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ABSTRACT 

Meals high in poly-unsaturated fatty acids (PUFAs) result in greater metabolism compared to 

saturated fatty acid (SFA) enriched high-fat (HF) meals. Yet, it is unknown what the long-

term effects of PUFAs are on metabolism. Purpose: To determine metabolic responses to 

SFA-rich HF meals before and after a 7d high PUFA diet.  Methods:  18, normal weight 

(BMI=18-24.9kg/m
2
), sedentary adults were randomly assigned to either a PUFA or control 

diet. Following a 3d lead-in diet, participants reported for the baseline visit where 

anthropometrics and resting metabolic rate (RMR) were collected and two SFA-rich HF meals 

(breakfast and lunch) were consumed. Indirect calorimetry was used determine fat oxidation 

(Fox) and energy expenditure (EE) for 8h. Participants then consumed a high PUFA (50% 

carbohydrate, 15% protein, 35% fat, of which 21% of total energy was PUFA, 9% MUFA, 5% 

SFA) or control diet (50% carbohydrate, 15% protein, 35% fat, of which 7% of total energy 

was PUFA, 15% MUFA, 13% SFA) for the next 7 days. Following the 7d diet, participants 

completed the post-visit (same procedures as baseline visit). Results:  Following the 7d diets, 

there was no difference between PUFA vs. control for RMR (16.4±0.8 vs. 

16.3±0.8kcal/20min). Fasting respiratory exchange ratio significantly increased from baseline 

to post-visit in PUFA only (0.83±0.1 to 0.86±0.1, p<0.05). In response to the SFA-rich HF 

meals, the change in fat oxidation increased from baseline to post-visit in PUFA 

(0.03±0.1g/15min to 0.23±0.1g/15min for cumulative FOx; p<0.05) with no change in 

controls. No differences in EE between PUFA vs. control were found. Conclusions: After 

consuming a 7d PUFA diet, participants oxidized more carbohydrate at fasting but oxidized 

more fat following the SFA-rich HF meals. Thus, consuming a PUFA diet may help 

individuals metabolize more fat after the occasional high SFA meal and prevent weight gain in 

the long-term.  
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CHAPTER I 

REVIEW OF LITERATURE 

 

Obesity 

Definition and Measurement of Obesity 

Overweight and obesity are defined as excessive body fat accumulation that 

presents a risk to health
1
. Increases in body weight occurs when energy intake is 

greater than energy expenditure (EE) for long durations. One simple population 

measure of obesity is body mass index (BMI), which is calculated as an individual’s 

weight (kilograms) divided by the square of the individual’s height (meters). BMI 

provides a measure of body fatness as well as weight categories that may be indicative 

to health problems (Table 1.1). However, certain conditions such as high skeletal 

muscle mass or muscle wasting, edema, and osteoporosis can affect the accuracy of 

BMI in interpreting total body fat. Thus, BMI is only one indicator of potential health 

risks associated with being overweight or obese and should be used collectively with 

other body composition measurements. Other measurements that indicate an 

unhealthful body weight are percent body fat (measured by body composition 

analysis), waist circumference (WC), hip circumference and waist-to-hip ratio (WHR). 
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Table 1.1 Classification of disease risk based on BMI and WC 

  Disease risk
a
 relative to normal weight and 

waist circumference 

  Men, < 102cm Men, >102cm 

BMI (kg/m
2
) BMI Category Women, <88cm Women, >88cm 

<18.50 Underweight -- -- 

18.50 – 24.99 Normal weight --  -- 

25.00 – 29.99 Overweight Increased High 

30.00 – 34.99 Class I obesity High Very high 

35.00 – 39.99 Class II obesity Very high Very high 

≥40.00 Class III obesity Extremely high Extremely high 

Modified from Expert Panel. Executive summary of the clinical guidelines on the 

identification, evaluation, and treatment of overweight and obesity in adults. Arch 

Intern Med. 1998;158:1855-67. 
a
Disease risk for type 2 diabetes, hypertension, and cardiovascular disease. Dashes (--) 

indicate that no additional risk at these levels of BMI was assigned. Increased waist 

circumference can also be a marker for increased risk even in persons of normal 

weight. BMI = body mass index; WC = waist circumference 

 

Prevalence of Obesity 

Worldwide, obesity has nearly doubled since 1980
1
. The global prevalence of 

overweight and obesity has increased in developed countries and in developing nations 

alike. Overweight and obesity was once considered a problem only in countries with 

high-income, yet now overweight and obesity are increasing in low- and middle-

income countries (particularly in urban settings)
2
.  In 2008, approximately 1.4 billion 

adults were overweight
2
. Of these, over 200 million men and nearly 300 million 

women were obese
2
.  Furthermore, 65% of the world’s population lives in countries 

where overweight and obesity kills more people than underweight
2
.  
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More than one-third of adults in the U.S. are obese, although the prevalence 

remained stable between 2003-2012, waist circumference continues to increase in the 

U.S. adult population
3
. Obesity has negative consequences both for the individual and 

society. The estimated annual medical cost of obesity in the U.S. was $147 billion in 

2008, with the medical costs for obese people were $1,429 higher than those of normal 

weight
4
. There are disparities in the incidence of obesity among ethnic groups.  

Obesity rates are highest among non-Hispanic African Americans (47.8%) followed 

by Hispanics (42.5%), non-Hispanic whites (32.6%), and non-Hispanic Asians 

(10.8%)
5
. Interestingly, among non-Hispanic black and Mexican-American men, those 

with higher incomes are more likely to be obese than those with low income
6
.  

However, higher income women are less likely to be obese than low-income women
6
.  

Furthermore, the prevalence of obesity varies across regions and states. Higher 

prevalence of adult obesity was found in the Midwest (29.5%) and the South (29.4%), 

while the prevalence is lower in the Northeast (25.3%) and the West (25.1%)
5
. In 

2008, Colorado was the only state that had a prevalence of adult obesity less than 

twenty percent
5
. However, in 2012, no state had a prevalence of obesity <20%

5
.  

Disease Risk Associated with Obesity 

Overweight and obesity are the fifth leading causes for global deaths, causing 

at least 2.8 million deaths per year2. Obesity is a strong risk factor for type 2 diabetes 

mellitus (T2DM), and cardiovascular disease (CVD, mainly heart disease and 

stroke)
5;7

. It is associated with a greater risk of mortality and shortening life span by an 

average of nine years 
8
. Additionally, 44% of the diabetes burden, 23% of the ischemic 
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heart disease burden and between 7% to 41% of certain cancers are attributable to 

overweight and obesity
2
.  

Obesity can induce insulin-resistance in adipose tissue, skeletal muscle, and 

liver
9-11

 which can result from a combination of altered functions of insulin target cells 

and the accrual of macrophages. This infiltration by macrophages-immune cells causes 

the inflammatory response in this metabolic tissue
12;13

. Fatty acids (FA) have been 

suggested as possible initiators of this macrophage immune-mediated response. 

Saturated FA, but not unsaturated FA, have been shown to promote inflammatory 

activation of macrophages
14

. Insulin resistance occurs in the prediabetic condition for 

many years before the onset of T2DM
15;16

. 

Dietary Fatty Acids and Body Weight Change  

 Overweight and adiposity positively correlate with dietary fat intake,
17

 and 

research indicates that greater total energy intake through dietary fat increases body 

weight and adiposity
18-20

. However, some studies indicate that long-term restriction of 

dietary fat does not result in significant body weight reduction
21

. Thus, it is important 

to examine how appetite, EE, and body weight are modulated by dietary FA. Recently, 

some studies have indicated that different dietary FAs do not maintain energy balance 

the same, but research on types of dietary FAs and weight gain remains inconclusive. 

One study indicated that the strongest associations for markers of adiposity was 

between dietary consumption of monounsaturated fatty acids (MUFA) and saturated 

fatty acids (SFA), while consumption of polyunsaturated fatty acids (PUFA) had no 

effect on adiposity
22

. On the other hand, other studies seem to indicate that MUFA 

intake has an inverse relationship with weight gain
22

. Moreover, trans fatty acids had 
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the greatest positive association between BMI status and nutrient intake
23

. 

Dietary Fatty Acids  

Types of Dietary Fatty Acids 

 Fatty acids are hydrocarbon chains with a methyl end (CH3) and a carboxyl 

end (COOH). The majority of dietary FAs vary in chain length from 4 to 22 carbons 

and have an even number of carbon atoms. FAs with <6C are considered short-chain 

FAs (SCFA), those with 6-12C are considered medium-chain FAs (MCFA), and those 

with more than 14C are long-chain FAs. The most abundant FAs in the diet and 

human body are FAs with 16 and 18 carbons.  

Individual FAs are distinguished from each other not only by chain length, but 

also by degree of saturation, conformation, and location of double bonds. FAs are 

classified into three different groups based on their structure: saturated fatty acids 

(SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids 

(PUFAs). PUFAs are further classified into omega-3 and omega-6 groups, based on 

the position of the first double bond from the methyl end of the FA. FAs with no 

double bonds are referred to as saturated. MUFAs have a single double bond in the 

carbon chain. Those with a multiple double bonds are PUFAs. Positional isomers of 

FAs are defined by differences in the location of double bonds. The differences in the 

location of the double bond result in small alterations to the melting point, but drastic 

differences in the way they are metabolized. The most common distinction made is the 

location of the first double bond from the methyl end of the acyl chain. FAs in which 

the first double bond occurs three carbons from the methyl end are called omega-3 

FAs, frequently denoted as ω-3 or n-3 FAs. Whereas FAs in which the first double 
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bond occurs six carbons from the methyl end are called omega-6 FAs and are denoted 

as ω-6 or n-6 FAs.  

Furthermore, double bonds within unsaturated FAs can appear in the more 

common cis configuration, in which hydrogen atoms are on the same side of the 

carbon chain, or in the trans configuration, in which hydrogen atoms are on opposite 

sides of the carbon chain. The presence of a cis relative to a trans double bond results 

in a greater bend in the carbon chain, which impedes the FAs from packing together, 

thereby lowering the melting point of the FA. The presence of a trans double bond(s) 

reduces the internal rotational mobility of carbon atoms, and is less reactive to 

chemical change. The presence and number of double bonds, their position, and 

conformation allows for multiple isomers of FA. 

Dietary Fatty Acids Recommendations 

 There is great interest in the importance of comparative FA selection in 

relation to health and longevity. In general, fats should comprise 20-30% of a healthy 

diet since high-fat (>35%) diets are related to the development of obesity and chronic 

disease. Current recommendations pertaining to quantitative fat intake suggest 

reducing total dietary fat and dietary saturated fat intakes
24;25

, since data from 

epidemiological studies indicate that body weight is positively correlated with 

quantitative fat and not carbohydrate intake
26

. Furthermore, increasing the fat content 

of a diet promotes fat storage in adipose tissue rather than fat oxidation (FOx)
27

. 

Importantly, the dietary recommendations for consumption of the different types of 

fats varies, which acknowledges the overall importance of the metabolic actions of 

FAs in the diet.  
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The metabolic effects of dietary FAs is an increasing area of focus in research. 

For example, it is recommended that trans FAs be minimized or eliminated from the 

diet altogether, while less than 7-10% of total energy come from SFA. Although 

similar in structure to SFA, trans FAs have different physiological effects in humans. 

The strongest evidence is seen in relation to coronary heart disease. Here, intake of 

trans is shown to have a deleterious impact,  more so than SFA, on blood lipids, with 

increased triglyceride and low-density lipoprotein levels and decreased high-density 

lipoprotein levels
28;29

, important risk factors for coronary heart disease. SFA intake is 

also associated with increased cardiovascular disease risk. Cooper et al.
30

 showed that 

four days on a high fat diet rich in SFA increased total cholesterol, LDL cholesterol 

and blood pressure. Furthermore, every 1% rise in kilocalories from SFA is associated 

with 1.3-1.7mg/dL increase in LDL cholesterol
31;32

. Currently, it is recommended that 

MUFA consumption be increased and used as a replacement for SFA. However, each 

5% higher energy consumption of MUFA in place of SFA was not significantly 

associated with CHD risk
33

.  

Current recommendations encourage individuals to consume 10% of total 

energy from PUFA. In a pooled individual-level analysis of 11 prospective cohort 

studies, the specific exchange of PUFA consumption in place of SFA was associated 

with lower CHD risk, with 13% lower risk for each 5% energy exchange (RR, 0.87; 

95% CI, 0.70-0.97)
33

. Together, these findings suggest that reducing SFA without 

specifying the replacement may have minimal effects on CHD risk, whereas 

increasing PUFA from vegetable oils will reduce CHD
34

. Based on results from 

randomized controlled clinical trials, the American Heart Association recommends 
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that individuals with documented CHD consume approximately 1g/day of EPA + 

DHA, preferably by consumption of oily fish 
35

. 

Central Appetite Regulation 

Orexigenic and Anorexigenic Neurons 

The arcuate nucleus (ARC) of the hypothalamus integrates neurohormonal 

signals from gut and adipose tissue to regulate energy balance. Within the ARC, there 

are two subsets of neurons which collectively regulate homeostatic control of eating. 

Those neurons expressing the neuropeptides pro-opiomelanocortin (POMC) and 

cocaine- and amphetamine-regulated transcript (CART); and those neurons expressing 

neuropeptide Y (NPY) and Agouti-related protein (AgRP)
36;37

. POMC/CART-

expressing neurons suppress appetite (anorexigenic), while NPY/AgRP neurons 

stimulate appetite (orexigenic). It is the balance between these neuronal signals that 

regulates energy homeostasis
38

 .  

Gastrointestinal Hormones 

Many gastrointestinal hormones are stimulated by nutrient presence in the gut 

and bind with specific receptors along the “gut-brain axis” to control hunger, satiety, 

and energy balance. Most gastrointestinal hormones are secreted in response to 

specific nutrients. They stimulate local sensory nerves which relay messages to the 

hindbrain and/or enter circulation and signal the hypothalamus, where they are 

ultimately integrated. Thus, contributing to satiation and/or satiety
39

. Table 1.2 

provides a list of some of the key gastrointestinal hormones that help to regulate 

hunger and satiety and energy balance. Focus will be placed on ghrelin (orexigenic 

hormone), and PYY and GLP-1 (anorexigenic hormones).   
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Table 1.2. Major gut hormones involved in appetite regulation 

 Hormone Site of 

Secretion 

Major 

Receptors 

Major Actions 

Orexigenic Ghrelin Gastric fundal 

A cells 

GHS-R Increase gastric motility 

Growth hormone release 

Anorectic PYY Gastrointestinal 

L cells 

Y2 Delay gastric emptying 

Vagal and CNS effects 

 GLP-1 Gastrointestinal 

L cells 

GLP-1 Glucose dependent 

insulin release 

Delays gastric emptying 

Vagal and CNS effects 

 Glucagon Pancreatic  

cells 

Glucagon Gluconeogenesis 

Glycogenolysis 

 CCK Intestinal I 

cells 

CCK 2 Gallbladder contraction 

Delays gastric emptying 

Pancreatic enzyme 

secretion 

 PP Pancreatic PP 

cells 

Y4 Delays gastric emptying 

 Amylin Pancreatic  

cells 

AMY1-4 Inhibit gastric secretion 

Delays gastric emptying 

Decreases blood glucose 

 Leptin Adipocytes, 

stomach, and 

pituitary gland 

Leptin-R Increases metabolic rate 

Decreases energy intake 

Enhance satiating effect 

of CCK 

 Insulin Pancreatic  

cells 

IR Decreases blood glucose 

Suppresses appetite 

CCK = Cholecystokinin; PP = Pancreatic polypeptide; PYY = peptide tyrosine 

tyrosine; CNS = central nervous system; GLP-1 = glucagon-like peptide 1; GHS 
 

Ghrelin: Structure 

Kojima et al.
40

 discovered ghrelin in 1999 which became known as the “hunger 

hormone”. Ghrelin is the only known orexigenic hormone
41-43

. Ghrelin is synthesized 

predominantly by X/A-like cells in the stomach and can also be found in the 
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duodenum, jejunum, ileum and colon 
40;44

. In the intestine, ghrelin concentration 

gradually decreases from the upper small intestine to the colon. Ghrelin is a 28-amino 

acid peptide that exists in two major forms: n-octanoyl-modified ghrelin, which 

possesses an n-octanoyl modification on serine-3 and des-acyl ghrelin
40

. Ghrelin O-

acyltransferase, discovered in 2008 by Yang et al.
45

 is the enzyme responsible for 

attaching octanoyl to the Serine-3 side chain in order to activate the hormone. FA 

modification of ghrelin is essential for ghrelin-induced growth hormone release from 

the pituitary and appetite stimulation. Orally ingested MCFAs are directly utilized for 

acyl-modification of ghrelin
46

. Ingestion of either MCFAs or medium-chain 

triglycerides (MCTs) specifically increases production of acyl-modified ghrelin 

without changing the total ghrelin level
46

. 

