
The role docosapentaenoic acid omega-3 plays in controlling lipid metabolism and 

inflammation associated with obesity, atherosclerosis, and neurodegenerative disease 

 

 

by 

 

Amanda Pepper-Yowell, M.S. 

 

A Dissertation 

 

In 

 

Animal and Food Science 

 

Submitted to the Graduate Faculty 

of Texas Tech University in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

 

Doctor of Philosophy 

 

Approved 

 

Michael Ballou, Ph.D. 

Chair of Committee 

 

Sara Trojan, Ph.D. 

 

 

Leslie Thompson, Ph.D. 

 

 

Naima Moustaid-Moussa, Ph.D. 

 

 

Shu Wang, Ph.D. 

 

Mark Sheridan 

Dean of the Graduate School 

 

December, 2014 

 



 

 

 

 

 

 

 

 

 

 

 

 

Copyright 2014, Amanda Pepper-Yowell 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

ii 

 

 

ACKNOWLEDGMENTS 

I would like to thank Omega Protein Corporation, Houston, TX for the financial 

and conceptual donation to this study. Without your support and guidance this project 

would not have happened. I would like to thank my fellow Animal Science graduate 

students who have spent many hours working with me Liz, Tyler, Matt, Cameron, and 

Rowdy we have worked with mice, cells, calves, and steers and have spent many hours 

together in the car, in the lab or bonding over poop pies. I would like to thank my adopted 

fellow graduate students in the Nutritional Sciences department Monique, Arwa, Jia, and 

Ebru for providing me sanity, understanding when I needed it the most and random lab 

supplies when I did not know what I was doing. I’m grateful for you all providing me 

with new experiences and helping me figure out what I was doing. 

I would like to thank my graduate advisory committee Dr. Thompson, Dr. Trojan, 

Dr. Moustaid-Moussa, and Dr. Wang for not being afraid to ask the tough questions, for 

pushing me to think beyond my comfort zone, for providing guidance when I had no clue 

what I was doing, and for going through this entire process with me. To Dr. Ballou, I 

appreciate you encouraging me to be the best scientist that I could be, and knowing that I 

could do more. You entrusted me with a study that means a lot to you and I am honored 

to be the person who took it on. You have been everything I’ve said before this and more 

to me, sometimes a lot like the bigger brother I never had, and many times a man that I 

look up to and admire for the career you have had thus far and for your drive and passion 

looking into the future. Thank you for taking me on as a doctoral student and allowing 

me the ability to become Dr. Pepper! 

To my friends near and far you have helped me in ways you’ll never know. To 

our life group for helping our marriage succeed in the midst of all of this, I’m so glad we 

met you all and got involved in life together. To Bryanna, the world’s best friend a girl 

could ask for, living in two different states, two time zones apart has been challenging but 

we have always had time for each other and when I needed someone to celebrate with or 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

iii 

 

 

simply a shoulder to vent or cry on you were only a phone call away, and lunch dates in 

Colorado were always exactly what I needed. 

I would like to thank my family who has stuck by me through my 24 years of 

school and will be celebrating this momentous accomplishment with me. Mom and dad 

you have been my pillars of strength and light when I needed it the most and have always 

known that I would do great things. I hope one day I can be the role-model and 

cheerleader for my children that you have been for me. To my dearest husband Chris, you 

hopped on this crazy band-wagon of graduate school with me when I was working on my 

Master’s and decided you wanted to stick through a Doctoral degree with me, bless your 

heart I love you and would not have made it through this without you! To my brother 

Nick and new sister-in-law Kate thank you for all the great excuses (aka you getting 

married) to get back home and see everyone, sometimes a trip away from the lab and the 

office is what you need to get your head back on straight again. Kate thank you for 

showing me Mary Kay that proved to me again that I can set goals and achieve them, 

driving me to finish my Ph.D. when the days felt long. To the other half of my family, the 

Yowell’s, thank you for letting me take your son away to a completely different state to 

achieve this goal and for being understanding when schedules were tight and we couldn’t 

see you because I had to get back for a study. Granny, thank you for the phone calls and 

the reminder that life is so much more than school, and yet for telling me how proud you 

are of me for achieving this goal, your words have filled my heart and helped me push 

through the tiring days. 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

iv 

 

 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS .................................................................................................. ii 

ABSTRACT ...................................................................................................................... vii 

LIST OF TABLES .............................................................................................................. x 

LIST OF FIGURES ........................................................................................................... xi 

CHAPTER 

1. LITERATURE REVIEW ............................................................................................... 1 

Omega-3 and 6 fatty acids ............................................................................................... 1 

Sources......................................................................................................................... 1 

Cardiovascular disease and Atherosclerosis ................................................................... 3 

Prevention of atherosclerotic plaque build-up ............................................................. 4 

Mechanisms of action .................................................................................................. 6 

Omega-3 fatty acid effects on macrophages .............................................................. 11 

Obesity .......................................................................................................................... 14 

Neural degenerative diseases ........................................................................................ 16 

Conclusion ..................................................................................................................... 20 

2. OMEGA-3 POLY UNSATURATED FATTY ACIDS 

AND RISK FOR ATHEROSCLEROSIS AND OBESITY ............................................. 21 

Introduction ................................................................................................................... 21 

Hypothesis and Objective.............................................................................................. 23 

Materials and Methods .................................................................................................. 24 

Statistics ..................................................................................................................... 26 

Results and Discussion .................................................................................................. 27 

Conclusion ..................................................................................................................... 34 

3. LONG CHAIN POLY UNSATURATED FATTY 

ACIDS AND MACROPHAGE INFLAMMATION........................................................ 46 

Introduction ................................................................................................................... 46 

Hypotheses and Objectives ........................................................................................... 48 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

v 

 

 

Material and Methods.................................................................................................... 48 

Experiment 1.............................................................................................................. 49 

Experiment 2.............................................................................................................. 49 

Statistics ..................................................................................................................... 50 

Results and Discussion .................................................................................................. 50 

Conclusion ..................................................................................................................... 55 

4. OMEGA-3 POLY UNSATURATED FATTY ACIDS 

AND NEURODEGENERATIVE DISEASE ................................................................... 63 

Introduction ................................................................................................................... 63 

Hypothesis and Objective.............................................................................................. 64 

Materials and Methods .................................................................................................. 65 

Statistics ..................................................................................................................... 67 

Results and Discussion .................................................................................................. 68 

Conclusion ..................................................................................................................... 71 

5. LIMITATIONS AND FUTURE STUDIES ................................................................. 77 

LITERATURE CITED ..................................................................................................... 78 

APPENDIX I .................................................................................................................... 93 

Expanded Materials and Methods ................................................................................. 93 

Lipid Extraction ......................................................................................................... 93 

Aorta Protein Content Assay ..................................................................................... 93 

Measuring Aortic Total and Free Cholesterol ........................................................... 94 

Adipose Tissue Protein Extraction ............................................................................ 95 

Adipose Tissue RNA extraction ................................................................................ 96 

Adipose Tissue cDNA synthesis ............................................................................... 97 

Real-time PCR protocol............................................................................................. 97 

THP-1 Cell Culture Protocol ..................................................................................... 99 

Fatty acid saponification protocol ........................................................................... 100 

PMA dilution and aliquotting .................................................................................. 101 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

vi 

 

 

Culture Cells with Fatty Acids ................................................................................ 101 

Culture Cells with Fatty Acids and LPS .................................................................. 102 

 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

vii 

 

 

ABSTRACT 

Macrophages play a key role in inflammation associated with obesity and 

atherosclerosis. Additionally, obesity, cardiovascular disease, and chronic inflammation 

associated with both diseases are risk factors for neural degenerative diseases. Omega-3 

(n-3) fatty acids are known to down-regulate inflammation. Much of the research 

conducted on n-3 fatty acids and inflammation have focused on eicosapentaenoic acid 

(EPA), and docosahexaenoic acid (DHA) due to their high availability and easy 

extraction from fish oil. Research on docosapentaenoic acid n-3 (DPAn3), the 

intermediate of EPA and DHA is newly emerging and still very limited in scope due to 

the high cost of DPAn3 and thus, low availability. 

The low-density lipoprotein receptor knock-out (LDLr-/-) mouse is a great model 

for researching atherosclerosis, and diseases for which hyperlipidemia is a risk factor due 

to the inability of this mouse to clear low-density lipoprotein from circulation. Feeding a 

high fat, high cholesterol diet to this mouse model exacerbates hyperlipidemia and 

increases deposition of cholesterol in peripheral tissues, namely the aorta. These mice 

were fed an atherogenic diet consisting of 20% fat, and 0.15% cholesterol, with 3.5% of 

the fatty acids replaced with 1) milk fat from the base diet, or omega-3 fatty acids as 

follows: 2) DHA, 3) DPAn3, 4) EPA, 5) Lovaza®, and 6) OmegaActiv®. Mice were fed 

their respective diets for 20 weeks then blood lipid profiles, aortic cholesterol, adipocyte 

inflammation, brain lipid profiles, and neural inflammation were measured.  
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Supplementing an atherogenic diet with n-3 fatty acids decreased total serum 

cholesterol (~200 mg/dL), cholesterol deposition in the aorta (~100 μg/mg protein), and 

circulating triglyceride (~100 mg/dL), but had no effect on low density lipoprotein 

cholesterol or serum glucose. Inflammation in visceral adipose tissue was reduced by n-3 

fatty acid supplementation, as evident by reduced mRNA concentrations of interleukin-6 

(60-98% decrease) and protein concentrations of tumor necrosis factor-α (33% decrease). 

In addition, all omega-3 fatty acid treatments equally ameliorated inflammation in the 

hippocampus and microvessel of the brain. 

Macrophages play a key role in moderating inflammation in all of the 

aforementioned diseases. Monocytes from the THP-1 cell line were differentiated into 

macrophages and used to determine the effects of various saturated, monounsaturated and 

polyunsaturated fatty acids alone or in combination on lipopolysaccharide-stimulated 

eicosanoid and cytokine release. The cells supplemented with EPA had the greatest effect 

on ameliorating cytokine release, but supplementing cells with DPAn3 and DHA were 

more potent than EPA at decreasing prostaglandin E2 release (90% decrease). 

Supplementing macrophages with arachidonic acid increased prostaglandin release 

exponentially (18 to 67 times control) which likely negatively fed back and inhibited pro-

inflammatory cytokine release by these cells. Co-incubation of THP-1 cells with 

arachidonic acid and EPA at varying ratios for 3 concentrations of arachidonic acid 

revealed an interaction between the ratio of arachidonic acid to EPA and the 

concentration of arachidonic acid for stimulated PGE2 and IL6 release. 
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Overall, n-3 fatty acid supplementation alone or in combination decreased 

inflammation associated with chronic inflammatory diseases. Supplementation with 

DPAn3 could decrease inflammation better than DHA, acting similarly to EPA, or could 

increase incorporation of DHA into tissues better than EPA, acting similarly to DHA. 

This data suggests that the total amount of very long chain omega-3 fatty acids in the diet 

is equally important as the ratio of n-6 to n-3 fatty acids in the diet, namely the ratio of 

arachidonic acid to EPA due to the ability of these fatty acids to increase or decrease 

inflammation, respectively. 

. 
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CHAPTER I 

LITERATURE REVIEW 

Omega-3 and 6 fatty acids 

Alpha-linolenic acid (ALA) is considered an essential fatty acid in the diets of 

humans and many animals. This omega-3 (n-3) polyunsaturated fatty acid (PUFA) goes 

through a biological process of elongation, adding two carbons, and desaturation, adding 

another double bond, to form eicosapentaenoic acid (EPA). When EPA is elongated it 

becomes docosapentaenoic acid (DPAn3), then after another elongation step, 

desaturation, transportation, and shortening becomes docosahexaenoic acid (DHA). This 

process occurs with omega-6 (n-6) fatty acids starting with linoleic acid, the dietary 

essential n-6 PUFA, leading to the formation of arachidonic acid, adrenic acid, and 

finally DPAn-6. This conversion rate in humans is less than 5% for both n-3 and n-6 

pathways (1). It is important to note that while all n-3 and n-6 fatty acids differ in their 

physiological effect DPAn-6 and DPAn3, with a chemically similar structure, are no 

exception to this, and tissues differ on which fatty acids they incorporate.  

Sources 

Plant oils from canola, soy, and flaxseed provide an excellent source of omega-3 

fatty acids; however, they mainly provide ALA and contain little to no EPA or DHA. The 

main fatty acid in olive oil, canola oil, tree nut- and peanut-derived products is oleic acid 

a monounsaturated fatty acid (MUFA), whereas the main fatty acid in corn oil is linoleic 

acid (2). 
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Fish oil from cold water fish is an excellent source of both EPA and DHA, ~6 to 

20% and 13% of the total lipids, respectively. Cooked fish retains approximately 1% of 

the lipids as DPAn3 and some fish oils contain approximately 2% of the lipids as DPAn3 

(3, 4). Fish oil has the ability to decrease atherosclerosis through many different 

pathways. Increased consumption of fish oil reduces the synthesis of chylomicrons in the 

intestine and increases their removal from circulation, thus decreasing postprandial 

lipidemia (5). Macrophages contribute to the uptake and deposition of oxidized LDL into 

the intima of the artery (6). Supplementing the diet of mice with fish oil changes the fatty 

acid profile of macrophages, increasing incorporation of EPA and DHA at the expense of 

arachidonic acid, decreases macrophage ability to adhere to the endothelial wall of the 

artery, decreases uptake of cholesterol and modified LDL, and changes the production of 

eicosanoids; all major events in the formation of atherosclerotic plaque (2, 7).  

Research with DPAn3 and its biological effects have been limited in scope due to 

the expensive nature of extracting purified DPAn3 from fish oil sources. Generally 

studies that have been conducted used EPA as a supplement and found increasing levels 

of DPAn3 in blood, immune cells, and tissues. Omega-3 fatty acids have been largely 

researched for their impact on decreasing risk of cardiovascular disease (CVD) and 

recently research has expanded to examine the effects n-3 PUFA have on other 

inflammatory diseases such as, Alzheimer’s disease, hepatic steatosis, type 2 diabetes 

mellitus, obesity, and in animals assessing effects of maternal supplementation on 

offspring (8-12). 
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Cardiovascular disease and Atherosclerosis 

The American Heart Association (AHA) estimates that more than 1 in 3 

Americans have CVD. Cardiovascular disease kills more Americans per year than cancer, 

averaging more than 2,200 deaths per day (13). Atherosclerosis, which is the greatest 

contributor to CVD, is caused by a build-up of lipids, cholesterol, and apoptotic bodies in 

the intima of the arterial wall. These build-ups are called plaques, which cause a 

narrowing of the lumen of the artery and without lifestyle or prescriptive intervention the 

fibrous cap formed on the endothelial layer of the artery bursts, causing a thrombus. 

Fewer than half of the people that have experienced a cardiac event or are qualified to 

receive a lipid lowering drug are. Qualified individuals include people with either 

increased LDL-cholesterol increased TG, or both. The annual cost for CVD in the US is 

estimated at $297.7 billion which includes $118.5 billion in lost future productivity due 

to premature CVD mortality (14). 

Risk factors for atherosclerosis include family history and genetics, smoking, 

tobacco use, high blood LDL and TG levels, low high-density lipoprotein levels, lack of 

physical activity, increased body mass index, diabetes mellitus, and metabolic syndrome. 

Metabolic syndrome is a combination of risk factors for CVD and type 2 diabetes 

mellitus that includes: increased fasting plasma glucose (≥ 100 mg/dL), decreased high-

density lipoprotein cholesterol (<40 mg/dL in men and <50 mg/dL in women), increased 

TG (≥ 150 mg/dL), increased waist circumference (≥ 102 cm in men and ≥ 88 cm in 

women), and increased blood pressure (≥ 130 mm Hg systolic or ≥ 85 mm Hg diastolic; 

(15). 
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Prevention of atherosclerotic plaque build-up 

Animal models 

Fish oil has been studied in depth in many animal and rodent models. Mice that 

were fed diets high in omega-3 fatty acids had less macrophage deposition into the aortic 

wall, lower plasma IL-6 concentrations, decreased TG accumulation, and lower sterol 

regulatory element binding protein 1 content when compared to high-fat/high-sucrose or 

high omega-6 diets (16, 17). Plasma levels of total cholesterol and non-HDL cholesterol 

were decreased in animals fed fish oil, DPAn3, and DHA (17, 18). When hamsters were 

switched from a normal chow diet to a high-cholesterol diet, DPAn3 supplementation 

prevented an increase in total serum cholesterol, which the researches attributed to a 

down-regulation of sterol regulatory element binding protein 2 subsequently decreasing 

transcription of 3-hydroxy-3-methyl-glutaryl-CoA reductase, involved in cholesterol 

synthesis (18). Mice fed a diet supplemented with pure DPAn3 had decreased fatty acid 

synthase activity, total serum cholesterol, and TG levels (19). Eicosapentaenoic acid 

when supplemented to mice decreased plasma levels of TG, total serum cholesterol, and 

phospholipid content. Mice supplemented with EPA also had increased levels of very low 

density lipoprotein (VLDL) and when the VLDL was co-cultured with THP-1 

macrophages, the macrophages produced lower levels of cytokines and had less TG 

accumulation, but were not different in cholesterol content when compared to VLDL 

from control mice. Control mice were fed the same basic diet without EPA; the base diet 

consisted of 4.4% energy as fat. The VLDL from the EPA supplemented mice had 

significantly lower levels of TG, total serum cholesterol, and phospholipids; they were 
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also smaller in size than VLDL from control mice (20). In mice, supplementing fish oil 

decreased lesion formation, improved elasticity of arteries and improve aortic function. 

Human studies  

The effects of supplementing fish oils to human on risk factors for atherosclerosis 

were variable. In vitro studies reported gender differences when whole blood was co-

cultured with 1 μM of EPA, DPAn3 or DHA. Platelet aggregation was inhibited in 

females by EPA, DPAn3 and DHA, but males had platelet aggregation inhibited only by 

EPA (21). They also found that C-reactive protein had no correlation to platelet 

aggregation response to fish oil, thus eliminating it as a determinant of platelet 

aggregation and platelet response to PUFA. Post-prandial plasma chylomicronemia 

decreased in humans following a breakfast supplemented with DPAn3, and DPAn3 was 

found to be transported in the chylomicron TG rather than the chylomicron phospholipids 

over the 5-hour period evaluated (22). This indicates that the enterocyte is preferentially 

esterifying free fatty acids to 2-monoacylglycerol to make TG instead of esterifying to a 

lysophospholipid to make a phospholipid when assembling the chylomicron. The 

presence of DPAn3 also decreased digestion, absorption, and incorporation into a 

chylomicron of the olive oil present in the breakfast (22). This shows one of the ways that 

fish oil reduces plasma TG levels in hypertriglyceridemic patients. 

