
ABSTRACT 
STEPHENS, AMANDA MAE. Anti-Atherogenic, Anti-Inflammatory, and Anti-
Hypertensive Effects of Peanuts Determined with In Vivo and In Vitro Models. 
(Under the direction of Timothy H Sanders). 
 
Peanuts contain several cardiovascular beneficial nutrients and have been reported 

to reduce risk of cardiovascular diseases (CVD). Hypertension, hypercholesteremia, 

and atherosclerosis are leading causes of CVD. The first stage of atherosclerotic 

disease is accumulation of cholesteryl esters (CE) in arterial tissues. Hamsters are 

often utilized for CVD studies. A 24 wk study was conducted to characterize normal 

metabolism and age effects to include average concentrations of plasma, aortic 

cholesterols, and hepatic gene expression in male golden Syrian hamsters that 

consumed a standard breeding diet (STD). Plasma atherogenic index (AI) and CE 

did not change indicating no development of atherosclerosis with increased age. 

Consumption of STD diet did not have an apparent effect on hepatic genes encoding 

for inflammation and energy metabolism related to CVD. 

A second study was conducted to evaluate effects of whole peanuts (WP) and 

peanut flour (PF) in high fat high cholesterol (HFHC) diets on development of 

atherosclerosis compared to a HFHC control (CON) diet. Results confirmed total 

plasma cholesterol (TPC) lowering properties of peanut component enriched diets 

and indicated cholesterol lowering effects independent of fatty acid content. Peanut 

component diets significantly reduced atherosclerosis as determined by arterial CE. 

Hepatic biochemical compounds indicated reduced oxidative stress, inflammation, 

and insulin resistance in hamsters that consumed peanut component diets 

compared to CON. Hepatic gene analysis indicated hamsters consuming peanut 

components had lower inflammatory mediator (ET-1) and more efficient sterol 

metabolism (CYP7A1 and ABCB11) compared to CON group. When consumed with 

HFHC diet, WP and PF protected against development of atherosclerosis by 

reducing inflammation, improving lipoprotein distribution, increasing fatty acid β-

oxidation, and upregulating excretion of cholesterol to bile. 



A third study was performed to determine influence of WP and PF on reversion of 

atherosclerosis in hamsters after disease was induced by diet. Hamsters that 

consumed WP diet had significant reversion of TPC and no change in high density 

lipoprotein (HDL) cholesterol compared to diseased hamsters at 0 wk. Aortic total 

cholesterol (TC) and CE were significantly reversed after 6 wk of WP consumption 

and aortic TC was also significantly lower in the PF diet group. These data indicate 

significant reduction in early stage atherosclerotic development with consumption of 

peanuts. At 24 wk, hamsters that consumed the CON diet had increased TPC and 

non-HDL cholesterols as well as decreased HDL cholesterol compared to 0 wk. 

Hamsters that consumed WP or PF diet did not have a change of AI at wk 24 which 

indicates peanut components prevented the further development of atherosclerosis. 

These data, along with HDL cholesterol, suggest that WP and PF diet groups had a 

more efficient reverse cholesterol transport system, greater antioxidant status, and 

higher bile acid metabolism than the CON diet group. 

PF is a valuable ingredient for product formulation and protein fortification. Bioactive 

peptides have been reported to act as antioxidants and reduce hypertension and 

atherosclerosis. Angiotensin I converting enzyme (ACE) regulates hypertension. 

Another blood pressure regulator is nitric oxide (NO), which also can act as an 

inflammatory signaling molecule and pro-oxidant in local tissues. PF was separated 

by pH and molecular weight (MW) and a portion of each fraction underwent 

enzymatic hydrolysis. Hydrolyzed MW fractions had the greatest ACE inhibition. The 

smallest MW digested peptide fraction had lowest inhibitory concentration and thus 

greatest potency. Peanut fractions significantly reduced local NO production in RAW 

264.7 cells. These data suggest that peanut protein and peptide fractions protect 

against atherosclerosis because of anti-hypertensive and anti-inflammatory 

properties. 
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CHAPTER 1. 
 

Literature Review  
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1.1 Cholesterol  
 

1.1.1 Cholesterol Synthesis 

 Cholesterol is essential to human life but excess cholesterol can be harmful 

because it is associated with cardiovascular diseases (CVDs). Cholesterol is the 

precursor of bile acids, vitamin D, and steroid hormones, such as; progesterone, 

testosterone, estradiol and cortisol. Cholesterol also is essential in the fluidity of the 

cellular wall lipid bilayer. Cholesterol is derived from the diet and also synthesized in 

the body, mainly in the liver. Other sites of cholesterol synthesis are the intestine, 

skin, and endocrine glands. A typical, non-westernized, human diet contains 200-

500mg of cholesterol per day, whereas a westernized diet averages 500-

750mg/day1. A westernized diet is defined as high in saturated fats, red meats, 

processed carbohydrates, and low in fruits and vegetables2. Cholesterol is ultimately 

eliminated from the body as a component of bile acids; however, 30-60% of this 

cholesterol is reabsorbed and recycled. In addition to excretion, a small amount of 

cholesterol is lost through mucous membranes and natural oils on the skin surface3. 

The total amount of cholesterol reabsorbed and synthesized by a normal weight 

adult is 750-1250mg/day3,4. Excess dietary cholesterol can moderately suppresses 

cholesterol biosynthesis, but excess calorie intake has the opposite effect. 

Chronically high intakes of calories are associated with overproduction of 

cholesterol, while restriction of calories reduces synthesis1. 

Cholesterol biosynthesis must be tightly regulated in order to prevent over 

accumulation and abnormal deposition within the body. Abnormal deposits in the 

coronary arteries can eventually lead to atherosclerosis, the leading contributory 

factor in CVD3. Cholesterol biosynthesis (Figure 1) is initiateded with one molecule 

of acetyl-CoA and one molecule of acetoacetyl-CoA, which are dehydrated to form 

3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) by HMG-CoA synthase. HMG-

CoA is converted to mevalonate using two nicotinamide adenine dinucleotide 

phosphates (NADPH) by HMG-CoA reductase. This step is irreversible and the rate 
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limiting step of cholesterol biosynthesis which makes it the site of action for statins 

(HMG-CoA reductase inhibitors). HMG-CoA reductase is regulated in the body 

depending on unesterified (free) cellular cholesterol levels in four ways: 1) synthesis 

controlled by sterol regulatory element binding protein (SREBP), 2) translation 

inhibited by nonsterol metabolites (derived from mevalonate and dietary cholesterol), 

3) degradation control, and 4) activity controlled by phosphorylation1,4. The next 

stage of cholesterol biosynthesis requires three adenine trinucleotide phosphates 

(ATP) to produce 3-isopentenyl pyrophosphate, which is phosphorylated from 

mevalonate. 3-isopentenyl pyrophosphate is then decarboxylated yielding 

isopentenyl pyrophosphate, an activated isoprene unit that is the key metabolite for 

various biological reactions. Three molecules of isopentenyl pyrophosphate 

condense to form squalene by squalene synthase. Oxidosqualene cyclase then 

cyclizes squalene to form lanosterol. Finally, lanosterol is converted to cholesterol.  
 

 
Figure 1: Cholesterol biosynthesis4. 
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1.1.2 Cholesterol Transport 

Lipoproteins are transport proteins for triacylglycerols (TAG) and cholesterol. 

Lipoproteins are comprised of apoproteins (apo) (proteins that bind lipids) and lipids. 

Apoproteins have specific receptors that transport lipoproteins to the proper 

destination in the body. Lipoprotein molecules are synthesized and secreted by the 

liver and classified according to increasing density: chylomicron, very low density 

lipoprotein (VLDL), intermediate low density lipoprotein (IDL), low density lipoprotein 

(LDL), and high density lipoprotein (HDL) (Table 1). All lipoproteins contain a 

hydrophobic core and hydrophilic outer layer. Lipoproteins are required for 

transportation because TAG and cholesterol cannot move freely into the cells 

because of their hydrophobicity.  

 

Table 1: Properties of lipoproteins5. 

   Composition (%) 

Lipoprotein Density 
(g/cm3) Apoprotein TAG CE FC PL P 

Chylomicron < 0.940 B-48, C, E 86 3 1 8 2 

VLDL 0.940 – 
1.006 

B-100, C, 
E 52 14 7 18 8 

IDL 1.006 – 
1.019 B-100, E 38 30 8 23 11 

LDL 1.019 – 
1.063 B-100 10 38 8 22 21 

HDL 1.063 – 
1.210 A 5-10 14-21 3-7 19-

29 
33-
57 

Abbreviations: TAG, triacylglyerol; CE, cholesteryl ester; FC, free cholesterol;  

PL, phospholipid; P, protein. 
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1.1.3 Cholesterol Metabolism 

Cholesterol esters and TAG consumed in the diet are broken down by 

esterases and lipases to free cholesterols, monoglycerides, and fatty acids before 

being absorbed in the small intestine. These compounds are then packaged and 

transported in the plasma as large chylomicrons commonly by apoB-48 (Figure 2). 

Lipoprotein lipase, located on the lining of blood vessels, muscles, and adipose 

tissues, hydrolyze off the fatty acids and glycerols of the chylomicrons causing them 

to become smaller, cholesterol-rich chylomicron remnants. The chylomicron 

remnants are transported into the liver via LDL receptor-like proteins (LRP). Fatty 

acids and cholesterol are either stored in the liver or repackaged onto VLDL 

molecules for distribution. During circulation, VLDL undergoes a similar sequence of 

events as chylomicrons, removal of fatty acids by lipoprotein lipase, and become 

smaller in size (Figure 2). 

Cholesterol, in excess of the amount required by the liver, is exported into 

circulation as unesterified (free) cholesterol (FC) on VLDL molecules via the 

transport protein ATP-binding cassette A1 (ABCA1) (Figure 3). FC is restricted to 

the outer shell of the lipoprotein particles because it has a charged hydroxyl group 

which interacts with water. Cholesterol esterification by lecithin cholesterol acyl 

transferase (LCAT) removes the hydroxyl group and creates a lipophilic particle that 

enters the hydrophobic core of lipoproteins, known as cholesteryl ester (CE).  
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Figure 2: Lipoprotein metabolism3. 

 

LDL is the major transporter of cholesterol in the blood and contains a core of 

about 1500 cholesterol molecules esterified to fatty acids; the most common fatty 

acid chain in these esters is linoleate (Table 2). The role of LDL is to transport and 

deposit cholesterol to peripheral tissues. LDL particles are small enough to cross the 

vascular endothelium to enter the tissue fluid to supply tissues with cholesterol. 

When the LDL cholesterol particles reach a targeted cell surface, they undergo 

receptor mediated endocytosis, and fuse with lysosomes that degrade the LDL coat 

to amino acids. The CE that is released is hydrolyzed by specific acid cholesteryl 

ester hydrolase (aCEH) to unesterified cholesterol6. High concentrations of FC 

disrupt the integrity of cell membranes and must be controlled within narrow limits for 
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proper cell function. Excess cholesterol is stored in the cytoplasm as droplets of CE. 

Cholesterol homeostasis is controlled by responses in LDL receptor uptake process, 

endogenous sterol synthesis process, and sterol esterification process7. When FC 

exceeds the threshold limit it is transported to the endoplasmic reticulum (ER) and 

esterified to CE by acyl-CoA:cholesterol acyltransferase (ACAT)8. Re-esterified 

cholesterol contains mainly oleate and palmitate in contrast to cholesterol esters in 

LDL molecules (Table 2)5. CE can be converted back to FC when needed. This 

conversion starts when the sterol SREBPs are cleaved from the ER membrane at 

two sites and then CEH hydrolyzes CE9,10.  

Excess cholesterol may be removed from the cells in a process known as 

reverse cholesterol transport (RCT)11. HDL receptors are critically important in 

reverse cholesterol transport by performing the opposite role of LDL receptors. HDL 

particles that are ‘empty’ (able to accept cholesterol molecules) are known as 

discoidal nascent particles (HDLn). Reverse cholesterol transport is the process of 

HDLn receptors picking up FC that is released into the plasma from peripheral 

tissues and converting it to CE via LCAT. Then HDL molecules can return CE back 

to LDL and VLDL particles, by cholesteryl ester transfer protein (CEPT), or to the 

liver via scavenger receptor B type 1 (SR-B1)12.  

Normally, tissues only release CE into the plasma when cells are turning over 

or dying. It is possible for excess CE in the cells to be directly released, but the 

process is not efficient so most of it is stored. Cells are unable to catabolize excess 

stored CE droplets7 and these droplets become susceptible to oxidation. These 

cholesterol droplets up-regulate signaling molecules and recruit monocytes to the 

area that then differentiate into macrophage cells. Macrophage cells engulf and 

metabolize CE and up-regulate inflammatory mediators and adhesion molecules 

which are precursors to atherosclerosis13.  
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Table 2: Fatty acid composition (%) of cholesteryl esters of human tissues. 

  FA % of CE 

Fatty Acid Carbon:double bond Plasma Liver 

Palmitate 16:0 12 23 

Stearate 18:0 2 10 

Oleate 18:1 27 28 

Linoleate 18:2 45 22 

Arachidonate 20:4 8 6 

Abbreviations: FA, fatty acid; CE, cholesteryl ester. 

 

 

 

 
Figure 3: Cholesterol metabolism.  
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1.1.4 Lipoprotein and Cholesterol Modification 

Oxidized LDL (oxLDL) cholesterol can promote CVD development by 

contributing to the formation of atherosclerotic plaque in arteries throughout the body 

at a higher rate than non-oxLDL cholesterol14. When LDL particles become trapped 

in arteries they are internalized by macrophages by means of scavenger receptors. 

OxLDL cholesterol is engulfed more readily by macrophages than non-oxLDL and 

significantly induces lipid peroxides and local inflammatory responses15–18. OxLDL 

cholesterol in the arterial wall can also be a direct consequent of circulating oxLDL 

cholesterol in the plasma because it adheres more readily to the arterial 

endothelium. Oxidation of LDL cholesterol is less likely to occur in the plasma than in 

tissues because of the presence of circulation antioxidants and proteins that chelate 

metal ions18. Oxidation is more likely to occur in microenvironments in which 

antioxidants can become depleted and LDL cholesterol is exposed to oxidative 

stress, as in the subendothelium area of arteries. LDL cholesterol can become 

oxidized via enzymatic attack of myeloperoxidase (MPO) and lipoxygenases, or by 

contact with reactive oxygen species (ROS), chelating metals, nitric oxides, 

superoxides, or thiols19. Oxidation impacts the chemical composition of the LDL 

receptor, apoB, reducing its affinity for CE resulting in an increased affinity for 

scavenger receptors and macrophages20.  

 LDL cholesterol particles enter and accumulate in the endothelium and 

subendothelium more easily when the tissues become injured. The stress of 

hypertension can cause damage to the endothelium, exposing the underlying 

collagen where platelets aggregate to initiate a repairing process which may not be 

completed. Arterial tissues can also be damaged when there is excess cholesterol 

circulating in the blood, known as hypercholesterolemia. Excess LDL cholesterol 

directly enter arterial tissues to help regulate the hypercholesterolemia which up-

regulates inflammatory cells. Macrophage cells engulf the excess cholesterol 

molecules and become lipid-engorged, known as ‘foam cells’. The term foam cells 
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describes the major type of cell within arterial fatty streaks7. Fatty streaks are the 

first visible indication of atherosclerosis21. 

Acute and chronic inflammation results in changes in lipoproteins including 

increased VLDL, LDL, and TAG levels, as well as decreased HDL and apoA-I 

concentration16. Inflammation can also cause changes in HDL structure and 

metabolism13. During acute inflammation HDL becomes enriched in unesterified 

cholesterol and TAG but depleted of CE22. This change in HDL size is a concern 

because it will act more like depositing LDL molecules versus CE clearing HDL 

molecules. 

Serum amyloid A (SAA) proteins are a family of apolipoproteins associated 

with HDL and assist in transport of cholesterol to the liver. Currently four isoforms of 

SAA (1-4) are known and they all up-regulate the production of monocytes, 

macrophages, and inflammatory cytokines. SAA1 and SSA2 are synthesized mainly 

in the liver in response to inflammatory cytokines, such as; interleukin-1β (IL-1β), 

interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNFα). SAA proteins may affect 

local tissues and specific sites or have systemic effects by its presence in plasma13. 

Han et al.23 found that cytokines increased SAA protein expression through nuclear 

factor kappa B (NF-ĸβ) and simultaneously decreased apoA-1 and paraoxonase-1 

(PON-1). PON-1 protects LDL from oxidation24. SAA proteins become the major 

apolipoprotein of HDL during times of high inflammation because apoA-1 decreases 

and SAA increases. While normal HDL has antioxidative and anti-inflammatory 

activities, HDL(SAA) can be a pro-oxidant13. Brea et al.25 concluded that elevated 

SAA levels were an indication of some types of ischemic stroke. Even through SAA 

increases inflammatory cytokines; they also have beneficial characteristics. 

HDL(SAA) facilitates cholesterol efflux from cholesterol-loaded macrophages by 

ABCA1 and SRB1 transporters, as well as, increases availability of cellular FC13,26. 

A person is considered at risk for atherosclerosis if they have high non-HDL 

cholesterol levels (VLDL, IDL and LDL), low HDL cholesterol levels, or unbalanced 

LDL to HDL ratio. A healthy LDL to HDL ratio for humans is 3.54. Another indicator of 
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unhealthy cholesterol levels is measured by the atherogenic index, which is the ratio 

of total cholesterol (TC) over HDL cholesterol.  

 

1.2  Atherosclerosis 
 

1.2.1 Risk Factors of Coronary Heart Disease (CHD) 
Risk factors help to predict the likelihood for development of coronary heart 

disease (CHD); however, they are only predictive and are not a direct indication of 

disease. There are three types of risk factors: lifestyle, biochemical/physiological, 

and personal. Lifestyle risk factors include stress, physical inactivity, obesity, diets 

high in saturated fats and trans fatty acids, high sugar consumption, and tobacco 

smoking. The long-term risk of smoking was reported in the 50-year cohort of British 

doctors that indicated that mortality for CHD was about 60% higher for people who 

smoked tobacco compared to non-smokers. Approximately 50% of all regular 

smokers suffered a fatal myocardial infarction (MI)27. Tobacco cigarettes have over 

four thousand chemicals and many may act as ROS. Stress, another lifestyle risk 

factor, can suppress the immune system and increase circulation of ROS. Poor diets 

(high in sugar, saturated fats, and trans fatty acids), inactivity, and obesity are all 

interrelated and increase CHD risks because they may raise blood pressure, 

cholesterol levels, body mass index (BMI), and glucose intolerance. Physical 

inactivity can increase the risk of CHD by 20% and stoke by 10%28–31.  

Lifestyle risk factors lead to biochemical/physiological risks of 

hypercholesterolemia, low HDL cholesterol, high triglycerides, hypertension, 

elevated homocysteine, diabetes mellitus, and thrombogenic factors18. The World 

Health Organization (WHO) estimated that over 60% of CHD and about 40% of 

strokes in developed countries are a result of high LDL cholesterol and low HDL 

cholesterol levels28. Hyperglycemia and diabetes not only increase the risks of CHD 

by three fold but also magnify the effect of other risks, such as 

hypercholesterolemia, hypertension, and obesity30. Hypertension promotes CHD by 
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creating a large amount of stress on the arterial lumen that can cause physical 

damage and then increases inflammatory mediators and adhesion molecules to the 

site of injury.  

Personal risk factors are inherited, uncontrollable risks, such as; age, gender, 

and family history. The occurrence of CHD increases with age and is more 

prominent in men than in women, especially before menopause because the 

protective role of estrogen. Estrogen improves lipid profile by raising HDL cholesterol 

and lowering LDL cholesterol. Estrogen may also favorably affect inflammatory 

mediators, adhesion molecules, and coagulation31,32.  

 

1.2.2 Progression of Atherosclerosis 
Atherosclerosis is the underlying pathological process of CHD and 

cerebrovascular disease which accounts for about 16.7 million deaths each year33. 

Atherosclerosis is a slowly processing chronic disorder of large and medium sized 

arteries34 that can begin in young individuals but is usually only discovered in adults 

when it is severe. Under normal circumstances plasma flows through the arterial 

lumen and the endothelial monolayer resists adhesion of leukocytes. Atherosclerosis 

usually begins to develop when the lining of the monolayer is damaged. Damage 

increases permeability of the arterial wall which allows for lipids and inflammatory 

cells to cross into the subendothelial space. Adhesion molecules, T-cells, and 

monocytes are then up-regulated. Monocytes differentiate into macrophage cells 

which uptake lipids and release inflammatory mediators, such as cytokines, matrix 

metalloproteinases (MMP), and tissue growth factors. Oxidation and ACAT up-

regulates a macrophage cell’s affinity for CE. Tissue growth factors lead to cell 

proliferation and matrix production while MMP and ROS lead to matrix degeneration. 

Thus, macrophages and foam cells both contribute to lesion growth, instability, and 

thrombotic events35. The biological role of macrophage cells is to engulf ‘foreign 

agents’ in the arterial wall and remove them which may lead to a reduction in 

atherosclerotic plaque. Cholesterol in excess is considered a foreign agent. If the 
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inflammatory response does not effectively neutralize or remove the foreign agents, 

plaque may continue to increase and eventually block and harden the affected 

arteries (Figure 4)19,36. 

MIs may occur when soft plaque becomes unstable and ruptures causing a 

thrombus which stops blood flow37. High amounts of CE contribute to softer plaque 

because CE is liquid at body temperature; whereas, FC tends to form crystals and 

yield harder, more stable plaques7. Large accumulations of CE may predispose 

plaques to rupture because the wall stress is concentrated on either side of the 

lesion surrounding the lipid core causing it to rupture7. 

 

 
Figure 4: Progression of atherosclerosis36. 

 

1.2.3 CE and Progression of Atherosclerosis 
The presence of atherosclerosis can be chemically determined by measuring 

alterations in the metabolism of the arterial wall. CE accumulated by macrophages 

during the formation of foam cells is one of the first metabolic precursors of 



 14 

atherosclerosis38. In an atherosclerotic artery, CE increases more than any other 

single component39. Phospholipids and TAG also increase in atherosclerotic 

arteries, but the increases are not prerequisites for the increase in CE40. CE 

concentration can increase up to fifty times higher than in a non-atherosclerotic 

artery before any visible lesions can be seen, while at the same time phospholipids 

and TAG increase only slightly38. If a regression of atherosclerosis occurs, a 

reduction of CE concentration also occurs41. Chobanian and Manzur42 concluded 

that cholesterol esterification in experimentally induced lesions occurs in the same 

manner as in human atherosclerotic lesions. This is important to a clinical setting 

because it validates that quickly induced lesions and inflammatory mediators are the 

same as in lesions that progress slowly. 

1.2.4 Triglycerides (TAG) and Atherosclerosis 
The properties of TAG are dependent on the fatty acid composition of the 

molecule. TAG fatty acids can be saturated, unsaturated, or mixed. Saturated fatty 

acids (SFA) are saturated with hydrogen ions and have single carbon to carbon 

bonds. Unsaturated fatty acids that contain one double bond are known as 

monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) have 

at least two double bonds. Unsaturated fatty acids can either have cis or trans 

isomers. Trans fatty acids (TFA), sometimes found in processed foods, have been 

strongly associated with CVD because they raise LDL cholesterol and lower HDL 

cholesterol43. The American Heart Association (AHA) strongly recommends that both 

TFA and cholesterol-raising SFA should be reduced as much as possible in foods44. 

A review article by Hu and Willett,45 evaluated 147 studies to recommend 

optimal diets for prevention of CHD. Their work indicated that there was conclusive 

data that SFA increased and PUFA decreased TC and non-HDL cholesterols. 

However, when MUFA or PUFA replaced SFA, LDL cholesterol decreased and HDL 

cholesterol changed only slightly. All three classes of fatty acids increased HDL 

cholesterol when they replaced carbohydrates in the diet. 
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Kubow46 suggested the digestibility and rate of clearance of TAG is 

dependent on the degree of saturation of the attached fatty acids. An increased risk 

of atherosclerosis has been associated with an impaired clearance of TAG and 

chylomicrons47. Palmitate has been indicated to induce higher amounts of pro-

inflammatory cytokines (TNFα, IL-8, IL-1β) compared to linoleate and shorter chain 

SFA. The signaling pathways mediating cytokine production include de novo 

synthesis of ceramide, a specific metabolite of sphingosine and long-chain SFA, and 

activation of p38 kinase and c-Jun N-terminal kinase (JNK)48. A review article by 

Hunter, Zhang and Kris-Etherton49 evaluated several studies and indicated that 

stearic acid (18:0) beneficially affected LDL cholesterol compared to other SFA 

[lauric (14:0), myristic (14:0), and palmitic (16:0)] and TFA for solid fat applications. 

Their review49 also indicated that LDL cholesterol decreased as dietary stearic acid 

increased in a significant dose-response manner. Compared to unsaturated fatty 

acids (oleic and linoleic), stearic acid raised LDL cholesterol and slightly lowered 

HDL cholesterol in line with the fact that MUFA and PUFA lower LDL cholesterol 

without decreasing HDL cholesterol50. Dietary stearic acid was not reported to have 

an effect on HDL cholesterol levels compared to other SFA49. Overall stearic acid 

has been reported to have a neutral effect on atherosclerosis51,52. 

 
1.2.5 Homocysteine and Atherosclerosis 

Homocysteine concentration is dependent on methionine concentration. 

Homocysteine is a by-product of intercellular methylation of S-adenosyl-methionine. 

In times of methionine demand tissues can remethylate homocysteine into 

methionine by methionine synthase (MS) which requires vitamin B12 as an essential 

co-factor. When methionine concentration is in excess, homocysteine can be 

metabolized into cystathionine and in turn to cysteine via the trans-sulfuration 

pathway and the enzyme cystathionine betasynthase (CBS) which requires vitamin 

B6 as a co-factor53. Vitamins B6, B9, and B12 may have inverse relationships with 

plasma homocysteine concentration53,54. The circulating form of vitamin B9, 5-
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methyltetrahydrofolic acid (5-MTHF), has the strongest effect on homocysteinaemia. 

5-MTHF reduces peroxynitrite-mediated tetrahydrobiopterin (BH4) oxidation and 

improves endothelial nitric oxide synthase (eNOS) coupling in the vascular wall55. 

Raised inflammatory and oxidative burden observed in homocysteinaemia induces 

the oxidation of the eNOS cofactor, BH456. The uncoupled form of eNOS is a major 

source of superoxide radicals. 

Homocysteinaemia leads to a decrease of L-arginine, an eNOS substrate, 

because it down-regulates dimethylarginine-dimethylaminohydrolase, the enzyme 

responsible for the catabolic degradation of asymmetric dimethylarginine (ADMA) to 

arginine57. ADMA inhibits and uncouples eNOS in vascular endothelium, leading to 

decreased NO bioavailability, impaired endothelial function, and ROS53. The pro-

oxidative state in chronic homocysteinaemia activates NF-κB which is responsible 

for the transcriptional regulation of many proinflammatory genes53,58. Chronic 

homocysteinaemia also activates production of protein-1-mediated deregulation of 

endothelin-1 (ET-1), which is a strong vasoconstrictor and a key molecule involved 

in atherogenesis53,59. Pro-oxidative states and hyper-homocysteinaemia also induce 

oxidation of LDL particles and the expression of lectin-type oxidized LDL receptor 1 

(LOX-1) on endothelial cell surfaces53,60. These events induce foam cell formation 

and further promote atherogenesis. High plasma homocysteine levels have been 

linked to coronary artery disease (CAD)53,61, increased inflammation58,62, and 

oxidation56,63. Several epidemiological studies53,54,64 indicate that folates lower 

plasma homocysteine, but controlling plasma homocysteine levels may not reduce 

CVD65,66.  

 
1.2.6 Nitric Oxide (NO) and Atherosclerosis 

Nitric oxide (NO) is a highly reactive compound that can serve as a beneficial 

physiologic messenger or as a toxin in various tissues. NO is an ideal transient 

signaling molecule because it can diffuse freely across membranes67. NO is 

continuously synthesized from L-arginine in endothelial cells by oxidation-reduction 
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reactions catalyzed by one of at least three isoforms of nitric oxide synthase (NOS): 

neuronal (nNOS), endothelial (eNOS), and inducible (iNOS). Two of these are 

calcium dependent and constitutively expressed to produce low levels of NO; eNOS 

and nNOS. The third isoform, iNOS, is inducible and regulated by cytokine 

stimulation and produces more NO than the other two isoforms67. NO plays a 

protective role in the body by suppressing abnormal proliferation of vascular smooth 

muscle cells. It also controls homeostasis, fibrinolysis, and platelet and leukocyte 

adhesions as well as regulation of vascular tone and growth68. 

NO is also generated by immune cells and couples with superoxide to form 

peroxynitrite which can cause damage to foreign cells and DNA by nitration and 

oxidation69. These biochemicals also can lead to vascular dysfunction and vascular 

damage leading to atherosclerosis. A dysfunctional endothelium has diminished 

levels of bioavailable NO caused by decreased NO synthesis or NO inactivation. NO 

synthesis can be reduced by inhibiting compounds, such as ADAM57. Inactivation of 

NO is caused by ROS, specifically superoxide radicals. Superoxides react with NO 

to form peroxynitrite at a much faster rate than the superoxides can be broken down 

by superoxide dismutase. At high levels, peroxynitrites form cytotoxic peroxynitrous 

acid which acts as an potent oxidant, and can cause protein modification by nitration 

of amino acids67,68. Loss of NO bioavailability leads to loss of vasculoprotective 

actions and increases CVD progression68 and MI70. Ingestion of L-arginine improved 

myocardial perfusion in humans71. L-arginine also protects against CAD because it 

induces apoptosis of macrophage cells in intimal lesions when converted to NO, 

which acts through a cGMP-dependent pathway72. iNOS gene expression and 

subsequent mRNA translation is controlled by the NF-κB pathway73. 

 
1.2.7 Inflammatory Cytokines and Atherosclerosis  

Inflammatory cells in atherosclerotic plaques produce a large amount of 

bioactive molecules such as growth agonists, growth antagonists, pro- and anti-

inflammatory cytokines and chemokines74. Cytokines are low molecular weight 
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proteins that are secreted by several different cell types and have a variety of 

immune and/or inflammatory actions. If phagocytes fail to eliminate a pathogen or 

foreign substance, an inflammatory response occurs which can lead to chronic 

inflammation. During chronic inflammation various cytokines and growth factors are 

released. 

IL-6 is a pro-inflammatory, pro-coagulant cytokine75 that may be associated 

with plaque instability76. IL-6 levels may be predictive of CAD77–79 and a stimulant for 

the hepatic production of C-reactive protein (CRP)80. The cytokine, IL-18, may be 

positively correlated with aortic intima media thickness81 and thus may be used as a 

predictor of coronary events82. Studies have linked IL-18 with plaque instability83. 

Furthermore, diabetic patients with high IL-18 had a greater number of carotid 

plaques and greater intima-media thickness compared to those patients with normal 

IL-18 levels84. 

 Other cytokines that have been linked to atherosclerosis are IL-1β, IL-4, IL-8, 

IL-12, interferon (IFN), and transforming growth factor-b1 (TGF-b1); however, the 

majority of studies on these cytokines have only been performed in vitro. 

IL-1 has been linked to depressed myocardial contractility by stimulating 

NOS85. Diets high in SFA increase aortic cholesterol accumulation and the 

inflammatory marker IL-1β in the arterial wall86.  

 

1.2.8 Myeloperoxidase (MPO) and Atherosclerosis 
Another compound associated with atherosclerosis is MPO. MPO is linked to 

inflammation and oxidative stress. It produces hypochlorous acid during the 

neutrophil’s respiratory burst which is used to kill bacteria and other pathogens. 

MPO has been linked to the development of atherosclerotic lesions and rendering 

plaque unstable87 and is also thought to be involved in the oxidation process of LDL 

and promotion of foam cell formation in arteries74. However, in epidemiological 

studies, plasma MPO has not been a promising predictor of any type of CVD88.  
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1.2.9 C-Reactive Protein (CRP) and Atherosclerosis 
CRP is a prototypical acute phase response protein produced in the liver and 

induced by proinflammatory cytokines, specifically IL-1, IL-6, and TNFα36,89. CRP 

rapidly and dramatically increases in circulation concentration after tissue injury, 

infection, and inflammation90. CRP is present in atherosclerotic plaque91 and may 

accelerate atherosclerotic development by binding to damaged arterial cells92. CRP 

has also binds to damaged LDL particles and colocalizes with these lipid particles in 

early human atherosclerotic lesions93. Tissue factors are also upregulated in the 

presents of CRP94. CRP is an acute response with a plasma half-life in humans of 

about nineteen hours, therefore the determinant of the plasma concentration is the 

synthesis rate95. High levels of plasma CRP are associated with plaque instability96 

and may be predictive of CVD95,97,98.  

 

1.2.10 Adhesion Molecules and Atherosclerosis 
Adhesion molecules participate in the progression of atherosclerosis by 

promoting monocyte accumulation on the arterial intima. Upon leukocyte binding, 

these adhesion molecules activate endothelial cell signal transduction that then 

alters endothelial cell shape for the opening of passageways through which 

leukocytes can migrate.  

Chemokines then stimulate leukocytes and upregulate α4 and β2 integrin 

binding to vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion 

molecule-1 (ICAM-1), respectively. ICAM-1 and VCAM-1 are closely related in 

structure and functions. Both are cytokine inducible Ig gene superfamily members 

that bind leukocyte integrins. They are both expressed by aortic endothelium in 

regions predisposed to atherosclerosis and upregulated before early foam cell 

lesions form99,100. However it appears that VCAM-1 plays the dominant role in 

initiation of atherosclerosis101, even though both ICAM-1 and VCAM-1 are 

expressed. 
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1.2.11 Endothelin-1 (ET-1) and Atherosclerosis 
Several studies have demonstrated the increased expression of ET-1 during 

development of atherosclerosis in animal models and humans102. The release of ET-

1, a potent vasoconstrictor, is enhanced at the site of unstable plaque, further 

mediating focal vasoconstriction and myocardial ischemia103. Vasoconstriction 

occurs partly because ET-1 reduces the bioavailability and biological activity of 

NO104. Reduced bioavailable NO contributes to an increase in vascular tone, 

inflammation, and platelet aggregation. ET-1 has directly been implicated in the 

inflammatory processes within the vascular wall by activating macrophages which 

then release pro-inflammatory mediators105. ET-1 also increases the formation of 

ROS, specifically superoxide and peroxynitrite102. ET-1 also interferes with glucose 

uptake106 that can lead to type II diabetes, which has a strong correlation to 

increased CVD107.  