Ghrelin:  Functions 

Ghrelin has several physiological functions including regulating growth 

hormone release, gastrointestinal motility, gastric acid secretion, blood pressure, 

mood, body weight, and blood glucose
40;47-55

. Furthermore, ghrelin plays a role in 

energy balance and has been implicated in meal initiation
56-58

. Plasma ghrelin 

concentrations are elevated in a fasted state and decrease after food intake. Factors 

involved in the regulation of ghrelin secretion have not yet been identified, but one 

possible candidate is blood glucose since oral or intravenous administration of glucose 

decreases plasma ghrelin concentration
59-65

.  Ghrelin also regulates long-term energy 

homeostasis, and weight gain correlates with a decline in plasma ghrelin levels
66

. 

Further, obese individuals display reduced circulating ghrelin levels and anorexic 

individuals display exaggerated circulating ghrelin levels
65;67;68

.  
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Ghrelin: Mechanism of Action 

Once ghrelin is released from the stomach, it circulates in the blood where 

within the ARC, ghrelin activates NPY/AgRP neurons by binding to its receptor, the 

growth hormone secretagogue receptor (GHSR)
69;70

. Thus, the orexigenic effect of 

ghrelin is dependent on release of NPY and AgRP and their subsequent inhibitory 

action on proopiomelanocortin neurons
71

. In addition to a central action, vagal 

afferents innervating the stomach express the ghrelin receptor indicating a possible 

peripheral mechanism
72;73

.  

Dietary Fatty Acids and Ghrelin Responses  

Animal studies indicate that when consuming a HF diet, plasma ghrelin 

concentrations decrease. It has been shown that transgenic mice that over-express 

endogenous ghrelin are hyperphagic while on a chow diet, but when switched to a HF 

diet, they consume less food than wild-type mice
74

. This suggests that when 

consuming a HF diet, ghrelin levels decrease in order to decrease further intake. 

Further, Briggs et al.
75

 demonstrated IP and intracerebroventricular ghrelin did not 

increase food intake during HF diets, but did increase food intake in chow fed rats. 

Conversely, the specific role of HF diets on ghrelin sensitivity in humans has yet to be 

determined. It has been shown that pre-meal ghrelin levels are not altered during HF 

diets
76;77

. Cooper et al.
30

 found no differences in ghrelin levels between a 3d HF 

feeding rich in either MUFAs or SFAs. Robertson et al.
76

, reported an 18% reduction 

in postprandial circulating ghrelin levels after three weeks of HF supplementation in 

healthy men. Taken together, these studies suggest ghrelin seems to respond 
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preventively during caloric excess. However, ghrelin responses to dietary FAs 

(MUFA, PUFA, and SFA) remain to be determined.  

Peptide YY: Structure 

PYY is co-localized with GLP-1 in the L-type endocrine cells that are 

expressed throughout the small intestine
78

. The highest concentrations of PYY are 

found in L-type cells of the terminal ileum and colon, which secrete the peptide in 

response to a meal
78;78-80

. PYY is a 36-amino acid, straight-chain, peptide that has an 

amino acid terminal tyrosine and a carboxyl terminal tyrosine amide
81

. PYY circulates 

as two major forms: PYY
1–36 

and PYY
3–36

82;83
 
. Dipeptidyl peptidase-IV cleaves PYY 

after release
 
at the N-terminal tyrosine-proline residues forming PYY3-36 

84;85
. The 

more common PYY
3–36 exhibits high affinity for Y2 receptor and is thought to more 

actively control food intake
86;87

, whereas PYY1-36 has a high affinity to all Y-receptor 

subtypes (Y1-Y5)
88

.  

Peptide YY: Functions 

PYY inhibits many GI functions, including gastric acid secretion, gastric 

emptying, small bowel and colonic chloride secretion, mouth to cecum transit time, 

pancreatic exocrine secretion and pancreatic insulin secretion
89-92

. Furthermore, PYY 

plays a role in energy balance and has potent effects on regulating food intake
91

. 

Plasma PYY concentration are low when fasting, and rapidly increase after food 

intake
93

. The most known factor for the regulation of PYY secretion is feeding and 

contact of intraluminal nutrients in contact with endocrine L-type cells stimulates PYY 

secretion
94

. Furthermore, regulatory peptides such as cholecystokinin (CCK), 

vasoactive intestinal polypeptide (VIP), gastrin and GLP-1 also modulate PYY 
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release
95;96

. Circulating PYY concentrations increase as soon as 15min of ingesting 

food
78

.  Peak concentrations of circulating PYY occurs in 60-90min, and can remain 

elevated for six hours
78

. In rodents, administration of PYY induces a dose-dependent 

decline in food intake
97;98

 and PYY-deficient mice exhibit hyperphagia and obesity
99

. 

In humans, continuous infusion of PYY in healthy adults reduced hunger and caloric 

intake by 36%
100

, and had similar effect in obese adults
94

. Infusion of PYY reduces 

food consumption in a dose-dependent manner, with a maximum inhibition of 35%
101

. 

Obese humans have lower circulating levels of postprandial PYY compared with lean 

individuals
102;103

. However, following bariatric surgery, obese individuals achieve a 

progressive rise to normal plasma PYY levels
104;105

.  

Peptide YY: Mechanism of Action 

The initial increase in plasma PYY concentrations may be that there is a neural 

or endocrine mechanism that involves cephalic phase-mediated PYY release, yet is not 

fully elucidated
106

. As intraluminal contents come into contact with endocrine L-type 

cells, plasma PYY concentrations increase
94

.  After release, PYY targets the NPY 

neurons on the ARC of the hypothalamus
107

. PYY1-36 shows high affinity to all Y-

receptors, while PYY3-36 is a specific Y2 agonist
99

. PYY inhibits the NPY/AgRP 

neurons while activating the POMC/CART neurons via the Y2 receptors to induce 

satiety and inhibit food intake
107

.  

Dietary Fatty Acids and Peptide YY Responses  

Little research exists on PYY responses to HF diets. Little et al.
108

 found there 

was no difference between baseline PYY plasma levels after three weeks of HF or 

low-fat feeding in lean men. However, more studies are needed to address the effect of 
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long-term HF diet on PYY production and release. Although PYY secretion increases 

in response to dietary fat
109

, there are few research studies that examine the effects of 

dietary fatty acid composition on plasma PYY concentrations. To date, only four 

human studies have examined dietary fatty acid composition influences on plasma 

PYY concentrations. Two studies reported no differences in PYY response to 

intraduodenal infusions via nasoileal catheter of MUFA, PUFA, or SFA
110

 or with 24h 

PYY averages from a 3d HF diet rich in either SFAs or MUFAs
30

.  Yet, PYY levels 

were significantly increased following the evening meal on a SFA-rich vs. MUFA-rich 

HF diet in the three-day HF diet study along with aerobic exercise
30

.  Furthermore, 

Robertson et al.
111

 showed a trend for greater circulating PYY response for both SFA- 

and PUFA-rich meals compared to a MUFA-rich meal. Similarly, Kozimor et al.
112

 

reported a significant increase in circulating PYY response for both SFA- and PUFA-

rich meals compared with a MUFA-rich meal. Taken together, it appears fatty acid 

composition does indeed alter circulating PYY levels.   

Glucagon-like Peptide-1: Structure 

Glucagon like peptide-1 (GLP-1) is a hormone that is produced by 

posttranslational processing of the proglucagon gene in both the CNS and the 

gastrointestinal tract
113;114

. GLP-1 is secreted from the same endocrine L-type cells 

that secrete PYY from the distal small intestine and proximal colon in response to 

ingested nutrients (especially fats and carbohydrates)
115;116

. The synthesis of GLP-1 

from proglucagon is directed by specific expression of convertase 1/3 in L-cells; 

cleavage of proglucagon by convertase 1/3 yields equimolar amounts of GLP-1 and 

GLP-2
117

. Like PYY, GLP-1 is inactivated by DPPIV
117;118

.  
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Glucagon-like Peptide-1: Functions 

GLP-1 exerts a number of actions and has been shown to lower blood glucose 

by stimulating insulin secretion and production following carbohydrate ingestion and 

suppressing glucagon secretion in a glucose-dependent manner
119;120

. GLP-1 inhibits 

gastric acid secretion, decelerates gastric emptying, reduces body weight, and induces 

satiety
121-127

.  GLP-1 is released proportionally to the amount of energy consumed, but 

responses to GLP-1 can differ between normal-weight and obese individuals
128-130

. Its 

secretion is stimulated by nutrients and neural and endocrine factors
131;132

 after 

ingestion of a meal, particularly one rich in fat and carbohydrates
116

. Peripheral and 

central GLP-1 administration activates neurons in the ARC inducing an increase in 

satiety
86;133

.  

Glucagon-like Peptide-1: Mechanism of Action 

GLP-1 is released in response to food intake from the distal small intestine. It 

is released by ordinary mixed meals, but fat is arguably the most potent stimulus for 

GLP-1 secretion and ingestion of fats in humans leads to sustained secretion of GLP-

1
116

. Gut-derived GLP-1 enters the bloodstream where it is degraded by DPPIV
117;118

. 

Only 25% of the gut-derived GLP-1 reaches the portal circulation and 10–15% of the 

secreted amount leaves the liver and enters the systemic circulation
134;135

. GLP-1 

predominantly acts through the GLP-1 receptor, which are located in the brain, 

gastrointestinal tract, and pancreas
133

. The inhibitory effects of GLP-1 on food intake 

may be due to both direct and indirect effects on the CNS, but the exact routes of 

action are largely unknown
135

. Gut-derived GLP-1 may enter the brain through the 

area postrema, at the level of which the blood-brain barrier is permeable
136

. But due to 
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its short circulating half-life
137

, it is likely that only a small amount of gut-derived 

GLP-1 reaches the brain. Therefore, it is unclear whether peripherally released GLP-1 

needs to enter the brain to affect food intake, or whether other routes of action are 

involved in its effects on feeding behavior
86

. Some data indicate that GLP-1 released 

by the intestine acts as a physiological satiety signal by activating peripheral GLP-1 

receptors, whereas central GLP-1 affects feeding through GLP-1 receptors in the 

brain
138

. Interestingly, data also implies that the anorectic effects of peripheral GLP-1 

do not depend on central GLP-1 receptors
139

. However, it seems likely that the GLP-1 

systems in the CNS and in the periphery work together in the regulation of feeding 

behavior.  

Dietary Fatty Acids and Glucagon-like Peptide-1 Responses 

Most studies demonstrate that HF diet diminishes the activity of the 

neuroendocrine GLP-1 system, through decreases in GLP-1 release and subsequent 

receptor activation. HF feeding for both four weeks and eight weeks reduces levels of 

active circulating GLP-1 in rodents
140;141

. In humans, however, following a short 14-

day HF feeding period, no difference in post-prandial GLP-17–37 was observed
142

. 

Studies have shown a diminished post-prandial GLP-1 response in obese participants 

compared to lean individuals
125;143

, indicating that obesity resultant from HF feeding 

may ultimately reduce circulating GLP-1. When examining how different FA affect 

GLP-1 levels, Beyson et al.
144

 found plasma GLP-1 concentrations increased during 

fat feeding, with a higher response during the MUFA test compared to PUFA and SFA 

tests. Similarly, Thomsen et al.
145

 showed plasma GLP-1 concentrations were higher 

after the MUFA meal (olive oil) versus the SFA meal (butter). Thus, it appears MUFA 
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is the greatest stimulator of GLP-1 compared to PUFAs and SFAs. 

Pancreatic and Adipose Tissue Hormones 

Other hormones function to maintain energy homeostasis.  Pancreatic 

polypeptide (PP) is homologous to PYY
146

 and functions to decrease appetite. After 

oral ingestion of food, PP levels increase in proportion to calorie intake, and can 

remain increased for 6h postprandially
147

. PP secretion is induced by vagal stimulation 

and peripheral hormones, including ghrelin
148

. In healthy participants, intravenous 

infusion of PP reduced appetite and caloric intake by 22%, an effect that was sustained 

over 24h
149

. Moreover, fasting- and food-induced PP levels are lower in obese 

individuals
150

. PP binds with highest affinity to the Y4- and Y5-receptors
88

.  

Leptin is a 167-amino acid hormone known to suppress appetite and regulate 

EE. Leptin is primarily secreted by adipocytes, but has also been found in the stomach 

and pituitary gland. Circulating levels of leptin reflect both the degree of adiposity
151

 

and the feeding state
152

. Usually, individuals with obesity exhibit elevated circulating 

leptin levels
151

 which reflects leptin receptor resistance. Leptin regulation of appetite 

is specifically related to signaling in the ARC. Both NPY/AgRP and POMC/CART 

neurons in the hypothalamus express leptin receptors
153;154

. Leptin inhibits NPY/AgRP 

neurons, while it activates POMC/CART neurons in the ARC
155-157

, resulting in 

reduced food intake.  

Finally, adiponectin is secreted exclusively from white adipose tissue into the 

bloodstream and improves insulin sensitivity and glucose homeostatsis
158

 through 

AMP-kinase (AMPK) activation in peripheral tissues
159

. Also, AMPK functions in the 

regulation of food intake and body weight. Fasting (negative energy balance) increases 
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plasma adiponectin levels (like ghrelin), whereas positive energy balance (obesity) 

suppresses plasma adiponectin
160

. Furthermore, the lower concentrations of 

adiponectin seen with obesity are suspected to contribute to insulin and type 2 

diabetes
161

.  Modulation of hypothalamic AMPK can result in the altered expression of 

orexigenic neuropeptides (AgRP/NPY) and anorexigenic neuropeptides 

(POMC/CART) in the ARC
162

. This activates of orexigenic neurons (AgRP/NPY) and 

inhibits anorexigenic neurons (POMC/CART)
163

 to stimulate food intake and suppress 

EE. 

Energy Balance and Macronutrient Balance 

Energy Balance  

The balance between energy intake (calories consumed) and energy 

expenditure (calories burned) determines body energy stores. Energy is primarily 

stored as fat, but can also be stored as glycogen and protein. Therefore, it is the 

balance between calories consumed and calories burned that primarily determines 

whether body fat (hence, body weight) is gained or lost. The first law of 

thermodynamics states that energy can be neither created nor destroyed. The static 

energy balance equation is the most common equation and can be expressed as: 

change in energy stores = energy intake – energy expenditure. However, a more 

appropriate equation has since been proposed and states: rate of change of energy 

stores = rate of energy intake – rate of energy expenditure. Energy balance is achieved 

when intake matches expenditure. Weight maintenance is a typical example of 

achieving energy balance. A person is said to be in positive energy balance if intake 

exceeds EE, which will lead to weight gain, and eventually, obesity. Conversely, a 
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person is said to be in negative energy balance if EE is greater than intake, which will 

lead to weight loss. The majority of body weight gain from a positive energy balance 

that occurs in adults can be attributed excess calories in the diet, specifically diets high 

in fat, and lack of adequate exercise.  

Components of Intake 

 Components of energy intake include three major macronutrient groups – 

carbohydrate, protein, and fat. Net absorption of carbohydrate, protein, and fat varies 

and is incomplete, as losses in fecal matter can account for 2-10% of gross energy 

intake. The net absorption food varies among individuals and is dependent on the 

specific foods eaten, how they are prepared, and intestinal factors. Commonly used 

energy densities for carbohydrate (4kcal/g) protein (4kcal/g) and fat (9kcal/g) 

represent population averages for metabolizable energy. Since the estimated caloric 

value of fat (9kcal/g) is more than double that of dietary protein (4kcal/g) and 

carbohydrate (4kcal/g), dietary fats are considered to be energy dense. Consumption of 

energy dense foods is associated with increased body fat
164

.  

Macronutrient Balance 

 Consumption of dietary protein, carbohydrate, fat, and a lesser extent alcohol, 

provide the human body with energy. In order to achieve macronutrient balance, the 

oxidation of protein, carbohydrate and fat must match ingestion of these 

macronutrients from the diet.  However, when disruption occurs (macronutrient 

oxidation does not match macronutrient ingestion), body composition will be altered 

until the fuel utilized matches the dietary macronutrient composition. In healthy 

individuals, protein oxidation is usually matched by their dietary intake
165

. However, 
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according to the Flatt hypothesis
166

 carbohydrate oxidation regulates FOx and storage, 

and food intake is driven primarily to maintain carbohydrate balance. This is due to 

low carbohydrate reserves in the body in the form of glycogen compared an increased 

capacity of the body to store fat. Thus, body fat maintenance is primarily dictated by 

the carbohydrate reservoirs in the body. According to the Flatt hypothesis, this 

reservoir, in conjunction with overall energy balance, controls fat balance
166

.       

