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Chapter 1 

Introduction
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1.1 Background 

Phytochemicals are chemical compounds that are naturally existing in plants 

(phyto means "plant" in Greek). Most of these compounds are responsible for color and 

organoleptic properties, such as the deep purple of blueberries and smell of garlic (Duke, 

1992; Holst and Williamson, 2008; Yoon and Liu, 2007). Phytochemicals may have 

biological significance but are not established as essential nutrients for human 

(Beauchamp et al., 2005; Pereira Panza et al., 2015; Shewry et al., 2008). Some of these 

chemicals have potentials to affect diseases such as cancer, diabetes, stroke and metabolic 

syndrome. Phytochemicals have a wide variety of categories, including tocols (e.g., 

tocopherols and tocotrienols), flavonoids (e.g., soy isoflavone, tea catechins, and 

anthocyanidines), carotenoids (e.g., β-carotene and other pigments), monophenolic acids 

(e.g., caffeic acid and ferulic acids) and polyphenolic acids (e.g., avenanthramides) 

(Duke, 1992). Phenolic compounds (phenols) are a group of chemicals consisting a 

hydroxyl group (-OH) directly bonded to an aromatic hydrocarbon group (Khoddami et 

al., 2013). Phenolic compounds are widely existed in cereal, herb, fruit and vegetables. 

Most phenolic compounds are bioactive and have health benefits such as antioxidant, 

anti-inflammatory, anti-atherosclerotic and anticarcinogenic functions. Thus, these 

phenolic compounds can bring about beneficial effects in health and have implications in 

sports and exercise. 

Phytochemicals demonstrate health benefits mainly through their antioxidant and 

anti-inflammatory effects (Figure 1-1). Maintaining oxidative stress balance between 

antioxidants and free radicals is crucial in exercise and cardiovascular diseases (Dhalla et 

al., 2000; Urso and Clarkson, 2003). Nuclear factor (NF)-κB pathway is the classical 
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inflammatory pathway which is activated by proinflammatory cytokines such as 

interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α), and the activation of the NF-

κB pathway is involved in several chronic inflammatory diseases, such as atherosclerosis, 

inflammatory bowel disease and rheumatoid arthritis (Lawrence, 2009). Phytochemicals 

exert anti-inflammatory effects by inhibiting IκB kinase (IKK) and decrease the 

translocation of p50/p65 complex into nucleus to bind to κB region (Guo et al., 2008; 

Kang et al., 2018; Salminen et al., 2012; Singh and Aggarwal, 1995; Yoon and Liu, 

2007). Peroxisome proliferator-activated receptor γ co-activator 1-α (PGC-1α) is a key 

transcriptional regulator of mitochondrial biogenesis (Jornayvaz and Shulman, 2010). As 

a co-activator, PGC-1α activates nuclear respiratory factor (NRF)-1 and increases 

endogenous antioxidants expressions, such as superoxide dismutase (SOD), catalase 

(CAT) and glutathione peroxidase (GPx) (Kang and Li Ji, 2012). Although the 

mechanism that links PGC-1α and NF-κB is unclear, several studies have shown 

crosstalk between two pathways on regulations of inflammation and oxidative stress 

(Eisele et al., 2013; Palomer et al., 2009). PGC-1α/NRF-1 activation may lead to 

increased expression of antioxidants which are responsible for free radicals (ROS) 

scavenging and inhibits NF-κB pathway activation (Kang and Li Ji, 2012). In addition, 

p65 subunit may directly bind and suppress PGC-1α after NF-κB activation (Alvarez-

Guardia et al., 2010) but restored by phytochemicals due to NF-κB inhibition (Grabacka 

et al., 2014; Salminen et al., 2012). Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)-

antioxidant response element (ARE) pathway plays an important role in cellular defense 

against oxidative stress by activating anti-inflammatory and phase II genes expressions 

(Ahmed et al., 2017; Johnson et al., 2008; Li et al., 2004). The activation of Nrf2/ARE 
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pathway by phytochemicals are initiated with the dissociation of Nrf2/Keap1 (BTB-

Kelch-like ECH-associated protein 1) complex after Keap1 is modified, and Nrf2 is 

further induced to bind to ARE region and activates antioxidant and anti-inflammatory 

response (Fu et al., 2015; González-Reyes et al., 2013; Lee et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1. Mechanisms of action of common phytochemicals 

  As physical activity increases among general population, maintaining proper 

antioxidant defense during exercise and sports becomes an important issue for 

musculoskeletal health (Cartee et al., 2016; Koenig et al., 2016). Overproduction of 

reactive oxygen species (ROS) not only causes subtle cellular damage to muscle but also 

increases the risk of systemic inflammatory response following rigorous physical 

exertion. Lengthening or eccentric contraction (EC) is an integral part of heavy exercise. 
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EC breaks down weakened myofibrils and activates a series of enzymes (e.g. proteases 

and lipases), followed by immunological responses such as neutrophils activation, ROS 

generation and expression of pro-inflammatory cytokines (e.g., Tumor Nuclear Factor 

(TNF)-α, Interleukin (IL)-1, 6, and 8) and chemokines (e.g., intercellular adhesion 

molecule (ICAM)-1) (Liao et al., 2010). Nuclear Factor (NF)-κB activation amplifies 

systemic inflammation that causes muscle pain, which further leads to underperformance 

and fear of participation in exercise and sports (Peake et al., 2005a; Pereira Panza et al., 

2015; Proske and Allen, 2005). Pharmacological treatment such as nonsteroidal anti-

inflammatory drug (NSAID) has been controversial as it interrupts normal healing 

process (Gomez-Cabrera et al., 2008; Ristow et al., 2009). Also, recent research indicates 

that supplementation of large doses of antioxidants of pharmaceutical source can be more 

detrimental than beneficial as it interferes with intrinsic adaptive responses and 

sometimes takes away the benefit of exercise (Gomez-Cabrera et al., 2008; Ristow et al., 

2009).   