ET-1 gene expression is regulated by a number of transcription factors 

including activator protein 1 (AP-1), NF-κB, nuclear factor of activated T-cells, and 

others that are of relevance for atherosclerosis102. Under normal conditions, ET-1 is 

produced in small amounts mainly in endothelial cells; however, under abnormal 

conditions ET-1 is stimulated in endothelial cells, vascular smooth muscle cells, 

cardiac myocytes, and inflammatory cells108. The effect of ET-1 is mediated via 

activation of two receptors, ETA and ETB. In the vascular wall the ETA receptor is on 

smooth muscle cells and mediates the major part of vasoconstriction while ETB is on 

endothelial cells and affects the release of NO. Studies have indicated that LDL and 

oxLDL cholesterol stimulate the production of ET-1109. It has also been indicated that 

ET-1 stimulates the uptake of oxLDL in endothelial cells via stimulation of LOX-1, 

mediated by ETB receptor110. Statins that lower plasma LDL cholesterol also 

decrease expression of ET-1 mRNA in endothelial cells102.  
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1.3  Blood Pressure Regulation 
 

1.3.1 Renin Angiotensin Aldesterone System (RAAS) 

Blood pressure must be regulated for homeostasis. Low blood pressure may 

occur because of many things, such as loss of blood or progressive cardiac failure. 

The kidneys regulate blood pressure by controlling renin levels in the blood. There 

are about 2.5 million nephrons in the kidneys and each nephron has two ‘blood 

pressure monitoring devices’ called the juxtaglomerular apparatus. The first 

monitoring device, polkissen cells, measures blood pressure via physical pressure 

from vessels. Polkissen cells release renin into the blood stream when pressure is 

low. The second type is sodium sensing cells adjacent to polkissen cells called 

macula densa cells. Macula densa cells release NO and prostaglandins when 

sodium is low and these compounds signal polkissen cells to release renin. Another 

way to up-regulate the release of renin is systemic. Polkissen cells have β1-

adrenergic receptors that receive signals from the central nervous system when 

blood pressure is low111.  

Renin is an enzyme in the blood that converts angiotensinogen to angiotensin I. 

Angiotensinogen is an α2-globulin that is constitutively released into circulation by 

the liver. Angiotensin I is converted to angiotensin II by angiotensin converting 

enzyme (ACE) in the lungs. ACE is located on the endothelial cells of the pulmonary 

capillaries. Angiotensin II increases vasoconstriction as well as diastolic and systolic 

blood pressure. It also acts on the adrenal cortex to up-regulate the release of 

aldosterone. Aldosterone up-regulates the sodium-potassium enzyme on the surface 

of the principle cells of the nephrons. Under normal conditions, there is a free 

exchange of sodium and potassium in which sodium flows from the cytosol to the 

blood and potassium flows into the cyotosol. A decrease in sodium in the cytosol of 

the principal cells results in more sodium reabsorbed from the urine which also 

results in more water retention and an increase in blood pressure112. Angiotensin II 
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also up-regulates the anti-diuretic hormone, neropherphen, and receptors for thirst in 

the central nervous system111,112. 

Congestive heart failure causes reduced blood flow in the body and a chronic 

increase in renin. A chronic increase in renin results in constantly high levels of 

angiotensin II and aldosterone. Aldosterone causes morphological changes on the 

cardiac muscle thus an up-regulation of MMPs and growth factors113.  

 

1.4  RAW 264.7 Mouse Macrophage Cells 
 

1.4.1 Lipopolysaccharide (LPS) 
Lipopolysaccharide (LPS) and lipoteichoic acid (LTA) are the major 

constituents of gram-negative bacteria cell wall membranes. An E. coli cell contains 

3.5 x 106 LPS molecules114. The core region, a phosphorylated non-repeating 

oligosaccharide, is required for the function of the outer membrane and a barrier to 

antibiotics. The O-antigen polymer, an immunogenic repeating oligosaccharide of 

one to forty units varies greatly among bacterial strains115. LPS is non-toxic when it 

is attached but becomes toxic when it is released exposing the lipid A section to 

immune cells, resulting in an inflammatory response116.  

LPS stimulation of monocytes and macrophages induces many genes that 

express pro-inflammatory mediators; such as cytokines (TNF-α, IL-1, IL-6, GM-

CSF), chemokines (IL-8, MCP-1), and iNOS. The transcription factors that bind to 

these response elements include NFκB and AP-1. These transcription factors are 

activated by phosphorylation, which permits the rapid induction of gene expression 

and NFκB appears to be required for the induction of all LPS-inducible genes in 

monocytes117. 

 

1.4.2 Nuclear Factor kappa B (NF-κB) 
NF-κB is pivotal in the synthesis of cytokines that are inhibitors or enhancers of 

the inflammatory cascade118. In LPS induced macrophage cells, iNOS and COX-2 is 
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mediated by NF-κB. Inactive NF-κB is present in the cytoplasm of all cells. Outside 

stimuli can activate NF-κB and it moves into the cell nucleus. NF-κB consists of a 

family of Rel-domain containing proteins; p65, Rel B, c-Rel, p50 (NF-κB1), and p52 

(NF-κB2). NF-κB is inactive due toanchorin-domain containing proteins; such as I-

κBα, I-κBβ, I-κBγ, p100, and p105. Activation occurs when I-κBα is degraded which 

causes the release of p50-p65 heterodimer that can then travel to the nucleus119.  

 

1.4.3 Arachidonic Acid Cascade 
Bound arachidonic acid (20:4) is cleaved to its free form by phospholipid 

lipase and then can be metabolized by cyclooxygenase (COX), lipoxygenases 

enzymes, or cytochrome P450. There are three isoforms of COX. COX-1 is normally 

present in most tissues and has housekeeping functions. COX-3 is a splice variant 

of COX-1, expressed in the brain, and also thought to have housekeeping 

functions120. COX-2 is normally in the brain and kidney but can be induced in most 

tissues by cytokines, growth factors, LPS insult, and other inflammatory molecules. 

Cyclooxygenase donates two oxygen molecules to arachidonic acid which starts a 

cascade of prostaglandin (PG) productions (Figure 5). PGG2 is reduced to PGH2 

and then PGE2 is formed via PGE synthase. PGE2 is a potent inflammatory mediator 

that promotes cellular proliferation and tumor growth factors. Several studies have 

linked prostaglandins with atherosclerosis121,122. Eicosapentaenoic acid (EPA) can 

compete with arachidonic acid for enzyme metabolism and therefore inhibit the 

prostaglandin cascade123. 
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Figure 5: Arachidonic acid cascade.  

 

1.5  Analytical Instruments 
 

1.5.1  Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

 qRT-PCR is considered the ‘gold standard’ for gene expression analysis 

because of its accuracy, sensitivity, speed, and minimal expense. It is used to 

amplify and simultaneously quantify a targeted DNA molecule. qRT-PCR can be 

combined with reverse transcription to quantify messenger RNA (mRNA) in cells or 

tissues.  

Sample extraction quality is commonly measured by an RNA quality score 

(RIN or RQI). A score higher than five indicates good RNA quality and higher than 

eight as perfect total RNA. RNA loses quality or integrity as it is degraded. qRT-PCR 

has inherent technical variation and it is important to normalize this variation so that 

only true biological changes are measured. Reference genes (known as house-

keeping genes) are genes that do not change in the system being analyzed. It is 

common to use 1-3 reference genes to remove or account for technical variation124. 
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qRT-PCR enables high resolution and sensitive quantification but it has been 

proposed that corrections are required for reliable results. Willems et al.125 

developed a set of sequential corrections based on log transformation, mean 

centering and auto-scaling that cancel inter-experimental variation and allow 

observation of only true statistical significance. Ultimately, the Minimum Information 

for Publication of qRT-PCR Experiments (MIQE) guidelines were created to provide 

a check-list of important points when designing experiments126. The RT-PCR Data 

Markup Language (RDML) was designed as a universal format for publication of 

qPCR data127. These two set of guidelines are important because quantitative PCR 

does not have universal units. Units are based on the analysis package used but 

since the development of third-party data analysis packages it is important to follow 

guidelines for public understanding. 

There are two ways to layout the plate for qRT-PCR runs. The first is the 

maximization method which incorporates as many samples as possible in the same 

run and means that different genes should be analyzed in different runs. In contrast, 

the gene maximization layout can analyze multiple genes in the same run. If the 

experimenter is interested in comparing the expression level of a particular gene 

between different samples the maximization method should be used124. The 

maximization method is not affect by technical, run-to-run variation between 

samples. If the sample set is too large to fit in the same run then it is important to 

use inter-run calibrators (IRC), which are identical samples that are tested in all runs. 

 
1.6  Biological Properties of Peanuts 

 
1.6.1 Nutritional Composition 

Beneficial health effects have been attributed primarily to the macronutrient 

and micronutrient profiles of nuts128–131. Peanuts are a rich source of unsaturated 

fatty acids, protein, fiber, vitamins, minerals, and phytochemicals132–135. Peanuts are 

energy dense and associated with several health benefits, including reduced risk of 
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CVD45. The proximate composition was reported as moisture (7.1%), lipid (44.9%), 

protein (21.6%), carbohydrate (18.6%), and ash (1.6%)134; however, precise 

composition is dependent on harvest year, seed maturity, seed variety, and growing 

location.  

The energy range for peanuts is 23.7-29.3kJ/g or 161-189kcal/serving and 

the fat content is 0.44-0.56g/g136. About 79% of the energy in nuts comes from fat (9 

kcal/g) and about 91% of this energy is unsaturated fatty acids137. The fatty acid 

distribution of peanuts is related to variety, production environment, and maturity. 

High oleic peanuts have recently gained popularity because they have greater 

oxidative stability138,139. Typical oleic:linoleic acid ratios for peanuts grown in the U.S. 

ranges from 2 - 2.8, while high oleic peanuts have been reported to have a ratio as 

high as 40140. The primary SFA in peanuts are palmitic (16:0), stearic (18:0), 

arachidic (20:0), behenic (22:0), and lignoceric (24:0) and account for only about 

16% of the total fatty acids. The main unsaturated fatty acids are oleic (18:1), linoleic 

(18:2), and eicosenoic (20:1)140,141. The main carbohydrates in peanuts are starch, 

sugars (sucrose, stachyose, raffinose, fructose, and glucose), inositol, pectic 

material, cellulose, and fiber142. 

Peanuts have 7g protein per serving and are considered to be an excellent 

source of protein by the FDA143. The digestibility of peanut protein is better than soy 

protein and comparable to animal protein144. Peanuts are generally a better source 

of protein compared to other plant sources even though peanut protein is limiting in 

some essential amino acids including lysine (2.9-4.5%), tryptophan (1.0-1.8%), 

threonine (2.0-2.7%), and methionine (0.7-1.2%)142,144. The major free amino acids 

are arginine, aspartic acid, glutamic acid, alanine, and phenylalanine142. The storage 

proteins are globulins (salt soluble) and albumins (water soluble). Globulins consist 

of arachin, conarachin, and nonarachin. Arachin and conarachin represent the 

majority of the total protein about 63% and 33%, respectively144.  

Peanuts are high in B vitamins and vitamin E and also contain vitamins A, C, 

D, and K. The tocopherols in high oleic peanuts are α-tocopherol (90.5ppm), β-
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tocopherol (3.1ppm), γ-tocopherol (91.9ppm), and δ-tocopherol (6.2ppm)145 which 

are similar to other reported values141,146. Each serving of peanuts contains about 

20% of the recommended daily allowance (RDA) of vitamin E. The B vitamins are 

present in the forms of thiamine (B1, 10% RDA), riboflavin (B2, 2.5% RDA), niacin 

(B3, 24% RDA), pantothenic acid (B5, 10% RDA), pyridoxine (B6, 5% RDA), and 

folates (B9, 10% RDA)142,143. Essential minerals in peanuts include calcium (2% 

RDA), chlorine (5% RDA), potassium (5% RDA), magnesium (12% RDA), zinc (10% 

RDA), sodium (no RDA established), phosphorus (15% RDA), copper (20% RDA), 

potassium (5% RDA), iron (~10% RDA), manganese (25% RDA), and selenium (5% 

RDA)143,147.  

The peanut seed, skin, leaves, roots, and hulls have been reported to contain 

various phytochemicals that can act as antioxidants and antiatherogenic or 

anticarcinogenic agents148–151. Phytochemicals are classified into several groups, 

including phytosterols and phenols (Figure 6). Depending on variety, maturity, and 

production environment, the total phytosterol content in peanuts is 129-198mg/100g, 

which is mainly β-sitosterol. Campesterol, stigmasterol, and avenasterol are other 

phytosterols found in peanuts133. Chemical structures of these sterols are similar to 

cholesterol, but they have different side chains and compete for binding in the gut 

with cholesterol. These sterols can reduce cholesterol absorption by reducing 

binding sites. Peanut oil contains approximately 270mg total sterols/100g which is 

38% more phytosterol than refined olive oil152.  
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Figure 6: Classification of reported phytochemicals of peanut kernels, skins, 

and hulls. 

 

Phenols can be further classified into stilbenes, phenolic acids, and flavonoids 

(Figure 6). The total phenolic content, which provides an estimate of the total 

stilbene, phenolic acid, and flavonoids content in foods can be measured 

spectrophotometrically and expressed as gallic acid equivalents (GAE)153. The total 

phenol content in peanuts using the Folin-Ciocalteau assay was reported as 326-

646mg GAE/100g146,154,155.  

Peanuts contain trace amounts of resveratrol (3,5,4’-trihydroxystilbene) which 

is dependent on variety, maturity, growing location, and environmental stresses. 

Edible peanut varieties range from 2-192 μg/100g resveratrol132,156–158. Stilbene 

compounds are produced by the peanut plant in response to stress (microbial or 

environmental) or injury. Inducing stresses can significantly increase the stilbene 

content156,159,160; however, this often makes them unfit for consumption. Resveratrol 

concentration in the seed coat on a gram basis is higher than the kernel; however, 

this is not surprising since seed coats weigh much less than the kernel157. Additional 

stilbenes including arachidin-1, arachidin-2, arachidin-3, and piceatannol have also 

been indentified in peanuts150,161.  
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Peanut leaves and hulls contain primarily phenolic acids149. The major 

phenolic acids found in peanuts include p-coumaric (8.8mg/100g), ferulic 

(16.2mg/100g flour), caffeic (2.8mg/100g flour), and hydroxybenzoic (2.0mg/100g 

flour)162–164. Peanut flour has also been reported to contain several phenolic acids 

with the major acid being p-coumaric at about 146 mg/100g flour163. There are over 

8000 flavonoids that have been identified in nature so far. Flavonoids are comprised 

of seven principle classes including; anthocyanins, flavanones, flavones, flavan-3-

ols, proanthocyanidins, flavonols, and isoflavones (Figure 6). Peanuts contain 177-

203mg/100g flavonoids155. The major flavan-3-ols found in peanuts are catechin, 

epigallocatechin, and gallocatechin152. Proanthocyanidins which are oligomeric and 

polymeric compounds consisting of flavon-3-ol monomeric units represent about 

16mg/100g of the total flavonoids135. Mazur et al.165 reported that the major 

isoflavonoid in peanut is genistein followed by daidzein, formononetin, and biochanin 

A. Pratt and Miller166 reported 340μmol/100g of dihydroquercetin, a flavonol, in the 

kernels.  

The peanut skin covers the kernel and protects against environmental factors 

and contain a high concentration of phytochemicals, but the skins are not typically 

consumed150,157. Yu et al.167 reported that there are three classes of phytochemicals 

in peanut skins: 1) phenolic acids (chlorogenic, caffeic, and coumaric acids), 2) 

flavonoids (epigallocatechin, epicatechin, catechin gallate, and epicatechin gallate), 

and 3) stilbenes. Peanut skins are abundant in A-type proanthocyanidins168 that can 

interact with membrane phospholipids and protect against lipid oxidation and help 

maintain cellular membrane integrity and fluidity169. Proanthocyanidins are relatively 

stable during gastric transit. While absorption of trimers from the gut is limited, 

monomers and dimers can be readily detected in the plasma pool within two hours 

after consumption170,171. A review of absorption and bioavailability of polyphenols in 

humans indicated that among the flavonoids, isoflavones are the most absorbed, 

followed by catechins, flavanones, and quercetin glucosides172. Overall, peanuts and 

peanut components have several functional components that not only provide 
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essential nutrients but also protect against pro-inflammatory mediators and pro-

oxidants.  

 

1.6.2 Peanuts Antioxidant Activity 

The antioxidant capacity of roasted peanuts measured by Oxygen Radical 

Absorbance Capacity (ORAC) method is 3200-3400μmol trolox equivalents 

(TE)/100g132,145,173. Raw peanuts have a lower ORAC value of about 3000μmol 

TE/100g145. Davis et al.145 evaluated antioxidant potential of various roasted peanut 

flours and peanut skins by hydrophilic (H-ORAC) and lipophilic (L-ORAC). Peanut 

flours used in the study were either light or dark roasted and had either 12% or 28% 

fat. Peanut flours ranged between 6000-8000μmol TE/100g. The higher H-ORAC of 

flour capacity compared peanuts is attributed to the fact that these flours had less 

oil. The darker roasted peanuts and peanut flours had a higher ORAC value than the 

lighter roasts in part because the increased Maillard browning reaction compounds 

and the release of free phenolics during roasting. Roasting also significantly 

increased L-ORAC values in which ranged from 620-1120μmol TE/100g145. This 

range is larger than the L-ORAC value of 273μmol TE/100g, reported by Wu et 

al.173.  

An inverse relationship between dietary intake of antioxidant rich foods and 

the incidence of CVD is well established174,175. Antioxidants retard atherosclerotic 

development by scavenging radical species, recycling other antioxidants, and 

reducing LDL cholesterol oxidation as well as overall inflammation176. Humans that 

consumed peanuts for four weeks had a significant increase in plasma total 

antioxidant capacity compared to the control group151. Peanut polyphenols reduce 

plasma oxidized compounds by donating hydrogen to restore α-tocopherol or 

chelate pro-oxidants177. Peanut protein has been indicated to inhibit auto-oxidation 

of linoleic acid and liver lipid auto-oxidation induced by H2O2 and Fe2+ in vitro in a 

dose response manner178. Peanuts contain tocopherols and phenolic antioxidants 

that provide an antioxidant protective effect. 
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 Antioxidants may also act as anti-inflammatory compounds by preventing the 

up-regulation of adhesion molecules179. VCAM-1 signal transduction and VCAM-1 

dependent inflammation are blocked by antioxidants180. Antioxidants have also been 

found to reduce aortic fatty streaks in nonhuman primates18,181 as well as reduce the 

size of aortic lesions in rodents with hypercholesterolemia182. Atherosclerosis can be 

classified as a chronic inflammatory disease18,34.  

 

1.6.3 Peanuts Anti-Inflammatory Effects 
Inflammation contributes to all phases of atherosclerotic disease, ranging 

from initial recruitment of circulating leukocytes to inducing endothelial dysfunction to 

plaque rupture. A cross-sectional study conducted by Jiang et al.183 concluded that 

peanuts, nuts, and seeds are significantly associated with lower levels of the 

inflammatory markers, CRP, IL-6, and fibrinogen. Low serum magnesium has been 

linked with increased CRP in adults184, while peanuts have been shown to increase 

serum magnesium levels185 and therefore prevent undesirable increase in CRP. 

Polyphenols inhibit cycooxygenase activity, thus reducing inflammation, platelet 

aggregation and thrombotic tendencies137. 

The stilbenes, arachidin-1, piceatannol, and resveratrol were isolated from 

peanuts and evaluated for anti-inflammatory effects in RAW 264.7 macrophage 

cells. Production of PGE2 and NO were inhibited by all three stilbene in a dose-

dependent manner. Furthermore, these stilbenes decreased the transcription activity 

of NF-κB with piceatannol having the strongest inhibitory potency followed by 

arachidin-1 and resveratrol161. 

 

1.6.4 Peanuts and Cardiovascular Diseases (CVD) 

Several studies129,131,151,183,185–189 have concluded that frequent peanut and/or 

peanut butter consumption reduces CVD, such as; CHD, MI, atherosclerosis, and 

vascular inflammation. However, the specific metabolic role of peanuts in the 

reduction of CVD is not completely understood. Human clinical investigations have 
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only evaluated risk factors for CVD and cannot directly evaluate CVD because 

currently there are few ways to directly measure atherosclerotic plaque build-up, 

which include harvesting tissue or using very expensive medical test190. Several 

large epidemiological studies have evaluated the effects of frequent nut consumption 

on the risk factors for CVD. These studies were the Adventist Health Study186, Iowa 

Women’s Health Study191, Nurses’ Health Study192, and Physician’s Health Study188.  

The Adventist Health Study186 concluded that people who consumed nuts, 

including peanuts, more than four times a week experienced 51% lower risk of 

nonfatal MI and a 48% lower risk of fatal CHD compared to those who consumed 

one serving a week. The Adventist Health Study186 was validated seventeen years 

later when Li et al.193 concluded that frequent nut or peanut butter consumption, at 

least five servings per week, was associated with a reduced risk of CVD and MI 

among women with type II diabetes. The Iowa’s Women Health Study191 indicated 

that consumption of nuts at least once per week was associated with a 19% lower 

risk of fatal CHD in postmenopausal women. Similarly, the Physicians’ Health 

Study188 concluded that healthy males who consumed nuts at least once per week 

had a 30% reduction in fatal CHD risk. Kris-Etherton et al.129 indicated that a pooled 

analysis of these epidemiological studies186,188,191,194 concluded that subjects in the 

highest nut consumption group had at least a 35% reduced risk of CHD incidence. 

Kris-Etherton et al.130 indicated that one of the reasons that peanut 

consumption decreased CHD is due to the reduction of non-HDL cholesterol without 

reduced HDL cholesterol. Alper and Mattes185 concluded that regular peanut 

consumption lowered serum TAG, increased serum folate and magnesium 

concentration, and decreased homocysteine concentration. The research of Li et 

al.193 indicated that consumption of nuts, including peanuts, led to more favorable 

plasma lipid profile (lower total and non-HDL cholesterol) and no significant changes 

in HDL cholesterol. They found significantly lower concentrations of apoB-100 but 

observed no significant associations between nut consumption and inflammatory 

markers, including TNF receptor-II, ICAM-1, E-selectin, CRP, and fibrinogen. 
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However, another study183 indicated that nuts, including peanuts, significantly 

decreased CRP, IL-6, and fibrinogen. Peanuts may also decrease LDL 

oxidation195,196, insulin resistance197, and improve endothelial function196. 

Experimental evidence indicates that hyperglycemia decreases endothelium derived 

NO which inhibits vasorelaxation198. Individuals with diabetes have a greater risk for 

CVD and lower serum magnesium levels, which is positively correlated with higher 

cholesterol levels199. Higher nut and peanut butter consumption was associated with 

decreased risk of type 2 diabetes in women200. 

Several other studies have linked peanuts and peanut oil to cardiovascular 

health because of the tocopherols201–203, flavonoids204, saponins205–207, 

magnesium185, phytosterols133,208, and peanuts also have a favorable fatty acid 

profile203,209,210. Research indicates that tocopherols are beneficial in reducing 

degenerative diseases because of the antioxidant capacity which protects against 

LDL oxidation208.  

Saponins are secondary plant metabolites which are hydrolyzed in the human 

intestine by bacteria to form diosgenin. Diosgenin may have a positive effect in 

decreasing cholesterol absorption211. Sidhu207 indicated that sapoinins were 

common in peanuts and range from 1.6 - 4.5g/100g206,212. 

Nicotinamide (a derivative of niacin) forms coenzymes NAD+ and NADP. 

These compounds are important in the synthesis of fatty acids and cholesterol as 

well as catabolism of macronutrients213. Chronically, low serum magnesium levels 

have been linked with atherogenic lipid profile, involving low HDL cholesterol, high 

total cholesterol, and high triglycerides214. Peanuts directly can increase serum 

magnesium concentrations and provide 25% of RDA in two servings143,185. 

Phytosterols lower plasma cholesterol levels by reducing cholesterol uptake 

in micelles through competition for binding sites215. Phytosterols have been shown to 

lower plasma total cholesterol and LDL cholesterol concentration in conjunction with 

a healthy diet in humans216 and inhibit aortic foam cell formation in hamsters217. 

Stephens et al.189 found that peanuts, peanut oil, and fat free peanuts were cardio-
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protective when incorporated into a high fat, high cholesterol diet in Syrian hamsters 

during a 24 wk study.  

 

1.6.5 Peanuts have Antihypertensive Effects 

Hypertension is a significant health problem and one of the major controllable 

risk factors associated with CVD. ACE inhibitors are widely used to treat CVD as an 

antihypertensive drug. Some natural peptides can act on the renin-angiotensin 

system and reduce blood pressure. These peptides can range from 2-20 amino 

acids but less than 4 are absorbed well. Soybean, milk, fish, meat and egg peptides 

have been evaluated for antihypertensive effects in rodent models and all fractions 

appeared to lower hypertension218. 

Hypomagnesemia is an essential feature of heart failure associated with 

complex ventricular arrhythmias. Magnesium depletion contributes to increased 

catecholamine secretion. Catecholamines regulate intracellular magnesium and may 

be involved in the development of vasoconstriction and hypertension219. Peanuts 

contain significant concentrations of magnesium and consumption increases serum 

magnesium concentration185. Quinidine is considered an antihypertensive compound 

found in peanuts220.  

 

1.6.6 Peanuts have Anticarinogenic and Antimutagenic Activities 

 Diet is the single greatest contributor to human cancer and maybe associated 

with 35-70% of the incidence of the disease221. Consuming a diet rich in plant-

derived foods that are high in phenolic compounds may reduce the risk of several 

cancers. Genistein has been reported to reduce the risk of cancer by inhibiting 

enzymes involved in signal transduction; including tyrosine protein kinases, MAP 

kinase, and ribosomal S6 kinase222. Genistein also may also increase circulating 

concentrations of TGFβ which inhibits growth of cancer cells222. 

Peanuts reduced the Aberrant Crypt Foci (ACF) in male Fisher 344 rats when 

fed at 10, 15, and 20% of the diet 223. Increases in ACF were positively correlated to 
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tumor development and colon cancer 224,225. Peanuts increased glutathione s-

transferase (GST) activity which may have inhibited preneoplastic lesions and 

therefore cancer development223. GST is a crucial phase II detoxification enzyme226 

that is increased by resveratrol. GST is responsible for detoxification and the 

prevention of DNA damage. Phytochemical extracts of peanuts exhibited anti-

proliferative activities in both HepG2 and Caco-2 cancer cell lines with a EC50 value 

of 26.2 ± 0.5 and 13.5 ± 1.2 mg/mL, respectively155.  

Resveratrol delayed the onset of tumorigenesis and reduced the number and 

size of tumors in mice. The chemopreventive effect appeared to be due to the 

inhibitory role resveratrol plays in the phosphatidylinositol-3-kinase (PI3K)/AKT 

protein signaling pathway227. The PI3K/AKT pathway plays progressive roles in 

cancer because it stimulates proliferation and suppresses apoptosis. Resveratrol 

also induced cancer cell apoptosis and autophagy228. Arachidin-1, another stilbene, 

induced caspase-independent cell death in human promyelocytic leukemia cells (HL-

60)229. Studies have demonstrated that plant sterols, specifically β-sitosterol, 

protects against colon, prostate, stomach, and breast cancers230–233. 

  

1.7 Golden Syrian Hamsters as an Atherosclerotic Model for Humans 
 

 There are several species currently used as CVD models. Common animal 

models are rabbits, mice, and hamsters. Golden Syrian hamsters (Mesocricetus 

auratus) are appropriate for lipid metabolic studies because of similarities to human 

cholesterol and bile acid metabolism which are induced by diet. Hamsters also 

closely resemble humans with respect to rates of hepatic cholesterol synthesis234,235 

and are thus responsive to high saturated fat, high cholesterol diets235. Trautwein et 

al.236 evaluated plasma and biliary lipids in four strains of Syrian hamsters. All 

hamsters were fed ad libitum, purified, cholesterol free diet of starch gel with 5% fat 

(w/w) [2.6% butter, 1.6% canola oil, 0.8% corn oil] for 3 wk. Overall, circulating HDL 

was greater than non-HDL. However, feeding an atherogenic diet promoted 
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cholesterol to be carried in the form of LDL particles (like humans) versus mainly 

HDL particles (other rodents and hamsters consuming non-atherogenic diets). 

Hamsters have also been reported to be similar to humans in that most LDL 

particles are taken up by the cells by a LDL receptor mediated pathway237. Pien238 

concluded that male Syrian golden hamsters were the ideal experimental model for 

studying the development and progression of atherosclerosis, because when fed an 

atherogenic diet they develop highly reproducible, time-dependent aortic arch 

atherosclerosis. Diet can induce severe hyperlipidemia in hamsters in 2 wk by 

altering dietary fat and total calorie intake. However, hamsters are only a model for 

humans and do have biological differences and thus limitations in application. 

Hamsters can down-regulate the rate of hepatic cholesterol synthesis better 

than humans under certain dietary conditions235. Hamsters may completely shut-off 

hepatic cholesterol synthesis with as little as half a percent of cholesterol in the 

experimental diet. Golden Syrian hamsters may respond differently to TFA than 

humans with respect to HDL cholesterol metabolism239. Studies have indicated that 

mice have a hormone sensitive lipase that plays an important role in hydrolysis of 

CE in macrophages that humans do not240. Rats are not the best model because 

they have a very high amount of HMG-CoA reductase mRNA and are less resistant 

to dietary cholesterol relative to other animals, such as hamsters and humans241.
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1.9 Abbreviations  
 
5-MTHF – 5-methyltetrahydrofolic acid 

ABCA1 - ATP-binding cassette 

transport-A1 

ACAT - acyl-coenzyme A: cholesterol 

acyl transferase 

ACE – angiotensin converting enzyme 

aCEH acid cholesterol esters 

hydrolase 

ACF - aberrant crypt foci 

ADMA – asymmetric dimethylargnine  

AHA – American Heart Association 

AP-1 – activator protein-1 

apo – apoprotein 

ATP – adenine trinucleotide phosphate 

BH4 - tetrahydrobiopterin 

BMI – body mass index 

CAD – coronary artery disease 

CBS – cystathionie betasynthase 

CE - cholesterol esters 

CETP - cholesterol ester transfer 

protein 

CHD - coronary heart disease 

COX - cycloocygenase 

CRP – C-reactive protein 

CVD - cardiovascular disease 

eNOS – endothelial nitric oxide 

synthase  

EPA - eicosapentaenoic 

ER – endoplasmic reticulum 

ET-1 – endothelin 1 

FAE – ferulic acid equivalence 

FC – free cholesterol 

GAE – gallic acid equivalences  

GST – glutathione s-transferase 

HDL - high density lipoprotein 

HDLn - high density lipoprotein 

disoidal nascent 

HL60 – human promyelocytic leukemia 

cell line 60 

HMG-CoA - 3-hydroxy-3-

methylglutarul - coenzyme A 

ICAM – intercellular adhesion 

molecule 

IDL - intermediate density lipoprotein 

IFN – interferon 

IL - interleukin  

iNOS – inducible nitric oxide synthase  

IRC - inter-run calibrators 

JNK – c-jun N-terminal kinases 

LCAT - lecithin cholesterol acyl 

transferase 

LDL - low density lipoprotein 

LOX-1 – lectin-type oxidized LDL 

receptor 1 

LPS - lipopolysaccharide 

LRP – LDL receptor like protein 
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LTA – lipoteichoic acid 

MI - myocardial infarction 

MIQE - Minimum Information for 

Publication of qRT-PCR 

Experiments 

MMP - metalloproteinases 

MPO - myeloperoxidase 

mRNA - messenger ribonucleic acid 

MS – methionine synthase 

MUFA - monounsaturated fatty acids 

NADPH - nicotinamide adenine 

dinucleotide phosphate : hydrogen 

NF-kB – nuclear factor kappa B 

nNOS – neuronal nitric oxide synthase  

NO – nitric oxide 

NOS – nitric oxide synthase  

ORAC – oxygen radical absorbance 

capacity 

oxLDL - oxidized low density 

lipoprotein 

PCR – polymerase chain reaction 

PG - prostaglandin 

PI3K - phosphatidylinositol-3-kinase 

PON-1 – paraoxonase 1 

ppb – parts per billion 

PUFA - polyunsaturated fatty acids 

RAAS – renin angiotensin aldosterone 

system 

RCT – reverse cholesterol transport 

RDA – recommended daily allowance  

RDML - real-time PCR data markup 

language 

ROS – reactive oxygen species 

qRT-PCR – quantitative RT-PCR 

RT-PCR – real time PCR 

SAA - serum amyloid A 

SFA - saturated fatty acids 

SR-B1 - scavenger receptor B type 1 

SREBP - sterol regulatory element 

binding protein 

TAG - triacylglycerol 

TC - total cholesterol 

TE – trolox equivalence 

TFA – trans fatty acid 

TGF-b1- transforming growth factor-b1 

TNFα - tumor necrosis factor-alpha 

VCAM – vascular cell adhesion 

molecule 

VLDL - very low density lipoprotein 

w/w - weight by weight 

WHO – World Health Organization 
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ABSTRACT 

Hamsters are commonly utilized for human studies of cardiovascular disease 

because when they consume a high fat, high cholesterol diet their major plasma 

cholesterol carrier switches from high density lipoprotein (HDL) cholesterol to low 

density lipoprotein (LDL) cholesterol. This study characterized normal metabolism 

and age effects to include average concentrations of plasma and aortic cholesterols 

as well as selected genes in male golden Syrian hamsters that consumed a 

TestDiet® standard breeding diet (STD). Six hamsters were sacrificed at 0, 8, 12, 18, 

and 24 wk. Plasma triacylglycerol (TAG), atherogenic index (AI), and aortic 

cholesteryl ester (CE) did not significantly change over time. Total plasma 

cholesterol at 0 wk (75.9 mg/dL) significantly increased to 127.94 mg/dL over 24 wk. 

