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to endothelial dysfunction and arterial stiffening. Increased 

inflammation and oxidative stress can contribute to increased iNOS, 

eNOS uncoupling, and NF-κB activation, leading to increased blood 

pressure. This image shows the potential mechanism of effects of TC 
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Hypertension increases the risk for vascular damage, atherosclerosis, and 

subsequent cardiovascular disease (CVD) related morbidity and mortalities. The 

development and progression of several chronic conditions, including hypertension, 

are influenced by inflammation. Chronic low-grade inflammation and hypertension, 

both prevalent in the aging population, can be modulated by dietary and lifestyle 

choices. Our laboratory has previously shown that 12 weeks of tart cherry (TC) juice 

consumption can reduce systolic BP and markers of inflammation and oxidative 

stress in older adults. There are several bioactive compounds in TC and evidence 

suggests these compounds in isolation can influence inflammatory signaling 

pathways that contribute to the pathogenesis of hypertension.   

To first understand the impact of diet on BP, we conducted a cross-sectional 

study on 128 adults aged 65–80 years. Multiple linear regressions were conducted to 

examine the influence of major dietary factors on systolic and diastolic BP. We also 

wanted to understand the role of TC in reducing BP. To study this, human coronary 

artery endothelial cells (HCAEC) were exposed to 0-500μg/mL of TC extracts in the 

presence or absence of Angiotensin-II (Ang-II), which is known to increase BP and 

inflammation. Western blots were used to examine the effects of TC and/or Ang-II 
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on the protein expression of nitric oxide synthases and inflammatory molecules 

associated with the NF-κB signaling pathway.  

Results of the cross-sectional study showed a significant association between 

intake of added sugar and systolic and diastolic BP in females. Whole fruit 

consumption was associated with a reduction in diastolic BP in both males and 

females. The regression model predicted that for every 0.71 cup increase in whole 

fruit consumption, there would be a 2.8 mmHg reduction in diastolic BP.  

In the absence of Ang-II, TC exposure did not influence eNOS expression. 

Expression of iNOS was reduced by TC at all doses in the absence of Ang-II. Levels 

of p65 were significantly reduced at 62.5 and 125μg/mL compared to the control. 

Phosphorylated p65 was upregulated at the 62.5 μg/mL dose and ICAM-1 was 

similar between groups. In the presence of Ang-II, the 62.5 Ang and 125 Ang 

exposures resulted in a 0.75 fold and 0.71 fold reduction in iNOS respectively. Ang-

II did not significantly affect NOS or inflammatory markers compared to the 

control. This could be due to the metabolism of Ang-II or loss of Ang-II type 1 

receptor in cell culture.  

Our findings support increased fruit consumption for the reduction of BP in 

older adults. Additionally, TC exposure can reduce the expression of iNOS which is 

known to contribute to the development of hypertension. 
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INTRODUCTION 

1.1 Hypertension 

Blood pressure (BP) is the force of blood against arterial walls which can vary 

throughout the day under normal circumstances1. A hypertensive state causes 

damage to the heart and blood vessels resulting in cardiovascular disease (CVD)2 

and can contribute to life threatening diseases including myocardial infarction (MI) 

and stroke1. About half of the U.S. adult population has hypertension, but less than 

25% of them have it under control1.    

Inflammation plays a role in the pathogenesis of hypertension, and although 

inflammation can be a useful response for injury repair or fighting off an infection, 

chronic inflammation can be detrimental3. Certain factors including overactivity of 

the renin-angiotensin-aldosterone system (RAAS), inflammation, and oxidative 

stress can contribute to increased BP3. These factors are thought to cause protein 

modifications resulting in them being identified as non-self and thus activating the 

immune system3. 
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1.2 Endothelial Dysfunction 

Inflammation can contribute to the development of endothelial dysfunction, 

which could be a mechanism for its role in the development of hypertension3. Blood 

vessels are lined with cells that can respond to changes in factors necessary for BP 

control. An important molecule for vascular tone regulation is nitric oxide (NO) 

produced by endothelial nitric oxide synthase3. Nitric oxide synthase (NOS) has 

three isoforms including endothelial NOS (eNOS), inducible NOS (iNOS), and 

neuronal NOS (nNOS) that catalyze the reaction of L-arginine with molecular 

oxygen to produce NO and L-citrulline4. Problems with the L-arginine and NO 

pathway is linked to hypertension4. L-arginine is used as the substrate with reduced 

nicotinamide-adenine-dinucleotide phosphate (NADPH) and molecular oxygen as 

co-substrates, flavin adenine dinucleotide, tetrahydrobiopterin (BH4,) and flavin 

mononucleotide, as co-factors by the NOS isoforms5. The heme in the amino 

terminal oxygenase domain receives electrons from NADPH which bind to BH4, L-

arginine and molecular oxygen5. The electrons reduce and activate O2 to oxidize L-

arginine and L-citrulline and NO at the heme site.  

The eNOS isoform has an important role in BP regulation4. NO, when 

released from endothelial cells, increases 3’,5’-cyclic-guanosine monophosphate 

production and activation of its associated protein kinase under vascular smooth 

muscle cells (VSMC) leading to vasodilation4. Endothelial dysfunction can produce 



3 

 

a state of reduced NO bioavailability4. In endothelial dysfunction, there’s an 

imbalance of vasoconstrictors and dilators which can reduce endothelium-dependent 

vasodilation3. Inflammation can play a role in reducing NOS activity and stimulating 

oxidative stress which also contributes to hypertension3. As a defense mechanism 

against pathogens, the body produces reactive oxygen species (ROS) until the tissue 

is repaired or the pathogen is deactivated3. A chronic inflammatory state can result 

in an overproduction of ROS leading to an imbalance between the breakdown and 

production of ROS, termed oxidative stress3. Oxidative stress contributes to the 

development of endothelial dysfunction by reducing NO bioavailability and by 

producing peroxynitrite which can oxidize 4-BH4. BH4 is a cofactor of eNOS, and 

without it there can be eNOS uncoupling which promotes the production of 

superoxide by eNOS instead of NO3,6.   

Under different disease conditions, eNOS can have varying phosphorylation 

levels at different sites4. The phosphorylation of Thr495 reduces eNOS function and 

the phosphorylation of Ser633, 1177, and 615 can activate eNOS4. The dysfunction 

and uncoupling of eNOS can be influenced by an L-arginine deficiency, the S-

glutathionylation of eNOS, and the acetylation of eNOS4.  

It is important to understand the mechanisms regulating NO signaling under 

diseased conditions to improve therapeutic options4. It’s also important to 

understand molecular mechanisms influencing eNOS dysfunction and changes in 
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NO bioavailability to help develop novel therapies for hypertension4. A deficiency 

in NO by superoxide anions can lead to endothelial dysfunction and high BP4. Many 

enzymatic systems can produce reactive oxygen species (ROS) including uncoupled 

eNOS, cyclooxygenase (COX), and NADPH oxidase (NOX)4. Additionally, ROS 

produced by one source can activate the production of ROS from other sources by 

influencing other enzyme systems4. NO produced by iNOS could contribute to 

hypertension7. This is because iNOS can react with superoxide to form peroxynitrite 

contributing to endothelial dysfunction7. Arginase activity can also be increased by 

iNOS, which competes with eNOS for L-arginine resulting in reduced 

bioavailability of NO, and eNOS uncoupling7. Inhibiting iNOS has been found to 

reduce hypertension, improve vascular function and reduce oxidative stress7.   

 

1.3 NF-κB Signaling Pathway  

Activation of the NF-κB signaling pathway can also influence inflammation 

and oxidative stress by inducing the activation of cytokines and adhesion molecules 

to regulate the immune response8,9.  In hypertension that is induced by angiotensin- 

II (Ang-II), immune T-cells express higher levels of NADPH oxidase components 

that contribute to ROS production3. There are five members of the NF-κB family of 

transcription factors including Rel A/p65, Rel B, c-Rel, p50 and p52that  usually 
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occur in an inactive homo or heterodimer form in the cytoplasm10. There is ample 

evidence for the effect of Ang-II on inflammation and the NF-κB signaling 

pathway9,11. NF-κB is a transcription factor that can activate gene expression of 

cytokines and chemokines as well as inflammatory cells (Fig. 1)12,13. NF-κB can be 

activated through the canonical and noncanonical pathways. The canonical pathway 

can become activated in response to cytokine ligand receptor stimulation which 

causes the phosphorylation and subsequent degradation of IκBα, resulting in the 

freeing of dimers such as p50/p65 and p50/c-Rel and activation of NF-κB signaling 

(Fig. 2). Activation of NF-κB by Ang-II can increase expression of cellular adhesion 

molecules and chemokines9. 

 Cell adhesion molecules are located on the surface of cells which allows 

them to bind to extracellular matrix proteins or each other14. There are four major 

superfamilies of CAMs and intercellular adhesion molecules (ICAM) belong to the 

immunoglobulin superfamily14. Adhesion molecules such as ICAM-1 are important 

NF-κB target genes in endothelial cells that help inflammatory cells adhere to the 

vascular wall15. Endothelial cells express low levels of ICAM-116, but the expression 

can be upregulated by inflammatory stimuli.14 Expression of ICAM-1 can also be a 

marker of aging17. The activity of ICAM-1 is required for Ang-II induced 

hypertension and blocking ICAM-1 inhibits inflammation, ROS production, and 

vascular remodeling and dysfunction14 
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 Figure 1. Impacts of NF-κB signaling in inflammation. Source: [13] When NF-κB is 

activated, it results in the transcription of genes related to inflammation resulting in 

increased chemokine, adhesion molecule, and cytokine production13. 
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Figure 2. NF-κB signaling activation mechanism. Source: [13] In response to 

cytokine stimulation, NF-κB can become activated and produce inflammatory 

chemokines, cytokines, and enzymes13. 
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1.4 Angiotensin-II Induced Hypertension 

Ang-II is produced in vascular tissue and causes increases in BP through 

sodium and water retention and vasoconstriction18. Additionally, it can increase 

ROS production, endothelial dysfunction, NADPH oxidase activity, and 

inflammation5,18. There are two receptors used by Ang-II: the angiotensin type 1 and 

type 2 receptor18. The type 1 receptor plays a role in salt retention and blood 

pressure increases, however, Ang-II binding to the type 2 receptor promotes 

vasodilation18.  

Levels of Ang-II are usually elevated in patients with hypertension and 

contribute to high BP in mice infused with Ang-II4. Antagonists of Ang-II reduce 

BP in Ang-II dependent hypertension4. Ang-II can contribute to the uncoupling of 

eNOS4. An important mechanism contributing to the pathogenesis of hypertension is 

the uncoupling of eNOS4. Restoring eNOS coupling can be a good therapeutic 

strategy for the treatment of hypertension4. An Ang-II dependent initial activator to 

uncouple eNOS is NADPH oxidase, and it can be a good target to reduce 

hypertension4.  

Therapies for improving endothelial dysfunction and reducing eNOS 

uncoupling include drugs that interfere with the renin-angiotensin-aldosterone 

system (RAAS)5.  
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1.5 Tart Cherry as a Therapeutic Agent for the Reduction of Blood Pressure 

Dietary factors play an important role in the development of CVD19. 

Medication to reduce BP such as angiotensin-II type 1 receptor inhibitors, calcium 

channel antagonists, angiotensin converting enzyme inhibitors, and diuretics can 

help reduce BP, however, it may not address the underlying inflammation that 

contributes to the disease3. A healthy diet can be beneficial in reducing BP, CVD 

risk, and associated endothelial dysfunction and oxidative stress2. Drugs that affect 

the RAAS system have been found to elevate BH4 levels, promote eNOS 

phosphorylation and expression and improve NO bioavailability, and thus may be 

useful in the prevention of endothelial dysfunction5.  

Plant based food contain many benefits including fiber and phytochemicals 

which may contribute to anti-hypertensive effects19. The polyphenols in plants are 

used in plant defense, to ward off bacterial pathogens and some of these polyphenols 

exert biological activity in humans19. Polyphenols are found in most fruit and plants 

and can be characterized into groups based on their chemical structures19. The 

amount and types of polyphenols can differ in plant products, and the potential 

benefits of polyphenols can be influenced by the overall dietary intake of polyphenol 

containing food19.  

Polyphenols may improve the bioavailability of NO through the activation of 

eNOS and iNOS19. An accumulation of ROS in the body due to normal cell 
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metabolism results in lipid, DNA, and protein damage20. Tart cherry (TC) 

consumption has been shown to reduce oxidative stress, inflammation and exert 

other beneficial effects on health in many studies21. Specifically, there is evidence 

that TC concentrate consumption is effective for BP lowering in humans,21 however, 

the mechanism by which this occurs is not well understood. It is hypothesized that 

the effects of TC on BP occur through reductions in inflammation and oxidative 

stress, which subsequently reduces endothelial dysfunction21. Currently, a major 

obstacle in the field is that the effects of whole TC polyphenols on Ang-II induced 

endothelial dysfunction have not been studied in endothelial cells. Interventions for 

the prevention of age-related BP increases are important for reducing the burden of 

CVD2. TC is a fruit high in polyphenols. Chai et al. have previously seen beneficial 

impacts of this on inflammatory markers and DNA damage repair21.  

Several bioactive compounds are present in TC, and there is evidence 

suggesting that these compounds in isolation can influence inflammatory signaling 

pathways such as the NF-κB signaling pathway which can contribute to the 

pathogenesis of hypertension.  

In this dissertation, I first study the influence of major dietary factors on 

systolic and diastolic BP in older adults. There is evidence that this may be due to 

the modulation of inflammation and oxidative stress that can contribute to 

hypertension. However, there are several gaps in our current knowledge of the 
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molecular mechanisms of BP reduction by TC. In this study, the dose-dependent 

effects of TC with and without Ang-II exposure on nitric oxide synthases, 

components of the NF-κB pathway, and intracellular adhesion molecule -1 in human 

coronary artery endothelial cells were determined.  
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LITERATURE REVIEW EFFECTS OF TART CHERRY AND ITS 

METABOLITES ON AGING AND INFLAMMATORY CONDITIONS: 

EFFICACY AND POSSIBLE MECHANISMS 

2.1 Introduction 

Aging is an accumulation of molecular and cellular damage that increases 

the risk of disease and mortality22. Some factors that affect aging include genetics, 

environment, lifestyle, and dietary habits. Aging has far-reaching impacts including 

on the immune system and increases the number of pro-inflammatory markers in the 

blood23. The process of aging is associated, in part, with an increase in low-grade 

inflammation that makes the body more susceptible to age-associated diseases such 

as diabetes, hypertension, rheumatoid arthritis, and cancer24. The aging of 

hematopoietic stem cells and DNA damage responses can contribute to the 

manifestation of chronic inflammatory and autoimmune diseases in older adults24.  

Inflammation is a defense mechanism of the body against pathogens25. The 

process of inflammation is designed to repair damage and restore function26. 

Inflammation is usually associated with or a consequence of infections, allergens, 

toxic chemicals, obesity, a high-calorie diet, or radiation25. There are two types of 

Chapter 2 
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inflammation: acute and chronic. Acute inflammation is short-term and typically 

lasts a few minutes to a few days. Acute inflammation occurs in response to an 

inflammatory stimulus or injury and is important for tissue repair27,28. If the 

inflammatory stimulation persists, it is considered chronic inflammation, which 

contributes to chronic disease and tissue damage27. A chronic inflammatory state 

may be present in aged tissue, even if signs of infection are not present29.  

Chronic inflammatory diseases contribute to over half of deaths globally, 

including those from heart attacks, cancer, autoimmune diseases, strokes, and 

neurodegenerative diseases30,31. Common inflammatory cytokines found to be 

involved in the aging process include interleukin 6 (IL-6), interleukin 1 beta (IL-1β), 

tumor necrosis factor-alpha (TNF-α), and high-sensitivity c-reactive protein 

(hsCRP)28,30. On a molecular level, the nuclear factor kappa B (NF- κB) signaling 

pathway seems to have the most impact on promoting inflammation in aging tissues 

by upregulating the expression of TNF-α, IL-2, and IL-6 pro-inflammatory genes32. 