Fat Balance and Energy Balance 

The impact of de novo lipogenesis on body fat stores is non-significant when a 

balanced meal of 30% energy from fat and 60% energy from CHO is consumed 
167

. In 

this regard, fat balance and CHO balance can be considered separately. Fat balance 

(fat input minus fat output) involves the accurate estimation of both metabolizable fat 

intake and total FOx. On a day-to-day basis, FOx does not equal dietary intake of fat 

and thus, becomes an essential component in body weight maintenance
165

. Fat balance 

is closely linked to energy balance when considered over weeks and months. 

Therefore, continuous positive energy balance is essential to gains in fat mass
165

.  

Immediately following the onset of a HF diet, there is a delay in substrate 

utilization based on macronutrient composition. This delay is known as “adaptation” 

to the HF diet. In response to a HF diet, the adaptation period can last anywhere from 

two to seven days
27;168

  in order for FOx to equal dietary fat intake.  However, the rate 

at which individuals adapt to a HF diet can be altered a variety of factors such as body 

adiposity, physical activity, and glycogen stores
169

. Schutz
170

  proposes the idea that 

the fat balance equation can be defined in static or dynamic conditions, where static 

fat balance equals total metabolizable fat intake minus whole body FOx.  A positive 
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fat balance leads to body fat gain, and over time, can lead to obesity.  In the dynamic 

fat balance equation, fat balance (dynamic) equals change in total metabolizable fat 

intake minus change in whole body FOx
170

. Thus, change in fat consumption is 

considered over a function of time and achievement of fat balance is defined as a 

function of percentage body fat
170

.  

In a study conducted by Schutz et al.
27

, EE and substrate oxidation was 

measured in a respiratory chamber for 63h in response to a HF diet in seven men. For 

the first day, participants were provided with an 1800kcal/d diet that consisted of 35% 

of total energy provided by fat, 15% provided by protein, and 50% of total energy 

provided by CHO
27

. For the following 36h, participants were instructed to consume a 

HF diet. Within two days of exposure to a HF diet, FOx did not match fat intake as fat 

balance changed from -43±218kcal/d during the first 24h to noticeably positive 

927±210kcal/d during the next 36h HF exposure
27

. They also showed that energy 

balance was closely correlated with fat balance (r=0.96; p<0.001) but not with 

carbohydrate balance in these men (ns). This indicates that fat imbalance can have a 

higher impact on energy balance than carbohydrate balance and has been confirmed in 

other studies
18;168;171

. To further elucidate the time it takes for an individual to adapt to 

a HF diet, Schrauwen et al.
172

 employed a 13d feeding protocol in 12 men and women 

of normal body weight status. Energy balance was maintained throughout the study. 

At first, participants were exposed to a low fat diet (30% energy from fat) for 6d, and 

then were exposed to a HF diet (60% energy from fat). Fat oxidation increased 

significantly between days 6-13. On days 7-9, a positive fat balance was observed, but 

disappeared after day 13 where equilibrium was achieved
172

. Therefore, there is an 



Texas Tech University, Jada Stevenson, August 2015 

22 

adaptation period of positive fat balance for up to 7d during which fat intake exceeds 

oxidation. This delay in adaptation to a HF diet can contribute to body fat gain and 

obesity
171

.  

Thermogenesis 

Energy output is the heat released by the body through resting metabolism, the 

thermic effects of meals, and physical activity. Thermogenesis is the energy expended 

above the metabolic rate in the resting state. The two main factors which contribute to 

thermogenesis, i.e. food intake and cold exposure, elicit diet-induced thermogenesis 

(DIT) and non-shivering thermogenesis (NST), respectively. DIT is the energy 

expended in order to digest, transport, metabolize and store food and is mediated by 

the sympathetic nervous system
173;174

. DIT accounts for about 10%-15% of total daily 

EE and consists of obligatory and regulatory thermogenesis. Obligatory 

thermogenesis is due to the energy costs of digesting, absorbing and converting the 

nutrients to their respective storage forms, whereas regulatory thermogenesis is an 

energy dissipative mechanism, mainly studied in animals. Regulatory thermogenesis 

employs uncoupling proteins (UCPs) in order to uncouple oxidative phosphorylation 

from ATP synthesis by dissipating the proton gradient. UCPs are upregulated during 

positive energy intake, which suggests their function is to maintain energy balance by 

dissipating the proton gradient and producing heat. DIT is important in the regulation 

of energy balance, yet is not fully understood 
175

. DIT has been found to be reduced in 

some groups of obese people, but not in all obese individuals
176

. For example, in obese 

individuals who exhibit insulin resistance, the DIT after consumption of glucose is 
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mitigated. Any alteration in thermogenic responses to an energy surplus can be 

important to store or to oxidize part of the excessive energy intake.  

Effect of Fatty Acid Composition on Energy Expenditure, Fat Oxidation, and 

Diet-induced Thermogenesis 

 Dietary FA composition effects on EE, FOx, and DIT using indirect 

calorimetry remain inconclusive. There have only been six published studies that have 

examined acute metabolic responses to HF meals of varying FA composition. Flint et 

al.
177

 provided three HF meals (0.8 g fat/kg body weight, 60% energy from fat) rich in 

PUFA, MUFA, or trans fats in a randomized, crossover study design to 19 overweight 

men. Energy expenditure was measured continuously for 5h postprandially in a 

respiration chamber and no differences between the HF meals of varying FA 

composition were observed in EE
177

. Clevenger et al.
178

 provided three HF meals 

(70% energy) rich in PUFA, MUFA, or SFA in a randomized crossover study design 

to 15 normal-weight women. EE, substrate oxidation, and DIT were measured 5h 

postprandially using a metabolic cart. There were no differences between HF meals of 

varying FA composition for EE or FOx. However, acute ingestion of a PUFA-rich HF 

meal induced a greater DIT in normal-weight women compared with SFA- or MUFA-

rich HF meals. Piers et al.
179

 provided two HF meals (43% of total energy) rich in 

either MUFA or SFA in a randomized crossover study design to 14 men (BMI ranged 

from 20-32kg/m
2
). Postprandial FOx was significantly greater after the HF MUFA-

rich meal than after the HF SFA-rich meal. Further, DIT was significantly higher after 

the HF MUFA-rich meal versus after the HF SFA-rich meal in participants with a high 

waist circumference (>99cm) compared to those with a low waist circumference 
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(<99cm). The same HF test meals (40% of total energy) rich in either MUFA or SFA 

were used to examine postprandial substrate oxidation and DIT in 12 women (4 

normal/overweight and 8 obese)
180

. In support of the findings from Piers et al.
181

, 

Soares et al.
180

 also observed higher postprandial FOx and DIT for the MUFA- versus 

SFA-rich meals. Likewise, Casas-Agustench et al.
182

, examined the lowest 

postprandial DIT after a SFA-rich meal versus a MUFA-rich or PUFA-rich meal in 

nine normal-weight men, while no differences in FA oxidation between HF meals 

were observed. Lastly, Jones et al.
183

  provided three HF meals (60% of total energy) 

rich in either MUFA, omega-3 PUFA, or omega-6 PUFA in a randomized crossover 

study design to 15 normal-weight men and found that MUFA induced the greatest EE 

compared to omega-6 PUFA, followed by omega-3 PUFA.  Yet, there were no 

differences in FOx between test meals. Taken together, it appears there are differences 

between FA compositions in DIT but not FOx or vice versa and seems to indicate that 

SFA has obesigenic effects versus both MUFA and PUFA.  
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CHAPTER II 

HUNGER AND SATIETY RESPONSES TO HIGH-FAT MEALS 

OF VARYING FATTY ACID COMPOSITION IN WOMEN WITH 

OBESITY 

Introduction 

Body weight gain results from a chronic imbalance of energy intake and 

energy expenditure, and diets high in fat (≥40% of energy from fat) have been 

identified as one of the factors associated with the current obesity epidemic. Individual 

fatty acids (FA) can be distinguished by their chain length and degree of saturation 

(monounsaturated fatty acids, MUFAs; polyunsaturated fatty acids, PUFAs; and 

saturated fatty acids, SFAs), and it has been suggested that FA composition of the diet 

can differentially impact physiological responses in the human body. A number of 

studies have compared the effects of different chain length of FAs on food intake or 

markers of satiety
203-205

, while investigation of the effects of degree of saturation of 

FAs is lacking
206

. 

Several studies have examined subjective ratings of hunger and fullness to 

high-fat (HF) meals of varying FA composition with contradictory 

findings
30;177;182;207;208

. There are far fewer studies examining physiologic or hormonal 

responses to dietary FA composition, and most only examine one satiety hormone. 

Three appetite hormones commonly studied following nutrient ingestion are ghrelin, 

peptide YY (PYY) and glucagon-like peptide-1 (GLP-1). Ghrelin, a hormone secreted 

by the stomach, is proposed to have appetite-stimulating effects. Plasma levels of 

ghrelin are elevated in fasted states to initiate feeding and decrease in response to 

feeding. PYY and GLP-1, hormones secreted by the small intestine and colon, are 
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purported to have appetite –suppressing effects. Dietary manipulations that suppress 

ghrelin levels and increase PYY and GLP-1 levels may offer pragmatic approaches for 

reducing energy intake. To date, there are only a few human studies that have 

examined acute physiological responses to HF meals/diets rich in different types of 

FA, and all were done in normal weight adults
30;110-112

. In two previous studies, we 

showed postprandial PYY response based on FA composition of a HF diet in men was 

greater after SFA than after MUFA 
30

 and one HF meal in women (PUFA and 

SFA>MUFA)
112

. More research is needed to understand the effect of dietary FA on 

subjective ratings of hunger and satiety as well as physiological responses of several 

hunger and satiety hormones and how it effects energy consumption at a subsequent 

meal, especially in populations with obesity. 

The purpose of this study was to examine the effect of dietary FA composition 

from three different HF meals on 1) markers of hunger and satiety (total ghrelin, PYY, 

and GLP-1), 2) subjective feelings of hunger and fullness (visual analog scale 

measures - VAS) and 3) total energy and macronutrient intake during an ad libitum 

buffet-style meal. We hypothesized that the MUFA would elicit the lowest satiety 

response compared to the PUFA and SFA meals. We further hypothesized that 

participants would consume more at the ad libitum buffet-style meal after the MUFA 

compared to the PUFA or SFA meals. 

Materials and Methods 

Study Design 

This study was a single blind randomized crossover design. There were three 

study visits to complete all three treatment conditions (approximately three months to 
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complete). Females were tested during days three though nine (follicular phase) of 

their menstrual cycle with at least four days between each visit. The three treatments 

were HF meals that differed only in dietary FA composition. At each study visit, an ad 

libitum buffet-style meal was provided 5h after consuming the HF meal. All testing 

occurred at the Human Nutrition Lab (HNL) following an overnight fast (12-14h). 

Hunger and satiety or fullness was measured using the VAS and by plasma 

concentrations of ghrelin, PYY, and GLP-1. Further, ad libitum energy and 

macronutrient intake at the next meal provided another objective assessment of satiety. 

Participants 

Sixteen apparently healthy women with obesity participated in this study. 

Inclusion criteria were for adult women (ages 18-40yr) with a BMI between 30.0-

39.9kg/m
2
. Exclusion criteria was the same as previously reported

112
. 

Protocol 

The day before each visit, participants chose foods for lunch, dinner, and 

snacks from a set menu where all items were 55% carbohydrate, 15% protein, and 

30% fat.  Participants ate the exact same meals, snacks, and drinks before each 

subsequent visit. At each visit, participants reported to the HNL at 0700h following an 

overnight fast and without exercising for at least 12h. Height, body weight, body fat%, 

and waist/hip circumference were measured. Body fat% was measured using the 

BodPod (Cosmed, Chicago, IL).   

High-Fat Liquid Meals and Blood Samples 

Following anthropometric measurements, an intravenous catheter was placed 

in the antecubital vein and a 10mL fasting/baseline (t=0) blood sample was drawn into 
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chilled EDTA vacutainers (Greiner Vacuette, Monroe, NC). The line was kept patent 

with 0.9% normal saline. Participants then completed a validated VAS
209

. Then, 

participants drank the HF meal within five minutes. The HF meal recipes were 

developed using a nutrient analysis software program to give us specific amounts of 

nutrients as listed in Table 2.1 (The Food Processor, ESHA Research, Salem, OR, 

USA).   

Table 2.1. Nutrient breakdown of each high-fat meal 

Composition 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 

Percentage of total energy from 

fat 

70.3% 69.7% 69.0% 

Percentage 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 

 

 The only difference in each of the meals was the type of FA used during each 

of the three visits (The Food Processor, ESHA Research, Salem, OR, USA; Table 

2.2). Next, a 10mL blood sample was taken at minutes 30, 60, 90, 120, 150, 180, 240, 

and 300. A VAS was administered at the same time as each blood draw. Participants 

remained inactive by lying on a cot remaining inactive but awake. Blood samples were 

immediately spun at 3,000rpm for 15min at 4˚C. Plasma was aliquoted and stored at -

80˚C until assayed. The intravenous catheter was removed after five hours.   
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Table 2.2. Fatty acid composition of each high-fat meal with a “base” 
was Ensure®, soy lecithin, and Nesquik®. 

 High-fat meals 

Fatty acids SFA MUFA PUFA 

4:0 – Butyric (g) 1.03 - - 
6:0 – Caprioc (g) 0.67 - - 

8:0 – Caprylic (g) 0.76 - - 

10:0 – Capric (g) 1.11 - - 
12:0 – Lauric (g) 3.08 - - 

14:0 – Myristic (g) 3.41 - - 

16:0 – Palmitic (g) 15.62 3.07 2.67 
17:0 – Heptadec (g) 0.18 - - 

18:0 – Stearic (g) 4.16 1.09 1.94 

20:0 – Arachidic (g) 0.04 0.21 0.02 
22:0 – Behenate (g) - 0.11 0.02 

24:0 – Tetracos (g) - - 0.01 

16:1 – Palmitol (g) 0.36 0.25 0.01 
18:1 – Oleic (g) 13.63 31.7 9.15 

20:1 – Eicosen (g) 0.05 0.43 - 

22:1 – Erucic (g) - - 0.01 
18:2 – Linoleic (g) 2.69 7.47 22.29 

18:3 – Linolenic (g) 0.14 3.12 9.61 

20:3 – Eicosatrienoic (g) - - 0.02 
ω3 Fatty acid (g) 0.14 3.12 9.61 

ω6 Fatty acid (g) 2.69 7.47 22.29 

The MUFA meal had “base” plus canola oil and extra virgin olive oil with 42.4% of 

total calories provided by MUFAs. The PUFA meal was “base” plus sunflower oil and 

flaxseed oil with 42.3% of total calories provided by PUFAs. The SFA meal had 

“base” plus butter, red palm oil, and coconut oil with 45% of total calories provided by 

SFAs.  

SFA = saturated fatty acid; MUFA = monounsaturated fatty acid; PUFA = 

polyunsaturated fatty acid 

 

Ad Libitum Buffet-Style Lunch 

At 5h after ingestion of the HF meal, participants were escorted to a feeding 

room and served an ad libitum buffet-style lunch for 30min. The buffet-style lunch 

included an assortment of sandwiches, chips, crackers, fruit, vegetables, cheese, and 

desserts. Beverages such as water, cranberry juice, grape juice, tea, soda, diet soda, 

and sports drinks were also made available. The same amount of food and beverages 

(given in excess) were provided at all study visits. All food and beverages were 

weighed discretely on a gram scale to the nearest thousandths of a gram before the 

participant was served. The participants were instructed to eat until they were 

comfortably full. The weight of all the leftover food and beverage items was deducted 
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from the initial weight to determine food and beverage intake (in grams). Each variety 

of food and beverages were weighed separately, and energy consumed (kcal) was 

calculated using information provided by the manufacturer. These food and beverages 

were selected to provide a consistent energy density.  

Bioassays 

Total ghrelin, GLP-1, and PYY levels were measured using 

radioimmunoassays (RIAs) (Millipore, Billerica, MA). Plasma samples were run in 

duplicate with each participant’s total number of samples run within the same assay. 

The intra- and inter-assay coefficients of variation for total ghrelin were 2.87% and 

10.86%, were 4.65% and 11.34% for GLP-1, and were 2.87% and 13.09% for total 

PYY.  

Statistical Analyses 

The SAS version 9.2 statistical package (SAS Institute Inc., Cary, NC) was 

used; and all values are expressed as mean±standard error of the mean (SEM) unless 

otherwise indicated. The postprandial response for hormones was calculated as the 

change from baseline (calculated as each time-point minus baseline). The postprandial 

average for VAS scores was calculated as the average of all time points except 

baseline. A repeated measures ANOVA was used to determine differences in the three 

treatment conditions (three different HF meals) for VAS responses and hormone 

levels. A one-way ANOVA was used to test for treatment differences in energy and 

macronutrient consumption at the ad libitum buffet. If significance was found, post 

hoc analyses were done using Tukey’s test. Finally, Pearson correlations were run 
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between VAS scores versus ghrelin, PYY, and GLP-1 by treatment. Statistical 

significance was set at p<0.05.   