Low density lipoprotein (LDL) cholesterol (3.21 mg/dL) also significantly increased 

over 24 wk to 12.22 mg/dL and high density lipoprotein (HDL) cholesterol (53.87 

mg/dL) significantly increased to 98.99 mg/dL. Aortic total cholesterol significantly 

increased over the 24 week study from 9.72 to 12.20 μg/mg protein. Cholesteryl 

esters, a measure of atherosclerosis development, were less than 0.15 μg/mg 

protein. Hepatic inflammation, measured by endothelin-1 mRNA expression, did not 

change with age. Also peroxisome proliferator-activated receptor alpha mRNA 

expression and hepatic cholesterol 7-alpha-hydroxylase mRNA expression did not 

change which indicates fatty acid β-oxidation and cholesterol metabolism was not 

affected by age. The ATP-binding cassette, sub-family B member 11 increased from 

0-8 wk but then did not change from 8-24 wk. This change might be explained by the 

body increased requirements for cholesterol normal hamsters’ growth and maturity. 
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INTRODUCTION 

Cardiovascular Disease (CVD) is a leading cause of death in the U.S (1) and 

although it has been extensively researched, disease progression and the effect of 

various diet components are incompletely understood. Atherosclerosis and 

hypertension are prominent factors in CVD development. Atherosclerosis 

development is asymptomatic and can begin as early as childhood but is usually not 

discovered until much later in life. Rodent models are frequently utilized to study 

atherosclerotic disease as well as the effects foods and drugs on atherosclerotic 

lesion development (2). Golden Syrian hamsters are a common model used when 

evaluating atherosclerosis and CVD risk factors because they closely resemble 

humans with respect to rates of hepatic cholesterol synthesis (3) and are also 

responsive to high saturated fat, high cholesterol diets (4, 5). Hamsters that 

consume a high-fat, high-cholesterol diet have a blood cholesterol distribution that is 

similar to humans (6) because their major plasma cholesterol carrier becomes 

mainly low density lipoprotein (LDL) molecules (4). Unlike rats and mice, hamsters 

have cholesterol ester transport protein (CETP) which humans also have. In 

addition, hamsters have comparable bile acid metabolism to humans (6).  

Bile acids synthesized from cholesterol in the liver facilitate absorption of 

cholesterol, dietary lipid, and fat-soluble vitamins from the intestinal lumen. Bile acid 

dysfunction can affect energy metabolism as well as increase pro-oxidant and 

inflammatory compounds. The rate limiting step for the conversion of cholesterol to 

the bile acid, cholic acid, is controlled by the gene, cholesterol 7-alpha-hydroxylase 

(CYP7A1) (7) and its dysfunction can cause hypercholesterolemia by increasing 

cholesteryl ester hydrolase (CEH) activity (8, 9). Cholic acid is a powerful oxidizing 

agent that increases oxidized LDL cholesterol (8). The ATP-binding cassette, sub-

family B, member 11 (ABC B11) mediates biliary cholesterol excretion. The protein 

encoded by this gene is the major bile salt export pump which transports cholic acid 

from the hepatocytes to bile. Overexpression of ABCB11 promoted 
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hypercholesterolemia and obesity in mice (10). Peroxisome proliferator-activated 

receptor alpha (PPARα) is predominantly involved in fatty acid and lipid catabolism 

(11). In the liver, activation of PPARα leads to reduction of TAG. Hepatic apo A-I and 

A-II are upregulated with activation of PPARα which leads to an increase in 

circulating HDL cholesterol (12). Compounds that compete for PPARα binding sites 

have been reported to slow progression of CVD (13, 14). Endothelin-1 (ET-1) is 

produced by a variety of cells and performs a range of functions important in 

hypertension, atherosclerosis, and cardiac disorders (15). ET-1 is also involved in 

pulmonary, liver and renal diseases in rats, hamsters, and humans (16–18). In the 

liver, elevated ET-1 levels can cause cirrhosis, fibrogenesis, portal hypertension, 

and biliary obstruction.   

Hamsters as a research model have limited utility, as do all animal models, 

but overall they are an appropriate model for studying the effects of various diets on 

blood chemistry risk factors and development of diet induced atherosclerosis (4). 

Four different strains of Syrian golden hamsters 5-8 wk old were fed a cholesterol 

free diet for three weeks and had differences in plasma cholesterol concentrations 

which indicates genetic lines are different (19). Some data have been published on 

total cholesterol and cholesterol distributions in hamsters consuming standard 

breeding diets but information on the effect of age are limited by the relatively short 

duration of 2-12 wk (19–25). The present study was conducted to determine 

lipoprotein profile and other metabolic information on hamsters consuming a 

standard breeding diet for 24 wk. These data appear to be the first publication of 

liver biomarkers; aortic cholesteryl esters (CE), free cholesterol (FC), and total 

cholesterol (TC) data, as well as, plasma cholesterol distributions for hamsters up to 

31 wk old that consumed a standard purified breeding diet. 
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MATERIALS AND METHODS 

Animals and Diets. Male golden Syrian hamsters (Mesocricetus auratus) 

were obtained from Harlan® Inc. (Indianapolis, IN) and were approximately 6 wk old 

and weighted approximately 80 g when received. Hamsters were housed individually 

and maintained on a 12/12 hr light/dark cycle in an environmentally controlled room 

at the North Carolina State University (NCSU) Biological Research Facility (Raleigh, 

NC). The study was reviewed and approved by the Animal Care and Use 

Committee, NCSU, Raleigh, NC. Hamsters were allowed to acclimate for one week 

after arrival and then incrementally introduced to the TestDiet® (Richmond, IN) 

standard breeding (STD) diet which was a purified diet. Table 1 provides the percent 

of metabolizable energy (lipid is 9 kcal/g; carbohydrate and protein is 4 kcal/g) and 

Table 2 provides a list of diet ingredients. Hamsters were fed ad libitum and clean 

water was provided. Body weight was measured every other week throughout the 

study. 

Plasma and Tissue Collection: At 0, 8, 12, 18, and 24 wk, six hamsters 

from each diet group were fasted for 12 h and anesthetized with carbon dioxide. 

Hamsters were desanguinated by cardiac puncture and blood was stored in 7% 

ethylenediaminetetraacetic acid (EDTA) tubes. Plasma was separated after 

centrifugation at 1500 x g for 10 min at 4 °C and stored on ice for less than 4 hr. 

Plasma samples were then stored at -20 °C until analysis. Livers were collected, 

weighed, immediately flash frozen in liquid nitrogen, and stored at -80 °C until used 

for other analyses. Aortas were removed, cleaned, and stored in 10% formalin until 

analysis. 

Plasma Lipoprotein Cholesterol and Triacylglycerol (TAG) Analyses: 

Analyses were performed at Wake Forest School of Medicine, Department of 

Pathology - Lipid Sciences according to published methods (26). Briefly, total 

plasma cholesterol (TPC) was measured and lipoprotein particle distributions were 

determined by high-performance gel chromatography. A 0.9% saline solution with 
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0.01% EDTA and 0.01% azide at 0.4 mL/min was utilized on a Superose 6 10/300 

column (GE Healthcare) for online cholesterol distributions. The effluent from the 

column was split and half was mixed with total cholesterol reagent (Cholesterol H/P, 

Roche Diagnostics). Plasma lipoprotein cholesterol distribution concentrations were 

determined by size exclusion chromatography. Plasma triacylglycerols (TAG) 

concentrations were determined by using an enzymatic assay (27). Atherogenic 

Index (AI) was calculated as TPC divided by HDL cholesterol. 

Aortic Cholesterol Analysis: The wet weight of aortas was recorded after 

being gently blotted to remove exterior formalin. The aortas were placed in 16 x 100 

mm, screw-cap, round-bottom glass tubes containing chloroform-methanol, 2:1 (v/v) 

containing 20.5 µg of 5-alpha-cholestane as an internal standard and the lipids were 

extracted. The lipid extract was separated by filtration, dried under N2 at 60 °C, and 

then dissolved in hexane. Analyses of free and total cholesterol were carried out with 

two injections per sample on a DB 17 (15 m x 0.53 mm ID x 1 µm) gas liquid 

chromatography column (J&W Scientific, Folsom, CA) at 250 °C and installed in a 

Hewlett-Packard 5890 GC equipped with a Hewlett-Packard 7673A (Hewlett-

Packard Co. LP., Houston, TX) automatic injector using online column injection and 

a flame ionization detector. Cholesteryl esters (CE) were calculated as the difference 

between free and total cholesterol, as measured before and after saponification and 

reextraction of the nonsaponifiable sterol into hexane, multiplied by 1.67 (to correct 

for fatty acid loss) (28). The tissue was then digested and dissolved in 1 N NaOH, 

and total protein was determined by the Lowry protein assay (29). 

mRNA Isolation: Livers were powdered with a GlenMills Inc. (Clifton, NJ) 

Retsch® MM301 under liquid nitrogen and stored at -80 °C until analysis. Total RNA 

was extracted on ice using an Epicentre MasterPure Complete DNA and RNA 

purification kit (Madison, WI) with slight modifications to the manufacturer’s protocol. 

Modifications included 1 μL of RNase inhibitor added at the start and finish and 2 μl 

of 50 μg/μL of Proteinase K was used instead of 1 μL. A DNase step was included to 
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improve RNA quality. RNA quality was measured in duplicate at wavelengths 230, 

260, 280, and 320 nm and determined by the 260/280 ratio. RNA quality was 

confirmed on a 1% agarose gel (SeaKem LE Agarose, Cambrex BioScience, 

Rockland, ME) with 1X Tris-Acetate-EDTA (TAE) buffer. GelStar® gel stain (Lonza) 

was used for staining. Bands were imaged under trans-UV light with a BioRad 

Molecular Imager® GelDocTM XR (Hercules, CA). Total RNA was calculated by 

absorbance at 260 nm x the sample dilution factor x 40. Total RNA for each sample 

was normalized to 5 μg and was converted to mRNA with the Epicentre mRNA Only 

Kit (Madison, WI). Each reaction contained 2 μL mRNA-ONLY eukaryotic 10X 

reaction buffer, 0.5 μL RiboGuard RNase inhibitor, 1 μL terminator exonuclease (1 

U/ μL). The final volume was adjusted to 20 μL with RNase free water and incubated 

at 30 °C for 60 min in the Eppendorf 5345 Mastercycler ep gradient S PCR Thermal 

Cycler (Westbury, NY). 

Real Time Reverse Transcriptase Polymerase Chain Reaction (RT-PCR): 

20 μL of mRNA was converted to cDNA with the Applied Biosystems High-Capacity 

cDNA Reverse Transcription Kit (Carlsbad, CA). The reaction included: 4 μL 10X RT 

buffer, 1.6 μL 25X dNTP Mix (100mM), 4 μL 10X RT random primers, 2.0 uL 

MultiscribeTM reverse transcriptase, and 8.4 μL of RNase free water. An Eppendorf 

5345 Mastercycler ep gradient S PCR Thermal Cycler (Westbury, NY) was used 

with the following program: 25 °C for 10 min, 37 °C for 120 min, and then 85 °C for 5 

min. Primers were synthesized according to published cDNA sequences (30) by 

Operon (Huntsville, AL) and the annealing temperatures were optimized (Table 3). 

RT-PCR was carried out using SsoAdvanced SYBR Green Supermix (Bio-Rad) and 

an Eppendorf realplex4 Mastercycler ep gradient PCR Thermal Cycler (Westbury, 

NY). The cycle conditions were: 5 sec at 95 °C, 40 cycles of 95 °C (5 sec) and 

optimal annealing temperature for 20 sec. SYBR green is a general double-stranded 

DNA intercalating dye which may result in the detection of nonspecific products, 

primers/dimers, and the amplicon of interest. A melting curve was performed to 

confirm cDNA was present and conditions were: 95 °C, 15 sec; 60 °C, 15 sec; 
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temperature ramp (60 °C – 95 °C), 20 min; 95 °C, 15 sec. All samples were 

measured in duplicate and there were six reps per group. Relative changes for each 

gene of interest (GOI) expression were calculated from real time RT-PCR using the 

2-ΔΔCt method where ΔΔCt = (CtGOI – Ct18S)(x)wk – (CtGOI –Ct18S)0wk (31). 

Statistical Analysis. All data are expressed as mean ± standard deviation. 

Time effects among observed means were determined by one-way analysis of 

variance using the JMP10 statistical program (SAS Institute, Cary, NC). Significance 

was defined at the 95% confidence level. 

 

RESULTS AND DISCUSSION 

 Hamsters have 44 chromosomes and an average life span of 1 - 3 yr. They 

eat about 10-14 g/day and drink 7 - 10 mL/day. Their respiratory rate is an average 

of 74 breaths/min and their heart rate is about 332 beats/min (32). In this 24 wk 

study, hamster body weight significantly increased from 0 - 6 wk but then did not 

significantly change between 8 and 24 wk (Table 4). The STD diet in this study had 

10.3% fat, 18.3% protein, and 71.0% carbohydrates (Table 1). Chow diets and 

standard diets are the common breeding diets used in research (33). Both diets are 

low in fat and do not contain added cholesterol. Chow diets are unpurified grain- or 

cereal-based diets that can vary from batch to batch. Standard diets are purified 

diets and the ingredient composition is highly defined. Hamsters fed a chow diet for 

2-3 wk did not have a significant change in body weight but the authors do not report 

the starting age of the hamsters (25, 34). Hamsters that consumed a chow diet for 6 

wk did not increase in body weight from 5 - 11 wk old (23). Weight gain or loss can 

affect metabolic diseases progression (35). Hamster’s liver weight significantly 

increased from 3.03 g to 5.43 g over the 24 wk study (Table 4). Hamster liver weight 

has been reported as 3.2 - 4.6 g after 3 wk (19, 34) which is similar to the data from 

this study. Composition of HFHC diets are associated with increased liver weight 
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(30, 36). ET-1 accumulation can cause liver cirrhosis, portal hypertension, biliary 

obstruction, and affect energy metabolism (15, 16). Hepatic ET-1 did not significantly 

change over time in hamsters that consumed the STD diet. In addition, hepatic ET-1 

levels at all time points were comparable to 0 wk ET-1 level (Figure 1). PPARα was 

not significantly affected by age which indicates similar fatty acid and lipid 

metabolism among 8 - 24 wk. Hamsters at 0 wk had greater fatty acid β-oxidation in 

the liver compared to older hamsters (Figure 2). Changes in PPARα expression has 

been linked to dysfunctions in fatty acid β-oxidation (11) and atherosclerosis (37). 

Several studies have used these compounds as indication of disease progression in 

hamsters fed a HFHC diet (30, 36–40). To the authors knowledge this is the first 

evaluation of hepatic ET-1 and PPARα in hamsters not consuming a HFHC diet. 

TPC concentration ranged from 75.9 - 130.95 mg/dL over the course of the 

study (Table 4). TPC ranges from 96 - 135 mg/dL have been reported for hamsters 

that consumed a standard or chow diet for 3 - 12 wk (20–25). This concentration of 

TPC is extremely low compared to a concentration of 1081.6 mg/dL found in the 

same breeding line of hamsters consuming a high fat, high cholesterol (HFHC) (40% 

fat, 0.5% cholesterol) diet for 24 weeks (41). Dorfman et al. (20) compared hamsters 

from two different breeding houses that consumed a nonpurified diet and found one 

stain did not change over 12 wk while the other had a decrease in plasma lipids. 

TAG concentration for hamsters that consumed the STD diet ranged from 114.0 - 

171.3 mg/dL, but the change was not significantly different over the length of the 

study (Table 4). Dorfman et al. (21) reported a TAG concentration of 219 ± 112 

mg/dL in hamsters after 6 wk consuming a chow diet. The high variability reported 

by Dorfman et al. (21) was also reflected in TAG variability in this study.  

Hamsters that consumed the STD diet continued to have low LDL cholesterol 

concentrations over the course of the study and at 24 wk LDL cholesterol was only 

12.22 ± 1.88 mg/dL. Hamsters on a HFHC diet had a LDL cholesterol concentration 

of 354.3 ± 91.8 after 24 weeks (41). VLDL cholesterol concentrations were 18.85 
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mg/dL at 0 wk and 20.07 mg/dL at 24 wk in hamsters that consumed the STD diet 

(Table 4). Hamsters that consumed a HFHC diet had a VLDL cholesterol 

concentration of 553.7 ± 338.6 mg/dL after 24 (41). Non-HDL cholesterol did not 

significantly change (22.06 - 28.95 mg/dL) over 24 wk while reports of non-HDL 

cholesterol on standard or chow diets ranged from 25-67 mg/dL after 3 - 12 wk (20, 

21, 24). HDL cholesterol concentration increased in hamsters that consumed the 

STD diet between 0 - 8 wk and then remained level at about 90 mg/dL. HDL 

cholesterol has been reported as 58 - 71 mg/dL after 2 - 12 wk on standard or chow 

diets (19–25). AI (TPC/HDL-C) was very low (1.22-1.41) and did not change over 

time in hamsters that consumed the STD (Table 4). Hamsters that consumed a 

HFHC diet had an AI of 6.61 (41). 

Older hamsters (12-15 mo) that consumed a diet with a small amount of 

cholesterol were reported to be more susceptible to the detrimental effect of lipids on 

LDL metabolism than younger animals (1-3 mo) on the same diet (42). However, 

Spady et al. (5) reported LDL cholesterol concentrations increased to about 125 

mg/dL at 3 - 4 mo of age and then gradually declined to about 80 mg/dL over the 

subsequent 12 - 15 mo and thus age did not have an adverse effect on LDL 

metabolism. In this study, LDL cholesterol concentrations of hamsters that 

consumed the STD had a significant increase in LDL cholesterol between 0 - 8 wk 

but then levels remained steady. However, hamsters that consumed a HFHC diet 

did have an increase of LDL concentration and atherosclerosis over time which may 

indicate an increase in detrimental effects of lipids with increasing age (41). In 

hamsters that consumed the STD diet, CYP7A1 was not affected with age (Figure 

3). CYP7A1 dysfunction is associated with hypercholesteremic because the shuttle 

of cholesterol to cholic acid is disrupted (8). The ABCB11 is also evaluated during 

disease progression studies because encodes for a protein that transports cholate 

from hepatocytes to bile (10). ABCB11 concentrations in hamsters that consumed a 

STD diet were significantly higher at 8 wk compared to older hamsters (12-24 wk) 

(Figure 4). This increase might be due to normal growth of the animals. Hamster’s 
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weight significantly changed from 0 - 8 wk (Table 4) suggesting increased demand 

for nutrients. The liver may be trying to excrete cholic acid to bile so it can be 

reabsorbed and recycled into cholesterol for metabolic use.  

Hamsters that consumed the STD diet had an increase in aortic total 

cholesterol (9.72 - 12.20 μg/mg protein) and aortic free cholesterol (10.38 - 12.70 

μg/mg protein) over 0 - 24 wk (Table 4). However, this increase is minimal 

compared to the concentration of aortic total cholesterol that accumulates in 

hamsters on a HFHC diet (849.0 ± 6.9 μg/mg protein) at 18 wk (41). Aortic CE 

accumulation is one of the first changes in arterial tissues during atherosclerotic 

development (43). It is common to measure atherosclerosis in hamsters because the 

morphology of aortic foam cells and lesions fed HFHC diets is similar to human 

atherosclerotic lesion development (4, 44, 45). The majority of aortic cholesterol was 

free cholesterol in hamsters that consumed the STD diet (Table 4) and thus 

concentrations of aortic CE (>0.2 μg/mg protein) did not suggest any development of 

atherosclerosis. The aortic CE data are comparable to hamsters that consumed a 

chow diet for 12 wk (20). In a HFHC diet group, hamsters had CE concentrations of 

19.2 ± 2.9 μg/mg protein which are fully indicative of the development of 

atherosclerosis (41). 

In conclusion, male Syrian golden hamsters are often used in feeding trials to 

investigate the effects of chemicals or foods especially related to CVD or liver 

function. Normal aging (24 wk in study) on a STD diet appears to add little to the risk 

factors normally evaluated. Body weight, liver weight, plasma lipid distribution, and 

aortic cholesterol distribution may be used similarly as baseline data for future 

studies. Comparisons of risk factors with those of a HFHC diet (41) indicate that 

normal ageing does not contribute to CVD risk factors when hamsters are used in 

CVD studies.  
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TABLES AND FIGURES 

 

Table 1. Percent metabolizable energy of the standard diet (STD). 

 
STD 

Protein 18.7% 

Fat 10.3% 

Carbohydrate 71.0% 

 

 

  



82 

Table 2. Ingredients (g/100g) in the standard (STD) diet.  

 
STD 

Corn Starch 25.54 

Casein – Vitamin Free 18.96 

Cocoa Butter 1.90 

Sucrose 18.96 

Maltodextrin 11.85 

Cellulose 4.74 

Soybean Oil 2.37 

Citrate, Tribasic Monohydrate 1.56 

Dicalcium Phosphate 1.23 

Cholesterol 0.00 

Salt Mix 0.95 

Vitamin Mix 0.95 

Calcium Carbonate 0.52 

L-Cystine 0.28 

Choline Bitartrate 0.19 
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Table 3. Sequences used for PCR primers. 

 

Abbreviations: ABCB11, bile salt export pump; CYP7A1, cholesterol 7α-hydroxylase; 

ET-1, endothelin 1; for, forward; PPARα, peroxisome proliferator activated receptor 

alpha; rev, reverse.  

  

Gene Direction Primer Sequence (5' - 3') Temperature ( C)

18S for GGT CAT AAG CTT GCG TTG AT 60.0

18S rev GAG GGC CTC ACT AAA CCA TC 60.0

ABCB11 for AAC AAC GCA TTG CTA TTG CTC 56.3

ABCB11 rev GTC CGA CCC TCT CTG GCT TT 56.3

CYP7A1 for ACT GCT AAG GAG GAT TTC ACT CT 57.1

CYP7A1 rev CTC ATC CAG CTA TCG ATC ATA TT 57.1

ET-1 for CGA GCT GAG AAT GAA GGG GAG AG 60.9

ET-1 rev GCC TTT CTG CAT GGT GTT TTG GGC 60.9

PPARα for CTC CAC CTG CAG AGC AAC CA 63.7

PPARα rev CGT CAG ACT CGG TCT TCT TGA T 63.7
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Table 4. Statistical comparisons of time effects of analyses of hamsters consuming the standard (STD) diet over 

time. 

 

* Means in rows followed by the same letter are not significantly different (p<0.05). 

Abbreviations: AI, atherogenic index (TPC/HDL-C); CE, aortic cholesteryl ester; FC, aortic free cholesterol; HDL-

C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; nonHDL-C, non-HDL (VLDL + 

LDL) cholesterol; SEM, standard error of the mean; TAG, triacylglyerol; TC, aortic total cholesterol; TPC, total 

plasma cholesterol; VLDL-C, very low density lipoprotein cholesterol. 

Tissue Analyses Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM p value

body (g) weight 83.45 3.85 b* 118.72 3.85 a 122.70 3.85 a 118.67 3.85 a 126.60 3.85 a <0.0001

hepatic (g) weight 3.03 0.37 b 3.72 0.37 b 4.2 0.37 ab 4.28 0.37ab 5.43 0.37 a 0.0019

TPC 75.93 10.25 b 109.55 10.25 ab 130.95 10.25 a 109.11 10.25 ab 127.94 10.25 a 0.0069

TAG 114.00 24.59 144.38 24.59 74.17 24.59 112.33 24.59 171.33 24.59 0.1176

VLDL-C 18.86 2.81 ab 16.12 2.81 ab 7.73 2.81 b 12.72 2.81 ab 20.07 2.81 a 0.0324

LDL-C 3.21 1.88 c 17.65 1.88 a 13.28 1.88 ab 7.05 1.88 bc 12.22 1.88 ab 0.0004

HDL-C 53.87 9.64 b 76.80 9.64 ab 104.08 10.56 a 89.35 9.64 ab 98.99 9.64 a 0.0059

nonHDL-C 22.06 3.90 b 38.41 3.90 a 21.02 3.90 b 19.77 3.90 b 28.95 3.90 ab 0.0125

AI 1.41 0.08 1.42 0.08 1.27 0.09 1.22 0.08 1.32 0.08 0.0847

TC 9.72 0.41 b 10.56 0.41 ab 11.65 0.41 a 12.19 0.41 a 12.20 0.41 a 0.0005

FC 10.38 0.39 c 10.89 0.39 bc 12.21 0.39 ab 12.12 0.39 ab 12.70 0.39 a 0.0013

CE 0.00 0.08 0.02 0.08 0.05 0.08 0.18 0.08 0.15 0.08 0.4441

18 wk 24 wk

plasma 

(mg/dL)

aortic 

(μg/mg 

protein)

0 wk 8 wk 12 wk
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Figure 1. Hepatic endothelin 1 (ET-1) mRNA expression of hamsters that consumed 

a standard diet over 24 wk (n=6). Bars represent mean ± standard error (n=6). 

Means at a specific time point denoted with * are significantly greater (p<0.05).  
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Figure 2. Hepatic peroxisome proliferator-activated receptor alpha (PPARα) mRNA 

expression of hamsters that consumed a standard diet over 24 wk (n=6). Bars 

represent mean ± standard error (n=6). Means at a specific time point denoted with * 

are significantly greater (p<0.05).  
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Figure 3. Hepatic cholesterol 7-alpha-hydroxylase (CYP7A1) mRNA expression of 

hamsters that consumed a standard diet over 24 wk (n=6). Bars represent mean ± 

standard error (n=6). Means at a specific time point denoted with * are significantly 

greater (p<0.05).  
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Figure 4. Hepatic ATP-binding cassette, sub-family B member 11 (ABCB11) mRNA 

expression of hamsters that consumed a standard diet over 24 wk (n=6). Bars 

represent mean ± standard error (n=6). Means at a specific time point denoted with * 

are significantly greater (p<0.05).  
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ABSTRACT 

Cardiovascular disease (CVD) is a leading cause of death in the United States and 

throughout the world. There are many causes of CVD but hypertension, 

hypercholesteremia, and atherosclerosis are the most common. The first stage of 

atherosclerotic disease development is the accumulation of cholesteryl esters (CE) 

in the arterial tissue. The effects of whole peanuts (WP) and fat-free peanut flour 

(PF) in a high fat, high cholesterol diet on the prevention of the development of 

atherosclerosis compared to a high fat, high cholesterol control (CON) diet group 

were evaluated in male Syrian golden hamsters. All diets contained matched 

macronutrients.  

Plasma and tissue samples were collected from six hamsters per diet group at 0, 12, 

18, and 24 wk. Body weight did not differ among diet groups but liver weight 

significantly increased over time and the CON diet group had the heaviest livers. 

The results confirmed the total cholesterol lowering properties of peanut component 

enriched diets and indicated a cholesterol lowering effect independently of fatty acid 

content. The peanut component diets significantly reduced arterial CE deposits and 

therefore the development of atherosclerosis compared to hamsters that did not 

consumed peanut components. Biochemical compounds in the liver indicated 

reduced oxidative stress and inflammation as well as increased insulin sensitivity in 

hamsters that consumed the peanut component diets compared to the control. 

mRNA analysis indicated that hamsters consuming peanut components had reduced 

levels of inflammatory cytokines and increased sterol metabolism compared to the 

CON diet group. When consumed with a high fat, high cholesterol diet, peanuts and 

peanut flour protect against the development of atherosclerosis by reducing 

inflammation, improving lipoprotein distribution, increasing fatty acid β-oxidation, and 

upregulating the excretion of cholesterol to bile.  
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INTRODUCTION 

Cardiovascular disease (CVD) is a leading cause of death in the United 

States1 and globally2 in Westernized cultures. Atherosclerosis is of great clinical 

concern because plaque build-up may rupture resulting in arterial blockages, 

myocardial infarctions, or death. Atherosclerosis is generally asymptomatic and 

progresses slowly over time, potentially beginning at very young ages3. 

Hypertension and hypercholesteremia cause stress on myocardial arteries and 

damage the protective endothelium cell layer. Low density lipoprotein (LDL) 

cholesterol molecules can more easily enter and remain in the arterial tissue in the 

form cholesteryl esters (CE). Accumulation of CE is one of the first metabolic 

changes to occur in the progression of atherosclerosis4,5. CE is more rapidly 

oxidized in the tissue because of a lack of protection by plasma antioxidants6,7. 

Oxidized CE releases signaling molecules that up-regulate inflammatory mediators 

and adhesion molecules. Monocytes are attracted to the damaged area and 

differentiate into macrophage cells which further up-regulate inflammatory mediators 

and matrix metallproteinases (MMP). MMPs cause vascular remodeling that results 

in decreased arterial elasticity8. Endothelin-1 (ET-1) is produced by a variety of cells 

and perform a range of functions important in hypertension, atherosclerosis, and 

cardiac disorders9. In the liver, elevated ET-1 levels can cause cirrhosis, 

fibrogenesis, portal hypertension, and biliary obstruction in rats, hamsters, and 

humans10–12. Peroxisome proliferator-activated receptor alpha (PPARα) is 

predominantly involved in fatty acid and lipid catabolism13. In the liver, activation of 

PPARα leads to reduction of TAG and increases circulating HDL cholesterol14. 

PPARα agonists have been reported to slow progression of CVD15,16. Dysfunction of 

CYP7A1 causes hypercholestermia because of decreased HMG-CoA reductase and 

acyl CoA:cholesterol acyltransferase (ACAT) activity17–19. Cholic acid is a powerful 

oxidizing agent and increases cholesteryl ester hydrolase (CEH) activity and 

increases oxidized LDL cholesterol17. The ABC B11 gene is a determinant of bile 

formation and flow by the transport of cholic acid from the hepatocytes to bile. 
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Clinical practice guidelines encourage healthy lifestyles with physical exercise with 

diets low in cholesterol and saturated fats and high in plant fiber and protein20. 

 Peanuts and tree nuts are part of a heart healthy diet21,22. Clinical and 

epidemiological studies have indicated that peanut consumption significantly 

reduces CVD risk factors in humans23–27. Peanut oil contains mostly unsaturated 

fatty acids and a high concentration of tocopherols28,29 which contribute to elevated 

antioxidant status22,30, lower inflammatory mediators31, and cardiovascular 

health22,23. The non-lipid components of peanuts include protein, fiber, potassium, 

calcium, magnesium, folates, niacin, phenolic acids, flavonoids, and stilbenes32–37 

and these compounds have been individually linked to improved cardiovascular 

health38–41. Peanut protein is high in arginine which has also been directly linked to 

reduced atherosclerosis42,43. We previously reported little to no atherosclerosis 

development in hamsters that consumed either peanuts or fat free peanut flour44 in a 

high fat, high cholesterol diet but the mechanisms were not examined. The objective 

of this study was to gain understanding of the biochemical and molecular 

mechanistic changes that related to prevention of atherosclerotic developed in 

hamsters that consume a high fat, high cholesterol diet with incorporated peanuts or 

fat free peanut flour.  

 

MATERIALS AND METHODS 

Animals and Diets.  Male Syrian golden hamsters (approximately 6 wk old 

and 80 g) were purchased from Harlan® Inc. (Indianapolis, IN). Hamsters were 

housed individually and maintained on a 12/12 hr light/dark cycle in an 

environmentally controlled room at the North Carolina State University (NCSU) 

Biological Research Facility (Raleigh, NC). The study was reviewed and approved 

by the Animal Care and Use Committee of NCSU. Hamsters were acclimated for 

one week after arrival and then incrementally introduced to randomly assigned 



 

 94 

experimental diet groups. All diet groups were fed ad libitum and clean water was 

provided. Body weight was measured throughout the study. All diets were prepared 

by TestDiet® (Richmond, IN). The control diet (CON) was a modification of the AIN-

76A Clinton/Cybulsky Cholesterol Series semi-purified high fat, high cholesterol diet 

designed to induce CVD in rodents45,46. The experimental diets (Table 1) were 

composed of the CON diet with the addition of whole peanuts (WP) or fat-free 

peanut flour (PF) and made isocaloric to the CON diet by metabolizable energy. 

Peanuts from a single lot of a high-oleic variety (Golden Peanut Company, 

Alpharetta, GA) were roasted to a dark color, skins were removed, and the roasted 

sample was divided in half with one half used as whole peanuts and the other half 

was partially defatted by mechanical press to 12% oil. The12% oil material was 

further defatted to less than 0.5% oil by AVOCA Farms, Inc. (Merry Hill, NC).  

A standard TestDiet® diet (STD) group was also maintained ancillary to the 

main study and those data are included for some general comparisons of normal 

developing animals compared to animals consuming high fat, high cholesterol diets 

without and with two different peanut components. Hamster plasma lipoprotein 

chemistry changes from predominantly HDL to LDL cholesterols when they consume 

a high fat, high cholesterol diet44,46. The STD was not used in any of the statistical 

analyses, but it does provide useful comparative information relative to the 

objectives of this study. 

Plasma and Tissue Collection. At 0, 12, 18, and 24 wk, six hamsters from 

each diet group were fasted for 12 h and anesthetized with carbon dioxide. 

Hamsters were desanguinated by cardiac puncture and blood was stored in 7% 

ethylenediaminetetraacetic acid (EDTA) tubes. Plasma was separated after 

centrifugation at 1500 rpm for 10 min at 4 °C and stored for less than 4 hr on ice. 

Plasma samples were then stored at -20 °C until analysis. Livers were collected, 

weighed, and immediately flash frozen in liquid nitrogen. The samples were stored at 
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-80 °C until analyses. Aortas were removed, cleaned, and stored in 10% formalin 

until analysis. 

Plasma Lipoprotein and Triacylglycerol Analyses. Analyses were 

performed at the Wake Forest School of Medicine, Department of Pathology - Lipid 

Sciences according to published methods47. Briefly, total plasma cholesterol (TPC) 

was measured and lipoprotein particle distributions were determined by high-

performance gel chromatography. A 0.9% saline solution with 0.01% EDTA and 

0.01% azide at 0.4 mL/min was utilized on a Superose 6 10/300 column (GE 

Healthcare) for online cholesterol distributions. The effluent from the column was 

split and half was mixed with total cholesterol reagent (Cholesterol H/P, Roche 

Diagnostics). Plasma lipoprotein cholesterol distribution concentrations were 

determined by size exclusion chromatography. Plasma triacylglycerols (TAG) 

concentration was determined using an enzymatic assay48. Atherogenic Index (AI) 

was calculated as TPC divided by HDL cholesterol. 

Aortic Cholesterol Analysis. Atherosclerotic development was quantified by 

aortic cholesteryl ester (CE) concentration (mg/g protein). The wet weight of the 

aortas was recorded after gentle blotting to remove exterior formalin. The aortas 

were placed in 16 x 100 mm, screw-cap, round-bottom glass tubes containing 

chloroform-methanol, 2:1 (v/v) with 20.5 µg of 5-alpha-cholestane as an internal 

standard and the lipids were extracted. The lipid extract was separated by filtration, 

dried under N2 at 60°C, and then dissolved in hexane. Analyses of free and total 

cholesterol were carried out with two injections per sample on a DB 17 (15 m x 0.53 

mm ID x 1 µm) gas liquid chromatography column (J&W Scientific, Folsom, CA) at 

250°C installed in a Hewlett-Packard 5890 GC equipped with a Hewlett-Packard 

7673A (Hewlett-Packard Co. LP., Houston, TX) automatic injector using online 

column injection and a flame ionization detector. CE was calculated as the 

difference between free and total cholesterol, as measured before and after 

saponification and reextraction of the nonsaponifiable sterol into hexane, multiplied 
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by 1.67 (to correct for fatty acid loss)4. The tissue was then digested and dissolved 

in 1 N NaOH, and total protein was determined by the Lowry protein assay49. 

Biochemical Analysis. Livers were delivered on dry ice to Metabolon, Inc. 

(Durham, NC) for biochemical analysis. Liver tissue from the time zero diet group 

(untreated) as well as tissue from all diet groups at 12 and 24 wk were analyzed. 