Inflammation is typically treated with anti-inflammatory medication, such as 

nonsteroidal anti-inflammatory drug (NSAID), ibuprofen, or naproxen, which work 

by reducing the production and release of prostaglandins and inhibiting the 

activation of neutrophils33. However, the low-grade inflammation associated with 

aging can be modified with dietary changes23.   
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In a previous study, we presented the inverse association between whole fruit 

intake and blood pressure34. Anthocyanin-rich fruits have been widely studied and 

regarded for their anti-inflammatory and antioxidant effects35–37. Belonging to the 

Rosaceae family, tart cherry (Prunus cerasus) is a drupe fruit with a higher acidity 

content than other types of cherries. As a part of the Amarelle variety, the 

Montmorency cherry is the most common type of tart cherry (TC) with red skin and 

lighter flesh compared to the Morello variety which has red-pigmented skin and dark 

flesh38. Balaton, another TC cultivar, is native to Hungary and is now grown in 

Michigan39. Many factors such as temperature, humidity, and stage of maturation 

affect the color, sugar, and phenol content of TC40. Total phenolic content decreases 

as the fruit ripens, whereas anthocyanin content, mainly cyanidin-3-

glucosylrutinoside and cyanidin-3-rutinoside, increases41. After harvesting, the 

phenolic content of TC continues to increase during cold storage. TC is usually 

processed to frozen, powder, juice, or concentrate, and the chemical content of TC is 

altered as a result. For instance, almost half of the phenolic and anthocyanin content 

leaches out into the syrup. Among all processed products, frozen TC has the highest 

anthocyanin and phenolic contents40. On the other hand, TC juice concentrate has 

high phenolics with the highest oxygen radical absorbance capacity42. Although the 

phytochemical content of TC may be altered during processing stages, all processed 
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products show antioxidant properties to different extents. Concentrated TC juice 

seems to conserve the highest phytochemical content among other processed forms.  

In this review, the effects of TC on inflammatory markers and risk factors 

that contribute to aging and inflammatory diseases are discussed. Effects of major 

TC compounds on inflammatory pathways, and the bioavailability of TC and its 

metabolites, as well as their anti-inflammatory effects, are also presented. 

 

2.2 Effects of Tart Cherry on Inflammatory Conditions and Diseases 

 

2.2.1 Cardiovascular Disease 

CVD encompasses disorders of the heart and blood vessels and is the leading 

cause of mortality in the world43. Within the United States (US), one in four deaths 

is due to CVD, costing the US about $219 billion a year44. Atherosclerosis 

contributes to thrombotic complications associated with CVD and is an 

inflammatory process from initiation to progression45.  

Keane et al.46 performed a randomized controlled trial in men with early 

hypertension to investigate the effects of TC concentrate consumption on vascular 

function. TC consumption was found to significantly reduce systolic blood pressure 

(SBP) at hours 1, 2, and 3 post-TC consumption, with a peak reduction of 7 ± 3 

mmHg 2 h after consumption. The study determined that TC intake can acutely 
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reduce SBP in men with hypertension. This is important, given that high SBP and 

dietary factors are among the largest contributors to CVD47.  

Chai et al.48 also found that TC could significantly reduce SBP. They 

conducted a randomized controlled trial in older adults aged 65-80 years that lasted 

12 weeks and resulted in a significant reduction in SBP. This study differed from the 

one by Keane et al.46 as more participants and both males and females were studied, 

a higher dose of TC concentrate (68 mL) was used, and the study was conducted for 

a longer period. SBP was significantly reduced in the TC group by a mean of 4.1 

mmHg at the end of the 12-week study period, increasing by a mean of 5.4 mmHg in 

the control group. There were no changes in diastolic blood pressure (DBP) in either 

group. Biomarkers of oxidative stress and inflammation were also reduced from the 

TC intervention21. Levels of the DNA repair enzyme 8-oxoguanine glycosylase were 

significantly increased, and CRP was significantly reduced compared to the control. 

C-reactive protein (CRP) is an inflammatory marker used to predict CVD events 

including strokes, peripheral artery disease, heart attacks, and sudden cardiac 

death49. The researchers also found a reduction in low-density lipoprotein 

cholesterol (LDL-C) as compared to the control group. Data from these studies 

suggest that the daily incorporation of TC juice into the diet may be a reasonable 

intervention for the improvement of cardiovascular health in older adults21,48.  
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Traustadottir et al.50 performed a double-blind, placebo-controlled, clinical 

trial in older adults aged 61–75 years. This study included 12 healthy individuals (6 

men and 6 women) who consumed a TC juice blend or a placebo (240 mL) twice 

daily for 14 days, separated by a 4-week washout period. Forearm ischemia-

reperfusion (I/R) was performed at baseline and again after participants consumed 

the TC juice blend or the placebo intervention. The capacity to resist oxidative 

damage from I/R was measured as changes in levels of plasma F2-isoprostanes, 

which were reduced by TC consumption but unaffected by the placebo. The TC 

intervention also reduced the urinary excretion of the oxidized nucleic acids 8-

hydroxy-2′-deoxyguanosine and 8-hydroxyguanosine. This data suggests that 

consumption of TC juice improves antioxidant defenses in older adults, as evidenced 

by an increased capacity to resist oxidative damage and reduced damage to nucleic 

acids.  

Biro et al.51 performed a cell-culture study to determine the effects of sour 

cherry extract on lipopolysaccharide (LPS)-induced endothelial inflammation. The 

sour cherry was extracted using ethanol and solid-phase extraction. They used 

human umbilical vein endothelial cells (HUVEC) and exposed them to 100 ng/ml of 

LPS and 50 ug/mL of anthocyanin Hungarian TC extract. TC was able to 

significantly reduce levels of the chemokine RANTES, also known as CCL5. 

RANTES is involved in several conditions, including atherosclerosis, cancer, and 
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autoimmune diseases52. TC reduced levels of GM-CSF, a growth factor and 

contributor to inflammation. In addition, levels of TNF-α, IL-6, and tissue 

plasminogen activator (tPA) were reduced by TC. Generally, tPA is known for its 

ability to dissolve blood clots, but it also can act as a cytokine in certain diseases53. 

The results suggest that TC was able to reduce inflammation in the HUVEC cells by 

suppressing cytokine and chemokine release. The impact of TC on thromboxane A2 

(TxA2) and PGI2 of the arachidonic acid pathway was also studied. PGI2 is 

produced from the metabolism of arachidonic acid by COX-2 and PGI2 synthase54. 

LPS increased the levels of PGI2, and TC significantly reduced levels of PGI2, 

although TxA2 was not affected. Significant reductions in the messenger ribonucleic 

acid (mRNA) expression of enzymes involved in PGI2 synthesis were caused by the 

TC extract, through its effects on COX-1, COX-2, and PGI2 synthase. COX-2 is 

generally expressed in stimulated tissues and is associated with pro-inflammatory 

conditions54. The TC extract also affected oxidative stress and antioxidant levels by 

reducing the hydrogen peroxide (H2O2)-induced levels of reactive oxygen species 

(ROS) and increasing levels of glutathione peroxidase. The results of this study 

show that TC could reduce LPS-induced inflammation and may improve endothelial 

dysfunction51. 
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2.2.2 Arthritis and Joint Diseases 

Osteoarthritis (OA) typically involves an inflammation of synovium, 

synovitis, with increased levels of inflammatory cytokines in the serum and synovial 

fluid of patients with OA as compared to healthy individuals. Inflammation can 

occur in OA joints before cartilage degeneration can be observed. Joint deterioration 

may be a consequence of chronic low-grade inflammation in a large population of 

OA patients55. 

Kuehl et al.,56 studied the effects of TC juice consumption on inflammatory 

biomarkers in participants with OA. This was a randomized, double-blind, placebo-

controlled trial. Twenty female participants (aged 40–70 years) with OA were 

included in the study and consumed 21 oz of TC juice or a placebo for 21 days. 

They found that TC juice could significantly reduce serum CRP in women with OA. 

Schumacher et al.,57 also found a reduction in hsCRP from TC juice intake in 

OA patients. In this study, the sample size was larger than the study by Kuehl et al.56 

and contained 58 participants (44 males and 14 females; mean age 56.7 years) with 

mild to moderate OA. Participants consumed 16 oz of a TC-and-apple juice blend or 

a placebo every day for 6 weeks, with a one-week washout period before switching 

treatments. A total of 46 participants completed the entire study. In addit ion to 

hsCRP, the researchers found reductions in the WOMAC osteoarthritis index, a pain 

and function test, after TC intake. 
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When uric acid accumulates in the serum, joints, and tissues, it can cause 

gout, a type of inflammatory arthritis. Martin and Coles58 conducted a 12-week, 2 × 

2 crossover, randomized, placebo-controlled dietary intervention in overweight and 

obese participants to determine the effects of 100 % TC juice consumption on serum 

urate. Participants were randomly assigned to drink either a daily 240 mL (8 oz) of 

TC juice diluted 1:6, or a placebo drink for 4 weeks. After a 4-week washout period, 

the participants were switched to the opposite beverage for an additional 4-week. 

There were 26 participants in the study (18 women and 8 men) aged 30–52 years. 

Plasma urate was found to decrease significantly by about 19.2 % after the 4 weeks 

of TC juice consumption. 

He et al.,59 conducted a study to determine the anti-inflammatory and anti-

oxidative effects of sour cherry anthocyanins on arthritis in male rats aged 6-7 

weeks. The sour cherry anthocyanins were extracted using methanol and acidified 

water. Arthritis was induced in the rats through an intradermal injection with 

complete Freund’s adjuvant. Anthocyanins, which were dissolved in water, were 

administered at 40, 20, and 10 mg/kg orally for 28 days. Levels of TNF-α and 

prostaglandin E2 (PGE2) were significantly reduced with anthocyanins at the 40 

mg/kg dose. The total antioxidant capacity and superoxide dismutase (SOD) 

increased with the anthocyanins at all doses. The levels of malondialdehyde (MDA) 

were significantly reduced at 40 mg/kg. 



21 

 

 

2.2.3 Post-exercise Inflammation and Muscle Damage 

Muscles are thought to become damaged during exercise as a result of 

mechanical and oxidative stress to the muscle fibers60. Oxidative stress can come 

from excess ROS and nitric oxide (NO) derivatives that exceed the antioxidant 

defense capacity of the body. Antioxidants have been a treatment of interest to 

reduce the muscle damage or stress associated with exercise60. Exercise-induced 

muscle damage is associated with an accumulation of inflammatory cells in muscle 

tissues. These cells can increase in muscles immediately after exercise, and the 

extent of accumulation can depend on how extensively the muscles are damaged61. 

Bowtell et al.,60 conducted a study to determine the effect of TC juice on 

functional recovery from intensive knee extensor resistance exercise and in markers 

of inflammation and oxidative stress. Ten participants with a mean age of 27.8 years 

were included in this study. Participants consumed a total of 60 mL of TC 

concentrate or a fruit-concentrate placebo for seven days before, the day of, and two 

days after exercise. Participants completed intensive knee-training sessions and a 

two-week washout period. TC consumption led to significantly faster recovery and 

reduced protein carbonyl as compared to the placebo. Recovery of knee extensor 

maximum isometric strength was enhanced with TC juice consumption. 
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In a study by Bell et al.62 the impact of TC concentrate on exercise-induced 

oxidative stress, inflammation, and muscle damage across three days of road-cycle 

racing was determined. Sixteen well-trained male cyclists (mean age 30 years ± 8 

years) were included in the study. Participants consumed 60 mL of TC every day for 

a week. Participants performed a high intensity, simulated, stochastic road cycling 

trial for the last three days of the week. The researchers found that TC-attenuated 

lipid hydroperoxide (LOOH), a marker of oxidative stress, compared to the placebo 

group, and the greatest difference between the groups occurred on Day 3. Levels of 

IL-6 and hsCRP were significantly lower in the TC group as compared to the control 

group. This study demonstrated a useful application for TC consumption during 

repeated days of high intensity cycling and possibly other back-to-back days of 

sporting activities that cause increases in levels of inflammation and oxidative stress. 

Exhaustively working out for a long time can upregulate chemotactic 

cytokine expression in the airways and result in inflammation of the respiratory 

mucosa. This is referred to as exercise-induced airway inflammation and can be 

triggered by many factors, including pollutants, oxidative stress, and 

hyperventilation63. Dimitriou et al.63 conducted a study to determine the effects of a 

cherry juice blend on exercise-induced airway inflammation. This study was 

conducted with 20 marathon runners and included both males and females aged 14–

40 years.  Participants were asked to consume 472 mL of a TC-and-apple juice 
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blend or a placebo for five days prior to, the day of the marathon, and 48 h following 

the marathon (eight days total). The results indicated that serum CRP was 

significantly lower in the TC group compared to the placebo both 24 and 48 h after 

the marathon. In the placebo group, the incidence and severity of upper respiratory 

tract symptoms (URTS) were increased at 24 and 48 h following the marathon, 

compared to the pre-marathon levels. URTS were significantly higher in the placebo 

group at 24- and 48-h post-race as compared to the TC group. No URTS were 

reported in the TC group at 24- and 48-h post-marathon, as opposed to the placebo 

group, in which 50 % (5/10) of the runners developed URTS. TC may be a good 

treatment for exercise-induced pulmonary inflammation to protect or alleviate the 

URT from inflammatory symptoms. 

 

2.2.4 Obesity 

In the National Health and Nutrition Examination Survey, the prevalence of 

obesity among adults was 38.3 %, according to data collected from 2013 to 201647. 

Additionally, according to 2015–2016 data, the prevalence was 20.6 % for 

individuals aged 12–19 years47.  

Obesity is caused by overeating, which results in calorie and/or nutrient 

overload, excess fat storage, weight gain, and disease development28,64. Calorie 
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overload can contribute to adipocyte dysfunction, which leads to an inflammatory 

response that can speed up triglyceride metabolism and increase the levels of free 

fatty acids in the blood. Over time, the presence of these free fatty acids can activate 

stress kinases that inhibit insulin signaling pathways, resulting in insulin resistance 

and β-cell damage64,65. Research has shown that the adipose tissue of obese mice 

have an overexpression of the proinflammatory cytokine TNF-α66. Further, adipose 

tissue plays a role in the regulation of glucose in the body, and the common 

complications that result from obesity include atherosclerosis, impaired glucose 

tolerance, and insulin resistance, which can result in type 2 diabetes mellitus 

(T2DM)64. 

Nemes et al.64 conducted a study with mice to determine whether the 

Hungarian sour cherry variety VN1 could offset the effects of a high-fat diet in 

mice. The sour cherry was extracted using ethanol and filtration. The mice were 

divided into three groups: the first group, control (n = 11), received standard chow 

and tap water; a second group that consumed a high-fat diet that contained 5% 

sucrose (n = 12); and a third group that consumed a high-fat diet with sucrose and 60 

mg/kg of TC extract daily in their drinking water (n = 12). After six weeks on these 

diets, the high-fat group, and the high-fat + TC group both showed a significant 

increase in levels of fasting blood glucose and a reduced glucose tolerance as 

compared to the control group. Between the two high-fat-diet groups, the addition of 
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TC was not able to reduce fasting blood glucose or improve glucose tolerance. The 

levels of IL-6 were significantly increased in the high-fat group as compared to the 

control, and there was no difference between the high-fat and TC-supplemented 

group and the control group. The levels of MCP-1 were significantly elevated in 

both the high-fat and high-fat + TC groups when compared to the control. In the 

high-fat mice, the levels of SOD were significantly reduced by the end of the 

experiment. TC increased the levels of SOD as compared to both the control and 

high-fat groups. The researchers concluded that TC anthocyanins (cyanidin-3-O-

glucoside, cyanidin-3-O-glucosyl-rutinoside, and cyanidin-3-O-rutinoside) can 

reduce inflammatory cytokines in adipocytes and improve the antioxidant status in 

the body. TC may prevent the development of metabolic syndrome, and anthocyanin 

intake has the potential to enhance redox status and alleviate inflammation 

associated with obesity.  