Avenanthramides (AVAs) are a group of diphenolic acids found only in oats 

(Avena sativa) (Collins, 1989). Of all the AVAs identified, AVA-A (2p), AVA-B (2f), 

and AVA-C (2c) are most abundant and differ only by a single moiety on the 

hydroxycinnamic acid ring. Early research indicates that oat bran contains a high 

concentration of antioxidants (Dimberg et al., 1993), and increased oat consumption is 

associated with decreased serum lipid and cholesterol levels (Peterson et al., 2002), and 

low-density lipoprotein oxidation (Chen et al., 2004). Additional studies show that AVAs 

have the anti-inflammatory and anti-atherogenic effects by decreasing monocyte 

adhesion to aortic endothelial cells, which increases the expression of pro-inflammatory 
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(e.g., TNF-α, IL-1β, IL-6) cytokines and chemotactins (e.g., ICAM-1, vascular cell 

adhesion molecule (VCAM)-1, monocyte chemotactic protein (MCP)-1, E-selectin) (Liu 

et al., 2004). These effects are derived from decreased NF-κB activity (Guo et al., 2008a; 

Nie et al., 2006a). Ji et al. (Li Li Ji, 2003) first showed that rats fed a AVA 2c-

supplemented diet for 50 days display lower ROS generation and lipid peroxidation in 

skeletal muscle and higher levels of SOD and glutathione peroxidase activity in the 

muscle, heart, liver, and kidney. Also, Koenig et al. (Koenig et al., 2014, 2016) reported 

that 8 weeks of AVA supplementation among young and post-menopausal women 

attenuates plasma TNF-α and C-reactive protein responses to downhill running-induced 

inflammation. Compared with women in the control group, women in the high-AVA 

group showed a suppressed neutrophil respiratory burst immediately and 24 h after 

downhill running, and lowered IL-6 and monocyte NF-κB activation. These studies show 

that AVAs have great potential to prevent exercise-induced adverse effects in human 

subjects. 

Oleocanthal (Oleo) is a type of natural phenolic compound found in extra-virgin 

olive oil (EVOO). Oleo was first reported in EVOO by Montedoro et al. (Montedoro et 

al., 1993) as decarboxymethyl ligstroside aglycone. It was named oleocanthal (oleo- for 

olive, canth- for sting, al- for aldehyde) because its specific burning sensation in the back 

of the throat upon oral ingestion, similar to ibuprofen and other non-steroidal anti-

inflammatory drugs (NSAID) (Beauchamp et al., 2005). Iacono et al. reported that 

pretreatment of ATDC-5 chondrocytes cells with Oleo significantly inhibited the 

Lipopolysaccharide (LPS)-induced nitric oxide (NO) production in a dose-dependent 

manner (Iacono et al., 2010). Oleo also demonstrated inhibitory effects on 
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cyclooxygenase enzymes COX-1 and COX-2 activities in vitro. For example, 25 μM 

Oleo had 3-5 folds of ibuprofen inhibitory effects on COX-1 and COX-2 (Beauchamp et 

al., 2005). Beauchamp also claimed that 50g EVOO contains an amount of Oleo with 

similar in vitro anti-inflammatory effect as 1/10 of the adult ibuprofen dose. These results 

showed Oleo might be potential in the treating inflammatory degenerative joint diseases 

(Iacono et al., 2010). In addition, Oleo was found to inhibit tau fibrillization in vitro and 

reduce the accumulation of β-amyloid proteins involved in Alzheimer's disease through 

increasing P-glycoprotein 1 and low-density lipoprotein receptor (LDLR)-related protein-

1(Li et al., 2009; Pitt et al., 2009). Oleo was also reported to possess anti-proliferative 

effects in human breast and prostate cancer lines (Elnagar et al., 2011) and prevented 

tumor induced cell transformation in mouse epidermal JB6 Cl41cells (Khanal et al., 

2011). These studies have shown that Oleo is a potential phytochemical to have anti-

inflammation, anti-degenerative disease and anti-cancer effects. 

Oleacein (Olea) is another abundant phenolic compound discovered in EVOO, 

which is the dialdehydic form of elenolic acid conjugated with 3,4-

(dihyroxyphenyl)ethanol (3,4-DHPEA-EDA) (Paiva-Martins and Pinto, 2008). Olea was 

first found inhibiting angiotensin converting enzyme (ACE) in vitro (Hansen et al., 

1996). Several in vitro studies also showed Olea has antioxidant activity by scavenging 

free radicals (Czerwińska et al., 2012; Paiva-Martins and Pinto, 2008). Olea also showed 

anti-atherosclerotic activity by reducing ROS production in f-MLP or PMA stimulated 

neutrophils (Czerwińska et al., 2012), decreasing inflammatory mediators (e.g. elastase, 

MMP-9 and IL-8) and down-regulating L-selectin and integrin CD11b/CD18 expression 

which activates neutrophils (Czerwińska et al., 2014). Oleacein also showed protective 
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effects on endothelial progenitor cells through exerting antioxidant capacity and 

increasing heme oxygenase-1 expression, which benefits the rebuilding of blood vessels 

(Naruszewicz et al., 2015; Parzonko et al., 2013) . 

