidation increases after meals and decreases according to the situation of glycogen 

stores during the post absorptive state. The body tries to achieve a steady state of the 

large reservoir by adjusting the content of it so that the outflow (fat oxidation) matches 

the inflow (replenishment). When the fat content in the habitual diet increases, the 

corresponding increase of outflow in the large reservoir is realized by increase in fat 

oxidation or reduction of the glycogen store. However, reduction in glycogen store is 

usually not sufficient with good food availability. In addition, because the inflow of fat 

only causes an insignificant increase in the large reservoir, it is hard for the body to detect 

this change, which may result in the incommensurate increase in fat oxidation, and 

consequently fat mass will increase. This hypothesis also explained why excess adiposity 

is readily tolerated with the large reservoir of fat. 

Fat Balance and Energy Balance 

When a mixed content balanced meal (30% energy from fat, 60% energy from CHO) 

is ingested, the contribution of de novo lipogenesis to increase of body fat reserves is 

non-significant (36). Thus the carbohydrate balance and fat balance can be considered 

separately. The balance of carbohydrate and protein seems to be under auto-regulatory 

control: oxidation increases correspondingly with the consumption (37). However, fat 

oxidation is less responsive to the acute dietary intake (35).  

Fat balance equals total metabolizable fat intake minus whole body fat oxidation (38). 

As mentioned above, short-term fat does not significantly change with the addition of 

extra fat in the diet (29). Thus fat intake becomes a crucial factor in determining short-

term energy balance. In a study by Flatt et al. (35), EE and substrate oxidation was 
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measured using indirect calorimetry after breakfast meals for 9 hours. The meals were 

with the same protein and carbohydrate content but with different fat content: high 

carbohydrate (HCHO) meal (482 kcal: 27% protein, 62% carbohydrate, and 11% fat), 50 

g of long-chain triglycerides (LCT) added meal (858kcal: 15% Protein, 35% 

carbohydrate, and 50% fat) and 40 g medium-chain triglycerides (MCT) and 10 g LCT 

margarine) added meal (858 kcal: 15% protein, 35% carbohydrate, and 50% fat). 

Substrate oxidation was not significantly altered by the fat content of the meals. In 

addition, energy balance was found positive after the fat added meals and essentially the 

same as fat balance (-287 ± 60, 60 ± 33 and 57 ± 25 kcal after the HCHO LCT and MCT 

meal respectively).  Finally, the addition of fat did not change EE. Nine hour postprandial 

EE was 76 ± 10, 96 ± 11, and 105 ± 13 kcals for the HCHO, LCT, and MCT meals 

respectively.  

Schutz et al. (39) observed a close correlation between short-term fat balance and 

daily energy balance. In their study, the effect of fat intake on EE and substrate oxidation 

was studied on 7 males using indirect calorimetry. Subjects were in the respiratory 

chamber for 63 hours in total. During the first 24 hours, they were given a diet similar to 

the macronutrient content that they habitually consume, which was 1800 kcal/day (15% 

from protein, 50% from carbohydrate, and 35% from fat). During the next 36 hours, they 

were given a HF diet, in which the fat content was twice the amount as their usual intake 

whereas protein and carbohydrate remains the same. Results showed that the 24-hour EE 

did not significantly change with the increase in fat content (from 2783 ± 232 kcal/d to 

2820 ± 284 kcal/day); fat balance changed from close to equilibrium during the first 24 
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hours (-43 ± 2 1 8 kcal/day) to markedly positive (927 ± 210 kcal/day) during the next 

36-hour HF diet period. Moreover, a correlation close to unity between fat balance and 

energy balance was observed with r = 0.96 (p < 0.001). Similarly, Thomas et al. (40) also 

observed positive fat balance with increased dietary fat content. They found that EE was 

not significantly different between 7-day HF diet (52% energy from fat) and high 

carbohydrate diet (61.6% energy from carbohydrate); in addition, energy intake was 

significantly higher during the HF diet treatment than during the high carbohydrate diet 

treatment by 690 KJ/day. 

Although fat balance is not under “auto regulation“ as carbohydrate and protein, 

when under energy balance, the body tries to adapt to a HF diet by increasing fat 

oxidation to achieve a new fat balance.  Schrauwen et al. (41) conducted a study to 

measure the time course that the body achieved new fat balance when put on a HF diet 

while maintaining energy balance. Twelve normal weight men and women underwent a 

13 day study in which the first 6 days a low fat diet (30% energy from fat) was fed to 

them, and day 7-13 they were given a HF diet (60% energy from fat).  Energy balance 

was maintained during the course of the study. They found that fat oxidation increased 

significantly between day 6 and day 13 when the subjects were on a HF diet. A positive 

fat balance was seen on day 7 to day 9, but this positive fat balance disappeared after 7 

days on the HF diet (day 13), and a new fat balance (equilibrium) was achieved. Smith et 

al. (42) and Hansen et al. (43) further proved that this time course to achieve the new fat 

balance while maintaining energy balance can be accelerated  by the addition of physical 

activity.  In the study by Smith et al. (42), 6 men (non-obese) consumed a weight 



Texas Tech University, Hui C Clevenger, May 2014 

10 
 

maintenance diet (37% energy from fat) for 4 days before of they entered the respiratory 

chamber for a 5-day test. The subjects had the same weight maintenance diet on the first 

day of the chamber stay, and for the rest of the 4 days in the respiratory chamber, they 

were put on a HF diet (50% energy from fat) and exercised on treadmill either at a lower-

activity level (1.4 × Resting metabolic rate (RMR)) or a higher-activity level (1.8 × 

RMR) while maintaining energy balance. They found that cumulative fat balance after 

the HF diet were smaller under the higher-activity condition compared with the lower-

activity condition. Similarly, Hansen et al. (43) extended this finding to non-obese 

women. They found that exercise at a level of 1.8 × RMR and 1.6 × RMR increased fat 

oxidation to a much larger degree than the low activity condition (1.4 × RMR). In 

summary, when under energy balance, it takes several days for the body to adapt to a HF 

diet and achieve a new fat balance; however, exercise can reduce this time to achieve the 

new fat balance by increasing fat oxidation rates more quickly. 

Dietary Fatty Acids 

Types of Dietary Fatty Acids 

Dietary fatty acids are classified majorly according to the existence, amount and 

configuration (cis or trans) of the double bonds in the fatty acid carbon chain. Fatty acids 

with no double bonds in the carbon chain are known as saturated fatty acids (SFA); 

unsaturated fatty acids have one (monounsaturated fatty acids (MUFA)) or more 

(polyunsaturated fatty acids (PUFA)) double bonds in the fatty acid carbon chain. PUFAs 

are further classified into omega-3, omega-6, omega-7 and omega-9 fatty acids based on 

the position of the first double bond from the methyl end of the carbon chain. In addition, 
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conjugated fatty acids which have two or more conjugated double bonds also belong to 

the family of PUFAs. 

Dietary SFAs are mainly found as palmitic acid (C16:0) and stearic acid (C18:0) 

in animal fats (e.g. meat and dairy products); and lauric acid (C12:0) and myristic acid 

(C14:0) in tropical plant oils (44) . MUFAs are mainly found as oleic acid (18:1n-9) in 

vegetable, nut and seed oils such as olive oil, canola oil, sunflower oil, and peanut oil; 

pistachios, almonds and avocados also contain high amounts of MUFAs (44). Dietary 

PUFAs are present as linoleic acid (LA) (18:2 n-6) in soybean, corn safflower and 

sunflower oils, and alpha-linolenic acid (ALA) (18:3 n-3) in flaxseed, canola and soybean 

oils (44). Fatty fish such as salmon, tuna and trout are rich dietary source of the longer 

chain n-3 PUFAs (eicosapentaenoic acid (EPA)(20:5 n-3) and docosahexaenoic acid 

(DHA)(22:6 n-3). Trans fatty acids (TFA) are mainly found in partially hydrogenated 

processed PUFAs in food production; very small amount of trans fatty acids occur 

naturally as vaccenic acid (18:1 cis-11) and conjugated linoleic acid (CLA), and CLAs 

are exempt from food labeling rule in the in the U.S. and Canada.  

The Dietary Guidelines for Americans, the American Heart Association’s (AHA) 

Diet and Lifestyle Recommendations, and the Nutrition Recommendations and 

Interventions for Diabetes in 2007 suggested that SFA be less than 7-10% of calories, and 

that TFA be <1% and/or be minimized (45-47). Studies have shown that SFA can raise 

total serum cholesterol and low-density lipoprotein (LDL) (48;49). Every 1% increase in 

calories from SFA is associated with 1.3-1.7 mg/dL increase of LDL (50;51). In addition, 

TFA has been linked to increased relative risk of coronary artery disease and coronary 
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heart disease (CHD) death rate (52;53). Conversely, unsaturated fatty acids have been 

reported to reduce plasma total cholesterol levels (54). Cooper et al. (55), observed that 

total cholesterol and LDL cholesterol levels were higher than baseline after a 4-day HF 

diet enriched in SFA (50% energy from fat, 22% energy from SFA), and lower than 

baseline after the high MUFA diet (50% energy from fat, 30% energy from MUFA). 

Different types of dietary fatty acids have also been reported to have varied effects on 

plasma triacylglycerol (TAG). In a large-scale randomized dietary intervention study by 

Tierney et al. (56), subjects were given one of four isoenergetic diets: high-SFA, high-

MUFA, low fat high-complex carbohydrate (LFHCC) and LFHCC supplemented with 

long chain n-3 polyunsaturated fatty acids (LC n-3 PUFAs, Marinol C-38) (1.2 g per day) 

for 12 weeks. Results showed that there was a small but significant reduction in plasma 

TAG concentration following the LFHCC n-3 diet. Interestingly, SFA also resulted in 

reduced TAG concentration; however, MUFA did not alter plasma TAG significantly. In 

contrast, studies on effect of HF diets with different fatty acid composition on plasma 

TAG showed varied results. Acute effect studies found that postprandial serum TAG and 

chylomicron (CM) concentrations were lower after MUFA rich meals (from oleic acid 

(18:1 n-9)) and n-3 PUFA rich meals (from EPA (20:5) and DHA (22:6 n-3) compared 

with SFA rich meals, however, similar or even higher levels of serum TAG and CM was 

observed after a n-6 rich PUFA meal (57-59). However, Cooper et al.(55) reported that 

plasma TAG levels decreased similarly and significantly in both treatments (4-day high 

SFA diet (22% energy from SFA) vs. 4-day high MUFA diet (30% energy from 

MUFA)). 
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Dietary Fat and Obesity 

The association between dietary fat intake and weight gain has been extensively 

studied and remain controversial. In animals without genetic modification, positive 

correlation between percentage energy from dietary fat and body fat content has been 

observed among monkeys, dogs, pigs, hamsters, squirrels, rats, and mice (60). However 

in human studies, results were less conclusive. Some epidemiologic studies showed 

evidence that a higher fat content in diet with similar total energy was associated with 

higher prevalence and greater chance of developing overweight and obesity (61;62). 