Martin et al.67 conducted a 10-week randomized, placebo-controlled, 

crossover dietary intervention study with overweight and obese participants. The 

participants were randomly assigned to consume 240 mL of a placebo or 100 % TC 

juice every day for 4 weeks, followed by a washout period and consumption of the 

alternative beverage for 4 weeks. MCP-1 was significantly reduced by ~15.8 % from 

the TC intake and was slightly elevated from the placebo. Erythrocyte sedimentation 
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rate, a marker of chronic inflammation, was also reduced significantly by TC intake 

and increased from the placebo consumption.  

TC may be able to alter adipose gene expression by changing the activity of 

tissue peroxisome proliferator-activated receptors (PPARs). In a study conducted by 

Seymour et al.,68, the effect of anthocyanin-rich TC was tested on rats in a 90-day 

randomized, controlled animal trial. The rats that were fed a 1% (w/w) freeze-dried 

whole TC powder along with a high-fat diet had reduced hyperlipidemia and 

abdominal fat weight. Plasma IL-6 and TNF-α were reduced by 44 % and 40 %, 

respectively. The researchers also found that PPAR-α and PPAR-γ mRNA levels 

were reduced. Further, several NF-κB regulated transcripts, including IL-6 and 

TNF-α, were reduced in retroperitoneal fat in the TC group. The researchers 

observed that inflammation and expression of inflammation-related genes were 

reduced by dietary intake of anthocyanin-rich TC. 

 

2.2.5 Cognitive Disorders 

Cognitive decline and loss of neurons in the brain are characteristics of 

Alzheimer’s disease (AD), and inflammation has been found in the postmortem 

brain tissue of AD patients69. The presence of inflammation has led to the hypothesis 

that enhanced microglial activation and other inflammatory factors made by the 
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brain can potentially damage neurons or axons70. In addition, inflammation may be 

detected or present early in the development of AD70. The brain uses acute 

inflammation as a defense against toxins or injury, but when there is too much 

inflammation or chronic inflammation, this can result in AD. This is thought to be 

due to the release of cytokines and activated microglial cells69. Aging is an 

important risk factor for the development of AD70, and studies have shown that 

inflammation reduction can reduce the risk of developing AD 69,70. 

Kim et al.71 examined the protective effects of sour cherry phenolics in 

neuronal cells. The cherry phenolics were extracted using methanol. The study used 

neuronal PC 12 cells derived from rat pheochromocytoma under cell-damaging 

oxidative stress. The cells were preincubated with cherry phenolic extract and then 

treated with H2O2. The control group received no treatment with H2O2 or the cherry 

phenolic extract. The H2O2 caused a reduction in cell viability, but, with the cherry 

phenolics, the cell viability was improved in a dose-dependent manner. This may be 

due to the ability of TC phenolics to protect against oxidative stress in cells. 

Carson72 conducted a study to determine the effects of TC on neuropathic 

pain in non-diabetic peripheral polyneuropathies. This is a common condition that 

typically affects individuals aged 50 years and over and can develop from injury to 

nerve tissue, nerve compression, or autoimmune attacks72. The study included 12 

patients with painful lower extremity peripheral neuropathy. The participants 
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described their pain as 9–10 out of 10 more than half of the time. All participants 

drank 8 oz of 100 % TC juice from concentrate every day for two weeks. At the end 

of the study, the participants rated their maximum peripheral neuropathy pain. Two 

patients reported no improvement, three patients reported a reduction of maximum 

pain to 5–8 (out of 10), five patients reported 2–4 (out of 10), and two patients 

reported 0–1 (out of 10). This indicates that more than half of the participants had a 

50 % or greater reduction in maximum pain. It was concluded that a 2-week course 

of TC juice can significantly improve nondiabetic peripheral neuropathy pain in a 

majority of participants. 

Chai et al.73 measured the effect of TC concentrate on memory and cognitive 

performance in older adults aged 65–80 years. This was a 12-week parallel, 

randomized controlled trial. Thirty-four participants, with 17 in each group, 

completed the study. The TC juice included 68 mL of concentrate. After the 

intervention, participants in the TC group had higher contentment with memory 

scores, reduced movement time scores, and increased performance of the paired 

associates learning task as compared to the control group. The within-group analysis 

showed that visual sustained attention and spatial working memory improved after 

the 12-week consumption of TC juice as compared to baseline values. This study 

demonstrated that the daily intake of TC juice by older adults may help to improve 

subjective memory and cognitive abilities in older adults, as evidenced by increased 
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contentment with memory, improved visual sustained attention and spatial working 

memory, and reduced movement time and total errors made on learning new tasks. 

 

2.2.6 Cancer 

Inflammation may predispose an individual to develop cancer, as it plays an 

important role in tumor growth and progression74. Ogur et al.75 investigated the anti-

cancer effects of TC extract in mammary adenocarcinoma (MCF-7) and mouse 

mammary tumor cell (4T1) breast cancer cell lines in vitro. The TC extraction was 

performed using ethanol. The addition of encapsulated TC extract to the MCF-7 and 

4T1 cell cultures significantly reduced cell proliferation. A concentration of 50 

μg/ml encapsulated TC extract was found to inhibit cell growth by 37 % in the 

MCF-7 cells and 48 % in the 4T1 cells. A concentration of 100 μg/ml inhibited cell 

proliferation by over 50 % in both cell types75. Levels of asymmetric 

dimethylarginine were also significantly reduced in the cells after supplementation 

with TC. Asymmetric dimethylarginine is a NO synthase inhibitor and, thus, has the 

ability to reduce NO concentrations and potentially inhibit endothelial dysfunction76. 

Kang et al.77 investigated the inhibitory effect of TC anthocyanins on tumor 

development in ApcMin mice and reduction of proliferation in human colon cancer 

cell lines HT 29 and HCT 116. Rats were divided into five treatment groups, with 10 
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mice in each group and an equal number of males and females. The control group 

consumed a standard diet, the second group consumed the control diet in addition to 

800 mg/l of anthocyanins from TC in their drinking water, the third group consumed 

the control diet in addition to 200 mg/l of cyanidin in their water, the fourth group 

had the control diet with 200 mg/l of sulindac (an NSAID) in their water, and the 

fifth group consumed a modified control diet with 200 g/kg of freeze-dried TC 

added. At the end of the 10-week intervention, the anthocyanin, cyanidin, and TC 

groups showed a reduction in the number and total volume of tumors in the cecum 

as compared to the control and sulindac groups. Treatment with anthocyanins or 

cyanidin resulted in a reduction in cell number in both the HCT 116 and HT 29 cells 

in a dose-dependent manner. Neither the anthocyanin nor the cyanidin treatment 

caused cytotoxicity, but cyanidin was more effective at inhibiting the growth of the 

cancer cell lines than the anthocyanins. The researchers concluded that TC 

anthocyanins and cyanidin may reduce the risk of colon cancer75. 

Anthocyanin-rich TC has been shown to reduce the risk of cancer through 

inhibition of cell proliferation or apoptosis. In an in-vitro study, Martin and 

Wooden78 examined the effects of different concentrations of TC on apoptosis and 

cell proliferation in ApcMin mice. MCF-7 cells were incubated with 0.03–30 % TC. 

The results indicated that mitogenesis and cell proliferation were decreased at 

concentrations greater than 10 %, likely due to necrosis. At TC concentrations less 
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than 10 %, cell proliferation was not different from that of the control group. 

Apoptosis was increased at concentrations of 3% and 10 % by 34%–44%, 

respectively. Apoptosis was significantly reduced, however, with the 1% TC juice 

treatment by 20 % as a result of banding of incubated cells to 1% TC juice, which is 

less dense than are the control cells. The results from this and many related studies 

suggest that consuming fruits rich in polyphenols, such as TC, might be beneficial 

for reducing the risk of cancer as well as other chronic diseases78. 

Combination therapy might be an effective treatment for diseases such as 

cancer. Pharmaceutical drugs are often associated with adverse effects on health. 

Sulindac, for instance, is an NSAID that has been shown to prevent the progression 

of adenomatous polyps in ApcMin mice. Higher dosages of this drug, however, may 

increase the risk of gastrointestinal bleeding and ulceration. Bobe et al.79 found that 

the application of a suboptimal dosage of sulindac in combination with dietary 

anthocyanin-rich Balaton TC extract may be more effective at inhibiting intestinal 

tumorigenesis in ApcMin mice than the use of Sulindac alone. The TC extracts were 

prepared using methanol. A total of 141 mice, 4–5 weeks of age, were randomly 

placed in five groups with different dietary treatments. TC extract was added to the 

food of Groups 1–5 at concentrations of 0, 375, 750, 1500, or 3000 mg/ kg of diet, 

respectively. All diets contained 100 mg of sulindac. The other elements of the diet 

were the same in all groups. The mice were sacrificed after 19 weeks. The results 
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indicated that mice fed anthocyanin and sulindac had a 20 % smaller total tumor 

area and a 22 % lower tumor number in the small intestine. Statistically, however, 

there were no linear or quadratic associations between the anthocyanin dosages and 

tumor number or area. The data showed that the ApcMin mice that consumed the 

lower two dosages of crude anthocyanin tended to have a lower number and burden 

of papillary tumors than did the ones who received the higher two dosages. The 

results of this study suggest that a combination diet of anthocyanin-rich TC extract 

with suboptimal dosages of sulindac could be a promising approach for colon cancer 

prevention in high-risk groups.  

 

2.3 Mechanisms of Effectiveness  

2.3.1 Components of Tart Cherry 

Montmorency TC and its processed products are functional foods that are 

rich in phytochemicals, including isorhamnetin rutinoside, kaempferol, quercetin, 

catechin, epicatechin, procyanidins, and anthocyanins39. Anthocyanins are a type of 

flavonoid that gives pigmentation to plants and possesses antioxidative properties39. 

Cyanidin derivatives are the major anthocyanins of TC39,80. The analysis of 

Montmorency TC shows that the major anthocyanins in TC are cyanidin 3-

glycosylrutinoside, followed by cyanidin 3-rutinoside and cyanidin sophoroside39,80. 
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Kirakosyan et al.39 found that 93 % of the total anthocyanins in Montmorency TC 

are cyanidins. The other anthocyanins in TC include peonidin 3-glucoside, cyanidin-

3-glucoside, and isorhamnetin rutinoside39,71. The phenolic compounds in TC are 

hydroxycinnamates (such as chlorogenic acid and neochlorogenic acid), 

procyanidins, flavonol glycosides, and epicatechins80. The researchers Kirakosyan et 

al.39 found melatonin (N-acetyl-5-methoxytryptamine) in frozen and individually 

quick-frozen powders of both Montmorency and Balaton TCs, with higher amounts 

in Montmorency. Dried TC and TC concentrates were not found to contain 

melatonin, which may be due to the instability of melatonin during processing and 

storage39. Montmorency TC skins have more total phenolics than do their pits or 

flesh80. 

Quercetin and kaempferol are flavonoids that have shown antioxidant, anti-

inflammatory, cardioprotective, and anti-hypertensive effects in animal studies81. 

Sources of quercetin and kaempferol include tart cherries, blueberries, apples, 

onions, and chili peppers39,81. Cyanidins are common in berries such as acai berries, 

bilberries, and blackberries82. Research has shown that these compounds can 

individually affect inflammatory pathways. Note that some of the studies presented 

utilize pure polyphenolic compounds that were commercially purchased. 
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2.3.2 Modulation of Inflammatory Pathways 

2.3.2.1 NF-κB pathway 

NF-κB is a family of transcription factors that are involved with 

inflammation, proliferation, differentiation, and cell survival83. There are five 

subunits in the NF-κB family: p100/p52, p105/p50, RelA/p65, RelB, and c-Rel, 

which can form dimers to produce NF-κB transcription factors83. NF-κB 

transcription factors are usually inactive in unstimulated cells because they are 

bound to an inhibitor of the κB molecule (IκB). When IκB is degraded, NF-κB is 

freed83. Chronic systemic inflammation (CSI) is an underlying cause of the 

development and progression of atherosclerotic vascular lesions84. Quercetin 

reduces the formation of ROS by inhibiting or reducing the activity of nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase (or NOX), xanthine oxidase, 

COX, and lipoxygenase84. IL-1β and TNF-α are two inflammatory mediators that 

are produced in response to pathogenic stimuli that affect the transcription of the 

NF-κB gene84. Chekalina et al.,84 examined the effects of quercetin on the markers 

of CSI in stable coronary artery disease (CAD)84. The study included 85 patients (36 

females and 49 males) aged 48–67 years. Patients in the experimental group 

consumed a daily dose of 120 mg of quercetin and received basic therapy 

(medication and lifestyle changes), while the control group received basic therapy 



35 

 

only. Cytokines, including IL-1β, TNF-α, and IL-10, were elevated in both groups of 

patients, but, after two months of the intervention, the quercetin group showed a 

reduction in levels of IL–1β. No significant changes in cytokine levels were noted in 

the control group, which received basic therapy. Expression of the IκBα gene was 

also significantly reduced in the patients’ blood mononuclear cells after consuming 

the quercetin as compared to the response in the control group. These results show 

that quercetin in patients with stable CAD reduces the levels of IL-1β, TNF-α, and 

mRNA levels of IκBα84. This indicates a reduction in inflammatory cytokines by 

quercetin.   

Ruiz et al.,85 used mouse intestinal epithelial cell (IEC) line Mode-K to study 

the effects of quercetin and its enteric bacterial metabolites on proinflammatory 

gene expression. These cells were stimulated with TNF in the presence or absence of 

quercetin, taxifolin, alphitonin, and 3,4-dihydroxy-phenylacetic acid (bacterial 

metabolites of quercetin). Eight-week-old mice were fed 10 mg/kg of quercetin 

orally per day (n = 11), and the control group was fed its dissolvent, propylene 

glycol (n = 10). The mice were sacrificed after 10 weeks, and primary IEC cells 

were isolated from the ileum. These cells were treated with quercetin or its bacterial 

metabolites after stimulation with TNF. The results showed that quercetin 

significantly inhibited Akt phosphorylation and NF-κB–dependent interferon-γ-

inducible protein 10 (IP-10) and macrophage inflammatory protein 2 (MIP-2) 
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expression. Quercetin also inhibited the recruitment of the NF-κB cofactor 

CBP/p300 to the IP-10 and MIP-2 gene promoters, which suggests that quercetin 

may target the TNF-induced transcriptional regulation of the chromatin. Quercetin 

was found to reduce total histone acetyl transferase (HAT) activity and block TNF-

induced acetylation and/or phosphorylation of H3 at the IP-10 and MIP-2 gene 

promoters. It may be likely that the inhibitory effect of quercetin on the PI3 

kinase/Akt signaling cascade may directly affect the NF-κB-dependent gene 

expression by modulating CBP/p300 recruitment and/or HAT activity at the 

chromatin. None of the bacterial metabolites inhibited TNF-induced IP-10, Akt 

phosphorylation, or MIP-2 protein production, which suggests that the bacterial 

transformation of quercetin may reduce its anti-inflammatory abilities. The results 

suggest that the mechanism by which quercetin may reduce TNF induced 

inflammation in IEC cells is by inhibiting cofactor recruitment at the chromatin of 

proinflammatory genes. 