In 2005, a study was conducted in humans with a mostly male population that 

ranged from 46 to 75 years of age who were confirmed of having coronary heart disease 

(23). They found that the group that ate salmon that were high in omega-3 fatty acids had 

significantly decreased serum TG concentrations, as well as decreased levels of vascular 
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cellular adhesion molecule-1 (VCAM-1), IL-6 and TNF-α. In 2012, a study was 

conducted with patients who were confirmed to have peripheral artery disease, but were 

already on an aspirin or beta-blocker regimen (24), they found supplementing patients 

with EPA or DHA did not reduce P-selectin expression, platelet aggregation, IL-6, or 

soluble inter-cellular adhesion molecule levels. They did attribute finding no effects to 

the use of co-existing medication by these patients, but decided that withdrawing this 

therapy would have been unethical.  

A large study (n = 11,324) conducted in humans over 50 years of age who 

recently survived a myocardial infarction looked at the effects of omega-3 fatty acid 

supplementation on relative risk of death and cardiovascular death (25). Patients treated 

with omega-3 fatty acids had decreased TG levels. They also observed a 20% decrease in 

the relative risk for cardiovascular death, non-fatal myocardial infarction, and non-fatal 

stroke. As plasma levels of EPA at baseline increased all-cause mortality and 

cardiovascular mortality decreased in patients with heart failure, this effect was not seen 

with DPAn3, DHA, or total n-3 PUFA intake (26). The mechanisms of fish oil 

intervention in humans are not completely understood. The effects of fish oil on CVD 

risk are likely multifactorial and involved in reducing platelet aggregation, serum-lipid 

concentrations, and inflammation. 

Mechanisms of action 

Tissue fatty acid composition 

When rats were injected intravitreally with 1-
14

C-EPA the presence of 1-
14

C-

DPAn3 that was elongated from 1-
14

C-EPA was seen as soon as 3 minutes after injection 

at twice the concentration of 1-
14

C-DHA levels (27). After 5 minutes the DHA levels 
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remained relatively similar, but 1-
14

C-DPAn3 levels continued increasing. Human 

endothelial cells that were incubated with [
14

C]EPA for 30 minutes had approximately 

10% of the [
14

C]EPA incorporated as [
14

C]DPAn3, by 24 hours 72.5% was in the 

[
14

C]DPAn3 form, and at 48 hours 74% was in the [
14

C]DPAn3 form with only 1.3% as 

[
14

C]DHA (28). Supplementing humans with 4 g of EPA daily increased plasma 

phospholipid EPA concentration 484%, DPAn3 concentration 87%, and didn’t change 

DHA levels, whereas humans supplemented with 4 g of DHA daily increased DHA 

concentration 167% with no significant changes in either EPA or DPAn3 (29). When 

THP-1 cells were incubated with EPA or DHA individually, EPA supplementation 

significantly increased total cell EPA and DPAn3 concentration, but not DHA 

concentration when compared to cells that were not supplemented with any additional 

fatty acid, only albumin because the fatty acids used for treatment were complexed to 

albumin (6). However when THP-1 cells were supplemented with DHA, not only was 

total cell DHA concentration significantly increased, the DPAn3 concentration was 

increased in comparison to the cells that were not supplemented with fatty acids, although 

it was much lower than EPA supplementation. While it is possible for DHA to be 

retroconverted back to DPAn3 this appears to occur in very small amounts and 

elongation of EPA attributes more to DPAn3 formation. 

Specific fatty acid incorporation into tissues is tissue specific; the brain 

incorporates more DHA into cell membranes than EPA. When Wistar rats were 

supplemented with ALA the DPAn3 levels in plasma and erythrocytes were highly 

correlated (r ≥ 0.95) with liver, kidney, heart, brain, and quadriceps muscle DPAn3 

content (30). They found that brain tissue was the tissue most resistant to diet-induced 
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fatty acid profile change. Those investigators also reported a very high correlation (r = 

0.98) between phospholipid DPAn3 content of plasma and DPAn3 content of 

erythrocytes. The incorporation of DPAn3 into adipose, heart, and skeletal muscle tissue 

is very high (31, 32), this has been attributed to decreased β-oxidation of DPAn3 as 

measured by 
14

CO2 expired in rats and decreased amount of 
14

C-labelled fatty acids in the 

cholesterol fraction of tissues, indicating decreased synthesis of cholesterol from labelled 

acetyl CoA or ketones (32). In a genetically diabetic mouse strain fed a DPAn3 

supplemented diet, DPAn3 was found in the greatest concentration in the kidney, 

followed by liver, adipose tissue (epididymal and perirenal), and brain (19). While the 

brain can be resistant to overall fatty acid profile change, a change in cortical tissue 

concentration of n-3 PUFA is dependent upon feeding. Oral administration of DPAn3 to 

rats led to an increase of DPAn3 and DHA present in cortical tissue, regardless of age 

(33). Cortical tissue, or the cerebral cortex plays an important role in memory and 

cognitive function, individual sections of the brain selectively incorporate different fatty 

acids, similar to whole body tissues, and cellular organelles.  

When dogs were supplemented with linseed oil and fish oil, both plasma 

phospholipids and neutrophil phospholipids incorporated high levels of EPA and DPAn3, 

but DHA only increased in both of these pools with fish oil supplementation (34). The 

amount of PUFA present in both pools was significantly greater in the fish oil 

supplemented group when compared to the linseed oil supplemented group. When 

compared to controls, rats and cows supplemented with fish oil (EPA+DHA) had 

increased levels of DPAn3 incorporated into their plasma total fatty acids (35, 36). 

Patients with stable and moderate to severe, chronic heart failure were supplemented with 
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n-3 PUFA in 1 capsule per day of 850 to 882 mg mixed ethyl esters of EPA and DHA at 

an average ratio of 1.2:1, or a placebo pill. Supplementing with n-3 PUFA increased 

plasma levels of SFA, and decreased plasma levels of n-6 PUFA and MUFA (26). This 

study also found supplementing with n-3 PUFA increased plasma phospholipid total n-3 

PUFA, EPA and DPAn3, regardless of background fish consumption, but phospholipid 

DHA increase was greater in patients with infrequent fish consumption as compared to 

patients with frequent fish consumption. Baseline levels of EPA were inversely related 

with adiponectin concentration, high sensitivity C-reactive protein, pentraxin-3, N-

terminal probrain natriuretic peptide, and high-sensitivity cardiac troponin T. Baseline 

DHA levels were inversely related with adiponectin, and baseline DPAn3 levels were 

inversely associated with pentraxin-3. An increase in EPA at three months was associated 

with decreased plasma pentraxin-3 concentrations. When assessing n-3 PUFA habitual 

intake in healthy humans aged 25 to 72 years there was a significant, positive correlation 

between the proportion of EPA in plasma phospholipids and the proportion of DPAn3 in 

peripheral blood mononuclear cell phospholipids (37). In healthy humans, EPA 

supplementation but not DHA supplementation increased DPAn3 concentration in 

plasma phospholipids and total lipids in neutrophils (38, 39).  

Increasing the consumption of omega-3 fatty acids likely decreases the risk for 

cardiovascular disease through many mechanisms including: anti-inflammatory 

properties, inhibiting synthesis of cytokines, decreasing thrombogenicity, having 

hypolipidemic properties, and inhibiting atherosclerosis progression (2, 40). Feeding n-3 

fatty acids to mice, rats and hamsters led to increased tissues concentrations of these fatty 

acids. In rats, supplementing with EPA increased concentrations of EPA and DPAn3 in 
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the liver, heart, and skeletal muscle, as well as increased concentrations of DHA in the 

liver. In hamsters, fish oil is incorporated into the endothelial membrane, this changes its 

fluidity and its vascular reactivity (18). Supplementing rat diets with DPAn3 and DHA 

resulted in increased concentrations of EPA in the liver, suggesting retroconversion. 

Long chain polyunsaturated n-3 fatty acids have an inhibitory effect on Δ6-desaturases 

which decreases the concentration of arachidonic acid in body tissues (31). Fatty acids 

are readily incorporated into many cells and change their fluidity, and have a protective 

effect on the endothelial layer of the artery. In patients with poor health status, n-3 fatty 

acid consumption improved endothelial function, as measured by flow-mediated dilation 

which evaluated endothelium-dependent vaso-dilation (41). This improvement in flow-

mediated dilation was not seen in healthy individuals indicating that they have sound 

endothelial function. Omega 3 PUFA incorporation into cell membranes changes not only 

the fluidity of the cellular membrane, but influences the cell signaling mechanisms. These 

are important in maintaining synaptic function in neuronal cells, decreasing production of 

pro-inflammatory cytokines, chemokines, and eicosanoids, and finally increasing anti-

inflammatory cytokines, and eicosanoids that aid in resolving infections. When cells were 

stimulated with ATP, DPAn3 was the only PUFA released at a level comparable to 

arachidonic acid release and decreased the production of eicosanoids such as 11-hydroxy-

5,8,12,14-eicosatetraenoic acid and PGD2 (42). Docosapentaenoic acid n-3 upregulates 

lipooxygenase pathway and also acts as a potent inhibitor of cyclooxygenase-1 and -2 

activity leading to decreased platelet aggregation and active tension of the aorta (18, 43). 
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Omega-3 fatty acid effects on macrophages 

Macrophages incorporate omega-3 fatty acids into their plasma membrane when 

provided. Murine resident peritoneal macrophages preferentially incorporate DPAn3 into 

their membranes, even when EPA is supplemented; this is due to a majority of EPA 

(~75%) rapidly elongating into DPAn3 (7, 42). Macrophages elicited from the peritoneal 

cavity of mice fed a diet high in n-3 fatty acids had a fatty acid profile similar to the diet 

the mice were fed (17). This consisted of greater EPA and DHA content, lower 

cholesterol content and lower monocyte chemoattractant protein-1 (MCP-1) mRNA 

levels. By lowering the mRNA levels of MCP-1 less of these proteins are produced and 

that prevents the macrophages that have attached to the endothelial wall of the artery 

from invading the intima. In another study conducted by this group, they co-cultured 

human monocytic cells from the THP-1 cell line with EPA or DHA and found that these 

cells had lower mRNA levels of macrophage scavenger receptor-1 and ATP-binding 

cassette transporter-1 (6). Decreasing production of these leads to decreased uptake of 

modified lipoproteins (macrophage scavenger receptor-1) and decreased transport of 

cholesterol out of the macrophage (ATP-binding cassette transporter-1). As long as there 

is an equal decrease in both of these actions, cholesterol homeostasis will not be 

disturbed and foam cell formation due to cholesterol accumulation will be prevented. 

A review of literature studying scavenger receptors shows that there is not an 

overwhelming conclusion on how fish oil prevents the development of atherosclerosis in 

regards to scavenger receptors. Macrophage scavenger receptor, and cluster of 

differentiation 36 (CD36) mRNA expression is decreased in murine macrophages with an 

olive-oil rich diet (44). McLaren et al. (45) found that EPA and DHA increased CD36 
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mRNA levels in THP-1 macrophages and human mononuclear derived monocytes, but 

only increased CD36 protein levels in THP-1 macrophages. With this data they 

concluded that inhibiting acetylated LDL uptake by human macrophages involved a 

mechanism that is scavenger-receptor independent. A review of scavenger receptors by 

Moore and Freeman (46) found that CD36 plays a major role in cholesterol accumulation 

in macrophages and accounts for 60-70% of the cholesterol accumulation after 

macrophages were exposed to oxidized LDL. 

Cytokines expressed by the macrophages that have invaded the intima of the 

artery allow for increased recruitment of monocytes to the site of damage. The primary 

inflammatory mediators involved in plaque formation are platelet-derived growth factor, 

IL-1 and TNF-α (2, 47). EPA and DHA not only prevent the adhesion and migration of 

monocytes into the intima, they decrease concentrations of IL-1β, TNF-α, platelet 

activating factor, platelet derived growth factor, and free radical (48). Renier et al. (49) 

found that macrophages elicited from mice fed a Menhaden-oil rich diet had suppression 

of TNF-α mRNA, as well as TNF-α and IL-1β expression after being stimulated with 

lipopolysaccharide. 

Adhesion molecules expressed on the surface of the endothelium and selectin’s 

expressed on the surface of leukocytes interact and allow for extravasation of the 

leukocytes into the intima of the artery. P-selectin is on the surface of activated 

endothelial cells and platelets, soluble P-selectin is the marker in plasma used to measure 

the secretory activity of platelets (50). E-selectin is expressed only on endothelial cells 

after activation by cytokines and serves as a marker of endothelial activation. Vascular 
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cellular adhesion molecule 1 is expressed on endothelial cells of blood vessels after 

activation by cytokines, intercellular adhesion molecule 1 (ICAM-1) is expressed in both 

endothelial and immune cells. An olive oil rich diet decreases the expression of ICAM-1 

in human peripheral blood mononuclear cell as well as CD11b in macrophages (51). A 

meta-analysis found that when healthy and unhealthy subjects were subgrouped prior to 

analysis the supplementation of n-3 fatty acids reduced the plasma concentration of 

soluble ICAM-1 in the healthy subjects but not in the unhealthy subjects (50). They 

found that unhealthy subjects included patients who were infected with HIV so they 

further stratified their data and found that in unhealthy subjects who were only classified 

as having dyslipidemia, n-3 PUFA supplementation reduced soluble ICAM-1 

concentrations. Increasing the dose of n-3 PUFA was found to not further reduce soluble 

ICAM-1 concentrations, and younger patients had reduced soluble ICAM-1 when 

compared to older patients when both were supplemented with n-3 PUFA. This study 

found n-3 PUFA to have no effect on soluble VCAM-1, soluble P-selectin, nor soluble E-

selectin. The authors concluded that n-3 PUFA supplementation inhibits monocyte 

activation rather than endothelial activation, thereby down-regulating atherosclerosis. 

 In summary, omega-3 fatty acids, namely those derived from fish oil decrease risk 

of atherosclerosis through many different pathways. Lipid metabolism is altered in favor 

of hypotriglyceridemia, with preservation of n-3 PUFA, and plasma membrane fluidity 

and thus aortic endothelial tension are also altered. Macrophages are greatly influenced 

by n-3 fatty acids, their ability to adhere are decreased, production of pro-inflammatory 

cytokines are decreased, and cholesterol influx and efflux are altered leading to decreased 

cholesterol deposition in the periphery. 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

14 

Obesity 

 Obesity in the United States has increased over the past 28 years with 34.9% of 

U.S. adults and 17% of U.S. children currently classified as obese (52). Adipose tissue 

was reclassified as an endocrine organ, not just a storage organ with the discovery of 

leptin (53). Leukocytes, both innate and adaptive, have been found surrounding 

adipocytes and this community of cells with their secretory proteins were found to play a 

role in modulating reproduction, immune function, glucose homeostasis, lipoprotein 

metabolism, and inflammation (54-56). The innate leukocytes commonly associated with 

adipose tissue are macrophages, neutrophils, eosinophils, and mast cells; the adaptive 

leukocytes associated with adipose tissue are certain subtypes of T and B lymphocytes 

(57). Obesity leads to chronic systemic inflammation and measured inflammatory 

markers are not only a risk factor for many diseases, but are correlated with and are 

predictive of diseases such as CVD, type II diabetes mellitus, and dementia (58-63). 

Adipokines are bioactive proteins secreted by adipocytes which are analogous to proteins 

secreted by leukocytes, called cytokines (64, 65). The storage function of adipocytes is 

tied to the endocrine function of adipocytes, when lipid accumulation is increased 

adipocytes hypertrophy and causes an imbalance in the adipokines secreted, leading to 

inflammation. This inflammation is associated with macrophage infiltration and 

polarization of current adipose tissue macrophages (66-68). In lean mice macrophages 

were present in adipose tissue but were small, isolated, and widely dispersed among the 

adipocytes; however, in obese animals macrophages were found in groups and in 

extremely obese animals macrophages completely surrounded the adipocytes (66). The 

plasticity of macrophages allows them to phenotypically change and physiologically act 
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differently. The classical macrophage, or M1 macrophage, is considered pro-

inflammatory and secretes cytokines such as TNF-α, IL-6, and IL-1β while the 

alternatively activated macrophage, or M2 macrophage, is anti-inflammatory and secretes 

cytokines such as IL-10, TGF-β, and IL-4 (69, 70). Adipocyte size positively correlates 

with MCP-1 expression, and knocking out MCP-1 in mice ameliorates the infiltration of 

macrophages caused by high-fat feeding (71-73). 

 Decreasing adipocyte size and controlling inflammation associated with obesity 

are the two major processes utilized for preventing the progression of metabolic 

syndrome to type II diabetes. Omega-3 fatty acids decrease adipocyte size through a 

metabolic shift from storing/making lipids to burning/breaking down lipids in animal 

models, and in humans as evidenced by decreased whole body respiratory quotient (74-

76). Omega-3 fatty acids also play a crucial role in the amelioration of inflammation in 

obesity, and this is seen even when adipocyte size is not decreased (77). Mice fed a high-

fat diet (45% energy from fat) for 6 weeks followed by feeding a high-saturated fat diet 

supplemented with EPA (36 g/kg ethyl ester) for 5 weeks was unable to reverse glucose 

intolerance nor decrease fat mass, but was able to reverse insulin resistance, increase 

adiponectin concentrations, decrease markers of inflammation in adipose tissue, and 

decrease hepatic TG accumulation (78). Pro-inflammatory prostaglandin secretion by 

adipocytes and macrophages is decreased by competitive incorporation of EPA into 

membranes, thus preventing arachidonic acid incorporation and subsequent release and 

metabolism to pro-inflammatory prostaglandins (79, 80). Omega-3 fatty acids ability to 

reverse negative effects due to inflammation isn’t due solely to its competitive inhibition 

of arachidonic acid-derived inflammatory mediators, n-3 PUFA derived resolvins, 
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protectins, neuroprotectins, and maresins are key mediators in the resolution of 

inflammation (81-85). 

 In summary, omega-3 fatty acid supplementation decreases adipocyte derived 

macrophage inflammation, and alters lipid metabolism to a fat burning state, thus 

decreasing adipocyte size. Improving local lipid metabolism and inflammation decreases 

whole body and chronic inflammation decreasing risk factors for diseases such as CVD 

and neural degenerative disease. 