Despite the widely reported bio-protective effects of these compounds, there are 

very limited in vivo studies on bioavailability and biological effects AVA and Oleo/Olea. 

Thus, this dissertation will investigate oat AVA absorption and elimination profiles after 

acute oral consumption of natural oats in vivo. In addition, this research will examine the 

protective mechanisms of oat AVA on eccentric contraction-induced muscle injury. This 

dissertation will further explore a novel anti-inflammatory and immune-regulatory effects 

of Oleo/Olea supplementation and exercise training in atherogenic rats.   

1.2 Statement of purposes 

The purposes of the proposed studies are: 

(1) To examine the metabolic fate of AVAs by measuring plasma concentrations 

and pharmacokinetic properties of AVAs in human after an acute oral 

ingestion of oat cookies.  

(2) To examine whether 8 weeks of dietary supplementation of AVA can affect 

circulatory immune cells and reduce blood inflammatory markers in response 

to a downhill running (DR) in both male and female subjects. 

(3)  To examine whether 12 weeks of Oleocanthal/Oleacein supplementation 

could inhibit inflammation and endothelial dysfunction induced in 

atherosclerotic rats, and combined exercise training would further reduce 

inflammation and improve immune functions. 
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1.3 Hypothesis 

We will test the following hypotheses: 

(1) a. AVA are bioavailable to human and the relative absorption rates will be: 

AVA-A>>AVA-B>AVA-C in natural oats flour.  

b. AVA-B has the slowest elimination rate and highest half-life compared to 

AVA-A and AVA-C, while AVA-C has the lowest absorption rate and plasma 

concentrations.  

(2) a. AVA supplementation will reduce muscle damage marker Creatine Kinase 

(CK) and ROS production marker neutrophil respiratory burst (NRB) after 

DR. 

b. AVA supplementation will decrease DR-induced muscle inflammatory 

responses and increase anti-inflammatory cytokines in blood circulation. 

c. AVA supplementation will alleviate DR-induced peripheral blood immune 

cells changes. 

d. AVA supplementation will inhibit DR induced chemokines and cell 

adhesion molecules expression. 

e. AVA supplementation will reduce subjective sensation of muscle soreness. 

(3) a. EVOO supplementation will improve circulatory immune cells and 

inflammatory cytokines in atherogenic rats compared to control group.  

b. H-Oleo/Olea will show lower inflammatory cytokines and improved 

endothelial functions than L-Oleo/Olea group.  

c. Exercise training combining Oleo/Olea supplementation will further reduce 

inflammation and improve peripheral immune cells. 
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Chapter 2 

Literature review
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2.1 Inflammation and oxidative stress in eccentric exercise  

Exercise-induced muscle damage after unaccustomed eccentric exercise is a 

common physio-pathological response after heavy exertion, which is shown as muscle 

pain and soreness (Peake et al., 2005a; Proske and Allen, 2005; Proske and Morgan, 

2001). Downhill running is one of the eccentric contraction (EC), which lengthens lower 

extremity muscle groups. The muscle damage caused by downhill running is a sequence 

of events.  

The macro damage is the initial damage related to mechanical stress of 

contraction, accompanied with excessive stretching and myofibril filament ruptures, 

which are microscopic lesions at the Z-line of the muscle sarcomere (Armstrong, 1984). 

Over-stretching of the muscle fibers may lead to separation of actin and myosin cross-

bridges prior to relaxation, producing greater tension on the remaining active motor units 

and potentially leading to sarcomere damage. Meanwhile, pain receptors located within 

connective tissues are also stimulated and causes the sensation of pain, shown as muscle 

soreness (Cheung et al., 2003; Gulick et al., 1996). 

The cellular damage is the following event after mechanical damage on muscle 

fibers, accompanies with calcium metabolism imbalance, oxidative stress level changes 

and inflammation (Figure 2-1). The initial macro damage results in muscle weakness and 

damage to membrane systems, which leads to uncontrolled Ca2+ release in sarcoplasmic 

reticulum and cytosolic proteins release (Proske and Allen, 2005). Damaged muscle 

fibers release IL-1β and TNF-α proinflammatory cytokines, inducing cell adhesion 

molecules (ICAMs, VCAMs, etc.) expressions on the surface of endothelial cells and 

release chemoattractants and proinflammatory cytokines (e.g., IL-6, IL-8). Adhesion 
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molecules expressed on surface of endothelial cells attract phagocytic cells (monocytes 

and neutrophils) to migrate to the injury site (Butterfield et al., 2006). The above process 

happens from 0 h and 24 h after eccentric exercise with accumulation of neutrophils, 

monocytes and M1 macrophages (promoting inflammation) in the injured muscles 

progressively. From 24 h to 48 h, these phagocytic cells reach their peak concentrations 

(Paulsen et al., 2010). At the injury site, these recruited phagocytic cells help to remove 

and degrade damaged tissue by engulfing cellular debris (degranulation and 

phagocytosis) and releasing proteases, inflammatory cytokines, and reactive oxygen 

species (ROS)/reactive nitrogen species (RNS) (Butterfield et al., 2006; Pereira Panza et 

al., 2015). The site inflammation activates cyclooxygenase (COX), which generates 

prostaglandin E2 (PGE2). PGE2 and released protease activate proteolytic systems 

(calpain and ubiquitin proteome systems) to promote the degradation of myofibrillar 

proteins (Paulsen et al., 2010). Proteolysis in the injury site also produces ROS/RNS to 

stimulate NF-κB pathway (Peake et al., 2005), amplifying the inflammation signals by 

expressing more pro-inflammatory cytokines (i.e. IL-1β, IL-6, TNF-α). Inflammation 

induced myofibrillar proteins breakdown leads to muscle swelling and pain tenderness, 

which may induce muscle stiffness with a rise in concentration of influx Ca2+. Although 

these biomarkers participate in the early inflammatory stages (0h to 48 h) after injury, 

these cytokines are also involved in muscle regeneration and remodeling after 48 h post-

eccentric exercise (Tidball and Villalta, 2010). After 72 h, M1 macrophages turn into 

anti-inflammatory M2 macrophages and maintain peak amount for several days after 

muscle injury. Anti-inflammatory cytokines and growth factors released from M2 
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macrophages, as well as satellite cells contribute to tissue repair and regeneration (Pereira 

Panza et al., 2015; Tidball and Villalta, 2010). 