Sun and Li86 studied the effect of cyanidin-3-glucoside (C3G) on fibroblast-

like synoviocytes (FLS). When the researchers exposed the FLS cells to 10umol/l, 

20umol/L, and 40umol/L of C3G for 12 h, followed by LPS for 12 h, they found that 

proinflammatory cytokines, such as TNFα, IL-1β, and IL-6, were all inhibited in a 

dose-dependent manner. The mRNA levels of these compounds were all 

significantly inhibited by C3G treatment in a dose-dependent manner, suggesting 
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possible anti-inflammatory effects of C3G in FLS cells. The activation of 

inflammatory pathways is necessary for the expression of pro-inflammatory 

cytokines, and C3G can inhibit LPS-induced proinflammatory cytokine production 

by affecting the NF-κB pathway. C3G treatment reduced the expression of p65 and 

the phosphorylation of IκBα. The protein levels of p-p65 and p-IκBα were also 

significantly reduced, indicating that C3G inhibited the NF-κB activation in FLS 

cells. 

In another study, Jung et al.,87 sought to determine the effects of C3G and 

cyanidin-3-rutinoside (C3R) against H2O2-induced oxidative stress and LPS-induced 

inflammation using RAW 264.7 murine macrophage cells. C3R was found to 

downregulate NF-κB expressions. LPS-induced IκBα degradation was significantly 

inhibited by both C3G and C3R as compared with control cells. 

Allergic reactions involve a hypersensitivity response of the immune 

system88. Atopic dermatitis is a type of allergic reaction that presents as dry skin, 

hypersensitivity, thickening of the skin, and eczematous skin lesions. The 

researchers sought to determine the effects of C3R on allergic inflammation and the 

underlying mechanism, using the human mast cell line HMC-188. These cells were 

treated with various concentrations of C3R (0.1-100 ug/mL) and stimulated with 

phorbol-12-myristate-13-acetate (PMA) and A23187 to induce allergic 

inflammation. The results indicated that C3R significantly reduced the secretion of 
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IL-1β, IL-6, and TNF-α and their mRNA levels. C3R inhibited the phosphorylation 

of NF-κB p65 in mast cells. Patients with allergic inflammatory diseases are 

sometimes treated with an inhibitor of caspase-1. This study found that the 

PMA/A23187 stimulation induced caspase-1 and was suppressed by C3R treatment. 

C3R also was found to reduce thymic stromal lymphopoietin (TSLP) and its mRNA 

levels as well as to reduce histamine release. TSLP is an epithelial-derived cytokine 

and is influenced by NF-κB activation. The researchers concluded that C3R may 

reduce allergic inflammation by affecting the NF-κB pathway and reducing 

inflammatory cytokine secretion and allergic mediators. 

Kadioglu et al.89 tested the anti-inflammatory activity of kaempferol in 

Jurkat leukemia cells. Molecular docking studies have shown that kaempferol shares 

comparable docking poses and binding energies with MG-132, a known NF-κB 

inhibitor. Kaempferol induced a dose-dependent inhibition of NF-κB activity in 

secreted embryonic alkaline phosphatase (SEAP)-driven NF-κB reporter cells with 

varying TNF-α concentrations with weaker inhibition as compared to MG-132. In 

addition, kaempferol (10 μM) inhibited NF-κB–DNA electromobility shift assay. 

TNF-α induction followed by treatment with kaempferol yielded inhibition of 

nuclear translocation of NF-κB p65. In-silico calculations were conducted on NF-κB 

pathway proteins, which indicated that kaempferol showed similar docking poses 

and comparable binding energies to MG-132. The binding energy implied that 
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kaempferol may intercalate into DNA and inhibit the binding of NF-κB to DNA. 

The results indicate that kaempferol affects the NF-κB pathway and may act as an 

anticancer compound.  

Kim et al.90 performed an animal and cell culture study to determine the 

effects of kaempferol on advanced glycation end products (AGE)-induced NF-κB 

activation. AGE is a common characteristic of aging and results from the reaction 

between carbohydrates and the free amino groups of proteins90. The results indicated 

that old rats (24 months old) had greater levels of AGE compared to young rats (6 

months old). Short-term kaempferol supplementation for 10 days of 2 mg/kg or 4 

mg/kg significantly reduced AGE in old mice as compared to un-supplemented old 

mice, and the receptor for AGE (RAGE) was reduced by a 4 mg/kg dose of 

kaempferol. Kaempferol supplementation reduced the DNA binding of NF-κB that 

increased with age and reduced the phosphorylation of IκBα and p65 as well as the 

translocation of the p50 and p65 subunits. The researchers also found that the 

expression of NF-κB-dependent genes and adhesion molecules MMP-9, MCP-1, 

RANTES, CAM-1, and ICAM-1 were all reduced by kaempferol intake. Similar 

results on AGE and RAGE expressions were determined when rat prostate 

endothelial cells (YPEN-1) were exposed to AGE and kaempferol. Kaempferol also 

significantly blocked total reactive species generation caused by AGE. The AGE-

induced NF-κB activation was significantly blocked by the two NOX inhibitors, 
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APO and DPI, which suggests that kaempferol’s attenuation of AGE-induced NF-

κB activation may be through the inhibition of NOX-produced reactive species. 

These data suggest that kaempferol possesses anti-inflammatory and anti-oxidative 

properties, due to its effects on NF-κB and NOX and may have therapeutic potential 

for the treatment and prevention of age-related inflammation and disease90. Figure 3 

shows the molecular targets of TC compounds in the NF-κB inflammatory signaling 

pathway. 
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Figure 3. Influences of tart cherry components on the NF-κB pathway. The 

molecular targets of TC compounds in the NF-κB inflammatory signaling pathway. 

C3G, cyanidin 3-glucoside; C3R, cyanidin 3-rutinoside; IκBα, nuclear factor kappa 

light polypeptide gene enhancer in B-cells alpha. 

 



42 

 

2.3.2.2 MAPK pathway 

Mitogen-activated protein kinase (MAPK) has three main families: 

p38/SAPKs (stress-activated protein kinases), extracellular-signal regulated kinases 

(ERK), and Jun amino-terminal kinases (JNK)91. The JNK family plays a role in 

inflammation and cytokine production91. When an inflammatory stimulus is 

experienced, macrophages and intracellular signaling pathways produce a signal for 

inflammatory mediators to become active92. The receptors activated in the 

inflammatory response, such as the TNF receptor family or the Toll receptors, 

trigger the MAPK and NF-κB pathways92. MAPK activation leads to the 

phosphorylation and activation of transcription factors in the cytoplasm or nucleus, 

which results in gene expression92. The p38 MAPK pathway can be stimulated by a 

variety of cytokines and can produce and activate inflammatory mediators to initiate 

leukocyte recruitment, thus playing a role in inflammation92. The activation of p38 

MAPK also can generate inducible nitric oxide synthase (iNOS) and the production 

of an inflammatory response from macrophages92. 

Sun and Li86 found that C3G could reduce LPS-induced pro-inflammatory 

cytokines TNF-α, IL-1β, and IL-6 in FLS. C3G treatment reduced the 

phosphorylation of ERK, p38, and JNK as well as the protein levels of p-ERK, p-

p38, and p-JNK, indicating that C3G can inhibit MAPK activation, which may 

reduce the production of cytokines. 
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Jeon et al.,88 found that C3R treatment could reduce PMA/A23187-induced 

secretion of IL-1β, IL-6, and TNF-α as well as their mRNA levels. C3R treatment 

also reduced the PMA/A23187-induced phosphorylation of JNK, ERK, and p38, 

indicating C3R’s role in regulating the MAPK signaling pathway in mast cells88. 

Figure 4 shows the molecular targets of TC compounds on the MAPK inflammatory 

signaling pathway. 
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Figure 4. MAPK mechanism. Tart cherry compounds including cyanidin-3-

glucoside and cyanidin-3-rutinoside can influence the MAPK pathway. 
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2.3.2.3 Arachidonic Acid Signaling Pathway 

Arachidonic acid (AA) is a fatty acid, and its free form can be metabolized 

by four possible enzymatic pathways, including cyclooxygenase, lipoxygenase, 

cytochrome p450, and anandamide93. The COX pathway includes COX-1 and COX-

2 as well as enzymes that help produce prostaglandins93. 

Jung et al.,87 found that C3G and C3R significantly reduced H2O2-induced 

cytotoxicity in RAW 264.7 murine macrophage cells and ROS and DNA damage as 

compared to the control. These compounds also suppressed LPS-induced PGE2 

production by over 50 % in a dose-dependent manner. Both compounds also 

inhibited COX-2 expression. The researchers found that C3R and C3G exhibited 

similar antioxidant and anti-inflammatory activities, suggesting that both 

anthocyanins are physiologically potent. 

 

2.3.2.4 NADPH pathway 

NOX genes produce transmembrane proteins that can cause oxygen to be 

reduced to superoxide94. NOX produces ROS, which can reduce the bioavailability 

of NO94.  

When ROS production exceeds the antioxidant defense system capacity, 

there is oxidative stress and damage to lipids, proteins, and DNA87,95. Examples of 
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ROS include dioxide (O2), H2O2, NO, and hydroxide (OH), which are constantly 

produced in aerobic cells87,96. Macrophages have an important role in the regulation 

of inflammation due to their production of NO, PGE2, and cytokines. Jung et al.,87 

found that C3G had a significantly higher nitrite-scavenging activity than did C3R at 

the same concentration. When RAW 264.7 murine macrophage cells were treated 

with anthocyanins, they suppressed the H2O2-induced cytotoxicity and DNA 

fragmentation. Both anthocyanins significantly reduced the production of NO and 

downregulated iNOS expression. The researchers concluded that the antioxidant 

effects of C3G and C3R may be related to the reduction of intracellular ROS 

production, inflammatory mediators, and DNA damage.  

 

2.3.3 Polyphenol metabolites, bioavailability, and pharmacodynamics 

Anthocyanins may contribute to the positive health effects of TC, but they 

are typically believed to have low bioavailability in the body, in ranges of 2% or 

less97. Processing and storage may reduce the biological activity and bioavailability 

of anthocyanins due to the formation of anthocyanin derivatives39. If parent 

compounds, in addition to metabolites and conjugated products of anthocyanins, are 

considered, however, the bioavailability may be greater97. The blood carries 
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nutrients to target organs, and, thus, the concentrations of anthocyanins and their 

metabolites in the plasma may be important for its physiological effects97. 

After food consumption, normal processes in the body can produce ROS, 

which contribute to reduced antioxidant capacity and the pathogenesis of chronic 

diseases98. Seymour et al.98 found that TC antioxidant capacity in the plasma and 

urine can be detected even 12 h after consumption of 45–90 cherries. They 

conducted a crossover clinical trial study in which 12 healthy subjects were fed 45 

or 90 individually quick-frozen TCs, and biological samples were collected over 12 

h. At the 45-TC dose, there was a significant increase in mean trolox equivalent 

antioxidant capacity (TEAC) as compared to baseline detected at hours 1 and 1298. 

The TEAC for this dose reached its lowest point at hour 6, which corresponds to the 

elimination half-life of parent anthocyanins in plasma and with peak urinary 

excretion of anthocyanin metabolites. The consumption of 90 whole TCs resulted in 

significant increases in TEAC as compared to baseline at hours 1, 8, and 1298. This 

dose produced a positive AUC, indicating that the antioxidant capacity was 

significant throughout the study and counteracted ROS generation by food 

consumption. A delayed increase in antioxidant effects was observed 8–12 h after 

the consumption of both TC doses, indicating that active metabolites may have been 

produced by gut flora and reabsorbed into the systemic circulation. 
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Cyanidin and peonidin are major anthocyanin compounds in TC39. In a study 

by de Ferrars et al.99, eight healthy male participants were fed a 500 mg bolus of 

13C-labeled C3G and serum was collected and analyzed over a 48 -h period. A total 

of 17 13C-labeled compounds were detected in the serum, and the maximal 

concentrations of these compounds were seen 2–30 h post- consumption. 

Protocatechuic acid (PCA) and its metabolites, including vanillic acid 

(VA) and hippuric acid were the most abundant metabolites detected in the serum.  

Keane et al.100 investigated the time course of phenolic compounds in the 

body, following TC concentrate consumption, and determined the effect of phenolic 

compounds on vascular smooth muscle cell (VSMC) behavior. This double-blind, 

crossover study included 12 males with a mean age of 26 ± 3 years, who consumed 

30 mL or 60 mL of TC concentrate. Blood was collected at baseline and 1, 2, 3, 4, 

and 8 h post-consumption. Levels of the phenolics chlorogenic acid (CHL), PCA, 

and VA were studied because these are the most abundant degradation products of 

the anthocyanins cyanidin and peonidin, which are detected in whole TC and 

concentrate100. The results indicated that both PCA and VA were most bioavailable 

in the plasma 1–2 h after Montmorency TC consumption. CHL was not detected in 

plasma post-TC consumption. When PCA and VA were separately applied to 

VSMC in vitro, there were no significant increases in migration behavior as 

compared to the control group. When PCA and VA were added together, however, 
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the migration of VSMC significantly increased as compared to the control group, 

although there were no effects on cell proliferation. The results suggest that PCA 

and VA may be beneficial for vascular remodeling.  

PCA has been found to inhibit LPS-induced production of inflammatory 

markers in BV2 microglia cells, including TNF-α, IL-1β, IL-6, and PGE2, in a dose-

dependent manner101. PCA also inhibited NF-κB p65 and IκBα phosphorylation and 

inhibited activation of the MAPKs p38, JNK, and ERK101. VA has been found to 

reduce LPS-induced inflammatory markers, such as TNF-α and IL-6, in mouse 

peritoneal macrophages102. It also was found to suppress COX-2 levels, PGE2, and 

NO production. VA reduced IκBα degradation and reduced Rel/p65 levels in the 

nucleus. Results of these studies suggest that PCA and VA are active TC metabolites 

that may contribute to their anti-inflammatory effects.  

 

2.4 Conclusion 

This review provides evidence that TC or its bioactive components can 

modulate several inflammatory cytokines and cellular and molecular targets in 

inflammatory signaling pathways, and thus may be considered an agent for the 

management of inflammatory diseases and associated symptoms. TC was shown to 

reduce SBP, hsCRP, TNF-α, IL-6 and other markers of inflammation and oxidative 
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stress, demonstrating promise for the management of inflammation associated with 

metabolic syndrome in adults. TC may also play a role in the reduction of pain 

associated with inflammatory diseases such as osteoarthritis and neuropathy, 

increases in antioxidative enzymes such as SOD, and improvements in cognitive 

functioning including improved memory and reduced movement time.  

The effects of TC are clear in various diseases and models, including human, 

animal, and cell. These anti-inflammatory effects may be due to the bioactive 

compounds in TC, as studies have shown that the major compounds in TC affect 

inflammatory signaling pathways. Additionally, when TC is metabolized, the 

breakdown products also may affect these pathways. TC has potential as a 

therapeutic for inflammatory diseases and associated risk factors. 

Based on the collective evidence of these studies, TC supplementation 

provides various health benefits when consumed over the course of a few weeks to a 

few months. Most of the studies included in this review provided participants TC 

concentrate or juice supplementation. Translation of this information to a dietary 

supplement in pill form would require further research into how this would affect 

the anthocyanin content and absorption in the body. Other considerations include 

long term impacts of daily supplementation, and the shelf-life of these supplements 

as the breakdown of anthocyanins can result from light exposure or moisture from 

storage. 
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WHOLE FRUIT AND ADDED SUGAR INTAKE IS ASSOCIATED WITH 

BLOOD PRESSURE 

3.1 Introduction 

Hypertension affects one in three American adults and increases the risk for 

CVD, including heart disease, stroke, and heart failure, as well as non-

cardiovascular conditions, including kidney disease and vision loss1,103. Although 

hypertension is common among adults of all ages, the prevalence of hypertension is 

significantly higher in adults aged 60 and over104. For years, a systolic BP of ≥140 

mmHg and a diastolic BP of ≥90 mmHg were considered the threshold for 

hypertension105. New BP guidelines, however, classify hypertension as systolic BP 

≥130 mmHg or diastolic BP ≥80 mmHg. This change was enacted due to evidence 

that shows a risk of CVD at lower BP values106. 