Results  

Sixteen women with obesity (BMI between 30.0-39.9kg/m
2
), ages 18-39yr met 

the inclusion criteria and completed all three study visits. Baseline characteristics are 

presented in Table 2.3. There were no significant changes in height, weight, BMI, 

body fat%, waist circumference, hip circumference, or WHR between study visits 

(data not shown). 
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Table 2.3. Baseline participant characteristics 

 Average SD 

Age (y) 23.6 6.0 

Height (cm) 166.1 8.7 

Weight (kg) 92.2 11.2 

BMI (kg/m
2
) 33.4 2.0 

Body fat (%) 43.2 5.4 

Waist circumference (cm) 97.1 6.3 

Hip circumference (cm) 118.6 7.0 

WHR 0.82 0.1 

BMI = Body Mass Index; WHR = waist-to-hip ratio 

Physiological Responses 

The time course of meal responses for change in plasma ghrelin, PYY, and 

GLP-1 for each treatment condition are shown in Figure 2.1. For change in ghrelin, 

there was a significant main effect of time (p<0.001) and treatment (p<0.05) but no 

treatment by time interaction (ns). The post-hoc analysis revealed that PUFA (p<0.05) 

and MUFA (p<0.01) had a greater reduction in ghrelin compared to SFA. No 

differences were found between PUFA vs. MUFA for change in ghrelin (ns).  

For PYY, there was a significant main effect of time (p<0.001) and treatment 

(p<0.05) but no treatment by time interaction (ns). The post-hoc analysis revealed that 

PUFA led to significantly greater PYY versus both SFA (p<0.05) and MUFA 

(p<0.05). There were no significant differences in change of PYY between SFA vs. 

MUFA (ns). For change in GLP-1, there were no significant main effects of time (ns), 

treatment (ns), or treatment by time interaction (ns).  

Subjective Responses 

 Subjective VAS measures for hunger, fullness, and how much food the 

participants thought they could eat (calculated as 5-hour postprandial average) are 

shown in Table 2.4. There was a significant main effect for time for hunger (p<0.001), 
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fullness (p<0.001), and how much food the participant thought they could eat 

(p<0.001). However, there were no significant treatment effects or treatment by time 

interactions for any of the VAS questions (ns).  

Table 2.4. Visual Analog Scale (VAS) 5hr postprandial average 

Subjective Measurement SFA MUFA PUFA 

Change in Hunger -0.7±6.8 -3.7±6.6 1.1±7.6 

Change in Fullness 11.1±5.5 10.0±6.7 13.1±8.9 

Change in How much could 

you eat? 

-0.2±6.0 -1.9±5.1 -0.2±5.4 

Values are presented as mean±SEM 

SFA = saturated fatty acid; MUFA = monounsaturated fatty acid; PUFA = 

polyunsaturated fatty acid 

Buffet Intake 

The macronutrients consumed and the percentages of kilocalories from each 

macronutrient consumed at the ad libitum buffet are shown in Figure 2.2. There were 

no differences in total energy consumed between treatments (PUFA: 942.4±84.6kcals, 

SFA: 906.6±92.2kcals, MUFA: 896.0±92.2kcals). There were also no differences 

between treatments for the amount of carbohydrate, protein or fat consumed at the 

buffet lunch (PUFA: 136.6±10.6g, 24.1±2.8g, and 33.3±4.5g; SFA: 134.5±12.4g, 

20.8±1.7g, 31.7±3.4g; MUFA: 133.8±13.9g, 21.1±2.8g, 30.7±3.9g for carbohydrate, 

protein, and fat, respectively, ns).  

Correlations 

Correlations for change in VAS scores vs. change in hormones by treatment 

are shown in Table 2.5. Significant positive correlations were observed between 

ghrelin and both hunger and “how much could participants eat” in all treatments. 

There was a significant negative correlation between ghrelin and VAS fullness scores 

for PUFA and SFA but not MUFA. For PYY, there were no significant correlations 
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with fullness or “how much could participants eat” for any treatment. PYY was 

negatively correlated with hunger for SFA but not for PUFA or MUFA. Finally, 

significant negative correlations were observed for GLP-1 vs. hunger in MUFA and 

GLP-1 vs. “how much could participants eat” in MUFA and SFA. No correlations for 

GLP-1 vs. fullness for any treatments were found.  
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Table 2.5. Correlation matrix between change in plasma concentrations 
of hormones vs. change in visual analog scale measures for hunger, 
fullness, and how much participants thought they could eat. 

 Change in 

Ghrelin 

Change in 

PYY 

Change in 

GLP-1 

Change in 

Hunger 

Change in 

Fullness 

Change in 

How much 

could you 

eat? 

MUFA       

     Change in Ghrelin  -0.036 
p=0.665 

-0.123 
p=0.149 

0.227 
p=0.006* 

-0.018 
p=0.830 

0.174 
p=0.037* 

     Change in PYY   0.093 

p=0.274 

0.019 

p=0.821 

-0.104 

p=0.215 

0.008 

p=0.927 
     Change in GLP-1    -0.223 

p=0.008* 

0.072 

p=0.402 

-0.270 

p=0.001* 

     Change in Hunger     -0.706 
p<0.001* 

0.755 
p<0.001* 

     Change in Fullness      -0.727 

p<0.001* 

     Change in How much could 

you eat? 

      

PUFA       

     Change in Ghrelin  -0.166 
p=0.053 

0.071 
p=0.413 

0.373 
p<0.001* 

-0.448 
p<0.001* 

0.390 
p<0.001* 

     Change in PYY   0.109 

p=0.206 

0.077 

p=0.370 

0.116 

p=0.175 

0.058 

p=0.498 
     Change in GLP-1    -0.046 

p=0.589 

0.081 

p=0.345 

-0.066 

p=0.439 

     Change in Hunger     -0.735 
p<0.001* 

0.803 
p<0.001* 

     Change in Fullness      -0.696 
p<0.001* 

     Change in How much could 

you eat? 

      

SFA       

     Change in Ghrelin  -0.176 

p=0.064^ 

0.115 

p=0.181 

0.228 

p=0.007* 

-0.317 

p<0.001* 

0.225 

p=0.008* 

     Change in PYY   0.097 
p=0.305 

-0.271 
p=0.003* 

0.178 
p=0.055^ 

-0.111 
p=0.234 

     Change in GLP-1    -0.054 

p=0.525 

0.004 

p=0.963 

-0.170 

p=0.046* 
     Change in Hunger     -0.679 

p<0.001* 

0.803 

p<0.001* 

     Change in Fullness      -0.800 
p<0.001* 

     Change in How much could 

you eat? 

      

Correlation coefficient is on the top line with the p value directly below it. 

Change for hormones was the average of each time point value minus baseline value. 

*Indicates significance at p<0.05. 

^Indicates trend for significance at p<0.10. 

SFA = saturated fatty acid; MUFA = monounsaturated fatty acid; PUFA = 

polyunsaturated fatty acid 

 

Discussion 

 The aim of this study was to examine subjective and physiological markers of 

hunger and satiety to HF meals rich in PUFAs, MUFAs, and SFAs and to compare 



Texas Tech University, Jada Stevenson, August 2015 

36 

how these markers affected energy intake at the participant’s next meal. We found that 

consuming a HF meal rich in PUFAs or MUFAs reduced ghrelin greater than the SFA 

meal. In addition, the PUFA meal increased PYY significantly more than both the 

SFA and MUFA meals. These findings indicate that HF meals rich in PUFAs elicit a 

greater physiological satiety response compared to HF meals rich in MUFAs or SFAs 

in women with obesity. For subjective measures, the different treatments had no effect 

on how participants’ perceived hunger and fullness. Furthermore, despite a greater 

increase in PYY and suppression of ghrelin with the PUFAS, this did not translate to 

decreased energy or macronutrient consumption at the next meal.  These data show 

that dietary FA composition does differentially affect appetite hormone response; 

however, that does not necessarily translate into altered satiation or food intake. 

We found the higher PYY response to PUFAs (and low response to MUFAs) 

reported here is similar to those which we previously reported in normal weight 

women
112

. However, unlike the differences we found between PUFA vs. SFA in this 

present study, those two treatments did not differ in our previous study in normal 

weight women
112

. Based on these results and results of one other acute study
111

, it 

appears PUFA and SFA may induce a greater PYY response compared with MUFA. 

On the other hand, our HF meals rich in PUFAs or MUFAs suppressed postprandial 

ghrelin more than the SFA meal. Since ghrelin is a hunger-inducing hormone, greater 

suppression following meal ingestion is favorable. This is different from a previous 

three-day HF diet study that showed no differences in 24h ghrelin between MUFAs 

vs. SFAs in normal weight men
30

. Therefore, it remains unknown whether this acute 

difference we observed can be replicated during longer-term feeding studies. We did 
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not find any differences in GLP-1 between treatments, which contradicts the results of 

two previous acute meal challenge studies that found higher GLP-1 with MUFA in 

normal weight adults
144;145

. Different amounts of total fat in the test meals, different 

percentages of the FA of interest in the meals, or differences in body weight status 

could explain the discrepancies between our results and those previously published.   

There was no evidence from the current study that HF meals rich in MUFAs, 

PUFAs or SFAs altered VAS ratings or energy intake at the ad libitum buffet-style 

meal. Therefore, our significant findings with PYY and ghrelin did not translate to 

differences in feelings of hunger, fullness, or food intake at a subsequent meal. This 

disconnect between various acute hunger and satiety hormones and VAS scores or ad 

libitum intake have been observed in other studies
177;182;208;210;211

. There are several 

possible explanations for this disconnect, although they are all speculative at this 

point. First is the VAS itself. Although the VAS is considered a common, valid 

measure for examining subjective appetite
212-214

, there are concerns about the ability of 

the VAS to predict eating behavior
215

. Second, is the limitation with implementing an 

ad libitum buffet meal in research settings. Although the ad libitum buffet-style meal 

is commonly used, it has been shown to exhibit a high degree of day-to-day 

reproducibility
216;217

. Food intake can be influenced by external factors, such as the 

amount
218;219

, variety of foods presented
220

 and the perceived palatability of the 

food
221

. Moreover, for the majority of people, buffet-style presentation and a 

laboratory setting are not customary eating and may influence food intake
212

. These 

external cues have been shown to override physiological determinants of hunger
215

. 

Some of the foods in our buffet meal were also highly palatable (rich in sugar, salt, 
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and fat). It is possible that participants were not paying attention to their hunger or 

fullness cues, but rather, visual cues and appetite for the highly palatable foods. Last is 

the possibility that the suppressive effect of the HF meals on subsequent energy intake 

diminishes over time. Studies show that the greatest suppression of subsequent energy 

intake occurred at 30-120min post preload
222

. It is possible that the early effects of 

these hormones could occur before we measured ad libitum food intake.  

Although this was not a mechanistic study, some studies do indicate 

physiological mechanisms through which the degree of saturation of dietary fat in a 

HF meal could influence satiety or subsequent food intake. Varying digestion and 

absorption rates of dietary FAs have been suggested as potential mechanisms that 

affect satiety
112;206

. The idea behind this hypothesis is that slower absorbing FAs will 

be in contact for a longer period of time with the cells that release the satiety 

hormones, which could result in greater satiety hormone release
206

. This hypothesis 

has yet to be verified. Another possible mechanism is alterations in gene expression at 

the control points of energy homeostasis. While there are no studies that examine gene 

expression of hypothalamic neuropeptides in the arcuate nucleus (ARC), such as 

neuropeptide Y (NPY) and pro-opiomelanocortin (POMC) to various dietary FA in 

humans, animal studies have shown that a HF diet differentially changes the 

expression of the hypothalamic orexigenic and anorexigenic peptides
223-226

. In general, 

a HF diet suppresses hypothalamic NPY mRNA expression in mice and rats
75;227;228

 

and NPY release
229;230

. Further, SFAs suppress NPY and AgRP mRNA levels more so 

than either an n-3 or n-6 PUFA HF diet
231

. Yet, a recent study showed that neither a 

HF diet nor length of exposure affected NPY or POMC neuronal number, but only cell 
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volume
232

. Taken together, it appears that HF diets do alter the hypothalamic 

neuropeptides in animal models. However, the effect of acute HF meals of varying FA 

composition on hypothalamic neuropeptides in humans and their effects on ad libitum 

food intake remains unknown. Finally, it is possible that there is another unidentified 

mechanism by which dietary FAs are differentially affecting PYY and ghrelin levels 

postprandially, and future research in this area is warranted. 

 There were some limitations in the current study that warrant discussion. The 

physical activity status and meal compliance for the day before visits was self-reported 

which could impact the outcomes tested in this study. Furthermore, the energy content 

of the meals was not prescribed according to a percentage of subjects’ individual 

estimated daily energy needs. Therefore, the amount of kcals provided by the HF meal 

at breakfast may not have had a differential impact, and thus, could alter how much 

participants consumed at the ad libitum buffet-style meal. However, the percentage of 

estimated daily energy needs derived from the HF meal did not vary much between 

participants, since they had similar body sizes. The energy content of the HF meal was 

approximately 28±3% of participants’ estimated daily energy needs
233

. Importantly, all 

analyses were done using a within subject repeated design. Lastly, the study sample 

was comprised of women with obesity, which could be difficult to extrapolate results 

to other populations. 

Conclusion 

 The present findings indicate that FA composition can differentially affect 

physiological markers of hunger and satiety. Consuming a single, HF meal rich in 

PUFAs or MUFAs reduced ghrelin more than the SFA meal, indicating greater hunger 
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suppression. Further, PYY was highest following the PUFA meal, indicating greater 

satiety compared to a MUFA and SFA HF meals. However, despite significant 

differences in physiological markers of hunger and satiety, we were unable to show 

differential changes in postprandial feelings of hunger or fullness, or ad libitum energy 

intake. Future studies are needed to investigate long-term consumption of various FA, 

their impact on altering energy intake in a variety of populations, and the mechanisms 

as to how this is occurring.  
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Figure 2.1. Change in postprandial plasma concentrations from baseline 
of ghrelin, peptide YY (PYY), and glucagon-like peptide-1 (GLP-1) for the 
three treatment conditions. 
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Values are presented as means±SEM. 

A two-way repeated measures ANOVA revealed greater suppression of ghrelin for 

PUFA (p<0.05) and MUFA (p<0.01) vs. SFA.  No differences were found between 

PUFA vs. MUFA for ghrelin (ns). There was a greater increase in PYY for PUFA vs. 

both SFA (p<0.05) and MUFA (p<0.05). There were no differences in PYY between 

SFA vs. MUFA (ns).  Lastly, there were no differences between treatments for GLP-1. 

MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid; SFA = 

saturated fatty acid 

 

Figure 2.2 Percentage of kilocalories consumed at the ad libitum buffet-
style meal after each treatment.   

 
A one-way ANOVA revealed no significant differences for total energy consumed or 

percentage of energy consumed from each macronutrient between treatments. 

MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid; SFA = 

saturated fatty acid 
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CHAPTER III 

EFFECTS OF A PUFA-RICH DIET ON ACUTE METABOLIC 

HIGH-FAT MEAL RESPONSES 

Introduction 

Achieving energy balance and oxidizing fat is essential for weight maintenance 

and the prevention of fat mass gain. Research on the causes of the rapid rise in obesity 

over the past few decades have revealed unique environmental influences, one of 

which is a diet high in fat
234

. Dietary fat, because of its energy density, can potentially 

lead to overconsumption, and fat intake correlates positively with overweight and 

adiposity
235;236

. The amount and type of dietary FA in the diet give rise to 

physiological differences in terms of their effects on whole-body metabolism, insulin 

sensitivity, inflammation, and lipid profiles with important health consequences. In 

general, SFAs are considered to be detrimental to health, whereas PUFAs are 

considered to be beneficial to health
237-240

. 

The adverse outcomes of SFA consumption on health have long been 

established. Diets rich in SFAs increase total and LDL cholesterol, blood pressure, 

insulin resistance, and chronic disease, which can be attributed to the chronic 

inflammation caused by consuming SFAs
241

. Moreover, diets high in SFAs appear to 

have a negative impact on metabolism which has led researchers to label SFAs as 

obesigenic
22

. Studies has reported lower fat oxidation (FOx), diet-induced 

thermogenesis (DIT)
242

 and energy expenditure (EE) with SFAs compared to diets rich 

in MUFAs or PUFAs
179;180;182;243;244

. Even acute ingestion of SFA-rich HF meals 

results in smaller increases in resting metabolic rate (RMR)
242

, postprandial FOx
179;180

, 

and EE,  compared to MUFA- and PUFA-rich HF meals
245;246

. Since an inverse 
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relationship between dietary FOx and BMI as well as FOx and body fat percentage 

exists
247

, SFAs may play a greater role in human obesity than other dietary FA.   