However, some other studies showed that long term restriction in dietary fat intake did 

not result in a significant reduction in body weight compared to other weight reducing 

diets (63). 

Dietary Fatty Acids, Body Weight Change and Prevalence of Obesity 

Studies have been done to look at differential effects of dietary fatty acid 

composition on body weight change. In the Nurses’ Health Study (64), it was observed 

that although total fat intake had a weak positive association (β= 0.11) with weight gain, 

consumption of PUFA (β= 0.42), SFA (β= 0.40), and TFA (β= 0.54) had stronger 

positive associations with weight change; MUFA intake, on the other hand, had an 

inverse (β= -0.31) relationship with weight gain. Results from a study conducted in 

Spain--‘‘Seguimiento Universidad de Navarra’’ (SUN) Project (65), which followed the 

similar research pattern as the Nurses’ Health Study (64) showed agreement with the 

Nurse's Health Study on the association between MUFA and body weight change. In the 

SUN project study, a validated 136-item food frequency questionnaire (FFQ) and a 
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scoring system was used to assess the baseline adherence to a Mediterranean dietary 

pattern (MDP). Subsequent weight change after 28-months follow up was calculated and 

correlated to the adherence to the MDP. A smaller weight increment was observed among 

people with a higher adherence to the MDP. Mean weight gain was 0.71 kilograms 

among participants with less than 11 grams of olive oil consumption per day, compared 

with 0.55 kilograms among those with more than 11 grams of olive oil consumption per 

day. 

Also, the prevalence of obesity was found positively associated with dietary SFA 

and PUFA, while negatively related with MUFA availability (66). In this 5-year 

ecological study conducted in 168 countries (66), researchers calculated and analyzed the 

5-year mean availability for total dietary fat, SFA, PUFA and MUFA per capita. Multiple 

linear regression was conducted to analyze the individual relationships of each type of 

dietary fatty acids with the prevalence of obesity (energy intake per capita was controlled 

for the analysis). Results showed significant positive relationship between SFA (β=0.38, 

p<0.01), PUFA (β=0.68, p<0.01) and prevalence of obesity. This positive relationship 

between PUFA and obesity was unexpected because of the long-standing promotion of its 

other health benefits (67). 

Fatty Acid composition and Energy Expenditure 

The effect of dietary fatty acid composition on EE has been vastly studied and 

remains controversial. In animal studies, acute effects of a lipid-rich meal on EE were 

found to differ with the degree of saturation of the fatty acids. Even et al. (68) tested the 

effect 
18

C fatty acids saturation on change of EE in rats. One of the four test meals (50% 
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of calories come from fat) were fed to the 4 groups of rats: shea butter (stearic acid18:0, 

SFA), sunflower oil (oleic acid18:1 n-9, MUFA), safflower oil (linoleic acid 18:2 n-6, 

PUFA) and linseed oil (18:3 n-3 ALA). 6.5-hour postprandial EE showed that 

postprandial increase in EE was the highest after the PUFA meal, following by the 

MUFA meal, and the lowest after the SFA and ALA meal. 

Kien et al. (69) found daily EE remained unchanged in human subjects after a 28-

d high MUFA diet (40% of energy as fat, 1.7% as palmitic acid, and 31.4% as oleic acid), 

while EE deceased significantly in subjects on a 28-d high SFA diet (40% of energy as 

fat, 16.8% as palmitic acid, and 16.4% as oleic acid) (-214 ± 69kcal/day; p=0.02). No 

significant difference in resting EE (both 7 hour postprandial and fasting state) was found 

between the two treatments though.  Cooper et al. (55) explored the short-term effect (5 

days) of a HF diet (50% of energy), with different fatty acid composition on 24-hour EE 

using indirect calorimetry (respiratory chamber). Eight normal weight males participated 

in this study and consumed a diet rich in either MUFA or SFA (SFA constituted 23% of 

total energy, MUFA constituted 22%, and PUFA constituted 10%) for 5 consecutive 

days. EE was measured on 1st, 2nd and 4th day of HF meal treatment. In agreement Kien 

et al. (69) no significant differences in 24h EE were observed between treatments. 

Finally, acute feeding studies looking at a single HF meal enriched with either PUFA or 

MUFA also showed no effect of fatty acid composition on postprandial EE (70;71). 

Oxidation of Dietary Fatty Acids 

Change of body's fat store is determined by the rate of fat oxidation and fat intake. 

When rate of fat oxidation matches fat intake, fat equilibrium is achieved. Otherwise, 
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gain or loss of fat mass will occur. All fatty acids are potential substrates for beta-

oxidation, in which a fatty acid is broken down, 2 carbons at a time, to unlock the energy 

in the carbon compounds, and so that ATP can be generated to provide energy in 

biochemical synthesis. However, not all fatty acids are oxidized in identical ways and at 

equal rates (72). Unsaturated fatty acids have at least one double bond within the fatty 

acid chain, and with each double bond formed, two hydrogen atoms are eliminated. 

During beta-oxidation, the double bonds in unsaturated fatty acids prevent the acyl-CoA  

dehydrogenase from forming another double bond between the carbon atoms (73), and 

thus FADH2 does not form at this step, which then saves one atom of oxygen. 

Theoretically speaking, the greater the degree of unsaturation in a fatty acid, the smaller 

the amount of oxygen is needed to oxidize it. Stated differently, on a molecular level, 

with the same amount of oxygen, a higher degree of oxidation is supposed to occur in 

fatty acids with higher degree of unsaturation. In principal, with the same amount of fat 

intake, ingestion of unsaturated fatty acids is more likely to enable the body to achieve fat 

balance and energy balance. 

Fat oxidation in humans can be measured in a few different ways. To assess 

global fat oxidation (includes both endogenous and exogenous fat oxidation), indirect 

calorimetry can be used. Conversely, to be able to measure endogenous vs. exogenous fat 

oxidation, stable isotopes are used. They can provide information on exogenous fat 

oxidation. That paired with indirect calorimetry measures will provide total, endogenous, 

and exogenous fat oxidation.  
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In animal models, radioactive isotope-labeled unsaturated fatty acids were found 

to be oxidized to a larger extent compared with saturated fatty acids (74). In a study by 

Coots (75), rats fed with stearic acid (C18:0) enriched HF diet (64% energy from fat) 

showed a significantly lower elimination of the 
14

C labeled CO2 in the respiratory gases 

and higher 
14

C content in the carcass than those fed with oleic acid (18:1n-9) enriched 

diet. In addition, Cenedella et al. (74) found that in rats fed with 1ml olive oil added with 

12µc either 1-
14

C-palmitic acid (C16:0) or 1-
14

C-linoleic acid (C18:2n-6), between 5-6th 

hours postprandial, approximately twice as much 
14

C-fatty acid carbon was oxidized to 

CO2 per hour in the 1-
14

C-linoleic acid (C18:2n-6) -fed rats than in the 1-
14

C-palmitic 

acid (C16:0) -fed rats. 

In humans, using isotope labeling, Jones et al. (76) analyzed the oxidation rate of 

1-
13

C stearic acid (C18:0) (20 mg/kg body weight), oleic acid (C18:1n-9) (10 mg/kg) or 

linoleic acid (C18:2n-6) (10 mg/kg) added in a capsule form to a breakfast meal in 6 

normal weight men. Data on 
13

C abundance in the breath samples and fecal excretion 

were collected. Results showed that 9 hours postprandial whole body oxidation of 

exogenous oleic acid (C18:1-n9) was higher than that of linoleic acid (C18:2n-6), and 

both of the unsaturated fatty acids oxidation rate exceeded that of stearic acid (C18:0). 

This was followed by a study by DeLany et al. (77) who used the same technique 

to investigate the effects of chain length, degree of unsaturation and stereo isomeric effect 

on fatty acid oxidation in normal weight males. After the background 
13

C contribution 

was determined, the subjects were given a HF test meal of Ensure® (Ross Laboratories, 

Columbus, OH) based liquid meal with different 
13

C labeled fatty acids added (10mg/kg 
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body weight) in a random order with 2-4 days in between each treatment. The fatty acids 

added were SFA (laurate (C12:0), palmitate (C16:0), and stearate (C18:0)), MUFA 

(oleate (C18:1n-9)), PUFA (linoleate (18:2n-6) and linolenate (18:3 (n-3))) and TFA 

(elaidate (C18:1 trans-9)). They found that the shorter chain SFA (laurate (C12:0)) was 

the most highly oxidized fatty acid, followed by the unsaturated fatty acids, among 

which, oxidation of PUFAs (linolenate (C18: 3) and linoleate (C18: 2)) were similar with 

TFA and slightly higher than that of MUFA (oleate (C18: 1)).The least oxidized were the 

SFAs (palmitate (C16: 0) and stearate (C18:0)). In addition, they found a significant 

positive correlation between degree of oxidation and number of double bonds in fatty 

acids with similar chain length (more double bonds correlated with greater oxidation), 

and in SFAs between oxidation and chain length (shorter chain length is correlated with 

greater oxidation). 

Different from the above findings, Lovejoy et al. (78) used indirect calorimetry, 

which reflect the metabolic fate of both exogenous and endogenous fatty acids, to explore 

the effect of a 4-week controlled diet (28% energy from fat) enriched in different fatty 

acids (9% of energy), SFA (palmitic acid (C16:0)), MUFA (oleic acid (18:1n-9)) or TFA 

(elaidic (C18:1 trans-9)) on 8-hour postprandial fat oxidation in 25 non-obese men and 

women. They found that fat oxidation was the highest in the TFA diet and lowest in the 

MUFA diet; the SFA diet exhibited a higher degree of oxidation than the MUFA diet. 

This was in agreement with findings by Kien et al. (69), who also used indirect 

calorimetry to study the fat oxidation status after a 4-week test diet (40% energy from fat) 

either high in MUFA (31.4% energy from oleic acid (18:1n-9), 1.7% from palmitic acid 
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(C16:0) or high in SFA (16.8% energy from palmitic acid (C16:0), 16.4% from oleic acid 

(18:1n-9)). They found that fat oxidation rate was higher compared with baseline after the 

high MUFA diet, and lower after the high SFA diet. 

 Shorter term studies with indirect calorimetry, however, yielded varied results. 

Studies has been done to explore the acute effect of a HF meal (40% energy from fat) 

with major source of fat either from olive oil (rich in MUFAs) or cream (rich in SFAs) on 

fat oxidation. Results showed 5-hour postprandial fat oxidation was greater following the 

high MUFA meal than following the high SFA meal in normal weight men and women 

(70;79). Cooper et al. (80) on the other hand, found no difference in fat oxidation after a 

4-day HF diet (50% energy from fat) either enriched in MUFA or SFA in normal weight 

men. In addition, Jones et al. (81), found no differences in fat oxidation rate 6 hours 

following a HF meal (60% energy from fat) added with either olive oil (rich in oleic 

(18:1n-9), sunflower oil (rich in linoleic (18:2n-6)), or flaxseed oil (rich in linolenic 

(18:3n-3)) in normal weight men. 