 

Figure 2-1. Mechanisms in eccentric exercise induced muscle inflammation 

The initial muscle fiber macro damage in eccentric exercise results in muscle 

weakness and damage to membrane systems, leading to uncontrolled Ca2+ release in 

sarcoplasmic reticulum and cytosolic proteins release (Proske and Morgan, 2001). 

Creatine kinase (CK), lactate dehydrogenase (LDH) enzymes activities and myoglobin 

(Mb) levels are commonly used as markers to reflect muscle damage levels (Brancaccio 

et al., 2006; Munjal et al., 1983). Since inflammation is also involved in the development 

of EC induced muscle damage, inflammatory markers such as tumor necrosis factor 

(TNF)-α, interleukin (IL)-1, IL-6 and c-reactive protein (CRP) are also indicators of 

muscle damage after eccentric exercise (MacIntyre et al., 1995).  

2.2 Oat Avenanthramides (AVA) 

2.2.1 Bioavailability  
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Avenanthramides (AVA) are a group of oat specific diphenolic acids (Collins, 

1989), and it was first identified as N-cinnamoylanthranilate alkaloids by Collins with 

nuclear magnetic resonance spectroscopy, mass spectrum, ultraviolet spectroscopy and 

hydrolytic techniques after HPLC separation (Collins, 1989; Collins and Mullin, 1988). 

As the name implies, the structure of AVA (Figure 2-2) includes an anthranilate 

derivative and a phenylpropanoid derivative linked by an amide (pseudo peptide) bond. 

AVA was first discovered as phytoalexins with antimicrobial property (inhibiting fungal 

germination in vivo) in response to infection (Mayama et al., 1982; Miyagawa et al., 

1995). Among all AVA compounds, AVA-A (-2p or Bp), AVA-B (-2f or -Bf) and AVA-

C (-2c or -Bc) are the major forms, with AVA-C being the most abundant (Mattila et al., 

2005).  

 

Figure 2-2. Chemical structure of Avenanthramides 

The biological efficacy of AVA is largely dependent on its bioavailability. 

Bioavailability is a measurement of the extent to which a therapeutically active 

compound reaches the systemic circulation and is available at the site of action (Shargel 
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et al., 2007). Chen et al. first examined the bioavailability of AVA after gavage hamsters 

with saline containing 0.25 g oat bran phenol-rich powder (40 μmol phenolics), and 

collected blood from 20 to 120 min (Chen et al., 2004). The phenol-rich powder 

contained AVA-A (2.50 μmol/g) and AVA-B (1.97 μmol/g). After gavaging an oral dose 

of 0.63 μmol AVA-A and 0.49 μmol AVA-B, the maximum concentrations in plasma 

(Cmax) of these compounds were 0.04 and 0.03 μmol/L respectively, which appeared at 40 

min (Tmax) after administration. Most of AVA-A and -B were eliminated by 120 min. The 

same research team also compared the apparent relative bioavailability among 8 different 

phenolic compounds and found AVA-A and -B had lowest bioavailability (Chen et al., 

2004). Another animal study conducted by Koenig et al. further examined the conjugated 

and free AVA in plasma, liver, heart, and gastrocnemius of rats after administering 

synthetic AVA-A, -B, and -C by oral gavage at a dose of 20mg/kg body weight (Koenig 

et al., 2011). Glucuronidase-sulfatase was used to free AVA from conjugated forms after 

phase II metabolism in the liver (Chen et al., 2004, 2007). Free and conjugated AVA 

concentrations over a 12 h period at 0, 2, 4 and 12 h were quantified. Peak plasma AVA 

concentrations occurred at 1h after administration. Liver and heart showed a higher 

AVA-B concentration, but a lower AVA-A and AVA-C than plasma and a large 

proportion of detected AVA-B was the conjugated form. This indicated that AVA-B 

might be taken up faster than AVA-A and -C, which are structural dependent related to 

different hydroxycinnamic acid moieties (Chen et al., 2007; Koenig et al., 2011). The 

interesting phenomenon found in heart was that a rebound on AVA-B and -C 

concentrations occurred at 4h and 12 h after returning to the baseline at 2h. The author 

explained that the AVA rebound observed in heart might be due to an enhanced uptake in 



 16 

heart after initial and dominant uptake by liver and skeletal muscle in the first couple of 

hours. In the skeletal muscles, AVA concentrations are much lower than liver and heart 

up to 12 h after oral gavage, with most fractions in the conjugated forms. Koenig first 

determined the uptake and distributions of AVA in different tissue and found different 

AVA compounds were taken up differently. However, the rank order of plasma 

concentration by AVA type (A>>B>C) is the same no matter in rats, hamsters or human 

(Chen et al., 2004, 2007; Koenig et al., 2011).  