Common treatments for high BP include angiotensin-converting enzyme 

inhibitors, beta-blockers, calcium antagonists, and diuretics. The number of 

prescriptions for antihypertensive medications increased from 613.7 million in 2010 

to 653 million in 2014, with antihypertensive medication costs exceeding $28 billion 

Chapter 3 
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in 2014106,107. It is projected that the total direct costs of hypertension will increase 

to about $220.9 billion by 2035106,108. Administration of antihypertensive agents for 

a few years to individuals with prehypertension may delay or prevent the transition 

to hypertension109, however, lifestyle modifications are generally recommended by 

physicians as the first step towards BP management. In addition, taking hypertensive 

medications regularly may cause side effects, including a dry cough, dizziness, 

nausea, bradycardia, peripheral edema, and insomnia. These side effects, coupled 

with the fact that 84% of adults over the age of 57 are already taking at least one 

prescription medication per day, warrant the need for early dietary and lifestyle 

changes to lower BP110. 

Adherence to the Dietary Approaches to Stop Hypertension (DASH) eating 

plan is effective in the control or reduction of BP111,112. The DASH diet emphasizes 

the consumption of fruits, vegetables, low-fat foods, dairy, whole grains, and lean 

meat while limiting sodium intake to 2300 mg or less per day. The Mediterranean 

diet, which has been shown to reduce BP, is also popular among heart-healthy diets. 

The Mediterranean diet encourages the consumption of fish, unsaturated fats, whole 

grains, legumes, nuts, vegetables, and fruits113. These BP-lowering diets are proven 

strategies but require a long-term commitment and significant lifestyle changes, 

which may be difficult to maintain for some individuals. Some studies suggest that a 

small change in diet can have a significant impact on BP and cardiovascular health. 
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The impact of dietary factors on BP in older adults, however, is not clear. In this 

study, we sought to understand the dietary characteristics of older adults and to 

examine the association between dietary factors and BP in this population. 

 

3.2 Materials and methods  

3.2.1 Study Design and Participants 

This cross-sectional study was conducted at the University of Delaware 

between 2015 and 2017. Males and females of diverse races and ethnicities who live 

in Newark, Delaware, and the surrounding areas were recruited. The eligibility 

criteria included males and females between the ages of 65 and 80 years who did not 

have a history of cancer, gastrointestinal disease, traumatic brain injury, stroke, 

diabetes, central nervous system disorders, Alzheimer’s, dementia, or psychiatric 

illness. A total of 284 individuals were screened by phone, and 128 qualified 

individuals (57 males and 71 females) were invited to the Nurse Managed Primary 

Care Center for an in-person visit. During this visit, participants were asked to 

complete medical history, demographic, physical activity, and food frequency 

questionnaires. Anthropometrics and BP also were collected. BP data was available 

for 127 individuals (57 males and 70 females). This study was approved by the 
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University of Delaware Institutional Review Board. Informed consent was obtained 

from all participants prior to enrollment in the study. 

 

3.2.2 Blood Pressure and Anthropometric Measurements 

Participants were asked to sit quietly in a room for 5 minutes before BP was 

measured. A trained researcher measured the participants’ arm to determine proper 

cuff size. Participants were asked to remain silent during BP readings. Two readings 

were taken on a digital BP monitor (HEM-907XL, Omron Healthcare, Inc., Lake 

Forest, IL, USA), and the average of the two was recorded. Mean arterial pressure 

(MAP) was derived from systolic and diastolic BP. MAP is defined as the average 

of arterial pressure during a single cardiac cycle and is calculated as follows: 

Diastolic BP + 1/3 pulse pressure, where the pulse pressure is the difference between 

the systolic and diastolic BP. Participants were asked to change into scrubs and to 

take off their shoes for the anthropometric measurements. Weight was measured 

using a digital scale and recorded in both pounds and kilograms. Height was 

measured in centimeters, using a stadiometer. Participants were asked to stand with 

their feet and back against the wall. Body mass index (BMI) was calculated by 

dividing the weight in kilograms by the height in meters squared. 
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3.2.3 Blood Pressure Classifications 

Participants were considered to have (1) normal BP if their systolic BP was 

<120 mmHg and diastolic BP was <80 mmHg; (2) elevated BP if systolic BP was 

120–129 mmHg and diastolic BP was <80 mmHg, and (3) high BP if systolic BP 

was ≥130 mmHg or diastolic BP was ≥80 mmHg105. If systolic and diastolic BP 

readings fell into different categories, the individual was considered to be a part of 

the higher BP category. 

 

3.2.4 Diet, Physical Activity, and Demographic Questionnaires 

The electronic form of the 2005 Nutrition Quest Block Food Frequency 

Questionnaire (FFQ) was used to assess the average daily intake of food, beverages, 

and supplements (Nutrition Quest, Berkeley, CA, USA). Approximately 110 food 

items were included, and each food item was accompanied by questions about the 

frequency of consumption and serving sizes. Frequency questions concerned intake 

year-round and accounted for seasonal food intake. This questionnaire was 

administered by a trained researcher. Measuring cups and spoons were provided as a 

reference for serving sizes. The Physical Activity Scale for the Elderly (PASE), 

designed to be used on individuals aged 65 and older, was used to determine 

physical activity in the participants114. The questionnaire contains items about the 
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individuals’ leisure-time, household, and work-related activities performed over the 

past seven days. Various activities including reading, walking, dancing, gardening, 

and home repairs as well as volunteer or paid work. The demographic questionnaire 

was used to collect information about the participant’s age, sex, education level, 

marital status, race/ethnicity, and income. 

 

3.2.5 Statistical Analysis 

All analyses were performed using the SPSS statistical software package, 

version 25.0 (IBM SPSS Inc., Chicago, IL, USA). Descriptive statistics are reported 

as means ± standard deviations for continuous variables, and percentages and 

frequencies, for categorical variables. Independent samples t-tests were used to 

compare continuous variables, and chi-square tests were used to compare categorical 

variable between males and females. Multiple linear regressions were used to 

determine the associations between dietary factors and BP in the overall population 

as well as split by gender. Model 1 (overall population) was adjusted for sex, age, 

income, total calorie intake, BMI, PASE scores, and BP medication use. Model 2 

(split by sex) was adjusted for age, income, total calorie intake, BMI, PASE scores, 

and BP medication use. The independent variables in the models were normally 

distributed and did not have any outliers that were of concern. Effect sizes were 
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calculated as f2 (effect size for independent variable) = squared semi partial (part) 

correlation coefficient for independent variable ÷ 1 − squared multiple correlation 

coefficient for the full model (R2). The effect sizes were interpreted as follows: f2 < 

0.02 small effect, 0.15 medium effect, and 0.35 large effect115. The significance 

level was set at p < 0.05. 

 

3.3 Results  

3.3.1 Participant Characteristics, Anthropometrics Measurements, and 

Demographics 

Participant characteristics, including anthropometric and demographic data, 

are presented in Table 1. There were no significant differences between males and 

females in terms of age, BMI, anti-hypertensive medication use, education level, 

race, employment, or smoking status. The mean age was 70.8 ± 4.1 years and 70.6 ± 

4.0 years for males and females, respectively. For BMI, the average participant was 

overweight, regardless of gender (29.1 ± 5.1 kg/m2; p = 0.85). Of the participants, 

32.8% held a graduate or professional degree, 86.7% were White, 73.4% were 

retired, 98.4% were not current smokers, and 69.5% were married. There were 

statistically significant differences between males and females in terms of height 

(173.8 ± 7.6 cm for males and 161.5 ± 5.4 cm for females, p < 0.001), weight (88.2 
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± 14.7 kg for males and 75.7 ± 15.7 kg for females, p < 0.001), income (45.6% of 

males and 22.5% of females earned $75,000 or more, p = 0.025), and marital status 

(91.2% of males and 52.1% of females were married, p < 0.001). 
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Variable 
Total 

(n = 128) 
Males 

(n = 57) 
Females 
(n = 71) 

p-value 

Mean ± SD 

Age (years) 70.7 ± 4.0 70.8 ± 4.1 70.6 ± 4.0 0.751 

BMI (kg/m2) 29.1 ± 5.1 29.2 ± 4.3 29.0 ± 5.7 0.848 
Height (cm) 167.0 ± 8.9 173.8 ± 7.6 161.5 ± 5.4 0.000* 
Weight (kg) 81.2 ± 16.4 88.2 ± 14.7 75.7 ± 15.7 0.000* 

n (%) 

Education level    0.587 

High school/some college 41 (32) 21 (36.8) 20 (28.2)  
2-year degree 11 (8.6) 5 (8.8) 6 (8.5)  
4-year degree 34 (26.6) 12 (21.1) 22 (31.0)  

Graduate/professional degree 42 (32.8) 19 (33.3) 23 (32.4)  

Income     0.025* 

Under $25,000 11 (8.6) 1 (1.8) 10 (14.1)  
$25,000–$49,999 20 (15.6) 8 (14.0) 12 (16.9)  

$50,000–$74,999 36 (28.1) 15 (26.3) 21 (29.6)  
$75,000–$99,999 9 (7.0) 4 (7.0) 5 (7.0)  

$100,000+ 33 (25.8) 22 (38.6) 11 (15.5)  

Prefers not to say  19 (14.8) 7 (12.3) 12 (16.9)  

Race/Ethnicity     0.761 

White  111 (86.7) 49 (86.0) 62 (87.3)  
Black or African American  7 (5.5) 3 (5.3) 4 (5.6)  

Asian 5 (3.9) 2 (3.5) 3 (4.2)  
Other 3 (2.3) 2 (3.5) 1 (1.4)  

Prefers not to say  2 (1.6) 1 (1.8) 1 (1.4)  

Marital status    0.000* 

Single/never married 6 (4.7) 0 (0) 6 (8.5)  

Separated/divorced 25 (19.5) 3 (5.3) 22 (31.0)  
Married 89 (69.5) 52 (91.2) 37 (52.1)  

Widowed  7 (5.5) 1 (1.8) 6 (8.5)  
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Living with someone 1 (0.8) 1 (1.8) 0 (0)  

Employment status     0.955 

Retired 94 (73.4) 42 (73.7) 52 (73.2)  
Working 34 (26.6) 15 (26.3) 19 (26.8)  

Smoking Status    0.382 

Current smoker 2 (1.6) 2 (3.5) 0 (0)  

Does not smoke 126 (98.4) 55 (96.5) 71 (100)  

Anti-hypertensive medication use    0.112 

No medication  56 (44.1) 20 (35.1) 36 (51.4)  
1–3 medications 71 (55.9) 37 (64.9) 34 (48.6)  

Table 1. Characteristics of the study sample. Note: Values are mean ± SD for continuous variables and n (%) for categorical variables; income 

is reported in U.S. dollars ($). *p < 0.05. n=127 for anti-hypertensive medication use (M= 57, F= 70). 
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3.3.2 Blood Pressure, Physical Activity, and Dietary Characteristics 

Table 2 shows that systolic BP (143.3 ± 17.1 mmHg for males and 130.6 ± 

23.2 mmHg for females, p = 0.001), MAP (100.3 ±12.4 for males and 94.6 ± 16.2 

mmHg for females, p = 0.029), and PASE scores (157.5 ± 69.0 for males and 118.9 

± 45.4 for females, p < 0.001) was statistically higher in males than in females. 

Diastolic BP was similar among male and female participants (78.9 ± 12.6 mmHg 

and 76.6 ± 14.1 respectively, p = 0.34). In terms of diet, daily calorie intake (1687.7 

± 707.5 kcals for males and 1510.6 ± 529.3 for females, p = 0.12), and most of the 

dietary intake was similar between sexes. Males, however, consumed more juice 

(0.4 ± 0.5 cups for males and 0.2 ± 0.3 cups for females, p = 0.041) and alcohol (1.3 

± 2.1 drink equivalents for males and 0.5 ± 1.1 drink equivalents for females, p = 

0.009), whereas females consumed higher servings of vegetables (3.2 ± 1.9 servings 

for males and 4.4 ± 2.2 servings for females, p = 0.001). 
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Variable 
Total 

(n = 127) 

Males 

(n = 57) 

Females 

(n = 70) 
p-value 

Systolic BP, mmHg 136.3 ± 21.6 143.3 ± 17.1 130.6 ± 23.2 0.001* 

Diastolic BP, mmHg 77.6 ± 13.4 78.9 ± 12.6 76.6 ± 14.1 0.341 

MAP, mmHg 97.2 ± 14.9 100.3 ± 12.4 94.6 ± 16.2 0.029* 

Physical activity 

(PASE score) 
136.1 ± 60.1 157.5 ± 69.0 118.9 ± 45.4 0.000* 

Diet     

Total energy (kcal) 1589.5 ± 618.8 1687.7 ± 707.5 1510.6 ± 529.3 0.120 

Protein (g) 64.1 ± 27.0 67.5 ± 32.0 61.4 ± 22.0 0.228 

Carbohydrates (g) 181.4 ± 75.1 193.8 ± 87.8 171.5 ± 62.0 0.109 

Fat (g) 66.9 ± 29.6 68.8 ± 31.4 65.4 ± 28.2 0.519 

Saturated fat (g) 20.4 ± 10.0 21.2 ± 10.5 19.7 ± 9.7 0.422 

Monounsaturated fat (g) 26.3 ± 11.4 26.7 ± 11.8 26.0 ± 11.1 0.741 

Polyunsaturated fat (g) 15.1 ± 7.1 15.4 ± 7.7 15.0 ± 6.6 0.754 

Trans fat (g) 1.7 ± 1.0 1.9 ± 1.1 1.6 ± 0.9 0.117 

Dietary cholesterol (mg) 226.4 ± 126.8 248.1 ± 145.1 208.9 ± 107.9 0.093 

Fiber (g) 17.9 ± 7.6 17.6 ± 8.6 18.1 ± 6.6 0.760 

Sodium (mg) 2667.8 ± 1061.5 2747.1 ± 1176.5 2604.2 ± 963.2 0.461 

Potassium (mg) 2691.4 ± 988.1 2702.9 ± 1119.9 2682.2 ± 876.2 0.910 

Alcoholic intake, drink equivalents 0.9 ± 1.6 1.3 ± 2.1 0.5 ± 1.1 0.009* 

Vegetables, serving 3.9 ± 2.1 3.2 ± 1.9 4.4 ± 2.2 0.001* 

Total fruit (cup) 1.4 ± 0.8 1.4 ± 0.9 1.3 ± 0.7 0.416 

Whole fruit (cup) 1.0 ± 0.7 1.0 ± 0.8 1.1 ± 0.7 0.788 

Juices (cup) 0.3 ± 0.4 0.4 ± 0.5 0.2 ± 0.3 0.041* 

Dairy (serving) 1.1 ± 0.8 1.2 ± 0.8 1.0 ± 0.9 0.428 

Grains (serving) 3.5 ± 1.9 3.8 ± 1.9 3.2 ± 1.9 0.109 

Fats (serving) 2.8 ± 1.5 2.7 ± 1.5 2.8 ± 1.5 0.722 

Meat (serving) 2.0 ± 1.0 2.2 ± 1.2 1.9 ± 0.9 0.096 

Added sugar (tsp) 9.1 ± 6.1 10.2 ± 7.5 8.3 ± 4.6 0.096 

Fructose (g) 20.2 ± 11.1 21.7 ± 13.0 19.0 ± 9.2 0.200 

Lactose (g) 9.2 ± 8.9 10.3 ± 9.0 8.3 ± 8.8 0.209 

Maltose (g) 2.0 ± 1.0 2.0 ± 1.1 2.0 ± 0.9 0.976 

Galactose (g) 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.522 

Sucrose (g) 26.6 ± 20.3 29.4 ± 25.8 24.3 ± 14.3 0.190 

Glucose (g) 17.7 ± 9.5 19.0 ± 11.5 16.7 ± 7.4 0.192 

Sweets and desserts (% daily kcals) 10.7 ± 8.3 11.6 ± 9.8 10.0 ± 6.8 0.290 

Table 2. Blood pressure, physical activity, and dietary intake among males and 

females. Note: Values are reported as mean ± SD for continuous variables and n (%) 

for categorical variables. *p < 0.05. 
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3.3.3 Association Between Dietary Factors and Blood Pressure 

The results of the regression analysis for the total sample and males and 

females separately are shown in Table 3. No significant associations were found 

between dietary factors and systolic BP when both males and females were included 

in the model. Whole fruit consumption, however, was associated with diastolic BP 

in both males and females (β = −0.210, p = 0.040; 95% CI = −7.7, −0.2). For every 

0.71 cup increase in whole fruit consumption, the model predicted a 2.8 mmHg 

decrease in diastolic BP, when holding all other variable values in the model 

constant. When the model was split by sex, there was a significant association 

between intake of added sugar and systolic (β = 0.721, p < 0.001; 95% CI = 1.7, 5.6) 

and diastolic (β = 0.514, p = 0.011; 95% CI = 0.4, 2.8) BP in females after 

controlling for age, income, BMI, physical activity levels, daily calorie intake, and 

anti-hypertensive medication use. According to this model, a 2.3 teaspoon decrease 

in added sugar intake results in an 8.4 mmHg drop in systolic BP and a 3.7 mmHg 

drop in diastolic BP in females. 
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Table 3. Regression analysis of associations among food groups and systolic and diastolic blood pressure (BP).  