Numerous studies demonstrate the benefits of increasing PUFA intake or 

replacing SFAs with PUFAs in the diet
245;248;249

. Consuming high amounts of PUFAs 

have been associated with decreased risk of chronic disease by decreasing total and 

LDL cholesterol, elevating HDL cholesterol, and decreasing markers of inflammation 

and coagulation potential
33;250;251

. Moreover, PUFA consumption is also inversely 

related to development of adiposity
252;253

. High PUFA consumption may potentially 

lead to better weight maintenance and positively affect EE because it has been shown 

to result in higher RMRs, DIT, and rates of FOx when compared to consuming diets 

high in SFAs
183;254

. We also recently showed that acute differences exist such that 

acute ingestion of a PUFA-rich HF meal induced a greater DIT in normal-weight 

women compared with SFA- or MUFA-rich HF meals
178

. Taken together, PUFA 

consumption seems to be beneficial for a number of metabolic and chronic disease risk 

factors. However, to our knowledge, no studies have specifically examined the effects 

of a longer-term PUFA consumption on acute metabolic responses to HF meals rich in 

SFAs.  

The purpose of this study was to determine whether a moderate-fat diet rich in 

PUFAs could compensate for the detrimental metabolic effects of acute SFA-rich HF 

meals compared to a control diet. We studied metabolic responses to two SFA-rich HF 

meals (breakfast and lunch) before and after either a 7d PUFA-rich diet or control diet 

in order to assess metabolic responses to the SFA-rich meals in both the fasted and fed 

states. We hypothesized that a PUFA-rich, moderate fat diet would lead to higher 
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fasting RMR and FOx, and that postprandial FOx, and DIT would be increased 

following the 7d PUFA-rich diet versus the control diet.   

Methods  

Study Design 

This 7-day feeding study was a randomized, placebo-controlled trial and was 

designed to test the metabolic responses to two SFA-rich HF meals before and after a 

7d diet. The study protocol consisted of a screening visit, a 3d lead-in diet, a pre-diet 

visit, a 7d feeding protocol (either PUFA-rich diet or control diet), and a post-diet visit 

(Table 3.1). For all testing procedures, participants reported to the Human Nutrition 

Lab (HNL) following an overnight fast (10-15h) and without performing vigorous 

exercise for at least 12h. Texas Tech University’s Institutional Review Board 

approved the study for the Protection of Human Subjects Committee, in the spirit of 

the Helsinki Declaration and written consent was obtained prior to beginning the 

study. 
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Table 3.1. Timeline of study visits and measurements taken at each visit 

 Screening visit Lead in diet Pre-diet visit 

7-day PUFA-

rich diet or 

control diet 

Post-diet visit 

Time 

Commitment 
(1 hour) (30min) (9 hours) (30min/day) (9 hours) 

Measurements 

& Procedures 

Anthropometric 

measurements 

Provided food 

for 3 days 

Anthropometric 

measurements 

Eat breakfast at 

HNL 

Anthropometric 

measurements 

 
Fasting blood 

draw 
 Fasting blood draw 

Receive food for 

the entire day 
Fasting blood draw 

 
Indirect 

calorimetry 
 

Two SFA-rich HF 

liquid meal 

challenge given at 

0800h and 1200h 

 

Two SFA-rich HF 

liquid meal 

challenge given at 

0800h and 1200h 

   

Indirect calorimetry 

and postprandial 

blood draws every 

30min for 4 hours 

after each meal 

challenge 

 

Indirect calorimetry 

and postprandial 

blood draws every 

30min for 4 hours 

after each meal 

challenge 

      

      

HF = high-fat; HNL = Human Nutrition Lab; PUFA = polyunsaturated fatty acid; SFA = saturated fatty acid; VAS = visual 

analog scale 
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Participants 

Twenty-six (n=13 men and n=13 women) normal weight (BMI=18-

24.9kg/m
2
), sedentary (perform <3h/wk of structured exercise) adults between the 

ages of 18-35y completed the study in its entirety. Exclusion criteria included a history 

of chronic, metabolic, or endocrine disease, dyslipidemia (based on fasting blood 

sample drawn at screening visit), history of surgery that could affect digestion or 

hormone signaling, any gastrointestinal disorders, pregnancy or lactation, recent (3mo 

prior to testing) change in body weight, persons planning to alter current physical 

activity level, persons on a medically prescribed diet, or medication, supplement, or 

tobacco use.   

Protocol 

Screening Visit and 3-day Lead-in Diet 

All participants completed a screening visit. At the screening visit, height, 

weight, 5ml fasting blood draw (for blood lipids) and RMR were obtained. The 5ml 

blood sample was collected into a vacutainer and immediately centrifuged at 3000rm 

for 15 min at 4˚C. The Covenant Health Laboratory (Lubbock, TX) ran a lipid panel 

(total, high-density lipoprotein, and low-density lipoprotein cholesterol and 

triglycerides) on the fasting sample. Resting metabolic rate (kcal/d) was measured for 

30min on the TrueOne 2400 (Parvo Medics, Sandy, UT). Participants were instructed 

to remain motionless without sleeping while respiratory gases were collected. Thirty 

minutes of respiratory gases were collected, but only the final 20min of data were used 

to calculate RMR using the full Weir equation
255

. Estimated total daily energy needs 

were calculated as participant’s RMR*1.65 and used to calculate total daily energy 
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needs for the 3d lead in diet, 7d PUFA diet, and the SFA-rich HF meals. The diet 

(kcals/d) was meant to keep participants in energy balance throughout the duration of 

the study. Once participants qualified for the study (based on a normal lipid profile: 

fasting total cholesterol<200gm/dL, HDL>40mg/dL, LDL cholesterol<100mg/dL, 

and/or triglycerides<150mg/dL), they were randomized into one of the two treatment 

conditions: PUFA-rich diet or control diet.  

After completion of the screening visit, participants were scheduled for the 

baseline visit (visit 1, pre-diet visit). For three days prior to visit 1, participants were 

provided with a lead-in diet that is representative of the standard American diet (Table 

3.2).  Participants were asked to consume all foods that were provided, and no 

additional foods or caloric beverages were permitted.  Participants kept a food and 

physical activity log to help ensure compliance.  
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Table 3.2. Nutrient breakdown for each diet 

Composition Lead-in 

Diet 

PUFA-rich 

Diet 

Control 

Diet 

Percentage of total energy from:    

     Protein (%) 15.0 15.0 15.0 

     Carbohydrate (%) 50.0 50.0 50.0 

     Fat 35.0 35.0 35.0 

Percentage of energy from fatty 

acid of interest: 

   

     PUFA (%) 7.0 21.0 7.0 

          n6 PUFA (%) 7.0 12.5 7.0 

          n3 PUFA (%) 0.0 8.5 0.0 

     SFA (%) 13.0 5.0 13.0 

     MUFA (%) 15.0 9.0 15.0 

HF = high-fat; MUFA = monounsaturated fatty acid; n6 PUFA = omega six 

polyunsaturated fatty acid; n3 PUFA = omega three polyunsaturated fatty acid;  

PUFA = polyunsaturated fatty acid; SFA = saturated fatty acid 

 

Pre-diet Visit (Visit 1)  

Following a 3d lead-in diet, participants completed visit 1 (~9h). For women, 

visit 1 occurred during the follicular phase of the participant’s menstrual cycle (days 

three through nine). Height, body weight, body composition, and waist and hip 

circumference were measured.   Body composition was measured using the BodPod 

(Cosmed USA, Inc. Concord, CA, USA). After anthropometric data was recorded, 

RMR was measured for 30min. Indirect calorimetry was used to measure RMR using 

the ParvoMedics TrueOne
®
 2400 Canopy System (ParvoMedics, Sandy, UT, USA) in 

standardized conditions as described above in the screening visit. Respiratory gases 

were used to calculate RMR using the Weir equation
255

. Calibration gas (Airgas 

Specialty Gases, Inc., Lenexa, KS, USA) was used for O2 and CO2 analyzer 

calibration. This was conducted before each of the study visits and on an hourly basis 
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during testing. Additionally, a 3L syringe flowmeter was used for calibration of 

flow/volume measurement before each of the study visits.  

After baseline measurements were taken, a 5mL fasting blood sample was 

obtained (t = 0) to asses blood lipids (UniCel DxC 800 Synchron Clinical Systems, 

Beckman Coulter, Inc. Brea, CA, USA). Next, the participant ingested a SFA-rich HF 

liquid meal at 0800h (Table 3.3).  Participants were instructed to finish the entire meal 

within 5min.  This included a 118ml water rinse to guarantee all of the liquid meal was 

ingested. The “base” was Ensure
®
, soy lecithin, and Nesquik

®
. The SFA-rich meal had 

“base” plus butter (majority of fat is palmitic acid C16:0), red palm oil (majority of oil 

is palmitic acid C16:0), and coconut oil (majority of oil is lauric acid – C12:0), with a 

total volume of 282mL. 

Table 3.3. Nutrient breakdown for each SFA-rich HF meal 

Composition Each SFA-rich HF meal 

Percentage of total daily energy (%) 35.0 

Percentage of total energy from:  

     Protein (%) 5.0 

     Carbohydrate (%) 25.0 

     Fat (%) 70.3 

Percentage of energy from fatty acid of 

interest: 
 

     SFA (%) 40.4 

     MUFA (%) 4.5 

     PUFA (%) 12.9 

HF = high-fat; MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty 

acid; n6 PUFA = omega six polyunsaturated fatty acid; n3 PUFA = omega three 

polyunsaturated fatty acid; SFA = saturated fatty acid 

 

Following meal ingestion, respiratory gases were measured to determine EE, 

fuel utilization (RER and fat and carbohydrate oxidation) and DIT every 30min for the 
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next 4h. Specifically, data were collected for a 20min period followed by a 10min 

break. The first 5min of data collection for each of the 20min periods were discarded 

to ensure the participant was in a steady state and re-acclimated to the hood. During 

the 10min break, participants remained sedentary. Participants were also provided 

with 118ml of water every hour. At 1200h participants ingested an identical second 

SFA-rich HF meal (5min for meal consumption) and respiratory gases and blood 

samples were collected every 30min for another 4h period (just as before).  

7-day Diet 

Following visit 1, participants began the 7d diet (either a PUFA-rich diet or 

control diet, Table 3.2). The diet (kcals/d) was designed to keep participants in energy 

balance throughout the duration of the study. The percentage of energy provided by 

each macronutrient was the same for both the PUFA-rich diet and the control diet 

(50% carbohydrate, 15% protein, 35% fat). The only difference between the two diets 

was the percentage of energy provided by the FAs. The control diet had the same 

macronutrient and FA breakdown as the 3d lead-in diet (7% of total dietary fat 

PUFAs, 15% MUFAs, and 13% SFAs). For the PUFA diet, 21% of total dietary fat 

was PUFAs, 9% MUFAs, and 5% SFAs.  The breakdown of PUFAs was 

approximately 12.5% of total energy as n6 PUFAs (nearly all linoleic acid) and 8.5% 

of total energy as n3 PUFAs (nearly all ALA) along with some EPA and DHA.  We 

achieved this level of PUFAs through whole foods such as walnuts, wild-caught 

Alaskan Keta salmon tuna, flax seed oil, grapeseed oil and canola oil. For the PUFA-

rich diet, participants were supplemented with fish oil capsules in conjunction with the 

diet described above to receive an additional ~3g/d of combined eicosapentaenoic acid 
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(EPA) and docosahexaenoic acid (DHA) (GNC Ultra Triple Strength Omega 1000 

EPA & DHA, Pittsburgh, Pennsylvania, USA). Participants were instructed to ingest 

four pills daily: 1) with breakfast 2) with lunch, 3) with mid-afternoon snack, and 4) 

with dinner.  

Participants received their first meal on the evening after completing visit 1.  

On days 1-7 of the diet, all participants arrived at the HNL in a fasted state and 

consumed breakfast between 0600h and 1000h.  Following the meal, participants were 

provided with their food and beverages for the day. All participants were instructed to 

eat all of the food and abstain from any other food or any beverages besides water. All 

food items were weighed and prepared by study personnel.  

Post-diet Visit (Visit 2) 

After the 7d diet, participants reported to the HNL for visit 2. Participants 

completed another 9h visit where the exact same study procedures and measurements 

for visit 1 had occurred. 

Calculations 

Respiratory gases were used to calculate EE using the Weir equation
255

 and 

macronutrient oxidation using equations developed by Frayn
201

: fat(g/min) 

=(1.67*VO2(L/min))–(1.67*VCO2(L/min)) and carbohydrate(g/min) 

0=(4.56*VCO2(L/min))–(3.21*VO2(L/min)). For these calculations, the first five 

minutes of each 20min segment was discarded to allow participants to enter into a 

steady state.  Therefore, for every 30min postprandial period, we used 15min of data 

collection. Additionally, the metabolic cart was calibrated against methanol burns 

throughout the duration of the study. The percentage recoveries from each burn were 
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used to develop correction factors for the corresponding metabolic cart data from each 

study visit. The respiratory gases were used to calculate postprandial macronutrient 

oxidation using equations by Frayn et al.
201

 and EE using the Weir equation
255

. DIT 

was calculated from EE (postprandial EE subtracted by baseline EE).  

Statistical Analyses 

The SAS version 9.2 statistical package (SAS Institute Inc, Cary, NC) was 

used for all data analysis. Descriptive statistics including mean, range, and standard 

deviation were calculated for all outcome variables. Statistical significance was set at 

p<0.05.  Analysis of the residual variance was conducted to ensure normal distribution 

and the data was adjusted to ensure normal error variance when appropriate. A 

multivariate repeated measures ANOVA was used to determine differences from visit 

1 to visit 2 on substrate utilization, and EE between the two treatment conditions 

(PUFA vs. control diet). A one-way ANOVA was be used to compare fasting lipids 

and blood pressure from visit 1 to visit 2. When significance was found, post hoc 

analyses were done using a Tukey’s test.  

Results 

Participants 

Twenty-six men and women randomly assigned to either a 7d PUFA diet 

(PUFA group: n=10 men and n=10 women) or 7d control diet (Control group: n=8 

men and n=8 women) adhered to the entire study protocol and were included in data 

analyses. Participant characteristics and blood lipids from visit 1 to visit 2 are 

presented in Table 3.4.  In the PUFA group, there were no significant changes in 

height, weight, BMI, body fat%, waist circumference, hip circumference, or WHR 
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between study visits. However, there was a slight decrease in body weight (66.6±10.7 

to 66.2±10.9kg, p<0.001) and subsequently, BMI (21.9±2.1 to 21.7±2.2kg/m
2
, 

p<0.001) for the control group from visit 1 to visit 2. In the PUFA group, there was a 

significant decrease in total cholesterol, triglycerides, nonHDL, LDL, VLDL, and 

cholesterol/HDL ratio from visit 1 to visit 2 (p<0.01). In the control group, there was a 

significant decrease for triglycerides, LDL, and VLDL but not for any other blood 

lipid marker from visit 1 to visit 2 (p<0.05). 
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Table 3.4. Participant characteristics 

Variable PUFA Control 

 Pre-diet 

Visit 

Post-diet 

Visit 

Pre-diet Visit Post-diet Visit 

Age (y) 23.3±4.6 - 21.5±4.6 - 

Height (cm) 171.7±11.3 - 174.2±10.3 - 

Weight (kg) 66.4±11.2 66.9±11.4 66.6±10.7 66.2±10.9* 

BMI (kg/m2) 22.4±2.5 22.6±2.7 21.9±2.1 21.7±2.2* 

Body fat (%) 20.8±8.4 22.3±7.8 26.4±7.3 25.7±7.9 

Waist circumference (cm) 76.4±7.5 75.7±7.7 78.2±6.8 77.4±7.4 

Hip circumference (cm) 96.5±4.8 96.7±4.8 100.1±5.8 98.9±7.3 

WHR 0.79±0.1 0.78±0.1 0.78±0.1 0.78±0.1 

SBP (mmHg) 113.3±11.9 111.1±13.1 110.0±8.7 109.3±11.1 

DBP (mmHg) 69.0±6.9 67.8±7.8 70.5±5.6 72.1±6.6 

Cholesterol (mg/dL) 148.9±24.5 118.0±17.6* 147.9±23.0 147.2±17.3 

Triglycerides (mg/dL) 67.2±18.3 48.3±21.3* 69.2±18.2 58.4±11.4* 

HDL (mg/dL) 47.8±12.2 47.6±10.1 48.0±12.6 50.4±12.6 

NonHDL (mg/dL) 101.1±20.3 69.7±16.8* 99.9±20.5 96.8±15.1 

LDL (mg/dL) 86.8±22.2 54.9±18.1* 88.5±21.3 83.8±15.3* 

VLDL (mg/dL) 13.7±3.6 9.6±4.2* 13.8±3.8 11.6±2.2* 

Chol/HDL ratio 3.2±0.7 2.6±0.6* 3.2±0.7 3.1±0.7 

Values are presented as mean±SD. 