Samples were extracted and prepared for analysis using Metabolon’s proprietary 

standard solvent extraction method. The extracted samples were split into equal 

parts for analysis on the GC/MS and LC/MS/MS platforms. Instrument and overall 

process variability were determined by calculating the median relative standard 

deviation for the internal standards that were added to every sample. Statistical 

comparisons were performed with the program “R” by Metabolon using Welch’s two-

sample t-test with ANOVA contrasts. The false discovery rate (q-value) was also 

calculated to take into account the multiple comparisons that normally occur in 

metabolomic-based studies. Significance was defined at the 95% confidence level. 

Plasma Cytokine Analyses. Interleukin 1 beta (IL-1β), interleukin 6 (IL-6), 

and tumor necrosis factor alpha (TNFα) were analyzed using high sensitivity ELISA 

kits (Abcam, Cambridge, MA) according to manufacturer’s protocol. 

 mRNA Isolation. Livers were powdered with a GlenMills Inc. (Clifton, NJ) 

Retsch® MM301 under liquid nitrogen and stored at -80 °C until analysis. Total RNA 

was extracted using an Epicentre MasterPure Complete DNA and RNA purification 

kit (Madison, WI) with slight modifications to the manufacturer’s protocol. 

Modifications included an RNase inhibitor added at the start and finish and 2 μl of 50 

μg/μL of Proteinase K was used instead of 1 μL. RNA quality was measured in 

duplicate at wavelengths 230, 260, 280, and 320 nm and determined by the 260/280 

ratio. RNA quality was confirmed on a 1% agarose gel with 1X Tris-Acetate-EDTA 

(TAE) buffer. GelStar® gel stain (Lonza) was used and bands were imaged under 

trans-UV light with a BioRad Molecular Imager® GelDocTM XR (Hercules, CA). Total 

RNA was calculated by absorbance at 260 nm x the sample dilution factor x 40. 
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Total RNA for each sample was normalized to 5 μg and was converted to mRNA 

with the Epicentre mRNA Only Kit (Madison, WI) according to manufacturer’s 

protocol in an Eppendorf 5345 Mastercycler ep gradient S PCR Thermal Cycler 

(Westbury, NY). Greater details are presented in Chapter 2. 

Real-Time Polymerase Chain Reaction (RT-PCR). 20 μL of mRNA 

converted to cDNA with the Applied Biosystems High-Capacity cDNA Reverse 

Transcription Kit (Carlsbad, CA) according to manufacturer’s protocol in the 

Eppendorf 5345 Mastercycler ep gradient S PCR Thermal Cycler (Westbury, NY). 

Primers (Table 2) were synthesized according to published cDNA sequences50 by 

Operon (Huntsville, AL). RT-PCR was carried out using SsoAdvanced SYBR Green 

Supermix (Bio-Rad) in the Eppendorf realplex4 Mastercycler ep gradient PCR 

Thermal Cycler (Westbury, NY). The cycle conditions were: 5 sec at 95 °C, 40 

cycles of 95 °C (5 sec) and the optimal annealing temperature for 20 sec. A melting 

curve (95 °C, 15 sec; 60 °C, 15 sec; temperature ramp, 20 min; 95 °C, 14 sec) was 

done afterwards to confirm cDNA presence All samples were measured in duplicate 

and there were six reps per group. Relative changes for each gene of interest (GOI) 

expression were calculated from real time RT-PCR using the 2-ΔΔCt method where 

ΔΔCt = (CtGOI – Ct18S)(x)wk – (CtGOI –Ct18S)0wk 
51. 

 Statistical Analysis. All data are expressed as mean ± SEM of six animals. 

Body weight and liver weight differences were compared by two-way analysis of 

variance using the JMP10 statistical program (SAS Institute, Cary, NC). Plasma 

cholesterols and TAG; hepatic ET-1, PPAPα, CYP7A1, and ABCB11; aortic total 

cholesterol, free cholesterol, and CE differences were determined by the MIXED 

procedure of SAS (Cary, NC) to fit a linear model with factorial effects for diet, time, 

and their interaction. Plots of residuals against fitted values indicated that variability 

in all values increases with the mean, in particular with the diet, and the greatest 

variability was observed under the CON diet. To accommodate this inhomogeneity 

of variance, diet-specific variance parameters were included in the model by using 
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the repeated statement with the group= option in the mixed procedure. Chapter 4, 

Figure 1 provides an example of the SAS code and output. Tukey’s multiple 

comparisons test was used to separate the means. Significance was defined at the 

95% confidence level. 

 

RESULTS 

 Hamster Body Weight and Liver Weight. Hamsters consuming different 

diets did not differ (P = 0.7820) in body weight over the throughout the 24 wk study 

(data not shown). Liver weight comparisons significantly differed (P = 0.0044) over 

the course of the study, and the 24 wk CON diet group had the heaviest mean liver 

weight at 15.1 g. The mean liver weight at time zero was 3.0 g which was 3.6% of 

the overall mean body weight. At wk 12, liver weight did not differ among diet 

groups. The liver weight of the WP diet group was significantly smaller at 18 and 24 

wk while the PF diet group was significantly smaller at 24 wk compared to the CON 

diet group. The percent of liver weight to body weight at 24 wk was significantly 

lower at 8.5% and 9.8%, for the WP and PF diet groups, respectively, compared to 

the CON diet group at 12.4% (Figure 1).  

Plasma Triacylglycerol Concentration and Cholesterol Distributions. 

Table 3 provides TPC, TAG, and cholesterol distributions of hamsters consuming 

different diets over the 24 wk study. Significant diet and time interaction effects were 

observed over the course of the study for TPC (P = 0.0016), TAG (P = 0.0490), 

VLDL cholesterol (P < 0.0001), and LDL cholesterol (P = 0.0090). HDL cholesterol 

concentrations of hamsters consuming different diets did not significantly change 

over the course of the study (P = 0.9147). The WP and PF diet groups had 

significantly lower TPC compared to the CON diet group at 18 and 24 wk. Hamsters 

in the WP and PF diet groups did not have a significant increase in TPC between 12 

and 24 wk, while hamsters that consumed the CON diet had a significant increase of 
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147.5%. The TPC in hamsters that consumed the STD diet ranged from 109.11 - 

127.94 mg/dL. TAG concentrations of hamsters did not significantly differ after 18 wk 

of consuming the assigned experimental diets. At 24 wk the WP diet group’s TAG 

did not differ from the PF diet group but was significantly lower than the CON diet 

group. Hamsters that consumed the WP diet had a comparable TAG concentration 

to the STD diet group which ranged from 48.00 – 171.33 mg/dL. Hamsters that 

consumed the CON diet had significantly higher VLDL cholesterol concentrations at 

24 wk than the WP and PF diet groups. The CON diet group had a significant 

increase of VLDL cholesterol from 12 to 24 wk while hamsters that consumed the 

WP or PF diets did not. Hamsters that consumed the STD diet had significantly 

lower non-HDL (VLDL + LDL) cholesterol concentrations than hamsters consuming 

the high fat, high cholesterol diets without and with peanut components. VLDL 

cholesterol was 1.90 – 20.07 mg/dL and LDL cholesterol was 7.05 – 8.89 mg/dL in 

hamsters that consumed the STD diet over 24 wk. The statistical comparison of LDL 

cholesterol concentrations indicates a time and diet interaction, and the WP diet 

group had significantly lower LDL cholesterol concentrations than the CON diet 

group at 18 and 24 wk. Evaluation of mean plasma cholesterol and TAG 

distributions for diets at fixed time points shows the anti-atherogenic benefits that 

peanuts and fat-free peanut flour had on plasma cholesterol distributions (Table 4). 

AI is used to determine risk for atherosclerosis and is calculated as TPC divided by 

HDL cholesterol. The AI time and diet interaction was close to significant (P = 

0.0576), but both of the main effects were significant; time (P = 0.0431) and diet (P < 

0.0001). At each fixed time point, the WP diet group had a significantly lower AI than 

the PF diet group, and both peanut component diet groups had a significantly lower 

AI than the CON diet group (Figure 2). Peanut and fat-free peanut flour had a 

prophylactic effect against the increase of TPC, non-HDL cholesterols, and AI as 

compared to hamsters that did not consume peanut components.  

Aortic Total, Unesterified, and Esterified Cholesterol. Hamsters at time 

zero had only consumed a STD provided by Harlan®, Inc. and had no aortic 
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atherosclerosis development as determined by CE concentrations which were below 

detection limit. Diet and time interactions were significant for aortic total cholesterol 

(P = 0.0060), unesterified cholesterol (P = 0.0031), and CE (P = 0.0154) (Figure 3). 

Hamsters in the WP diet groups had significantly lower CE concentrations as 

compared to the 24 wk CON diet group. In the main statistical model, CE in the CON 

diet group did not significantly change over the 24 wk study, even though the CE 

concentration increased 3-fold. After 24 wk, hamsters in the WP and PF diet groups 

had 180% and 106% lower aortic CE deposits than the CON diet group. However, 

the interaction plot was very suggestive of diet effect over time and accordingly we 

conducted separate tests for simple diet effects at each fixed time point. The simple 

effects indicate a diet effect at 24 wk on aortic cholesterol distributions (Table 5). 

The PF diet group had significantly lower (P = 0.0194) total aortic cholesterol and 

free cholesterol (P = 0.0037) than the CON diet group. Hamsters that consumed the 

PF diet also had significantly lower arthrosclerosis, measured by aortic CE, (P = 

0.0023) than the hamsters in the CON diet group. The WP diet group had 

significantly lower total aortic cholesterol (P < 0.0001), free cholesterol (P < 0.0001), 

and CE (P < 0.0001) than hamsters in the CON diet group. The CE concentration 

was an average of 30.3 μg lower in the WP diet group than the CON diet group. The 

WP diet group had significantly lower CE at 18 wk (P = 0.0043) and 24 wk (P = 

0.0009) compared to the PF diet group. These data indicate that hamsters in the WP 

and PF diet had less development of atherosclerosis compared to the CON diet 

group. 

Hepatic Biochemical Profiling and Plasma Cytokines. Metabolon analyses 

identified 322 named biochemicals in the liver of hamsters fed differing diets over 24 

wk. There were 45 diet and time interaction effects at a 95% confidence level and an 

additional 22 effects at a 90% confidence level. The WP diet group had significantly 

greater (P < 0.0001) amounts of α-tocopherol and β-tocopherol at 12 and 24 wk than 

the CON and PF diet groups which differed by 1.8- to 3.7-fold (Figure 4). The CON 

diet group had a significantly higher γ-tocopherol than both peanut component diet 
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groups at 12 wk by 1.4-fold, but it significantly decreased (1.4-fold) from 12 to 24 wk. 

Gamma-tocopherol concentrations significantly increased from 0 to 24 wk by 10.6-

fold and18.9-fold in hamsters that consumed the PF and WP diets, respectively. The 

tocopherol concentration differences between diets are suggestive of increased 

antioxidant capacity in hamsters that consumed the WP diet. Ergothioneine, a free-

radical scavenger and derivative of histidine, was significantly lower in all diet groups 

compared to the time zero group which indicates lower antioxidant status. However, 

at 12 wk hamsters that consumed the WP diet had a significant 1.8-fold higher 

amount of ergothioneine than the control diet group.  

Compared to time zero, glutathione (GSH) (P < 0.05) and oxidized glutathione 

(GSSG) (P < 0.1) concentrations were lower in animals in all diets, which may 

indicate an increase in glutathione demand that was likely attributable to greater 

oxidative stress. At a specific time point, diet did not affect GSSG, but GSH was 

significantly increased by 1.4-fold and 1.6-fold at 24 wk in the WP diet group 

compared to the CON and PF diet groups, respectively (Figure 5). Several 

glutathione precursors including methionine, cysteine, and homocysteine were 

decreased by approximately 2-fold at 24 wk in hamsters that consumed the WP diet 

compared to the CON and PF diet groups. In addition, several γ-glutamyl amino 

acids, which are involved in regeneration of glutathione via the γ-glutamyl cycle, 

were significantly lower by 1.4-fold to 2.7-fold in hamsters in the WP diet group. 

These differences indicate less oxidative insult in the livers of hamsters that 

consumed the WP diet. Cysteine-glutathione disulfide, a biochemical marker for 

oxidative stress, was significantly lower, by at least 2-fold, in the WP diet group at 12 

and 24 wk compared to the other diet groups. The WP and PF diet groups had 

significantly lower prolylglycine by 1.3 and 1.5 fold, respectively, than the CON diet 

group at 24 wk indicating reduced oxidative stress with the consumption of peanut 

components.  
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Kynurenine, a product of tryptophan catabolism produced via activity of the 

highly inducible enzyme, indoleamine 2,3-dioxygenase (IDO), which is stimulated by 

proinflammatory cytokines such as interferon gamma (IFNγ) and tumor necrosis 

factor alpha (TNFα), was significantly higher in all diet groups compared to the time 

zero diet group. Concentrations of kynurenine were significantly lower by 2.5-fold 

and 4-fold at 12 and 24 wk, respectively, in hamsters that consumed that WP 

(Figure 6). TNFα differences in the plasma of all hamsters consuming the 

experimental diets were not significantly different. Other markers of inflammation, IL-

1β and IL-6, also did not conclusively differ in the plasma (data not presented).  

The conversion of arginine to citrulline produces nitric oxide (NO) that acts as 

a potent vasodilator and proinflammatory signaling molecule. Dimethylarginine 

(ADAM) interferes with this conversion. Arginine and ADAM did not differ among diet 

groups (P > 0.05), but hamsters that consumed the PF had significantly higher 

amount of citrulline by 1.6 fold at 12 wk compared to the CON diet group and 1.9-

fold at 24 wk compared to the other diet groups (Figure 7).  

Compared to the zero time point, all diet groups had significantly decreased 

glucose and sorbitol concentrations by at least 1.3-fold at 12 and 24 wk. This may be 

suggestive of decreased glucose uptake or increased glucose release that is 

indicative of hepatic insulin resistance. In addition, the 1.3-fold increase of lactate at 

24 wk in the CON diet group compared to the WP and PF diet groups is suggestive 

of higher fasting glucose concentration in the CON diet group. Hamsters that 

consumed the CON or PF diets had lower concentrations of citric acid cycle 

intermediates and higher stores of compounds entering the citric acid cycle 

compared to the WP diet group (Figure 8).  

Further indication of the efficiency of the citric acid cycle can be determined 

by evaluation of β-oxidation intermediates and precursors (Figure 9). Beta-oxidation 

generates acetyl-CoA for entry into the citric acid cycle. Liver tissues from hamsters 

that consumed the PF diet contained higher concentrations of several essential and 
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long-chain fatty acids compared to the WP diet group at 24 wk which may indicate 

reduced fatty acid oxidation and less acetyl CoA in the PF diet group. Lower 

concentrations of carnitine (1.3-fold), acetylcarnitine (1.7-fold), stearoylcarnitine (2.4-

fold), and medium-chain fatty acids (pelargonate and laurate) in the WP diet group 

may also be indicative of more efficient β-oxidation compared to the PF and CON 

diet groups. Hamsters that consumed the WP diet had an increased concentration of 

the ketone body 3-hydrocybutyrate (BHBA) of 2.1-fold at 12 wk and 5.0 fold at 24 wk 

compared to the CON diet group and to a less extent of 1.7-fold and 2.3-fold 

compared to the PF diet group which is also suggestive of reduced β-oxidation. 

Sphingolipids did not significantly differ among diet groups at fixed time points 

expect for sphinganine which was about 3-fold higher in the WP diet group 

compared to the PF diet group. Although changes in lysolipids were quite variable, in 

general, increases were consistent in many lysophosphoethanolamines and 

lysophosphocholines conjugated to long chain fatty acids (15-20 carbons), but not 

very long chain fatty acids (> 20 carbons), in all of the high fat, high cholesterol diet 

groups compared to time zero (Table 6). Significantly lower amounts of several 

inositol-containing lysolipids were present at 12 wk in hamsters that consumed the 

WP diet compared to those in the CON and PF diet groups (Table 7). 

Cholesterol concentrations in the liver tissue did not differ between diet 

groups (P > 0.05); however, the bile acid precursor, 7-α-hydroxycholesterol, and the 

cytotoxic LDL component, 7-β-hydroxycholesterol, were significantly lower, at least 

1.5-fold, in the PF and WP diet groups compared to the CON diet group and the PF 

and WP diet groups did not differ from each other. Comparison of bile acids between 

the diet groups revealed some interesting patterns of change. The primary bile acid, 

cholate, and its’ taurine conjugate (taurocholate) were highest in the PF diet group, 

whereas the gut microbiota-derived taurodeoxycholate and glycodeoxycholate, as 

well as the conjugates, taurolithocholate and glycolithocholate, were highest in the 

WP diet group. The PF, but not the WP, diet group had elevated concentrations of 
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cholate, glycocholate, chenodeoxycholate, taurochenodeoxycholate, and 

glycochenodeoxycholate compared to the CON diet group (Table 8). All biochemical 

findings are presented in supplemental tables as well as box and whisker plots 

(Appendix A). 

Hepatic ET-1, PPARα, and Sterol Metabolism. At 12 wk all diet groups had 

significantly increased expression of hepatic ET-1 compared to 0 wk. ET-1 

expression was significantly greater in hamsters that consumed the CON diet 

compared to the WP or PF diet groups at 18 and 24 wk (Figure 11). PPARα 

expression is inversely related to fatty acid β-oxidation. The expression of PPARα 

was higher in all hamsters fed a high fat, high cholesterol diet compared to 0 wk; 

however, diet effects were not observed (P < 0.05) at 12, 18, or 24 wk. The WP diet 

group had a greater expression (P < 0.10) of PPARα than the PF or CON diet 

groups at 18 wk (Figure 12). The hypocholesteremic effects of peanut components 

appear to involve modulation of genes that regulate hepatic bile acid and cholesterol 

synthesis. The concentrations of hepatic expression of the CYP7A1 gene encoding 

the rate-limiting enzyme for bile acid synthesis were upregulated in all groups fed 

peanut components at 24 wk (Figure 13), indicating a significant increase in bile 

acid synthesis. ABCB11 gene expression was upregulated in the WP diet group 

compared the PF and WP diet groups at 18 and 24 wk (Figure 14).  

 

DISCUSSION 

Body weight did not significantly differ over the course of the study among 

diet groups. Obese people were found to have greater hepatic cholesterol secretion 

rates and more cholesterol saturated bile than non-obese people52. The mean liver 

weights of hamsters were significantly affected by diet and time. Liver weight of all 

hamsters that consumed high fat, high cholesterol diets increased over the course of 

the study, while the liver weight of hamsters that consumed the STD diet did not 
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significantly increase. Hamsters that consumed the CON diet had an average liver 

weight of 15.12 g at 24 wk which was significantly higher than the PF diet group at 

11.8 g and both were significantly higher than the WP diet group at 9.8 g. The 

peanut flour used in this study was fat-free, less than 0.5% oil. The experimental 

diets were balanced by metabolizable energy from macronutrients. Therefore, the 

CON diet and PF diet had similar amounts of saturated fat which was greater than 

the WP diet. The WP diet had the highest amount of unsaturated fatty acids. 

Saturated fatty acids are related to development of hypercholesterolemia and 

atherosclerosis; however, the metabolic effects of all saturated fats are not 

equal53,54. Studies have indicated that stearic acid has a neutral effect on plasma 

cholesterol concentrations compared to other saturated fatty acids, such as; lauric, 

myristic, and palmitic53–56. Unsaturated fatty acids have been reported to prevent 

atherosclerotic development by improving lipoprotein composition, reducing 

expression of cytokines and adhesion molecules, and increasing antioxidant 

status57–59. Cardioprotective effects of a Mediterranean diet which is high in nuts and 

peanuts are thought to be largely due to the relatively high amounts of unsaturated 

fatty acids in the diet56,60. Peanuts used in this study were a variety of high oleic 

peanuts which have much higher oleic acid concentrations and decreased linoleic 

acid concentrations. High oleic peanut varieties are becoming more popular in the 

world market because of increased shelf life potentials due to decreased fatty acid 

oxidation because of the reduction of linoleic acid concentrations61 without a 

noticeable change in sensory attributes62. In hypercholesteremic patients, oleic acid 

has been shown to be as effective as linoleic acid in reducing LDL cholesterol and 

oleic acid had little to no effect on HDL cholesterol compared to linoleic acid63. 

Hamsters in the WP diet group had significantly lower TPC than the PF diet 

group, and hamsters that consumed the WP or PF diet had significantly lower TPC 

than the CON diet group. The reduction of TPC was not due to a reduction in HDL 

cholesterol. Hamsters that consumed the WP and PF diets had significantly lower 

VLDL cholesterol and LDL cholesterol compared to the CON at fixed time points. 
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The WP and FP diet groups did not differ from each other, but both had significantly 

lower TAG concentrations than the CON diet group at every time point. These 

results agree with several clinical and epidemiological studies which indicate that 

peanut consumption lowers TAG and TPC without reducing HDL cholesterol22,24–

27,44,60. Peanuts have a favorable fatty acid profile that has been linked to 

cardiovascular health22,58, but it is not only the tocopherols, phytosterols, and lipid 

components that provide a cardioprotective effect. Hamsters that consumed the PF 

diet (< 0.5% peanut oil) also had less risk of atherogenesis than the hamsters in the 

CON diet group. These data suggest that non-oil peanut components may also be 

involved in cardiovascular health. The risk for atherosclerosis as determined by AI 

did not differ between the WP and PF diets; however, AI must be considered in 

relation to the other atherosclerotic indicators determined in this study. Both peanut 

component diets significantly reduced the risk of CVD and atherosclerosis compared 

to the CON diet. Whole peanuts and peanut flour contain protein, fiber, potassium, 

calcium, magnesium, folates, niacin, phenolic acids, flavonoids, and stilbenes32–37 

and these compounds have been individually linked to improving cardiovascular 

health38–41. Peanut protein is high in arginine which has also been directly linked to 

reduced atherosclerosis42,43. 

CE, one of first metabolic markers of aortic atherosclerosis development5,64, 

was reduced by the addition of peanut components to the high fat, high cholesterol 

CON diet over the 24 wk study. CE concentrations were below detection limit in 

hamsters at time zero. Aortic CE develops rapidly in hamsters that consume a high 

saturated fat, high cholesterol diet65 and the lesion development is similar to lesions 

that progress slowly over time66. This study indicated that both WP and PF 

demonstrated preventative effects on the accumulation of aortic CE. Both diets were 

significantly similar with 2-way ANOVA at all time points, but the simple effect 

analysis indicated that the WP performed slightly better at 24 wk than the PF. The 

distribution of aortic CE concentration and diet effect agrees with our previous 

data44. The non-lipid components in walnuts have also been reported to lower 
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plasma CVD risk factors as well as ET-1 in hamsters67. Hamsters consuming the 

STD diet had CE concentrations below 0.2 μg/mg protein and the concentration only 

slightly increased with age (Chapter 1). This slight increase of CE over time is 

considered an age rather than a diet relationship. Peanut ingredients appear to be 

significantly changing the plasma lipoprotein distribution and aortic cholesterol 

storage components to less atherogenic concentrations. This change is largely 

supported by the metabolic markers in the liver. 

Hamsters were consuming a STD diet at time zero and were changed to a 

high fat, high cholesterol diet without and with WP or PF for study initiation. 

Biochemical compounds demonstrating diet effects were evaluated by Metabolon, 

Inc. at 12 and 24 wk. Insufficient levels of the, tripeptide antioxidant, glutathione, and 

elevated oxidative stress are linked to CVD68–70. Hamsters that consumed any of the 

high fat, high cholesterol diets had a significant decrease in reduced glutathione 

(GSH) over time, indicating greater oxidative stress and demand for glutathione. 

This demand is supported by an increase at 12 and 24 wk in several glutathione 

precursors, including methionine, cysteine (the rate-limiting biochemical for 

glutathione synthesis), and homocysteine compared to the time zero diet group. 

Liver tissue from the WP diet group had significantly lower glutathione precursors 

and higher GSH at 24 wk than the other diets indicating less oxidative stress. 

Inflammatory diseases are associated with elevated homocysteine concentrations 

but adding a supplement of homocysteine has not been beneficial at reducing the 

inflammation diseases, such as CVD71. Further support for the notion of reduced 

glutathione demands in the WP diet group comes from decreased 5-oxoproline (a 

metabolite produced from breakdown of glutathione) at 12 wk. Decreased 

concentrations of several γ-glutamyl amino acids, which are involved in regeneration 

of glutathione via the γ-glutamyl cycle which is highly active in the liver72,73. The WP 

and PF diet groups had significantly lower prolylglycine, a dipeptide, than the CON 

group at 24 wk which may indicate reduced oxidative stress. Reduced oxidative 

stress is confirmed by increased concentrations of dimethylarginine (SDMA + 
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ADMA), a marker of oxidative stress, in the CON diet group. Cysteine-glutathione 

disulfide is another marker of oxidative stress and was significantly lower at 12 and 

24 wk in hamsters that consumed the WP diet. The biochemical changes are 

supported by hepatic ET-1 mRNA expression. The CON diet group had significantly 

higher expression of ET-1 which indicates increased inflammation. ET-1 expression 

is stimulated and controlled at the transcription level by oxidative stress74. The 

reduced expression of ET-1 in hamsters that consumed the WP or PF diets 

compared to the control diet is similar to the reduction of ET-1 in aortic tissues with 

the consumption of walnuts67. Peanut protein hydrolysate was reported to inhibit lipid 

peroxidation in rat liver by the presence of antioxidant peptides either through the 

specific amino acid residue side chain groups or through the specific peptide 

structure75. The WP diet may have performed better because of the tocopherols that 

are naturally present in peanuts76. 

Tocopherols have been linked to reduced LDL cholesterol, inflammatory 

markers, adhesion molecules, and atherosclerosis77. Peanut oil is naturally high in 

tocopherols29,78 and hamsters that consumed the WP diet had significantly increased 

concentrations of α-tocopherol and β-tocopherol at 12 and 24 wk in the liver. 

Gamma-tocopherol was highest at 12 wk in hamsters that consumed the CON diet 

at 12 wk compared to the peanut component diet groups, but at 24 wk the amount of 

γ-tocopherol significantly increased with consumption of the WP diet. The liver is the 

primary site of tocopherol metabolism and hepatic levels may reflect tocopherols that 

are being stored, utilized, or packaged into LDL for systemic delivery. Gamma-

tocopherol but not α-tocopherol reduced localized pro-inflammatory eicosanoids in 

rats79. A reduced concentration of γ-tocopherol in the 12 wk WP diet group did not 

appear to increase overall liver inflammation. A significant depletion of 

ergothioneine, a diet-derived, free radical scavenger, occurred in all high-fat, high 

cholesterol diet groups compared to hamsters at time zero. Ergothioneine 

concentrations were greater in the WP diet group at 12 wk as compared to the PF 

and CON diet groups, but this effect was not observed at 24 wk. Taken together, 
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increased concentrations of GSH, reduced markers of oxidative stress, and 

increased antioxidant capacity suggests beneficial effects of the WP diet on hepatic 

redox status. 

 Inflammation plays a vital role in the defense against invasive pathogens and 

tissues; however, unresolved or chronic inflammation that cannot be removed can 

lead to tissue damage, fibrosis, and loss of function. During times of inflammation, 

the concentration of proinflammatory cytokines such as IFNγ and TNFα increase80. 

These cytokines stimulate IDO which breaks down the amino acid tryptophan and 

produces NAD+. The WP diet group at 12 and 24 wk had significantly less 

kynurenine concentrations which indicate less inflammation in the liver tissue. Nitric 

oxide (NO) is another signaling molecule that is upregulated during times of 

inflammation. During inflammation signaling, arginine is converted to citrulline and 

NO is produced. There were no significant differences in arginine concentration in 

the liver of any diet group, but citrulline was significantly elevated at 24 wk in the PF 

diet group. Insufficient NO in vascular tissues causes decreased blood flow and 

propagation of vascular disease. However, excess local NO is associated with many 

inflammatory disorders, including CVD80–82. 

The liver is critical in maintaining energy balances and disorders of the liver 

may lead to negative energy metabolism for the entire organism. Altered 

concentrations of biochemicals involved in several pathways of glucose metabolism, 

including; glycolysis, glycogenesis, pentose phosphate, and sorbitol pathways, are 

suggestive of induction of hepatic insulin resistance over time. Hepatic insulin 

resistance is associated with reduced glycogen synthesis and glycogen breakdown, 

and products of glycogen metabolism. Maltotriose, maltotetraose, maltopentaose, 

and maltohexaose were increased in livers of hamsters that consumed the WP and 

FP diet groups compared to the CON diet group. This may be suggestive of 

decreased glycogen synthase or, alternatively, increased glycogen breakdown and 

hepatic glucose output in the CON diet group. Insulin resistance has been identified 
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a risk factor for hypertension, inflammation, and CVD83,84. Hamsters that consumed 

the WP diet, and to a lesser extent the PF diet, may have remained slightly more 

insulin sensitive compared to the CON diet group. Long term peanut and peanut 

butter consumption was inversely associated with type 2 diabetes in women85. 

Peanuts and peanut butter have a high glycemic index and may reduce postprandial 

glucose response86. Oleic acid increases insulin secretion and reversed high 

glucose levels in mice with type 2 diabetes31. All hamsters were more insulin 

sensitive than the zero time group, which agrees with findings that high fat diets 

have been associated with insulin resistance87,88.  

The WP diet group had lower amounts of saturated fat in the liver compared 

to the PF and CON diet groups which is perhaps related to the fact that the CON 

and PF diets contained more coco butter than the WP diet although all experimental 

diets were balanced by metabolizable energy. Although the concentration of 

saturated fat was lower in the WP diet group, the concentrations of three major 

biochemical contributors to gluconegenesis; glycerol 3-phosphate, glutamine, and 

alanine, were not significantly different over time or among diet groups indicating no 

differences in gluconeogenic pathways. In addition to changes in glucose 

metabolism concentrations of citric acid cycle intermediates were also affected by 

diet. Hamsters that consumed the WP diet had higher concentrations of α-

ketoglutarate, succinylcarnitine, fumarate, and malate at 24 wk compared to the PF 

diet group. The WP diet group also had increased concentrations of glutamine and 

decreased concentrations of glutamate at 24 wk compared to the other diet groups. 

Glutamine and glutamate enter the citric acid cycle at the stage of α-ketoglutarate. 

Fatty acid β-oxidation may have been reduced in the PF diet group compared to the 

WP diet group as indicated by elevated concentrations of essential and long chain 

fatty acids, carnitine molecules, and medium chain fatty acids as well as reduced 3-

hydroxybutyrate (BHBA) concentrations. Conjugation of free fatty acids (≥ 10 

carbons) with carnitine is important for transport of these fatty acids into the 

mitochondria, where they can undergo β-oxidation. However, the concentrations 
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may have been different because the PF diet had higher amounts of long chain 

saturated fatty acids than the WP diet. The PF diet had similar types of fatty acids as 

the CON diet and hamsters that consumed the PF diet had significantly lower 

concentrations of long chain and essential fatty acids than the CON diet group. The 

PF diet group also had reduced concentrations of BHBA compared to the CON diet 

group. These results indicate that the WP and PF diet groups had less mitochondrial 

dysfunction in the liver tissue than the CON diet group. However, PPARα expression 

did not significantly differ among diet groups.  

Sphingolipids and lysolipids are important lipid signaling molecules in cell 

membranes, and they are dysregulated in development of CVD89. The WP diet 

group had significantly lower concentrations of sphinganine than the PF diet group 

as well as lower concentrations of stearoyl sphingomyelin than the PF and CON diet 

groups. Palmitoyl sphingomyelin was significantly lower at 24 wk in the WP diet 

group compared to the CON diet group. Collectively these differences indicate that 

the CON diet group had dysfunction in sphingolipid de novo synthesis compared to 

the WP diet group. Changes in sphingomyelins may be reflective of changes in 

concentrations of ceramide, which is another structural and lipid signaling molecule 

and is closely linked to the pathogenesis of atherosclerosis and CVD90. 

Phosphoinositols serve as a reservoir for production of arachidonic acid derived 

eicosanoids and related hormones. Inositol-containing lysolipids, 1-

palmitoylglycerophosphoinositol and 1-linoleoylglycerophosphoinositol, were 

elevated at 12 wk in the CON and PF diet groups compared to the WP diet group. 

The PF diet group had increased concentrations of 1-

arachidonoylglycerophosphoinositol at 12 wk compared to the WP diet group. These 

observations may support the idea of increased inflammation in the liver tissue from 

hamsters fed the CON and PF diets and the function of unsaturated fatty acids found 

in peanut oil to act as anti-inflammatory mediators.  
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Cholesterol concentrations in the liver tissue did not differ between diet 

groups; however, the bile acid precursor 7-α-hydroxycholesterol and the cytotoxic 

LDL component 7-β-hydroxycholesterol were lower in the PF and WP diet groups 

compared to the CON diet group. Primary bile acids were highest in the PF diet 

group, whereas the gut microbiota-derived bile acids were highest in the WP diet 

group and also elevated in the PF diet group compared to the CON diet group. The 

peanut component diet groups had higher amounts of CYP7A1 gene expression 

which indicates an acceleration of cholesterol catabolism and suggests increased 

fecal cholesterol output. Hamsters that consumed blueberry pomace50, soluble 

dietary fiber barley91, flaxseed oil92, or psyllium husks93 all had increased CYP7A1 

mRNA concentrations and decreased TPC concentrations which are similar to the 

results reported here. The WP diet group had the greatest amount of ABCB11 gene 

expression at 18 and 24 wk. The change in ABCB11 expression is supported by the 

decrease in cholate and taurocholate bile acids in the WP diet group. This suggests 

that the WP diet group was more efficient at excreting cholesterol from the liver. 

Changes in hepatic bile acid concentrations may contribute to multiple changes in 

hamsters fed different peanut components and are worthy of additional study.  

In conclusion these data are extremely similar to data previously published by 

our lab44 even though all hamsters consumed 2.5 times the amount of cholesterol. 

Hamsters that consumed the WP or PF diet had less indication of atherosclerotic 

disease development than hamsters that consumed the CON diet group. The results 

confirmed the total cholesterol lowering properties of peanut component enriched 

diets and indicated a cholesterol lowering effect independently of fatty acid content. 

Hamsters that consumed peanut component diets had significantly reduced arterial 

CE deposits indicating less development of atherosclerosis compared to hamsters 

that did not consumed peanut components. Biochemical compounds in the liver 

indicated reduced oxidative stress, inflammation, and insulin sensitivity in hamsters 

that consumed the peanut component diets compared to the control. mRNA analysis 

indicated that hamsters consuming peanut components had reduced levels of 
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inflammatory cytokines and more efficient sterol metabolism compared to the CON 

diet group. When consumed with a high fat, high cholesterol diet, peanuts and 

peanut flour protect against the development of atherosclerosis by reducing 

inflammation, improving lipoprotein distribution, increasing fatty acid β-oxidation, and 

upregulating the excretion of cholesterol to bile. 