Neural degenerative diseases 

 Cardiovascular risk factors have been linked to cognitive decline and dementia in 

the elderly (86-90), chronic inflammation and vascular abnormalities, as seen in 

atherosclerosis, and obesity may play a role in the development of neurodegenerative 

diseases, which is a broad spectrum of diseases associated with aging (91, 92). In fact 

heart disease is commonly found in patients with Alzheimer’s disease (AD) and may be a 

precursor to the dementing disorder which has classically been categorized as “non-

vascular”. The onset of neurodegenerative disease is preceded by cognitive decline which 

is preceded by cerebrovascular dysfunction which can be assessed using advanced brain 

imaging techniques. These neuro-vascular interactions involved in the development and 

progression of AD have been largely understudied due to the classification of AD as 

“non-vascular” (92). Inflammation in the form of elevated cytokines and chemokines in 

the brain has been associated with increased pathogenic lesions in patients with 

neurodegenerative diseases. Systemic inflammation can activate microglia in both AD 

and normal brains, leading to dementia and aggravating cognitive decline (93). In non-
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dementia patients with heart disease there is an increased amount of AD-like amyloid-β 

deposits within neurons of the brain (94). Vascular dysfunction has been proposed as the 

primary event in the pathogenesis of AD, that neurovascular damage occurs, then 

amyloid-β deposits form, exacerbating neurovascular damage, ultimately leading to 

neurodegenerative events and cognitive decline. Endothelial cells from AD brains 

express high levels of MCP-1 and ICAM-1 (95, 96). Microvessels from AD brains 

release higher levels of inflammatory factors such as nitric oxide, thrombin, TNF-α, 

TGF-β, IL-1β, IL-6, IL-8 and matrix metalloproteinase when compared to age matched 

controls (96-99). Inflammation in the subgranular zone of the denate gyrus can lead to 

decreased neurogenesis, which was linked to cognitive decline, AD, and depression (100-

102). Rats infused intracortically with lipopolysaccharide from E. coli had increased 

inflammation and an 85% reduction in the number of new neurons forming (103). This 

study also found a significant negative correlation between the number of new neurons 

and activated microglia, and when a selective inhibitor of microglia activation was 

infused, hippocampal neurogenesis was restored in animals that had increase 

inflammation due to lipopolysaccharide infusion. 

Incorporation of DHA into myelin sheaths and neuronal membranes increases 

membrane fluidity, receptor number and signaling, and ion channel function (104-107). 

Aged rats, when compared to young rats had decreased concentrations of DHA and 

arachidonic acid in the hippocampal region (108). The amount of DHA present in 

phosphatidylserine in the midfrontal and superior temporal regions of the brain were 

lower in patients with AD when compare to patients with no cognitive impairment and 

mild cognitive impairment, but not in the angular gyrus region (109). In these two regions 
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of the brain oleic acid isomers (unnamed) were 10 to 20% higher in AD patients. The 

authors linked the lower DHA concentration in AD brains to cognitive decline due to the 

presence of DHA in phosphatidylserine participating in the signaling cascade leading to 

apoptosis. Enrichment of neuronal cells with DHA leads to increased phosphatidylserine 

levels, and in a DHA depleted environment neuronal cells will have decreased 

phosphatidylserine levels (110). This is important because neuronal membranes that are 

enriched in DHA and phosphatidylserine better activate phosphatidylserine interacting 

kinases which prevent cell death. In fetal human forebrain the three main fatty acids 

present are DHA, AA, and AdA, in phospholipids DHA increases during the third 

trimester starting at ~32 weeks of age (111, 112). When analyzing pre- and post-natal 

brain samples there was an increase in the proportion of n-3 PUFA and a decrease in the 

proportion of n-6 PUFA present in the brain (113). An increase in DHA is seen as 

neuronal development is occurring, and AdA, oleic acid and nervonic acid are seen 

increasing during myelination in the brain (113). 

The concentration of DHA in the brain is not the only n-3 PUFA of interest, the 

concentration of EPA in the brain is of great importance due to its anti-inflammatory 

properties. Dietary supplementation of EPA in aged rats reversed the age-related 

impairment seen in long term potentiation and this could be attributed to the increase 

membrane fluidity in animal supplemented with PUFA, by increasing potassium 

chloride-stimulated glutamate release when compared to aged matched controls (108). 

Minogue and authors hypothesized that this anti-inflammatory effect of EPA could be 

due to its ability to increase IL-4 concentration and thus inhibit microglial activation, or 

that it could be due to EPA ability to upregulate peroxisome proliferator-activated 
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receptor which can modulate microglial activation (114). They tested these theories with 

a rat model infused with amyloid-β and found EPA reversed the amyloid-β- and age-

associated decreases in peroxisome proliferator-activated receptor γ production, and 

inhibited the production of IL-1β in LPS and amyloid-β induced models. As such EPA 

plays an important role in attenuating IL-1β concentration in the hippocampus. This 

supports the idea that the lipid composition of membranes can alter synaptic function and 

plasticity. 

 Rats were orally administered radioactive isotopes of omega-3 fatty acids, the 

amount of EPA and DPAn3 incorporated into brain tissue were about equal at 

approximately 30% of the dose incorporating, DHA had approximately 50% of the dose 

incorporated into the brain, and oleic acid was approximately 10% (32). In the 

phospholipid fraction of the DHA treated group, 80% of the phospholipids were 

radioactively, 70.9% in the DPAn3 group, 58.2% in the EPA group, and 35.4% in the 

oleic acid group. Aged rats (20-22 months) supplemented with EPA and DPAn3 shifted 

the sphingomyelinase pathway in cortical tissue towards an anti-apoptotic phenotype by 

increasing the ratio of sphingosine-1-phosphate to C16-, C18-, and C20-ceramide without 

increasing total sphingosine-1-phosphate concentration (33). Increased oxidative DNA 

damage is an indicator of oxidative stress which triggers sphingomyelinase activity, this 

effect was decreased in aged rats supplemented with EPA and DPAn3 when compared to 

aged rats supplemented with MUFA. Incubation of cultured cortical neurons with EPA 

and DPAn3 decreased lipopolysaccharide-stimulated activity of sphingomyelinase and 

caspase 3, which are indicators of oxidative stress and cellular stress. The authors found 

that caspase 3 activity is mediated by sphingomyelinase activity, and that 
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sphingomyelinase activity is triggered by an accumulation of reactive oxygen species. A 

meta-analysis of AD studies in animals found that long-term omega-3 fatty acid 

supplementation decreased amyloid-β deposition, hippocampal neuronal loss, and 

improved cognition scores in mixed species (115).  

Conclusion 

Omega-3 fatty acids have significant effects in reducing the progression and 

development of atherosclerosis when looking at many of the modes of action in animals. 

Human models show decreased platelet aggregation, plasma TG levels, and potential for 

decreased cytokine production. The combination of these three things can inhibit 

macrophage attraction, decrease uptake of modified LDL by macrophages and decrease 

macrophage adhesion. Omega-3 fatty acids also have the ability to decrease inflammation 

associated with obesity, and neuro-degenerative disease, thus reducing the risk associated 

with developing these diseases. The effects of EPA and DHA are well studied in each of 

these diseases, but the effects of DPAn3 still remain unclear, and questions remain about 

how some of the effects of EPA that are seen and if they are due to incorporation into 

tissues as DPAn3 or truly EPA. 
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CHAPTER II 

OMEGA-3 POLY UNSATURATED FATTY ACIDS AND RISK FOR 

ATHEROSCLEROSIS AND OBESITY 

Introduction 

The AHA and the American Medical Association estimate that more than 1 in 3 

Americans have CVD, or are obese (52, 116). Obesity is one of the major risk factors for 

CVD, and many other diseases (117, 118). Cardiovascular disease kills more Americans 

per year than cancer, averaging more than 2200 deaths per day. Atherosclerosis, which is 

the greatest contributor to CVD, is caused by a build-up of lipids, cholesterol, and 

apoptotic bodies in the intima of the arterial wall. These build-ups are called plaques, 

which cause a narrowing of the lumen of the artery and a fibrous cap is formed on the 

endothelial layer of the artery. The narrowing of the lumen can cause a blockage if 

platelets accumulate in the area, and if the plaque gets large enough eventually the 

fibrous cap will burst, causing a thrombosis. The annual cost for CVD is estimated to be 

$297.7 billion which includes $118.5 billion in lost future productivity due to premature 

CVD mortality. This is attributed to fewer than half of the people that have experienced a 

cardiac event or are qualified to receive a lipid lowering drug receiving treatment (14). 

The annual cost for obesity is estimated to be $147 billion with obese people having 42% 

greater per capita medical spending than normal weight people (119). 

Recommendations for the consumption of omega-3 (n-3) fatty acids by the United 

States Department of Agriculture have only been determined for α-linolenic acid (C18:3 

n-3). The AHA recently recommended that the daily consumption of eicosapentaenoic 
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acid (EPA) + docosahexaenoic acid (DHA) for individuals should depend on their fasting 

TG concentrations with recommendations of: 0.5 to 1.0 g/day (borderline, 150 to 199 

mg/dL), 1 to 2 g/day (high, 200 to 499 mg/dL), and 2 to 4 g/day (very high, >500 mg/dL; 

(120). The AHA estimates that only 10 to 15% of Americans consume the recommended 

amount (≥ 250 mg per day) of very-long chain polyunsaturated fatty acids (PUFA), 

specifically EPA and DHA, and 15 to 40% of Americans consume the recommended 

amount of nuts, legumes and seeds (14). 

Docosapentaenoic acid omega-3 (DPAn3) is formed from the elongation of EPA, 

which can then be elongated, desaturated, transported, then shortened to DHA (31). 

Arachidonic acid is elongated and desaturated to DPAn-6 which physiologically acts very 

different from DPAn3. Docosapentaenoic acid n-3 upregulates the lipooxygenase 

pathway and also acts as a potent inhibitor of cyclooxygenase-1 and cyclooxygenase-2 

activity leading to decreased platelet aggregation and active tension of the aorta (18, 43). 

Mice fed a diet supplemented with pure DPAn3 had decreased fatty acid synthase 

activity, total cholesterol, and TG levels (19). When hamsters were switched from a 

normal chow diet to a high-cholesterol diet, DPAn3 supplementation prevented an 

increase in total cholesterol, which researches attributed to a down-regulation of sterol 

regulatory element-binding protein-2 subsequently decreasing transcription of 3-hydroxy-

3-methyl-glutaryl-CoA reductase, involved in cholesterol synthesis (18). 

Post-prandial plasma chylomicronemia was decreased in humans following a 

breakfast supplemented with DPAn3, and DPAn3 was found to be transported in the 

chylomicron TG rather than the chylomicron phospholipids over the 5-hour period that 
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followed (22). This indicates that the enterocyte is preferentially esterifying free fatty 

acids to 2-monoacylglycerol to make TG instead of esterifying to a lysophospholipid to 

make a phospholipid when assembling the chylomicron. The presence of DPAn3 also 

decreased digestion, absorption, and incorporation into a chylomicron of the olive oil 

present in the breakfast. This shows one of the ways that fish oil reduces plasma TG 

levels in hypertriglyceridemic patients. The incorporation of DPAn3 into adipose, heart, 

and skeletal muscle tissue is very high (31, 32). Recently the Physicians’ Health Study 

found a non-linear, inverse relationship between DPAn3 consumption and risk of heart 

failure, with plasma EPA and DHA having no association with heart failure (121). 

Circulating levels of DPAn3 correlate poorly with fish consumption due to the majority 

of DPAn3 being metabolized from EPA endogenously as EPA is present in greater levels 

in fish (122). Questions still remain about the function of DPAn3 in the body and 

research is becoming more focused on the biological activity and potential of DPAn3.  

Hypothesis and Objective 

The hypothesis of the current study was that supplementation of omega-3 fatty 

acids into the diets of low-density lipoprotein receptor null (LDLr-/-) mice would reduce 

total TG and cholesterol in peripheral circulation, with a concomitant reduction in the 

accumulation of plaque in the aortic arch, and decrease inflammation associated with 

obesity. 

Therefore, the objective was to compare the effects of DPAn3, EPA, DHA, and 

commercial preparations of purified omega-3 fatty acids (Lovaza® and OmegaActiv®) 

on lipid metabolism, the development of atherosclerosis, and inflammation in visceral 
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adipose tissue. Lovaza® was used as a comparison because it is an FDA-approved 

prescription medicine for adults who have been diagnosed with very high TG and 

contains a high concentration of EPA+DHA. 

Materials and Methods 

Forty-eight male LDLr-/- mice (8 to 10 weeks of age, ~20 g) were obtained from 

Jackson Laboratories (Bar Harbor, Maine, stock # 2207) and allowed to acclimate to the 

cages, room, and feeding design for 12 days. After the acclimation period, mice were 

weighed and randomly assigned to one of six treatments. Mice were fed an isolipid (20% 

total fatty acids w/w), isonitrogenous, and 0.15% cholesterol (w/w) diet, which is 

considered atherogenic (Ain76, 58TQ TestDiet®) as a base diet. This base diet was 

formulated to meet or exceed all nutrient and energy requirements for a growing mouse. 

The treatments were added to the base diet (0.76% w/w of the total diet or 3.5% w/w of 

the total fatty acids) and were made once at the beginning of the study, separated into 

weekly aliquots, stored at -80°C, allowed to thaw at 4°C for 2 days prior to feeding, and 

stored at 4°C until fed. A sample from each weekly aliquot was collected, composited, 

and archived for fatty acid analysis at a later date. The treatments were as follows: (1) 

Negative control diet, 3.5% of the total fatty acids were replaced with milk fat (the main 

source of fat in the base diet), (2) 3.5% of the total fatty acids were replaced with purified 

ethyl esters of DHA, (3) 3.5% of the total fatty acids were replaced with purified ethyl 

esters of DPAn3, (4) 3.5% of the total fatty acids were replaced with purified ethyl esters 

of EPA, (5) 3.5% of the total fatty acids were replaced with n-3 fatty acids from Lovaza® 

(GlaxoSmithKline), and (6) 3.5% of the total fatty acids were replaced with n-3 fatty 
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acids from OmegaActiv® Super DPA (Omega Protein Corporation, Houston, TX; Table 

1). All purified ethyl esters of fatty acids were purchased from Nu-Chek Prep, Inc. 

(Elysian, MN). Vitamin E and cholesterol levels were balanced across all the treatments. 

Mice were fed their diet three times weekly and intakes and refusals were recorded at 

these times. Feed intake was calculated and averaged by week.  

Mouse body weights were recorded once weekly in conjunction with cage 

changes. Blood serum lipid profiles were analyzed on blood samples from the mice 

before (subset of 6 mice), 10 weeks, and 20 weeks relative to initiation of dietary 

treatments. Mice were anesthetized prior to submandibular venipuncture and remained 

under anesthesia at 20 weeks. Immediately after the blood collection at 20 weeks each 

mouse was euthanized via exsanguination while the heart and aorta were perfused with 

hank balanced salt solution to clear out any remaining blood. The heart and aorta were 

isolated from each mouse and immediately frozen in liquid nitrogen for later dissection. 

Aortic arches were dissected from the aortic root to the abdominal aorta using a 

microscope. Total lipid content was measured using the procedure outline by Folch et al. 

(123) prior to cholesterol assessment. Total cholesterol (TC), free cholesterol (FC), and 

cholesterol ester (CE) were quantified using a hexane extraction method as described in 

detail in Appendix I. 

Abdominal visceral adipose tissue was isolated from mice at harvest, and flash 

frozen for later analyses. Total lipid content was measured using the procedure outline by 

Folch et al. (123). Total protein was extracted using a radioimmunoprecipitation assay 
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buffer (Appendix I) and protein cytokine concentrations were analyzed for TNF-α, MCP-

1, and IL-6 via Quantikine® ELISA kits (R&D Systems, Minneapolis, MN).  

RNA was extracted using an RNeasy Lipid Mini Kit (Qiagen, Valencia, CA). 

Complemetary DNA was synthesized from RNA using SuperScript™ II reverse 

transcriptase according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA) on 

Bio-Rad T100™ Thermal Cycler. Primers for MCP-1, TNF-α, IL-6, F4/80, and β-actin 

were designed using Primer Express version 2.0 (Applied Biosystems, Foster City, CA), 

β-Actin was used as an endogenous control. Primer amplification efficiency and 

specificity were verified for each set of primers. Complementary DNA levels of the genes 

of interest were measured using power SYBR green master mix on Bio-Rad Real-Time 

PCR CFX96 Touch using thermal cycling parameters recommended for the SYBR green 

master mix utilized, as previously described (17). Messenger RNA fold change was 

calculated using the 2^(-ΔΔCt) method, as previously described (124). 

Statistics 

Analysis for all blood lipid profiles was performed using the lme() function from 

the {nlme} package in R (R Core Team, 2013). Non-normally distributed variables and 

variables with heteroscedastic errors were log-transformed prior to analysis. Least 

squares means were considered significantly different when P ≤ 0.05. Log-transformed 

variables were back-transformed for graphical representation. The fixed effects in the 

model were treatment, week of study, and treatment x week of study. Animal nested 

within treatment was fit as a random effect. Least squares means were calculated using 

the lsmeans() function from the {lsmeans} package for all blood lipid profiles and a 
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general linear hypothesis test, using the glht() function in the {multcomp} package, was 

utilized for specified contrasts, control vs. the average of all n-3 containing diets. Because 

Lovaza® is composed of high and almost equal levels of EPA and DHA we also 

contrasted the diet supplemented with Lovaza® to the average of the diets supplemented 

with EPA and DHA alone. Pairwise comparisons were made between time of blood 

analysis, and between treatments at each individual time frame. 

Analysis for aortic cholesterol deposition was performed using the aov() function 

from the {stats} package in R. Pairwise comparisons and contrasts were analyzed as 

outlined above.  