Food Group 
Total (n = 127)a   Males (n = 57)b   Females (n = 70)b   

B p-value 95% CI Effect Size B p-value 95% CI Effect Size B p-value 95% CI Effect Size 

Vegetables (serving)             

Systolic –0.084 0.477 –3.196, 1.502 0.005 –0.183 0.368 –5.442, 2.056 0.019 –0.006 0.967 –3.360, 3.225 0.000 

Diastolic –0.031 0.792 –1.683, 1.287 0.001 –0.140 0.435 –3.369, 1.476 0.015 –0.113 0.486 –2.783, 1.341 0.009 

Grain (serving)             

Systolic –0.074 0.595 –3.889, 2.241 0.003 –0.259 0.262 –6.470, 1.806 0.030 –0.097 0.647 –6.252, 3.917 0.004 

Diastolic –0.048 0.732 –2.273, 1.601 0.001 0.055 0.787 –2.313, 3.034 0.002 –0.204 0.352 –4.677, 1.692 0.016 

Meat (serving)             

Systolic  0.045 0.779 –5.698, 7.589 0.001  0.154 0.597 –6.337, 10.892 0.007 –0.066 0.750 –12.559, 9.103 0.002 

Diastolic –0.073 0.651 –5.160, 3.238 0.002 –0.227 0.376 –8.032, 3.099 0.019 –0.133 0.533 –8.908, 4.659 0.007 

Dairy (serving)             

Systolic  0.076 0.488 –3.578, 7.448 0.004  0.100 0.586 –5.519, 9.639 0.007 –0.172 0.343 –14.358, 5.077 0.016 

Diastolic  0.026 0.817 –3.076, 3.893 0.000  0.257 0.118 –1.027, 8.766 0.060 –0.295 0.116 –10.938, 1.235 0.045 

Fat (serving)             

Systolic  0.134 0.293 –1.688, 5.552 0.010 0.067 0.754 –4.189, 5.742 0.002  –0.033 0.865 –6.428, 5.415 0.001 

Diastolic  0.126 0.331 –1.160, 3.416 0.008 –0.098 0.602 –4.043, 2.373 0.006  0.000 0.998 –3.712, 3.705 0.000 

Added sugar (tsp)             

Systolic  0.183 0.175 –0.292, 1.580 0.017 –0.035 0.883 –1.175, 1.014 0.000  0.721 0.000* 1.729, 5.562 0.259 

Diastolic  0.201 0.143 –0.151, 1.031 0.020 0.267 0.210 –0.261, 1.153 0.038  0.514 0.011* 0.379, 2.780 0.124 

Whole fruit (cup)             

Systolic –0.113 0.262 –9.394, 2.581 0.011 –0.219 0.199 –12.241, 2.620 0.040 –0.087 0.509 –12.352, 6.199 0.008 

Diastolic –0.210 0.040* –7.747, –0.178 0.039 –0.268 0.076 –9.125, 0.477 0.078 –0.194 0.157 –9.973, 1.645 0.037 

Table 3. Regression analysis of associations among food groups and systolic and diastolic blood pressure (BP). a. Sex, age, income, total 

calorie intake, body mass index (BMI), Physical Activity Scale for the Elderly (PASE), and BP medication use were controlled for; b. Age, 

income, total calorie intake, BMI, PASE, and BP medication use were controlled for; B = standardized coefficient beta. *p < 0.05.
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3.3.4 Blood Pressure Categories of Participants 

Of the total sample (n = 127), 55.9% were taking between one and three anti-

hypertensive medications. Among the BP medication users, 71.8% still had BP 

readings consistent with the high BP category, indicating that most anti-hypertensive 

medication users were still at high risk for CVD (Table 4). 
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BP Category    

2017 AHA/ACC Total (n = 127) Males (n = 57)  Females (n = 70) 

Normal 19 (15) 4 (7) 15 (21.4) 

Elevated 9 (7) 4 (7) 5 (7.1) 

High 99 (78) 49 (86) 50 (71.4) 

Hypertension control among treated individualsa Total (n = 71) Males (n = 37)  Females (n = 34) 

Normal 7 (9.9) 1 (2.7) 6 (17.6) 

Elevated 13 (18.3) 2 (5.4) 11 (32.4) 

High 51 (71.8) 34 (91.9) 17 (50) 

Table 4. Participants categorized by blood pressure. Values are n (%); a. Blood 

pressure control for those being treated with anti-hypertensive medications. 

Participants were considered to have normal BP if their systolic BP was <120 mmHg 

and diastolic BP was <80 mmHg; elevated BP, if systolic BP was 120–129 mmHg and 

diastolic BP was <80 mmHg; and high BP, if systolic BP was ≥ 130 mmHg or 

diastolic BP was ≥80 mmHg. 
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3.3.5 Predicted Changes in Percentage of Population with High Blood Pressure 

Our regression model predicted that decreasing added sugar intake results in an 

8.4 mmHg drop in systolic BP and a 3.7 mmHg drop in diastolic BP in females, 

regardless of anti-hypertensive medication use. If females consume 2.3 teaspoons less 

added sugar, we predicted that 34.3% of females would have high BP readings, 

indicating a 12.9% drop in the percentage of females with hypertension readings and a 

24.3% increase in the percentage of women with normal BP readings. 

 

3.4 Discussion  

We conducted a cross-sectional study to determine the associations between 

dietary factors and BP in older adults. Our analysis showed that 78% of the 

participants had hypertension, a percentage greater than the national prevalence of 

71.8% in adults aged 60 and older116. This percentage also was above the Delaware 

hypertension prevalence rate of 61% in adults aged 65 and older117. The prevalence of 

hypertension in Delaware, however, is based on behavioral risk factor surveillance 

system data, which includes self-reported hypertension data; thus, actual values may 

be higher, as individuals with undiagnosed hypertension may not be accounted for. 

Our regression model found a direct relationship between added sugar intake 

and both systolic and diastolic BP in females. The association between added sugar 

intake and BP remained significant even after controlling for typical factors that can 

affect BP, such as BMI, physical activity, total calorie intake, age, and anti-
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hypertensive medication use. Consistent with our findings, other studies show a 

significant link between added sugar intake and hypertension118. In a meta-analysis, 

higher sugar intakes significantly increased systolic BP by 7.6 mmHg and diastolic BP 

by 6.1 mmHg119. In a study by Raben et al., the 10-week consumption of sucrose 

resulted in a 3.8 mmHg increase in systolic and 4.1 mmHg increase in diastolic BP120. 

In this study, most participants consumed about 10% or more of their daily 

calories from added sugar, with a mean intake of 9.1 teaspoons of added sugar per day 

and no significant difference in intake between males and females. The 2015 Dietary 

Guidelines for Americans (DGA) recommends that added sugar intake should be less 

than 10% of daily calories (200 calories for a 2000 calorie diet)121. Further, the 

American Heart Association (AHA) recommends restricting added sugar consumption 

to no more than half of one’s daily discretionary calorie allowance, which is about 6 

teaspoons (100 kcal) for females and 9 teaspoons (150 kcal) for males122. The DASH 

diet for heart health puts a more stringent limitation on added sugar intake, at three 

servings or less per week, equivalent to 9 teaspoons/week for an individual who 

follows a 1600-kcal diet. An analysis of the National Health and Nutrition 

Examination Survey (NHANES) 2013–2014 data revealed that only 42% of 

Americans aged 2 and over met the DGA recommendations121. Our findings showed 

that sugar intakes in this population were above the DGA, AHA, and DASH dietary 

guidelines. 

A study that used NHANES data found that the main sources of added sugar in 

adults aged 50 and over were soda, desserts, and candy123. One 12-oz can of regular 
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soda contains about 39 g of sugar, equivalent to about 9.3 teaspoons of added sugar, 

which is above both the AHA and DASH guidelines. Our analysis suggests that 

reducing added sugar intake by 2.3 teaspoons, or about one-fourth of a can of soda, 

would significantly reduce both systolic and diastolic BP in females. This change in 

added sugar intake could potentially reduce the percentage of females with 

hypertension in our study from 47.1% to 21.4%. 

Sucrose, glucose, and fructose were the main sources of dietary sugars in this 

population. Sucrose, or table sugar, is a disaccharide composed of equal parts glucose 

and fructose. In a study by Bunag et al.,124 rats were given a sucrose solution instead 

of water to drink, and after 5 weeks, their systolic BP was elevated. This was thought 

to be due to overactivity of the sympathetic system in response to sucrose 

consumption. Glucose is a simple sugar that plays important roles in the body. It is 

also commonly found in syrups, candy, sports drinks, and desserts. Studies have 

shown that excess glucose may influence BP. A study conducted by Barbagallo et 

al.125 demonstrated that excess glucose concentrations could significantly raise 

cytosolic free calcium concentrations in vascular smooth muscle cells in a dose and 

time dependent manner. Increases in vascular smooth muscle calcium concentrations 

have been associated with vasoconstriction and vascular resistance, which can increase 

BP126. Fructose is commonly consumed in the diet as high fructose corn syrup 

(HFCS). HFCS is produced by the isomerization of glucose to fructose, producing an 

inexpensive corn-based syrup that is sweeter than both sucrose and glucose. Fructose 

is a nonessential sugar that is found naturally in some foods, including fruit. It is also a 
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major constituent of many sugar-sweetened beverages and food items and comprises a 

large portion of dietary fructose127. 

Studies suggest that high fructose consumption has adverse effects on body 

composition and BP, but the mechanisms by which fructose stimulates hypertension 

are still unknown. One particular mechanism that may affect the reduction in urinary 

sodium excretion could be the impact of fructose on angiotensin II. Angiotensin II 

increases aldosterone production, which promotes sodium retention by the kidneys, 

leading to hypertension128. Farah et al.129 observed the impacts of a high fructose diet 

in nocturnal mice. Mice consumed a high fructose diet for 8 weeks, and changes were 

seen only at night, a period of activity for mice. The researchers found that fructose 

increased nocturnal BP and plasma angiotensin II. In addition, responses to alpha-

adrenergic blockades were augmented in fructose-fed mice, indicating an increase in 

sympathetic nerve activation. This increase in plasma angiotensin II in conjunction 

with sympathetic activation suggests that fructose activates a sympathetic pathway and 

may stimulate aldosterone production, causing sodium retention and a subsequent 

increase in BP. Another potential mechanism by which fructose could stimulate 

decreased urinary sodium excretion is through its interactions with salt absorption in 

the small intestines and the kidney tubules, through the fructose transporter Glut5. In 

another animal study, fructose-fed rats were found to have a reduction in urinary 

sodium excretion by the kidneys, which resulted in hypertension130. Urinary sodium 

excretion, however, did not decrease in mice that had a knockout of the Glut5 
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transporter, suggesting that Glut5 was the primary mechanism by which salt 

absorption was stimulated during a high fructose diet. 

Collective evidence also suggests that diets high in added sugar promote body 

weight and fat gain, which can lead to metabolic syndrome, oxidative stress, and a 

dysregulation of lipid and carbohydrate metabolism. Research has shown that the main 

driving force of metabolic syndrome is insulin resistance, which is associated mainly 

with poorly patterned eating and the dramatic rise in obesity, diabetes, and CVD131. In 

previous years, metabolic syndrome was attributed to the overconsumption of fat in 

the Western diet. Recent studies, however, suggest that metabolic diseases can be 

largely attributed to the overconsumption of added sugars131–134. A meta-analysis by 

Te Morenga el al.135 found that an increased intake of dietary sugars was significantly 

associated with increased body weight when adults consumed ad libitum diets. 

Another meta-analysis by Te Morenga et al.119 reported that a high-sugar diet was 

associated with an increase in lipid profiles. These associations between sugar 

consumption and lipid concentrations occurred most consistently in studies that did 

not report significant weight changes. In the same study, they found that increased 

sugar consumption was significantly associated with BP, especially in trials lasting ≥8 

weeks as evidenced by an increase in systolic and diastolic BP by 6.9 mmHg and 5.6 

mmHg, respectively. Thus, diets high in added sugar promote changes in BP and lipid 

profiles and potentially increase CVD risk through the mechanisms of both body 

weight gain and metabolic syndrome. 
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It is interesting to note that the associations between added sugar intake and BP 

were significant in females but not in males. Studies show that a high fructose or 

sucrose diet can increase BP, with a greater increase generally occurring in male 

rodents136,137. However, Galipeau et al.137 found that sex hormones play a role in 

response to a fructose diet in females. For instance, there were no significant 

differences between the female fructose-fed and control rats for BP after 9 weeks of 

60% fructose consumption. In contrast, in the male fructose-fed rats, BP rose by the 

third week and continued to increase throughout the study compared to the male 

controls. In comparison, they looked at the effects of sex hormones on BP by 

comparing four groups of female rats: Control, fructose diet, ovariectomized (Ovx), 

and Ovx with fructose diet, and found that only the Ovx rats with fructose diets had a 

significant increase in BP. This suggested that female rats might have protection from 

fructose induced hypertension compared to male rats. However, when the female rats 

lose ovarian sex hormones through an Ovx, they also have increases in BP. Similarly, 

older women tend to have low levels of estrogen due to menopause, therefore this may 

explain why added sugar consumption was significantly associated with BP in females 

and why a reduction in added sugar has the potential to reduce BP levels in older 

women but not in men. 

The present study also determined that increasing the consumption of whole 

fruit reduced diastolic BP in both males and females. In a 6-month dietary intervention 

study, educating participants to consume more fruits and vegetables led to a 1.4 ± 1.7 

portion increase in fruit and vegetable intake and resulted in a mean 1.5 mmHg 
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reduction in diastolic BP and 4.0 mmHg reduction in systolic BP138. In addition, in a 

prospective cohort study, in which participants were followed up every 2 years over a 

span of 8 years, frequent fruit consumption (≥4 servings/ day) was associated with a 

67% reduced incidence of hypertension in females and a 56% lower incidence in 

males as compared to the rates of infrequent consumers139. Clinical trial studies have 

shown that fruit such as grapes, tart cherries, and blueberries can reduce BP in 

adults48,140,141. 