*Indicates significant difference from pre- to post-diet visit of p<0.05. 

BMI = body mass index; DBP = diastolic blood pressure; HDL = high-density 

lipoprotein; LDL = low-density lipoprotein; SBP = systolic blood pressure; VLDL = 

very-low density lipoprotein; WHR = waist-to-hip ratio 
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Fasting Measurements 

To assess any changes induced by the 7d diet, fasting RMR and fasting 

substrate utilization (RER, FOx, and carbohydrate oxidation (CHOox)) were analyzed. 

For RMR, there were no significant differences from visit 1 to visit 2 in either the 

PUFA group (16.3±0.8 to 16.4±0.8kcal/20min, ns) or control group (16.8±0.8 to 

16.3±0.8kcal/20min, ns). A two-way ANOVA revealed that the PUFA group 

significantly increased fasting RER from pre- to post-intervention (0.83±0.0 to 

0.86±0.0, respectively; p=0.02), whereas the control group showed no difference 

(0.83±0.0 to 0.83±0.3, ns). Similarly, the PUFA group significantly decreased FOx 

from pre- to post-intervention (0.94±0.07g/20min to 0.80±0.09g/20min, respectively; 

p=0.03), while there were no significant differences from pre- to post-intervention in 

the control group (1.05±0.09g/20min to 0.99±0.09g/20min, ns). Conversely, the 

PUFA group significantly increased fasting CHOox from pre- to post-intervention 

(1.97±0.13g/20min to 2.36±0.17g/20min, respectively; p=0.02), whereas the control 

group showed no difference (1.97±0.13g/20min to 1.84±0.16g/20min, ns). 

Metabolic Meal Responses 

To assess metabolic responses to the two SFA-rich HF meal challenges 

(provided at breakfast and lunch) before and after the 7d diet, change in EE, RER, 

FOx, and CHOox, were analyzed. The time course for meal responses for change in 

EE from pre- to post-diet visits are shown in Figure 3.1 For change in EE significant 

main effect of time in both the PUFA and control groups (p<0.001), but no visit effect 

(ns) or time x visit interactions (ns). Furthermore, the iAUC for EE for the PUFA 

group showed no differences from pre- to post-intervention (118.9±20.6 to 
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126.9±14.1kcal/8h, ns). Not surprisingly, the iAUC for EE for the control group 

showed no differences from pre- to post-intervention (145.9±13.0 to 

136.9±12.3kcal/8h, ns). 

Substrate Oxidation 

The time course for meal responses for change in RER for pre-and post-diet 

visits for the PUFA and control groups are shown in Figure 3.2. There was a 

significant main effect of time (p<0.001) and visit (p<0.001), but no visit x time 

interaction (ns). After the 7d PUFA diet, change in RER was significantly lower 

versus the pre-diet visit (p<0.001). Similarly, there was a significant decrease in RER 

iAUC from pre- to post-intervention for the PUFA group (0.7±0.3 to -0.5±0.4, 

p<0.01). Alternatively, the control group had no change in the time-course of RER 

between visits or RER iAUC from pre- to post-intervention (0.5±0.3 to 0.5±0.4, ns). 

For change in FOx, there was a significant main effect of time (p<0.001) and 

visit (p<0.001), but no time x visit interaction (ns). FOx was significantly increased at 

the post-diet visit compared to the pre-diet visit for the PUFA group with no 

differences in the control group (Figure 3.3). The iAUC for FOx revealed a significant 

increase from pre- to post-intervention for the PUFA group (1.0±1.9 to 9.1±1.9g/8h, 

p<0.001) with no differences from pre to post-intervention in the control group 

(2.9±2.3 to 4.8±2.2g/8h, ns). 

Similarly, for change in CHOox for the PUFA diet, there was a significant 

main effect of time (p<0.001) and visit (p<0.001), but no time x visit interaction (ns). 

CHOox was significantly decreased from pre- to post-diet intervention for the PUFA 

diet (p<0.001) (Figure 3.4). Similarly, the iAUC for CHOox for the PUFA group was 
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significantly decreased from pre- to post-diet intervention (28.2±6.6 to 10.8±5.9g/8h, 

p=0.01) with no change in the control group (28.5±5.9 to 24.3±5.5g/8h, ns). 

Discussion 

It is well documented that a HF diet leads to obesity
256

. However, there is now 

considerable evidence that not all fats influence metabolism in the same way which 

has led to certain fats being labeled as obesigenic while others are not
257

. In particular, 

HF diets which emphasize PUFAs, do not seem to lead to obesity
226

 while high SFA 

diets are considered obesigenic. Several studies have reported increased RMRs, DIT, 

and rates of FOx for high PUFA diets when compared to high SFA diets; however, to 

our knowledge, no study has specifically examined the effects of longer-term PUFA 

consumption on acute metabolic responses to HF meals rich in SFAs. For the first 

time, we showed that a PUFA-rich diet was able to offer some metabolic protection to 

the body from the SFA-rich HF meals through higher postprandial fat oxidation rates. 

Conversely, postprandial EE did not differ from pre- to post-PUFA diet. Interestingly, 

the7d PUFA diet actually increased fasting RER and CHOox and reduced fasting FOx 

compared to the control diet. These findings indicate that the metabolic responses to 

high daily PUFA intake differ for the fasting versus postprandial state in normal 

weight adults.    

Although the U.S. dietary guidelines recommend limiting SFAs to <10% of 

total energy and replacing SFAs with MUFAs and PUFAs, the average consumption 

of SFAs in the U.S. is approximately 14% of total energy258
. Since Americans consume 

meals away from home (approximately 4-5 times/week), it is probable that high SFA 

consumption is occurring at some regularity. The results of this study indicate that 
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consuming PUFAs frequently can assuage some of the detrimental effects of 

occasional high SFA-rich meal intake by increasing FOx and possibly decreasing fat 

mass gains. Any method that can attenuate gains in fat mass and thus, weight 

gain/obesity (and chronic diseases associated with obesity) could potentially reduce 

the number of doctor’s visits and costly medications associated with treating these 

diseases.  Therefore, increasing PUFAs in the diet offer individuals a simple, non-

medical alternative to improving health.  

Although this is not a mechanistic study, some studies do indicate 

physiological mechanisms through which PUFAs could influence whole body 

metabolism. It is suggested that PUFA accumulation in tissues can enhance 

cardiovascular function and metabolic health likely by influencing genetic 

programming
259

. A way in which this is controlled appears to involve the transcription 

factor peroxisome proliferated activated receptors (PPARs).  PPARs are ligand-

activated transcription factors that activate expression of genes needed to increase 

metabolic activity (FOx and EE, FA uptake) in various tissues in the body, and PUFAs 

are considered potent ligands
260

. Studies have shown that accumulation of PUFAs in 

skeletal muscle is associated with increased PPAR activity, increased exercise 

capacity, and increased metabolic health
261-266

. However, this has not yet been 

evaluated in humans and is an area of research that is warranted.  

We were surprised to see that the PUFA-rich diet resulted in lower fasting FOx 

but higher postprandial FOx (even after adjusting for baseline differences) post-diet 

compared to pre-diet.  Since this study was not a mechanistic study, we don’t know 

why exactly FOx was decreased at fasting but increased postprandially. We can, 
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however, speculate on why this occurred. One explanation may involve Glut 4 gene 

expression. There is evidence indicating that dietary fish oil reduces the blood glucose 

level
267

, improves glucose tolerance
268

, and stimulates insulin-dependent glucose 

transport and metabolism in isolated adipocytes
267;269;270

. Alterations in white adipose 

tissue Glut 4 gene expression may account for the physiological activity of n-3 PUFA 

in regulating glucose metabolism271
. Any increase in glucose-transport into the cell 

could upregulate glucose oxidation, so this may explain why we saw higher oxidation 

of carbohydrates in the fasted state after the 7-day high PUFA diet. Yet another 

possibility is a potential link between PUFAs, Liver X receptors (LXR) and/or thyroid 

hormone receptor (TR) and carbohydrate responsive element binding protein 

(ChREBP) could be envisioned272
. Through partially understood mechanisms, n-3 

PUFAs can control the transcriptional activity of nuclear receptors and thus, the 

transcription rate of specified genes linked to lipid and carbohydrate metabolism273
. 

PUFAs can bind to nuclear receptors such as LXR274
, hepatocyte nuclear factor-4 

(HNF4α and γ) 275;276
 and retinoid X receptors (RXR)277

 in addition to PPARs. LXRs 

are ligand-activated transcription factors that belong to the nuclear receptor super-

family. Kase et al.278;279
 showed that chronic activation of LXRs may affect glucose 

uptake and oxidation. Considering the transcriptional control via LXR on ChREBP280
, 

it would be interesting to determine whether PUFAs effects on CHOox are triggered, 

at least partially by ChREBP through a LXR dependent pathway. Lastly, it is possible 

that there is another unidentified mechanism by which PUFAs are increasing fasting 

carbohydrate oxidation, and future research in this area is warranted. 
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Other results of this study that merit discussion are the blood lipid data. It has 

been well documented that increasing PUFA intake can improve blood lipids and 

decrease CVD risk.  In order for participants to be included in this study, they had to 

have normal fasting blood lipid levels. Therefore, we did not expect to see much 

change in blood lipids in these normal lipidemic adults. Yet, in just seven days, 

participants in the PUFA-rich group were able to significantly improve their lipid 

profile. We saw an average decrease of 30.9mg/dL in total cholesterol, 18.9mg/dL in 

triglycerides, 31.9mg/dL in LDL, and 4.1mg/dL in VLDL.  It is important to note that 

the PUFA-rich diet also had more fiber (35.9g/d vs. 19.5g/d), less trans FA (0.01g/d 

vs. 3.3g/d), and less SFA (10.4g/d vs. 36.2g/d) compared to the control diet. 

Therefore, we do not know if it was the increased PUFA content, higher fiber, lower 

trans FA and SFA, or a combination of all of these that elicited the drastic 

improvements. Regardless of which component(s) of the diet caused this result, this 

specific PUFA-rich diet provided to participants for 7 days drastically improved their 

already normal lipid profile and could be used as a therapeutic tool for rapid changes 

in blood lipids. 

There were some limitations in the current study. The physical activity status 

and meal compliance for the day before visits was self-reported which could impact 

the outcomes tested in this study. However, there were no differences in meal 

compliance and/or daily physical activity across the intervention. Further, our 

participants were free-living, so there was a possibility for participants to consume 

other foods and beverages throughout the day. However, participants had to come to 

the HNL every day to consume breakfast and they were reminded to only eat and 
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drink what was prescribed to them for the remainder of the day. Another limitation of 

this study is that we used a whole foods approach to our feeding study. By using a 

whole foods approach, it is impossible to discern whether changes we see as a result of 

the 7d PUFA feeding period can be attributed to increases in one specific PUFA, one 

food source of PUFA, a combination of different types of PUFAs or a combination of 

higher fiber, lower trans-fat, etc. in the PUFA group. Another limitation of this study 

is the relatively high contribution of PUFAs to the diet (21% of total energy).  While 

this may not be feasible to consume on a daily basis for most adults, we chose to 

provide such a high amount of PUFAs for 7d to stress the body and look for a 

metabolic response. Future studies are needed to examine different doses from PUFAs 

in order to see what amount of PUFA is necessary to elicit a positive metabolic 

response. Lastly, the study sample was comprised of apparently healthy men and 

women with a normal BMI, so these results cannot be extrapolated to other 

populations. 

Conclusion 

The present findings indicate that a moderate-fat diet rich in PUFAs can 

compensate for the detrimental metabolic effects of two acute SFA-rich HF meals 

compared to a control diet.  Consuming a 7d diet rich in PUFAs led to greater 

increases in fasting RER, but increased postprandial fat oxidation following two SFA-

rich HF meals. Therefore, people may be protected against fat mass gain from eating 

occasional high SFA meals if they are consuming more PUFAs on a regular basis. 

Future studies are needed to investigate long-term consumption of various dosages of 
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PUFAs and their impact on altering energy intake in a variety of populations as well as 

the mechanism by which PUFAs are altering fasting and postprandial metabolism. 
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Figure 3.1. Time course for meal responses for change in energy expenditure for the PUFA and control 
groups from visit 1 to visit 2. 
 

A 

Change in Energy Expenditure

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480
0.0

1.5

3.0

4.5

6.0
Pre - PUFA Diet

Post - PUFA Diet

Time (min)

K
ca

ls

 
 

 

 

 

 

 

 

 

 

 



Texas Tech University, Jada Stevenson, August 2015 

65 

 

B 

Change in Energy Expenditure

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480
0.0

1.5

3.0

4.5

6.0
Pre - Control Diet

Post - Control Diet

Time (min)

K
ca

ls

 
Figure 3.1. Values are presented as mean±SEM. A two-way repeated measures ANOVA revealed a significant main effect of 

time in both the PUFA and control groups (p<0.001), but no visit effect (ns) or time x visit interactions (ns) for change in 

energy expenditure. 



Texas Tech University, Jada Stevenson, August 2015 

66 

Figure 3.2. The time course for meal responses for RER for pre-and post-diet visits for the PUFA and 
control groups 
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Figure 3.2. Values are presented as mean±SEM. A two-way repeated measures ANOVA revealed there was a significant main 

effect of time (p<0.001) and visit (p<0.001), but no visit x time interaction (ns). After the 7d PUFA diet, change in RER was 

significantly lower versus the pre-diet visit (p<0.001) (figure 4A). The control group had no change in the time-course of RER 

between visits (ns) (figure 4B). 
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Figure 3.3. The time course for meal responses for change in fat oxidation for pre-and post-diet visits for 
the PUFA and control groups 
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Figure 3.3. Values are presented as mean±SEM. *Indicates significant difference from pre-to post-diet visit of p<0.05. A two-

way repeated measures ANOVA revealed there was a significant main effect of time (p<0.001) and visit (p<0.001), but no 

visit x time interaction (ns). After the 7d PUFA diet, fat oxidation was significantly higher versus the pre-diet visit (p<0.001) 

(figure 5A). The control group had no change in the time-course of fat oxidation between visits (ns) (figure 5B). 

 

 
 
Figure 3.4. The time course for meal responses for change in carbohydrate oxidation for pre-and post-diet 
visits for the PUFA and control groups 
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Figure 3.4. Values are presented as mean±SEM. *Indicates significant difference from pre-to post-diet visit of p<0.05.A two-

way repeated measures ANOVA revealed there was a significant main effect of time (p<0.001) and visit (p<0.001), but no 

visit x time interaction (ns). After the 7d PUFA diet, carbohydrate oxidation was significantly lower versus the pre-diet visit 

(p<0.001) (figure 6A). The control group had no change in the time-course of carbohydrate oxidation between visits (ns) 

(figure 6B). 
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CHAPTER IV 

HUNGER AND SATIETY RESPONSES TO HIGH-FAT MEALS 

AFTER A PUFA-RICH DIET 

Introduction 

Foods that reduce appetite or increase satiety or energy expenditure might be 

helpful in achieving and maintaining energy balance. Dietary fats give rise to 

physiological differences in whole body metabolism with important health 

consequences, dependent on the amount and type of dietary fatty acids (FA) in the 

diet. The drive to increase omega-3 polyunsaturated fatty acids (n-3 PUFAs) 

consumption is a result of extensive research indicating that these dietary PUFAs 

promote health and disease prevention
281-286

. Diets rich in n-3-PUFAs have been 

associated with reduced food intake, increased energy expenditure, and/or lower body 

weight and fat mass
231;249;287-289

. While there are a few acute studies that show greater 

satiety with PUFA vs monounsaturated fatty acid (MUFA), research on appetite 

responses to chronic consumption of a PUFA-rich diet is lacking.   

Both short-term and long-term appetite hormone signals are commonly studied 

following nutrient ingestion. Ghrelin, a hormone secreted by the stomach, is proposed 

to have appetite-stimulating effects. Plasma levels of ghrelin are elevated in fasted 

states to initiate feeding and decrease in response to feeding. Conversely, peptide YY 

(PYY) is secreted by the small intestine and colon in response to nutrient ingestion 

and is purported to have appetite suppressing effects. While PYY and ghrelin are 

thought of as short-term signals, insulin and leptin have both short-term and long-term 

effects on energy homeostasis. Insulin is secreted by β cells of the pancreas and 
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functions to inhibit food intake
290;291

. Similarly, leptin acts as a satiety hormone and is 

secreted primarily by adipose tissue but also in smaller amounts from the 

gastrointestinal tract
292;293

.  