Results and Discussion 

Body weight and feed intake increased over time, and there were no differences 

among treatments for either body weight or daily feed intake (P > 0.10; Table 2); these 

results are in agreement with Wang et al. (125). When leptin knockout mice were fed one 

of four diets, a control diet (9% fat, 46% sucrose, 20% casein), or the control diet with 

11% of the fat replaced with EPA, DPAn3, or DHA for 4 weeks, there was no difference 

in feed intake however, mice supplemented with EPA gained the most weight (7.64g) and 

the mice supplemented with DHA gained the least weight (19). Another study used 

LDLr-/- mice and apolipoprotein E knockout (ApoE-/-) mice and assigned them to a 

control diet, a fish oil supplemented diet, or a corn oil supplemented diet. The LDLr-/- 

control mice were fed a high-fat diet (23% calories from fat), whereas the ApoE-/- 

control mice were fed a standard low-fat chow diet. The treatments used the respective 

control diets for each breed of mice and supplemented with 1% w/w of fish oil (fish diet) 
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or corn oil (corn diet). The mice were fed for 20 weeks and the mice on the fish diet, 

irrespective of breed, had decreased feed intake compared to the mice on the corn diet or 

the control diet (5.3 vs. 5.7 and 5.5 g/animal/day; 6.3 vs. 6.6 and 6.5 g/animal/day for 

LDLr-/- and ApoE-/- breeds, respectively). No differences were seen in body weight gain 

within breed (126). Total blood cholesterol, LDL cholesterol, TG, non-esterified fatty 

acid (NEFA), and glucose levels increased over the experiment period (Figures 1- 5, 

respectively). These results are in agreement with Chen et al. (18); indicating that these 

mice had dyslipidemia and insulin resistance. A serial harvest study was conducted on 

LDLr-/- mice from 0 to 12 months after feeding a high fat diet or a normal chow diet 

(127), and the authors observed that total and LDL cholesterol concentrations in mice fed 

the high fat diet increased greatly after the first two weeks then slowly increased over the 

length of the study. The authors also did not find an increase in total TG level but did 

note an increase in fasting blood glucose concentrations. 

Consistently high blood glucose concentrations over an extended period of time 

can increase the risk of developing insulin resistance. Mice from the strain of C57BL/6J 

or mice that are back crossed to that strain develop obesity, hyperinsulinemia, 

hypertriglyceridemia, and hyperglycemia when fed a high fat diet ad libitum (diet 

induced obesity) but when fed a low-fat chow diet remain lean (128). Supplementing a 

high fat diet (45% kcal from fat) with EPA (HF-EPA; 16% of total fatty acids) in 

C57BL/6J mice for 11 weeks did not prevent or reverse glucose tolerance as measured by 

area under the curve for a glucose tolerance test (78). However, when insulin resistance 

was assessed in this same study the HF-EPA diet prevented and reversed insulin 
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resistance calculated as (glucose concentration*insulin concentration)/22.5 (homeostasis 

model of assessment of insulin resistance). The diet assessed as “reversing” was a high 

fat diet for the first 6 weeks of the study and the HF-EPA diet for the last 5 weeks of the 

study. Hyperglycemic LDLr-/- mice were found to not be insulin resistant as measured by 

injecting fed mice with 0.5 U/kg of body weight of human insulin and measuring blood 

glucose concentrations over time which was then expressed as a percentage of initial 

blood glucose concentration (129). After further investigation the pancreatic islets from 

LDLr-/- mice were less sensitive to stimulation by glucose than islets from C57BL/6J 

mice. Increased cholesterol deposition in pancreatic islet cells decreased insulin secretion 

in LDLr-/- mice, and when the cholesterol was depleted insulin secretion improved. This 

data suggested that the reduced pancreatic islet insulin secretion is the main cause of 

impaired glucose homeostasis in LDLr-/- mice (129). Excess circulating cholesterol, as is 

seen in LDLr-/- mice, causes cholesterol to be deposited in peripheral tissues instead of 

being taken up and recycled by the liver. While overall blood glucose concentrations 

increased throughout the present study, there were no differences among the Control diet 

and any of the treatment diets (Figure 5). 

At the 10 and 20 week observations, NEFA concentrations among the mice on the 

Control diet were greater than the mice on diets containing n-3 fatty acids, with DPAn3 

and DHA treatments having the same effect (Figure 4). In addition, at the 20 week 

observation, serum cholesterol and TG concentrations were greater among mice on the 

Control diet than mice fed the n-3 fatty acid diets (Figures 1 & 3, respectively); these 

results are in agreement with Gotoh et al. (19) and Wang et al. (17). At 10 weeks the 
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DPAn3 mice had serum cholesterol concentrations that were the same as Control, DHA, 

Lovaza®, and OmegaActiv® mice, but greater than EPA mice. By 20 weeks however, all 

n-3 PUFA supplemented diets were the same. Zampolli et al. (126) found increased 

serum cholesterol as early as four weeks in LDLr-/- mice fed a control diet or a corn oil 

diet when compared to a fish oil supplemented diet, and this trend continued to 20 weeks. 

They also observed increased TG and LDL cholesterol at 20 weeks in the mice fed the 

control diet or the corn oil diet when compared to the fish oil diet. At 10 weeks DPAn3 

mice and OmegaActiv® mice did not have different TG from the control but by 20 weeks 

they were the same as all the other n-3 PUFA treatments which were all lower than the 

control. A high fat and cholesterol diet was fed to LDLr-/- mice for 14 weeks then the 

mice were switched to a normal chow diet with or without 5% of the diet supplemented 

with EPA (130). This study found that the EPA supplementation decreased total serum 

cholesterol but not TG. The discrepancy between the current study and that of Nakajima 

et al. (130) in TG concentration could be due to the mice in the Nakajima et al. study not 

consuming a high fat diet for 4 weeks at the time of blood lipid analysis. Hamsters fed a 

high carbohydrate, high cholesterol diet supplemented with DPAn3, DPAn-6, or DHA 

had increased plasma TG over the six week timeframe, at week three the DPAn-6 

hamsters had the highest TG (264 mg/dL) followed by DPAn3 hamsters (226 mg/dL) and 

DHA hamsters (207 mg/dL), but by week six there were no differences among treatment 

diets. In the present study, the diet supplemented with Lovaza® was not different from 

the average of the diets supplemented with EPA and DHA alone for any of the serum 

lipids measured (P > 0.10). Serum LDL concentrations of DPAn3 mice at 10 weeks were 
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greater than EPA mice but were not different from all other treatments (Figure 2). At 20 

weeks DPAn3 mice were greater than OmegaActiv® mice but again not different from 

the other treatments. Some studies found no change in LDL cholesterol in human subjects 

supplemented with a combination of EPA + DHA (131, 132) while others have found 

supplementation with EPA had no effect on LDL, but EPA + DHA raised circulating 

LDL (133, 134). Research on the effect of DPA supplementation on LDL has used the 

omega-6 version of DPA, or has focused on non-HDL measures making comparisons 

unallowable (135, 136). Increased TG and increased fasting glucose levels are two of five 

risk factors associated with increased risk of CVD and type 2 diabetes mellitus. The other 

three risk factors include increased weight circumference, decreased high-density 

lipoprotein cholesterol, and increased blood pressure.  

The percentages of total lipids in aortas were not different among treatments (P > 

0.10, Table 2). Total cholesterol, FC, and CE accumulated in aortas of all the mice 

(Figure 6). All three measurements; TC, FC, and CE decreased with the addition of EPA 

to the diet (P < 0.10). In addition, the diet containing Lovaza® decreased cholesterol 

ester deposition (P < 0.05) when compared to the control diet. The average of all the n-3 

fatty acid diets when contrasted to the Control decreased TC and CE (P = 0.10 and P < 

0.05, respectively). In the present study, the diet supplemented with Lovaza® was not 

different from the average of the diets supplemented with EPA and DHA alone for TC, 

FC, or CE (P > 0.10). The mice supplemented with DPAn3, DHA, and OmegaActiv® all 

had equal amounts of TC, FC, and CE. Plaque area size in transections of aortic tissue is 

another option for measuring cholesterol deposition in aortas, giving the ability to 
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separate out the three main parts of the aorta: arch, descending, and infrarenal. Studies 

have found decreased plaque area in the aorta of mice supplemented with fish oil (1 and 5 

% wt/wt of the diet), with the majority of the plaque being deposited in the aortic arch 

(126, 130). Interestingly, it appears that after 9 months of feeding a high fat diet to LDLr-

/- mice the aortic arch lesion formation peaks and at 12 months the lesions are increasing 

in the thoracic and abdominal aorta (descending), thus total artery lesion formation 

continues to increase (127). In humans low serum levels of EPA and DPAn3 were 

inversely associated with lipid-rich plaques in patients with acute coronary syndrome 

(137). Hamsters whose diet was supplemented with DPAn3 and DHA had lesser aortic 

tension and relaxed better when compared to hamsters fed a diet supplemented with 

DPAn-6 and control hamsters which were supplemented with stearic acid (18). 

Adipose tissue protein cytokine concentrations were not different among the 

treatments for neither MCP-1 nor IL-6 (P = 0.702 and P = 0.543, respectively; Figure 7), 

but the mice fed diets supplemented with n-3 had decreased TNF-α (P < 0.05). Rats fed a 

diet with 20% protein coming from casein or a variety of fish sources (EPA and DHA 

were < 0.8 and 1.2 mg/100 g of fish diet, respectively) had adipose tissue cytokine 

expression measured and mice in all fish oil treatment diets had decreased TNF-α and IL-

6 when compared to the mice fed the casein diet (138). The differences between the 

present study and the one previously stated in IL-6 cytokine concentrations could be due 

to the present study extracting total protein prior to measurement and Pilon et al., (138) 

used adipose tissue directly. There were no treatment differences for adipose tissue 

mRNA content of F4/80 and MCP-1 (P = 0.50 P = 0.47, respectively; Figure 8), but IL-6 
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mRNA concentration was decreased (P < 0.01) in the mice fed diets supplemented with 

n-3 and the mice fed the EPA diet almost completely ameliorated IL-6 mRNA.  

The mouse models ob/ob and db/db are both leptin deficient mouse models, 

however, ob/ob mice respond to leptin treatment which results in decreased food intake 

and increased activity while db/db mice are leptin resistant (139-142). Monocyte 

chemoattractant protein-1 and F4/80 mRNA content was increased in white adipose 

tissue in two mouse genetic models of obesity (ob/ob and db/db) after 15 weeks of 

normal chow feeding and in one mouse model of diet induced obesity, C57BL/6J fed a 

high fat diet for 16 weeks, when compared to wild type mice fed a low-fat chow diet 

(67). Inhibiting cholesterol absorption in the intestine of LDLr-/- mice was able to 

decrease cholesterol deposition in the aorta of these mice but had no effect on 

inflammation in adipose tissue; these mice had increased adipose tissue inflammation 

when compared to low-fat-fed controls (143). The LDLr-/- mouse is backgrounded to the 

C57BL/6J mouse strain making it highly susceptible to diet-induced obesity, and 

increased inflammation after 20 weeks of high-fat feeding. 

Differentiated 3T3-L1 adipocytes were supplemented with a range of EPA:AA 

ratios from 200:0 to 0:200 with the total concentration of both PUFA at 200 μM (144). 

The 200 μM EPA-treated cells had decreased MCP-1 and IL-6 when compared to the 200 

μM AA treated cells. Severely obese, non-diabetic patients were administered 3.36 g/d of 

EPA + DHA or a calorically equal amount of butter fat for 8 weeks prior to bariatric 

surgery, at surgery the patients had visceral adipose tissue removed and mRNA content 

of was IL-6 measured (145). The patients treated with n-3 PUFA had decreased plasma 
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IL-6 when compared to their baseline measure (-0.38 pg/ml) and had decreased mRNA 

content of MCP-1 and IL-6 in subcutaneous adipose tissue but not visceral adipose tissue 

when compared to the patients supplemented with butter fat. Insulin-resistant, non-

diabetic patients were administered 4 g/d of Lovaza® for 12 weeks then MCP-1 and 

CD68 (a macrophage marker) mRNA content from abdominal adipose tissue was 

measured and both decreased after supplementation (146). 

Conclusion 

The results of this study suggest that n-3 PUFA when supplemented in a high fat, 

high cholesterol diet (Westernized diet) can decrease total serum cholesterol, TG, and 

cholesterol deposition in the aorta, but do not decrease LDL cholesterol or serum glucose. 

Supplementing the Westernized diet with n-3 PUFA could decrease markers of 

inflammation associated with obesity risk factors associated with metabolic syndrome 

and CVD. More research is needed to assess the mechanisms behind how n-3 PUFA 

decrease inflammation associated with macrophages and obesity. The mice supplemented 

with DPAn3 were equally as potent as the other n-3 PUFA diets at reducing risk factors 

associated with CVD, namely dyslipidemia. 



 

 

 

Table 1. Composition of treatment diets fed to LDLr-/- mice
1
. 

Component 

 

Control DHA
2
 DPAn3

3
 EPA

4
 Lovaza® OmegaActiv® 

Protein (g/100g diet) 17.6 17.6 17.6 17.6 17.6 17.6 

Carbohydrates (g/100g diet) 50.2 50.2 50.2 50.2 50.2 50.2 

Linoleic Acid (g/100g diet) 0.53 0.53 0.53 0.53 0.53 0.53 

Linolenic Acid (g/100g diet) 0.1 0.1 0.1 0.1 0.1 0.1 

Milk Fat added to the diet 

(g/100g fat) 3.50 0 0 0 0 0 

(g/100g diet) 0.76 0 0 0 0 0 

n3 added to the diet 

(g/100g fat) 0 3.50 3.50 3.50 3.50 3.50 

(g/100g diet) 0 0.76 0.76 0.76 0.76 0.76 
1
LDLr-/-: low density lipoprotein receptor knockout 

2
DHA: docosahexaenoic acid 

3
DPAn3: docosapentaenoic acid omega-3 

4
EPA: eicosapentaenoic acid 
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Table 2. Average feed intake, average daily gain, and percent lipid of aortas for LDLr-/- mice fed 

an atherogenic diet supplemented (0.76% w/w of the diet) with milk fat (Control) or omega-3 fatty 

acids, alone or in combination
1
. 

Variables Control DHA
2
 DPAn3

3
 EPA

4
 Lovaza® OmegaActiv® Pooled SEM P-value 

Feed intake, g/d 3.95 3.91 3.78 3.88 3.94 4.01 0.109 0.74 

ADG
5
, g/d 0.17 0.17 0.18 0.16 0.17 0.17 0.099 0.84 

Aorta lipid, % 29.55 36.38 29.52 29.93 38.80 30.71 5.309 0.62 
1
LDLr-/-: low density lipoprotein receptor knockout 

2
DHA: docosahexaenoic acid 

3
DPAn3: docosapentaenoic acid omega-3 

4
EPA: eicosapentaenoic acid 

5
ADG: average daily gain T
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Figure 1. Mouse total serum cholesterol concentrations after 10 and 20 weeks of and 

atherogenic feeding protocol, supplemented with milk fat (Control) or omega-3 fatty 

acids, alone or in combination, in LDLr-/- mice (data reported as LSmeans ± SEM). 

Treatment x time P = 0.29; treatment P = 0.28; time P < 0.001; sliced treatment effect by 

time at week 20 P < 0.05. Means with different superscripts differ within time P < 0.10. 

The open black box across time points indicates 95% confidence interval for baseline 

value (191 ± 29.2 mg/dL; mean ± margin of error). n-3 indicates contrast of Control diet 

vs. all omega 3 fatty acid diets at week 20 P < 0.05. 
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Figure 2. Mouse serum LDL cholesterol levels after 10 and 20 weeks of an atherogenic 

feeding protocol, supplemented with milk fat (Control) or omega-3 fatty acids, alone or 

in combination, in LDLr-/- mice (data reported as LSmeans ± SEM). Treatment x time P 

= 0.24; treatment P = 0.19; time P <0.05; sliced treatment effect by time at week 20 P < 

0.10. Means with different superscripts differ within time P < 0.1. The black box across 

time points indicates 95% confidence interval for baseline value (131 ± 15.1 mg/dL; 

mean ± margin of error). 
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Figure 3. Mouse serum TG levels after 10 and 20 weeks of an atherogenic feeding 

protocol, supplemented with milk fat (Control) or omega-3 fatty acids, alone or in 

combination, in LDLr-/- mice (data reported as LSmeans ± SEM). Treatment x time P = 

0.60; treatment P < 0.05; time P < 0.10; sliced treatment effect by time for week 20 P < 

0.01. Means with different superscripts differ within time P < 0.1. The black box across 

time points indicates 95% confidence interval for baseline value (130 ± 14.6 mg/dL; 

mean ± margin of error). n-3 indicates contrast of Control diet vs. all omega 3 fatty acid 

diets at week 20 P < 0.001. 
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Figure 4. Mouse serum non-esterified fatty acid (NEFA) levels after 10 and 20 weeks of 

an atherogenic feeding protocol, supplemented with milk fat (Control) or omega-3 fatty 

acids, alone or in combination, in LDLr-/- mice (data reported as LSmeans ± SEM). 

Treatment x time P = 0.62; treatment P < 0.001; time P < 0.01; sliced treatment effect by 

time for week 10 P < 0.01. Means with different superscripts differ within time P < 0.1. 

The black box across time points indicates 95% confidence interval for baseline value 

(2569 ± 306.5 mg/dL; mean ± margin of error). n-3 indicates contrast of Control diet vs. 

all omega 3 fatty acid diets at weeks 10 P < 0.001 and 20 P < 0.05. 
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Figure 5. Mouse serum glucose levels after 10 and 20 weeks of an atherogenic feeding 

protocol, supplemented with milk fat (Control) or omega-3 fatty acids, alone or in 

combination, in LDLr-/- mice (data reported as LSmeans ± SEM). Treatment x time P = 

0.16; treatment P = 0.22; time P < 0.001. Means with different superscripts differ within 

time P < 0.1. The black box across time points indicates 95% confidence interval for 

baseline value (74.8 ± 7.73 mg/dL; mean ± margin of error). 
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Figure 6. Cholesterol levels for total cholesterol (TC), free cholesterol (FC), and 

cholesterol ester (CE) in aortas of LDLr-/- mice after 20 weeks of an atherogenic feeding 

protocol, supplemented with milk fat (Control) or omega-3 fatty acids, alone or in 

combination (data reported as LSmeans ± SEM). Means with different superscripts differ 

within time P < 0.1. n-3 indicates contrast of control diet vs. all omega 3 fatty acid diets 

for TC P = 0.10, and CE P < 0.05. 
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Figure 7. Visceral adipose tissue total protein cytokine concentrations from LDLr-/- mice 

after 20 weeks of an atherogenic feeding protocol, supplemented with milk fat (Control) 

or omega-3 fatty acids, alone or in combination (data reported as LSmeans ± SEM). 