Although AVA bioavailability has been investigated in vivo with animal models, 

similar human studies are required to illustrate pharmacokinetic properties of this 

compound. Chen et al. first studied the pharmacokinetic parameters of total (free plus 

conjugated) AVA-A, -B and -C among six human subjects after consuming 0.5 or 1 g 

AVA-enriched mixture (AEM) extracted from oats (Chen et al., 2007). In this study, time 

to reach maximum concentration (Tmax) of AVA-A, -B and -C were 2.30h, 1.75h, and 

2.15h and half time (T1/2) for elimination were 1.75h, 3.75h and 3.00h. AVA-A, -B and -

C contents in AEM were 154 μmol/g (46.09 mg/g), 109 μmol/g (35.89 mg/g), and 111 

μmol/g (35.00 mg/g), and plasma maximal concentrations (Cmax) of total AVA after 

consuming 0.5g and 1g AEM reached 112.9 and 374.6 nmol/L for AVA-A, 13.2 and 96.0 

nmol/L for AVA-B, and 41.4 and 89.0 nmol/L for AVA-C. Bioavailability (area under 

the curve/oral dose) was also compared and AVA-A showed significant higher 

bioavailability than AVA-B and -C. The difference on bioavailability and elimination 

among AVA could be chemical structure dependent. Absorption profile of AVA-B 

differs from that of AVA-A and -C, with AVA-B having the highest Cmax, longest T1/2, 

and shortest Tmax. These differences might be related to the different hydroxycinnamic 
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acid moieties in AVA-A (-H), AVA-B (-OCH3), and AVA-C (-OH). That is, as AVA-B 

is more hydrophobic than AVA-A and AVA-C, this may lead to a slower elimination rate 

(Chen et al., 2007). However, Koenig et al. (Koenig et al., 2011) found that AVA-B 

showed the fastest elimination rate in rats. This discrepancy between human and rat 

studies might be due to species differences in phase I and II metabolism (Scalbert and 

Williamson, 2000). Unfortunately, like all other phytochemicals (Scheepens et al., 2010), 

the previous clinical trial revealed relative low AVA absorption after ingestion (Chen et 

al., 2007). The limitation for the bioavailability study is the lack of determination on 

absolute and relative bioavailability of AVA, and intravenous AVA or comparable 

biological products are required to estimate these two parameters. Further investigations 

are needed to determine the absolute bioavailability of other AVA compounds and the 

mechanisms contributing to the different absorption and elimination profiles of various 

AVA. 

2.2.2 Biological effects  

Antioxidant effect 

Oxidative stress plays a crucial role in numerous chronic diseases and strenuous 

exercise, and AVA have been revealed protective effects by scavenging free radicals and 

exerting antioxidant capacities in vitro and in vivo (Chen et al., 2004; Dimberg et al., 

1993; Ji et al., 2003; Lee-Manion et al., 2009; Yang et al., 2014). AVA contains α, β-

unsaturated carbonyl group (O=CR)-Cα=Cβ-R, which is susceptible to neutrophilic attack 

and plays a role as Michael acceptor. Heme oxygenase (HO) catalyzes the degradation of 

heme, and the inducible form HO-1 involves in the oxidative stress regulation and redox 

reactions (Motterlini et al., 2000). HO-1 expression is regulated by the binding of nuclear 
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factor erythroid 2-related factor 2 (Nrf-2) to antioxidant response element (ARE) on 

DNA at the transcriptional level (Li et al., 2004). However, Nrf-2/Keap-1 (Kelch-like 

ECH-associated protein 1) complex prevents the translocation of Nrf-2 from cytosol to 

the nucleus and initiate target mRNA expressions (Nguyen et al., 2009). Michael 

acceptor groups, such as α, β-unsaturated carbonyl group in AVA, can react with cysteine 

sulfhydryl groups of Keap-1 and activate Keap1-Nrf2-ARE signaling pathway, regulating 

downstream HO-1 mRNA expressions (Magesh et al., 2012). Fu et al. investigated 

whether AVA could induce HO-1 expression through the activation of Nrf-2 

translocation in HK-2 cells (Fu et al., 2015). In this study, AVA-A, -B and -C increased 

HO-1 expression in both a dose- and time-dependent manner. In addition, AVA-A, -B 

and -C stimulated Nrf-2 translocation from cytoplasma to nucleus, showing at least 50% 

decrease of cytosolic Nrf-2 levels and a 2.5-fold increase on nuclear Nrf-2. However, the 

addition of N-acetylcysteine (NAC) decreased HO-1 expression induced by all three 

types of AVA, indicating that ROS are involved in the upregulation of HO-1. The authors 

further tested the dihydro-AVA (loss of α, β-unsaturated carbonyl group after 

hydrogenation) and found no effect on HO-1 expression in HK-2 cells. These results 

demonstrated that AVA may act as an antioxidant in trapping ROS due to its specific α, 

β-unsaturated carbonyl structure on aromatic rings, which are commonly known to 

scavenge free radicals (Fagerlund et al., 2009; Lee-Manion et al., 2009; Yang et al., 

2014).  