Obese vs. Lean 

There is also evidence for difference in fat metabolism between normal weight 

and obese subjects. Using stable isotope tracing, Bessesen et al. (82) found 6 hour 

postprandial recovery of 
14

C in CO2 was significantly less in obese Zucker rats than in 

lean rats (0.45 ± 0.06 vs. 0.88 ± 0.09nmols, p < 0.01), and correspondingly the amount of 

14
C found in adipose tissue was significantly greater in the obese rats compared to lean. 

In humans, a reduction in fat oxidation has been observed in subjects with a higher 

percentage of body fat (83). In a study by Westerterp et al. (83), 12-hour cumulative 
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dietary fat oxidation was measured after ingestion of a deuterated palmitic acid rich meal 

(30-35% energy from fat) in a respiration chamber. They observed an inverse relationship 

between dietary fat oxidation and BMI as well as fat oxidation and body fat percentage 

(measured by hydrodensitometry). Averagely, fat oxidation in subjects with a BMI of 30 

was approximately half of that in subjects with a BMI of 20 (83). In addition, Jones et al. 

(84) found that obese subjects consuming a low PUFA to SFA ratio diet, but not the high 

PUFA to SFA ratio diet, exhibited significantly lower cumulative fat oxidation (p<0.01) 

relative to the basal level over 4.5 hours postprandial (-3.96 ± 1.54g/4.5 hours), compared 

with lean subjects consuming high (0.06 ± 1.134g/4.5 hours) or low (1.15 ± 1.64g/ 4.5 

hours) PUFA to SFA ratio diets.  

Diet-Induced Thermogenesis 

Components of Resting Energy Expenditure 

After food consumption, some energy is lost to the system during digestion 

through breakdown of food to its appropriate absorbable components, and some is lost in 

urine formation and in feces. Thus, metabolizable energy (ME) represents gross energy 

intake minus energy excreted in urine and in feces. During resting, this ME is then used 

to keep the body warm, contribute to heat increment as food is being metabolized and 

converted to body components, and to perform anabolic and catabolic processes that are 

involved in body maintenance (basal energy). The components of resting EE can be 

illustrated with the following equation “Metabolizable energy = Heat increment (diet 

induced thermogenesis (DIT) + Heat released to keep the body warm) + basal energy”. 

Thermogenesis 
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The thermic effect of food or DIT is associated with the energy expended to 

digest, transport, metabolize and store food. This EE constitutes approximately 10% total 

daily EE and varies with the metabolic fate of the ingested substrate (85). DIT is 

important in the regulation of energy balance (86). The thermogenic effect of food is 

mediated by the sympathetic nervous system (87;88). In addition, thermogenesis was also 

found to be related to a unique mitochondrial machinery that allows them to uncouple 

oxidative phosphorylation from ATP synthesis—the uncoupling proteins (UCPs). So far 

there are 3 UCPs identified, UCP-1, UCP-2 and UCP-3.  UCP1 was identified in the 

brown fat depots, which is different from white adipose tissue in that the brown fat cells 

contain a much larger amount of mitochondria in the cytosol and are more innervated and 

vascularized than white fat cells. In humans, it is found mainly in newborns (26). UCP-1 

can be activated to dissipate the proton gradient across the mitochondrial membrane to 

generate heat (89). UCP-2 is present in several tissues, including the liver, skeletal 

muscle, white and brown adipose tissue, whereas UCP-3 is expressed predominantly in 

skeletal muscle (90). UCP-2 content was reported positively correlated with percent of 

total body fat, and a higher skeletal muscle UCP-2content was found in obese subjects 

than in lean subjects (91). In humans, surplus food up-regulates UCPs synthesis (92), 

suggesting their role in regulating heat production to achieve energy balance.  Heat loss 

difficulty has been suggested in genetically obese individuals. Specifically, the inability 

of tissues to uncouple respiration and ATP synthesis processes of oxidative 

phosphorylation so as to release heat to keep the body warm (26). Therefore, ATP is 

continuously synthesized; this surplus ATP then passes its energy onto the synthesis of 

fat.  
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There is evidence for a reduced activity of the thermogenic component of 

sympathetic nervous system in obesity in both animals and humans (93). Matsumoto et 

al. (94) studied the difference in the thermogenic sympathetic response to food intake 

between obese and non-obese women. Spectral analysis procedure of heart-rate 

variability was used to assess sympathovagal activities during rest and after meal 

consumption. Results showed that, after food ingestion, the parameters of sympathetic 

component related to thermoregulation (very-low-frequency component and global 

sympathetic nervous system index) significantly increased in normal weight subjects but 

not in obese subjects. Correspondingly, the magnitude of EE increase was significantly 

greater in normal weight subjects compared with obese subjects. In agreement with the 

above findings, De Jonge et al. (95) found that the majority of the studies (76%) done in 

individuals of normal weight and obesity of the studies reported a significant lower DIT 

in obesity. 

Thermic Effect of Dietary Fatty Acids 

There has been evidence that degree of saturation of dietary fatty acids could 

affect heat production differently. It was reported that effect of dietary fat on sympathetic 

activity in rats varies with the type of dietary fatty acids consumed (96). Young et al. (96) 

reported that after a 2-week HF diet enriched in different fatty acids, norepinephrine 

turnover rate was significantly higher in rats fed with high PUFA (from safflower oil) 

diet than in rats fed with high SFA (coconut oil) diet. Longer term feeding of diets 

enriched in different fatty acids produced similar results. Takeuchi et al. (97) studied the 

effect of 5-6 week HF diet with different dietary fatty acid composition on DIT, 
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sympathetic activity in brown adipose tissue (BAT) and body fat content change in 76 

male rats. HF diets based on lard (palmitic acid 25-28%, stearic acid 12-14% and oleic 

acid 44-47%), high oleic acid safflower oil (oleic acid 18:1), safflower oil (n-6 18:2 

linoleic acid) or linseed oil (18:3 n-3 ALA) were fed to them. DIT was assessed by 

measuring 1-hour pre-prandial and postprandial oxygen consumption. Sympathetic 

activity in BAT was estimated by measure the intercapular brown adipose tissue (IBAT) 

norepinephrine turnover rate. It was reported that the lard diet which is rich in SFA 

resulted in significantly lower increment of oxygen consumption, which indicate a lower 

DIT. The norepinephrine turnover rate was also lower in the lard diet group suggesting a 

lower sympathetic nervous system activity. Finally, carcass fat content was found to be 

significantly higher in the lard diet group than other diet groups and no difference 

between high oleic acid safflower oil, safflower oil and linseed oil groups were reported. 

However, rodents and humans differ in the contribution of BAT in body composition 

(98). Larger amounts of BAT, as found in rodents, can greatly increase energy 

expenditure and DIT.  Therefore, results in rodent studies cannot always be safely 

translated to humans.  

In humans, Casas-Agustench et al. (99) recently compared postprandial 

thermogenesis, fuel utilization and EE following three different high-fat meals (SFA, 

MUFA and PUFA) in men. Results showed that DIT of the PUFA and MUFA meals was 

significantly higher than that of the SFA meal in both normal and overweight subjects. 

However, one of the major drawbacks of that study is that the subjects were not blinded 

about the type of meal they consumed, which could potentially affect the validity of the 
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test results. Additionally, this study was done in male subjects only, thus the findings 

might not translate to a female population. The results from the study by Casas-

Agustench et al. (99) is partly in agreement with the findings by Lichtenbelt et al. (100). 

They found that after 2 weeks of either high SFA diet (PUFA/SFA ratio=0.19) or high 

PUFA diet (PUFA/SFA ratio 1.67), RMR in the high PUFA condition was significantly 

higher than that in the high SFA diet by 0.17 + 0.14 kJ/min. In addition, DIT was higher 

by 0.29 + 0.16 kJ/min in the high PUFA condition compared with the high SFA 

condition. 

Conversely, other studies have produced negative findings. Piers et al. (70) 

studied the thermic effect of an energetically equivalent HF meal either rich in SFA from 

cream or MUFA from extra virgin olive oil in 14 males using indirect calorimetry. They 

found no significant difference either in postprandial EE or DIT between these 2 meals. 

Similarly, in females, Soares et al. (79) tested the thermogenic effect of HF meal either 

enriched in SFA from cream or MUFA from extra virgin olive oil in postmenopausal 

women using indirect calorimetry. No difference between the two test meals was 

observed. Most of the acute effect studies yielded negative results while the longer term 

studies found difference in DIT following HF diets with different fat composition. This 

suggests that it may take a certain amount of time for the differences to show. 

Obese vs. Lean 

Some studies found that obese subjects were more prone to the alteration of the 

dietary fatty acid composition than the lean counterparts in DIT and postprandial EE. In 

the study by Piers et al. (70), although no difference in DIT was found between following 
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the MUFA (from olive oil) rich meal and SFA (from cream) rich meal, DIT was found to 

be significantly greater (p<0.05) in the obese subjects compared with the normal weight 

subjects after the MUFA rich breakfast. A trend for greater DIT in the obese subjects vs. 

normal weight subjects following the SFA meal was also been observed; however, this 

difference did not reach statistical significance (p=0.052). Similar results were also found 

in postmenopausal obese women (79); a higher DIT following a MUFA (from olive oil) 

rich meal compared with SFA (from cream) rich meal was observed in abdominally 

obese subjects but not in normal weight subjects. 

Conversely, in a study by Jones et al. (84), the dietary PUFA to SFA ratio on 

postprandial EE and DIT was tested. 7 sex-matched normal weight and 8 obese subjects 

were involved in the research. The subjects were instructed to have a 2-week HF (45% of 

energy from fat) diet either enriched in PUFA (PUFA to SFA ratio of 2.00) or SFA 

(PUFA to SFA ratio of 0.3) a randomized cross-over manner. The energy content of the 

test meals provided one third of each subject’s predicted daily energy requirement, as 

calculated from their height and estimated ideal body weight with the Harris-Benedict 

equation (101). Although no significant difference in energy production rate was 

observed, there was a trend (p<0.1) for a lower net DIT in the obese subjects compared 

with the normal weight subjects in SFA enriched diet situation (36.9 ± 5.4 kcal for obese 

subjects vs. 53.8 ± 6.9 kcal normal weight subjects).  Clearly, more studies are needed to 

determine metabolic differences between normal weight and obese humans following HF 

diet or meal challenges of varying FA composition. 

Methodology 
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Body Composition Measurement 

Body composition is used to describe the percentages of body’s major 

constitutes—fat, protein, water and minerals (26). In physical fitness, body composition 

is usually used to depict the percentages of fat, bone and muscle in human bodies. Body 

composition can be presented by several models: two-compartment model, three-

compartment model, four-compartment model and multi-compartment model. 