Means with different superscripts differ within cytokine. n-3 indicates contrast of control 

diet vs. all omega 3 fatty acid diets for TNF-α P ≤ 0.05. MCP-1: monocyte 

chemoattractant protein-1.  
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Figure 8a. Visceral adipose tissue total mRNA concentrations from LDLr-/- mice fed an 

atherogenic feeding protocol, supplemented with milk fat (Control) or omega-3 fatty 

acids, alone or in combination (data reported as LSmeans ± SEM). Means with different 

superscripts differ within cytokine (P<0.05). IL-6 transformed prior to testing, λ = 

0.3296812, back-transformed values graphically represented. n-3 indicates contrast of 

control diet vs. all omega 3 fatty acid diets for TNF-α P ≤ 0.05. MCP-1: monocyte 

chemoattractant protein-1. 
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Figure 8b. Visceral adipose tissue total mRNA concentrations from LDLr-/- mice fed an 

atherogenic feeding protocol, supplemented with milk fat (Control) or omega-3 fatty 

acids, alone or in combination (data reported as LSmeans ± SEM). Means with different 

superscripts differ within cytokine (P<0.05). n-3 indicates contrast of control diet vs. all 

omega 3 fatty acid diets for TNF-α P ≤ 0.1. MCP-1: monocyte chemoattractant protein-1. 
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CHAPTER III 

LONG CHAIN POLY UNSATURATED FATTY ACIDS AND 

MACROPHAGE INFLAMMATION 

Introduction 

Macrophages play a major role in cholesterol deposition in the aorta and 

inflammation associated with cholesterol deposition. Macrophages uptake cholesterol 

from LDL and oxidized LDL, secret pro-inflammatory cytokines and chemokines, recruit 

circulating monocytes and once lipid-laden form foam cells, eventually dying and 

depositing the cholesterol, lipids, and tissue factors in the intima of the aorta (147-149). 

This process exacerbates CVD and can be altered by increased circulating HDL level, or 

decreased non-HDL level, by decreasing inflammatory proteins secreted from resident 

macrophages, or by decreasing adhesion molecules on the surface of the endothelium to 

prevent recruitment and differentiation of circulating monocytes.  

Cytokines and chemokines expressed by the macrophages that have invaded the 

intima of the artery allow for increased recruitment of monocytes to the site of damage. 

The primary inflammatory mediators involved in plaque formation are platelet-derived 

growth factor, IL-1 and TNF-α (2, 47). Eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) not only prevent the adhesion and migration of monocytes 

into the intima, they decrease concentrations of IL-1 TNF-α, platelet activating factor, 

platelet derived growth factor, and free radical (48). Renier et al. (49) found that 

macrophages elicited from mice fed a Menhaden-oil rich diet had suppression of TNF-α 
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mRNA, as well as TNF-α and IL-1β expression after being stimulated with 

lipopolysaccharide. 

Docosapentaenoic acid omega-3 (DPAn3) is formed from the elongation of EPA, 

which can then be elongated, desaturated, transported, then shortened to DHA (31). 

Murine resident peritoneal macrophages preferentially incorporate DPAn3 into their 

membranes, even when EPA is supplemented; this is due to EPA rapidly elongating into 

DPAn3 (~75%). When cells were stimulated with ATP, DPAn3 was the only PUFA 

released at a level comparable to arachidonic acid (AA) release and decreased the 

production of eicosanoids such as 11-hydroxy-5,8,12,14-eicosatetraenoic acid and PGD2 

(42). Peripheral blood mononuclear cells from neonatal dairy calves supplemented with 

EPA + DHA incorporated 1.5 times more DPAn3 than plasma when EPA and DHA were 

around 1:1 for peripheral blood mononuclear cell and plasma incorporation (150). The 

authors found no differences in the kinetics of individual FA when assessing a dose of 0, 

5, and 10% of the dietary lipids supplemented as EPA + DHA, and that the decrease in 

arachidonic acid was not proportional to the amount of EPA incorporated into plasma and 

peripheral blood mononuclear cells, suggesting the ratio of AA:EPA in the diet could be 

more important than the total amount of AA in the diet. 
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Hypotheses and Objectives 

The hypotheses of the current study were: 

1. Supplementation of purified DPAn3 would be more potent than EPA or 

DHA alone at attenuating inflammation in macrophages associated with 

the accumulation of cholesterol-rich plaque in the aortic arch. 

2. The ratio of AA to EPA would be more important than the total 

concentration of AA at increasing inflammation associated with obesity 

and plaque formation in the aorta. 

Therefore, the objectives of the current study were to: 

1. Determine the influence of DPAn3-enrichment of macrophages on the 

inflammatory response of macrophages relative to SFA, MUFA, and other 

PUFA. 

2. Determine how the ratio of AA:EPA over different concentrations of AA 

changed the inflammatory response of macrophages to a 

lipopolysaccharide challenge. 

Material and Methods 

THP-1 cells were maintained in RPMI 1640 + 2 mM L-Glutamine, 10 mM 

HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L sodium 

bicarbonate; supplemented with 3.5 μL/L of 2-mercaptoethanol, 10% fetal bovine serum 

(FBS), and 1.25% antibiotic-antimycotic. Cell line was maintained in 75 cm
2
 filtered cap 

flasks in a 37°C incubator with 5% CO2. The THP-1 cells were seeded in 24-well plates 
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at 5 X 10
5
 cells/mL using 600 μL/well and allowed to differentiate into macrophages for 

72 hours with phorbol 12-myristate 13-acetate (PMA) at a final concentration of 50 

ng/mL. 

Experiment 1 

Prior to incubation with individual fatty acids the cells were starved for 8 hours in 

a 2% lipoprotein-free FBS RPMI 1640 medium. Individual fatty acids were added in 

duplicate into the 24-well plate at two concentrations, 50 μM and 100 μM. Every assay 

was cultured in three runs with duplicates in each run pooled. After incubation for 24 

hours with fatty acids, the cells were then stimulated with lipopolysaccharide from 

Escherichia coli 0111:B4 for another 24 hours. The plates were centrifuged at 1200 x g 

for 5 minutes, supernatant was collected and analyzed for TNF-α, MCP-1, IL-6 (R&D 

Systems, Minneapolis, MN), and PGE2 (Pierce Biotechnology, ThermoScientific, 

Rockford, IL). 

Experiment 2 

 PMA-differentiated THP-1 cells were starved for 8 hours in a 2% lipoprotein-free 

FBS RPMI 1640 medium, the media was aspirated, fresh media was added, and then 

treatments were applied. The treatments were AA at 25 μM, 50 μM, or 75 μM co-

incubated with EPA at ratios of 1:1, 1.5:1, and 3:1, thus making a 3 X 3 factorial. Co-

incubated fatty acids were added in duplicate to the 24-well plates with every assay 

conducted in triplicate, duplicates were pooled within assay. After incubation for 24 

hours with fatty acids the cells were then stimulated with lipopolysaccharide from 

Escherichia coli 0111:B4 for another 24 hours. The plates were centrifuged at 1200 x g 
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for 5 minutes, supernatant was then collected and analyzed for TNF-α, MCP-1, IL-6 

(R&D Systems, Minneapolis, MN), and PGE2 (Pierce Biotechnology, ThermoScientific, 

Rockford, IL). 

Statistics 

Analysis for LPS-stimulated cytokine production was performed using the lme() 

function from the {nlme} package in R (R Core Team, 2013). Non-normally distributed 

variables and variables with heteroscedastic errors were log-transformed prior to analysis. 

Least squares means were considered significantly different when P ≤ 0.05. Log-

transformed variables were back-transformed for graphical representation. The fixed 

effects for experiment 1 were treatment, FA concentration, and treatment x FA 

concentration. The fixed effect for experiment 2 was AA concentration, AA:EPA ratio, 

and AA concentration x AA:EPA ratio. Least squares means were calculated using the 

lsmeans() function from the {lsmeans} package for all fatty acids and pairwise 

comparisons were made among treatments for FA concentration, or ratio of AA to EPA. 

Results and Discussion 

The type of fatty acid incubated with the THP-1 cells altered (P < 0.001) the 

release of THP-1 macrophage cytokines, TNF-α, MCP-1 and IL-6 (Table 3). Saturated 

fatty acids (C16:0 & C18:0) as well as oleic acid (C18:1-cis) did not change the amount 

of cytokines released by THP-1 cells when compared to the control macrophages, which 

received lipoprotein-free media with no supplemental fatty acids added. Incubating THP-

1 cells with PUFAs decreased cytokine release, EPA was the most potent inhibitor of 

cytokine release followed by AA; these results are in agreement with Wang et al. (6). 
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Saturated fatty acids (C16:0 & C18:0) as well as oleic acid (C18:1-cis) did not change, or 

increased the amount of cytokines released by THP-1 cells when compared to the control 

macrophage.  

The build-up of plaque in the aortic wall is dependent on macrophage attraction, 

binding, and transfer from the lumen into the intima. Monocyte chemoattractant protein-1 

(MCP-1) is an essential chemokine in the recruitment of monocytes and is secreted in 

response to oxidized LDL being taken up by resident macrophages. Crossing LDLr-/- 

mice with MCP-1-/- removes the ability of the LDLr-/- mouse to produce MCP-1. When 

the double knockout mouse was fed a high cholesterol diet, atherosclerosis was severely 

inhibited, due to decreased macrophage presence in the aorta when compared to the 

LDLr-/- singular knockout mouse (151). Adhesion molecules play an important role in 

vascular invasion of monocytes to the intima of the aorta. A meta-analysis of randomized 

controlled trials researching the effects of n-3 PUFA supplementation on presence of 

adhesion molecules in plasma was conducted by Yang et al. (50). They found n-3 

supplementation reduced plasma concentrations of soluble ICAM-1, but not soluble 

VCAM-1, soluble P-Selectin, or soluble E-Selectin. Both endothelial cells and leukocytes 

express ICAM-1. VCAM-1 is expressed by cytokine stimulated endothelial cells that line 

large and small blood vessels (152). The protective effect of n-3 FAs has been found in 

healthy individuals, and patients with dyslipidemia, and is attributed to inhibiting 

monocyte activation rather than endothelial activation (50). 

Palmitoleic acid (C16:1n-7) did not alter TNF-α or IL-6 production, but did 

decrease MCP-1 production at both the 50 μM and 100 μM concentrations when 
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compared to control macrophages. Mice fed a low fat diet supplemented with palmitoleic 

acid had decreased numbers of macrophages in the liver, and decreased liver TNF-α and 

IL-6 concentrations (153). These same authors incubated mouse primary hepatocytes and 

mouse RAW macrophages with palmitoleic acid and found decreased mRNA of TNF-α 

and IL-6 in both cells when compared to cells treated with bovine serum albumin. 

Vaccenic acid (C18:1n-7) did not alter TNF-α at the 50 and 100 μM concentration nor 

IL-6 production at the 50 μM concentration, but did decrease MCP-1 production at both 

the 50 μM and 100 μM concentrations, and IL-6 at the 100 μM concentration when 

compared to control macrophage. When obese rats were fed a diet supplemented with 

1.5% wt/wt of the diet as vaccenic acid, production of IL-2 and TNF-α by mesenteric 

lymph nodes were decreased and similar to lean rats, and splenocytes from rats 

supplemented with vaccenic acid also produced 16 to 23% less IL-2, IL-10, and TNF-α 

when compared to mice who were fed no vaccenic acid (154). These results suggest 

palmitoleic acid and vaccenic acid are not pro-inflammatory and could be anti-

inflammatory but more research is needed to understand how they affect macrophage 

inflammation and cholesterol accumulation. 

When PUFAs were supplemented at increasing concentrations, cytokine 

expression decreased. When supplemented at the highest concentration of 100 μM, EPA 

was the most potent inhibitor of cytokine release. When VLDL from mice supplemented 

with EPA was incubated with THP-1, cells cytokine release was attenuated compared to 

VLDL from mice on a normal chow diet (20). The authors found that VLDL from EPA 

supplemented mice was less susceptible than VLDL from normal chow diet fed mice to 
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lipoprotein lipase, this decreased free FA release and subsequent uptake by macrophage. 

The effect of EPA supplementation on PGE2 secretion was not different from control 

cells at 50 and 100 μM. Incubating cells with DPAn3 at 50 μM decreased MCP-1 and IL-

6 but not TNF-α and at 100 μM decreased TNF-α and IL-6 but not MCP-1. 

Supplementing THP-1 cells with 50 and 100 μM of DPAn3 or DHA decreased secretion 

of PGE2 when compared to the control cells, or EPA-supplemented cells. This supports 

the hypothesis that DPAn3 is more potent than EPA at decreasing prostanoid production 

and the effect of EPA decreasing cyclooxygenase-2 prostanoid production that has been 

seen before could be due to EPA incorporating into immune cells as DPAn3 as Norris 

and Dennis suggested (42). 

Arachidonic acid supplementation also decreased cytokine expression, but not to 

the extent of EPA supplementation (Table 3). Hubbard et al. (155) found supplementing 

murine peritoneal macrophages with AA at concentrations as low as 1μM decreased 

TNF-α production and completely inhibited it at 2 to 5 μM with increasing LPS 

concentrations having no effect on TNF-α secretion. Arachidonic acid is present in the 

membrane of leukocytes in relatively high amounts (generally 15 to 20%) when other 20 

carbon fatty acids are not supplemented (7, 156). Arachidonic acid is also the preferred 

substrate for cyclooxygenase-1 and cyclooxygenase-2 resulting in the production of many 

eicosanoids, which are produced in greater amounts post cellular stimulation (157). The 

addition of 5 μM AA to murine peritoneal macrophage culture increased the amount of 

PGE2 present in the media regardless of LPS stimulation (155). PGE2 has four known 

receptors with three variants on one of the receptors, this allows PGE2 to influence a pro-
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inflammatory function or an immunosuppressive function depending on the receptor 

utilized (158). While PGE2 plays a main role in pro-inflammatory functions its 

suppression of cytokine release by macrophages following LPS stimulation has been seen 

before through the stimulation of cyclic AMP, which especially downregulates TNF-α 

(159-161). This suggests that AA could be preferentially utilized by the cyclooxygenase 

pathways to produce eicosanoids, which may be decreasing pro-inflammatory cytokine 

production via cyclic AMP.  

Increasing the concentration of AA did not increase the amount of PGE2 

production by THP-1 cells but at the highest concentration of AA (75 μM), increasing the 

ratio of AA:EPA increased the production of PGE2 (Figure 9). A couple studies found 

EPA supplementation in mice decreased eicosanoid production, AA supplementation 

increased macrophage eicosanoid production in hamsters so the authors assessed the 

effects of supplementing mice with oleic acid, AA, EPA, or AA+EPA (162-164). The 

authors found dietary AA to increase eicosanoid production, and decrease the beneficial 

effects of supplementing EPA in the diet on eicosanoid production when both AA and 

EPA were included in the diet. Another study looking at the production of leukotrienes 

released from polymorphonuclear leukocytes in rats supplemented with fish oil found the 

ratio of leukotriene B5 to leukotriene B4 to correlate positively with the ratio of EPA:AA 

in their membranes and the plasma membrane EPA:AA ratio was a good indicator of 

inflammatory status (165). 

There was a tendency for an interaction (P = 0.08) between AA concentration and 

the ratio of AA:EPA for PGE2 and there was an interaction (P < 0.05) between AA 
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concentration and the ratio of AA:EPA for IL-6 (Figures 9 and 11, respectively). The 

main effects of AA concentration and the ratio of AA to EPA were not significant for 

PGE2 production by THP-1 cells. At the 75 μM concentration of AA, increasing the ratio 

of AA:EPA increased the production of PGE2. Interleukin-6 production was increased (P 

< 0.001) in the highest ratio (3:1) of AA to EPA at each concentration of AA, and was 

decreased as the concentration of AA increased. Production of TNF-α decreased (P < 

0.001) as the concentration of AA increased, and conversely increased (P < 0.001) as the 

ratio of AA to EPA increased for the 25 and 50 μM concentrations of AA (Figure 10). 

The ratio of AA to EPA did not change MCP-1 production (P = 0.18), but increasing the 

concentration of AA decreased (P < 0.001) MCP-1 production. Rats fed a fish oil diet or 

a standard chow diet for 16 weeks (5% of the lipids in the diet) were peritoneally gavaged 

and macrophage were collected and isolated (166). The authors found that when these 

cells were supplemented with [
3
H]AA, there were no differences between cells for 

incorporation (~38% of the supplement was incorporated). However, when these same 

cells were stimulated with PMA, the macrophages from fish oil supplemented rats had 

decreased release of [
3
H]AA and they attributed this to impaired phospholipase A2 and 

concluded that some of the anti-inflammatory properties of PUFA may not be only 

competition for cyclooxygenase and lipoxygenase, but decreased release of AA from 

membranes due to decreased function of phospholipase A2. 

Conclusion 

The results of this study suggest that DPAn3, while not being more potent than 

EPA or DHA at decreasing cytokine release from macrophages, is more potent than EPA 
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and equipotent as DHA at decreasing prostanoid production. Overall n-3 PUFA can 

decrease inflammation associated with endothelial damage and stress, and the risk for 

CVD. The high levels of PGE2 secreted by THP-1 cells incubated with AA likely 

decreased secretion of inflammatory cytokines, however the interaction found between 

AA concentration and AA:EPA ratio for PGE2 and IL-6 prevents the conclusion that one 

is more important than the other. Even though the interaction between AA concentration 

and AA:EPA ratio was not significant for TNF-α the main effects of both were 

significant, taking all these factors into account suggests that they both equally play a role 

in inflammation. More research is needed to elucidate other mechanisms by which these 

two effects could influence inflammation. 