Although the exact mechanisms of BP reduction by fruit are unknown, we do 

know that whole fruit contains fiber, vitamins, phytochemicals, and minerals that may 

contribute to their BP-lowering effects. In a study by Barone et al.,140 grape 

polyphenol consumption for 30 days was found to reduce systolic BP in males with 

metabolic syndrome. The study also found a reduction in circulating inflammatory 

molecules and an improvement in brachial artery flow-mediated dilation response as 

compared to the placebo. The results of the study suggest that grape polyphenols may 

reduce BP by improving vascular endothelial function. The potassium content of fruit 

also may contribute to its BP-reducing properties142. In a meta-analysis by Whelton et 

al.,143 potassium supplementation was associated with a 1.97 mmHg reduction in 

diastolic BP and a 3.11 mmHg reduction in systolic BP. We did not find any 

significant associations between the consumption of meat (defined as red meat, fish, 

poultry, beans, eggs, and other meats), vegetables, dairy, grains, or fat and BP in our 

sample. Other studies show mixed results in this regard. A cross-sectional study found 

an inverse association between consumption of low-fat dairy products and 24-hour 
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diastolic BP in older adults with hypertension144. Conversely, those who consumed 

seven or more servings of whole-fat dairy products per week had a 1.4 mmHg higher 

diastolic BP than did those who consumed less than one serving per week. In a study 

in which participants were followed up with every 2 years over the span of 8 years, 

there was no association between vegetable consumption and hypertension risk in 

middle-aged or older Korean adults139. In a prospective cohort study conducted with 

28,926 females aged 45 and older, refined-grain intake was not associated with 

hypertension risk, although a high whole-grain intake was associated with a reduced 

risk of hypertension145. In an intervention study, high whole-grain (>80g/day) 

consumption for 6 weeks had no effect on BP146. 

This study has some limitations that need to be considered when interpreting 

our findings. A major limitation includes the small sample size of 128. In this study 

BP was measured twice at one visit. It has been suggested, however, that multiple 

readings over the course of two or more days result in more accurate BP 

determination. Additionally, it is important to note that most of the participants are 

White, and therefore the effects of added sugar and whole fruit consumption on BP 

might vary in other races due to genetic differences. This lack of diversity, in 

conjunction with the modest sample size, could limit the generalizability of these 

results. Due to the cross-sectional nature of this study, we could not assert causality. 

These findings are suggestive of potential BP reductions in women with reductions in 

added sugar and increases in solid fruit intake, however, clinical trial studies are 

necessary to confirm this. Therefore, although the findings regarding the effects of 
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added sugar consumption on BP in older women were novel and warrant further 

investigation, they should be considered highly preliminary. The strengths of the study 

include the use of a validated 110-item FFQ for dietary data collection. 

 

3.5 Conclusions  

Public health efforts to reduce hypertension prevalence among the elderly 

population should emphasize reducing added sugar consumption and increasing whole 

fruit consumption. Most of our participants consumed more added sugar than is seen 

in AHA and DASH recommendations. Further, considering that a majority of our 

sample was retired, an effort should be made to educate the older adult population 

about healthy eating and to make healthier foods affordable for individuals on a fixed 

income. 
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THE IMPACT OF TART CHERRY AND ANGIOTENSIN-II ON 

INFLAMMATION IN HUMAN CORONARY ARTERY ENDOTHELIAL 

CELLS 

4.1 Introduction 

 

There is a strong relationship between hypertension and cardiovascular disease 

(CVD) risk2,147. Although about half of the U.S. adult population has hypertension, 

less than one-fourth of them have it under control1. Heart and blood vessel damage, 

common in a hypertensive state, can contribute to life threatening diseases including 

myocardial infarctions (MI) and strokes1. Risk factors for the pathogenesis of 

hypertension include aging, overactivity of the renin-angiotensin-aldosterone system 

(RAAS), inflammation, oxidative stress, and an unhealthy diet or lifestyl3,19,147,148. 

Consuming polyphenol-rich food or drinks has been shown to reduce blood 

pressure (BP) in adults 21,46. Fruit, vegetables, and other plants contain various types 

and amounts of polyphenols that may provide health benefits19. Tart cherry (TC) 

consumption has been shown to reduce oxidative stress, inflammation, and other 

benefits21,56,72,77. This is thought to be due to the high amount of phytochemicals 

present in them149. In our laboratory, Chai and colleagues 21 have previously studied 

Chapter 4 
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the impact of 12- week TC juice consumption in older adults. Significant reductions in 

systolic BP, low-density lipoprotein (LDL) cholesterol, c-reactive protein, and an 

increase in plasma levels of the DNA repair enzyme 8-oxoguanine glycosylase were 

observed21. Increased systolic BP is common in adults aged 50 and above150. This is 

because aging is associated with increased BP due to changes in arterial collagen 

stiffness and reduced elasticity which can promote endothelial dysfunction150,151.  

Although there is evidence that TC consumption is effective in reducing BP in 

humans21, the mechanism of these effects is not well understood. It is hypothesized 

that the effects of TC on BP occur through reductions in inflammation and oxidative 

stress, which subsequently reduces endothelial dysfunction21. The implication of TC in 

the modulation of endothelial function has been studied at the clinical level46, but 

further studies are required to elucidate effects at the cellular level. Angiotensin-II 

(Ang-II) is a potent vasoconstrictor and its interaction with the Ang-II type 1 receptor 

(AT1R) can influence reactive species production contributing to the activation of the 

NF-κB signaling pathway and other inflammatory mechanisms152.  

In this study we investigated the dose-dependent effects of TC extracts on 

NOS and the modulation of the NF-κB signaling pathway in the presence or absence 

of Ang-II.  
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4.2 Methods 

4.2.1 Tart Cherry Extraction 

 

Freeze-dried TC powder was kindly provided by CherryPure Shoreline Fruit 

(Shoreline Fruit, LLC, Michigan, USA). Extraction was performed based on the 

methods by Iglesias-Carres et al.153 with slight modifications. Ethanol was warmed to 

55°C then diluted to 72% ethanol with 1% formic acid. Twenty-four milliliters of this 

solution were combined with 2g of TC powder. This was vortexed for 2 minutes then 

incubated at 55°C for 10 minutes and vortexed for 20 seconds. The TC and ethanol 

solution were then put on a shaking plate for 30 minutes at 450 rpm with protection 

from light. This was centrifuged at 9,500 xg for 10 minutes at 4°C. The supernatant 

was collected, and the procedure was repeated with the pellet. The two supernatants 

were combined and aliquoted into 1.5ml tubes. A SpeedVac was used to dry down the 

TC extracts and this was stored at -20°C until further use.  

 

 

4.2.2 Total Phenol Assay 

 

Dried TC extracts were weighted and diluted to 40,000μg/ml with phosphate 

buffered saline (PBS). Samples were filtered through a 0.22μm filter. The Folin-

Ciocalteu method was used to determine the total phenol/ polyphenol content of the 

filtered TC extracts using the method by Ainsworth and Gillespie154 with some 
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modifications. One hundred microliters of a sample, standard or blank was added to a 

new tube. Then 200μl of 10% Folin-Ciocalteu’s phenol reagent was added and the 

tube was vortexed thoroughly. After the addition of 800μl of 700mM Na2CO3, the 

tubes were incubated at room temperature for 2 hours. Two hundred microliters of the 

sample, standard or blank was then transferred to a 96-well plate and the absorbance 

was measured at 765nm. Two standards curves were created using gallic acid: 3,000-

10,000μM and 900-2,454μM. Results were blank corrected and expressed as gallic 

acid equivalents.  

 

4.2.3 Total Anthocyanin Content 

 

Total anthocyanin content was determined using the pH Differential method by 

Lee et al155. Tart cherry extracts were diluted to 40,000ug/ml using water. Samples 

were then filtered through a 0.22μm filter and diluted using a pH 1.0 potassium 

chloride buffer and a pH 4.5 sodium acetate buffer in separate tubes. Diluted samples 

were transferred to cuvettes and the absorbance was measured at 520nm and 700nm 

using a spectrophotometer. The anthocyanin pigment concentration in mg/L of 

cyanidin-3-glucoside equivalents was calculated using the equation:    

 A x MW x DF x 103 

                     ɛ x 1 
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Where A= (A520nm – A700nm)pH 1.0 – (A520nm – A700nm)pH4.5; MW is the molecular 

weight of cyanidin-3-glucoside: 449.2 g/mol; DF is the dilution factor; 103 is used to 

convert between g to mg; ɛ is 26,900 the molar extinction coefficient of cyanidin-3-

glucoside in L/mol*cm; 1 is the pathlength in cm.  

 

4.2.4 Cell Viability Assay 

 

The Caymen Chem MTT Cell Proliferation Assay kit (Caymen Chem, Ann 

Arbor, Michigan, USA) was used to determine human coronary artery endothelial cell 

(HCAEC) viability in response to Ang-II and increasing doses of TC at 24 hours. 

HCAEC were seeded at 1.6 x 104 cells/well in two sterile 96-well plates. Then, 100nM 

of Ang-II or PBS was added to the cells. After a 30 minute incubation, 0, 25, 50, 100, 

200, or 400ug/ml of TC was added to the appropriate wells. Cells were then incubated 

in a 5% CO2 incubator at 37°C. After 24 hours the MTT reagent was added to each 

well. After a 3-4 hour incubation, the crystal dissolving solution was added and the 

absorbance at 570nm was measured. All samples and blanks were run in triplicate. 

 

4.2.5 Cell Culture and Conditions 

 

Primary HCAEC were purchased form American Type Cell Culture (ATCC, 

Manassas, VA, USA). The HCAEC were cultured in vascular cell basal media 
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supplemented with an endothelial cell growth kit containing 0.2% bovine brain extract 

(BBE), 2% fetal bovine serum, 10mM L-glutamine (ATCC, Manassas, VA, USA), 

and 0.1% Penicillin/Streptomycin. Cells were maintained in an incubator at 37°C with 

5% CO2 and media was replaced every other day. HCAEC were used between 

passages 2-4. Cells were counted using a hemocytometer. Cells were treated with 

various doses of TC (0, 62.5, 125, 250 and 500μg/mL) with or without 100nM of Ang-

II then incubated for 24 hours in a 5% CO2 incubator at 37°C and were harvested at 

≥70% confluence. Cells were exposed as follows: Control (no TC, no Ang-II), Ang-II 

(no TC,100nM of Ang-II), 62.5 Ang (62.5 μg/ml TC, 100nM Ang-II), 125 Ang (125 

μg/ml TC, 100nM Ang-II), 250 Ang (250 μg/ml TC, 100nM Ang-II), 500 Ang (500 

μg/ml TC, 100nM Ang-II). After 24 hours cells harvested using trypsin and stored at -

80°C until further use.  

 

4.2.6 Western Blot 

 

HCAEC were subject to RIPA lysis buffer containing an inhibitor cocktail and 

protein concentrations were determined using the Bradford assay with detection at 595 

nm. Samples were mixed with 20% SDS and 10% cracking buffer and then incubated 

for 5 minutes at 95°C. A concentration of 20 μg/lane of total cellular protein was 

loaded and run on 10% Novex Tris-Glycine mini protein gels (Thermo Fisher 

Scientific) at 120V. A 10-250 kDa color- coded protein marker (Cell Signaling 

Technology (CST), Danvers, MA, USA) was used to determine molecular weight.  
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Proteins were transferred to 0.2μm nitrocellulose membranes using the Trans-

Blot Turbo Transfer System (Bio-Rad Laboratories, Hercules, CA) and blocked for 1 

hour at room temperature in 1X TBST with 5% dry milk for eNOS, iNOS, p65, 

phosphorylated p65, and ICAM-1, in 1X TBST with 3% dry milk and 0.25% bovine 

serum albumin (Fisher Scientific) for β-actin.  

Primary antibodies (CST, Danvers, MA, USA) were prepared using 1X TBST 

and 5% bovine serum albumin for eNOS (1:1,000, CST 32027), iNOS (1:1,000, CST 

20609), p65 (1:1,000, CST 4764), phosphorylated p65 (1:1,000, CST 3033), and 

ICAM-1 (1:1,000, CST 67836 ). The primary antibody for β-actin was prepared using 

1X TBST with 1% dry milk for (1:1,000, CST 8457). Incubation in primary antibody 

was performed overnight on a shaker at 4°C. Membranes were washed three times 

with 1X TBST for five minutes before incubation in the secondary antibody for 1 hour 

at room temperature. Secondary antibody was prepared using 1X TBST with 5% dry 

milk and HRP-linked anti-rabbit IgG (CST 7074) for eNOS, p65, phosphorylated p65, 

and ICAM-1 (1:2,000). The secondary antibody was prepared using 1X TBST with 

1% dry milk for β-actin and iNOS (1:10,000).  

Chemiluminesense visualization of protein bands was conducted using the 

Radiance Plus substrate (Azure Biosystems, Dublin, CA). The Invitrogen iBright FL-

1500 was used to quantify bands for densitometry and values were normalized to 

levels of β-actin.  
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4.2.7 Statistical Analysis 

 

Data were analyzed using SPSS. The significance between-groups was 

determined for the F-C assay, pH differential assay, MTT assay, and Western blot 

using one-way analysis of variance (ANOVA) followed by Tukey post-hoc test if 

results were normally distributed, otherwise the non-parametric Kruskal-Wallis test 

was used. Data are expressed as mean ± standard error mean (SEM). Values of p<0.05 

are considered statistically significant.  

 

4.3 Results  

 

4.3.1 Polyphenols, Anthocyanins, and Cell Viability 

 

Total polyphenols were 480.9mg GAE per g TC powder. The total monomeric 

anthocyanin content was 15.46 mg/L of cyanidin-3-glucoside equivalents. The 

viability of HCAEC after exposure to TC extracts for 24 hours was measured using 

the MTT assay. The TC extract concentrations ranged from 0 to 500ug/ml with the 

addition of Ang-II (Fig. 5). There were no significant differences in percent cell 

viability with TC exposure at 24 hours. Additionally, Ang-II exposure did not 

significantly impact cell viability with or without TC exposure compared to the 

control.   
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Figure 5. MTT HCAEC 24 hour viability in response to TC 

exposure in the presence of absence of Ang-II expressed as 

percent viability compared to control. Cells were exposed to 

levels of TC extracts between 0-400μg/mL with or without 

100nM of Ang-II. Values are represented as mean ± SEM; (n=3). 

There were no significant differences between the groups. A. 

Percent viability of control and TC groups without Ang-II. B. 

Percent viability of control and TC groups with Ang-II. 
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4.3.2 Western Blots  

 

4.3.2.1 Endothelial Nitric Oxide Synthase 

 

In this study, Ang-II exposure for 24 hours was not found to significantly affect eNOS 

protein expression levels in HCAEC total cell lysates. Figure 6A exhibits a 

representative western blot of eNOS samples. Exposure to various concentrations of 

TC extracts (0, 62.5, 125, 250, and 500 μg/ml) with Ang-II (Fig. 6C) or without Ang-

II (Fig. 6B) for 24 hours showed no significant differences in eNOS levels between 

groups or compared to the control. 
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Figure 6. Total eNOS expression in HCAEC with TC 

exposure in the presence or absence of Ang-II. Error bars 

represent the mean ± SEM; n=3.  A. Western blot images 

for eNOS and β-actin; boxes represent images of different 

membranes. B. Fold change of total eNOS expression 

compared to the control in cells exposed to TC doses 

between 62.5μg/mL to 500μg/mL. C. Fold change of total 

eNOS expression compared to the control in cells exposed 

to TC doses between 62.5μg/mL to 500μg/mL with Ang-II. 

There were no significant differences between the groups. 
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4.3.2.2 Inducible Nitric Oxide Synthase  

 

Figure 7A is a representative image of the western blot for all samples. There 

were no significant differences in iNOS protein expression in cells exposed to 

62.5μg/mL – 500μg/mL TC compared to the control. In the absence of Ang-II, all of 

the TC exposures resulted in numerical reductions in iNOS below the control. A slight 

dose-dependent increase in iNOS was observed with increasing amounts of TC extract 

exposure in the absence of Ang-II (Fig.7B). INOS expression was reduced at the 62.5 

Ang (p=0.016) and 125 Ang (p=0.050) exposure levels compared to the 500 Ang 

(Fig. 7C). Although this was not significantly different from the control, the data 

suggest a possibility for TC to reduce iNOS expression with 62.5μg/mL and 

125μg/mL TC extracts in the presence (Fig. 7C) or absence of Ang-II (Fig. 7B).  
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Figure 7. Total iNOS expression in HCAEC with TC 

exposure in the presence or absence of Ang-II. Error 

bars represent the mean ± SEM; n=3. A. Western blot 

images for iNOS and β-actin; boxes represent images of 

different membranes. B. Fold change of total iNOS 

expression compared to the control using doses of TC 

between 62.5μg/mL to 500μg/mL . C. Fold change of  

total iNOS expression at TC doses of 62.5μg/mL to 

500μg/mL with Ang-II exposure. Kruskal-Wallis test 

showed a significant difference at p<0.05 (*,**).  
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4.3.2.3 NF-κB p65 

 

Figure 8A shows a representative image of the western blot for all samples. 