  



 

 114 

REFERENCES 

1. Anon. CDC Features - American Heart Month. 2012. Available at: 
http://www.cdc.gov/Features/HeartMonth.  

2. Anon. WHO | Cardiovascular diseases (CVDs). World Health Organization; 2011. 
Available at: http://www.who.int/mediacentre/factsheets/fs317/en/index.html.  

3. George SJ, Lyon C. Pathogenesis of atherosclerosis. (George SJ, Johnson J, 
eds.). Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGA; 2010. Available 
at: http://doi.wiley.com/10.1002/9783527629589.  

4. Rudel LL, Kelley K, Sawyer JK, Shah R, Wilson MD. Dietary monounsaturated 
fatty acids promote aortic atherosclerosis in LDL receptor-null, human ApoB100-
overexpressing transgenic mice. Arterioscler Thromb Vas. 1998;18(11):1818–27. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/9812923.  

5. St. Clair RW. Cholesteryl ester metabolism in atherosclerotic arterial tissue. Ann 
NY Acad Sci. 1976;275(1):228–37. Available at: http://doi.wiley.com/10.1111/j.1749-
6632.1976.tb43356.x.  

6. Berliner JA, Navab M, Fogelman AM, Frank JS, Demer LL, Edwards PA, Watson 
AD, Lusis AJ. Atherosclerosis: basic mechanisms. oxidation, inflammation, and 
genetics. Circulation. 1995;91(9):2488–96. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/7729036.  

7. Kubow S. Lipid oxidation products in food and atherogenesis. Nutr Rev. 
1993;51(2):33–40. Available at: http://www.ncbi.nlm.nih.gov/pubmed/8455800.  

8. Galis ZS, Khatri JJ. Matrix metalloproteinases in vascular remodeling and 
atherogenesis: the good, the bad, and the ugly. Circ. Res. 2002;90(3):251–62. 
Available at: http://circres.ahajournals.org/content/90/3/251.full.  

9. Khimji A-K, Rockey DC. Endothelin--biology and disease. Cell Signal. 
2010;22(11):1615–25. Available at: http://dx.doi.org/10.1016/j.cellsig.2010.05.002.  

10. Kakui S, Mawatari K, Ohnishi T, et al. Localization of the 31-amino-acid 
endothelin-1 in hamster tissue. Life Sci. 2004;74(11):1435–43. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/14706574.  

11. Mayer DC, Leinwand LA. Sarcomeric gene expression and contractility in 
myofibroblasts. J Cell Bio. 1997;139(6):1477–84. Available at: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2132619/pdf/29352.pdf. 



 

 115 

12. Kuddus RH, Nalesnik MA, Subbotin VM, Rao AS, Gandhi CR. Enhanced 
synthesis and reduced metabolism of endothelin-1 (ET-1) by hepatocytes--an 
important mechanism of increased endogenous levels of ET-1 in liver cirrhosis. J 
Hepatol. 2000;33(5):725–32. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/11097479.  

13. Minnich A, Tian N, Byan L, Bilder G. A potent PPARalpha agonist stimulates 
mitochondrial fatty acid beta-oxidation in liver and skeletal muscle. Am J Physiol. 
Endocrinology and metabolism. 2001;280(2):E270–9. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/11158930.  

14. Pineda Torra I, Gervois P, Staels B. Peroxisome proliferator-activated receptor 
alpha in metabolic disease, inflammation, atherosclerosis and aging. Curr Opinion 
Lipid. 1999;10(2):151–9. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/10327283.  

15. Zandbergen F, Plutzky J. PPARalpha in atherosclerosis and inflammation. 
Biochim Biophys Acta. 2007;1771(8):972–82. Available at: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2083576/pdf/nihms28807.pdf. 

16. Zambon A, Gervois P, Pauletto P, Fruchart J-C, Staels B. Modulation of hepatic 
inflammatory risk markers of cardiovascular diseases by PPAR-alpha activators: 
clinical and experimental evidence. Arterioscl Thromb Vas. 2006;26(5):977–86. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/16424352.  

17. Pandak WM, Schwarz C, Hylemon PB, Mallonee D, Valerie K, Heuman DM, 
Fisher RA, Redford K, Vlahcevic ZR. Effects of CYP7A1 overexpression on 
cholesterol and bile acid homeostasis. Am J Physiol Gastrointest Liver Physiol. 
2001;281(4):G878–89. Available at: 
http://ajpgi.physiology.org/content/281/4/G878.full.pdf+html. 

18. Pullinger CR, Eng C, Salen G, Shefer S, Batta AK, Erickson SK, Verhagen A, 
Rivera CR, Mulvihill SJ, Malloy MJ, Kane JP. Human cholesterol 7alpha-hydroxylase 
(CYP7A1) deficiency has a hypercholesterolemic phenotype. J Clin Invest. 
2002;110(1):109–17. Available at: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC151029/pdf/JCI0215387.pdf. 

19. Lu TT, Makishima M, Repa JJ, Schoonjans K, Kerr TA, Auwerx J, Mangelsdorf 
DJ. Molecular basis for feedback regulation of bile acid synthesis by nuclear 
receptors. Mole Cell. 2000;6(3):507–15. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/11030331. 



 

 116 

20. Kromhout D. Prevention of coronary heart disease by diet and lifestyle: evidence 
from prospective cross-cultural, cohort, and intervention studies. Circulation. 
2002;105(7):893–898. Available at: http://circ.ahajournals.org/content/105/7/893.full.  

21. King JC, Blumberg J, Ingwersen L, Jenab M, Tucker KL. Tree nuts and peanuts 
as components of a healthy diet. J Nutr. 2008;138(9):1736S–40S. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/18716178.  

22. Kris-Etherton PM, Zhao G, Binkoski AE, Coval SM, Etherton TD. The effects of 
nuts on coronary heart disease risk. Nutr Rev. 2001;59(4):103–11. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/11368503.  

23. O’Byrne DJ, Knauft DA, Shireman RB. Low fat-monounsaturated rich diets 
containing high-oleic peanuts improve serum lipoprotein profiles. Lipids. 
1997;32(7):687–95. Available at: http://www.ncbi.nlm.nih.gov/pubmed/9252956.  

24. Alper CM, Mattes RD. Peanut consumption improves indices of cardiovascular 
disease risk in healthy adults. J Am Coll Nutr. 2003;22(2):133–41. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/12672709.  

25. Albert CM, Gaziano JM, Willett WC, Manson JE. Nut consumption and 
decreased risk of sudden cardiac death in the Physicians’ Health Study. Arch Intern 
Med. 2002;162(12):1382–7. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/12076237.  

26. Fraser GE, Sabate J, Beeson WL, Strahan TM. A possible protective effect of 
nut consumption on risk of coronary heart disease: the adventist health study. Arch 
Intern Med. 1992;152(7):1416–1424. Available at: http://archinte.ama-
assn.org/cgi/content/abstract/152/7/1416.  

27. Ellsworth JL, Kushi LH, Folsom AR. Frequent nut intake and risk of death from 
coronary heart disease and all causes in postmenopausal women: the iowa 
women’s health study. NMCD. 2001;11(6):372–7. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/12055701.  

28. Maguire LS, O’Sullivan SM, Galvin K, O’Connor TP, O’Brien NM. Fatty acid 
profile, tocopherol, squalene and phytosterol content of walnuts, almonds, peanuts, 
hazelnuts and the macadamia nut. Intern J Food Sci Nutr. 2004;55(3):171–8. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/15223592. 

29. Davis JP, Dean LO, Faircloth WH, Sanders TH. Physical and chemical 
characterizations of normal and high-oleic oils from nine commercial cultivars of 



 

 117 

peanut. J Am Oil Chem Soc. 2008;85(3):235–43. Available at: 
http://www.springerlink.com/index/10.1007/s11746-007-1190-x.  

30. Kris-Etherton PM, Hecker KD, Bonanome A, Coval SM, Binkoski AE, Hilpert KF, 
Griel AE, Etherton TD. Bioactive compounds in foods: their role in the prevention of 
cardiovascular disease and cancer. Am J Med. 2002;113(9):71–88. Available at: 
http://dx.doi.org/10.1016/S0002-9343(01)00995-0.  

31. Vassiliou EK, Gonzalez A, Garcia C, Tadros JH, Chakraborty G, Toney JH. Oleic 
acid and peanut oil high in oleic acid reverse the inhibitory effect of insulin 
production of the inflammatory cytokine TNF-alpha both in vitro and in vivo systems. 
Lipids in health and disease. 2009;8:25-35. Available at: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2706835/pdf/1476-511X-8-25.pdf. 

32. Singh B, Singh U. Peanut as a source of protein for human foods. Plant Food 
Hum Nutr. 1991;41(2):165–77. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/1852728. 

33. Ahmed EA, Young CT. Composition, Quality, and Flavor of Peanuts. In: Pattee 
HE, Young CT, eds. Peanut Science and Technology. Yoakum, Texas: American 
Peanut Research and Education Society, Inc. 1982:655–88. 

34. Galvao LC, Lopez A, Williams HL. Essential mineral elements in peanuts and 
peanut butter. J Food Sci. 1976;41(6):1305–07. Available at: 
http://doi.wiley.com/10.1111/j.1365-2621.1976.tb01158.x. 

35. Dean LL, Davis JP, Shofran BG, Sanders TH. Phenolic profiles and antioxidant 
activity of extracts from peanut plant parts. Open Nat Prod J. 2008;1(1):1–6. 
Available at: 
http://benthamscience.com/open/openaccess.php?tonpj/articles/V001/1TONPJ.htm. 

36. Isanga J, Zhang G-N. Biologically Active components and nutraceuticals in 
peanuts and related products: review. Food Reviews Intern. 2007;23(2):123–140. 
Available at: http://www.tandfonline.com/doi/abs/10.1080/87559120701224956.  

37. Grimm DT, Sanders TH, Pattee HE, Williams DE, Sanchez-Dominguez S. 
Chemical composition of Arachis hypogaea L. subsp. hypogaea var. hirsuta 
peanuts. Peanut Sci. 1996;23(2):111–116. Available at: 
http://www.peanutscience.com/doi/abs/10.3146/i0095-3679-23-2-9.  

38. Kris-Etherton PM, Yu-Poth S, Sabaté J, Ratcliffe HE, Zhao G, Etherton TD. Nuts 
and their bioactive constituents: effects on serum lipids and other factors that affect 



 

 118 

disease risk. Am J Clin Nutr. 1999;70(3 Suppl):504S–11S. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/10479223.  

39. Moat SJ, Lang D, McDowell IFW, Clarke ZL, Madhavan AK, Lewis MJ, 
Goodfellow J. Folate, homocysteine, endothelial function and cardiovascular 
disease. J Nutr Biochem. 2004;15(2):64–79. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/14972346.  

40. Randell EW, Mathews M, Gadag V, Zhang H, Sun G. Relationship between 
serum magnesium values, lipids and anthropometric risk factors. Atherosclerosis. 
2008;196(1):413–9. Available at: http://www.ncbi.nlm.nih.gov/pubmed/17161404.  

41. Bo S, Durazzo M, Guidi S, Carello M, Sacerdote C, Silli B, Rosato R, Cassader 
M, Gentile L, Pagano G. Dietary magnesium and fiber intakes and inflammatory and 
metabolic indicators in middle-aged subjects from a population-based cohort. Am J 
Clin Nutr. 2006;84(5):1062–9. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/17093158.  

42. Hayashi T, Juliet PAR, Matsui-Hirai H, Miyazaki A, Fukatsu A, Funami J, Iguchi 
A, Ignarro LJ. l-Citrulline and l-arginine supplementation retards the progression of 
high-cholesterol-diet-induced atherosclerosis in rabbits. P Natl A Sci USA. 
2005;102(38):13681–6. Available at: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1224660/pdf/pnas-0506595102.pdf. 

43. Casas-Agustench P, Bulló M, Salas-Salvadó J. Nuts, inflammation and insulin 
resistance. Asia Pac J Clin Nutr. 2010;19(1):124–30. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/20199997.  

44. Stephens AM, Dean LL, Davis JP, Osborne JA, Sanders TH. Peanuts, peanut 
oil, and fat free peanut flour reduced cardiovascular disease risk factors and the 
development of atherosclerosis in Syrian golden hamsters. J Food Sci. 
2010;75(4):H116–22. Available at: http://www.ncbi.nlm.nih.gov/pubmed/20546405.  

45. Cybulsky MI, Iiyama K, Li H, Zhu S, Chen M, Iiyama M, Davis V, Gutierrez-
Ramos JC, Connelly PW, Milstone DS. A major role for VCAM-1, but not ICAM-1, in 
early atherosclerosis. J Clin Invest. 2001;107(10):1255–62. Available at: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC209298/pdf/JCI0111871.pdf. 

46. Lichtman AH, Clinton SK, Iiyama K, Connelly PW, Libby P, Cybulsky MI. 
Hyperlipidemia and atherosclerotic lesion development in LDL receptor-deficient 
mice fed defined semipurified diets with and without cholate. Arterioscler Thromb 
Vas. 1999;19(8):1938–44. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/10446074.  



 

 119 

47. Kieft KA, Bocan TM, Krause BR. Rapid on-line determination of cholesterol 
distribution among plasma lipoproteins after high-performance gel filtration 
chromatography. J Lipid Res. 1991;32(5):859–66. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/2072044.  

48. Fossati P, Prencipe L. Serum triglycerides determined colorimetrically with an 
enzyme that produces hydrogen peroxide. Clin Chem. 1982;28(10):2077–80. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/6812986.  

49. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the 
Folin phenol reagent. J Biolog Chem. 1951;193(1):265–75. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/14907713.  

50. Kim H, Bartley GE, Rimando AM, Yokoyama W. Hepatic gene expression 
related to lower plasma cholesterol in hamsters fed high-fat diets supplemented with 
blueberry peels and peel extract. J Agric Food Chem. 2010;58(7):3984–91. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/20143813.  

51. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 
2001;25(4):402–8. Available at: http://www.ncbi.nlm.nih.gov/pubmed/11846609.  

52. Bennion LJ, Grundy SM. Effects of obesity and caloric intake on biliary lipid 
metabolism in man. J Clin Invest. 1975;56(4):996–1011. Available at: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC301956/pdf/jcinvest00172-0238.pdf. 

53. Mitchell D, McMahon K, Shively C, Apgar J, Kris-Etherton P. Digestibility a 
preliminary of cocoa butter and corn oil in human subjects: a preliminary study. Am J 
Clin Nutr. 1989;50:983–6. 

54. Kritchevsky D. Stearic acid metabolism and atherogenesis: history. Am J Clin 
Nutr. 1994;60(6 Suppl):997S–1001S. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/9862274. 

55. Apgar JL, Shively CA, Tarka SM. Digestibility of cocoa butter and corn oil and 
their influence on fatty acid distribution in rats. J Nutr. 1987;117(4):660–5. Available 
at: http://www.ncbi.nlm.nih.gov/pubmed/3585514.  

56. Hunter JE, Zhang J, Kris-Etherton PM. Cardiovascular disease risk of dietary 
stearic acid compared with trans, other saturated, and unsaturated fatty acids: a 
systematic review. Am J Clin Nutr. 2010;91(1):46–63. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/19939984.  



 

 120 

57. Moreno J. The degree of unsaturation of dietary fatty acids and the development 
of atherosclerosis (review). J Nutr Biochem. 2003;14(4):182–195. Available at: 
http://dx.doi.org/10.1016/S0955-2863(02)00294-2.  

58. Kris-Etherton PM, Pearson TA, Wan Y, Hargrove RL, Moriarty K, Fishell V, 
Etherton TD, Al ET. High-monounsaturated fatty acid diets lower both plasma 
cholesterol and triacylglycerol concentrations. Am J Clin Nutr. 1999;70(6):1009–15. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/10584045.  

59. Yu S, Derr J, Etherton TD, Kris-Etherton PM. Plasma choelsterol-predictive 
equations demonstrate that stearic acid is neutral and monounsaturated fatty acids 
are hypocholesterolemic. Am J Clin Nutr. 1995;61:1129–39. 

60. Kris-Etherton PM, Hu FB, Ros E, Sabaté J. The role of tree nuts and peanuts in 
the prevention of coronary heart disease: multiple potential mechanisms. J Nutr. 
2008;138(9):1746S–1751S. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/18716180. 

61. Talcott S, Ducan C, Pozo-Insfran D, Gorbet D. Polyphenolic and antioxidant 
changes during storage of normal, mid, and high oleic acid peanuts. Food Chem. 
2005;89(1):77–84. Available at: http://dx.doi.org/10.1016/j.foodchem.2004.02.020.  

62. Bolton GE, Sanders TH. Effect of roasting oil composition on the stability of 
roasted high-oleic peanuts. J Am Oil Chem Soc. 2002;79(2):129–32. Available at: 
http://www.springerlink.com/index/10.1007/s11746-002-0446-1. 

63. Mattson FH, Grundy SM. Comparison of effects of dietary saturated, 
monounsaturated, and polyunsaturated fatty acids on plasma lipids and lipoproteins 
in man. J Lipid Res. 1985;26(2):194–202. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/3989378.  

64. Brecher PI, Chobanian AV. Cholesteryl Ester Synthesis in Normal and 
Atherosclerotic Aortas of Rabbits and Rhesus Monkeys. Circ. Res. 1974;35(5):692–
701. Available at: http://circres.ahajournals.org/cgi/content/abstract/35/5/692.  

65. Alexaki A, Wilson TA, Atallah MT, Handelman G, Nicolosi RJ. Hamsters fed diets 
high in saturated fat have increased cholesterol accumulation and cytokine 
production in the aortic arch compared with cholesterol-fed hamsters with 
moderately elevated plasma non-hdl cholesterol concentrations. J. Nutr. 
2004;134(2):410–15. Available at: 
http://jn.nutrition.org/cgi/content/abstract/134/2/410.  



 

 121 

66. Pien C, Davis W, Marone A, Foxall T. Characterization of diet induced aortic 
atherosclerosis in Syrian FB hamsters. J Exp Animal Sci. 2002;42(2):65–83. 
Available at: http://dx.doi.org/10.1016/S0939-8600(02)80009-8.  

67. Davis P, Valacchi G, Pagnin E, Shao Q, Gross HB, Calo L, Yokoyama W. 
Walnuts reduce aortic ET-1 mRNA levels in hamsters fed a high-fat, atherogenic 
diet. J Nutr. 2006;136:428–432. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/16424123. 

68. Stephens JW, Bain SC, Humphries SE. Gene-environment interaction and 
oxidative stress in cardiovascular disease. Atherosclerosis. 2008;200(2):229–38. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/18490019.  

69. Osiecki H. The role of chronic inflammation in cardiovascular disease and its 
regulation by nutrients. Altern Med Rev. 2004;9(1):32–53. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/15005643.  

70. Khogali SEO, Pringle SD, Weryk BV, Rennie MJ. Is glutamine beneficial in 
ischemic heart disease? Nutrition. 2002;18(2):123–6. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/11844641.  

71. Martí-Carvajal AJ, Solà I, Lathyris D, Salanti G. Homocysteine lowering 
interventions for preventing cardiovascular events. Cochrane Database Sys Rev. 
2009;(4):CD006612. Available at: http://www.ncbi.nlm.nih.gov/pubmed/19821378.  

72. Pastorova VE, Liapina LA, Smolina TI, Ashmarin IP. Anticoagulant and 
fibrinolytic effects of proline-containing peptides. Izv Akad Nauk Ser Biol. 
1998;3:390–4. Available at: http://www.ncbi.nlm.nih.gov/pubmed/9644912.  

73. Liapina LA, Grigor’eva ME, Andreeva LA, Miasoedov NF. Protective 
antithrombotic effects of proline containing peptides in the animal body subjected to 
stress. Izv Akad Nauk Ser Biol . 2010;4:462–7. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/20799647.  

74. Saito T, Itoh H, Chun T-H, Fukunaga Y, Yamashita J, Doi K, Tanaka T, Inoue M, 
Masatsugu K, Sawada N, Sakaguchi S, Arai H, Mukoyama M, Tojo K, Hosoya T, 
Nakao K. Coordinate regulation of endothelin and adrenomedullin secretion by 
oxidative stress in endothelial cells. Am J Physiol Heart Circ Physiol. 
2001;281(3):H1364–71. Available at: 
http://ajpheart.physiology.org/content/281/3/H1364.full 



 

 122 

75. Chen G, Zhao L, Zhao L, Cong T, Bao S. In vitro study on antioxidant activities 
of peanut protein hydrolysate. J Sci Food Agric. 2007;87(2):357–62. Available at: 
http://doi.wiley.com/10.1002/jsfa.2744.  

76. Podhaisky H-P, Abate A, Polte T, Oberle S, Schröder H. Aspirin protects 
endothelial cells from oxidative stress – possible synergism with vitamin E. FEBS 
Letters. 1997;417(3):349–51. Available at: http://dx.doi.org/10.1016/S0014-
5793(97)01307-0.  

77. Kaliora a C, Dedoussis GVZ, Schmidt H. Dietary antioxidants in preventing 
atherogenesis. Atherosclerosis. 2006;187(1):1–17. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/16313912.  

78. Kornsteiner M, Wagner K-H, Elmadfa I. Tocopherols and total phenolics in 10 
different nut types. Food Chem. 2006;98(2):381–87. Available at: 
http://dx.doi.org/10.1016/j.foodchem.2005.07.033.  

79. Jiang R, Jacobs DR, Mayer-Davis E, Szklo M, Herrington D, Jenny NS, Kronmal 
R, Barr RG. Nut and seed consumption and inflammatory markers in the multi-ethnic 
study of atherosclerosis. Am J Epidemiol. 2006;163(3):222–31. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/16357111.  

80. Sharma R, Coats AJ, Anker SD. The role of inflammatory mediators in chronic 
heart failure: cytokines, nitric oxide, and endothelin-1. Intern J Cardiol. 
2000;72(2):175–86. Available at: http://www.ncbi.nlm.nih.gov/pubmed/10646959. 

81. Wang BY, Ho HVK, Lin PS, Schwarzacher SP, Pollman MJ, Gibbons GH, Tsao 
PS, Cooke JP, Matthew J. Regression of atherosclerosis: role of nitric oxide and 
apoptosis. Circulation. 1999;99(9):1236–41. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/10069793.  

82. Liao JK. Endothelial nitric oxide and vascular inflammation. In: Panza J, Cannon 
III R, eds. Endothelium, Nitric Oxide, and Atherosclerosis. Armonk, NY: Futura 
Publishing Co., Inc. 1999:119–130. 

83. McFarlane SI. Insulin resistance and cardiovascular disease. J Clin Endocrinol 
Met. 2001;86(2):713–718. Available at: http://jcem.endojournals.org.  

84. Kannel WB, McGee DL. Diabetes and cardiovascular disease. the framingham 
study. JAMA 1979;241(19):2035–8. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/430798.  



 

 123 

85. Jiang R, Manson JE, Stampfer MJ, Liu S, Willett WC, Hu FB. Nut and peanut 
butter consumption and risk of type 2 diabetes in women. JAMA. 
2002;288(20):2554–60. Available at: http://www.ncbi.nlm.nih.gov/pubmed/12444862.  

86. Reis CEG, Bordalo LA, Rocha ALC, Freitas DMO, da Silva MVL, de Faria VC, 
Martino HSD, Costa NMB, Alfenas RC. Ground roasted peanuts leads to a lower 
post-prandial glycemic response than raw peanuts. Nutr Hosp. 26(4):745–51. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/22470019.  

87. Lovejoy JC. Dietary fatty acids and insulin resistance. Curr Atheroscler Rep. 
1999;1(3):215–20. Available at: http://www.ncbi.nlm.nih.gov/pubmed/11122713. 

88. Castelli WP. Lipids, risk factors and ischaemic heart disease. Atherosclerosis. 
1996;124 Suppl:S1–9. Available at: http://www.ncbi.nlm.nih.gov/pubmed/8831910.  

89. Shin H-W, Kim D, Lee Y, Yoo HS, Lee BJ, Kim JS, Jang S, Lim H, Lee Y, Oh S. 
Alteration of sphingolipid metabolism and pSTAT3 expression by dietary cholesterol 
in the gallbladder of hamsters. Arch Pharm Res. 2009;32(9):1253–62. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/19784582.  

90. Merrill AH. De novo sphingolipid biosynthesis: a necessary, but dangerous, 
pathway. J Bio Chem. 2002;277(29):25843–6. Available at: http://www.jbc.org.  

91. Yang J-L, Kim Y-H, Lee H-S, Lee M-S, Moon YK. Barley beta-glucan lowers 
serum cholesterol based on the up-regulation of cholesterol 7alpha-hydroxylase 
activity and mRNA abundance in cholesterol-fed rats. J Nutr Sci Vitaminol. 
2003;49(6):381–7. Available at: http://www.ncbi.nlm.nih.gov/pubmed/14974727.  

92. Tzang B-S, Yang S-F, Fu S-G, Yang H-C, Sun H-L, Chen Y-C. Effects of dietary 
flaxseed oil on cholesterol metabolism of hamsters. Food Chem. 2009;114(4):1450–
5. Available at: http://dx.doi.org/10.1016/j.foodchem.2008.11.030.  

93. Buhman KK, Furumoto EJ, Donkin SS, Story JA. Dietary psyllium increases 
expression of ileal apical sodium-dependent bile acid transporter mRNA coordinately 
with dose-responsive changes in bile acid metabolism in rats. J Nutr. 
2000;130(9):2137–42. Available at: http://www.ncbi.nlm.nih.gov/pubmed/10958804.  

 

  



 

 124 

TABLES AND FIGURES 

 

Table 1. Ingredients (g/100g) in standard, high fat/cholesterol, and high 

fat/cholesterol with peanut component diets.  

Abbreviations: CON, control diet; PF, peanut flour diet; STD, standard diet; WP, 

whole peanut diet. 

 

 STD CON WP PF 

Corn Starch 25.54 23.63 23.55 21.51 

Casein – Vitamin Free 18.96 22.29 16.44 10.60 

Cocoa Butter 1.90 17.28 9.50 17.10 

Sucrose 18.96 12.59 11.50 10.40 

Maltodextrin 11.85 7.91 7.00 6.50 

Cellulose 4.74 5.57 3.06 4.14 

Soybean Oil 2.37 2.79 1.75 1.75 

Citrate, Tribasic Monohydrate 1.56 1.84 1.80 1.85 

Dicalcium Phosphate 1.23 1.45 1.45 1.45 

Cholesterol 0.00 1.25 1.25 1.25 

Salt Mix 0.95 1.11 1.11 1.11 

Vitamin Mix 0.95 1.11 1.11 1.11 

Calcium Carbonate 0.52 0.61 0.61 0.61 

L-Cystine 0.28 0.33 0.33 0.33 

Choline Bitartrate 0.19 0.22 0.22 0.22 

Peanuts 0.00 0.00 20.00 0.00 

Fat-Free Peanut Flour 0.00 0.00 0.00 20.00 

 



 

 125 

Table 2. Sequences of PCR primers. 

 

Abbreviations: ABCB11, bile salt export pump; CYP7A1, cholesterol 7α-hydroxylase; 

endothelin 1, ET-1; For, forward; PPARα, peroxisome proliferator activated receptor 

alpha; Rev, reverse 



 

 126 

Table 3. Statistical comparisons of time and time interaction for triacylglycerol and plasma cholesterol 

distributions of hamsters consuming different high fat, high cholesterol diets over 24 wk.  

 

 Means with the same letter in each row are not significantly different (p < 0.05). 

Abbreviations: CON, control diet; HDL-C, high density lipoprotein cholesterol; LDL-C low density lipoprotein 

cholesterol; PF, peanut flour diet; SEM, standard error of the mean; TAG, triacylglycerol; TPC, total plasma 

cholesterol; VLDL-C, very low density lipoprotein cholesterol; WP, whole peanut diet. 

 

 

 

Plasma CON SEM WP SEM PF SEM CON SEM WP SEM PF SEM CON SEM WP SEM PF SEM

TPC 962.42bc 262.82 380.17c 97.45 782.67bc 234.91 2030.59a 262.82 503.09c 97.45 1552.14b 234.91 2381.75a 262.82 479.06c 97.45 1517.01b 234.91

TAG 692.97ab 765.64 185.33b 118.00 207.00b 372.24 2474.00ab 765.64 532.67b 118.00 1512.50ab 372.24 3369.33a 765.64 195.33b 118.00 1350.60ab 372.24

VLDL-C 431.17cd 159.05 95.42d 41.59 270.25cd 144.97 1092.99ab 159.05 112.67d 41.59 754.16bc 144.97 1528.02a 159.05 130.52d 41.59 719.45bc 144.97

LDL-C 387.74abc 79.13 104.32c 43.32 234.87bc 61.02 730.11a 79.13 168.72c 43.32 492.34ab 61.02 750.34a 79.13 170.18c 43.32 473.84ab 61.02

HDL-C 166.85 51.06 180.58 21.61 191.93 22.39 207.48 51.06 203.85 21.61 198.97 22.39 152.83 51.06 196.20 21.61 178.69 22.39

12 wk 18 wk 24 wk

Plasma Concentration (mg/dL)



 

 127 

Table 4. Diet comparisons at fixed times for plasma cholesterol distributions in 

hamsters consuming different high fat, high cholesterol diets at 12, 18, and 24 wk. 

 

Means within each column within a time point with the same letter are not 

significantly different (p < 0.05). 

Abbreviations: CON, control diet; HDL, high density lipoprotein cholesterol; LDL low 

density lipoprotein cholesterol; PF, peanut flour diet; SEM, standard error of the 

mean; TAG, triacylglycerol; VLDL, very low density lipoprotein cholesterol; WP, 

whole peanut diet. 

 

  

Diet Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

CON 926.42
a 310.35 692.97

a 851.33 431.17
a 209.45 387.74

a 99.92 166.85 55.74

WP 380.17b 254.32 185.33b 390.49 95.42c 135.59 104.32c 90.21 180.58 55.44

PF 728.67
a 225.02 207.41

b 674.68 270.25
b 209.45 234.87

b 74.83 191.93 51.11

Diet Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

CON 2030.59
a 310.35 2474.74

a 851.33 1092.99
a 209.45 730.11

a 99.92 207.48 55.74

WP 503.09
c 254.32 532.67

c 390.49 130.52
c 135.59 168.72

c 90.21 203.86 55.44

PF 1552.14b 225.02 1312.50b 674.68 854.16b 209.45 492.34b 74.83 198.97 51.11

Diet Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

CON 2381.75
a 310.35 3369.33

a 851.33 1528.02
a 209.45 750.34

a 99.92 152.82 55.74

WP 511.39
b 254.32 478.40

c 390.49 127.24
c 135.59 186.55

c 90.21 197.60 55.44

PF 1517.01
c 225.02 1350.64

b 674.68 719.45
b 209.45 473.87

b 74.83 175.69 51.11

Plasma Concentration (mg/dL)

Total TAG

Total TAG VLDL LDL HDL

VLDL LDL HDL
12 wk

18 wk

24 wk
Total TAG VLDL LDL HDL
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Table 5. Statistical simple effects on aortic cholesterol distributions of hamsters 

consuming different high fat, high cholesterol diets at 24 wk. 

 

Abbreviations: CON, control diet; CE, cholesteryl ester; FC, free cholesterol; PF, 

peanut flour diet; TC, total cholesterol; WP, whole peanut diet.  

 

  

Analysis PF-WP PF-CON WP-CON PF-WP PF-CON WP-CON PF-WP PF-CON WP-CON

Difference 17.9 -24.4 -42.3 8.5 -15.6 -24.1 8.1 -22.2 -30.3
P value 0.0012 0.0194 <0.0001 0.0003 0.0037 <0.0001 0.0009 0.0023 <0.0001

TC FC CE
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Table 6. Heat map for time effect on lysolipids of hamsters consuming different high 

fat, high cholesterol diets over 24 wk (n=6). Red represents p ≤ 0.05, fold change ≥ 

1.00. Green represents p ≤ 0.05, fold change ≤ 1.00. Light red represents p ≤ 0.05, 

fold change ≥ 1.00. Light green represents p ≤ 0.05, fold change ≤ 1.00. 
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Table 7. Heat map of biochemicals among diet group comparisons of lysolipids of 

hamsters consuming different high fat, high cholesterol diets over 24 wk (n=6). Red 

represents p ≤ 0.05, fold change ≥ 1.00. Green represents p ≤ 0.05, fold change ≤ 

1.00. 
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Table 8. Heat map of biochemicals between diet group comparisons of hamsters 

consuming different high fat, high cholesterol diets over 24 wk (n=6). Red represents 

p ≤ 0.05, fold change ≥ 1.00. Green represents p ≤ 0.05, fold change ≤ 1.00. 
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Figure 1. Mean liver weight in hamsters consuming different high fat, high 

cholesterol diets over 24 wk. Bars represent mean ± standard error (n=6). Means 

with the same letter are not significantly different (p<0.05). Abbreviations: CON, 

control diet; PF, peanut flour diet; WP, whole peanut diet. 
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Figure 2. Atherogenic Index (AI) means of hamsters consuming different high fat, 

high cholesterol diets over 24 wk. Bars represent mean ± standard error (n=6). 

Means with the same letter at a specific time point are not significantly different 

(p<0.05). Abbreviations: AI, atherogenic index; CON, control diet; HDLC, high 

density lipoprotein cholesterol; PF, peanut flour diet; TPC, total plasma cholesterol; 

WP, whole peanut diet. 
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Figure 3. Aortic cholesterol means of hamsters consuming different high fat, high 

cholesterol diets over 24 wk. Bars represent mean ± standard error (n=6). Means 

with the same letter are not significantly different (p<0.05). Abbreviations: CE, 
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cholesteryl ester; CON, control diet; FC, free cholesterol; PF, peanut flour diet; TC, 

total cholesterol; WP, whole peanut diet. 

 

Figure 4. Box and whisker plots of tocopherols in the livers of hamsters consuming 

different high fat, high cholesterol diets over 24 wk (n=6). Abbreviations: ctrl, control 

diet; flr, peanut flour diet; T0, Time 0 wk; pnut, whole peanut diet. 
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Figure 5. Glutathione synthesis in the liver hamsters consuming different high fat, 

high cholesterol diets over 24 wk. Bars represent mean ± standard error (n=6). 

Abbreviations: ctrl, control diet; flr, peanut flour diet; SAH, S-adenosyl homocysteine; 

SAM, S-adenosyl methionine; T0, Time 0 wk; pnut, whole peanut diet. 
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Figure 6. Box and whisker plots of kynurenine and tryptophan in the liver of 

hamsters consuming different high fat, high cholesterol diets over 24 wk. 