 

 

 

Table 3. Concentration of cytokines secreted by THP-1 cells into media following two incubations
1,2

 

  TNF-α (ng/mL) MCP-1 (ng/mL) IL-6 (ng/mL) 

 

______50______ ______100______ ______50______ _____100_____ _____50_____ ____100____ 

Fatty 

Acid Mean SEM Mean SEM    Mean SEM Mean SEM Mean SEM Mean SEM 

Control 11.84
b,c,d

 1.6 11.18
a,b,c

 1.6 59.37
c
 5.25 69.02

b
 5.25 7.59

a
 1.07 8.49

a,b
 1.07 

C16:0 14.84
b
 1.8 13.60

a
 1.8 63.50

b,c
 6.06 61.47

b,c
 6.06 6.44

a,b,c
 1.23 10.33

a
 1.23 

C18:0 14.75
b
 1.8 12.66

a,b
 1.8 51.53

b,c
 6.06 60.87

b,c
 6.06 5.86

a,b,c,d
 1.23 6.10

b,c,d
 1.23 

C18:1n9 14.48
b,c

 1.8 10.58
a,b,c

 1.8 78.33
a
 6.06 92.67

a
 6.06 7.70

a
 1.23 7.34

b,c
 1.23 

C16:1n7 8.49
d,e

 3.1 7.60
b,c,d,e,f

 3.1 33.23
d,e

 10.5 28.2
d
 10.5 8.19

a,b
 2.13 6.78

a,b,c,d
 2.13 

C18:1n7 8.58
d,e

 3.1 7.54
b,c,d,e,f

 3.1 28.2
c,d

 10.5 29.01
d
 10.5 7.43

a,b,c,d
 2.13 4.72

c,d,e
 2.13 

C18:2n6 11.88
b,c,d

 1.8 10.20
a,b,c,d

 1.8 82.87
a
 6.06 87.70

a
 6.06 5.56

a,b,c,d
 1.23 3.88

d,e
 1.23 

C20:4n6 4.65
e
 1.6 2.09

f,g,h
 1.6 16.37

e,f
 5.25 25.44

d
 5.48 4.08

c,d
 1.07 1.04

e,f
 1.07 

C22:4n6 13.51
b,c,d

 1.8 8
c,d,e

 1.8 39.79
d
 6.06 53.29

c
 6.06 3.53

d
 1.23 0.80

e,f
 1.23 

C18:3n3 12.47
b,c,d

 1.8 4.50
e,f,g

 1.8 46.42
d
 6.06 82.78

a
 6.06 4.49

b,c,d
 1.23 1.64

e,f
 1.23 

C20:3n3 12.40
b,c,d

 1.8 13.71
a
 1.8 72.78

a,b
 6.06 57.04

b,c
 6.06 4.66

b,c,d
 1.23 4.69

c,d
 1.23 

C20:5n3 10.88
c,d

 1.6 0.08
h
 1.6 10.44

f
 5.25 35.40

d
 5.48 4.80

b,c,d
 1.23 0.02

f
 1.23 

C22:5n3 15.08
a,b

 1.8 6.43
d,e

 1.8 22.56
e,f

 6.06 59.38
b,c

 6.06 4.21
c,d

 1.23 1.08
e,f

 1.23 

C22:6n3 19.13
a
 1.8 0.84

g,h
 1.8 17.56

e,f
 6.06 61.37

b,c
 6.06 5.7

a,b,c,d
 1.23 0.22

f
 1.23 

1
Monocyte chemoattractant protein-1 (MCP-1) 

2
1: 24 hour incubation with a control, and 13 individual fatty acids at two concentrations (50 & 100 μM), 2: 24 hour stimulation with lipopolysaccharide 

(LPS) at three concentrations (averaged across concentrations).  
a-h

Column means with different superscripts differ within fatty acid concentration P < 0.1

T
ex

as T
ech

 U
n
iv

ersity
, A

m
an

d
a P

ep
p
er-Y

o
w

ell, D
ecem

b
er 2

0
1
4

 

T
ex

as T
ech

 U
n
iv

ersity
, A

m
an

d
a P

ep
p
er-Y

o
w

ell, D
ecem

b
er 2

0
1
4

 

5
7
 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

58 

 

Table 4. Concentration of PGE2 secreted by THP-1 cells 

into media following two incubations
1,2

 

  PGE2 (ng/mL) 

 

______50______ ______100______ 

Fatty 

Acid Mean SEM Mean SEM 

Control 2728
c,e,f,g,h

 1990.7 1607
b,c

 1622.7 

C16:0 665
e,f,g

 109.8 587
c,d,e,f

 117.3 

C18:0 722
e,f

 107.7 486
c,d,e,f

 297.8 

C18:1n9 914
e,f

 255.5 488
c,d,e,f

 179.6 

C16:1n7 7417
b,c,e,f

 368.8 4870
b
 1889.9 

C18:1n7 7839
b,c,e,f

 970.3 3965
b
 1061.9 

C18:2n6 864
d,e,f

 137.9 641
c,d,e,f

 114.6 

C20:4n6 49305
a
 2594.4 108946

a
 57454.1 

C22:4n6 5932
b,c,e,g

 5453.2 76819
a
 10438.9 

C18:3n3 747
g,h

 228.4 891
c,d,e

 393.5 

C20:3n3 579
f
 136.4 265

d,e,f
 303.3 

C20:5n3 1870
d,e,f

 1591.5 816
c,d

 569.8 

C22:5n3 237
h
 20.0 151

e,f
 27.5 

C22:6n3 480
h
 132.8 102

f
 2.9 

1
Prostaglandin E2 (PGE2) 

2
1: 24 hour incubation with a control, and 13 individual fatty acids at two 

concentrations (50 & 100μM), 2: 24 hour stimulation with 

lipopolysaccharide (LPS) at three concentrations (averaged across 

concentrations). 
a-h

Column means with different superscripts differ within fatty acid 

concentration P < 0.05. 
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Figure 9. PGE2 production (ng/ml) by THP-1 cells co-incubated with arachidonic acid 

(AA) and eicosapentaenoic acid (EPA) at three different ratios of AA:EPA (1:1, 1.5:1, 

and 3:1) and at three different concentrations of AA (25, 50, and 75 μM). Data are 

reported as LSmeans ± SEM. AA concentration x AA:EPA ratio P = 0.08; AA 

concentration P = 0.12; AA:EPA ratio P = 0.47. 

a 

b 

a,b 

i 

i 
i 

y 

y,z 

z 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

60 

 

 
Figure 10. Tumor necrosis factor-α (ΤΝF-α) production (ng/ml) by THP-1 cells co-

incubated with arachidonic acid (AA) and eicosapentaenoic acid (EPA) at three different 

ratios of AA:EPA (1:1, 1.5:1, and 3:1) and at three different concentrations of AA (25, 

50, and 75 μM). Data are reported as LSmeans ± SEM. AA concentration x AA:EPA 

ratio P = 0.35; AA concentration P < 0.001; AA:EPA ratio P < 0.001. * denotes P ≤ 

0.001 for pairwise comparison of 50 and 75 μM to 25 μM. $ denotes P ≤ 0.001 for 

pairwise comparison of 75 μM to 50 μM. 
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Figure 11. IL-6 production (ng/ml) by THP-1 cells co-incubated with arachidonic acid 

(AA) and eicosapentaenoic acid (EPA) at three different ratios of AA:EPA (1:1, 1.5:1, 

and 3:1) and at three different concentrations of AA (25, 50, and 75 μM). Data are 

reported as LSmeans ± SEM. AA concentration x AA:EPA ratio P < 0.05; AA 

concentration P < 0.001; AA:EPA ratio P < 0.001. * denotes P ≤ 0.001 for pairwise 

comparison of 50 and 75 μM to 25 μM. $ denotes P ≤ 0.001 for pairwise comparison of 

75 μM to 50 μM. 
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Figure 12. Monocyte chemoattractant protein-1 (MCP-1) production (ng/ml) by THP-1 

cells co-incubated with arachidonic acid (AA) and eicosapentaenoic acid (EPA) at three 

different ratios of AA:EPA (1:1, 1.5:1, and 3:1) and at three different concentrations of 

AA (25, 50, and 75 μM). Data are reported as LSmeans ± SEM. AA concentration x 

AA:EPA ratio P = 0.91; AA concentration P < 0.001; AA:EPA ratio P = 0.18. * denotes 

P ≤ 0.01 for pairwise comparison of 50 and 75 μM to 25 μM. + denotes P ≤ 0.10 for 

pairwise comparison of 75 μM to 50 μM. 
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CHAPTER IV 

OMEGA-3 POLY UNSATURATED FATTY ACIDS AND 

NEURODEGENERATIVE DISEASE 

Introduction 

Cardiovascular risk factors in the elderly were linked to cognitive decline and 

dementia (86-89, 167). Chronic inflammation, which is seen in diseases such as obesity 

or CVD was observed in the brain, specifically in lesions, in Alzheimer’s disease (AD) 

patients (91, 168, 169). This neurodegeneration activates the microglia in the brain, the 

resident immune cells, to produce high levels of cytokines, leading to impaired 

neurogenesis (103, 170-172). One in 9 older American’s have AD, and the annual cost of 

AD and other dementias is $214 billion per year (173). 

Aged animals and humans have decreased concentrations of long chain PUFA in 

the brain, particularly AA and DHA in the hippocampal region (108). Aside from age 

related changes in brain DHA content low n-3 PUFA intake is a risk factor for AD and 

CVD (174). A change in cortical tissue concentration of n-3 FAs is dependent upon 

feeding. Docosapentaenoic acid omega-3 (DPAn3) is formed from the elongation of 

EPA, which can then be elongated, desaturated, transported, then shortened to DHA (31). 

Arachidonic acid is elongated and desaturated to DPAn6 which physiologically acts very 

different from DPAn3. Docosapentaenoic acid omega-6 does not provide the protective 

effect that DHA does to neural cells for survival and prevention of apoptosis (175). 

Regardless of age, oral administration of DPAn3 to rats led to an increase of DPAn3 and 

DHA present in cortical tissue (33). Supplementation of EPA to aged rats increased brain 
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concentrations of DHA to levels similar to young rats, and restored long-term 

potentiation, a measure of cognitive function (108). Studies have assessed dietary intake 

of EPA + DHA, supplementation with EPA + DHA, or serum EPA + DHA and their 

effects on grey matter volume, cognitive function, and quality of life (176-179) but these 

have been assessed as combined n-3 PUFA and research looking at individual fatty acids 

has been limited to studying one fatty acid at a time, thus inhibiting comparisons across 

fatty acids (180-182). One study assessed the effects of 12 weeks of 1g/d of either DHA 

or EPA rich fish oil supplements in healthy young adults and found no differences in 

cognitive function or mood (183). A meta-analysis was conducted to determine if levels 

of specific fatty acids in circulation were different in patients with dementia or pre-

dementia (184). The authors concluded that n-3 PUFA play a critical role in the 

pathogenesis of dementing disorders, and that decreased levels of EPA may not only be 

an indicator of an inflammatory state, but also of pre-dementia.  

Hypothesis and Objective 

The hypothesis of the current study was supplementing a combination of omega-3 

fatty acids into the diets of low-density lipoprotein receptor null (LDLr-/-) mice would 

increase very long-chain n-3 fatty acid concentration and reduce inflammation in the 

brain associated with cognitive decline better than individual fatty acids supplemented 

alone. 

Therefore, the objective of the current study was to compare the effects of dietary 

inclusion of DPAn3, EPA, DHA, and commercial preparations of purified fatty acids 

(Lovaza® and OmegaActiv®) on the fatty acid composition of brain tissue, and on 
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cytokine immunohistofluorescence of brain microvessel and hippocampal sections. 

Lovaza® was used as a comparison because it is an FDA-approved fish oil supplement. 

Materials and Methods 

Forty-eight male LDLr-/- mice (8 to 10 weeks of age, ~20 g) were obtained from 

Jackson Laboratories (stock # 2207) and allowed to acclimate to the cages, room, and 

feeding design for 12 days. After the acclimation period, mice were weighed and 

randomly assigned to one of six treatments. Mice were fed an isolipid (20% total fatty 

acids w/w), isonitrogenous, and 0.15% cholesterol (w/w) diet, which is considered 

atherogenic (Ain76, 58TQ TestDiet®) as a base diet. This base diet was formulated to 

meet or exceed all nutrient and energy requirements for a growing mouse. The treatments 

were added to the base diet (0.76% w/w of the total diet) and was made once at the 

beginning of the study, separated into weekly aliquots, stored at -80°C, allowed to thaw 

at 4°C for 2 days prior to feeding, and stored at 4°C until fed. A sample from each 

weekly aliquot was collected, composited, and archived for fatty acid analysis at a later 

date. The treatments were as follows: (1) Negative control diet, 3.5% of the total fatty 

acids replaced with milk fat (the main source of fat in the base diet), (2) 3.5% of the total 

fatty acids replaced with purified ethyl esters of DHA, (3) 3.5% of the total fatty acids 

replaced with purified ethyl esters of DPAn3, (4) 3.5% of the total fatty acids replaced 

with purified ethyl esters of EPA, (5) 3.5% of the total fatty acids replaced with n-3 fatty 

acids from Lovaza® (GlaxoSmithKline), and (6) 3.5% of the total fatty acids replaced 

with n-3 fatty acids from OmegaActiv® Super DPA (Omega Protein Corporation, 

Houston, TX; Table 1). All purified ethyl esters of fatty acids were purchased from Nu-
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Chek Prep, Inc. (Elysian, MN). Vitamin E and cholesterol levels were balanced across all 

the treatments. Mice were fed their diet three times weekly and intakes and refusals were 

recorded at these times. Daily feed intake was calculated and averaged across the entire 

feeding period.  

Mouse body weights were recorded once weekly in conjunction with cage 

changes. Mice were anesthetized with isoflourane and euthanized via exsanguination 

while the heart and aorta were perfused. Mice brain tissue was removed, split in half 

along the medial longitudinal fissure, one half was immediately flash frozen in liquid 

nitrogen for later analysis, and the other half was fixed with 10% neutral buffered 

formalin. The 1-mm block of brain tissue from cerebral cortex was post fixed in 10% 

neutral buffered formalin for additional 12 h then embedded in paraffin.  The cerebral 

cortex sections (7 µm thick, 3 per mice) were deparaffinized in PROTOCOL 

SAFECLEAR II tissue clearing agent, hydrated through a graded alcohol series, then 

rinsed for 3min in phosphate buffered saline. Sections were subjected to heat-induced 

epitope antigen retrieval, washed with Tris-buffered saline with Tween 20 and incubated 

with primary antibodies against TNF-α (ab6671, Abcam), IL-6 (ab6672, Abcam), MCP-1 

(ab9858, Abcam), Thrombospondin-1 (ab1823, Abcam), IL-8 (ab7747, Abcam), TIMP2 

(ab1828, Abcam), Thrombin (sc-16972, Santa Cruz) or the endothelial cell marker von 

Willebrand Factor (vWF, sc-8068 or sc-14014, Santa Cruz) diluted in IHC-Tek antibody 

diluent (IW-1001, IHC World) at 4°C overnight. Following extensive washing in Tris-

buffered saline with Tween 20, sections were incubated with appropriate secondary 

antibodies conjugated with Alexa Flour 594 against primary antibodies or Alexa Fluor 
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488 against vWF (Invitrogen, Carlsbad, CA) at room temperature for 45 minutes; 

sections were then counter stained with IHC-Tek DAPI solution. Fluorescent images 

were viewed using an Olympus IX71 microscope and quantified with HAMAMATSU 

software. The relative amount of each target gene was obtained by dividing its reading by 

the reading of vWF. 

The half of the brain that was flash frozen in liquid nitrogen was sectioned in half 

while frozen and total lipids were extracted using a modification to the procedure 

previously described (123), see Appendix I for complete information. Total fatty acids 

were shipped frozen to Lipid Technologies LLC (Austin, MN) where they were 

methylated using sulfuric acid in methanol and were run on a 15m column on a gas 

chromatograph to determine fatty acid profile. 

Statistics 

Analysis for brain fatty acid profile was performed using the lm() function from 

the {stats} package in R (R Core Team, 2013) with the fixed effect of treatment. Non-

normally distributed variables and variables with heteroscedastic errors were transformed 

prior to analysis using the powerTransform() function from the {car} package in R prior 

to analysis using the lm() function as described above. Variables that could not be 

transformed to meet the assumptions of normality and homoscedastic errors were 

analyzed using the kruskal.test() function from the {stats} package in R, again fitting 

treatment as a fixed effect. Least squares means were considered significantly different 

when P < 0.05. Least squares means were calculated using the lsmeans() function from 

the {lsmeans} package for all variables that were analyzed untransformed or transformed. 
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A Wilcoxon rank sum test was utilized for paired t-tests to detect differences among 

treatments for variables that were analyzed non-parametrically. 

Results and Discussion 

 There were no differences among treatments for SFA of the brain and the only 

difference in MUFA was in C15: content with the EPA-supplemented mice having the 

highest content, and the Control, DHA, and DPAn3, and Lovaza mice having the lowest 

(Table 4). There were more differences observed in the content of n-3 and n-6 fatty acids 

in the brain. For n-6 fatty acids, there were differences among treatments for C20:2, 

C20:3n-6, C20:4, C22:4, and C22:5n-6. Eicosadienoic acid (C20:2) is the elongated 

version of linoleic acid, all n-3 treated diets had decreased (P < 0.001) C20:2 when 

compared to Control. Eicosatrienoic acid (C20:3n-6) was greater (P < 0.001) in all the n-

3 supplemented diets when compared to Control with the greatest being the DHA 

supplemented diet, followed by OmegaActiv®, then Lovaza®, then DPAn3, then EPA. 

All n-3 supplemented diets decreased (P < 0.001) AA, and adrenic acid concentration in 

brain tissue in the same proportion with DHA supplementation decreasing the most, 

followed by OmegaActiv®, then Lovaza®, then DPAn3, and finally EPA. The amount of 

DPAn-6 present in the brain of mice was less (P < 0.001) in the n-3 supplemented mice 

with DHA supplementation once again being the most potent, and DPAn3 and EPA 

supplementation had the same lowering effect. Increasing DHA concentration in the diet 

of Tg2576 mice decreased arachidonic acid, adrenic acid, DPAn-6, and the ratio of n-6:n-

3 while increasing EPA and DHA concentrations in the frontal cortex (185). 
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 Alpha linolenic acid (C18:3n-3), and stearidonic acid (C18:4n-3) concentrations 

in the brain were not affected by treatment (P > 0.10). All n-3 treatments increased (P < 

0.001) EPA, DPAn3, and DHA concentrations in the brain; however, there was no 

difference among n-3 supplemented diets for EPA concentration in the brain. Young and 

aged rats were assigned to a control diet (standard lab chow with MUFA added for 

isocaloric intake), or standard lab chow supplemented with EPA, or DPAn3 for 56 days 

(33). The authors found the EPA diet to increase cortical DPAn3 and DHA content in the 

brains of both young and aged rats and EPA in aged rats only. The diet supplemented 

with DPAn3 increased cortical DPAn3 content in young and aged rats and DHA content 

in young rats only. The diets of the present study supplemented with DHA and 

OmegaActiv® increased (P < 0.001) the concentration of DPAn3 equally in the brain, 

Lovaza® supplementation increased DPAn3 greater, followed by EPA, and finally 

DPAn3 supplementation had the greatest increase in DPAn3 concentration in the brain. 

Diets supplemented with DHA, Lovaza®, and OmegaActiv® equally increased (P < 

0.001) the concentration of DHA in the brain, even with DHA supplementation being 

different among all those treatments. The DHA alone supplement was 100% DHA, the 

Lovaza® diet was 42% DHA, and the OmegaActiv® diet was 75% DHA, suggesting a 

limit to the amount of DHA (~16.45g DHA/100g lipids) that can be incorporated into the 

brain. Supplementing the diet with EPA alone did not increase DHA in the brain 

compared to Control, and supplementing DPAn3 increased DHA concentration in the 

brain but was intermediate between Control and DHA supplemented mice. The effects of 

long term supplementation with DHA or EPA + DHA compared to a control of palm-oil 
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or corn oil on brain fatty acid profile has been studied (186, 187) but how different doses 

of DHA affect the brain has been mainly focused on cognitive function, mood and 

behavior instead of brain fatty acid profile (188-190). Linearly increasing the dose of 

DHA in the diet at low doses will increase the incorporation of DHA in the brain (191). 