Levels of total p65 protein expression were higher in the control compared to the 

62.5μg/ml (p=0.003) and the 125μg/ml exposures (p=0.045). The cells exposed to the 

control conditions had the highest level of p65 expression compared to all other 

exposure conditions, although the expression was not significantly higher compared to 

the 250 and 500μg/mL TC exposures. Expression of p65 was increasing in a dose-

dependent manner with TC extracts in the absence of Ang-II (Fig. 8B). The Ang-II 

exposed cells had lower p65 compared to the control (p=0.004). The 250 Ang and 500 

Ang exposed cells had lower p65 expression than the control at levels of p=0.008 and 

p=0.017 respectively. The 62.5 Ang cells had a higher p65 expression than both the 

Ang-II (p=0.029) and the 250 Ang exposed cells (p=0.05) (Fig. 8C).  
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Figure 8. Total p65 expression in HCAEC with TC 

exposure in the presence or absence of Ang-II. 

Error bars represent the mean ± SEM; n=3. A. 

Representative western blot image for total p65 and 

β-actin for all samples. B. Fold change of total p65 

expression compared to control at TC doses 

between 62.5μg/mL to 500μg/mL. C. Fold change 

of total p65 expression compared to the control 

with doses of TC between 62.5μg/mL to 500μg/mL 

and Ang-II exposure. Kruskal-Wallis test showed a 

significant difference at p<0.05 (*, #, +), 

p<0.01(**, ##).   

 



 

 98 

4.3.2.4 NF-κB Phosphorylated p65 

 

Figure 9A shows a representative image of the western blot for all samples. 

The levels of phosphorylated p65 protein expression were higher with the 62.5μg/mL 

TC exposure than the control (p=0.018). This suggests that the 62.5μg/ml group had 

more NF-κB activation compared to the control (Fig. 9B). Levels of phosphorylated 

p65 expression were increased with the 62.5 Ang exposure compared to the Ang-II 

exposure (Fig. 9C).  
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Figure 9. Total phospohorylated-p65 expression in 

HCAEC with TC exposure in the presence or absence of 

Ang-II. Error bars represent the mean ± SEM; n=3 (control 

and 62.5 Ang), n=2. A. Western blot images for 

phosphorylated-p65 and β-actin; boxes represent images of 

separate membranes. B. Fold change of total 

phosphorylated p65 expression compared to the control 

with TC doses between 62.5μg/mL to 500μg/mL. C. Fold 

change of total phosphorylated p65 expression compared to 

the control with TC doses between 62.5μg/mL to 

500μg/mL and Ang-II exposure. Kruskal-Wallis test 

showed a significant difference at p<0.05(*, #).   
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4.3.2.5 Intercellular Adhesion Molecule-1  

 

Figure 10A shows a representative image of the western blot for all samples. 

Levels of ICAM-1 protein expression were similar between the control and TC 

exposures in the absence of Ang-II. There was a slight reduction in ICAM-1 

expression at the 125μg/mL exposure compared to the control, although this was not 

statistically significant (Fig. 10B). The various TC doses did not significantly impact 

levels of ICAM-1 expression in the presence of Ang-II. Levels of ICAM-1 were 

similar between the control, Ang-II, and 62.5 Ang groups. The 250 Ang and 500 Ang 

groups had about two-fold higher ICAM-1 expression compared to the control, but 

this was not statically significant (Fig. 10C).  
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Figure 10. Total ICAM-1 expression in 

HCAEC with TC exposure in the presence 

or absence of Ang-II. Error bars represent 

the mean ± SEM; n=3 (control, 125 Ang, 

and 250 Ang), n=2. A. Western blot 

images for ICAM-1 and β-actin; boxes 

represent images of different membranes. 

B. Fold change of total ICAM-1 expression 

compared to the control with TC doses 

between 62.5μg/mL to 500μg/mL. C. Fold 

change of total ICAM-1 expression with 

doses of TC between 62.5μg/mL to 

500μg/mL and Ang-II exposure. Kruskal-

Wallis test showed no significant 

differences between groups.  
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Figure 11. Potential effects of TC extracts on hypertension. Aging can contribute to 

hypertension by increasing inflammation and oxidative stress that leads to endothelial 

dysfunction and arterial stiffening. Increased inflammation and oxidative stress can 

contribute to increased iNOS, eNOS uncoupling, and NF-κB activation, leading to 

increased blood pressure. This image shows the potential mechanism of effects of TC 

extracts on hypertension. TC has the potential to reduce iNOS which may affect blood 

pressure.  

 



 

 107 

4.4 Discussion  

 

In this study, the impact of TC extracts on NOS and inflammatory markers in 

human coronary artery endothelial cells were investigated in the presence and absence 

of Ang-II. To our knowledge, this is the first study to examine the effects of whole TC 

extracts on NOS and components of the NF-κB pathway in human coronary artery 

endothelial cells (HCAEC).  

Vascular endothelial cells line the blood vessels and produce molecules to 

regulate thrombosis, vasodilation, and vascular protection156. Oxidative stress and 

inflammation can influence endothelial cell function which can result in vascular 

endothelial dysfunction157,158. In the arteries, endothelial dysfunction encompasses 

changes in arterial phenotypes that can result in atherosclerosis, vasoconstriction, 

inflammation, and coagulation151,156.  

We examined HCAEC viability in response to Ang-II alone or in combination 

with 62.5- 400μg/mL of TC extracts for 24 hours. Percent cell viability was not 

affected by TC exposure with or without Ang-II, suggesting that these doses of TC are 

not toxic compared to the control. NO is a vasodilator that’s produced by the 

endothelial cells to inhibit growth and inflammation, regulate vascular tone, and have 

an anticoagulant effect on platelets159,160. Endothelial dysfunction is a risk factor for 

CVD in which the bioavailability of NO can be affected156,160. Diminished NO is 

associated with increased oxidative stress in the vasculature,161 and can be influenced 

by reductions in eNOS activity given its role in NO signaling and the regulation of 
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blood pressure and flow158,160,162,163. ENOS generally produces NO, however, it can 

become uncoupled by oxidative depletion of tetrahydrobiopterin (BH4), and produce 

superoxide instead161. Ang-II can promote eNOS uncoupling and this may be 

dependent on its effects on the AT1R161. Gallic acid, a compound in TC, has been 

found to reduce eNOS degradation in the aorta158. However, we did not observe any 

significant changes in eNOS protein expression due to Ang-II exposure with or 

without TC in this study. 

The inflammatory roles of NO in the body are affected by iNOS, which is 

typically induced by cytokines or other factors164. Levels of iNOS protein expression 

were numerically lower at all TC concentrations in the absence of Ang-II, although 

this was not statistically different from the control. We did not observe any significant 

differences in iNOS expression between the Ang-II group and the control. Similarly, 

in a study by Shukitt-Hale et al.165 when microglial cells were pre-treated with TC at 

doses of 0.0625, 0.125, 0.25, or 0.5mg/mL then exposed to lipopolysaccharide (LPS) 

overnight, iNOS expression was not affected by TC pre-treatment. However, we did 

notice that the expression of iNOS was reduced at the 62.5 Ang and 125 Ang doses 

compared to the 500 Ang dose and numerically reduced iNOS expression compared to 

the control. This could be due to increased cytotoxicity or reduced viability at higher 

TC doses and exposure times165. The results suggest that low concentrations of TC at 

the levels of 62.5 and 125μg/ml could potentially reduce iNOS in Ang-II induced 

states. 
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Endothelial cells and other tissues express the transcription factor NF-κB that 

influences the production of TNF-α, IL-6, and other inflammatory molecules166. The 

interaction of Ang-II with the Ang-II type 1 receptor (AT1R) can influence reactive 

species production that contributes to the activation of the NF-κB signaling 

pathway152. Kim et al.152 found that increases in Ang-II and the AT1R during aging 

were accompanied by the generation of reactive species. They also found that 

increased Ang-II activated NF-κB signaling by phosphorylating p65152. We observed 

that p65 expression was lower in the Ang-II, 250 Ang, and 500 Ang groups compared 

to the control. The 62.5 Ang group also showed an increased amount of p65 compared 

to the Ang-II and 250 Ang groups. NF-κB is present in cells at low levels 166 and it 

was found that in unstimulated cells the basal levels of p65 are not zero167. 

Unphosphorylated p65 doesn’t bind to DNA and thus is not transcriptionally active, 

however, it can become phosphorylated in response to a signal166. Although levels of 

p65 were significantly higher in the control group than all others, the levels of 

phosphorylated p65 were low in the control group, and especially lower than the 62.5 

Ang group. One study demonstrated that expression of factors involved in NF-κB 

signaling is time-dependent, and expression can increase or decrease as time goes 

on10. This may explain the absence of increased NF-κB activation due to the long 24-

hour Ang-II exposure in this study. Activation of NF-κB by Ang-II can increase 

expression of cellular adhesion molecules and chemokines9. 

 Cell adhesion molecules are located on the surface of cells which allows them 

to bind to extracellular matrix proteins or to each other14. There are four major 
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superfamilies of CAMs and intercellular adhesion molecules (ICAM) belong to the 

immunoglobulin superfamily14. Adhesion molecules such as ICAM-1 are important 

NF-κB target genes in endothelial cells that help inflammatory cells adhere to the 

vascular wall15. Endothelial cells express low levels of ICAM-116, but the expression 

can be upregulated by inflammatory stimuli14. Expression of ICAM-1 can also be a 

marker of aging17. Activity of ICAM-1 is required for Ang-II induced hypertension 

and blocking ICAM-1 inhibits inflammation, ROS production, and vascular 

remodeling and dysfunction14. Levels of ICAM-1 expression were similar between 

groups in the absence of Ang-II. In the presence of Ang-II, ICAM-1 expression was 

similar to the control.  

 Previously, the effects of TC on endothelial cells such as HUVEC have been 

studied. However, endothelial cells from different vascular beds can have different 

mRNA and protein expression168. Furthermore, Lakota et al.169 found that HCAEC 

were more susceptible to inflammation when exposed to serum amyloid A compared 

to human umbilical vein endothelial cells (HUVEC), supporting the use of HCAEC in 

inflammatory studies.  

There is evidence of the anti-inflammatory and anti-oxidative effects of TC in 

human studies21,48,73 In this study, in the absence of Ang-II the expression of eNOS 

numerically increased at TC doses of 250 and 500μg/mL, iNOS was numerically 

reduced at all doses, p65 expression was reduced at all doses, and ICAM-1 expression 

showed a numerical suppression at the 125μg/mL dose. Although some of these 

findings were not statistically significant, the data suggest a possible anti-
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inflammatory role of TC extracts at 125μg/mL without Ang-II. However, these effects 

were not strongly observed in this study, and more studies are necessary to confirm the 

effects of TC on NOS and the activation of the NF-κB signaling pathway. One reason 

for this could be due to the long 24-hour exposure to TC. Shukitt-Hale et al165 found 

that the optimal TC exposure time was 2 hours in HAPI rat microglial cells. Similarly, 

studies involving TC or blueberry extract exposure to cell culture have been limited to 

a few hours165,170. Additionally, TC extracts contain several compounds which could 

interact with each other or with Ang-II to produce compound combination effects171. 

More studies are needed to understand this relationship.  

Ang-II can contribute to increased inflammation, the pathogenesis of 

hypertension, and the activation of the NF-κB pathway9,11, which has made Ang-II 

signaling a potential therapeutic target172. We did not observe any significant effects of 

Ang-II treatment on eNOS, iNOS, phosphorylation of p65, or ICAM-1 protein 

expression compared to the control. In this study, HCAEC were exposed to Ang-II and 

TC for 24 hours. Various studies have determined the effects of Ang-II on cells for up 

to several minutes or a few hours9,10. Potential explanations for this observation  

include metabolism of Ang-II due to prolonged exposure or downregulation of AT1R 

in cell culture172. In a study by Basu et al.,172 when neuronal cells were exposed to 

100nM of Ang-II for 24 hours, the Ang-II was rapidly metabolized and levels were 

near baseline 3 hours after administration. Furthermore, desensitization of AT1R in 

cell culture could potentially explain the absence of significant inflammatory effects of 

Ang-II observed173.  
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CONCLUSIONS AND FUTURE DIRECTIONS 

 

Aging can raise blood pressure (BP), increasing the risk for CVD, stroke, and 

diabetes174. In our laboratory, Chai et al.21,48 have observed reduced systolic BP, low-

density lipoprotein, total cholesterol, and c-reactive protein in older adults who 

consumed tart cherry (TC) juice for 12 weeks.  

Additionally, we conducted a cross-sectional analysis to determine the 

relationship between major dietary factors and BP in older adults. It was found that 

78% of participants had high BP34. We discovered that consuming added sugar was 

associated with increased systolic and diastolic BP in female participants. On the other 

hand, whole fruit consumption was associated with reduced diastolic BP in males and 

females34. The results of this study strengthened the assertion that fruit, such as TC, 

can influence BP in older adults.  

TC contain a variety of compounds that may contribute to their health benefits. 

We conducted a thorough literature review and determined that TC have the potential 

to reduce systolic BP, hsCRP, TNF-α, IL-6 and other inflammatory markers associated 

with conditions such as cardiovascular disease, arthritis, cognitive disorders, and 

cancer175.  

Chapter 5 



 

 113 

Bioactive compounds in TC include quercetin, cyanidins, and kaempferol that 

have been shown to impact the NF-κB signaling pathway84,87,89. It was clear that TC 

could potentially reduce inflammation through the modulation of the NF-κB signaling 

pathway, which may contribute to the reductions in BP observed in the clinical trial.  

Therefore, we studied the effects of TC extracts on NOS, components of the 

NF-κB pathway, and ICAM-1 in response to Ang-II in coronary artery endothelial 

cells. Levels of eNOS were not significantly influenced by TC with or without Ang-II 

exposure. Levels of iNOS were reduced by the 62.5 Ang and 125 Ang doses of TC 

and there was a numerical reduction in iNOS in the absence of Ang-II at all TC doses 

(62.5-500μg/mL). This suggests that TC exposure may potentially influence iNOS 

expression in HCAEC at low TC doses. Expression of p65 was reduced at the 62.5 and 

125 μg/mL TC doses compared to the control with expression increasing with TC in a 

dose-dependent manner. The p65 expression was also reduced in the Ang-II, 250 Ang, 

and 500 Ang exposures compared to the control. Interestingly, the amount of 

phosphorylated p65 was much higher in the 62.5μg/mL TC exposed cells than in the 

control. The levels of ICAM-1 were not very different between the TC groups in the 

absence of Ang-II. However, when Ang-II was present, ICAM-1 expression 

numerically increased with TC in a dose-dependent manner. The results of this study 

suggest that TC may be able to reduce iNOS and levels of p65 in HCAEC.  

Overall, the results from these studies support the idea that TC may play a role 

in reducing inflammation and oxidative stress. However, more studies are needed to 

better understand the effects of TC on NF-κB in the presence of Ang-II using 
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HCAEC. Supporting evidence herein can provide a foundation for future studies that 

wish to determine the role of TC consumption in preventing or delaying health 

conditions with an underlying inflammatory or oxidative stress cause.  
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