A two-compartment model divides the body into two parts—fat mass (FM) and 

fat free mass (FFM). Methods that considered gold standard are hydrostatic/underwater 

weighing (UWW) and air-displacement plethysmography (ADP). These two methods are 

based on the same principle—Archimedes’ principle—to assess body density. UWW 

requires the subject to be completely immersed in water (102), while in ADP, the subject 

is immersed in a sealed air filled chamber instead of water (103). Whole body density is 

calculated from subject’s body volume (the volume of water or air displaced) and the 

subject’s body weight. With body density known, the percentage of body fat and lean 

mass is then estimated via validated equations (104). Other methods such as skinfold 

thickness and bioelectrical impedance analysis (BIA) are also widely used, but accuracy 

of these methods has been questioned (105;106). This two compartment model has been 

used for more than 50 years in body composition estimation as one of the gold standards 

for the measurement of body fatness. Until the present day, it still plays a vital role in 

research because of the important relationship between body fatness and various diseases. 

Three-compartment model further separate FFM into water content and remaining 

dry solids (mainly protein and minerals). Isotope dilution method is usually used to assess 

total body water (TBW) (107). A known dose of deuterated water (D2O) is ingested by 
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the subject and allowed to equilibrate within the body water. The Flowing afterglow mass 

spectrometry instrument is then used to measure the deuterium-to-hydrogen ratio in the 

exhaled breath water vapor. The total body water is then accurately measured from the 

increase in breath deuterium content in relation to the volume of D2O ingested. Together 

with the body density measured from UWW or APD, FM, TBW and body solids can be 

calculated.  

Four-compartment model measures protein and mineral content of the body solids 

in addition to FM and TBW. Body protein can be measured by neutron activation 

analysis, in which the nitrogen content of the body is assessed through tracing the 

radioactive emissions and radioactive decay paths of its isotope (108). Dual-Energy X-

ray Absorptiometry (DEXA) can measure bone mineral content by measuring the 

absorption of two different energy leveled X-ray beams by the bone. 

 Multi-compartment model employs a combination of techniques including 

DEXA, isotope dilution, computed tomography (CT), magnetic resonance imaging (MRI) 

and BAI to describe body composition in elemental level, molecular level, cellular level 

and tissue level. For example, skeletal muscle mass, non-muscle lean mass, and visceral 

mass can be estimated by measuring the body’s nitrogen and potassium. 

 

Indirect Calorimetry 

Different from direct calorimetry, which directly measure heat produced by the 

body in a room direct calorimeter, indirect calorimetry assesses EE and macronutrient 

utilization by measuring the rate of oxygen consumption (VO2) and carbon dioxide 

production (VCO2). During respiration, each of the macronutrients combines with oxygen 
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to produce water and carbon dioxide. For each process of oxidation, there is an associated 

release of energy that is either released as heat or trapped in adenosine triphosphate 

(ATP). VO2 consumption and VCO2 production can thus be used to assess EE. Non-

protein metabolic rate can be estimated by subtracting O2 consumption and CO2 

production contributed by protein oxidation via measurement of urinary nitrogen 

excretion. Assuming protein averagely constitutes 12% of total EE, the Weir equation 

(Weir, 1949) (total EE (kcal) =3.9 × O2 consumed (Liters) + 1.1 × CO2 produced) is 

commonly used to calculate EE when urinary nitrogen measurement is absent. 

Two major types of indirect calorimetry have been widely used in research—

closed-circuit indirect calorimetry and open circuit indirect calorimetry. In closed circuit 

indirect calorimetry, the subject lives in a sealed respiratory chamber, in which O2 

consumed by the subject is constantly replaced in a controlled manner and an absorber 

removes the CO2 produced. The amount of O2 replaced is measured by recording the 

amount added into the chamber, and CO2 production is measured from the weight 

increase of the CO2 absorber. In contrast to closed-circuit indirect calorimetry, open-

circuit indirect calorimetry measuring system is usually ventilated with controlled-rate 

airflow. A three-way respiratory valve or non-return breathing mask is used to separate 

the air inspired and expired by the subject. The expired gas is then analyzed for O2 and 

CO2 content change. Open-circuit indirect calorimetry measuring systems that are 

routinely used in research include ventilated hood system and mouthpiece system that are 

connected to metabolic cart, as well as metabolic chambers. In the ventilated hood 

system, a transparent plastic hood or canopy is placed over the subject’s head with a 

rough seal of pliable apron around the subject’s head and neck. One end of the hood is 
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connected to the respiratory gas analyzer (metabolic cart) and the other end is open to the 

atmosphere. With controlled rate of airflow, it is possible to calculate the O2 and CO2 

content change between the air entering the hood and exiting the hood. Similar to the 

ventilated hood system, the mouthpiece system also connects to the gas analyzer in one 

end and with the other end open to the atmosphere. Instead of using a hood to collect the 

respiratory gases, the subject wears a valve system connected mouthpiece and nose clip 

to make sure the subject only breathe though mouth. The mouthpiece system is more 

frequently used in exercise sciences research. Metabolic chambers are used to measure 

EE and macronutrient oxidation for one or more days. A metabolic chamber for human is 

usually 2 by 3 meters with a bed, television, toilet, TV, internet and all other basic 

comforts in it. Sometimes a radar sense is installed to detect spontaneous activity. 

Different from closed circuit respiratory chamber, open circuit respiratory chamber 

controls the airflow at a certain speed rather than replacing the O2 consumed and 

removing the CO2 produced to maintain O2 and CO2 at a set concentration. 

In addition to the above mentioned indirect calorimetry systems, other portable 

systems are also used in field research. These systems include Douglas bag system (109), 

which collects the expired air to measure EE; a Max Plank respirometer (110), which 

continuously samples each breath of the expired air; and a K2 telemetry system (111), 

which analyzes the expired gases on a minute-to-minute base. During recent years, 

incorporating isotopic tracers with traditional indirect calorimetry has also gained 

popularity from the researchers. Such methods as isotope labeled bicarbonate (112) and 

doubly labeled water (113) offer more accurate measurements and tracing of exogenous 

and endogenous metabolism of the macronutrients and EE.  
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Macronutrient Oxidation and Respiratory Exchange Ratio 

Respiratory exchange ratio (RER) is commonly used to estimate which fuels the 

body is utilizing during macronutrient oxidation. RER is the ratio between the CO2 

exhaled and the O2 inhaled in breath. Complete oxidation of one molecule of glucose 

consumes 6 molecules of O2 and produces 6 molecules of CO2, which yields an RER of 

1. Complete oxidation of one molecule of fat (tripalmitin) requires 80 molecules of O2 

and produces 57 molecules of CO2, which yields an RER of 0.71. The oxidation of 

protein is more complicated, because the number and composition of amino acids varies 

with different dietary proteins. Averagely, protein oxidation produces an RER of 0.83. 

Since protein contributes a limited fraction to energy intake, and the amount of protein 

oxidized can be estimated from the urinary nitrogen excretion, non-protein RER is 

usually used to estimate carbohydrate and fat oxidation by subtracting O2 consumption 

and CO2 production caused by protein oxidation from the total respiratory gas exchange. 

Thus, the closer the value of non-protein RER is to 1, the more carbohydrate is being 

oxidized; and the lower the non-protein RER value (closer to 0.71) is, the greater fat 

oxidation is.  

With data of urinary nitrogen secretion collected to calculate protein oxidation,  

carbohydrate and fat oxidation can be calculated by the Ferrannini equation (114): 

carbohydrate (g/m) = 4.55VO2 (L/min)-3.21VO2 (L/min)--2.87N (g/min); fat 

(g/min)=1.67VO2 (L/min)-VCO2 (L/min)-1.92N (g/min). When measurement of urinary 

nitrogen secretion is absent, carbohydrate and fat oxidation is usually calculated by the 

Frayn equation (115): fat (g/min) = (1.67*VO2 (L/min)) - (1.67*VCO2 (L/min)); 
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carbohydrate (g/min) = (4.56*VCO2 (L/min))-(3.21*VO2 (L/min)). There are also other 

equations that researchers use to calculate macronutrient oxidation. For example, 

equation by Ben-Porat et al. (116) is used assuming that nitrogen excretion is steady 

during the sample collection peoriod. 

Diet Induced thermogenesis (DIT) 

Diet induced thermogenesis can be defined as the postprandial EE increase above 

the basal energy level (117). Basal EE constitutes typically 60-75% of daily total energy 

expenditure (TEE), and thermic effect of food makes up approximately 10% of TEE (26). 

Basal energy must be measured in the neutrally temperate environment and in post-

absorptive state and with the energy for growth and other metabolic activities added to it. 

The ambient temperature in the neutrally temperate environment is defined as that above 

or below which resting metabolism of subjects begins to rise (118). In other words, the 

subject should neither be sweating from being too hot nor shivering because of feeling 

cold. The post-absorptive state is when consumed food has been digested and absorbed, 

but before state of starvation ensues, because starvation involves a series of hormonal 

responses that can affect the fuel use by different tissues. In humans, the post-absorptive 

state is about 12-14 hours after the last meal (26). To measure DIT with indirect 

calorimetry, the subject should be lying down fully rested but stay fully awake. The 

subject should also be free from emotional stress. 

The thermic effect of food can either be presented as absolute value or as a 

percentage of the energy content of the food ingested (117). Absolute values can be 

calculated as the postprandial mean increment of the EE above the pre-prandial basal 
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level during the measurement time period. It can also be calculated by plotting the mean 

postprandial EE versus time, and obtain the integrated area under the curve (70). 

Duration of the postprandial measurement period can be determined as when EE is not 

significantly different from baseline. A 5-hour period is the most widely used by 

researchers (117). 
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CHAPTER II   RESEARCH STUDY 

Introduction 

It has been suggested that the rapid increase of the prevalence of obesity during 

the past few decades is associated with many social economic factors, but mainly with 

people’s lifestyle. A diet with high amounts of fat, which typically has a high energy 

density, is one of the main contributing factors to the development of obesity (119). In 

recent years, the relationship between dietary fatty acid composition within a high-fat 

(HF) diet and obesity has attracted much attention from researchers. Studies have shown 

that adherence to a Mediterranean diet and consumption of monounsaturated fatty acid 

(MUFA) is inversely related to the risk and prevalence of obesity (65;66;120), while 

polyunsaturated fatty acid (PUFA) and saturated fatty acid (SFA) consumption has been 

positively linked to obesity (66). 

On a cellular level, uptake and oxidation of fatty acids vary with the degree of 

saturation (75). Evidence from animal studies using stable isotopes has revealed that with 

the same carbon chain length, unsaturated fatty acids are oxidized to a greater extent 

compared with SFAs (74;75;77). Moreover, in men, 
13

C labeled PUFAs were found to 

exhibit a higher oxidation rate than MUFAs, and oxidation rates of SFAs were lower than 

that of the unsaturated fatty acids (77). This, however, has not been studied in women. 