Osteoblasts and osteoclasts are bone cells regulating calcium homeostasis of bone 

formation and resorption, respectively. Pellegrini et al. (Pellegrini et al., 2016) 

investigated the regulation of AVA-A, -B and -C on osteoblast gene expression and 
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survival in vitro. OB-6 osteoblastic cells were cultured with 0.01, 0.1, 1, 10 and 100 μM 

of AVA-A, -B and -C, separately. Gene expression of the osteoblast markers osteocalcin, 

runx2, collagen 1, osterix and alkaline phosphatase were not affected by AVA, but 

receptor activator of nuclear factor kappa-B ligand (RANKL), an indicator of osteoclast 

differentiation and activation (Grimaud et al., 2003) was not detected, which indicated 

reduced bone resorption. Low concentrations of AVA-B and -C (0.01 and 0.1 μM) 

increased osteoprotegerin (OPG, an anti-osteoclastogenic cytokine) gene expression. To 

further evaluate the effect of various doses of AVA-B on basal and induced apoptosis in 

OB-6 cells, a pro-apoptotic agent etoposide (50 μM) was used and cell viability was 

measured. Results showed that AVA-B did not affect basal levels of apoptosis of 

osteoblastic OB-6 cells, but protected etoposide-induced OB-6 cell apoptosis in a dose-

dependent way. These in vitro data revealed that oat AVA may have an anti-

osteoclastogenic property and prevent cell apoptosis, which increases the survival of 

osteoblast. However, more in vivo studies need to be performed to further prove this 

hypothesis.  

Antioxidant enzymes, such as superoxide dismutase (SOD) and glutathione 

peroxidase (GPx), play key roles in scavenging free radicals and balancing the oxidative 

stress (Devasagayam et al., 2004). Ren et al. investigated the effects of oat 

avenanthramide-rich extract (ARE) on the activity and gene expression of antioxidant 

enzymes in D-galactose induced oxidative stress in mice (Ren et al., 2011). Three doses 

of ARE (250, 500, 1000mg/kg) were administered to the mice and antioxidant enzyme 

activity or gene expression was observed. AVA-A, -B and -C concentrations in ARE 

were 4.37%, 5.36% and 6.07%, respectively. Results showed that administration of ARE 
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reversed D-galactose induced oxidative stress marked by a lipid peroxidation marker, 

hepatic malondialdehyde (MDA) concentration,  and increased enzymatic activities and 

gene expressions of hepatic SOD and GPx. 

In the oat AVA bioavailability study, Chen et al. evaluated antioxidant capacity 

and lipid peroxidation in human after acute oat AVA consumption (Chen et al. 2004b). It 

was shown that consuming 1g AEM (AVA-A, -B, and -C concentrations in the AEM 

were 46.09 mg/g, 35.89 mg/g, and 35.00 mg/g) only elevated plasma GSH by 21% at 15 

min of exercise, and by 14% at 10h after exercise, but had no effects on other antioxidant 

levels or lipid peroxidation. Liu et al. first conducted the long-term supplementation in 

human subjects, in which they administered oat AVA-enriched extract (OAE) capsules to 

120 healthy subjects for 1 month and observed the long-term antioxidant effect (Liu et 

al., 2011). Results showed that SOD activity was elevated by 7.3% and 8.4%, 

respectively, in groups taking 4 capsules (1.56mg AVA) or 8 capsules (3.12 mg AVA) 

per day. They also detected a significant increase on reduced glutathione (GSH) and a 

decreased MDA level by 17.9% and 28.1%. Lipid profiles, such as total cholesterol (TC), 

triglyceride (TG), and low density lipoprotein (LDL) cholesterol were significantly 

reduced by 11.1%, 28.1% and 15.1%, respectively, while HDL cholesterol was increased 

by 13.2%. Although this study was not conducted in cardiovascular patients, it revealed 

for the first time the cardiovascular protective effects of oat AVA in humans. 

Anti-inflammatory effect 

Dihydroavenanthramide, is an analog of AVA, with reduced double bond at C7’-

C8’ positions. Wang et al. have identified dihydroavnanthramide-B and -C as metabolites 

after intragastrically treated AVA-C (-2c) (200 mg/kg) in mice, indicating reduction of 
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AVA by gut microbiota is one of the metabolism pathway (Wang et al., 2015). Lv et al. 

(Lv et al., 2009) reported that a synthetic AVA analog, dihydroavenanthramide-D 

(DHAvD), exerted protection on pancreatic β-cells. IL-1β and IFN-γ induced rat 

pancreatic β-cell (RINm5F) damage was restored by addition of 5μM DHAvD, and these 

cytoprotective effects from DHAvD were caused by the inhibition of NO production via 

the suppression of iNOS expression. Since NF-κB pathway is involved in the regulation 

of iNOS expression, this study further explored NF-κB translocation from cytoplasma to 

nucleus in rat pancreatic β-cell line RINm5F cells. They found that pretreatment of 

DHAvD suppressed cytokine-induced p65 and p50 complex (active NF-κB) translocation 

to nucleus and binding to DNA. Preventive effects of DHAvD was further assessed using 

isolated islets from rat and results were similar with in vitro findings as mentioned above. 

Type 1 diabetes is an autoimmune disease, initiated from the destruction of pancreatic β-

cells, which are responsible for secreting insulin in response to high glucose condition 

(Cnop et al., 2005). In this study, islets functions were also tested using isolated islets 

treated by cytokines and type 1 diabetes model induced by streptozotocin (STZ). Both 

models showed that islet functions were degenerated after cytokine or STZ treatments, 

with significantly lower insulin secretion and higher fasting glucose. However, DHAvD 

pretreatment or injection blocked this destructive effect and restored insulin secretion 

levels back to control levels. In addition, an animal model was used to investigate 

DHAvD protection against STZ-mediated type 1 diabetes in ICR mice. Prior injection 

with DHAvD (1.5 g/kg DHAvD daily for 3 days) inhibited the STZ-induced islet 

destruction and maintained islet cells function by restoring insulin secretion. The in vivo 

study also proved the same hypothesis tested in vitro that DHAvD can protect islets and 
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pancreatic β-cells from destruction by inhibiting NF-κB activation, which leads to the 

decreased iNOS expression and NO productions.  