Mature mice that are prone to learning and memory impairment were supplemented with 

a low-DHA diet or a high-DHA diet and tested for learning, memory ability and brain 

phospholipid content of DHA (192). The mice on the high-DHA diet had better memory 

ability as tested by a foot shock avoidance test and greater incorporation of DHA into the 

brain phospholipids. 

Brain microvessel immunohistofluorescence showed decreased IL-6 (P < 0.01), 

TNF-α, and vascular endothelial growth factor (VEGF; P < 0.05) in mice supplemented 

with omega-3 fatty acids, excluding the OmegaActiv® treatment for IL-6 and TNF-α. 

Vascular endothelial growth factor is a potent angiogenic mediator, and increased levels 

elevate the risk for AD, are associated with severity of AD, and the amount of amyloid-β 

deposits (193-195). There was a tendency for a decrease in thrombin (P = 0.06) and 

thrombospondin (P = 0.10) in mice fed a n-3 supplemented diets when compared to the 

control. Increased levels of TNF-α, IL-6, and thrombin in the brain have been associated 

with increased angiogenesis (96, 98, 99, 196, 197). There were no differences (P > 0.10) 

for IL-8, MCP-1, and TIMP2. Brains from AD models, mouse and rat, show no 

vascularization despite the increase in angiogenic factors, because there is no microvessel 

growth there are no feedback mechanisms to shut off angiogenic factors, thus permitting 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

71 

 

chronic inflammation (92, 198, 199). The inhibition of microvessel growth has been 

shown to directly be caused by amyloid-β plaques in mice and in humans (200-202). 

The hippocampus region showed decreased cytokine and endothelial growth 

factors for most of the ones measured in n-3 supplemented mice compared to the Control. 

Interleukin-6, IL-8, MCP-1, TIMP2, TNF-α, and VEGF all were decreased (P < 0.01) in 

n-3 supplemented mice. with MCP-1 being reduced 5 times what the control mice were 

expressing. Thrombin decreased (P < 0.05) in mice supplemented with n-3 and 

thrombospondin had treatment differences (P < 0.01). Mice supplemented with EPA had 

increased (P < 0.01) thrombospondin compared to all the other diets, and Lovaza® 

supplementation decreased (P < 0.05) thrombospondin compared to the Control. 

Eicosapentaenoic acid has been found to decrease expression of interferon-γ, and IL-1β 

in the hippocampus of young rats intracerebroventricularly injected with amyloid-β 

(114), and  improve long term potentiation in these rats. Aged rats fed either EPA or 

DPAn3 for 56 days had increased long-term potentiation when compare to aged rats fed a 

chow diet supplemented with MUFA (33). These aged-n-3-supplemented rats also 

performed better in the Morris Water maze when compared to the control aged rats, their 

time to finding the platform that was hidden in the water was approximately 15-20 sec 

faster.  

Conclusion 

 Omega-3 fatty acids play an integral role in ameliorating inflammation associated 

with neurodegenerative diseases partially through their ability to change the fatty acid 

profile of the brain. Supplementing very long-chain n-3 fatty acids in combination 
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increased EPA and DHA concentration in the brain equally to supplementing EPA or 

DHA alone. Supplementing DPAn3 alone was more potent than supplementing EPA, 

DPAn3 and DHA in combination at increasing DPAn3 concentration in the brain. Even 

though the concentration of DHA was much greater in the brain, EPA supplementation 

alone or in combination played an equally important role in decreasing inflammation 

associated with cognitive decline in the hippocampus. Supplementing the western diet 

with EPA alone or in combination did not have as great an effect of decreasing 

microvessel inflammation, but this could be attributed to increased whole-body 

inflammation in these mice due to the length of this study. 

 



 

 

 

Table 5. Fatty acid profile (g/100g) of frozen brain sections for LDLr-/- mice fed an atherogenic diet 

supplemented (0.76% w/w of the diet) with milk fat (Control) or omega-3 fatty acids, alone or in 

combination. 

Fatty Acid
1
 Control DHA DPAn3 EPA Lovaza® OmegaActiv® Pooled SEM P-value 

12:0 0.024 0.027 0.032 0.033 0.024 0.038 0.01 0.645 

14:0 0.442 0.415 0.419 0.519 0.393 0.394 0.07 0.088 

15:0 0.296 0.130 0.096 0.257 0.146 0.679 0.29 0.143 

16:0 19.18 18.90 19.40 19.13 19.20 19.11 0.59 0.984 

18:0 19.21 19.09 19.45 19.08 19.44 19.16 0.36 0.829 

20:0  0.342 0.406 0.369 0.362 0.398 0.289 0.06 0.738 

22:0 0.338 0.370 0.339 0.347 0.340 0.334 0.03 0.879 

24:0 0.278 0.282 0.255 0.270 0.252 0.250 0.04 0.939 

14:1 0.117 0.122 0.117 0.142 0.104 0.106 0.01 0.152 

15:1 0.044
b,c

 0.062
a,b,c

 0.034
c 

0.119
a 

0.060
b 

0.097
a,b 

0.03 0.048 

16:1n-7 1.300 1.374 1.394 1.410 1.324 1.221 0.06 0.097 

18:1n-9 20.38 21.94 20.49 21.48 21.34 20.86 0.72 0.231 

20:1n-7 2.058 2.330 2.015 2.203 2.148 1.948 0.23 0.798 

20:1n-9 0.379 0.391 0.361 0.389 0.388 0.344 0.03 0.842 

22:1n-9 0.158 0.160 0.124 0.159 0.154 0.150 0.03 0.353 

24:1 0.740 0.807 0.699 0.763 0.735 0.704 0.09 0.935 

18:2n-6 0.452 0.399 0.463 0.349 0.350 0.343 0.09 0.532 

18:3n-6 0.071 0.055 0.075 0.066 0.071 0.064 0.01 0.786 

20:2n-6 0.257
a 

0.203
b 

0.193
 b
 0.217

 b
 0.197

 b
 0.186

 b
 0.01 0.001 

20:3n-6 0.334
e 

0.626
a 

0.424
c,d 

0.380
d 

0.440
c 

0.516
b 

0.01 0.001 

20:4n-6 8.703
a
 6.285

b
 7.466

d
 7.304

d 
6.721

c
 6.648

b,c 
0.23 0.001 

22:4n-6 2.520
a
 1.444

b
 1.948

c
 1.911

c
 1.582

b
 1.455

b
 0.08 0.001 

22:5n-6 0.380
a 

0.058
e 

0.081
d 

0.077
d,e 

0.115
c 

0.206
b 

0.02 0.001 
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Table 5. Continued 

Fatty Acid
1
 Control DHA DPAn3 EPA Lovaza® OmegaActiv® Pooled SEM P-value 

18:3n-3 0.100 0.103 0.064 0.104 0.089 0.097 0.03 0.258 

18:4n-3 0.081 0.069 0.059 0.071 0.079 0.092 0.01 0.157 

20:5n-3 0.059
a 

0.303
b
 0.280

b
 0.305

b
 0.306

b
 0.298

b
 0.02 0.001 

22:5n-3 0.154
a
 0.496

b
 0.870

c
 0.783

d
 0.602

e
 0.496

b
 0.03 0.001 

22:6n-3 14.31
a
 16.53

b
 15.34

a,b 
14.81

a 
16.32

b 
16.48

b 
0.56 0.002 

SFA 40.11 39.67 40.42 39.99 40.32 40.26 0.78 0.822 

MUFA 25.17 27.19 25.23 26.66 26.25 25.43 1.05 0.406 

PUFA 27.51 26.67 27.47 26.46 26.88 27.07 0.63 0.268 

n-3 14.79
a
 17.50

b
 16.62

b,c
 16.09

c
 17.40

b
 17.46

b
 0.54 0.001 

n-6 12.72
a
 9.166

b
 10.85

c
 10.37

c
 9.48

b
 9.614

b,c
 0.38 0.001 

n-9 21.77 23.42 21.79 22.93 22.72 22.17 0.84 0.339 

n-6:n-3 0.863
a
 0.526

b
 0.632

c 
0.647

c 
0.547

b
 0.550

b
 0.02 0.001 

20:4/20:5 210.2
a
 19.89

b
 27.38

d
 24.21

c,d
 22.06

b,c
 22.33

c,d
 43.1 0.002 

1
Row means with different superscripts differ within fatty acid P < 0.05. n-3: omega-3, n-6:omega-6, n-7: omega-7, n-9: omega-9, 

SFA: saturated fatty acid, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated fatty acid. 
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Figure 13. Brain microvessel immunohistofluorescence from LDLr-/- mice fed an 

atherogenic feeding protocol, supplemented with milk fat (Control) or omega-3 fatty 

acids, alone or in combination (LSmeans ± SEM). * denotes significance at P < 0.01, + 

denotes significance at P < 0.05, and $ denotes significance at P < 0.10. 
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Figure 14. Brain hippocampus immunohistofluorescence from LDLr-/- mice fed an 

atherogenic feeding protocol, supplemented with milk fat (Control) or omega-3 fatty 

acids, alone or in combination (LSmeans ± SEM). * denotes significance at P < 0.01 and 

+ denotes significance at P < 0.05. 
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CHAPTER V 

LIMITATIONS AND FUTURE STUDIES 

 The LDLr-/- mouse is an excellent model for studying the effect nutritional, and 

medicinal interventions have on hypertriglyceridemia and atherosclerosis. The nature of 

the mouse model allows for diet-induced obesity, but when fed a low-fat chow diet still 

increases aortic plaque deposition. Both of these situations lead to increased whole-body 

inflammation and dyslipidemia which limits the use of this model for elucidating lipid 

metabolism, and inflammation changes in white adipose tissue in response to a nutritional 

intervention. The increased vascular inflammation present due to increased cholesterol 

deposition after 20-weeks of a high-fat feeding regiment increases the difficulty in 

assessing differences of nutritional intervention on all markers of inflammation in the 

microvessels of brain tissue. 

 Future studies should be conducted to better understand if the role EPA plays in 

decreasing inflammation is due to EPA alone, or EPA converting to DPAn3. If much of 

EPA is converted into DPAn3 the dose response of EPA allowing for maximal DPAn3 

tissue deposition should be studied since EPA is more economical to purify and produce 

as a supplement. 

 Research on the effects of varying ratios of AA:EPA should be studied to a 

greater extent in other cell lines, tissue cultures, and animal models. Both of these fatty 

acids play a central role in controlling inflammation in the body and this research 

suggests that the ratio may be as important as the total amount of EPA present in the 

daily diet. 
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APPENDIX I 

Expanded Materials and Methods 

Lipid Extraction – For aortic cholesterol and brain fatty acid profile 

Note: modified from Folch et al. (123) 

Chloroform Methanol Solution (C/M) 2:1 (vol/vol) 

1. Measure out 400mL of Chloroform and pour into labeled C/M bottle. 

2. Measure out 200mL of Methanol and pour into labeled C/M bottle. 

3. Mix by gentle inversion immediately prior to use. 

4. Line the mouth of glass tubes with Teflon tape. Place the glass tube on a zeroed 

scale and record the weight. Tare the scale. 

5. Detach the aorta from the base of the heart, slice up into small pieces, add to the 

glass tube and record the weight. Tare the scale. 

6. Add 10mL of C/M 

7. Homogenize to break apart the aorta. 

8. “Rinse” the homogenizer with 10mL of C/M 

9. Combine rinse tube with the tube containing the aorta. 

10. Cap the tube and shake for 15 minutes on Burrell wrist action shaker. 

11. Filter sample with Fisherbrand Q5 filter paper. 

12. Add 2.0 mL deionized water to filtered sample. 

13. Centrifuge at 1,200 rcf for 5 minutes (low brake, room temp). 

14. Transfer the lower phase to weighed scintillation vial. 

a. Save upper layer for protein content 

15. Dry under nitrogen at 40
o
C. 

16. Place in dessicator to cool. 

17. Weigh the scintillation vial with the lipids in it to calculate total lipid content. 

18. Add 1mL Chloroform to scintillation vials and vortex 

19. Put 300μL into 3 separate GC vials. 

20. Dry under nitrogen at 40
o
C. 

21. Place in the -80°C Freezer if Cholesterol Assay is going to be done more than a 

week later 

Aorta Protein Content Assay 

1. Place filter paper with protein in plastic tube (12 x 75 mm). 

2. Digest delipidated protein in 1ml 1N NaOH (100mM) by rinsing protein off 

filter 

3. Mix vigorously 

4. Incubate for 20 min at room temperature 

5. Centrifuge at 3000 rpm at room temperature for 30 min. 

a. Don’t disturb the pellet when pulling out of centrifuge. 
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6. Make standards for 2 plates (150 μL) 

a. Blank 

b. STD 25 

c. STD 50 

d. STD 75 

e. STD 100 

f. STD 125 

7. Make BCA working reagent for 2 plates (43 mL) (Stable for one day only after 

being mixed) 

a. Reagent A: 42.16 mL 

b. Reagent B: 0.84 mL 

8. Pipette 25 μL of the MilliQ water, standards, and unknowns into a 96 well plate 

according to the plate layout. 

c. For the unknowns use the supernatant of the 13 x 100 mm plastic tubes 

previously centrifuged. 

9. Pipette 200 μL of BCA working reagent into each well. 

10. Cover with film and incubate at 60°C for 15 min. 

11. Read at 562 nm 

12. Measure protein in methanol layer using nano-drop A280 procedure  

Measuring Aortic Total and Free Cholesterol 

5α-Cholestane Solution 

1. Weigh out 10mg of 5α-Cholestane place in glass bottle 

2. Add 10mL of Toluene to bottle and mix well. 

a. Makes a solution of 1mg/mL 

Total Cholesterol Procedure: step 1 and 2 are most important to the accuracy and 

precision of the procedure 

1. Sample: 0.2 to 0.5 g, record exact weight 

2. Add 50 µL internal standard 

3. Add 100 μL 50% KOH and 500 μL 95% EtOH 

4. Heat in 90°C water bath for 10- 15 min until clear 

5. Cool to room temperature 

6. Make up EtOH loss to approximately 500 μL 

Fat sample: additional 500 μL EtOH may be needed 

7. Add 250 μL hexane, shake or vortex vigorously 

8. Add 125 μL of saturated KCl, AFTER hexane 

9. Let hexane separate from aqueous phase, collect to a separate test tube 

10. Repeat with 2 x 250 μL hexane (step 6) and collect hexane into the same test tube 

11. Add 2-mm layer of anhydrous sodium sulfate, shake or vortex vigorously 

12. Transfer extract to GC vial for injection. 
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Free Cholesterol Procedure: step 1 and 2 are most important to the accuracy and 

precision of the procedure 

1. Sample: 0.2 to 0.5 g, record exact weight 

2. Add 50 µL internal standard 

3. Add 100 μL diWater and 500 μL 95% EtOH 

4. Add 250 μL hexane, shake or vortex vigorously 

5. Add 125 μL of saturated KCl, AFTER hexane 

6. Let hexane separate from aqueous phase, collect to a separate test tube 

7. Repeat with 2 x 250 μL hexane (step 6) and collect hexane into the same test tube 

8. Add 2-mm layer of anhydrous sodium sulfate, shake or vortex vigorously 

9. Transfer extract to GC vial for injection. 

Cholesterol Ester = Total – Free Cholesterol 

Adipose Tissue Protein Extraction 

Sodium Orthovanadate Solution (200mM):  

1. 3.6782g of Sodium Orthovanadate, place it into a pre-labeled glass bottle. Fill the 

bottle with deionized water up to 100ml.  

2. Adjust the pH to 10.0 using either 1N sodium hydroxide or 1N hydrochloride. At 

pH 10.0 the solution will be yellow. 

3. Boil the solution until it turns colorless (approximately 10 minutes). 

4. Allow the solution to cool to room temperature. 

5. Readjust the pH to 10.0 and repeat steps 3 and 4 until the solution remains 

colorless and the pH stabilizes at 10.0. 

6. Store the activated Sodium Orthovanadate solution as 5.5ml aliquots at -20°C. 

RIPA Buffer: 

1. On a fine scale weigh the chemicals as following: 

 1.97g of TRIS-HCl 

 2.0995g of Sodium Flouride 

 6.6475g of  Sodium Pyrophosphate Tetrabasic 

 1.9018g of EGTA 

 1.8612g of EDTA 

2. Put the chemicals into a pre-labeled glass bottle and add deionized water up to 

495ml. 

3. Add 5ml IGEPAL to the mixture. 

4. Put a stir bar into the glass bottle and close the lid loosely. 

5. Stir the solution for 20 minutes at room temperature. 

6. Store it as 100ml aliquots at -20°C. 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

96 

 

0.1% (v/v) DEPC Water: 

1. Measure out 500ml Millipore water and place in labelled glass bottle, take out 

500μl. 

2. Add 500μl DEPC to bottle and shake. 

3. Store it at 2-8°C 

Procedure 

1. Turn on microcentrifuge to cool down to 4°C, set at 15,000 rpm. 

2. Add 5ml sodium orthovanadate solution to 95ml RIPA buffer, shake well. 

3. Add 1ml protease inhibitor, shake well. 

4. Load 1ml of solution into 2ml centrifuge tubes. 

5. Store all the tissues in liquid nitrogen. 

6. Take out one tissue from liquid nitrogen with forceps, place on a cutting board. 

7. Using a scalpel cut the tissue and weigh it. The tissue should be 80mg to 100mg. 

8. Put the tissue into the centrifuge tube, containing 1ml buffer. Disrupt and 

homogenize the tissue using the homogenizer. Clean the homogenizer with 0.1% 

DEPC water after each tissue. 

9. After homogenization, centrifuge the tissue lysate at 15,000 rpm for 30 minutes at 

4°C.  

10. There should be three layers in the microcentrifuge tube, a fatty upper layer, the 

clear soluble protein layer, and an insoluble protein pellet at the bottom 

11. Gently remove the fatty layer with a 200 μl tip. 

12. Remove the soluble protein layer of the sample with a 1ml pipette. Record the 

exact amount of soluble protein extracted for future calculations.  

a. Be careful to not draw up the insoluble protein pellet 

13. Store both the protein extract and the insoluble pellet at 4°C for one week, -20°C 

for three months, and -80°C for greater than 3 months. 