Using indirect calorimetry, Piers et al. (70) reported that postprandial fat 

oxidation rate was significantly higher following a MUFA-rich vs. SFA-rich meal in men 

(BMI 21.1-32.0 kg/m
2
). Similar results were also observed in postmenopausal women 

(BMI 21.9-38.3 kg/m
2
) (79). To date, no comparison between SFA, MUFA and PUFA in 
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an acute HF meal has been reported in premenopausal women. Neither has there been a 

study to explore the differences in fat oxidation between normal weight and obese 

premenopausal women. 

The effects of dietary fatty acid saturation on EE and diet induced thermogenesis 

(DIT) have also been explored but results remain inconsistent.  An animal study found 

that acute effects of a lipid-rich meal on thermogenesis differed with the degree of 

saturation of the fatty acid fed (68). The postprandial increase in EE was highest after a 

PUFA rich meal, followed by a MUFA-rich meal, and was lowest after a SFA-rich meal 

(68). Similarly, in humans, DIT after both PUFA-and MUFA-rich HF meals was found to 

be significantly higher than that of a SFA-rich HF meal in both normal and overweight 

men (99). However, Cooper et al. (55) reported no significant difference in resting 

metabolic rate (RMR) or 24-hour EE after short-term exposure (4 days) to MUFA-rich 

vs. SFA-rich HF diets in normal weight males. In addition, all of the above studies were 

done in males; no results on premenopausal females have been reported. 

People with low levels of fat oxidation, which leads to an increased possibility of 

positive fat balance, have increased risk for weight gain and obesity with exposure to HF 

diets and low levels of physical activity (121). There has been evidence that acute 

postprandial fat oxidation is inversely related to BMI (83) or waist circumference (70). 

However, few studies have explored potential differences in how obese vs. normal weight 

individuals respond to HF meals with different dietary fat composition. Further, although 

RMR (122) and DIT (70) are found to be higher in obese people, when expressed in 

absolute terms (kilocalories per unit of body weight per minute), both RMR and DIT are 

significantly lower in obese compared with normal weight subjects (85;123).  
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To date, there has been no research reporting on acute effect of HF meals with 

different saturations (SFA, MUFA, and PUFA) on DIT and substrate oxidation in 

premenopausal normal weight and obese women. The purpose of this study was to 

explore the effects of three different HF meals of varying fatty acid saturations (MUFA, 

PUFA, or SFA) on postprandial EE, DIT, and substrate oxidation in normal weight and 

obese premenopausal females. We hypothesized that postprandial EE, DIT, and fat 

oxidation would be the highest after the PUFA meal and lowest after the SFA meal. We 

also hypothesized that weight adjusted postprandial EE, DIT and fat oxidation would be 

higher in normal weight compared to obese subjects. 

Methods 

Study Design 

This was a single blinded, randomized, cross over study design.  All subjects 

completed 3 visits with at least 4 days between visits. Subjects were tested between the 

3
rd

and 9
th

 days of their menstrual cycle. During each visit subjects were given an 

energetically equivalent HF liquid meal enriched in SFAs, PUFAs, or MUFAs in a 

random order with the meal content blinded to the subjects. Respiratory gases were 

measured for a 5-hour postprandial period using indirect calorimetry.  Collected data was 

used to determine postprandial respiratory exchange ratio (RER), substrate oxidation, and 

EE (EE) for the determination of DIT. 

Subjects 

Fifteen normal weight (BMI 18.5-24.9kg/m
2
) and 16 obese (BMI 30-40kg/m

2
) 

females, ages 18-45, were recruited for this study. Approval of Human Research 



Texas Tech University, Hui C Clevenger, May 2014 

36 
 

Protection Program (HRPP) at Texas Tech University was obtained before recruitment. 

All subjects were screened, and informed written consent was obtained from all subjects 

prior to the beginning of the study.  Exclusion criteria included evidence of weight loss or 

gain exceeding 5% of their body weight within the past 3 months, plans to lose weight, 

begin a weight loss program, or begin an exercise program between initiation of study 

and final testing, changes in current exercise routines, on a medically prescribed diet, 

medications that could influence appetite or sensory function, any chronic, metabolic, 

gastrointestinal or endocrine disease, history of medical or surgical events that could 

affect fat digestion and hormone signaling, any supplement use other than a multivitamin, 

anyone who was pregnant, lactating, or planning on becoming pregnant before the 

conclusion of the study, anyone with allergies to any of the components of the liquid 

meals, or anyone who had donated blood or plasma in the last 20 days before any study 

visit. 

Protocol 

After the initial screening, qualified subjects were schedule for their first visit. 

During each of the 3 visits subjects were given a different treatment meal challenge in a 

random order with meal content blinded to them.  Those treatment conditions were 

isocaloric HF meals (70% of energy), rich in MUFAs, PUFAs, or SFAs (described in 

detail below).  

Subjects were asked to maintain their habitual exercise pattern and dietary food 

intake as constant as possible over the course of the study. Prior to each visit, subjects 

were instructed not to do any vigorous exercise for 12 hours and to have the same food 
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for lunch and dinner and snack the day before each visit.  For the lunch and dinner prior 

to each visit, study personnel provided a list of meal items that the subjects could choose 

from.  All of these food items contained ~30% energy from fat.  The subjects were then 

asked to consume those same exact same meals prior to visits 2 and 3. Lunch, dinner and 

snack choices on the day before the study visits were given to the subjects (Table 2). 

For each visit, subjects arrived at the lab at 0700 hours following an overnight 

fast.  Height and body weight were measured and body composition was measured using 

a BOD POD (Cosmed, Concord, USA). After anthropometric measurements, resting 

metabolic rate (RMR) was measured for 30 minutes via indirect calorimetry with the 

ParvoMedicsTrueOne® 2400 Canopy System (ParvoMedics, Sandy, USA) under 

standardized conditions.  Briefly, subjects were asked to stay awake and motionless in a 

supine position in a neutral environment with a plastic hood placed over the subject’s 

head to measure oxygen consumption and carbon dioxide production. Respiratory gases 

were used to calculate RMR with the Weir equation (124).  

After the RMR measurement, subjects ingested one of the HF liquid meals. 

Subjects had 5 minutes to consume the entire liquid meal. Following meal ingestion, 

respiratory gases were measured intermittently for a 5-hour postprandial period for 

determination of EE (EE) and fuel utilization (fat and carbohydrate oxidation). 

Specifically, respiratory gases were collected for a 20-min period followed by a 10-min 

break. This cycle was repeated for the full five hours postprandial so there were ten 

segments containing 20-min of measurements each. Subjects were given 4 oz. of water 

every hour.  
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Liquid meals 

Each subject ingested a different HF liquid meal for each of the 3 study visits. The 

liquid meals contained the same base of chocolate Ensure® with different dietary fatty 

acids added to it depending on the treatment condition (MUFA, PUFA, or SFA). The HF 

liquid meal had a base of 8 fl oz (237 ml) of chocolate Ensure® which contained a total 

of 6 grams (g) of fat (1g of SFA, 3g of PUFA, and 2g of MUFA), 40g of carbohydrate, 

and 9g of protein. The PUFA-rich meal was base plus sunflower oil and flaxseed oil with 

42% of total calories coming from PUFA. The MUFA-rich meal was base plus canola oil 

and extra virgin olive oil with 42% of total calories coming from MUFA. Finally, the 

SFA-rich meal was base plus coconut oil and palm oil with 40% of total calories coming 

from SFA (Table 1).  

Calculations 

Respiratory gases were used to calculate EE using the Weir equation (124) and 

macronutrient oxidation using equations developed by Frayn (115): Fat (g/min) = 

(1.67*VO2 (L/min)) - (1.67*VCO2 (L/min)); Carbohydrate (g/min) = (4.56*VCO2 

(L/min))-(3.21*VO2 (L/min)). For these calculations, the first 5 minutes of each 20-min 

segment was discarded to allow subjects to enter into a steady state. For every 30-minute 

postprandial period, we only had 15 minutes of data collection.  Therefore, the final 

values (EE and macronutrient oxidation) were doubled to produce estimation of the full 

postprandial time period.  Additionally, the metabolic cart was calibrated against 

methanol burns (125) throughout the duration of the study. The percentage recoveries 

from each burn were used to develop correction factors for the corresponding metabolic 
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cart data from each study visit. The average recovery percentages for O2 and CO2 were 

99% and 96% respectively. DIT was calculated from EE (postprandial EE subtracted by 

baseline EE).  

Statistical analysis 

SAS software 9.3 was used for all statistical analyses. Data is presented as means 

± standard error (SE) unless noted otherwise, and postprandial values are expressed as 

area under the curve (AUC). Factorial analysis of variance (ANOVA) with repeated 

measures was used to detect treatment effects, time effects, and treatment by time 

interactions. Difference between normal weight and obese subjects will be tested with 

mixed design ANOVA. Interaction effect will be tested for weight status × treatment. If 

significance was found, post hoc analyses were performed using a Tukey’s test. 

Statistical significance was set at p<0.05. 

Results 

Subjects 

Of the 17 normal weight and 25 obese sedentary female subjects that we initially 

recruited, 15 normal weight and 16 obese subjects completed all 3 study visits. Dropout 

rates were 12% vs. 36% for normal weight and obese subjects, respectively. Subject 

characteristics are shown in Table 3. Subjects were 18-39 years of age. The BMI of 

normal weight subjects ranged between 19.0 to 24.1 kg/m
2
, and for obese subjects, BMI 

ranged between 30.6 to 36.9 kg/m
2
. For normal weight subjects body fat percentage 

ranged from 19.8% to 33.6%, and for obese subjects, body fat percentage ranged from 
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31.6% to 52.6%. All subjects were also free from any known metabolic diseases and 

were not taking any medications. 

Reliability 

We compared fasting RMR measurements from the 3 study visits to assess 

reliability. The coefficient of variance across the three visits was 3.8% and 4.1% for 

normal weight and obese subjects, respectively. These are similar to the result from 

previous study on repeatability of RMR in Trueone 2400 (Parvo Medics, Sandy, UT), 

which reported coefficient of variance of 3.6% (120). In addition, a reliability test 

revealed the Cronbach's alpha coefficient to be 0.89 and 0.90 for normal weight and 

obese subjects, respectively. These values are considered good/excellent for internal 

consistency. Together this data suggests that the instrument was reliable during the 

metabolic testing sections. 