Dietary manipulations that suppress ghrelin levels and increase plasma satiety 

hormone levels may offer pragmatic approaches for reducing energy intake. While 

there have been a few studies that have examined acute physiological responses to 

high-fat (HF) meals/diets rich in different types of FA
30;110-112

, research on regularly 

consuming diets rich in different types of FA is lacking. Previously, we showed 

postprandial PYY response in men was greater after a 3d high saturated fatty acid 

(SFA) diet compared to a MUFA diet
30

. Recently, we also showed greater 

postprandial PYY for PUFA vs. MUFA after one acute HF meal challenge in both 

normal weight 
112

 and obese women (Stevenson, Chapter II). To our knowledge, 

research on hunger and satiety hormone responses to long-term diets rich in PUFAs, 

are little to non-existent. Ramel et al.
294

 reported consuming fatty seafood (150g 

salmon 3x/wk and 1.3g EPA&DHA/day) could decrease fasting levels of insulin and 

leptin while increasing fasting levels of ghrelin during an eight-week intervention. 

Conversely, Brennan et al.
295

 reported that four days of ingesting a walnut-containing 

breakfast (41% fat, with 22.82g from PUFA) showed no differences in hormone levels 

of GLP-1, glucose-dependent insulinotropic polypeptide (GIP), PYY, total ghrelin, 

and active ghrelin, adiponection and leptin. Thus, more research is needed to 

understand the effect of high daily PUFA consumption on satiety.  

The purpose of this study was to determine the subjective and physiological 

appetite responses to two SFA-rich HF meals (breakfast and lunch) before and after a 
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7-day (7d) PUFA-rich diet or control diet.  We hypothesized that participants would 

have lower fasting plasma ghrelin concentrations and higher fasting PYY 

concentrations after the 7d PUFA-rich diet. We further hypothesized that consuming 

the PUFA-rich diet for 7d would elicit a greater postprandial satiety response (greater 

ghrelin suppression and higher PYY leptin, and insulin levels) to two high SFA meals. 

Methods 

Study Design 

This 7d feeding study was a randomized, placebo-controlled trial and was 

designed to test the subjective and physiological responses to two SFA-rich HF meals 

before and after a 7d diet. The study protocol consisted of a screening visit, a 3d lead-

in diet, a pre-diet visit, a 7d feeding protocol (either PUFA-rich diet or MUFA-rich 

control diet), and a post-diet visit (Table 4.1). For all testing procedures, participants 

reported to the Human Nutrition Lab (HNL) following an overnight fast (10-15h) and 

without performing vigorous exercise for at least 12h. Women started the 3d lead-in 

diet during days one or two (follicular phase) of their menstrual cycle. The 

Institutional Review Board approved the study and written consent was obtained prior 

to beginning study procedures.  
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Table 4.1. Timeline of study visits and measurements taken at each visit 

 
Screening 

Visit 
Lead-in Diet Pre-diet Visit 

7-day PUFA 

Diet or Control 

Diet 

Post-diet Visit 

Time 

Commitment 
(1 hour) (30min) (9 hours) (30min/day) (9 hours) 

Measurement

s & 

Procedures 

Anthropometri

c 

measurements 

Provided 

food for 3 

days 

Anthropometric 

measurements 

Eat breakfast at 

HNL 

Anthropometric 

measurements 

 
Fasting blood 

draw 
 

Fasting blood 

draw 

Receive food 

for the entire 

day 

Fasting blood 

draw 

 
Indirect 

calorimetry 
 

Two SFA-rich HF 

liquid meal 

challenge given at 

0800h and 1200h 

 

Two SFA-rich HF 

liquid meal 

challenge given at 

0800h and 1200h 

   

Postprandial blood 

draws collected 

and VAS 

administered 

every 30min for 4 

hours after each 

meal challenge 

 

Postprandial blood 

draws collected  

and VAS 

administered 

every 30min for 4 

hours after each 

meal challenge 

      

      

HF = high-fat; HNL = Human Nutrition Lab; PUFA = polyunsaturated fatty acid; SFA = saturated fatty acid;  

VAS = visual analog scale 
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Participants 

Twenty-four (n=12 men and n=12 women) normal weight (BMI=18-

24.9kg/m
2
), sedentary (perform <3h/wk of structured exercise) adults between the 

ages of 18-35y completed the study in its entirety. Exclusion criteria included a history 

of chronic, metabolic, or endocrine disease, dyslipidemia (based on fasting blood 

sample drawn at screening visit), history of surgery that could affect digestion or 

hormone signaling, any gastrointestinal disorders, pregnancy or lactation, recent (3mo 

prior to testing) change in body weight, persons planning to alter current physical 

activity level, persons on a medically prescribed diet, or medication, supplement, or 

tobacco use.   

Protocol 

Screening Visit and 3-day Lead-in Diet 

All participants completed a screening visit. At the screening visit, height, 

weight, 5ml fasting blood draw (for blood lipids) and resting metabolic rate (RMR) 

were obtained. The Covenant Health Laboratory (Lubbock, TX) ran a lipid panel 

(total, high-density lipoprotein, and low-density lipoprotein cholesterol and 

triglycerides) on the fasting sample. RMR (kcal/d) was measured for 30min on the 

TrueOne 2400 (Parvo Medics, Sandy, UT). Participants were instructed to remain 

motionless without sleeping while respiratory gases were collected. Thirty minutes of 

respiratory gases were collected, but only the final 20min of data were used to 

calculate RMR using the full Weir equation
255

. Estimated total daily energy needs 

were calculated as participant’s RMR*1.65 and used to calculate total daily energy 

needs for the 3d lead in diet, 7d PUFA diet and MUFA control diet, and the SFA-rich 
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HF meals. The diet (kcals/d) was meant to keep participants in energy balance 

throughout the duration of the study. Once participants qualified for the study (based 

on a normal lipid: fasting total cholesterol<200gm/dL, HDL>40mg/dL, LDL 

cholesterol<100mg/dL, and/or triglycerides <150mg/dL), they were randomized into 

one of the two treatment conditions: PUFA-rich diet or control diet.  

After completion of the screening visit, participants were scheduled for the 

baseline visit (visit 1, pre-diet visit). For 3d prior to visit 1, participants were provided 

with a lead-in diet that is representative of the standard American diet (Table 4.2).  

Participants were asked to consume all foods that were provided, and no additional 

foods or caloric beverages were permitted.  Participants kept a food and physical 

activity log to help ensure compliance.  
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Table 4.2. Nutrient breakdown for each diet 

Composition Lead-in 

Diet 

PUFA-rich 

Diet 

Control 

Diet 

Percentage of total energy from    

     Protein (%) 15.0 15.0 15.0 

     Carbohydrate (%) 50.0 50.0 50.0 

     Fat 35.0 35.0 35.0 

Percentage of energy from fatty acid 

of interest 

   

     PUFA (%) 7.0 21.0 7.0 

          n6 PUFA (%) 7.0 12.5 7.0 

          n3 PUFA (%) 0.0 8.5 0.0 

     SFA (%) 13.0  5.0 13.0 

     MUFA (%) 15.0 9.0 15.0 

HF = high-fat; MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty 

acid; n6 PUFA = omega 6 polyunsaturated fatty acid; n3 PUFA = omega 3 

polyunsaturated fatty acid; SFA = saturated fatty acid 

 

Pre-diet Visit (Visit 1)  

Following a 3d lead-in diet, participants completed visit 1 (~9h). For women, 

visit 1 occurred during days 3 or 4 of the follicular phase of the participant’s menstrual 

cycle. Height, body weight, body composition (using a BodPod – Cosmed USA, Inc. 

Concord, CA, USA), and waist and hip circumference were measured. After baseline 

measurements were taken, an intravenous catheter was placed in the antecubital vein 

and a 15mL fasting/baseline (t = 0) blood sample was drawn into chilled EDTA 

vacutainers (Greiner Vacuette, Monroe, NC). The line was kept patent with saline. 

Participants then completed a validated VAS
209

. Next, participants drank a SFA-rich 

HF liquid meal at 0800h in five minutes (Table 4.3).  This included a 118ml water 

rinse to guarantee all of the liquid meal was ingested. The “base” was Ensure
®
, soy 

lecithin, and Nesquik
®
.  The SFA-rich meal had “base” plus butter (majority of fat is 
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palmitic acid C16:0), red palm oil (majority of oil is palmitic acid C16:0), and coconut 

oil (majority of oil is lauric acid – C12:0), with a total volume of 282mL. The HF meal 

recipes were developed to provide specific amounts of nutrients (Table 4.3), which 

derived using a nutrient analysis software program (The Food Processor, ESHA 

Research, Salem, OR, USA).  

 

Table 4.3. Nutrient breakdown for each SFA-rich HF meal 

Composition Each SFA-rich HF Meal 

Percentage of total daily energy (%) 35.0 

Percentage of total energy from:  

     Protein (%) 5.0 

     Carbohydrate (%) 25.0 

     Fat (%) 70.3 

Percentage of energy from fatty acid of 

interest: 
 

     SFA (%) 40.4 

     MUFA (%) 4.5 

     PUFA (%) 12.9 

HF = high-fat; MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty 

acid; SFA = saturated fatty acid 

 

Next, a 10mL blood sample was taken at minutes 30, 60, 90, 120, 150, 180, 

and 240 (4h postprandially). A VAS was administered at the same time as each blood 

draw. Participants were also provided with 118mL of water every hour. At 1200h 

participants ingested an identical second SFA-rich HF meal and blood samples were 

collected again every 30min for another 4h period.  Again, a VAS was administered at 

the same time as each blood draw. Blood samples were immediately spun at 3,000rpm 

for 15min at 4˚C and plasma was aliquoted and stored at -80˚C until assayed.  
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7-day Diet 

Following visit 1, participants began the 7d diet (either a PUFA-rich diet or 

control diet, Table 4.2). The diet (kcals/d) was designed to keep participants in energy 

balance throughout the duration of the study. The percentage of energy provided by 

each macronutrient was the same for both the PUFA-rich diet and the control diet 

(50% carbohydrate, 15% protein, 35% fat). The only difference between the two diets 

was the percentage of energy provided by the FAs. The control diet had the same 

macronutrient and FA breakdown as the 3d lead-in diet (7% of total dietary fat 

PUFAs, 15% MUFAs, and 13% SFAs). For the PUFA diet, 20% of total dietary fat 

were PUFAs, 7% MUFAs, and 3% SFAs.  The breakdown of PUFAs was 

approximately 12% of total energy as n-6 PUFAs (nearly all linoleic acid) and 8% of 

total energy as n-3 PUFAs (nearly all ALA) along with small amounts of 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). We achieved this 

level of PUFAs through whole foods such as salmon, tuna, walnuts, flax seed oil, 

grapeseed oil and canola oil. For the PUFA-rich diet, participants were supplemented 

with fish oil capsules in conjunction with the diet described above to receive an 

additional ~3g/d of combined EPA and DHA (GNC Ultra Triple Strength Omega 

1000 EPA & DHA, Pittsburgh, Pennsylvania, USA).  Participants were instructed to 

ingest four pills daily: 1) with breakfast 2) with lunch, 3) with mid-afternoon snack, 

and 4) with dinner.  

Participants received their first meal on the evening after completing visit 1. 

On days 1-7 of the diet, all participants arrived at the HNL in a fasted state and 

consumed breakfast between 0600h and 1000h.  Following the meal, participants were 



Texas Tech University, Jada Stevenson, August 2015 

81 

provided with their food and beverages for the day. All participants were instructed to 

eat all of the food and abstain from any other food or any beverages besides water. All 

food and beverage items were prepared and weighed discretely on a gram scale to the 

nearest thousandths of a gram before the participant was served by study personnel.  

Post-diet Visit (Visit 2) 

After the 7d diet, participants reported to the HNL for visit 2. Participants 

completed another 9h visit where the exact same study procedures and measurements 

for visit 1 had occurred. 

Bioassays 

Total ghrelin, PYY, insulin, and leptin were measured using 

radioimmunoassays (RIAs) (Millipore, Billerica, MA). Each participant’s total number 

of samples run within the same assay. The intra- and inter-assay coefficients of 

variation for total ghrelin were 5.65% and 8.10%, were 1.97% and 12.69% for total 

PYY were 6.48% and 6.92% for insulin, and, 4.21%and 6.17% for leptin, respectively.  

Statistical Analyses 

The SAS version 9.2 statistical package (SAS Institute Inc., Cary, NC) was 

used, and all values are expressed as mean±standard error of the mean (SEM) unless 

otherwise indicated. The postprandial response for hormones was calculated as the 

change from baseline (calculated as each time-point minus baseline). The postprandial 

average for VAS scores was calculated as the average of all time points except 

baseline. A repeated measures ANOVA was used to determine differences from visit 1 

to visit 2 for hormone levels and VAS responses. If significance was found, post hoc 

analyses were done using Tukey’s test. Finally, Pearson correlations were run between 
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VAS scores versus ghrelin, PYY, insulin, and leptin by treatment. Statistical 

significance was set at p<0.05.   

Results 

Participants 

Twenty-four men and women randomly assigned to either a 7d PUFA diet 

(PUFA group: n=8 men and n=8 women) or 7d control diet (Control group: n=4 men 

and n=4 women) adhered to the entire study protocol and were included in data 

analyses. Participant characteristics and blood lipids from visit 1 to visit 2 are 

presented in Table 4.4. 
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Table 4.4. Participant characteristics 

Variable PUFA Diet Control Diet 

 Pre-diet Visit Post-diet Visit Pre-diet Visit Post-diet Visit 

Age (y) 23.3±4.6 - 21.5±4.6 - 

Height (cm) 171.7±11.3 - 174.6±11.2 - 

Weight (kg) 66.4±11.2 66.9±11.4 66.6±9.3 66.2±9.4* 

BMI (kg/m
2
) 22.4±2.5 22.6±2.7 21.8±1.6 21.7±1.6* 

Body fat (%) 20.8±8.4 22.3±7.8 25.3±7.8 24.5±8.5 

Waist circumference (cm) 76.4±7.5 75.7±7.7 77.2±5.0 76.7±4.9 

Hip circumference (cm) 96.5±4.8 96.7±4.8 100.5±5.9 99.2±7.6 

WHR 0.79±0.1 0.78±0.1 0.8±0.1 0.8±0.1 

SBP (mmHg) 113.3±11.9 111.1±13.1 109.1±7.0 108.4±10.5 

DBP (mmHg) 69.0±6.9 67.8±7.8 69.3±5.4 71.9±7.2 

Cholesterol (mg/dL) 148.9±24.5 118.0±17.6* 145.9±25.6 146.0±19.1 

Triglycerides (mg/dL) 67.2±18.3 48.3±21.3* 69.8±20.2 61.6±10.5* 

HDL (mg/dL) 47.8±12.2 47.6±10.1 46.1±9.8 50.3±11.3 

NonHDL (mg/dL) 101.1±20.3 69.7±16.8* 99.8±22.1 95.7±16.7 

LDL(mg/dL) 86.8±22.2 54.9±18.1* 87.1±22.5 83.7±16.6* 

VLDL(mg/dL) 13.7±3.6 9.6±4.2* 13.9±4.2 12.1±2.0* 

Cholesterol/HDL ratio 3.2±0.7 2.6±0.6* 3.2±0.7 3.0±0.7 

Values are presented as mean±SD. 

*Indicates significant difference from pre- to post-diet visit. 

BMI = body mass index; DBP = diastolic blood pressure; HDL = high-density lipoprotein; LDL = low-density lipoprotein; 

SBP = systolic blood pressure; VLDL = very-low density lipoprotein; WHR = waist-to-hip ratio 
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In the PUFA group, there were no significant changes in height, weight, BMI, 

body fat%, waist circumference, hip circumference, or WHR between study visits. In 

the PUFA group, there was a significant decrease in total cholesterol, triglycerides, 

nonHDL, LDL, VLDL, and cholesterol/HDL ratio from visit 1 to visit 2 (p<0.01). In 

the control group, there was a slight decrease in body weight (66.6±9.3 to 66.2±9.4kg, 

p<0.001) and subsequently, BMI (21.8±1.6 to 21.7±1.6kg/m
2
, p<0.001) as well as a 

decrease in triglycerides, LDL, and VLDL but not for any other blood lipid marker 

from visit 1 to visit 2 (p<0.05). 