Physical activity, especially heavy exercise induces production of ROS, leading to 

oxidative damage and inflammation (Davies et al., 1982). Ji et al. first found that 

synthetic AVA supplementation (AVA-C) affected ROS production and antioxidant 

enzyme activities in female Sprague-Dawley rats (Ji et al., 2003). 0.1 g/kg AVA-C was 

added to diet for 50 days and rats were subjected to an acute exercise on the treadmill at 

22.5 m/min, 10% grade for 1 hour. Results showed AVA-C supplementation alleviated 

exercise-induced ROS production in soleus muscle, and lipid peroxidation in the heart, 

but enhanced lipid oxidation in deep vastus lateralis muscle (DVL). For antioxidants 

enzymes, AVA-fed rats showed elevated SOD activity in DVL, liver and kidney. In 

addition, GPx activity was upregulated in the heart and DVL after AVA-C 

supplementation. This study for the first time showed that AVA may attenuate exercise-

induced ROS production and lipid peroxidation in selected body tissues of rodent and set 

the stage for studies in human subjects (Koenig et al., 2014, 2016).  

Downhill running (DR) or downhill walking (DW), as a typical format of muscle 

eccentric contraction, can induce overproduction of ROS and inflammatory responses 

(Proske and Morgan, 2001). Delayed-onset muscle soreness (DOMS) is a symptom of 

exercise-induced muscle damage after unaccustomed eccentric exercise (Armstrong, 

1984; Gulick et al., 1996). The macro damage is the initial response to mechanical 

stretching, accompanied with myofibril filament ruptures (Armstrong, 1984), and 

activation of pain receptors within muscle connective tissues leadings to muscle soreness 

and swelling sensation (Cheung et al., 2003; Gulick et al., 1996). During 0 h to 24 h after 
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eccentric exercise, adhesion molecules (i.e. ICAMs and VCAMs) on the surface of 

endothelium are induced by pro-inflammatory cytokines (i.e. IL-1β and TNF-α) released 

from damaged muscle fibers. The release of chemoattractants and proinflammatory 

cytokines (i.e. IL-6, IL-8) attract phagocytic cells (monocytes and neutrophils) to migrate 

to the injury site (Butterfield et al., 2006; Pereira Panza et al., 2015). This process 

accompanies with accumulation of neutrophils, monocytes and M1 macrophages 

(promoting inflammation) in the injured muscle fibers to reach peak concentrations 

between 24 h to 48 h (Paulsen et al., 2010). These phagocytic cells are responsible to 

engulf (degranulation and phagocytosis) cellular debris from damaged muscle fibers and 

release proteases, inflammatory cytokines, and reactive oxygen and nitrogen species 

(RONS) (Butterfield et al., 2006; Pereira Panza et al., 2015). NF-κB pathway can be 

further activated by imbalanced oxidative stress and upregulate inflammatory markers 

expression (i.e. IL-1β, IL-6, TNF-α), amplifying inflammation signals (Peake et al., 

2005a). After 72 h, M1 macrophages convert into nonphagocytic M2 macrophages (anti-

inflammatory effects), reaching peak concentration at about 96 h (Pereira Panza et al., 

2015) and may remain elevated for several days after muscle injury (Tidball and Villalta, 

2010). M2 macrophages release anti-inflammatory cytokines (i.e. IL-10) and growth 

factors to help muscle fibers regeneration and remodeling, with the involvement of 

satellite cells (Pereira Panza et al., 2015; Tidball and Villalta, 2010).  

Koenig et al. first demonstrated the anti-inflammatory and antioxidant effects of 

AVA in humans (Koenig et al., 2014). A DW-induced inflammation model among post-

menopausal women was established to test the long-term AVA supplementation effect. 

Subjects were divided into two different AVA doses, consuming 9.2mg AVA/day or 
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0.4mg AVA/day. AVA was supplemented by ingesting two oat cookies per day for a 

period of 8 weeks. AVA decreased ROS generation from neutrophil respiratory burst 

(NRB) at 24h post-DW and C-reactive protein (CRP) level 48h post-DW. Inflammatory 

response, such as mononuclear cell nuclear factor (NF) κB binding to DNA was inhibited 

and plasma interleukin (IL)-1β concentration was reduced in AVA group. These changes 

might be due to increased blood-borne antioxidant defense, such as elevated plasma total 

antioxidant capacity (TAC) and erythrocyte superoxide dismutase (SOD) activity 

(Koenig et al., 2014).  

Another similar study published recently investigated the antioxidant and anti-

inflammatory effects of AVA in a DR model among young women (Koenig et al., 2016). 

The dietary regimen and exercise protocol were exactly the same as the previous DW 

study among post-menopausal women (Koenig et al., 2014), except the treadmill speed. 

Plasma creatine kinase (CK) and inflammation marker tumor necrosis factor-α (TNF-α) 

increased after DR but alleviated by both AVA and control groups. AVA group 

suppressed neutrophil respiratory burst (ROS generation) at 24h post-DR. Inflammation 

marker (IL-6) and monocyte NF-κB binding to DNA were lowered 24h post-DR in AVA 

group compared to control group. This study observed a similar increase in plasma TAC 

after 8 weeks dietary regimen as the previous DW study (Koenig et al., 2014). In 

addition, AVA supplementation group increased plasma GSH: GSSG ratio in response to 

DR and decreased erythrocyte GPx activity. These results suggest that AVA may be used 

as potential sports nutrition supplements in reducing muscle inflammation induced by 

heavy exercise. 