Energy expenditure and DIT 

There was a significant main effect for time for EE in normal weight subjects 

(p<0.01). The time course of EE along with the AUC is shown in Figure 1-A, B. A 

significant increase in EE compared with fasted state was found at all time points 

following all HF meals (5-hour postprandial average EE of 33.1±0.7, 32.7±0.5 and 

33.0±0.6 kcals/hour compared with fasting EE of 29.6±0.7, 29.3±0.5 and 29.0±0.7 

kcals/hour for SFA-, MUFA- and PUFA-rich HF meals, respectively, p<0.01). A one-

way ANOVA revealed no differences between treatments at baseline (fasting). There was 

no treatment effect or treatment × time interaction observed. For the calculated DIT, 

AUC for the PUFA-rich HF meal was greater than that of the SFA- or MUFA-rich HF 
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meals (19.9±1.4, 17.1±1.7 and 17.9±2.3 kcals/5-hours for PUFA, MUFA and SFA, 

respectively, p=0.02) (Figure 1-B). 

Similar to normal weight subjects, in obese subjects, there was also a significant 

main effect for time in EE. A significant increase in EE compared with fasted state was 

found at all the time points following all HF meals. The time course of EE along with the 

DIT AUC is shown in Figure 1-C, D. Five-hour postprandial average EE were 38.6±1.2, 

38.3±1.0 and 38.3±1.2 kcals/hour compared with fasting EE of 34.5± 1.1, 34.0± 1.1 and 

34.0± 1.1kcals/hour for SFA-, MUFA- and PUFA-rich HF meals, respectively, p<0.01. 

However, there was no treatment effect or treatment × time interaction. No difference 

was observed for the calculated DIT in obese subjects either.   

Finally, factorial ANOVA revealed significant between-group effect (normal 

weight vs. obese groups) in EE, suggesting difference in EE between normal weight and 

obese subjects in the response to different HF meals. Post hoc test further showed that EE 

in obese subjects were all greater than that in normal weight subjects following all three 

different HF meal challenges (Table 4) (p<0.01). However, this significance was inverted 

between normal weight and obese subjects after adjusting for weight. Weight adjusted EE 

in normal weight subjects were all significantly greater than those in the obese 

counterparts following all three HF meals (p<0.01) (Figure 1E). No significant difference 

was found in DIT AUC between normal weight and obese groups. However, after 

adjusting for weight, DIT was found significantly higher in the normal weight subjects 

compared that in obese subjects following the high PUFA meal, though this was not 

observed following other HF meals (Figure 1F).  
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Substrate oxidation 

Respiratory exchange ratio: The time course of substrate oxidation and the 

calculated AUC for each treatment is shown in Figures 2-4. In both normal weight and 

obese subjects, a one-way ANOVA revealed no differences between treatments at 

baseline (fasting) for RER, fat oxidation, or carbohydrate oxidation.  

In normal weight subjects, there was a significant main effect of time (p<0.01). 

RER after the three HF meals followed similar patterns of change over time with a small, 

but significant, drop shortly (30 minutes) after ingestion of the HF meals (4.1%, 4.4% 

and 4.4% decrease from fasting level for SFA-, MUFA- and PUFA-rich HF meals, 

respectively), and a sharp rise thereafter at time 60 minutes (8.2%, 10.7%, and 10.5% 

increase at 60-minute postprandial compared with the 30-minute postprandial 

measurement for SFA-, MUFA- and PUFA-rich HF meals, respectively, p<0.05)). This 

was then followed by a gradual decrease back to or slightly below fasting levels (Figure 

2-A). No significant main effect of treatment or a treatment × time interaction was found.  

In obese subjects, there was also a significant main effect of time (p<0.01). RER 

exhibited a sharp rise at time 60 minutes, followed by a gradual decrease back to or 

slightly below fasting levels (Figure 2-C). RER increased by 6.7%, 8.4%, and 7.5% at 60-

minute postprandial compared with the 30-minute postprandial values for SFA-, MUFA- 

and PUFA-rich HF meals, respectively. More importantly, however, no significant main 

effect of treatment or a treatment × time interaction was found. In addition, no difference 

in RER between normal weight and obese subjects was observed following any of the 

three HF meals. Data is shown in Table 4. 
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Fat oxidation: In both normal weight and obese subjects, a significant main 

effect of time was observed (p<0.01). In normal weight subjects, an increase in fat 

oxidation was witnessed following all three HF meals at 30-minute postprandial (38.9%, 

39.7%, and 43.8% increase from fasting level for SFA-, MUFA- and PUFA-rich HF 

meals, respectively), followed by a decrease until 60- and 90-minutes postprandially 

(p<0.01), and finally a rise back up to baseline levels (Figure 3-A). Importantly, there 

was no treatment effect or treatment × time interaction. Further, no difference in AUC for 

fat oxidation over 5 hours was found between the different HF meals either (Figure 3-B). 

In obese subjects, a non-significant increase in fat oxidation from baseline was 

observed following all three HF meals at 30-minute postprandial, followed by a 

significant decrease until 60- and 90-minute postprandially, finally a rise back up to 

baseline levels (Figure 3-C). At 90 minute postprandial, fat oxidation was significantly 

higher after the SFA-rich HF meal compared with PUFA-rich HF meal. Importantly, no 

treatment effect or treatment × time interaction was found. Further, no difference in AUC 

for fat oxidation over 5 hours was found between the different HF meals (Figure 3-D). 

Additionally, FFM adjusted, RMR adjusted, or comparisons with RMR as covariate did 

not reveal differences between treatments in fat oxidation either.  

Comparisons between normal weight and obese subjects for fat oxidation were 

performed. No between-group difference was observed in cumulative postprandial fat 

oxidation. However, after adjusting for body weight, significantly greater fat oxidation 

was found in normal weight subjects compared with the obese counterparts following the 
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SFA- and MUFA-rich meals (p<0.05), and a trend towards significance following the 

high PUFA meal (p=0.06) (Figure 3E, F) (Table 4). 

Carbohydrate oxidation: Not surprisingly, there was also a significant main 

effect of time for carbohydrate oxidation in both normal weight and obese subjects 

(p<0.01). In normal weight subjects, a significant decrease in carbohydrate oxidation was 

observed 30 minutes after ingestion of the MUFA- and PUFA-rich HF meal (16.2% and 

14.2% decrease from fasting level for the MUFA- and PUFA-rich HF meals, 

respectively, p<0.05), but not after the SFA-rich meal (12.5%, p=0.10). Thereafter, 

carbohydrate oxidation peaked at 60-90 minutes postprandially, then dropped back to 

baseline levels by the end of 5-hour postprandial period (Figure 4-A). There was no 

significant treatment effect or treatment × time interaction. There was also no difference 

in AUC for carbohydrate oxidation between the three different HF meals (Figure 4-B). 

In obese subjects, a significant increase in carbohydrate oxidation was observed 

after ingestion of the HF meals, which peaked at 60-90 minutes postprandial. 

carbohydrate oxidation increased by 75%, 87% and 84% compared with baseline levels 

for SFA- (at 90 minute postprandial), MUFA-(at 60 minute postprandial) and PUFA-rich 

(at 90minute postprandial)  HF meals, respectively(Figure 4-C). Carbohydrate oxidation 

levels dropped back to baseline levels by the end of 5-hour postprandial period. There 

was no significant treatment effect or treatment × time interaction, neither was there any 

difference in AUC for carbohydrate oxidation (Figure 4-D). FFM adjusted, RMR 

adjusted or model that included RMR as covariate did not show difference between the 

three different HF meals either. Compared with normal weight subjects, carbohydrate 
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oxidation were greater in obese subjects following the high-MUFA meal, but not after the 

high SFA- or high PUFA-meal. Interestingly, however, weight adjusted comparison 

showed that carbohydrate oxidation in normal weight subjects were all greater than that 

in the obese counterparts following the three different HF meals (p<0.05) (Figure 4 E, F) 

(Table 4).  

Plasma glucose levels 

There was a significant main effect of time (p<0.01) for plasma glucose levels in 

both normal weight and obese subjects (Figure 5A, C, E). However, there was no 

significant treatment effect or treatment × time interaction. The AUC for plasma glucose 

showed no differences between the three HF meals in neither normal weight subjects nor 

obese subjects (In normal weight subjects: 330.6 ± 12.4, 320.8 ± 11.9 and 315.0 ± 15.2 

mg/dL/5hours for SFA-, MUFA- and PUFA-rich meal, respectively; in obese subjects: 

337. 5± 14.9, 348. 1±10.6 and 331.1±11.6 mg/dL/5hours for SFA-, MUFA- and PUFA-

rich meal, respectively). As expected, fasting and immediate postprandial glucose 

concentrations were higher in obese compared to normal weight subjects.  

Discussion 

Major findings 

In this study, we compared the acute effect of three HF meals enriched in SFA, 

MUFA or PUFA on DIT and substrate oxidation in premenopausal women. We found 

that in normal weight women, a HF meal enriched in PUFAs induced a greater DIT 

compared with a SFA- or a MUFA-rich HF meal. This, however, was not observed in 

obese women. There were also no treatment differences on whole-body substrate 
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utilization, as assessed by RER, in either normal weight or obese subjects. However, after 

adjusting data per kilogram body weight, normal weight subjects exhibited significantly 

greater EE (following all three HF meals), carbohydrate oxidation (following all three HF 

meals), and fat oxidation (following SFA- and MUFA-rich meals, and a trend toward 

significance following the PUFA-rich HF meal) than obese subjects. Additionally, DIT 

per kilogram body weight was significantly greater in normal weight than obese subjects 

following the PUFA-rich HF meal.  

Fatty acid composition and DIT in normal weight and obese women 

DIT is the rise in EE from the fasted state that is caused by energy spent 

digesting, transporting or absorbing, metabolizing and storing the absorbed, but not 

immediately oxidized, nutrients (126;127). DIT is important in the regulation of energy 

balance(83) and there is evidence that reduced activity of thermogenesis is associated 

with obesity (93). The energy difference of the thermic effect of food between the PUFA- 

vs. SFA- or MUFA-rich meals in normal weight women was approximately 4 

kilocalories over 5 hours. While this may not seem like a big difference, it could impact 

overall long-term energy balance. If a person ate three meals a day rich in these different 

fatty acids, it could be a 12 kilocalorie difference for a 24-hour period. The average 

annual weight gain is approximately 0.5 to 1kg in adults (22;128). This equates to an 

energy surplus of about 5-10 kilocalories per day. Therefore, modest differences in DIT, 

such as those found in this study, could have an impact on weight maintenance and the 

prevention of weight gain.  
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Our finding that in normal weight women DIT was higher following a PUFA-rich 

HF meal compared with other HF meals is in agreement with some, but not all previous 

studies (81;99;100). Casas-Agustench et al. (99) observed in men that DIT was greater 

following both a PUFA- and a MUFA-rich versus a SFA-rich HF meal. Alternatively, 

Jones et al. (81) found that a HF meal enriched in MUFAs (from olive oil) induced a 

greater DIT compared with that enriched in PUFAs (from flaxseed oil) in normal weight 

men. There are a couple possible explanations for these differences. First, their PUFA-

rich HF meal contained predominantly omega 3 fatty acids ((18:3n-3) from flaxseed oil), 

while ours contained largely omega 6 fatty acids ((18:2n-6) from sunflower oil). We 

chose to use more omega-6 fatty acids because they are the predominant dietary PUFAs 

in the western diet. However, investigation on the effect of high omega-3 or high omega-

6 PUFAs on thermogenic response in women should be considered in future work. 

Second,  gender differences in metabolic responses to food intake could also be a 

possible cause for the disparities (129) and should be investigated further. 