Adipose Tissue RNA extraction 

1. Add 44ml of ethanol (96-100%) to Buffer RPE to make a working solution. 

2. Place all 2ml tubes (not supplied) for tissues on dry ice. 

3. Keep tissues frozen and cut directly on dry ice. 

4. Using scalpel cut the tissue, weigh it, and add to tube on dry ice. The tissue 

should be between 80mg to 100mg. 

5. Add one TissueLyser bead per tube. 

6. Take tubes off of dry ice and immediately add 1 ml QIAzol Lysis Reagent to each 

tube then put tubes in TissueLyser. 

a. Set at 20 Hz for 2 minutes 

7. Carefully pipet the lysates into new microcentrifuge tubes (not supplied). 
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8. Place the tubes containing the homogenate on the benchtop at room temperature 

(15-25°C) for 5 min. 

9. Add 200 μl chloroform, securely cap the tube containing the homogenate and 

shake it vigorously for 15 s. 

10. Place the tube containing the homogenate on the benchtop at room temperature 

for 2-3 minutes. 

11. Centrifuge at 12,000 x g for 15 minutes at 4°C.  

a. After centrifugation, the sample separates into 3 phases: an upper, 

colorless, aqueous phase containing RNA; a white interphase; and a lower, 

red, organic phase. For tissues with an especially high fat content, an 

additional, clear phase may be visible below the red, organic phase. The 

volume of the aqueous phase should be approximately 600 µl 

12. While samples are centrifuging set up the QiaCube according to the layout 

13. Transfer the upper, aqueous phase to a new tube (not supplied).  

14. Place tubes in QiaCube with bottles of solution. 

15. Set elution volume at 30-50 μl and run. 

16. Store at -20°C or -70°C in RNase-free water for up to a year. 

Adipose Tissue cDNA synthesis 

1. Add the following components to a nuclease-free microcentrifuge tube: 

a. 1μl of oligo(dT)20(50μM) 

b. 0.9 μg mRNA 

c. 1μl 10 mM dNTP Mix (10mM each dATP, dGTP, dCTP, and dTTP at 

neutral pH) 

d. Sterile, distilled water to 13μl 

2. Heat mixture to 65°C for 5 minutes 

3. Incubate on ice for at least 1 minute 

4. Collect the contents of the tube by brief centrifugation and add: 

a. 4 μl 5X First-Strand Buffer 

b. 1 μl 0.1 M DTT 

c. 1 μl RNaseOUT 

d. 1 μl SuperScript III RT 

5. Mix by pipetting gently up and down. 

6. Incubate at 25°C for 5 minutes then incubate at 42°C for 30 minutes. 

7. Inactivate the reaction by heating at 85°C for 5 minutes 

8. Store at -80°C 

Real-time PCR protocol 
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1. Stock cDNA solution is at 900 ng in 20 μl = 45ng/μl. Dilute to 20 ng/μl by adding 

25 μl of RNAse free water to each well to bring total solution up to 45 μl. 

2. Test primers for efficiency with pooled cDNA sample, look for peak at 25-30 

cycles: 

a. 10 ng – low expression – 5 μl of 2ng/μl 

b. 1ng – most genes – 5 μl of 200 pg/μl 

c. 100 pg – high expression – 5 μl of 20 pg/μl 

d. Do a 1:10 dilution from the stock solution at 20 ng/μl, 3 times, to get the 

correct amount of cDNA 

3. In PCR tubes mix as follows: 

a. 10 μl of ABI power SYBR green master mix 

b. 5 μl of diluted cDNA from step 2. 

c. 0.2 μl of 20 μM primer 

d. 4.8 μl of RNAse free water 

e. You can centrifuge the strip tubes for 5 min at 1000 g to get all of the 

solution to the bottom of the tube 

4. Thermo Cycler Protocol: 

a. Stage 1: 

i. Reps: 1 

ii. Temperature: 95 

iii. Time: 10 minutes 

b. Stage 2: 

i. Reps: 40 

ii. Temperature: 95 then 60 

iii. Time: 15 seconds then 1 minute 

c. Stage 3: 

i. Reps: 1 

ii. Temperature: 95 then 60 then 95 

iii. Time: 15 seconds then 30 seconds then 15 seconds 

5. After finishing the run, check the amplification curve and make sure that its auto 

baseline and auto threshold. Also, check the dissociation curve and make sure that 

there is only one amplicon peak between 25 and 30 cycles. 

6. After exporting results calculation is performed as: 

ΔΔ𝐶𝑡 = (Δ𝐶𝑡 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 − Δ𝐶𝑡 𝑜𝑓 𝛽𝑎𝑐𝑡𝑖𝑛)𝑇𝑅𝑇

− (Δ𝐶𝑡 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 − Δ𝐶𝑡 𝑜𝑓 𝛽𝑎𝑐𝑡𝑖𝑛)𝐶𝑜𝑛𝑡𝑟𝑜𝑙 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2−ΔΔ𝐶𝑡 
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THP-1 Cell Culture Protocol 

Preparation of Complete Growth Medium (10% FBS): 

1. Add 1.75μl of 2-mercaptoethanol into 500 ml of RPMI 1640 bottle (final 

concentration 0.05mM) 

2. Label a 50ml sterile tube (Complete Growth Medium), add 45 ml of RPMI 1640 

(from step 1) and then add 5 ml of FBS to the tube 

3. Cap the tube and invert a couple of times, DO NOT SHAKE. 

a. Avoid producing more air bubbles in the tube 

4. Place prepared medium into CO2 incubator for pre-warming for at least an hour 

Preparation of 2% lipo-free FBS medium: 

1. Add 1.75μl of 2-mercaptoethanol into 500 ml of RPMI 1640 bottle (final 

concentration 0.05mM) 

2. Label a 50ml sterile tube (Lipo-free Medium), add 49 ml of RPMI 1640 (from 

step 1) and then add 1 ml of lipo-free FBS to the tube 

3. Cap the tube and invert a couple of times, DO NOT SHAKE. 

a. Avoid producing more air bubbles in the tube 

4. Place prepared medium into CO2 incubator for pre-warming 

Flask Culturing 

1. Turn on water bath, set temperature to 37°C 

2. Submerge cryogenic tube in water bath, approximately 90 seconds. 

a. Make sure water doesn’t touch the mouth of the tube 

3. Remove cryogenic tube from water bath and wipe down with 70% ethanol 

4. Pipette 9ml of complete growth medium into 15ml sterile tube 

5. Pipette 1ml of thawed cells into same 15ml sterile tube 

6. Centrifuge for 5 mins at 200 X g 

7. Remove and discard all supernatant from 15ml sterile tube 

8. Resuspend the pellet with 15ml fresh medium, mix gently with pipette 

9. Inoculate homogenous cell suspension into a 25cm
2
 flask. 

Medium Renewal & Cell Counting 

1. After 2-3 days change medium depending on cell density 

2. Pipette 15ml of medium into sterile tube, discard rest of medium (unless doing 

cell count or attempting to get cells to grow) 

3. Spin 15ml sterile tube at 200 X g for 3 minutes. 

4. Remove and discard all supernatant from 15ml sterile tube 
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5. Resuspend the pellet with 5 ml fresh medium, mix gently with pipette. 

6. Count cells 

7. Add enough medium to reach 15ml. 

8. Pour contents of 15ml tube into 25 cm
2
 flask. (The maximum volume is 21 ml) 

9. Place back into incubator for growth 

10. For cell count: 

a. Dilute cell suspension 1:10 with trypan blue (10μl of cell suspension + 

90μl of trypan blue) 

i. Dilution factor: 10 

b. Count live cells with hemocytometer. Dead cells turn blue, live cells are 

white or colorless. 

c. Count all 4 corners and calculate as follows: 

𝐶𝑜𝑟𝑛𝑒𝑟 1 +  𝐶𝑜𝑟𝑛𝑒𝑟 2 +  𝐶𝑜𝑟𝑛𝑒𝑟 3 +  𝐶𝑜𝑟𝑛𝑒𝑟 4

4
𝑋 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑋 104 =

𝐶𝑒𝑙𝑙𝑠

𝑚𝐿
 

Fatty acid saponification protocol 

1. Dilute 99.5% Ethanol to 95% Ethanol 

a. Mix 4.77739 mL of 99.5% Ethanol with 0.2261 mL MilliQ water in a 

Glass Bottle 

b. Makes 5 mL of 95% Ethanol 

2. Make 5M NaOH 

a. Measure out 999.925 mg NaOH. Place in glass bottle. 

b. Mix with 5 mL MilliQ water. Stir gently with lid off. 

c. Caution VERY exothermic reaction. 

3. Measure out according to the following table and place in small glass tube 

Fatty 

Acid Name 

for 100mM 

(mg) 

Add 5M NaOH 

(μL) 

Add EtOH 

(μL) 

C16:0 Palmitic acid 10 7.79970361 382.185477 

C18:0 Stearic acid 10 7.0303712 344.488189 

C16:1n7 Palmitoleic Acid 10.7 8.411685167 412.1725732 

C18:1n7 Vaccenic Acid 10.1 7.151429755 350.420058 

C18:1-cis oleic acid 10 7.08064859 346.9517808 

C18:2n6 LA 10 7.13139597 349.4384026 

C20:4n6 AA 10 6.5681445 321.8390805 

C22:4n6 

Adrenic acid 

(DTA) 10 

6.01539942 294.7545717 

C18:3n3 α-Linolenic acid 10 7.1818443 351.9103706 

C20:3n3 Eicosatrienoic acid 10 6.52443401 319.6972663 

C20:5n3 EPA 10 6.61178882 323.9776522 

C22:5n3 DPA n-3 10 6.05162032 296.5293957 
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C22:6n3 DHA 10 6.08828006 298.325723 

 

4. Shake for 2 minutes. 

5. For saturated LCFA, such as palmitate and stearate or less soluble LCFA, place 

the tube for 1 minute (or until the LCFA is completely dissolved) at 70°C and 

shake vigorously until the LCFA is completely dissolved. (This step is also 

necessary before adding the LCFA solution to the medium for treatment). 

a. Concentration 100mM 

6. If more EtOH is needed keep track of how much is added. 

a. Then re-calculate the concentration 

7. Aliquot into microcentrifuge tubes 

a. 20μL – 2 tubes 

b. 40μL – The rest of the FA’s 

8. Store at -20°C 

PMA dilution and aliquotting 

1. Dissolve PMA in 500μL of DMSO, cap and vortex well 

2. Aspirate everything in PMA vial and place in a 2.5 mL siliconized tube 

3. Add 500μL DMSO to the PMA vial again and vortex well. 

4. Again, aspirate everything in PMA vial and place in the previously used 

siliconized tube 

a. Concentration: 1 mg/mL = 1000μg/mL 

5. Aliquot into 5μL aliquots in microcentrifuge tubes and freeze until ready to use. 

6. When ready to use: 

a. Add 195 μL of RPMI to yellow PMA tubes to dilute to a concentration of 

25μg/ml. 

b. Add 390 μL of RPMI to green PMA tubes to dilute to a concentration of 

25μg/ml. 

Culture Cells with Fatty Acids 

1. Seed THP-1 cells to a density of 5 x 10
5
/ml in 24-well plates (0.6mL/well) in 

complete growth medium 

 
(15 𝑜𝑟 30 𝑚𝐿 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛) ∗  (𝑋 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿)

5 𝑥 105 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿

= 𝑌 𝑚𝐿 𝑜𝑓 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑛𝑒𝑤 50𝑚𝑙 𝑐𝑜𝑛𝑖𝑐𝑎𝑙 𝑡𝑢𝑏𝑒 

 

2. Differentiate cells with PMA for 72 hours 
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a. Within 24 hours 90% of cells should be adhered to plate 

b. If adding to 50mL tube calculate as follows: 

i. 
(𝑋 𝑚𝐿 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛) 𝑋 (50 𝑛𝑔/𝑚𝐿)

25000 𝑛𝑔/𝑚𝐿
 𝑋 1000 =

𝑌 𝜇𝐿 𝑜𝑓25
𝜇𝑔

𝑚𝐿
𝑃𝑀𝐴 𝑎𝑑𝑑𝑒𝑑 

3. Aspirate medium and add 300μL lipo-free medium to starve cells for 8 hours 

4. Dilute FA’s from 100mM to 500μM as follows: 

a. For 3μL microcentrifuge tube (FA incubation only): 

i. Measure out 600 μL of RPMI and remove 3 μL 

ii. Place in siliconized microcentrifuge tube and vortex well 

b. For saturated fatty acids, place in 70°C to re-suspend prior to diluting 

5. Aspirate the 300μL lipo-free medium and add 600μL of lipo-free medium to each 

cell, then proceed to treat cells 

6. Add the individual fatty acids and incubate for 24 hours according to the plate 

layouts 

a. For 100μM concentration wells add 150μL of the 500μM FA solution 

b. For 50μM concentration wells add 66.666μL of the 500μM FA solution 

7. After 24 hours, aspirate medium and extract the lipids from the cells. 

Culture Cells with Fatty Acids and LPS 

1. Seed THP-1 cells to a density of 5 x 10
5
/ml in 24-well plates (0.6ml/well) in 

complete growth medium 

2. Differentiate cells with PMA for 72 hours 

a. Within 24 hours 90% of cells should be adhered to plate 

b. If adding to 50mL tube calculate as follows: 

i. 
(𝑋 𝑚𝐿 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛) 𝑋 (50 𝑛𝑔/𝑚𝐿)

25000 𝑛𝑔/𝑚𝐿
 𝑋 1000 =

𝑌 𝜇𝐿 𝑜𝑓25
𝜇𝑔

𝑚𝐿
𝑃𝑀𝐴 𝑎𝑑𝑑𝑒𝑑 

3. Need 45mL lipo-free medium for starving 6 plates 

4. Aspirate medium and add 300μL lipo-free medium to starve cells for 8 hours 

5. Dilute FA’s from 100mM to 500μM as follows: 

a. For 10μL microcentrifuge tube: 

i. Measure out 1.99 mL of RPMI and place in microcentrifuge tube. 

b. For 13μL microcentrifuge tube: 

i. Measure out 2.587 mL of RPMI and place in conical tube 

c. For 19μL microcentrifuge tube: 

i. Measure out 3.781 mL of RPMI and place in conical tube 

d. For 20μL microcentrifuge tube: 

i. Measure out 3.98 mL of RPMI and place in conical tube 
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e. For 30μL microcentrifuge tube: 

i. Measure out 5.97 mL of RPMI and place in conical tube. 

f. For 40μL microcentrifuge tube: 

i. Measure out 7.96 mL of RPMI and place in conical tube. 

g. For saturated fatty acids, place in 70°C to re-suspend prior to diluting. 

6. Need 88-90mL lipo-free medium for treating 6 plates 

7. Aspirate the 300μL lipo-free medium and add 600μL of lipo-free medium to each 

cell, then proceed to treat cells 

8. Add the individual fatty acids and incubate for 24 hours according to the plate 

layouts 

a. For 100μM concentration wells add 150μL of the 500μM FA solution 

b. For 50μM concentration wells add 66.666μL of the 500μM FA solution 

9. After 24 hours proceed to stimulating with LPS 

Reconstitution and dilution of LPS 

1. LPS has been diluted to 30μg/ml and aliquoted in 500μL aliquots 

For 6 plates: One Run 

2. Label 6 – 2.5ml siliconized tubes and dilute as follows (3 concentrations/run/FA 

conc): 

a. For 100μM FA plates: 

i. “1μg/ml-100” add 650μL of “30μg/ml” then add 0.1927μL of 

RPMI 

ii. “0.1μg/ml-100” add 65μL of “30μg/ml” then add 585.1927μL of 

RPMI 

iii. “0.01μg/ml-100” add 6.5μL of “30μg/ml” then add 643.6927μL of 

RPMI 

iv. This gives 650.19μL of LPS, we will need 620.88μL for each 

concentration for each run. 

b. For 50μM FA plates: 

i. “1μg/ml-50” add 575μL of “30μg/ml” then add 0.0417 μL of 

RPMI 

ii. “0.1μg/ml-50” add 57.5μL of “30μg/ml” then add 517.5417μL of 

RPMI 

iii. “0.01μg/ml-50” add 5.75μL of “30μg/ml” then add 569.2917μL of 

RPMI 

iv. This gives 575.04μL of LPS, we will need 551.76μL for each 

concentration for each run. 

3. Mix well by inversion. 



 

Texas Tech University, Amanda Pepper-Yowell, December 2014 

104 

 

a. Store at -80°C if not using immediately 

For 12 plates: Two Runs 

4. Label 6 – 2.5ml siliconized tubes and dilute as follows (3 concentrations/run/FA 

conc): 

a. For 100μM FA plates: 

i. “1μg/ml-100” add 1300μL of “30μg/ml” then add 0.3854μL of 

RPMI 

ii. “0.1μg/ml-100” add 130μL of “30μg/ml” then add 1170.3854μL of 

RPMI 

iii. “0.01μg/ml-100” add 13μL of “30μg/ml” then add 1287.3854μL of 

RPMI 

iv. This gives 1300.38μL of LPS, we will need 1241.76μL for each 

concentration for each run. 

b. For 50μM FA plates: 

i. “1μg/ml-50” add 1150μL of “30μg/ml” then add 0.0834 μL of 

RPMI 

ii. “0.1μg/ml-50” add 115μL of “30μg/ml” then add 1035.0834μL of 

RPMI 

iii. “0.01μg/ml-50” add 11.5μL of “30μg/ml” then add 1138.5834μL 

of RPMI 

iv. This gives 1150.083μL of LPS, we will need 1103.52μL for each 

concentration for each run. 

5. Mix well by inversion. 

6. Store at -80°C if not using immediately 

7. After 24 hours, add LPS to each well according to the plate layout. 

c. For 100μM FA concentration plates 

i. For 1μg/ml add 25.87μl of “1μg/ml-100” tube of LPS to each 

respective well 

ii. For 0.1μg/ml add 25.87μl of “0.1μg/ml-100” tube of LPS to each 

respective well 

iii. For 0.01μg/ml add 25.87μl of “0.01μg/ml-100” tube of LPS to 

each respective well 

d. For 50μM FA concentration plates 

i. For 1μg/ml add 22.99μl of “1μg/ml-50” tube of LPS to each 

respective well 

ii. For 0.1μg/ml add 22.99μl of “0.1μg/ml-50” tube of LPS to each 

respective well 
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iii. For 0.01μg/ml add 22.99μl of “0.01μg/ml-50” tube of LPS to each 

respective well 

8. Incubate for 24 hours. 

9. Collect culture supernatant and freeze at -80 for later cytokine analysis 

10. Proceed to extract lipids from cells. 