Physiological Responses 

 Fasting concentrations from pre- to post-diet intervention for ghrelin, PYY, 

insulin, and leptin are shown in Figure 4.1. The PUFA group showed a significant 

decrease in fasting ghrelin concentrations (p<0.05) and significant increase in fasting 

PYY concentrations (p<0.05) from pre-to post-diet, while there were no change in 

fasting insulin or leptin concentrations. There were no changes in any of the fasting 

hormone concentrations from pre- to post-diet in the control diet group (ns).  

The time course of meal responses for plasma ghrelin, PYY, insulin, and leptin 

with the calculated AUC for the PUFA group and control group for pre- and post-diet 

visits are shown in Figure 4.2. For ghrelin, there was a significant time effect 

(p<0.001) but no visit effect (ns) or visit by time interaction (ns) for both the PUFA 

and control groups. For PYY, there was a significant main effect of time (p=0.02) in 

both control and PUFA groups.  However, there was also a significant visit effect in 

the PUFA group (p<0.01), but no treatment by time interaction (ns). The visit effect 

was greater PYY at the post-PUFA diet visit compared to the pre-PUFA diet visit 
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(p<0.01). For insulin and leptin, there was a main effect for time (p<0.001) but no visit 

effect (ns) or visit by time interaction (ns) for both the PUFA group and control group.  

 The postprandial hormone response was also calculated as the change from 

baseline (calculated as each time-point minus baseline) and calculated iAUC, which 

can be found in Figure 4.3. For change in ghrelin, there was a significant main effect 

of time (p<0.001) and visit (p<0.0001) but no visit by time interaction (ns) for the 

PUFA group, whereas the control group only had a significant main effect of time 

(p<0.001), but no visit (ns) or visit by time interaction (ns). The visit difference in the 

PUFA group was a decrease in ghrelin from pre- to post-diet (iAUC: -

15006.4±1773.5pg/ml/8h to -9815.7±1208.8pg/ml/8h, p<0.05).  For change in PYY, 

there was a significant main effect of time (p<0.001) and visit (p<0.001), but no 

treatment by time interaction (ns) for the PUFA group. The visit effect in the PUFA 

group was lower PYY from pre- to post-diet (iAUC: 1573.2±266.4pg/ml/8h to 

835.0±217.3pg/ml/8h, p<0.05). The control group had a significant main effect of time 

(p=0.002), but no visit (ns) or treatment by time interaction (ns) for change in PYY. 

Lastly, for change in insulin and leptin for both the PUFA and control groups, there 

was a significant time effect (p<0.001) but no visit effect (ns) or visit by time 

interaction (ns).  

Subjective Responses 

 Subjective VAS measures for hunger, fullness, and how much food the 

participants thought they could eat (consumption) shown as AUC are presented in 

Table 4.5 For both the PUFA and control groups, there was a significant main effect 

for time for hunger (p<0.001), fullness (p<0.001), and consumption (p<0.001). 
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However, for the PUFA group, there were no significant treatment effects or treatment 

by time interactions for any of the VAS questions (ns). Yet, for the control group, 

there was a significant main effect for visit for hunger (p=0.02) with scores being 

lower post-diet.  The time course for VAS measures for hunger, fullness, and how 

much food the participants thought they could eat are presented in Figure 4.4. A two-

way repeated measures ANOVA revealed for VAS measures of hunger, fullness, and 

how much participants thought they could eat, there was a significant time effect 

(p<0.001) but no visit effect (ns) or visit by time interaction (ns) for both the PUFA 

and control groups. 

Table 4.5. Visual Analog Scale (VAS) 8hr AUC 

Subjective 

Measurement 

PUFA Diet Control Diet 

 Pre-diet 

Visit 

Post-diet 

Visit 

Pre-diet 

Visit 

Post-diet 

Visit 

Hunger 28.7±2.9 30.0±3.9 19.8±3.0 13.1±1.3* 

Fullness 37.8±3.2 39.4±4.0 54.5±5.2 57.8±4.0 

How much could you 

eat? 

31.2±3.6 31.4±4.2 31.1±6.1 18.4±2.0 

Values are presented as Mean±SEM 

*Indicates significant difference from pre- to post-visit of p<0.05. 

PUFA = polyunsaturated fatty acid; VAS = visual analog scale 

Correlations 

 Correlations for hormones vs. VAS scores by diet are shown in Table4.6. For 

the PUFA group, there were significant negative correlations for hunger with insulin 

(p<0.001) and leptin (p<0.001). For fullness, there was a negative correlation with 

ghrelin (p=0.02) but positive correlations with PYY (p<0.001), insulin (p<0.001), and 

leptin (p<0.001). Finally, there were significant negative correlations for consumption 
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with insulin (p<0.001) and leptin (p<0.001). For the control group, there were 

significant correlations between hunger scores with ghrelin (positive, p<0.001), PYY 

(negative, p<0.001), and insulin (negative, p<0.001). There was a negative correlation 

for fullness with ghrelin (p<0.001) but positive correlations with PYY (p<0.001), 

insulin (p=0.02) and leptin (p=0.003). Finally, there was a positive correlation for 

consumption with ghrelin (p<0.001) and a negative correlation with PYY (p<0.001). 
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Table 4.6. Correlation matrix between change in plasma concentrations of hormones vs. visual analog scale measures 

for hunger, fullness, and how much participants thought they could eat. 

 Ghrelin PYY Insulin Leptin Hunger Fullness How much 

could you eat? 

PUFA DIET        

Ghrelin  0.040 

p=0.47 

-0.303 

p<0.001* 

0.017 

p=0.72 

0.077 

p=0.11 

-0.112 

p=0.02* 

0.022 

p=0.64 

PYY   -0.109 

p<0.05* 

0.094 

p=0.09^ 

-0.033 

p=0.55 

0.239 

p<0.001* 

-0.054 

p=0.33 

Insulin    0.112 

p=0.02* 

-0.283 

p<0.001* 

0.251 

p<0.001* 

-0.252 

p<0.001* 

Leptin     -0.277 

p<0.001* 

0.296 

p<0.001* 

-0.453 

p<0.001* 

Hunger      -0.569 

p<0.001* 

 

0.762 

p<0.001* 

Fullness       -0.539 

p<0.001* 

How much could you eat?        

CONTROL DIET        

Ghrelin  -0.655 

p<0.001* 

-0.217 

p=0.001* 

0.084 

p=0.22 

0.306 

p<0.001* 

-0.447 

p<0.001* 

0.343 

p<0.001* 

PYY   0.198 

p=0.04* 

0.017 

p=0.86 

-0.407 

p<0.001* 

0.505 

p<0.001* 

-0.512 

p<0.001* 

Insulin    0.173 

p=0.01* 

-0.318 

p<0.001* 

0.198 

p=0.02* 

-0.157 

p=0.067^ 

Leptin     -0.011 

p=0.89 

0.253 

p=0.003* 

-0.156 

p=0.07^ 

Hunger      -0.467 

p<0.001* 

 

0.662 

p<0.001* 

Fullness       -0.627 

p<0.001* 

 

How much could you eat?        
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Correlation coefficient is on the top line with the p value directly below it. 

Change for hormones was the average of each time point value minus baseline value. 

*Indicates significance at p<0.05. 

^Indicates trend for significance at p<0.10. 

PUFA = polyunsaturated fatty acid 
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Discussion 

The aim of this study was to determine subjective and physiological markers of 

appetite responses to two HF meals (breakfast and lunch) before and after a 7d PUFA-

rich diet. We found that consuming the diet reduced fasting ghrelin concentrations and 

increased fasting PYY concentrations. Furthermore, the postprandial response to the 

HF meals showed a significant reduction in change in ghrelin and significant increase 

in change in PYY concentrations after consuming the PUFA-rich diet. These findings 

indicate that the PUFA-rich diet elicited greater physiological satiety through greater 

ghrelin suppression and higher PYY levels in normal weight adult men and women. 

There were, however, no differences in fasting or postprandial insulin or leptin 

concentrations. There was also no effect of the PUFA diet on subjective ratings of 

hunger or fullness. The results of the study show that consuming a PUFA-rich diet 

favorably alters appetite hormone response, but does not change subjective feelings of 

hunger and satiety as assessed by a VAS.  

To our knowledge, this is the first study to examine how regular consumption 

of PUFAs can alter satiety responses (subjective and physiological markers) in both 

the fasted and postprandial state. We have previously shown that consuming a single 

HF liquid meal rich in PUFAs elicited greater postprandial PYY levels
112

 (Stevenson, 

Chapter II), and greater postprandial ghrelin suppression (Stevenson, Chapter II) 

compared to MUFA-rich meals. Since ghrelin is a hunger-inducing hormone, greater 

suppression following meal ingestion is favorable. These studies examined acute 

physiological hormone responses to single HF meals (approximately 70.0% of total 

energy from fat) with approximately 42% of total energy from either PUFAs or 
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MUFAs in 15 normal-weight, pre-menopausal women and 16 premenopausal women 

with obesity. However, these studies were only examined the meal response to one 

meal and did not include a diet intervention. Thus, it remains unclear the effect of 

regular PUFA consumption on these hunger and satiety hormones. Longer-term 

studies that examine PUFA supplementation on physiological markers of satiety are 

few and far between and are far from conclusive
294-298

. Moreover, there is no 

consistency in the amount, type, and source of PUFA provided. Overall, this area of 

research is in its infancy and more research is needed to understand the effects of 

consuming PUFAs regularly on physiological and subjective markers of hunger and 

satiety.   

Whereas research on physiological satiety responses to PUFA-rich diets has 

been lacking, others have examined subjective ratings of hunger and satiety after 

PUFA supplementation and found mixed results. Our data showed that the PUFA diet 

did not alter VAS ratings. Thus, our significant findings with plasma ghrelin and PYY 

concentrations did not translate to differences in subjective feelings of hunger, 

fullness, or food intake. Others have also shown the same disconnect between 

hormone responses and VAS scores regarding hunger and satiety
177;182;208;210;211

. 

Although the previously mentioned study supplementing with walnuts showed no 

difference in satiety hormones, they did, however, report improved satiation over a 3-4 

day period (based on VAS data). Furthermore, in a study in overweight and obese 

people, Parra et al.
299

 showed that marine n-3 PUFA lowered the sensation of hunger 

in eight weeks. Conversely, a small study with fish oil supplementation in 

hemodialysis patients indicated a general increase in appetite, especially in males
300

. 
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Appetite can be affected by multiple factors, including sex hormones and therefore 

differs for women in the different phases of the menstrual cycle 
301

. Moreover, the 

relationship between our subjective data and physiological data was low, which 

indicates weak associations between hormones and VAS scores. Altogether, it appears 

that PUFAs favorably increase satiety, but there is a serious lack of research on how 

PUFAs affect subjective and physiological satiety responses. 

A number of mechanisms for how supplementation with n-3 PUFAs affects 

appetite have been proposed.  Omega-3 PUFAs, such as -linolenic acid, EPA and 

DHA are the most potent ligands for GPR 120 and 40
302;303

, which are G-protein 

coupled receptors that are highly expressed in the digestive system, notably in the 

enteroendocrine L cells
304

. GPR 120 is thought to modulate the release of intestinal 

peptides such as PYY and GLP-1. Thus, increasing the amount of PUFAs in the diet 

may help to increase release of satiety hormones via GPR 120 and 40, although this 

has yet to be confirmed. Another possibility is that n-3 PUFAs, EPA and DHA, 

interact with mesocorticolimbic and endocannabinoid pathways to decrease the reward 

associated with food intake
305

 thereby reducing appetite, increasing satiety, decreasing 

food intake, and ultimately reducing overweight and obesity
305

. Several animal studies 

demonstrate the ability of dietary n-3 PUFA supplementation to affect brain DHA, and 

decrease brain arachidonoylglycerol, which has been shown in animal models of 

obesity to be involved in overeating, and thus these results suggest that dietary n-3 

PUFA supplementation may be able to affect food intake by acting to reduce brain 

arachidonoylglycerol
306

. Lastly, there is a possibility that there is another unidentified 

mechanism by which PUFAs are affecting appetite. 
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There were some limitations of the current study. Although participants were 

instructed to only consume foods provided by research personnel, there was a 

possibility for participants to consume other foods and beverages that weren’t 

provided by research personnel. Nevertheless, participants consumed breakfast at the 

HNL every day and were reminded to consume only what was provided for the rest of 

the day. Meal compliance and physical activity were self-reported, which could impact 

the outcomes tested in this study. However, there were no differences in meal 

compliance and/or daily physical activity across the intervention. Another limitation of 

this study is that it is probably not practical to consume 21% of total energy from 

PUFAs on a regular basis. We chose to provide such a high amount of PUFAs for 7d 

to see if it would elicit any physiological or subjective responses. Future studies are 

needed to examine different doses from PUFAs in order to see what amount of PUFA 

is necessary to elicit a positive appetite hormone response. Another limitation is the 

use of high SFAs in our liquid test meal.  It is uncertain if we would obtain the same 

results if we used a different type of test meal. Further, the SFA-rich HF shakes were 

liquid meals, which does limit the ability to extrapolate these results because they 

were not solid or mixed meals. Lastly, we measured total ghrelin and total PYY, thus 

it is unclear whether active forms of ghrelin and PYY would be different at fasting and 

postprandially.  

This study offers a simple strategy to improving overall health. Although the 

U.S. Dietary Guidelines recommend adults to replace SFAs with MUFAs or PUFAs, 

U.S. adults only consume 7% of total energy from PUFAs
307

. Of that, the ratio of n6 to 

n3 in the U.S. diet ranges from 10:1 to 30:1
308

, which is alarming because the ideal 
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ratio may be as low as 1:1
309

. In our current study, the ratio of n6 to n3 was 2:1. The 

results of this study indicate that increasing PUFA consumption may be beneficial to 

both fasting and postprandial appetite hormone responses. Future studies are needed to 

assess the long-term effects of consuming PUFAs regularly on appetite hormones, but 

our results offer a promising beginning to this new area of research.  

Conclusion 

 The present findings indicate that consuming a PUFA-rich diet for 7 days 

favorably alters fasting appetite hormones and postprandial values after consuming 

SFA-rich HF meals. Consuming a PUFA-rich diet reduced ghrelin (indicating greater 

hunger suppression) and increased PYY (indicating greater satiety). However, despite 

the favorable changes in the hormone profile, the PUFA diet did not alter any 

subjective measures of hunger and satiety. Future studies are needed to investigate 

different dosages of PUFAs and their long-term impact on altering energy intake in a 

variety of populations.  
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Figure 4.1. Fasting plasma concentrations of ghrelin, PYY, insulin and leptin at the pre-diet visit and post-
diet visit 
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Figure 4.1.  

Values are presented as means±SEM. 
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A one-way ANOVA revealed greater suppression of ghrelin for the PUFA group after the 7d diet (p<0.05).  There was a 

greater increase in PYY for PUFA group after the 7 day diet (p<0.05).  No differences were found for insulin or leptin (ns).  

PUFA = polyunsaturated fatty acid 
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Figure 4.2. Time course of meal responses for plasma ghrelin, PYY, insulin and leptin with the calculated 
AUC for the PUFA group and control group for pre- and post-diet visits  
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Figure 4.2. 

Values are presented as means±SEM. 

A two-way repeated measures ANOVA revealed there were no differences from pre-to post-diet for ghrelin (ns). There was a 

greater increase in PYY at the post-PUFA diet visit compared to the pre-PUFA diet visit (p<0.01). There were no differences 

in insulin or leptin between for either the PUFA group of control group (ns). 

PUFA = polyunsaturated fatty acid; AUC = area under the curve 
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Change in Ghrelin
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Figure 4.3. Time course of meal responses for change in plasma ghrelin, PYY, insulin and leptin with the 
calculated iAUC for the PUFA group and control group for pre- and post-diet visits  
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Change in PYY
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Change in Insulin
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Change in Leptin
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Figure 4.3.  

Values are presented as means±SEM. 

A two-way repeated measures ANOVA revealed there was a greater suppression from pre-to post-diet for ghrelin (ns). There 

was a significant decrease in PYY at the post-PUFA diet visit compared to the pre-PUFA diet visit (p<0.01). There were no 

differences in insulin or leptin between for either the PUFA group of control group (ns). 

PUFA = polyunsaturated fatty acid; iAUC = incremental area under the curve 
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Figure 4.4. Baseline and postprandial VAS measures of hunger (A), 
fullness (B), and how much the participants thought they could eat (C) 
for the PUFA group and control group for pre- and post-diet visits  
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Figure 4.4. 

Values are presented as means±SEM. 

A two-way repeated measures ANOVA revealed for VAS measures of hunger, 

fullness, and how much participants thought they could eat, there was a significant 

time effect (p<0.001) but no visit effect (ns) or visit by time interaction (ns) for both 

the PUFA and control groups. 

PUFA = polyunsaturated fatty acid 
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