Several mechanisms have been proposed to explain the effect of dietary fatty acid 

composition on DIT. Differential expression of peroxisome proliferator-activated 

receptor-alpha (PPARα), uncoupling proteins (UCPs) by different types of dietary fatty 

acids, and sympathetic nervous system activation (SNS) have all been proposed as 

molecular mechanisms for the regulation of thermogenesis. PPARs are nuclear receptors 

that regulate the expression of genes associated with fatty acid oxidation (PPARα and 

PPARδ), thermogenesis (PPARα and PPARδ), and fat synthesis and storage (PPARγ) 

(130). Evidence shows that PUFAs exhibit the greatest potency in binding to, and 
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activation of, PPARs compared with MUFAs and SFAs in vitro (81;131). In addition, 

PPARδ is found to be highly expressed in the enterocytes (132) (especially in the small 

intestine and colon). Therefore, it is possible that the greater DIT seen with PUFAs is the 

result of activation of PPARδ in the enterocytes. However, without pharmacological 

inhibition (i.e. GW6471 or GSK0660), it is not possible to conclusively determine what 

role PPARα and PPARδ play in postprandial changes in EE and/or macronutrient 

oxidation. Finally, extra enzymetic steps (the two auxiliary enzymes, enoyl-CoA 

isomerase and 2, 4-dienoyl-CoA reductase) are necessary for the complete oxidation of 

unsaturated fatty acids, which could be a factor that contributes to the differences in DIT.  

In our obese subjects, the lack of difference in EE and DIT between the HF meals 

confirmed what Jones et al. (84) found in obese adults in low PUFA:SFA or high 

PUFA:SFA ratio HF meal trials. However, Kien et al. (69) observed decreased EE after a 

28-day high SFA diet whereas no changes following a high MUFA-diet. The subjects in 

their study, though, were non-obese adults and it was a long-term feeding study. Thus, it 

is possible that non-obese adults are more metabolically responsive to alteration of the 

fatty acid composition in the diet with regards to DIT while obese individuals are not.  

RMR (in absolute values) in obese people has long been recognized to be higher 

than non-obese people, and this is mainly because of the larger depot of metabolically 

active tissues that obese people possess (85;133;134). The greater absolute RMR and EE 

that we observed in the obese compared with the normal weight subjects confirmed this 

finding. This could be another possible reason for the lack of significant difference in 

DIT in obese subjects. Because a relatively small increase in postprandial EE compared 
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with the greater RMR in the obese subjects may not be as evident as that in normal 

weight with a comparatively smaller RMR. When including RMR as a covariate in the 

comparison models, our observation that a trend toward greater DIT following the high-

MUFA meal is line with previous studies in obese subjects (70;79). 

 Interestingly, after adjustment for body weight, greater EE was found in normal 

weight subjects compared with the obese counterparts. Normal weight adults have a 

greater percentage of FFM per kilogram body weight than obese adults do, so when 

adjusted for weight, the relatively higher proportion of FFM per kilogram body weight in 

normal weight adults could account for the elevated EE/kg. DIT, on the other hand,  has 

previously been found to be linearly correlated with energy intake rather than FFM or 

body weight (135). This could explain our lack of difference in DIT between normal 

weight and obese subjects.  

Fatty acids composition and substrate oxidation 

We found no difference between different HF meals with regard to substrate 

oxidation, and this is in agreement with some studies (71;81;99) but different from others 

(69;70;77;79) . Flint et al. (71) also found no difference in global substrate oxidation 

following HF meals enriched in MUFA, PUFA or trans fatty acids (TFA) in overweight 

men. In contrary, studies from the group of Piers et al. (70;79) in both men and 

postmenopausal women found a higher global fat oxidation rate following a high MUFA 

meal (olive oil) compared with high SFA meal (cream). Our subject population was 

premenopausal normal weight and obese women, so gender or age differences between 

our study and those by Piers et al.(70) could account for the different results. In addition, 
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it is important to note that feeding duration may also play a role in the differential effect 

of dietary fatty acids on substrate oxidation. Kien et al. (136) found that chronic feeding 

(28 days) but not acute feeding (every 2 hours for 14 hours) of HF diets enriched in 

palmitate acid (SFA) induced a lower degree of fat oxidation than that enriched in oleic 

acid (MUFA). This suggests that it may take several weeks for the differential effects of 

HF meals on substrate oxidation to be detected, which may in part explain the absence of 

significant differences in substrate oxidation in our study and some other acute feeding 

studies (80;81;99). 

We did not find differences in substrate oxidation between normal weight and 

obese subjects for absolute values following the high-SFA and high-PUFA meals. This 

was surprising since EE was significantly greater in the obese compared to normal weight 

subjects. Others have previously reported greater absolute fat and carbohydrate oxidation 

in obese compared to normal weight adults (137). However, their sample size was 23 

compared to our 16 subjects.  We did observe some trends for differences, so we ran a 

power analysis and found that we would need 28 normal weight and 28 obese subjects for 

significance to be detected. Thus, it is likely that we were slightly underpowered to detect 

between group differences in substrate oxidation.  

 Since the absolute postprandial substrate oxidation were similar between normal 

weight and obese subjects when fed with the same HF meals, it is easy to understand why 

body weight adjusted substrate oxidation was found greater in normal weight subjects. It 

is important to note that when doing metabolic comparisons between subjects of different 

body weight statuses, adjusted, rather than absolute values, provide for a clearer picture 

of metabolic similarities and differences between these groups of adults.  Obese adults 
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have been reported to have reduced mitochondrial concentration and oxidative enzyme 

capacity, which could explain the lower relative fat oxidation (138;139) when expressed 

per kg of body weight.  

Limitations 

There were some limitations to our study. First, we only controlled the diet for the 

day before each visit. However, each subject consumed the same meal before each of the 

3 study visits and the amount of dietary fat within that meal was controlled (30% of total 

energy as fat). Furthermore, our baseline or fasting values for substrate oxidation and EE 

were not different between study visits.  Second, we did not adjust the energy content of 

the meals according to FFM for the obese subjects. There are usually two ways to explore 

metabolic effect of HF meals - meals with the same energy content or meals with the 

same percent daily energy needs. In this study, our main purpose was to explore whether 

obese women responded differently from normal weight women to HF meals differing in 

fatty acid composition that contained the same amount of nutrients.  Therefore, we 

provided isocaloric meals rather than meals based on a percent of anticipated daily 

energy needs. Additionally, the added cost and time to perform an additional screening 

visit (do measure RMR in order to calculate estimated daily energy needs) could have 

negatively impacted our already high dropout rate among the obese subjects (36%).  

Another limitation was that the HF meals we used had a much higher fat content (70% 

energy) than the average western diet. The reason for this was that we wanted to impose a 

physiological stress to the body to explore the body's response to different HF meal 

challenges. Future studies could look at different doses of dietary fat to determine if 
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lower doses could elicit differences in metabolism. Since we didn’t find any metabolic 

differences in response to these HF meals, we calculated the sample size needed in order 

to detect differences in metabolism (RER, fat oxidation, or carbohydrate oxidation) and 

found that we would have needed 124 subjects. Therefore, we feel confident that there 

are no acute postprandial metabolic differences between these specific HF meals in an 

adult female population. Finally, the physical activity status (exercise less than 3h per 

week on a regular basis) and diet control between each study visit was self-reported. 

Conclusion 

In conclusion, we found that a HF meal enriched in PUFAs induced a greater DIT 

compared with a SFA- or a MUFA-rich HF meal in normal weight but not in obese 

premenopausal women. In addition, the PUFA-rich HF meal elicited the greatest 

difference in DIT (per kg body weight) between normal weight and obese subjects. No 

difference was found in postprandial substrate oxidation (RER, fat or carbohydrate 

oxidation) from the different HF meals in either normal weight or obese subjects. 

Interestingly, normal weight women oxidized more fat and carbohydrate (when adjusted 

for body weight) than the obese subjects when fed isocaloric meals. Further research is 

needed to investigate the metabolic response to different HF meals that contain a lower 

fat content as well as gender- or age-related differences.  Additionally, studies are also 

needed to examine the potential mechanisms by which PUFA-rich meals may induce a 

greater DIT in normal weight women. 
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Appendix: 

Table 1 Liquid Meal Nutrient Composition Breakdown 

Table 1. Liquid Meal Nutrient Composition Breakdown 

 

SFA MUFA PUFA 

Kilocalories 748.5 726.7 732.3 

Kilocalories from fat 470.9 506.4 506.8 

Protein (g) 9.0 9.0 9.0 

Carbohydrate (g) 43.0 43.0 43.0 

SFA (g) 40.4 5.6 5.5 

MUFA (g) 13.2 34.3 13.0 

PUFA (g) 4.6 13.0 34.4 

% of total energy from fat 70.3% 69.7% 69.0% 

% of energy from fatty acid of interest  40.4% SFA 42.4% MUFA 42.3% PUFA 

SFA: Saturated fatty acid; MUFA: Monounsaturated fatty acid;  

PUFA: Polyunsaturated fatty acid. 
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Table 2 Lunch, dinner and snack options for the previous day of the study visits 

Table 2. Lunch, dinner and snack options for the previous day of the study visits 

Options Specifics  

Amy's Black Bean and Vegetable  Enchilada Original 

Amy's Black Bean and Vegetable  Enchilada  Low Sodium 

Amy's  Garden Vegetable Lasagna  

Amy's Thai Stiry Fry  

Amy's Spinach Feta in a pocket sandwich  

Amy's Broccoli and Cheese in a pocket sandwich  

Morningstar Farms Chik'n Tenders  Vegetarian  #708-2531 

Healthy Choice Rigatoni with Chicken and Broccoli  #711-2900 

Healthy Choice Slow Roasted Turkey Breast  

Stouffer's Lean Cuisine Everyday Favorites Roasted Turkey & 

Vegetable 
 

Michelina'sFettucini Alfredo with Broccoli  

Marie Callender's Spaghetti With Meat Sauce & Garlic Bread  

Marie Callender's Complete Dinner - Turkey Breast with 

Stuffing 
 

Organic Classics Penne Pasta with Sauce and Meatballs  

DiGiorno Rising Crust Pizza - Spin, Mushroom, & Garlic.  13.2 oz 

DiGiorno Rising Crust Pizza - Spin, Mushroom, & Garlic.  32.3 oz 

DiGiorno Rising Crust Pizza- Spin, Mush  

DiGiorno Rising Crust Pizza - Spicy Chicken Supreme 13.8 oz 

DiGiorno Rising Crust Pizza - Spicy Chicken Supreme  33.8oz 

Subway Turkey Breast 6" 