Abbreviations: ADMA, asymmetric dimethylarginine; ctrl, control diet; flr, peanut flour 

diet; IDO, indoleamine 2,3-dioxygenase: IFNγ, interferon gamma; T0, Time 0 wk; 

TNFα, tumor necrosis factor alpha; pnut, whole peanut diet. 

 

 

 

 

 

 



 

 138 

 

Figure 7. Box and whisker plots of arginine and citrulline in the liver of hamsters 

consuming different high fat, high cholesterol diets over 24 wk (n=6). Abbreviations: 

ADMA, asymmetric dimethylarginine; ctrl, control diet; flr, peanut flour diet; NO, nitric 

oxide; T0, Time 0 wk; pnut whole peanut diet. 
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Figure 8. Box and whisker plots of citric acid cycle intermediates and precursors in 

the liver of hamsters consuming different high fat, high cholesterol diets over 24 wk 

(n=6). Abbreviations: ctrl, control diet; flr, peanut flour diet;T0, Time 0 wk; pnut, 

whole peanut diet. 
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Figure 9. Box and whisker plots of β-oxidation intermediates and precursors in the 

liver of hamsters consuming different high fat, high cholesterol diets over 24 wk 

(n=6). Abbreviations: ctrl, control diet; flr, peanut flour diet; T0, Time 0 wk; TCA, citric 

acid cycle; pnut whole peanut diet. 
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Figure 10. Box and whisker plots of cholesterol and the bile acid precursors in the 

liver of hamsters consuming different high fat, high cholesterol diets over 24 wks 

(n=6). Abbreviations: ctrl, control diet; flr, peanut flour diet; T0, Time 0 wk; pnut 

whole peanut diet. 
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Figure 11. Endothelin 1 (ET1) means of hamsters consuming different high fat, high 

cholesterol diets over 24 wk. Bars represent mean ± standard error (n=6). Means 

with the same letter at a specific time point are not significantly different (p<0.05). 

Abbreviations: CON, control diet; PF, peanut flour diet; WP, whole peanut diet. 
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Figure 12. Hepatic peroxisome proliferator-activated receptor alpha (PPARα) mRNA 

expression of hamsters consuming different high fat, high cholesterol diets over 24 

wk. Bars represent mean ± standard error (n=6). Means with the same letter at a 

specific time point are not significantly different (p<0.05). Abbreviations: CON, 

control diet; PF, peanut flour diet; WP, whole peanut diet. 
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Figure 13. Hepatic cholesterol 7-alpha-hydroxylase (CYP7A1) mRNA expression of 

hamsters consuming different high fat, high cholesterol diets over 24 wk. Bars 

represent mean ± standard error (n=6). Means with the same letter at a specific time 

point are not significantly different (p<0.05). Abbreviations: CON, control diet; PF, 

peanut flour diet; WP, whole peanut diet. 
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Figure 14. Hepatic ATP-binding cassette, sub-family B member 11 (ABCB11) 

mRNA expression of hamsters consuming different high fat, high cholesterol diets 

over 24 wk. Bars represent mean ± standard error (n=6). Means with the same letter 

at a specific time point are not significantly different (p<0.05). Abbreviations: CON, 

control diet; PF, peanut flour diet; WP, whole peanut diet. 
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ABSTRACT 

Peanuts contain several cardiovascular healthy nutrients and reduce plasma total 

cholesterol, improve lipoprotein distributions, reduce inflammation, reduce 

hypertension, and slow the development of atherosclerosis. Cardiovascular disease 

(CVD) is the number one cause of death. One of the main causes of CVD is 

atherosclerosis. Early stages of atherosclerosis can begin as early as childhood and 

if not controlled develop into fatty streaks and plaque deposits that narrow and 

harden the arteries. Symptoms of atherosclerosis are asymptomatic but can be fatal 

if not treated. To determine the influence of whole peanuts (WP) and fat-free peanut 

flour (PF) on the reversion of atherosclerosis, disease was induced by diet in male 

golden Syrian hamsters. The hamsters were then switched to a high fat, high 

cholesterol control (CON) diet or an isocaloric CON diet with either WP or PF. 

Plasma and aortic cholesterols were evaluated over 24 wk and atherosclerotic 

disease was determined by concentration of cholesteryl esters (CE) in the aorta. 

Hamsters that consumed the WP diet had a significant reversion of TPC (53.5%) 

and nonHDL cholesterol (76.6%) with no change in HDL cholesterol compared to 0 

wk. Aortic total cholesterol (TC) was significantly reversed (32.5%), free cholesterol 

did not change, and CE was significantly reversed (66.9%) after 6 wk of WP 

consumption. Aortic total cholesterol was significantly lower after 6 wk in the PF diet 

group. The CON diet group did not have any change of atherosclerotic disease 

indicators. These data indicate a significant reduction in early stage atherosclerotic 

development by the consumption of peanuts. 

 At 24 wk, hamsters that consumed the CON diet had a 71.0% increase of total 

plasma cholesterol (TPC) and a 125.8% increase of non-high density lipoprotein 

(HDL) cholesterol as well as a 46.0% decrease of HDL cholesterol over the course 

of the study compared to 0 wk. Hamsters that consumed the WP or PF diet did not 

have a change of plasma atherogenic risk factors at wk 24 which indicates peanut 

components prevented the development of atherosclerosis in hamsters. These data 
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along with HDL cholesterol suggest that the WP and PF diet groups had more 

efficient reverse cholesterol transport (RCT) system, antioxidant status, and 

increased bile acid metabolism than the CON diet group. 
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INTRODUCTION 

Peanuts (Arachis hypogaea) are legumes but widely identified as part of the 

nut family and have a similar nutrient profile to tree nuts. Peanuts are an excellent 

source of vegetable protein (1) with a high amount of L-arginine (2). Peanuts also 

contain a high amount of unsaturated fatty acids (3), dietary fiber (4), vitamins (5–7) 

(folic acid, niacin, and tocopherols), minerals (calcium, magnesium, and potassium) 

(8), and many other bioactive constituents such as phytosterols (9, 10), phenolic 

acids (11), and stilbenes (12, 13). Peanuts have been shown to improve lipoprotein 

distribution (14–19), reduce inflammation (17, 20), increase serum antioxidant 

efficacy (21, 22), improve insulin resistance (17, 23), reduce hypertension (24), and 

slow the development of atherosclerosis (25), all without causing weight gain (26, 

27). Peanuts improve overall lipid profiles by reducing total plasma cholesterol (TPC) 

and low density lipoprotein (LDL) cholesterol without a reducing high density 

lipoprotein (HDL) cholesterol. Animal studies support these findings. The 

consumption of peanuts in a high fat and high cholesterol diet significantly reduced 

development of atherosclerosis and improved the lipoprotein distribution in hamsters 

compared to a high fat high cholesterol diet without peanuts (25). In addition, the 

consumption of peanuts improved the lipid profile as well as the antioxidant status of 

diabetic rats (28).  

Atherosclerosis is the narrowing and hardening of arteries. The disease 

progression typically begins with damage to the endothelium layer, up-regulation of 

inflammatory mediators, and accumulation of cholesteryl esters (CE) (29). 

Hypertension and hypercholesteremia are two of the leading cause of endothelium 

damage. If not treated, atherosclerosis continues to progress as an asymptomatic 

disease over many years. Obesity, diabetes, and other inflammatory diseases 

significantly increase the risk of atherosclerosis. However, early stages of 

atherosclerosis can be reversed. Clinical practice guidelines for people with pre-

existing cardiovascular disease (CVD) and atherosclerosis risk factors include 
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lifestyle modifications, physical exercise, and a cholesterol lowering diet (30). An 

increase in the ratio of HDL cholesterol to TPC can increase the reverse cholesterol 

transport (RCT) system (31). When the RCT system is up-regulated, CE deposits in 

the tissues are converted to free cholesterol by lecithin:cholesterol acyltransferase 

(LCAT) and picked up by circulating HDL molecules (32, 33). Free cholesterols on 

the surface of HDL molecules are esterified and carried into plasma circulation. HDL 

cholesterol molecules then returned back to the liver or deliver cholesterol to very 

low density lipoprotein (VLDL) molecules via cholesteryl ester transfer protein 

(CETP) to be distributed to tissues (31). 

Endothelin-1 (ET-1) is produced by a variety of cells and perform a range of 

functions important in hypertension, atherosclerosis, and cardiac disorders (34). ET-

1 also plays a role in pulmonary, liver and renal diseases in rats, hamsters, and 

humans (35–37). In the liver, elevated ET-1 levels can cause cirrhosis, fibrogenesis, 

portal hypertension, and biliary obstruction (34). Peroxisome proliferator-activated 

receptor alpha (PPAPα) is predominantly involved in fatty acid and lipid catabolism 

(38). In the liver, activation of PPAPα leads to reduction of TAG because of 

repression of hepatic apolipoprotein (apo) C-III and an expression increase of a 

gene for lipoprotein lipase. Hepatic apo A-I and A-II are upregulated with activation 

of PPAPα which leads to an increase in circulating HDL cholesterol (39). 

Compounds that act like PPAPα and compete for binding sites have been reported 

to slow progression of CVD (40, 41). 

The rate limiting step for the conversion of cholesterol to the bile acid, cholic 

acid, is controlled by the gene, cholesterol 7-alpha-hydroxylase (CYP7A1) (42). 

Dysfunction of CYP7A1 causes hypercholestermia because of decreased HMG-CoA 

reductase and acyl CoA:cholesterol acyltransferase (ACAT) activity (43, 44). Cholic 

acid is a powerful oxidizing agent and increases cholesteryl ester hydrolase (CEH) 

activity and increases oxidized LDL cholesterol (43). The ABC B11 gene is a 
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determinant of bile formation and flow by the transport of cholic acid from the 

hepatocytes to bile.  

When consuming a high fat and high cholesterol diet, hamster lipoprotein 

distribution becomes like humans in that the main carrier is LDL cholesterol (45–47). 

Hamsters also have CETP, whereas rats and mice do not (48). Hamsters develop 

atherosclerosis in a comparable way to humans and quick progression of the 

disease is mechanistically similar to atherosclerotic lesions that progress slowly over 

time (49). In addition, hamster bile acid metabolism is comparable to humans (50, 

51). Hamsters also resemble humans with respect to rates of hepatic cholesterol 

synthesis (52).  

 

MATERIALS AND METHODS 

Animals: Male golden Syrian hamsters (Mesocricetus auratus) were obtained 

from Harlan® Inc. (Indianapolis, IN) and were approximately 6 wk old and weighed 

approximately 80 g. Hamsters were housed individually and maintained on a 12/12 

hr light/dark cycles in an environmentally controlled room at the North Carolina State 

University (NCSU) Biological Research Facility (Raleigh, NC). All diet groups were 

fed ad libitum and clean water was provided. Body weight was measured every 

other week throughout the study. The study was reviewed and approved by the 

Animal Care and Use Committee, NCSU, Raleigh, NC.  

Diets: Diets were prepared by TestDiet® (Richmond, IN). Hamsters were 

acclimated for one wk after arrival and then incrementally switched to the 

atherosclerotic inducing diet over five days. The atherosclerotic inducing diet was a 

modification of the AIN-76A Clinton/Cybulsky Cholesterol Series semi-purified diet 

(53, 54) designed to be high fat (41%) and very high cholesterol (1.25%). Disease 

induction was evaluated in a pilot study (Appendix B) over 12 wk, and 8 wk was 

deemed to be the most appropriate length of time for adequate atherosclerosis 
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development, as measured by aortic CE. For the study, when all hamsters had 

consumed the atherosclerotic disease inducing diet for 8 wk the initiation time was 

labeled as 0 wk. The hamsters were randomly placed it into 3 diet groups; control 

diet (CON) which was a modification of the AIN-76A Clinton/Cybulsky Cholesterol 

Series semi-purified high fat, high cholesterol diet designed to induce CVD in 

rodents (53, 54) or CON isocaloric diets containing either whole peanuts (WP) or fat-

free peanut flour (PF) (Table 1). All diets were isocaloric to the CON diet by 

metabolizable energy (Table 2). Peanuts for the experimental diets were from a 

single lot of a high-oleic variety (Golden Peanut Company, Alpharetta, GA). Peanuts 

were roasted to a dark color, skins were removed, and the roasted sample was 

divided in half with one half used as whole peanuts and the other half was partially 

defatted by mechanical press to 12% oil. The12% oil material was further defatted to 

less than 0.5% oil by AVOCA Farms, Inc. (Merry Hill, NC). The fourth diet group in 

this study was a standard TestDiet® diet (STD) group that was also maintained 

ancillary to the main study and those data are included for some general 

comparisons of normal developing animals compared to animals consuming high fat, 

high cholesterol diets without and with two different peanut components. Hamster 

plasma lipoprotein chemistry changes from predominantly HDL to LDL cholesterols 

when they consume a high fat, high cholesterol diet(25, 54). The STD was not used 

in any of the statistical analyses, but it does provide useful comparative information 

relative to the objectives of this study. A full comparison of hamsters that consumed 

a standard diet is reported in Chapter 2. 

Plasma and Tissue Collection: After atherosclerotic disease induction (0 

wk), and at wk 6, 12, 18, and 24, six hamsters from each diet group were fasted for 

12 h and anesthetized with carbon dioxide. Hamsters were desanguinated by 

cardiac puncture and blood was stored in 7% ethylenediaminetetraacetic acid 

(EDTA). Plasma was separated after centrifugation at 1500 rpm for 10 min at 4 °C 

and stored on ice for less than 4 hr. Plasma samples were then stored at -20 °C until 

analysis. Livers were collected, weighed, immediately flash frozen in liquid nitrogen, 
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and stored at -80 °C until analysis. Aortas were removed, cleaned, and stored in 

10% formalin until analysis. 

Plasma Lipoprotein Cholesterol and Triacylglycerol (TAG) Analyses: 
Analyses were performed at Wake Forest School of Medicine, Department of 

Pathology - Lipid Sciences according to published methods (55). Briefly, total 

plasma cholesterol (TPC) was measured and lipoprotein particle distributions were 

determined by high-performance gel chromatography. A 0.9% saline solution with 

0.01% EDTA and 0.01% azide at 0.4 mL/min was utilized on a Superose 6 10/300 

column (GE Healthcare) for online cholesterol distributions. The effluent from the 

column was split and half was mixed with total cholesterol reagent (Cholesterol H/P, 

Roche Diagnostics). Plasma lipoprotein cholesterol distribution concentrations were 

determined by size exclusion chromatography. Plasma triacylglycerols (TAG) 

concentration was determined by using an enzymatic assay (56). Atherogenic Index 

(AI) was calculated as TPC divided by HDL cholesterol. 

Aortic Cholesterol Analysis: Atherosclerotic development was quantified by 

aortic CE concentrations (mg/g protein). The wet weight of the aortas was recorded 

after being gently blotted to remove exterior formalin. The aortas were placed in 16 x 

100 mm, screw-cap, round-bottom glass tubes containing chloroform-methanol, 2:1 

(v/v) containing 20.5 µg of 5-alpha-cholestane, as an internal standard, and the lipids 

were extracted. The lipid extract was separated by filtration, dried under N2 at 60 °C, 

and then dissolved in hexane. Analyses of total and free cholesterol were carried out 

with two injections per sample on a DB 17 (15 m x 0.53 mm ID x 1 µm) gas liquid 

chromatography column (J&W Scientific, Folsom, CA) at 250 °C and installed in a 

Hewlett-Packard 5890 GC equipped with a Hewlett-Packard 7673A (Hewlett-

Packard Co. LP., Houston, TX) automatic injector using online column injection and 

a flame ionization detector. CE was calculated as the difference between free and 

total cholesterol, as measured before and after saponification and reextraction of the 

nonsaponifiable sterol into hexane times the conversion factor of 1.67 to correct for 



154 

fatty acid loss (57). The tissue was then digested and dissolved in 1 N NaOH, and 

total protein was determined by the Lowry protein assay (58). 

mRNA Isolation: Livers were powdered with a GlenMills Inc. (Clifton, NJ) 

Retsch® MM301 under liquid nitrogen and stored at -80 °C until analysis. Total RNA 

was extracted in ice using an Epicentre MasterPure Complete DNA and RNA 

purification kit (Madison, WI) with slight modifications to the manufacturer’s protocol. 

Modifications included an RNase inhibitor added at the start and finish and 2 μl of 50 

μg/μL of Proteinase K was used instead of 1 μL. RNA quality was measured in 

duplicate at wavelengths 230, 260, 280, and 320 nm and determined by the 260/280 

ratio. RNA quality was confirmed on a 1 % agarose gel with 1X Tris-Acetate-EDTA 

(TAE) buffer. GelStar® gel stain (Lonza) was used and then RNA bands were 

imaged under trans-UV light with a BioRad Molecular Imager® GelDocTM XR 

(Hercules, CA). Total RNA was calculated by absorbance at 260 nm x the sample 

dilution factor x 40. Total RNA for each sample was normalized to 5 μg and was 

converted to mRNA with the Epicentre mRNA Only Kit (Madison, WI) according to 

manufacturer’s protocol in an Eppendorf 5345 Mastercycler ep gradient S PCR 

Thermal Cycler (Westbury, NY). Greater details are presented in Chapter 2. 

Real-Time Polymerase Chain Reaction (RT-PCR): 20 μL of mRNA 

converted to cDNA with the Applied Biosystems High-Capacity cDNA Reverse 

Transcription Kit (Carlsbad, CA) according to manufacturer’s protocol in the 

Eppendorf 5345 Mastercycler ep gradient S PCR Thermal Cycler (Westbury, NY). 

Primers (Table 3) were synthesized according to published cDNA sequences (59) 

by Operon (Huntsville, AL). RT-PCR was carried out using SsoAdvanced SYBR 

Green Supermix (Bio-Rad) in the Eppendorf realplex4 Mastercycler ep gradient PCR 

Thermal Cycler (Westbury, NY). The cycle conditions were: 5 sec at 95 °C, 40 

cycles of 95 °C (5 sec) and the optimal annealing temperature for 20 sec. A melting 

curve (95 °C, 15 sec; 60 °C, 15 sec; temperature ramp, 20 min; 95 °C, 14 sec) was 

done afterwards to confirm cDNA presence All samples were measured in duiplicate 
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and there were six reps per group. Relative changes for each gene of interest (GOI) 

expression were calculated from real time RT-PCR using the 2-ΔΔCt method where 

ΔΔCt = (CtGOI – Ct18S)(x)wk – (CtGOI –Ct18S)0wk (60). 

Statistical Analysis: All data are expressed as the mean ± standard error of 

the mean (SEM) of six hamsters. Body weight and liver weight differences among 

groups were determined by two-way analysis of variance using the JMP10 statistical 

program (SAS Institute, Cary, NC). Plasma and aortic cholesterol distributions were 

compared with the MIXED procedure of SAS (Cary, NC) to fit a linear model to the 

observed measurements, with factorial effects for diet, time, and their interaction. 

Plots of residuals against fitted values indicate that variability in cholesterol in the 

plasma and arterial tissues clearly increase with the mean, particularly with the diet. 

The greatest variability observed was under the CON diet. To accommodate this 

inhomogeneity of variance, we include diet-specific variance parameters in the 

model by using the repeated statement with the group= option in the mixed 

procedure (Figure 1). The objective of the study was to evaluate the effect of the 3 

experimental diets on atherosclerosis and CVD risk factors in hamsters that had diet 

induced atherosclerosis. To recover the analysis of variance terms for diet and time 

effects and their interactions from the non-controlled measurements, an indicator 

variable for the time zero measurement was added to the model and all factorial 

effects were nested with this model. The significance was defined at the 95% 

confidence level. 

 

RESULTS AND DISCUSSION  

Table 1 provides information relevant to diet ingredients with and without 

peanut components. The peanut flour used in this study was essentially fat-free (less 

than 0.5% oil). The experimental diets were balanced by metabolizable energy from 

macronutrients (Table 2). Therefore, the CON diet and PF diet had similar amounts 
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of saturated fat which was greater than the WP diet. The WP diet had the highest 

amount of unsaturated fatty acids. Saturated fatty acids are related to development 

of hypercholesterolemia and atherosclerosis; however, the metabolic effects of all 

saturated fats are not equal (61, 62). Studies have indicated that stearic acid has a 

neutral effect on plasma cholesterol concentrations compared to other saturated 

fatty acids, such as; lauric, myristic, and palmitic (61–64). Unsaturated fatty acids 

have been reported to prevent atherosclerotic development by improving lipoprotein 

composition, reducing expression of cytokines and adhesion molecules, and 

increasing antioxidant status (65–67). Cardioprotective effects of a Mediterranean 

diet which is high in nuts and peanuts are thought to be largely due to the relatively 

high amounts of unsaturated fatty acids in the diet (20, 64). Peanuts used in this 

study were a variety of high oleic peanuts which have higher oleic acid 

concentrations and decreased linoleic acid concentrations. High oleic peanuts 

varieties are becoming more popular in the world market because of increased shelf-

life potentials due to reduced linoleic acid concentrations (68). In hypercholesteremic 

patients, oleic acid has been shown to be as effective as linoleic acid in reducing 

LDL cholesterol and oleic acid had little to no effect on HDL cholesterol compared to 

linoleic acid (69). 

Atherosclerosis was determined by the measure of CE in the aortic arch. 

Accumulation of CE is one of the first measurable changes that occur during the 

development of fatty streaks that lead to atherosclerosis (29, 57). Phospholipids and 

TAG also increase with the development of atherosclerosis but at a much slower 

rate compared to CE (70). In addition, if there is a reduction of atherosclerosis when 

CE concentration decreases in the arteries (71). A pilot study was utilized to 

determine time for disease induction (Appendix B) and 8 wk was deemed to be 

optimal time for development of early stage atherosclerosis.  All hamsters had 

significantly higher amounts of plasma and arterial cholesterols after consumption of 

the atherosclerotic disease inducing diet for 8 wk than the hamsters that consumed 
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the STD diet for the same amount of time (Table 4). Plasma and arterial cholesterol 

variability increased with the mean throughout the course of the study. The 

increases with greatest variability were observed in the CON diet followed by the PF 

and WP diets. The difference in variability was taken into account by diet-specific 

variance parameters added to the statistical model. Figure 1 provides a sample of 

the SAS code and output. The variance between diets is provided listed under 

covariance parameter estimates and is significantly different with different diets. To 

accommodate the difference in variance, diet specific variance parameters were 

included in the MIXED procedure by using the repeated statement with the GROUP= 

option. The high variance of the CON diet could have decreased precision. 

The average hamster body weight did not significantly differ (P=0.2961) over 

the course of the study (data not shown). An increase in calorie consumption can 

increase hepatic cholesterol synthesis (72, 73); however, similar body weights 

suggest that food intake was also similar for hamsters in all diet groups. There was a 

diet and time interaction effect on observed liver weights (P=0.0475) (Table 5). After 

atherosclerosis induction, the mean liver weight was 8.52 g and did not significantly 

change over the course of the study in hamsters that consumed the WP and PF 

diets. The CON diet group had significantly greater mean liver weights at 18 and 24 

wk compared to 0 wk. At 24 wk, the CON diet group means liver weight was 12.10 g 

which was higher than the WP diet group at 9.95 g and the PF diet group at 10.91 g. 

All diets groups consuming high fat, high cholesterol had higher liver weights 

compared to the standard breeding diet at all time points which may suggest a type 

of liver dysfunction. Defects in fatty acid metabolism are responsible for the 

pathogenesis of fatty liver disease and may cause increased lipid storage as well as 

increased circulating plasma (74). However, hamsters that consumed any peanut 

components did not have a significant liver weight increase over the course of the 

study suggesting a neutralizing relationship between peanut components and liver 

metabolism when consumed in a high fat and high cholesterol diet. Synthesis of ET-
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1 by hepatocytes is up-regulated with cirrhosis or biliary obstruction (36, 37). 

Hamsters that consumed the CON diet had the greatest expression of ET-1 in the 

liver compared to the WP and PF diet groups. At 12 and 18 wk, hamsters that 

consumed the CON diet had significantly greater ET-1 gene expression than 

hamsters at time zero. The inclusion of PF resulted in no change in mRNA 

expression for ET-1 compared to 0 wk. Compared to the CON diet, the PF diet 

prevented an increase in hepatic ET-1 mRNA expression. The addition of WP to the 

diet caused a significant reduction in ET-1 at 18 and 24 wk (Figure 2). The ET-1 

reduction is similar to the reduction seen in aortic tissues of hamsters that consumed 

walnuts (75). Peanut protein was reported to inhibit lipid peroxidation in rats due to 

the bioactive peptides with specific amino acid side chain groups or specific 

structure (76). The naturally high concentration of tocopherols in peanuts may have 

contributed to the WP diet having the lowest ET-1 mRNA expression (77). The 

elevated ET-1 mRNA expression supports the indication of early stages of liver 

disease in the CON animals (34, 37). PPARα is predominantly involved in fatty acid 

and lipid catabolism (38). Addition of WP to the diet resulted in significantly 

increased PPARα mRNA expression at 6, 12, 18, and 24 wk compared to 0 wk. 

Hamsters that consumed the PF diet had increased PPARα mRNA expression while 

the CON diet group had decreased PPARα expression at 24 wk compared to 0 wk 

(Figure 3). Peptides are reported to modulate the activities of hepatic enzymes 

related to lipid metabolism (78–80). PPARα activation leads to increased β-oxidation 

of fatty acids and decreased TAG and VLDL synthesis (81). 

Significant differences could not be declared with the observed interaction for 

TPC; however, the interaction plot was very suggestive of a diet effect with time. 

Accordingly, a separate test for simple diet effects for each fixed time point was 

conducted. Compared to the diseased hamsters at time zero, hamsters that 

consumed the WP diet had significant reduction of TPC at 6 and 12 wk. The 

reduction of TPC was not observed at 18 and 24 wk which could be due to age. TPC 
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cholesterol increases with age because of a gradual loss of cholesterol receptors on 

endothelial cells and other tissues (47). Hamsters that consumed the PF diet did not 

have a significant change of TPC over the course of the 24 wk study, while the CON 

diet group had a significant increased of TPC at 18 and 24 wk compared to time 

zero. TPC data indicate that addition of WP to the diet of hamsters that have 

atherosclerosis development results in reduction of a risk factor for continued 

development of atherosclerosis. The addition of PF to the diet may not have reduced 

TPC, but it prevented an increase and therefore may help neutralize atherosclerotic 

development (Figure 4).  

Plasma TAG concentrations were significantly reduced in hamsters that 

consumed the WP diet after 12 wk and did not increase over the course of the study. 

Hamsters that consumed the PF diet did not have a change in TAG concentration 

over the course of the study. The CON diet group had a significantly higher 

concentration of TAG at 24 wk compared to the hamsters with atherosclerotic 

disease at 0 wk (Figure 5). TAG concentration data supports idea that peanut flour 

may neutralize atherosclerosis development and peanut may reverse early stages of 

atherosclerosis.  

VLDL and LDL cholesterol concentrations (Figures 6 and 7) follow the same 

trends for diet effects on TPC and TAG. Diseased hamsters that were switched to 

the WP diet had a significant reduction in VLDL and LDL cholesterols concentration 

at 6 and 12 wk. Hamsters that consumed the PF diet did not have a change in VLDL 

and LDL cholesterol concentrations over the course of the study. Hamsters that 

consumed the CON diet had a significant increase of VLDL cholesterol at 12, 18, 

and 24 wk and a significant increase of LDL cholesterol at 12 wk compared to 0 wk. 

In addition to an increase in VLDL and LDL cholesterol concentrations, hamsters 

that consumed the CON diet had a significant decrease in HDL cholesterol 

concentration at 12, 18, and 24 wk as compared to the time zero group. Hamsters 

that consumed a peanut component diet (WP or PF) did not have a reduction in HDL 
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cholesterol over the course of the study (Figure 8) indicating higher RCT compared 

to the control diet. These data are supported by the PPARα mRNA expression in the 

liver (Figure 3). 

AI is an established predictor for atherosclerosis (82) and is calculated by 

TPC over HDL cholesterol. The AI at 0 wk was 2.98 in hamsters that consumed the 

disease inducing diet, which was significantly higher than hamsters that consumed 

the STD diet. Hamsters that consumed the STD diet had an AI between 1.10 and 

1.50 over the course of the study. The AI decreased with time because TPC did not 

change but HDL cholesterol concentrations increased. In hamsters that developed 

atherosclerosis and then were switched to diets containing peanut components (WP 

or PF), there was not a significant change in risk of atherosclerosis, as determined 

by AI. However, hamsters that consumed the CON diet had a significant increase in 

AI at 12, 18, and 24 wk compared to time zero (Figure 9). Hamster’s AI was 

inversely proportional to ABCB11 mRNA expression (Figure 10). The gene 

expression significantly decreased with time in hamsters that consumed the CON 

diet compared to 0 wk. A decrease of expression is indicative of hepatic dysfunction 

and an accumulation of cholic acid in the liver. ABCB11 encodes for proteins that 

transport cholic acid from hepatocytes to bile for excretion. Hamsters that consumed 

the WP or PF diets did not have a change in expression of ABCB11. CYP7A1 

encodes for proteins that transfer cholesterol to cholic acid. A dysfunction in 

CYP7A1 may lead to hyperchoelstermia. The change in lipoprotein distributions over 

the course of the study is supported by CYP7A1 changes (Figure 11). The WP diet 

group had a significantly higher expression at 12, 18, and 24 wk compared to wk 0. 

Also the PF diet group had a significantly higher expression at 24 wk compared to 

wk 0. Unsaturated fatty acids are reported to enhance hypocholesterolemic effects 

by upregulating CYP7A1 gene expression (83). Hamsters that consumed blueberry 

pomace (59), soluble dietary fiber barley (84), flaxseed oil (85), or psyllium husks 

(86) all had increased CYP7A1 mRNA concentrations and decreased TPC 

concentrations which are similar to the results reported here.  
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Hamsters that consumed the atherosclerotic disease inducing diet had more 

than a 2-fold increase of aortic total and free cholesterols and a 4.7-fold increase in 

CE deposits in the aorta (Table 4). All hamsters had an average of 25.2 μg/mg 

protein of aortic total cholesterol at 0 wk. The hamsters that consumed either the WP 

or PF diets had a significant reduction in aortic total cholesterol at 6 and 12 wk 

(Figure 12). The WP diet group also had a significant reduction in aortic total 

cholesterol at 18 and 24 wk compared to 0 wk. At 18 and 24 wk, aortic total 

cholesterol of the PF diet group were still trending towards a reduced concentration 

compared to the 0 wk group (P=0.1000 and P=0.0515, respectively). There were no 

observed differences in aortic free cholesterol (Figure 13), but in the storage form of 

cholesterol, CE, there were significant diet effects at all fixed time points (Figure 14). 

After atherosclerotic disease induction, hamsters had 4.7 µg/mg protein of CE. 

Hamsters that consumed the CON diet had significant increase of CE at 24 wk 

compared to 0 wk. CE concentration did not change over the course of the study in 

hamsters that consumed the PF diet. PF may neutralize CE storage in hamsters that 

had early stages of atherosclerosis. Hamsters that consumed the WP diet had a 

highly significant reduction in CE at 6, 12, 18, and 24 wk compared to diseased 

hamsters at 0 wk. Excess CE in the tissues can be readily oxidized and induce up-

regulation of cytokines, adhesion molecules, and other inflammatory mediators that 

lead to atherosclerosis. A reversion of CE deposits in hamsters that consumed the 

WP diet may be caused by and upregulation of the RCT system, because aortic CE 

concentrations were reduced, aortic free cholesterol did not change, and HDL 

cholesterol increased. Nascent HDL molecules pick up free cholesterol that has 

been converted from CE by LCAT from peripheral cells and transport cholesterol 

back to the liver or to larger lipoproteins, such as VLDL (31). Hamsters in the WP 

diet group also had significantly greater expression of CYP7A1 and ABCB11 genes 

(Figures 10 and 11) indicating more efficient cholesterol catabolism and excretion. 

Hamsters in the PF diet group did not have an increase in atherosclerosis, as 

determined by CE concentration, over the course of the study. Peptides are reported 
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to decrease cholesterol absorption in the intestinal lumen and modulate gene 

expression related to cholesterol metabolism in hepatocytes. The PF diet group had 

greater expression of CYP7A1 at 24 wk compared to 0 wk and the CON diet group. 

Hydrophobic peptides have been shown to displace cholesterol from bile acid and 

phosphatidylcholine micells which potentially reduces cholesterol absorption (87). 

Changes in hepatic bile acid concentrations may contribute to multiple changes in 

hamsters fed different peanut components and are worthy of additional study. In 

conclusion, atherosclerotic was induced by diet in male golden Syrian hamsters and 

was then reversed by feeding WP in a high fat, high cholesterol diet. Also, the 

addition of PF prevented any further increase of atherosclerosis compared to the 

CON diet group. The reversion of atherosclerosis with peanut consumption is 

supported by reduced inflammatory mediators and increased efficiency of lipid 

metabolism in the liver. PPAP expression is inversely related to hypercholesteremia 

and hamsters that consumed WP had a more cardio-healthy lipoprotein distribution. 

Cholesterol metabolism and excretion function improved after the addition of 

peanuts to the diet. Finally, the addition of peanut to the diet in atherosclerotic 

animals appears to upregulate reverse cholesterol transport and removes 

accumulated CE deposits in the arterial tissues.   
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TABLES AND FIGURES 

 

Table 1: Ingredients (g/100g) in high fat and high cholesterol experimental diets 

without and with peanut components. 

 CON WP PF STD 

Calcium Carbonate 0.62 0.61 0.61 0.52 

Casein 22.46 16.44 10.60 18.96

Cellulose 5.61 3.06 4.14 4.74 

Cholesterol 0.50 0.50 0.50 0.00 

Choline Bitartrate 0.22 0.22 0.22 0.19 

Citrate, Tribasic Monohydrate 1.85 1.80 1.85 1.56 

Cocoa Butter 17.40 9.50 17.10 1.90 

Corn Starch 23.81 23.55 21.51 25.54

Dicalcium Phosphate 1.46 1.45 1.45 1.23 

L-Cystine 0.34 0.33 0.33 0.28 

Maltodextrin 7.97 7.00 6.50 11.85

Peanut Flour 0.00 0.00 20.00 0.00 

Whole Peanuts 0.00 20.00 0.00 0.00 

Salt Mix 1.12 1.11 1.11 0.95 

Soybean Oil 2.81 1.75 1.75 2.37 

Sucrose 12.69 11.50 10.40 18.96

Vitamin Mix 1.12 1.11 1.11 0.95 

Abbreviations: CON, control diet; PF, peanut flour diet; STD, standard diet; WP, 

whole peanut diet. 
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Table 2: Percent of metabolic energy for each experimental diet. 

 CON WP PF STD 

Protein 18.1% 18.0% 17.8% 18.7%

Fat 41.6% 42.5% 42.0% 10.3%

Carbohydrate 40.3% 39.5% 40.2% 71.0%

 

Abbreviations: CON, control diet; PF, peanut flour diet; STD, standard diet; WP, 

whole peanut diet. 
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Table 3: Primer sequences used for RT-PCR. 