Subway Ham 6" 

Honey Oat 6" 

Light Mayo  1Table spoon 

Olive Oil Blend  1Table spoon 

Swiss Cheese  

Boneless, skinless checken breast baked in tomato sauce with 

pasta 

pasta 1 cup with sauce 

4 oz 

Green salad with fat-free ranch salad dressing 2 table spoon 

17 small grapes  

Stouffers Roast Turkey Breast with Gravy  

Blue Bell Neopolitan Ice cream sandwich  

Triscuits Original 

Zone perfect double dark chocolate with cookies and cream  
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Table 3.Subject Characteristics 

Table 3. Subject Characteristics   

  Normal Weight Obese 

  n=15 n=16 

Age (y) 24.5±4.3 23.6±6.0 

Height (m) 1.6±0.1 1.7±0.1 

Weight (kg) 58.8±6.0 91.7±11.0* 

BMI (kg/m
2
) 21.5±1.9 32.6±1.1* 

Body Fat (%)  26.3±6.6 43.4±5.6* 

All values are means ± standard deviations 

*: p<0.05 
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Table 4 Comparison between normal weight and obese subjects 

Table 4. Comparison between normal weight and obese subjects 

      Normal Weight  Obese 

EE AUC 

        Absolute Values 

(Kcals/5hrs) 

SFA 165.3 ± 3.7 185.3 ± 6.7* 

 MUFA 163.0 ± 2.6 184.9 ± 6.6* 

 PUFA 164.6 ± 3.3 183.4 ± 6.5* 

 Weight Adjusted 

(Kcals/kg*5hrs) 

SFA 2.778 ± 0.070* 2.135 ± 0.081 

 MUFA 2.749 ± 0.084* 2.112 ± 0.071 

 PUFA 2.773 ± 0.085* 2.108 ± 0.086 

DIT AUC        

 Absolute Values 

(Kcals/5hrs) 

SFA 17.9 ± 2.3 21.6 ± 1.6 

 MUFA 17.1 ± 1.7 22.0 ± 1.9† 

 PUFA 19.9 ± 1.4 21.3 ± 1.8 

 Weight Adjusted 

(Kcals/kg*5hrs) 

SFA 0.302 ± 0.040 0.232 ± 0.018 

 MUFA 0.291 ± 0.031 0.241 ± 0.020 

 PUFA 0.340 ± 0.027* 0.235 ± 0.019 

RER AUC        

 Absolute Values  SFA 0.85 ± 0.04 0.85 ± 0.04 

 MUFA 0.85 ± 0.03 0.85 ± 0.02 

 PUFA 0.86 ± 0.05 0.86 ± 0.03 

Fat Oxidation AUC        

 Absolute Values 

(Grams/5hrs) 

SFA 8.2 ± 0.6 9.9 ± 0.8 

 MUFA 8.3 ± 0.5 9.7 ± 0.6† 

 PUFA 7.7 ± 0.7 9.2 ± 0.7 

 Weight Adjusted 

(Grams/kg*5hrs) 

SFA 0.138 ± 0.010* 0.108 ± 0.008 

 MUFA 0.139 ± 0.008* 0.108 ± 0.007 

 PUFA 0.129 ± 0.013† 0.101 ± 0.007 

CHO Oxidation AUC        

 Absolute Values 

(Grams/5hrs) 

SFA 23.3 ± 1.9 26.4 ± 1.8 

 MUFA 22.4 ± 1.1 26.5 ± 1.0* 

 PUFA 24.4 ± 1.9 27.7 ± 1.2 

 Weight Adjusted 

(Grams/kg*5hrs) 

SFA 0.391 ± 0.031* 0.292 ± 0.022 

 MUFA 0.380 ± 0.023* 0.291 ± 0.012 

  PUFA 0.413 ± 0.037* 0.307 ± 0.018 

 

EE: Energy expenditure; DIT: Diet induced thermogenesis; RER: Respiratory exchange 

ratio; AUC: Area under the curve; Values are means ± standard deviations; *: p<0.05; †: 

trend for significance. 
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Figure 1 Energy Expenditure and DIT 
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Figure 1A, C, E. Mean (±SE) resting and postprandial energy expenditure for each of the 3 treatment conditions (A: normal 

weight subjects; C: obese subjects; E: normal weight and obese subjects weight adjusted). Subjects consumed the HF meals 

immediately after Time 0.  A repeated-measures ANOVA revealed a significant time effect for both normal weight and obese 

subjects. Additionally, factorial ANOVA showed significantly higher weight adjusted EE in normal weight than in obese subjects 

for all three HF meals (p<0.01).Figure 1B, D, F. DIT AUC for each of the 3 treatments conditions (B: normal weight; D: obese; F: 

normal weight and obese subjects weight adjusted). A repeated-measures ANOVA showed significantly greater DIT following the 

PUFA-rich HF meal in normal weight subjects but not in obese subjects. Additionally, factorial ANOVA showed significantly 

greater DIT/kg following the PUFA-rich HF meal in normal weight than in obese subjects (p<0.05). * indicates treatment 

difference, significance at p<0.05; ǂ indicates between group (normal weight vs. obese) difference, significance at p<0.05. 

HF = High Fat; DIT = Diet Induced Thermogenesis; AUC = Area Under the Curve; SFA = Saturated Fatty Acid; MUFA = 

Monounsaturated Fatty Acid; PUFA = Polyunsaturated Fatty Acid; NW = Normal Weight subjects; OB = Obese subjects. 
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Figure 2 Respiratory Exchange Ratio 
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 Figure 2A,C. Mean (±SE) resting and postprandial RER for each of the 3 treatment conditions (A: normal weight subjects; C: obese 

subjects). Subjects consumed the HF meal immediately after time 0. A repeated-measures ANOVA revealed a significant time effect 

(p<0.05). Figure 2B,D. RER AUC for each of the 3 treatments (B: normal weight subjects; D: obese subjects). No difference was 

detected among the 3 different HF meals in either normal weight or obese subjects. Factorial ANOVA showed no difference in RER 

between normal weight and obese people following any of the three HF meals.   

HF = High Fat; AUC = Area Under the Curve; RER=Respiratory Exchange Ratio; SFA = Saturated Fatty Acid; MUFA = 

Monounsaturated Fatty Acid; PUFA = Polyunsaturated Fatty Acid; NW = Normal Weight subjects; OB = Obese subjects. 
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Figure 3 Fat Oxidation  

Figure 3 
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Figure 3A,C,E. Mean (±SE) resting and postprandial fat oxidation for each of the 3 treatment conditions (A: normal weight 

subjects; C: obese subjects; E: normal weight and obese subjects weight adjusted). Subjects consumed the HF meal immediately 

after Time 0. A repeated-measures ANOVA showed a significant time effect (p<0.05). However, factorial ANOVA showed 

significantly higher fat oxidation in normal weight than in obese subjects following SFA-and MUFA-rich HF meals (p<0.01). 

Figure 3B,D,F. Fat oxidation AUC for each of the 3 treatments conditions (B: normal weight subjects; D: obese subjects; F: normal 

weight and obese subjects weight adjusted). No significant differences were found among the 3 different HF meals in either normal 

weight or obese subjects. However, factorial ANOVA showed significantly higher fat oxidation/kg in normal weight than in obese 

subjects following SFA-and MUFA-rich HF meals (p<0.01). ǂ indicates between group (normal weight vs. obese) difference, 

significance at p<0.05. † indicates trend toward significance (p<0.06). 

HF = High Fat; AUC = Area Under the Curve; SFA = Saturated Fatty Acid; MUFA = Monounsaturated Fatty Acid; PUFA = 

Polyunsaturated Fatty Acid; NW = Normal Weight subjects; OB = Obese subjects. 
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Figure 4 Carbohydrate Oxidation 
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Figure 4A,C,E. Mean (±SE) resting and postprandial carbohydrate (CHO) oxidation for each of the 3 treatment conditions (A: normal weight 

subjects; C: obese subjects; E: normal weight and obese subjects weight adjusted). Subjects consumed the HF meal immediately after Time 0.  

A repeated-measures ANOVA showed a significant time effect (p<0.05). Additionally, factorial ANOVA showed significantly higher weight 

adjusted CHO oxidation in normal weight than in obese subjects for all three HF meals (p<0.01). Figure 4B,D,F. Carbohydrate oxidation 

AUC for each of the 3 treatments (A: normal weight subjects; C: obese subjects; F: normal weight and obese subjects weight adjusted).  No 

significant difference was found among the 3 different HF meals in either normal weight or obese subjects. However, factorial ANOVA 

showed significantly higher CHO oxidation/kg in normal weight than in obese subjects following all three HF meals (p<0.01). 

 ǂ indicates between group (normal weight vs. obese) difference, significance at p<0.05. 

HF = High Fat; AUC = Area Under the Curve; SFA = Saturated Fatty Acid; MUFA = Monounsaturated Fatty Acid; PUFA = Polyunsaturated 

Fatty Acid; CHO = Carbohydrate; NW = Normal Weight subjects; OB = Obese subjects. 

 

 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0 30 60 90 120150180210240270300

G
ra

m
s/

k
g

 

Time (minutes) 

Weight adjusted Fat Oxidation for Normal Weight 

and Obese Subjects 

SFA NW

MUFA NW

PUFA NW

SFA OB

MUFA OB

PUFA OB

0.225

0.275

0.325

0.375

0.425

0.475

Normal Weight Obese

G
ra

m
s/

k
g
*
5
 h

o
u

rs
 

Weight Adjusted CHO Oxidation AUC in Normal 

Weight and Obese Subjects 

SFA

MUFA

PUFA

ǂ 
ǂ 

ǂ 

E F 



Texas Tech University, Hui C Clevenger, May 2014 

65 
 

Figure 5 Blood Glucose 

Figure 5  
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  Figure 4 A,C. Mean (±SE) resting and postprandial blood glucose for each of the 3 treatment conditions (A: normal weight subjects; C: obese 

subjects). Subjects consumed the HF meal immediately after Time 0.  A repeated-measures ANOVA showed a significant time effect 

(p<0.05). Additionally, factorial ANOVA showed significantly higher weight adjusted blood glucose levels in normal weight than in obese 

subjects for all three HF meals (p<0.01). Figure 4B,D. Blood glucose AUC for each of the 3 treatments (A: normal weight subjects; C: obese 

subjects).  No significant difference was found among the 3 different HF meals in either normal weight or obese subjects.  

HF = High Fat; AUC = Area Under the Curve; SFA = Saturated Fatty Acid; MUFA = Monounsaturated Fatty Acid; PUFA = Polyunsaturated 

Fatty Acid; CHO = Carbohydrate; NW = Normal Weight subjects; OB = Obese subjects. 
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