 

Abbreviations: ABCB11, bile salt export pump; CYP7A1, cholesterol 7α-hydroxylase; 

endothelin 1, ET-1; For, forward; PPARα, peroxisome proliferator activated receptor 

alpha; Rev, reverse 
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Table 4: Plasma and aortic cholesterols of hamsters before diet introduction (pre-

diet) and after consumption of the standard diet and atherosclerotic disease inducing 

diet. 

 

Abbreviations: CE, cholesteryl ester; FC, free cholesterol; HDLc, high density 

lipoprotein cholesterol; LDLc, low density lipoprotein cholesterol; TAG, 

triacylglycerols; TC, aortic total cholesterol; TPC, total plasma cholesterol; VLDLc, 

very low density lipoprotein cholesterol. 

  

Plasma Cholesterols

(mg/dL)
Aortic Cholesterols 

(µg/mg protein)

Diet Type
Time 
(wk)

TPC TAG VLDLc LDLc HDLc TC FC CE

Pre-Diet 0 75.9 114.0 18.9 3.2 53.9 10.0 10.0 <0.1

Standard 8 110.7 164.4 20.8 17.7 72.3 10.5 10.4 <0.1

Disease 
Inducing

8 583.2 241.0 159.4 218.2 205.7 25.2 20.6 4.7
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Table 5: Liver weights of hamsters consuming different diets, after disease 

induction, over 24 wk. Data points (n=6) represent mean ± standard error of the 

mean (SEM). 

  

Means ± SEM with the same letter are not significantly different (p<0.05). 
Abbreviations: CON, control diet; PF, peanut flour diet; STD, standard diet; WP, 
whole peanut diet. 

 

Liver weight (g)

0 wk 6 wk 12 wk 18 wk 24 wk

Diet Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

CON 8.52 0.46cde 10.63 0.31abcd 10.85 0.53abc 11.03 0.53ab 12.10 0.76a

WP 8.52 0.46cde 8.43 0.53cde 7.48 0.37e 9.26 0.62bcde 9.95 0.59abcde

PF 8.52 0.46cde 8.23 0.26de 9.35 0.29abcde 10.02 0.72abcd 10.91 0.44abc

STD 3.72 0.18 3.82 0.29 5.60 0.36 4.18 0.20 4.58 0.32
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SAS code from our program 
proc mixed data=hamsters;  
   class diet time control; 
   model ce = control diet(control) time(control) diet*time(control) 
   repeated / group=diet; 
   lsmeans control diet*time(control)/slice=(time diet); 
 
proc mixed data=hamsters;  
   class trtcombo diet; 
   model ai = trtcombo; 
   repeated / group=diet; 
   estimate "con time 6 ‐ zero" trtcombo ‐1 1; 
   estimate "nut time 6 ‐ zero" trtcombo ‐1 0 1; 
   estimate "flr time 6 ‐ zero" trtcombo ‐1 0 0 1; 
   estimate "con time 12 ‐ zero" trtcombo ‐1 0 0 0 1; 
   estimate "nut time 12 ‐ zero" trtcombo ‐1 0 0 0 0 1; 
   estimate "flr time 12 ‐ zero" trtcombo ‐1 0 0 0 0 0 1; 
   estimate "con time 18 ‐ zero" trtcombo ‐1 0 0 0 0 0 0 1; 
   estimate "nut time 18 ‐ zero" trtcombo ‐1 0 0 0 0 0 0 0 1; 
   estimate "flr time 18 – zero" trtcombo ‐1 0 0 0 0 0 0 0 0 1; 
   estimate "con time 24 ‐ zero" trtcombo ‐1 0 0 0 0 0 0 0 0 0 1; 
   estimate "nut time 24 ‐ zero" trtcombo ‐1 0 0 0 0 0 0 0 0 0 0 1; 
   estimate "flr time 24 ‐ zero" trtcombo ‐1 0 0 0 0 0 0 0 0 0 0 0 1; 
 
Sample of output from our program 
 
Covariance Parameter Estimates 
 
Cov Parm     Group       Estimate 
 
Residual     diet all      1.7268 
Residual     diet flr     13.9171 
Residual     diet nut      0.7962 
Residual     diet pos     60.8142 
 
             Type 3 Tests of Fixed Effects 
 
                       Num     Den 
Effect                  DF      DF    F Value    Pr > F 
 
control                  1      65       0.01    0.9131 
diet(control)            2      65      15.46    <.0001 
time(control)            3      65       2.85    0.0441 
diet*time(control)       6      65       1.33    0.2549 
 
                        Tests of Effect Slices 
 
                                       Num     Den 
Effect                diet    time      DF      DF    F Value    Pr > F 
 
diet*time(control)             0         0       .        .       . 
diet*time(control)             6         2      65       0.39    0.6805 
diet*time(control)            12         2      65       3.52    0.0353 
diet*time(control)            18         2      65       6.26    0.0033 
diet*time(control)            24         2      65       9.30    0.0003 
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Figure 1: Sample of SAS code and output for plasma and aortic cholesterol 
distributions. The MIXED procedure was used to fit a linear model to the observed 
measurements, with factorial effects for diet, time, and their interaction. To 
accommodate the inhomogeneity of variance, diet-specific variance parameters 
were included in the model by using the repeated statement with the group= option 
in the mixed procedure. The covariance parameter estimates output provides an 
example of the difference of variance with different diets. Abbreviations: All, means 
at time zero; Con, control diet; Flr, peanut flour diet; Nut, whole peanut diet; Zero, 
means at time zero. 

 

diet*time(control)    zero                0       .        .       . 
diet*time(control)    flr                3      65       0.85    0.4738 
diet*time(control)    nut                3      65       2.11    0.1074 
diet*time(control)    con                3      65       2.15    0.1028 
     
                               Estimates 
 
                                 Standard 
Label                Estimate       Error      DF    t Value    Pr > |t| 
 
pos time 6 ‐ zero      ‐0.9515      3.2285      65      ‐0.29      0.7692 
nut time 6 ‐ zero      ‐3.2783      0.6485      65      ‐5.06      <.0001 
flr time 6 ‐ zero      ‐2.4700      1.6147      65      ‐1.53      0.1309 
pos time 12 ‐ zero      2.3442      3.2285      65       0.73      0.4704 
nut time 12 ‐ zero     ‐3.9540      0.6485      65      ‐6.10      <.0001 
flr time 12 ‐ zero     ‐1.0803      1.6147      65      ‐0.67      0.5058 
pos time 18 ‐ zero      3.7053      3.2285      65       1.15      0.2553 
nut time 18 ‐ zero     ‐3.5597      0.6485      65      ‐5.49      <.0001 
flr time 18 ‐ zero      0.7850      1.6147      65       0.49      0.6285 
pos time 24 ‐ zero     10.1695      3.2285      65       3.15      0.0025 
nut time 24 ‐ zero     ‐2.6955      0.6485      65      ‐4.16      <.0001 
flr time 24 ‐ zero    ‐0.06450      1.6147      65      ‐0.04      0.9683 
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Figure 2: Endothelin 1 (ET1) mRNA expression after disease induction of hamsters 

consuming different diets over 24 wk. Data points represent mean ± standard error 

(n=6). Concentrations with * are significantly different (p<0.05) from the time zero 

group. Abbreviations: CON, control diet; PF, peanut flour diet; WP, whole peanut 

diet. 
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Figure 3: Hepatic peroxisome proliferator-activated receptor alpha (PPARα) mRNA 

expression after disease induction of hamsters consuming different diets over 24 wk. 

Data points represent mean ± standard error (n=6). Concentrations with * are 

significantly different (p<0.05) and ** are high significantly different (p<0.0001) from 

the time zero group. Abbreviations: CON, control diet; PF, peanut flour diet; WP, 

whole peanut diet. 
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Figure 4: Total plasma cholesterol (TPC) concentration after disease induction of 

hamsters consuming different diets over 24 wk. Data points represent mean ± 

standard error (n=6). Data points with * are significantly different (p<0.05) from the 

time zero group. Abbreviations: CON, control diet; PF, peanut flour diet; WP, whole 

peanut diet. 
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Figure 5: Triacylglycerol (TAG) concentration after disease induction of hamsters 

consuming different diets over 24 wk. Data points represent mean ± standard error 

(n=6). Data points with * are significantly different (p<0.05) from the time zero group. 
Abbreviations: CON, control diet; PF, peanut flour diet; WP, whole peanut diet. 
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Figure 6: Very low density lipoprotein cholesterol (VLDL-C) concentration after 

disease induction of hamsters consuming different diets over 24 wk. Data points 

represent mean ± standard error (n=6). Data points with * are significantly different 

(p<0.05) from the time zero group. Abbreviations: CON, control diet; PF, peanut flour 

diet; WP, whole peanut diet. 
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Figure 7: Low density lipoprotein cholesterol (LDL-C) concentration after disease 

induction of hamsters consuming different diets over 24 wk. Data points represent 

mean ± standard error (n=6). Data points with * are significantly different (p<0.05) 

from the time zero group. Abbreviations: CON, control diet; PF, peanut flour diet; 

WP, whole peanut diet. 
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Figure 8: High density lipoprotein cholesterol (HDL-C) concentration after disease 

induction of hamsters consuming different diets over 24 wk. Data points represent 

mean ± standard error (n=6). Data points with * are significantly different (p<0.05) 

from the time zero group. Abbreviations: CON, control diet; PF, peanut flour diet; 

WP, whole peanut diet. 
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Figure 9: Atherosclerotic Index (AI) after disease induction of hamsters consuming 

different diets over 24 wk. Data points represent mean ± standard error (n=6). Data 

points with * are significantly different (p<0.05) from the time zero group. 
Abbreviations: CON, control diet; HDL, high density lipoprotein cholesterol; PF, 

peanut flour diet; TPC, total plasma cholesterol; WP, whole peanut diet. 
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Figure 10: Hepatic ATP-binding cassette, sub-family B member 11 (ABCB11) 

mRNA expression after disease induction of hamsters consuming different diets over 

24 wk. Data points represent mean ± standard error (n=6). Concentrations with * are 

significantly different (p<0.05) from the time zero group. Abbreviations: CON, control 

diet; PF, peanut flour diet; WP, whole peanut diet.  
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Figure 11: Hepatic cholesterol 7-alpha-hydroxylase (CYP7A1) mRNA expression 

after disease induction of hamsters consuming different diets over 24 wk. Data 

points represent mean ± standard error (n=6). Concentrations with * are significantly 

different (p<0.05) and ** are high significantly different (p<0.0001) from the time zero 

group. Abbreviations: CON, control diet; PF, peanut flour diet; WP, whole peanut 

diet. 
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Figure 12: Aortic total cholesterol (TC) concentration after disease induction of 

hamsters consuming different diets over 24 wk. Data points represent mean ± 

standard error (n=6). Data points with * are significantly different (p<0.05) and ** are 

high significantly different (p<0.0001) from the time zero group. Abbreviations: CON, 

control diet; PF, peanut flour diet; WP, whole peanut diet. 
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Figure 13: Aortic free cholesterol (FC) concentration after disease induction of 

hamsters consuming different diets over 24 wk. Data points represent mean ± 

standard error (n=6). Abbreviations: CON, control diet; PF, peanut flour diet; WP, 

whole peanut diet. 
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Figure 14: Aortic cholesteryl ester (CE) concentration after disease induction of 

hamsters consuming different diets over 24 wk. Data points represent mean ± 

standard error (n=6). Concentrations with * are significantly different (p<0.05) and ** 

are high significantly different (p<0.0001) from the time zero group. Abbreviations: 

CON, control diet; PF, peanut flour diet; WP, whole peanut diet. 
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ABSTRACT 

Fat-free peanut flour (FFPF) is high in protein and a valuable ingredient for product 

formulation and protein fortification. Bioactive peptides have been reported to have 

many health benefits such as anti-oxidant, anti-hypertensive, anti-cancer, and anti-

atherogenic. Hypertension and inflammation are among the major risk factors for 

atherosclerosis development. Hypertension is highly regulated by angiotensin I 

converting enzyme (ACE). Another blood pressure regulator is the vasodilator, nitric 

oxide (NO), which also can act as an inflammatory signaling molecule and pro-

oxidant. The objective of this study was to evaluate the effect of fat free peanut flour 

(FFPF) fractions on ACE and NO. FFPF was fractionated by pH, further separated 

by molecular weight (MW) resulting in three fractions, and a portion of each fraction 

underwent enzymatic hydrolysis. Amino acid composition of the fractions confirmed 

that in vitro digestion hydrolyzed the proteins into smaller peptides. The smallest 

molecular weight protein and peptide fractions contained high concentrations of 

aspartic acid. Hydrolyzed MW fractions had the greatest ACE inhibition (84.74-, 

83.17%). The smallest MW peptide fraction had the lowest inhibitory concentration 

(IC50) at 10.96 mg/mL and thus the greatest potency. Peanut fractions significantly 

inhibited local NO production in RAW 264.7 murine macrophage cells. These data 

indicated that peanut protein and peptide fractions perhaps protect against 

atherosclerosis and other inflammatory diseases because of anti-hypertensive and 

anti-inflammatory properties.  
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INTRODUCTION 

Peanuts (Arachis hypogaea L) are in the legume family and are generally 

consumed as roasted products. Peanut flour is produced from high quality roasted 

peanuts from which oil is removed by cold mechanical press to produce products 

with either 28% or 12% oil. Dietary protein not only is the source of essential amino 

acids required for growth and maintenance but also contains amino acid sequences 

for peptides that have anti-microbial, anti-hypertensive, anti-oxidative, and anti-

inflammatory (1, 2). Fractionation and hydrolysis of proteins, including peanut 

protein, has recently gained attention because of the health benefits of bioactive 

proteins and peptides (3).  

Protein isolate production generally involves the solubilization of proteins in 

alkaline media and subsequent precipitation at the isoelectic point (pI). Extraction of 

peanut proteins with water was reported to be influenced by pH, ionic strength, 

temperature, time, and solid-to-water ratio (4, 5). The processing method can greatly 

affect recovery yield as well as the physical and functional properties of peanut 

isolates (5). Common extraction methods use product to solvent ratios of 1:5 to 1:30 

(6). Kain, Chen, and Abu-Kpawoh (5) reported that the optimum peanut meal to 

water ratio was 1:10 and a centrifugal speed of 4000 rpm for maximum protein yield 

and preservation of protein quality. The extracts contained two types of globulins; 

arachin and conarachin (7). 

Hydrolysis of proteins commonly includes chemical or enzymatic methods. 

Enzymatic methods are frequently used in the food industry due to food safety 

concerns (8). The enzyme to substrate ratio used in digestion is one of the most 

important variables since the enzymatic release of amino acids and small peptides 

varies with the ratio (9). An effective way to produce protein hydrolysates with 

bioactive qualities is by sequential hydrolysis with endopeptidases and exoproteases 

(10). Pepsin and pancreatin can be used in research to mimic animal and human 
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digestion while proteolyic enzymes with higher activity may be used in industry, such 

as alcalase and flavozyme (8, 11). 

The World Health Organization estimates that by 2020, heart disease and 

stroke will have surpassed infectious diseases to become the leading cause of death 

and disability worldwide (12). Hypertension is one of the major risk factors for 

atherosclerosis development. The angiotensin I-converting enzyme (ACE) is a 

dipeptidyl peptidase that hydrolyses angiotensin I to the potent vasoconstrictor 

angiotensin II which plays a key role in blood pressure homeostasis. Inhibition of 

ACE is thus an effective way to prevent or treat hypertension (13).  

Acute inflammation is an immune response against microbial infections and 

chemical/ physical irritants that functions to destroy invading microorganisms, 

inactivate toxins, and restore tissue or organ for recovery. The response is not 

considered a disease, but if uncontained and unresolved in a timely fashion, it 

results in exacerbation of tissue damage and modulation of signaling pathways (14). 

Experimental, clinical, and epidemiological studies have revealed that chronic 

inflammation is associated with increased risk of atherosclerosis progression (15). 

Macrophages are ubiquitous cells that secrete a number of potent bioactive 

inflammatory mediators which promote tissue healing at the site of injury. In arterial 

tissues, macrophage cells that engulf excess cholesterol may differentiate into foam 

cells that then can lead to atherosclerotic fatty lesions (16).  

Nitric oxide (NO) function is dependent on where it is located. NO can act as 

an inflammatory signaling molecule in tissues. The cellular toxicity of NO has been 

associated with reaction derivatives, especially ONOO-, which leads to DNA 

fragmentation and protein structure modification (17). Thus, NO scavengers could 

lower the risk of cellular and tissue damage. However, in arterial endothelium cells, 

NO has gained recognition as a crucial modulator of vascular disease. NO has a 

number of intracellular effects that lead to vasorelaxation, endothelial regeneration, 

inhibition of leukocyte chemotaxis, and platelet adhesion (18). L-Arginine, the 
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precursor of NO, has beneficial effects against the development of atherosclerosis 

and disturbed sheer stress (19). NO is also involved in blood pressure regulation 

when macula densa cells in the kidney release the signaling molecule that results in 

polkissen cells releasing renin and NO is thus related to ACE production. The 

objective of this study was to evaluate the effect on fat free peanut flour (FFPF) 

fractions on ACE inhibition and NO production. 

 

MATERIALS AND METHODS 

Peanut Flour Fractionation. Peanuts from a single lot of a high-oleic variety 

(Golden Peanut Company, Alpharetta, GA) were roasted to a dark color, skins were 

removed, and the roasted sample was partially defatted by mechanical press to 12% 

oil. The 12% oil material was further defatted to less than 0.5% oil by AVOCA 

Farms, Inc. (Merry Hill, NC). Figure 1 provides a diagram of the fat free peanut flour 

fractionation. A peanut flour slurry (10% w/v with deionized (DI) water) was stirred 

for 30 min at 37°C using a Brinkmann Polytron® PT 3000 overhead stirrer. The 

peanut slurry was adjusted to pH 8.0 using 2 N NaOH and stirred for 1 hr at 37°C. 

The insoluble materials were removed by centrifugation for 15 min at 2516 x g and 

termed pellet. The supernatant was adjusted to pH 4.5 using 1 N HCl, stirred for 10 

min, and centrifuged for 15 min at 2516 x g. The resulting protein pellet was re-

solubilized with Dulbecco's Phosphate-Buffered Saline (DPBS) and termed ‘isolate’ 

and predicted to contain only proteins. The supernatant at pH 4.5 was termed 

‘soluble’ and predicted to contain water, sugars, soluble vitamins, and soluble 

proteins that did not precipitate at pH 4.5. Samples were stored at -20°C until 

analyses. 

In Vitro Digestion.  The three peanut fractions (pellet, soluble, and isolate) were 

hydrolyzed by mimicking gastrointestinal digestion according to a published method 

(9). Bicinchoninic acid (BCA) was used to determine the amount of protein in each 
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peanut fraction. Simulated gastric fluid was prepared with porcine pepsin (1:50) 

(Sigma, St. Louis, MO) and pH was adjusted to 2.0 with 2 N HCl (Fisher Scientific, 

Fair Lawn, NJ). Samples were shaken for 2 hr at 37°C. Stimulated intestinal fluid 

was prepared with porcine pancreas pancreatin (1:25) (Sigma, St. Louis, MO) and 

pH was adjusted to 8.0 with 1 N NaOH. Samples were shaken for 2.5 hr at 37°C. 

Enzymes were inactivated directly after digestion by heating at 90°C for 10 min.  

Fast Protein Liquid Chromatography (FPLC) Fractionation of Undigested and 
Digested Peanut Isolates. The peanut isolates (undigested and digested) were 

further fractionated by molecular weight (MW) using an AKTA FPLC (GE 

Healthcare). The undigested isolate was loaded onto a HiPrep 16/60 Sephacryl S-

100 high resolution column, pre-equilibrated and then eluted with 0.5 M sodium 

phosphate, 0.15 M NaCl at pH 7.0 and with a flow rate of 0.5 mL/min. Absorbance 

spectra were determined at 280 nm. Fractions resulting from multiple elutions were 

pooled and solvent was evaporated in a SpeedVac® concentrator (ThermoSavant). 

The digested isolate fraction was loaded onto a SuperdexTM Peptide 10/300 GL 

column, pre-equilibrated and then eluted with 0.1% trifluoroacetic acid (TFA) in 30% 

acetonitrile at 0.5 mL/min. Spectra were determined at 280 nm. Fractions resulting 

from multiple elutions were pooled and solvent was evaporated in a SpeedVac® 

concentrator (ThermoSavant). 

Bicinchoninic Acid (BCA) Assay. BCA protein assay kits (Pierce, Rockford, IL) 

were used to determine protein concentration of the peanut fractions in triplicate. 

Samples were incubated for 30 min at 37°C in the Monochromator Microplate 

Reader (Tecan, Austria) and then absorbance was immediately determined at 562 

nm. Total protein was determined using a standard curve of bovine serum albumin 

(Pierce, Rockford, IL). 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE). 
Peanut protein and peptide fractions were normalized to 1 μg/μL based on BCA 

using NuPAGE®LDS 4X sample buffer (Invitrogen, Carlsbad, CA), NuPAGE® sample 
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reducing agent 10X (Invitrogen, Carlsbad, CA), and DI water. Fractions were 

incubated at 70°C for 10 min and then 10 μg of protein was loaded onto NuPAGE® 

1.0 mm x 10 well 4-12% Bis-Tris Gels (Invitrogen, Carlsbad, CA) and separated with 

200 mV electrophoresis for 35 min in SDS running buffer 1X (Invitrogen, Carlsbad, 

CA). SeeBlue® Plus2 prestained standard molecular weight markers (Invitrogen, 

Carlsbad, CA) were used as the reference. The gel was stained for 1 hr with 

SimplyBlue SafeStain (Invitrogen, Carlsbad, CA) and then rinsed in DI water 

overnight. Gel-Dry (Invitrogen, Carlsbad, CA) was used for drying the gel. 

Amino Acids. Samples were hydrolyzed with 6 N HCl containing 1% phenol using a 

CEM Explorer Microwave Digestion System (Matthews, NC) at 165°C for 15 min. 

Samples were then loaded on a Hitachi L-8900 Amino Acid Analyzer (Hitachi High 

Technologies America, Inc., Schaumburg, IL) and analyzed according to 

manufacturer’s protocol.  

Microplate Kinetic Assay Angiotensin I Converting Enzyme (ACE) Inhibition. 
Peanut protein and peptide fractions were normalized to 1 mg/mL protein while the 

undigested pellet could not be analyzed because the proteins were not soluble. The 

ACE standard was reconstituted with 1 mL of DI water. The substrate, 0.88 mM N-

[3-(2-Furyl)acryloyl]-L-phenylalanyl-glycyl-glycine (FAPGG) in 50 mM Tris-HCl buffer 

(pH = 7.5), containing 0.3 M NaCl, was preheated to 37°C for 15 min. 10 μL ACE 

solution (2.5 U/mg) was loaded in the left side of each well in a 96-well plate and 

then 10 μL of the sample was loaded in the right side. Deionized water was used as 

a negative control. 150 μL of the preheated FAPGG buffer was added to each well 

and the plate was placed in the pre-heated 96 well Monochromator Microplate 

Reader (Tecan Austria). Absorbance at 340 nm was measured in 30 sec intervals 

for 30 min. All samples were measured in duplicate. The mean of the slope per sec 

over a linear interval from 10 to 25 min of the Abs340 vs. time curve was determined 

to calculate % ACE inhibition as follows:  
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% ACE Inhibition = [1 - (ρAinhibitor/ρAcontrol)] x 100  

ρAinhibitor = slope of curve containing inhibitor  

ρAcontrol = slope of curve without inhibitor (DI water control) 

 

Cell Line and Cell Culture. Murine (Mus musculas) macrophage RAW 264.7 cell 

lines (Lot number 58706077) were purchased from ATCC (Manassas, VA) and 

cultured in Dulbecco’s Modified Eagle’s Medium 1X (DMEM) (Invitrogen, Grand 

Island, NY) supplemented with 5% or 10% fetal bovine serum (Lot number D1141) 

(Atlanta Biological, Lawrenceville, GA), and 100 U/ml penicillin-streptomycin (Lot 

number A1021) (Atlanta Biological, Lawrenceville, GA). Cells were cultured in 75cm2 

culture flasks (VWR International, Suwanee, GA) in a humidified atmosphere and 

incubated at 37°C in 5% CO2. Experiments were performed on cells between 

passages 4 and 30. 

Cell Viability Test. RAW 264.7 murine macrophage cells were seeded in white 96-

well plates with clear bottoms at a density of 1.0 x 104 per 100μL. CellTiter-Glo 

Luminescent Kit (Promega, Madison, WI) was used according to manufacturer’s 

instructions. A standard curve was prepared using Adenosine Triphosphate (ATP) 

(Promega, Madison, WI) at concentrations of 10-10 – 10-12. Cell density was 

optimized before starting the experiments to ensure that ATP produced in live cells 

fit in the linear range of the EnSpire Multilabel Reader (Shelton, CT). Peanut 

fractions were evaluated for cell toxicity after 24 hr of exposure and luminescence 

was recorded at 1 sec/well at a distance of 0.1 mm (20). Results are expressed as 

the percentage of ATP in each treatment well versus ATP in wells with untreated 

cells (negative control) from 3 different passages. 

Nitrite Analysis. An inflammatory response was induced in RAW 264.7 

macrophage cells by adding 10 μg/100μL lipopolysaccharide (LPS) from Escherichia 

coli 0111:B4, purified by phenol extraction (Lot # 011M4008V, Sigma-Aldrich, Inc, 
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Saint Louis, MO) and 1 U/100μL of interferon gamma (IFNγ) (Lot # E05726-1630, 

eBioscience, San Diego, CA). The nitrite concentration in the culture medium was 

measured as an indicator of NO production according to the Griess reaction assay 

(21). Briefly, a standard curve (0-100 μM) was made in triplicate in a 96 well clear 

plate with 0.1 M sodium nitrite. 50 μL cultured media were added in triplicate. Then 

50 μL of sulfanilamide solution (1% sulfanilamide in 5% phosphoric acid) was added 

to all wells, incubated for 10 min at 22°C. Next, 50 μL of 0.1% N-1-

napthylethylenediamine dihydrochloride (NED) solution were added to all wells and 

incubated for 10 min. Absorbance was measured immediately at 540 nm with an 

EnSpire Multilabel Reader (Shelton, CT). Results are expressed as the percentage 

of NO production versus that produced by stimulated cells from 3 different passages. 

Statistical Analysis. The observed differences between the means were compared 

by one-way ANOVA with JMP10.0 (SAS, Cary, NC). 

 

RESULTS AND DISCUSSION 

Peanuts are nutrient dense with high amounts of unsaturated fatty acids, 

protein, minerals, vitamins, and other bioactive compounds (22). Epidemiological 

data indicates that the consumption of peanuts is inversely related to cardiovascular 

health (23, 24). Peanut flour is high in protein and can be used is several food 

applications; such as, baked goods, protein supplements, or confections. Stephens 

et al. (25) reported that peanut flour slowed the progression of atherosclerosis in 

hamsters at a similar rate to whole peanuts and peanut oil. In order to gain a better 

understanding of the role that FFPF plays in atherosclerotic disease, we evaluated 

its effects on ACE inhibition and local inflammation.  

FFPF was separated via pH separation and half of each fraction was 

hydrolyzed by in vitro digestion (Figure 1). SDS-PAGE (Figure 2) was used to 

separate and visualize molecule weight (MW) of proteins in all FFPF fractions before 
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and after in vitro digestion. Peanut protein subunits have been divided into 5 main 

classes; conarachin (MW > 50 kDa), acidic arachin (MW 38-49.9 kDa), intermediate 

MW (23-37.9 kDa), basic arachin (MW 18-22.9 kDa), and low MW (14-17.9 kDa) 

(26). The soluble fraction (lane 2) contained smears of low MW proteins (>17 kDa), 

which indicate that proteins were soluble at pH 8.0 and pH 4.5. In vitro digestion 

hydrolyzed the proteins in the soluble fraction and only very low MW peptides 

remained (lane 5). The pellet (lane 3) consisted of larger proteins that did not enter 

the gel and a band at ~20 kDa. The larger proteins in the pellet fraction were not 

hydrolyzed by in vitro digestion but the smaller band was apparently a product of 

hydrolysis (lane 6). The isolate fraction (lane 4) had banding patterns that are unique 

to peanut proteins (27). Ara h 1 at ~64 kDa (28) and ara h 3 and 4 are represented 

by the double band at approximately 40 and 37 kDa, respectively (27). Ara 2 is 

located at ~20 kDa (29) and there was some smearing of low MW proteins in the 

isolate fraction. The digested isolate (lane 7) had only low MW protein smears; 

however, ara h 2 is very stable to enzymatic digestion (30) and detection by Western 

Blotting (Appendix C) indicated that ara h 2 was present. Pancreatin (lane 8) 

contains several enzymes and showed a clear band at ~35 kDa, a lighter band at 

~25 kDa, and smears of low MW proteins (31). Pepsin (lane 9) produced a very 

clear band at 39 kDa (32). Pancreatin and pepsin do not appear to be present in any 

digested fractions which indicate both enzymes were fully inactivated during the final 

heating step. These data agree with Quist et al. (8) who reported roasted peanut 

flour hydrolyzed with pepsin and pancreatin had small bands less than 20 kDa 

corresponding to subunits of the basic arachins and low MW peptides after 30 min of 

hydrolysis.  

FFPF had 60.11% protein and all fractions contained some protein. During pH 

separation, 16.35% of proteins were not solubilized at pH 8.0 and remained in the 

pellet after centrifugation. This agrees with Kain et al. (5) who reported about 75-

80% of peanut proteins are soluble at pH 8.0. The pH 8.0 soluble supernatant was 

adjusted to pH 4.5, the pI, and the majority of proteins become insoluble creating the 
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isolate fraction (Figure 1). Approximately 10-15% of peanut proteins have been 

reported to be soluble at pH 4.5 (5); however, our soluble fraction had 0.3% protein. 

Table 1 provides total amino acids in each peanut fraction. FFPF had a higher 

percentage of the amino acids; Glu, Asp, and Arg and detectable levels of all amino 

acids measured. The soluble fraction had a higher percentage of Asp, Gly, and Pro 

and lower ratios of Val, Met, Ile, Leu, Phe, and Lys. The pellet and isolate fractions 

had similar amino acid profiles as FFPF. Figure 3 provides a chromatogram for the 

collected protein fractions there were separated by MW from the isolate fraction. 

Molecular weight eluates were collected from the FPLC at 2 mL intervals. The first 

10 mL were discarded and Fraction 1 was collected between 10 - 20 mL. The 

second Fraction was collected between 20 - 44 mL and Fraction 3 was collected 

between 44 - 52 mL. The amino acid profile of Fraction 1 had lower percentages of 

Met, Phe, and Tyr and higher ratios of Asp and Pro than the FFPF and isolate 

fraction. Fraction 2 also had a higher percentage of Asp and Pro as well as Arg 

compared to the FFPF and isolate. Fraction 3 contained only 7 amino acids at 

measurable levels and Asp was 56.96% of the total composition. The digested 

samples have a lower total amount of amino acids because the gastric solutions 

diluted the fractions. As expected, the digested pellet, soluble, and isolate fractions 

contained similar amino acid percentages to the undigested fractions. Figure 4 
shows a chromatogram of the MW separation of the digested isolate. Eluates were 

collected every 0.5 mL and volumes 3-8 mL were pooled together for Digested 

Fraction 1. Digested Fraction 2 was collected from the next 2 mL and the last 1 mL 

was deemed Digested Fraction 3. The amino acid percentages of Digested Fraction 

1 were greater in Asp and Pro and did not have detectable amounts of Met, Tyr, 

Phe, or Lys. Digested Fraction 2 had the highest percentage of Arg compared to all 

other fractions. Digested Fraction 3 had four detectable amino acids, and Asp was 

80.31% of the total amino acid content. A low Lys/Arg ratio in plant proteins has 

been recognized as having an anti-atherogenic effect (33).  
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The inhibition of ACE was evaluated for all samples except the undigested 

pellet fraction. The ACE assay can only be conducted with soluble proteins. The 

Digested Fractions 1, 2, and 3 had significantly greater percentages of ACE 

inhibition at 84.74%, 83.17%, and 83.80%, respectively compared to the other 

factions examined (Figure 5). These three digested fractions were further evaluated 

to determine their IC50 of ACE inhibition (Figure 6). Digested Fraction 3 had the 

greatest ACE inhibition indicated by the significantly lowest IC50. The IC50 of 

Digested Fraction 1 was significantly lower than Digested Fraction 2. Enzymatic 

hydrolysis of arachin has been reported to produce several ant-hypertensive 

peptides and hydrolysis with pepsin resulted in the greatest inhibition of ACE (34). 

These arachin peptides had higher ACE inhibition than the majority of milk protein-

derived peptides (35). Increased hydrolysis of peanut proteins have been reported to 

have greater ACE inhibition (36, 37) but may amount of ACE inhibition plateaued 

after 12 h of proteolytic digestion of peanut flour (38). Soy peptide fractions have 

been reported to have an IC50 of 0.67 to 66.4 mg/mL depending on the hydrolysis 

enzymes and conditions utilized (39).  

In vitro RAW 264.7 murine macrophage cell growth was not significantly 

affected by the addition of FFPF fractions (P=0.7998) or their hydrolysates 

(P=0.8101) over 24 hr (Figures 7 and 8). Nitric oxide can be a vasodilator, 

inflammatory signaling molecule, or pro-oxidant depending on where it is located. 

Endothelium cells of blood vessels use NO to signal the surrounding smooth muscle 

to relax which results in increased blood flow. However, in macrophage and 

neutrophils, NO is produced in large amounts by inducible nitric oxide synthases 

(iNOS) in response to proinflammatory cytokines and endotoxins.  NO may occur 

when it reacts with O2
- in cellular tissues and its reaction derivatives especially 

ONOO-, which leads to DNA fragmentation and protein structure modification (17). 

Thus, NO scavengers could lower the risk of cellular and tissue damage. 

Inflammatory molecules are active with the addition of LPS/INFγ during in vitro and 

in vivo conditions (40, 41). Figure 9 indicates that the addition of pH separated 
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peanut fractions to LPS/IFNγ activated cells had an inhibitory effect on NO 

production. The pellet fraction significantly reduced NO production compared to the 

control and inhibition increased with increasing concentrations. NO production was 

significantly reduced by the addition of 50 μg/mg of the soluble fraction and the 

addition of 150 μg/mg reduced it significantly more. The isolate fraction significantly 

reduced NO production but not in a dose-response manor. Figure 10 shows that the 

3 MW Fractions also significantly reduced NO production in LPS/IFNγ activated 

cells. Fraction 2 was not dose-dependent but Fractions 1 and 3 were inversely 

related to NO production. Figure 11 indicates that the hydrolysis of FFPF fractions 

also significantly reduced NO production. The digested pellet and soluble fractions 

did not affect NO production with various dose concentrations. The addition of the 50 

μg/mg digested isolate fraction to active cells significantly reduced NO production 

while the addition of the 150 μg/mg concentration had a larger inhibitory effect, but 

the 250 μg/mg did not differ from the 150 μg/mg. Figure 12 shows the NO 

production in active cells of the three Digested Fractions against the positive control. 

Digested Fractions 1 and 3 had the greatest inhibitory effect at 100 μg/mg. Digested 

Fraction 2 significantly reduced NO production but was not dose dependent between 

25 – 100 μg/mg. Digested peptide fraction 3 also had the lowest ACE IC50 (Figure 
6). Hydroysates after protease digestion that are smallest in size have been reported 

to have greater 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity 

because a more hydrophobic amino acid side chain is exposed (42).  Our results 

suggest that FFPF protect against atherosclerotic risk factors by inhibition of ACE 

and NO production and the greatest protective effect was from Digested Fraction 3. 
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TABLES AND FIGURES 

 

Table 1. Total amino acids of each fat-free peanut flour (FFPF) fraction and the percent of total amount composition of 

fractions. Abbreviations: BDL, below detection limit. 

 

Total Asp Thr Ser Glu Gly Ala Val Met Ile Leu Tyr Phe Lys His Arg Pro

g/100g

FFPF 60.11 13.69% 2.69% 4.62% 20.81% 6.37% 4.06% 4.59% 1.01% 3.42% 7.87% 4.57% 5.51% 1.61% 2.47% 11.88% 4.81%

Pellet 16.35 14.84% 2.76% 5.12% 21.91% 6.21% 3.12% 4.68% 1.02% 3.43% 8.48% 3.90% 4.58% 1.56% 2.68% 12.05% 3.65%

Soluble 0.30 30.50% 3.24% 5.36% 25.36% 9.16% 2.35% 1.90% BDL 1.34% 4.92% 2.68% 0.34% 0.89% 1.68% 9.61% 5.36%

Isolate 43.33 15.05% 2.18% 4.45% 25.13% 4.59% 2.73% 3.83% 0.97% 2.69% 7.25% 4.41% 4.96% 0.97% 2.31% 14.57% 3.90%

Fraction 1 0.58 27.82% 3.43% 5.60% 20.57% 3.71% 2.86% 3.66% BDL 2.63% 7.26% 2.86% BDL 0.59% 2.11% 10.63% 6.28%

Fraction 2 0.44 27.11% 2.48% 4.97% 24.92% 3.61% 2.94% 2.48% 1.58% 1.88% 6.40% 3.05% 4.52% 0.90% 1.81% 14.53% 6.78%

Fraction 3 0.12 56.96% 6.09% 6.96% 16.96% BDL BDL 2.61% BDL BDL 4.35% BDL BDL BDL BDL 8.26% BDL

Digested Pellet 1.25 16.93% 3.11% 5.40% 17.36% 6.80% 3.72% 4.68% 0.40% 3.67% 7.26% 4.28% 4.25% 2.74% 2.50% 9.99% 6.91%

Digested Soluble 0.35 27.03% 4.87% 6.40% 14.80% 8.21% 3.34% 3.72% BDL 3.15% 5.64% 2.58% 4.87% 4.01% 1.81% 5.73% 7.07%

Digested Isolate 1.14 18.26% 2.73% 5.26% 20.43% 5.61% 3.02% 3.79% 0.73% 2.97% 6.69% 3.93% 3.90% 2.17% 2.38% 11.69% 6.43%

Digested Fraction 1 0.28 32.36% 4.61% 6.47% 20.42% 4.96% 2.83% 3.78% BDL 2.72% 5.21% BDL BDL BDL 1.30% 4.96% 11.93%

Digested Fraction 2 1.03 17.39% 2.62% 5.78% 15.64% 4.18% 2.82% 3.06% 0.78% 1.51% 9.13% 7.77% 7.92% BDL 0.92% 20.11% 1.70%

Digested Fraction 3 0.06 80.31% 13.39% BDL 3.15% BDL BDL 3.15% BDL BDL BDL BDL BDL BDL BDL BDL BDL

percent of total
sample
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Figure 1. Diagram of the separation of fat free peanut flour into pellet, soluble, and 

isolate fractions. Each fraction was split in half and half was hydrolyzed by in vitro 
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digestion. The undigested and digested isolate fractions were further fractionated by 

fast protein liquid chromatography (FPLC). 

 

Figure 2. SDS-PAGE of undigested and digested peanut fractions after pH 
separation as well as the pepsin and pancreatin enzymes used for in vitro digestion.  
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Figure 3. Sample of the FPLC chromatogram for molecular weight separation of the 

undigested peanut isolate fraction. Three fractions were collected from six run and 

pooled together for analyses. 
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Figure 4. Sample of the FPLC chromatogram for molecular weight separation of the 

digested peanut isolate fraction. Three fractions were collected from ten runs and 

pooled together for analyses. 
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Figure 5. Percent inhibition of the angiotensin I converting enzyme (ACE) of the 

undigested and digested peanut fractions. Bars represent mean ± standard deviation 

(n=3). Means with the same letter are not significantly different (p<0.05). 

Abbreviations: Dig, digested; Frac, fraction. 
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Figure 6. Inhibitory concentration (IC50) of ACE inhibition of digested peanut 
peptides fractions. Bars represent mean ± standard deviation (n=3). Means with the 
same letter are not significantly different (p<0.05). Abbreviations: Dig, digested; 
Frac, fraction. 
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Figure 7. Cell toxicity of peanut fractions which was determined by Cell TiterGlo 

Luminescence. Data is presented as percent of negative control (only RAW 264.7 

cells) ± standard error of the mean and significant differences were not observed 

(P=0.8101). Abbreviations: Cont, control; D, digested; Frac, fraction; IFN, interferon 

gamma; LPS, lipopolysaccharide; Neg, negative; Pos, positive.   
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 Figure 8. Cell toxicity determined by Cell TiterGlo Luminescence for peanut 

fractions that were hydrolyzed by in vitro digestion. Data is presented as percent of 

negative control (only RAW 264.7 cells) ± standard error of the mean and significant 

differences were not observed (P=0.7998). Abbreviations: Cont, control; D, digested; 

Frac, fraction; IFN, interferon gamma; LPS, lipopolysaccharide; Neg, negative; Pos, 

positive.  
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Figure 9. Nitric oxide production in RAW 264.7 murine macrophage cells without 

and with LPS/IFNγ and three concentrations of peanut fractions. Bars represent 

mean ± standard error of the mean (n=3). Means with the same letter within each 

fraction are not significantly different (p<0.05). Abbreviations: Cont, control; Neg, 

negative; Pos, positive. 
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Figure 10. Nitric oxide production in RAW 264.7 murine macrophage cells without 

and with LPS/IFNγ and three concentrations MW separated peanut protein fractions. 

Bars represent mean ± standard error of the mean (n=3). Means with the same letter 

within each fraction are not significantly different (p<0.05). Abbreviations: Cont, 

control; Frac, fraction; Neg, negative; Pos, positive.  
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Figure 11. Nitric oxide production in RAW 264.7 murine macrophage cells without 

and with LPS/IFNγ and three concentrations of hydrolyzed peanut fractions. Bars 

represent mean ± standard error of the mean (n=3). Means with the same letter 

within each fraction are not significantly different (p<0.05). Abbreviations: Cont, 

control; Neg, negative; Pos, positive. 
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Figure 12. Nitric oxide production in RAW 264.7 murine macrophage cells without 

and with LPS/IFNγ and three concentrations of MW separated hydrolyzed peanut 

fractions. Bars represent mean ± standard error of the mean (n=3). Means with the 

same letter within each fraction are not significantly different (p<0.05). Abbreviations: 

Cont, control; Frac, fraction; Neg, negative; Pos, positive.  
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Figure 1. Pathway heat map for time, diet, and their interaction effects of biochemical comparisons in the liver of hamsters consuming 
different diets over 24 wk. Red shading represents p ≤ 0.05 for fold of change ≥ 1.00.  Green shading represents p ≤ 0.05 for fold of change   
< 1.00. 
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METABOLON DATA 

 

Box plots of each biochemical in the liver of hamsters consuming different diets at 0, 12, and 24 wk. 
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ABSTRACT 
Health foods are currently purported to slow the progression of cancer, aging, 

and atherosclerosis by improving lipid profiles or reducing inflammation. However, in 

Western societies, many people are obese, hypertensive, and hypercholesterolemic. 

They have some form of cardiovascular disease (CVD), typically atherosclerosis, 

before they realize there is a need to improve their diet to prevent further disease 

development or potential myocardial infarction. This study was conducted to 

compare the effect of dietary fat and cholesterol on the rate of induction of 

hypercholesterolemia and aortic cholesterol esters (CE), a measure of 

atherosclerotic plaque, in hamsters. This information could be used for evaluation of 

potential food related reversion of CVD indicators and atherosclerotic CE deposits. 

With a high fat, high cholesterol diet, hamster’s lipid metabolism is similar to that of 

humans. However, the level of cholesterol and duration of exposure to induce 

plasma and aortic indicators of atherosclerosis have not been determined. This 

methodology is required for long term animal studies to reduce the potential of 

untimely atherosclerosis related death. Male golden Syrian hamsters were fed a high 

fat, high cholesterol diet (41% fat and 1.25% cholesterol). Total plasma cholesterol 

(TPC) significantly increased from 75.0 to 884.6 mg/dL in 12 wk. CE increased from 

0.3 to 9.9 mg/g protein in 12 wk. These results indicate that severe hyperlipidemia 

and atherosclerosis, as determined by CE, can be induced rapidly in hamsters for 

evaluation of disease reversion effects of various foods. 
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INTRODUCTION 
The number one cause of death in Western societies is cardiovascular 

disease (CVD) (“CDC Features - American Heart Month,” 2012). Health foods are 

currently purported to slow the progression of atherosclerotic development by 

improving plasma lipid profiles or reducing inflammation (Hu & Stampfer, 1999; Kris-

Etherton et al., 2002; Stephens, Dean, Davis, Osborne, & Sanders, 2010). 

Atherosclerosis is a disease that slowly progresses over time. Arterial damage and 

plaque deposit can occur in young children (George & Lyon, 2010) and will continue 

to build over time if not treated. People typically only discovered that they have 

atherosclerosis when they experienced chest pains and atherosclerotic development 

is server. However, now doctors can evaluate CVD risk factors; such as, obesity 

(Flegal, Carroll, Ogden, & Johnson, 2002; Lloyd-Jones, 2010), diabetes (Kannel & 

McGee, 1979), hypertension (Hansson, 2005), and hypercholesterolemia (Castelli, 

1996) and encourage people to change their dietary behaviors in order to prevent 

further atherosclerotic development. Aortic cholesteryl ester (CE) deposits have 

been highly correlated to development of atherosclerosis (Brecher & Chobanian, 

1974). CE is one of the first metabolic compounds associated with the development 

of atherosclerosis (St. Clair, 1976). 

In order to understand the effects that food components have on preventing 

further atherosclerotic development and potentially reverse disease, a diseased 

animal model must be utilized. Hamsters respond to diets high in saturated fat and 

cholesterol by increasing total plasma cholesterol (TPC), very low density lipoprotein 

(VLDL) cholesterol, and low density lipoprotein (LDL) cholesterol which leads to 

deposits of cholesterol in arterial tissues and atherosclerotic development (Dillard, 

Matthan, & Lichtenstein, 2010; Pien, Davis, Marone, & Foxall, 2002; Trautwein, 

Liang, & Hayes, 1993; Yin et al., 2012). Hamsters closely resemble humans in 

respect to rates of hepatic cholesterol synthesis (Andersen & Cook, 1986; Nistor, 

Bulla, Filip, & Radu, 1987) and reverse cholesterol transfer with the ability to use 

cholesteryl ester transfer protein to transfer CE molecules from high density 
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lipoprotein (HDL) to LDL molecules (Ntanios, van de Kooij, de Deckere, Duchateau, 

& Trautwein, 2003). The objective of this study was to evaluate the length of time 

required for hamsters to develop atherosclerosis, as determined by CE, when 

consuming a high fat and very high cholesterol diet. 

 

MATERIALS AND METHODS 
Animals and Diets. Male Syrian golden hamsters (approximately 6 wk old 

and 80 g) were purchased from Harlan® Inc. (Indianapolis, IN). Hamsters were 

housed individually and maintained on a 12/12 hr light/dark cycle in an 

environmentally controlled room at North Carolina State University (NCSU) 

Biological Research Facility (Raleigh, NC). The study was reviewed and approved 

by the Animal Care and Use Committee, NCSU, Raleigh, NC.  

Hamsters were allowed to acclimate for 1 wk after arrival and then 

incrementally introduced to the experimental diet. All hamsters were fed ad libitum 

and clean water was provided. Diet was prepared by TestDiet® (Richmond, IN). The 

experimental diet was a modification of the AIN-76A Clinton/Cybulsky Cholesterol 

Series semi-purified diet designed to induce CVD in rodents (Cybulsky et al., 2001; 

Lichtman et al., 1999). Table 1 provides the metabolizable energy and Table 2 
provides ingredients for diet composition.  

Plasma and Tissue Collection. At wk 0, 12, 18, and 24, six hamsters were 

fasted for 12 h and anesthetized with carbon dioxide. Hamsters were desanguinated 

by cardiac puncture and blood was stored in 7 % ethylenediaminetetraacetic acid 

(EDTA) tubes. Plasma was immediately separated after centrifugation at 1500 rpm 

for 10 min at 4 °C. The samples were stored at -20 °C until analysis. Aortas were 

removed, cleaned, and stored in 10% formalin until analysis. 

Plasma Lipoprotein Cholesterol and Trigacylcerol Analyses. Analyses 

were performed at Wake Forest School of Medicine, Department of Pathology - Lipid 

Sciences according to published methods (Kieft, Bocan, & Krause, 1991). Briefly, 

total plasma cholesterol was measured and lipoprotein particle distributions were 
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determined by high-performance gel chromatography. A 0.9% saline solution with 

0.01% EDTA and 0.01% azide at 0.4 mL/min was run onto a Superose 6 10/300 

column (GE Healthcare) for online cholesterol distributions. The effluent from the 

column was split and half was mixed with total cholesterol reagent (Cholesterol H/P, 

Roche Diagnostics) being pumped at 0.125 mL/min. Plasma lipoprotein cholesterol 

distribution concentrations were determined by size exclusion chromatography. 

Plasma triacylglycerol (TAG) levels were determined by using an enzymatic assay 

(Fossati & Prencipe, 1982). Atherogenic Index (AI) was calculated as total plasma 

cholesterol divided by HDL cholesterol. 

Aortic Cholesterol Analysis. The atherosclerotic development was 

quantified for each hamster by aortic CE concentrations, measured as mg/g protein. 

The wet weight of the aortas was recorded after being gently blotted to remove 

exterior formalin. The aortas were placed in 16 x 100 mm, screw-cap, round-bottom 

glass tubes containing chloroform-methanol, 2:1 (v/v) with 20.5 µg of 5-alpha-

cholestane as an internal standard and the lipids were extracted. The lipid extract 

was separated by filtration from the tissue dried under N2 at 60 °C and then 

dissolved in hexane. Analyses of free and total cholesterol were carried out with two 

injections per sample on a DB 17 (15 m x 0.53 mm ID x 1 µm) gas liquid 

chromatography column (J&W Scientific, Folsom, CA) at 250 °C installed in a 

Hewlett-Packard 5890 GC equipped with a Hewlett-Packard 7673A (Hewlett-

Packard Co. LP., Houston, TX) automatic injector using online column injection and 

a flame ionization detector. Cholesteryl ester was calculated as the difference 

between free and total cholesterol, as measured before and after saponification and 

reextraction of the nonsaponifiable sterol into hexane multiplied by a conversion 

factor of 1.67 to correct for fatty acid loss (Rudel, Kelley, Sawyer, Shah, & Wilson, 

1998). The tissue was then digested and dissolved in 1 N NaOH, and total protein 

was determined by the Lowry protein assay (Lowry, Rosebrough, Farr, & Randall, 

1951). 
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RESULTS AND DISCUSSION 
 The experimental diet provided energy with 18.1 %, protein, 41.2 % fat, and 

40.3 % carbohydrates (Table 1). Cocoa butter, the main fat in the diet, is high in 

saturated fatty acids, specifically stearic acid. Saturated fatty acids are directly linked 

to dyslipidemia which is increased total cholesterol, VLDL cholesterol, and LDL 

cholesterol and decreased HDL cholesterol (Howell, McNamara, Tosca, Smith, & 

Gaines, 1997). These changes in lipoprotein cholesterol distributions increase the 

risk for CVD development (Schaefer, 1997). Reports have indicated that stearic acid 

is less atherogenic than other saturated fatty acids because it does not increase LDL 

cholesterol as significantly (Nicolosi, 1997). The other main fatty acids in cocoa 

butter are palmitic and oleic. Palmitic is a saturated fatty acid that is strongly 

associated with CVD development ( Kris-Etherton, 1999), while oleic is a 

monounsaturated fatty acid that is related to reducing CVD risks (Kris-Etherton et al., 

1999). Soybean oil was the other fat source in the diet and is composed of mainly 

linoleic and oleic fatty acids with smaller amounts of palmitic, α-linolenic, and stearic 

fatty acids. The highly elevated amount of fat in the diet quickly induced dyslipidemia 

in hamsters (Figure 1). Hamsters are responsive to cholesterol and develop CVD 

and atherosclerosis similar to humans (Lichtman et al., 1999; Yin et al., 2012; Zha et 

al., 2009). The diet contained 1.25 % cholesterol (Table 2). 

  High concentrations of TAG in the bloodstream have been linked to 

atherosclerosis (Talayero & Sacks, 2011). Hamsters fed the high fat, very high 

cholesterol diet over 12 wk had an increase in plasma TAG concentration from 106.1 

to 400.1 mg/dL (Figure 1). TAG are packaged together with cholesterol and proteins 

to form chylomicrons. TAG are hydrolyzed off by lipases on the lining of tissues for 

the use of energy which cause the lipoprotein molecules to decrease in size and 

increase in density. VLDL molecules also have a high amount of TAG and are 

positive correlated with CVD risk (Castelli, 1996). At 0 wk, hamsters had VLDL and 

LDL cholesterols concentrations of 9.1 and 10.0 mg/dL, respectively. Their HDL 

cholesterol concentration was 54.1 mg/dL. Hamsters are similar to other rodents and 
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have predominantly circulating HDL molecules, but with consumption of a high fat, 

high cholesterol diet the lipoprotein distribution becomes more like humans, mainly 

LDL molecules (Yin et al., 2012). After 6 wk, TPC increased by 10-fold and LDL 

cholesterol increased by 16-fold. TPC was 884.6 mg/dL at 12 wk and composed of 

80 % VLDL and LDL cholesterols. HDL cholesterol concentration increased with an 

increase in dietary fat and cholesterol at 6 wk, but then decreased over time (Figure 
1). Lower HDL cholesterol concentration has been correlated with CVD risk (Howell 

et al., 1997). AI is the calculation of TPC over HDL cholesterol and used to predict 

the risk of atherosclerosis. Over the course of the study AI increases (Figure 2) at a 

rate that is to CE increase (Figure 4). CE concentrations increased by about 4-fold 

in 6 wk and 33-fold in 12 wk (Figure 4). Aortic total cholesterol (TC) also greatly 

increased from 0 to 6 wk and again from 6 to 12 wk (Figure 3). Excess cholesterol 

circulating in the plasma is more likely to enter arterial tissues via LDL cholesterol 

molecules. The tissues require cholesterol in the form of unesterified (free) 

cholesterol. However, when free cholesterol exceeds the threshold limit it is 

esterified to CE by acyl-CoA cholesterol acyltransferase for storage. Excess CE is 

highly susceptible to oxidation and acts like any other foreign object in the tissues 

that cause a cascade starting with the up-regulation of cytokines, myeloperoxidase, 

adhesion molecules, and monocyte cells that differentiate into macrophages. 

Atherosclerotic plaque accumulates and the arterial tissues become narrow and 

losses elasticity which may lead to myocardial infarctions.  

 
CONCLUSION 
 Hamsters became hypercholesteremic after 6 wk of consumption of the high 

fat, very high cholesterol diet. Their plasma lipoprotein profile continued to become 

more pro-atherogenic, TPC increased and HDL cholesterol decreased, over 12 wk. 

The AI predicted rate of atherosclerotic CE deposits in the aorta. Aortic CE 

concentration increased to 4.0 μg/mg protein in 6 wk and 9.9 μg/mg protein in 12 wk. 
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These results represent significant atherosclerosis development in male Syrian 

golden hamsters.   
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TABLES AND FIGURES  

 

Table 1. Metabolic energy of each macronutrient. 

 

Macronutrient Protein Fat Carbohydrate 

Metabolic Energy 18.1% 41.2% 40.3% 
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Table 2. Diet ingredients (g/100g).  

 

Ingredient g/100g Ingredient g/100g

Corn Starch 23.63 Dicalcium Phosphate 1.45 

Casein – Vitamin Free 22.29 Cholesterol 1.25 

Cocoa Butter 17.28 Salt Mix 1.11 

Sucrose 12.59 Vitamin Mix 1.11 

Maltodextrin 7.91 Calcium Carbonate 0.61 

Cellulose 5.57 L-Cystine 0.33 

Soybean Oil 2.79 Choline Bitartrate 0.22 

Citrate, Tribasic Monohydrate 1.84   
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Figure 1. Plasma triacylglycerol (TAG), total cholesterol (TPC), very low density 

lipoprotein cholesterol (VLDL-C), low density lipoprotein cholesterol (LDL-C), and 

high density lipoprotein cholesterol (HDL-C) concentrations at 0, 6, 8, 10, and 12 wk 

in hamsters fed an atherogenic inducing diet. Bars represent mean ± standard 

deviation (n=6). 
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Figure 2. Atherogenic Index (AI) in hamsters fed an atherogenic inducing diet for 12 

wk. Points represent mean (n=6). 
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Figure 3. Aortic cholesterol concentrations of hamsters fed an atherogenic inducing 

diet for 12 wk. Points represent mean ± standard deviation (n=6). 
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Figure 4. Aortic cholesteryl ester (CE) concentration of hamsters fed an atherogenic 

inducing diet for 12 wk. Points represent mean ± standard deviation (n=6). 
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INTRODUCTION 
 The peanut (Arachis hypogaea) is an important commodity in the U.S.  

Peanuts are energy dense and provide essential nutrients.  Peanut oil accounts for 

44-56% of the composition and considered as a healthy fat source.  Peanuts have a 

high amount of unsaturated fatty acids and all the fat soluble vitamins.  Peanuts 

contain about 20% of the recommended daily allowance (RDA) of vitamin E.  

Peanuts also contain several B vitamins, including 10% of the recommended daily 

allowance (RDA) of folate, and several essential minerals1.   

 Peanuts contain 23-30% protein, and the U.S. Food and Drug Administration 

(FDA) considers them an excellence source of protein in the diet providing 7 gram of 

protein per serving.  The storage proteins are globulins (salt soluble) and albumins 

(water soluble).  Globulins consist of arachin, conarachin, and nonarachin; however, 

arachin and conarachin represent about 96% of the total protein2.  Peanuts are high 

in arginine, aspartic acid, glutamic acid, alanine and phenylalanine but may be 

limiting in lysine, tryptophan, threonine, and methionine3. 

 Recently peanut allergies have become more of a concern in the U.S.  A 

peanut allergy is the adverse immune response to peanut proteins and is considered 

a severe allergy because of potential life threatening complications.  About 1% of the 

Western population has a peanut allergy; however, in children the prevalence is as 

high as 2-6%.  There are two stages to peanut allergy (Figure 1).  The first stage is 

sensitization and occurs at the first exposure to peanut protein allergens.  The 

protein is broken down in the intestinal tract and comes into contact with dendritic 

cells.  Dendritic cells line the skin, nose, lungs, stomach, and intestine.  Once they 

come into contact with the peanut protein they migrate to the lymph nodes and 

interact with T-cells that differentiate into T-helper cells (Th 2) and release cytokines, 

such as interleukin (IL)-4, IL-5, and IL-13.  These cytokines can stimulate the B-cells 

to release peanut specific immunoglobulin E (IgE).  When IgE receptors, on the 

surface of mast cells, come into contact with IgE the sensitization stage usually ends 

without any allergic symptoms.  The second stage starts with the second exposure 
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to allergic peanut proteins and is called the allergic reactions.  The peanut allergen 

comes into contact with mast cells that have been primed during the sensitization 

stage and results in IgE cross linking which triggers basophil degranulation and the 

release of cytokines, chemokines, and histamines.  These compounds can cause 

itching, swelling, wheezing, cramps, diarrhea and systemic symptoms which may 

have life threatening complications4. 

 

 
Figure 1. Allergic reaction to peanut protein. 

 

Peanut proteins have to maintain a certain conformational or sequential 

structure to cause an allergic response.  Currently there are 11 peanut allergens 

(Ara h 1 – Ara h 11)5.  Ara h1 and Ara h 2 are two of the major allergen proteins and 

have a molecule weights of 63.5 and about 20 kDa, respectively6–8.  Recently Ara h 

3/4 and Ara h 6 have gained attention for also inducing allergic responses in 

children9.  Hydrolysis by proteases in the gut can change the conformational and/or 

sequential structure of certain allergenic proteins.  However, not all peanut allergy 

proteins are affected by proteases and therefore still can induce an allergic 

response10.   

 



356 

MATERIALS AND METHODS 
 
Peanut fractionation 
 Dark roasted peanut flour was received from Golden Peanut Company 

(Alpharetta, GA) and defatted to less than a half percent oil by AVOCA Inc (Merry 

Hill, NC).  A 10% (w/v) flour slurry was stirred for 30 min at 37°C using the 

Brinkmann Polytron® PT 3000 overhead stirrer.  The peanut slurry was adjusted to 

8.0 using 2 N NaOH and stirred for 1 hr at 37°C.  The insoluble materials were 

separated from soluble proteins by centrifugation at 3500 g for 20 min.  The 

insoluble portion was termed ‘pellet’ and predicted to contain insoluble protein, fiber, 

and minerals.  The supernatant was adjusted to pH 4.5 (pI of most peanut proteins) 

with 2 N HCl and stirred for 10 min.  Centrifugation was used to separate the protein 

from the supernatant.  The protein pellet was re-solubilized with PBS and termed 

‘isolate’ and predicted to contain only protein.  The supernatant at pH 4.5 was 

termed ‘soluble’ and predicted to contain sugars and water soluble vitamins that 

were not destroyed by heat and pH 8.0 soluble proteins that did not precipitate at pH 

4.5.  Samples were frozen at -20°C until analyses. 

In vitro digestion 
 The three peanut fractions (pellet, soluble, and isolate) were hydrolyzed to 

mimic gastrointestinal digestion by slightly modifying a published method 11.  BCA 

was used to determine the amount of protein in each peanut fraction.  Simulated 

gastric fluid was prepared with porcine pepsin (1:50) (Sigma, St. Louis, MO) and pH 

was adjusted to 2.0 with 2 N HCl (Fisher Scientific, Fair Lawn, NJ).  Samples shook 

for 2 hr at 37°C.  Stimulated intestinal fluid was prepared with porcine pancreas 

pancreatin (1:25) (Sigma, St. Louis, MO) and pH was adjusted to 8.0 with 1 N 

NaOH.  Samples shook for 2.5 hr at 37°C.  Enzymes were inactivated directly after 

gastrointestinal digestion by heating at 90°C for 10 min. 
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Bicinchoninic acid (BCA) assay 
 BCA protein assay kit (Pierce, Rockford, IL) was used to determine protein 

concentration of the peanut protein and peptide fractions.  Samples were incubated 

for 30 min at 37°C in the Monochromator Microplate Reader (Tecan, Austria) and 

then the absorbance immediately read at wavelength 562.  Total protein was 

determined by a standard curve of bovine serum albumin solution (Pierce, Rockford, 

IL). 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
 Peanut protein and peptide fractions were normalized to 1 μg/μL based on 

BCA using NuPAGE®LDS sample buffer 4X (Invitrogen, Carlsbad, CA), NuPAGE® 

sample reducing agent 10X ((Invitrogen, Carlsbad, CA), and deionized water.  

Fractions were incubated at 70°C for 10 min and then 10 μg of protein was loaded 

onto NuPAGE® 1.0 mm x 10 well 4-12% Bis-Tris Gels (Invitrogen, Carlsbad, CA) and 

separated with 200 mV electrophoresis for 35 min in SDS running buffer 1X 

(Invitrogen, Carlsbad, CA).  SeeBlue® Plus2 prestained standard molecular weight 

markers (Invitrogen, Carlsbad, CA) was used as the reference.  The gel was stained 

for 1 hr with SimplyBlue SafeStain (Invitrogen, Carlsbad, CA) and then rinsed in 

deionized water overnight.  Gel-Dry (Invitrogen, Carlsbad, CA) was used for drying 

the gel. 

Western blot 
 Western blot was used to determine IgE binding of peanut allergen proteins 

Ara h1 and Ara h 2 and potential for allergenicity before and after in vitro digestion.  

Protein and peptide fractions were normalized to 1 μg/μL based on BCA with 

phosphate buffered saline (PBS), NuPAGELDS sample buffer (4X), and 0.5M 

dithiothreitol (DTT).  NuPAGE 1mm x 10 well 4-12% Bis-Tris gel was loaded and 

proteins were separated by electrophoresis for 35 min at 200 mV.  The marker was 

MagicMark XP western standard (Invitrogen, Carlsbad, CA).  Proteins were 

transferred to Immobulin membrane using the iBlot (Invitrogen, Carlsbad, CA).  The 

membrane was blocked with 2% bovine serum albumin (BSA).  The primary 
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antibody was rabbit anti-ara h1 or anti-ara h2 and the secondary anybody was 

SouthernBiotect® goat anti-rabbit IgG-Horseradish Peroxidase (HRP) conjugate.  

The membrane was rinsed with SuperSignal® West Pico chemiluminescent 

substrate for 3 min and exposed on ChemiDoc® imaging system and recorded every 

5 sec until overexposure. 

 

RESULTS AND DISCUSSION 
 Peanut flour was separated by pH into three fractions.  The pellet was the 

insoluble material at pH 8.0.  The soluble portion was the pH 4.5 supernatant, and 

the isolate was the protein that precipitated out of solution at the pH 4.5 (isoelectic 

point for peanut protein).  Part of each peanut fraction was exposed to a simulated in 

vitro digestion which resulted in peptide fractions.  It is important to evaluate the 

effect of allergic peanut proteins after ingestion to understand if pepsin or pancreatin 

could affect conformational or sequential structure which may affect degree of 

allergenicity.  The total amount of protein was determined by BCA in each sample 

(data not shown).  Peanut protein and peptide profiles for each fraction were 

evaluated with SDS-PAGE (Figure 2).  The results indicated that the undigested 

peanut fractions all contained some protein.  The soluble fraction (lane 2; Figure 2) 

had smearing of small molecular weight proteins.  The pellet fraction (lane 3; Figure 

2) had large proteins above 98 kDa as well as some protein that did not become 

soluble during fractionation.  Light bands indicate the presences of Ara h 3 (42-

45kDa) and Ara h 2 (17-20kDa).  Ara h 1 (63.5 kDa) is not visible in the pellet 

fraction.  The undigested isolate fraction (lane 4; Figure 2) contains clear bands of 

Ara h 2-4 as well as a light band of Ara h 1.  In vitro digestion hydrolyzed the small 

molecular weight proteins in the soluble fraction (lane 5; Figure 2) to less than 3 

kDa.  The digested pellet (lane 6; Figure 2) and isolate (lane 7; Figure 2) fractions 

had only smears of small molecular weight proteins.  Pancreatin (lane 8; Figure 2) 

has several enzymes but shows a clear band at 35 kDa and a light band at 25 kDa 

along with smearing of smaller molecular weight proteins.  Pepsin (lane 9; Figure 2) 
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shows a very clear band at 39 kDa.  Pancreatin and pepsin do not appear to be 

present in the digested samples which indicate both enzymes were fully inactivated 

during the final heating step. 

 

 
Figure 2. SDS-PAGE of peanut protein fractions before and after digestion both 

enzymes used for digestion. 

 

Ara h1 and Ara h2 binding were used to represent peanut allergic proteins 

IgE binding.  The Western Blot is a representation for the sensitization part of the 

peanut protein allergic reaction.  However, it does not represent full allergenicity.  

Ara h1 binding (Figure 3) occurred at greater than 220 kDa in the peanut pellet 

sample which indicated that some of the larger insoluble proteins may have an Ara 

h1 peptide complex.  The undigested isolate fraction had clear Ara h1 binding with a 
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band at 63.5 kDa.  All the digested fractions had no Ara h1 binding indicting 

proteolytic breakdown.   

 

 
Figure 3.  Ara h1 Western Blot.  Abbreviations: Pel, undigested pellet; Sol, 

undigested soluble; Iso, undigested isolate; DP, digested pellet; DS, digested 

soluble; DI, digested isolate. 

 

The larger insoluble molecular weight proteins of the undigested pellet 

fraction indicated Ara h2 binding (Figure 4); however, there is no band where typical 

Ara h2 binding would be present.  These larger proteins most likely have Ara h2 

peptide complexes that bind the anti-Ara h2 antigen.  The undigested soluble 

fraction did not have detectable Ara h2 (Figure 2).  The undigested isolate contained 

almost all the protein and has a high amount of Ara h2 binding (Figure 4).  In vitro 

digestion hydrolyzed the larger protein in the peanut pellet fraction and broke up any 

Ara h2 complexes in those proteins.  Digestion of the peanut isolate fraction failed to 

completely fragment Ara h2 allergen protein.  The bands are lighter in the digested 
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faction indicating some proteolytic breakdown but did not eliminate the allergen.  

Many of the major food allergens are comparatively resistant to enzymatic digestion. 

 

 
Figure 4.  Ara h2 western blot.  Abbreviations: Pel, undigested pellet; Sol, 

undigested soluble; Iso, undigested isolate; DP, digested pellet; DS, digested 

soluble; DI, digested isolate. 

 

CONCLUSIONS 
Peanut pH fractionation resulted in a pellet with large, insoluble protein, a 

soluble fraction with little to no protein, and a high protein isolate.  In vitro digestion 

appeared to breakdown allergen proteins Ara h1, Ara h3, and Ara h4 and no binding 

of Ara h1 was observed in any of the digested peanut fractions.  Peanut allergen 

protein Ara h2 was present in the isolate fraction and was resistant to in vitro 

digestion with pepsin and pancreatin.  
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APPENDIX D. 
 
 
 

Positive Effects of Converting a Food and Bioprocessing Analysis Course to an 
Inquiry-Guided Approach 
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