Anti-atherosclerosis effect 
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Atherosclerosis, a polygenic disease (Rubin and Smith, 1994), is developed and 

progressed by impaired oxidative stress, elevated inflammation, and endothelial 

dysfunction (Lusis, 2000). Under oxidative environment, oxLDL stimulates cell adhesion 

molecules (e.g. E-selectin, VCAM-1 and ICAM-1) and subsequently attracts immune 

cells, such as monocytes (Bronas and Dengel, 2010; Libby et al., 2009; Lusis, 2000). 

After monocytes are differentiated into macrophages under pro-inflammatory cytokines, 

they ingest oxLDL and form foam cells, leading to the formation of a fatty streak and 

eventually atherosclerotic fibrous plague. Fatty streak and macrophages secret pro-

inflammatory cytokines such as tumor necrosis factor TNF-α, interleukin IL-1β, IL-6 and 

IL-8, as well as monocyte chemotactic protein MCP-1, VCAM-1, and C-reactive protein 

(CRP, a systemic inflammatory marker), mainly through activation of nuclear factor NF-

κB pathway (Mattu and Randeva, 2013). TNF-α and IL-6 may serve as markers of 

inflammation for the prediction of future cardiovascular risks (Libby et al., 2009; Wallace 

et al., 2005). TNF-α promotes IL-6 and IL-8, as well as increasing reactive oxygen 

species (ROS) production via mitochondrial respiration chain, forming a vicious cycle 

(Biniecka et al., 2011). IL-6 acts as a mitogenic stimulus and is responsible for the 

migration and proliferation of smooth muscle cells, involved in the atherosclerosis 

development (Ikeda et al., 1991; Liu et al., 2004; Loppnow and Libby, 1990). These 

cytokines further induce the transition of vascular smooth muscle cells (VSMC) from the 

quiescent "contractile" state to the active "synthetic" state, leading to the migration and 

proliferation of VSMC (Rudijanto, 2007), and contribute to the plaque formation in 

atherosclerosis. Endothelial cells play another critical role in atherosclerosis development 

because they regulate blood flow and artery remodeling and repair. Endothelial 
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dysfunction appears to be the initial sign of early atherosclerotic development due to 

decreased nitric oxide (NO) availability and increased vasoconstrictors such as 

angiotensin-II and endothelin-I under oxidative stress (Dimmeler et al., 1999). Increased 

oxidative stress inhibits NO production, leading to endothelial dysfunction and 

inflammation related to oxLDL (Andersson and Hellstrand, 2012; Bronas and Dengel, 

2010; Dimmeler et al., 1999). In the presence of endothelial dysfunction, reduced 

endothelial flow-mediated vasodilation caused by NO impairs reactive hyperemia (Leon 

and Bronas, 2009).  

Liu et al. first tested the potential anti-atherogenic activity of partially purified 

AEM in human aortic endothelial cells (HAEC) (Liu et al., 2004). Pretreatment of HAEC 

with AEM for 24h significantly reduced monocyte-HAEC adhesion stimulated by IL-1β 

in a dose-dependent manner. No effects were shown after supplementation of HAEC with 

AEM in un-stimulated cells, but pretreatment of HAEC with AEM at 20 and 40 μg/ml 

decreased the production of vascular adhesion molecules (ICAM-1, VCAM-1 and E-

selectin) and pro-inflammatory cytokine productions (IL-6, IL-8 and MCP-1). However, 

lower concentration at 4 μg/ml AEM supplementation only had an inhibitory effect on 

IL-6 production but no effect on other cytokines (IL-8 and MCP-1) in HAEC. In addition, 

these inhibitory effects were comparable to the positive control with 17μg/ml vitamin E. 

This study demonstrated that AVA inhibits adhesion molecules and pro-inflammatory 

cytokines in HAEC, suggesting a possible mechanism by which oat consumption could 

reduce atherosclerosis.  

Oat AVA also improved VSMC and HAEC functions by regulating NO 

production. In the development of atherosclerosis, vascular smooth muscle cell (VSMC) 
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plays a key role, which transform into activate status stimulated by chronic inflammation 

(Rudijanto, 2007). Activated VSMC proliferate, migrate and thicken the intimal layer of 

arterial walls. Generation of the vasodilation agent NO by endothelial NO synthase 

(eNOS) is known to protect against cardiovascular dysfunction (Andersson and 

Hellstrand, 2012; Kuhlencordt et al., 2001). Nie et al.  examined the effects of AVA-C on 

NO production in VSMC and HAEC (Nie et al., 2006a). 120 μM AVA-C inhibited 

VSMC proliferation by 50% and increased doubling time from 28h to 48h. VSMC cell 

numbers were also inhibited by AVA-C (40, 80 and 120 μM) in a dose-dependent 

manner. AVA-C also significantly and dose-dependently increased NO production and 

eNOS mRNA expression in both VSMC and HAEC. This study first demonstrated oat 

AVA manifests the possible endothelial protection mechanism by regulating eNOS gene 

expressions and affect NO production. These results provide potential mechanistic 

evidence to support the findings that regular oat consumption is associated with a reduced 

risk of coronary heart disease (Anderson, 2000; Jacobs et al., 1998). However, AVA 

concentrations in VSMC and HAEC in vivo after oral consumption of oat products may 

not reach this high level (40-120 μM, optimum concentrations for both high biological 

effects and low cytotoxicity in vitro) based on AVA contents of current oat products and 

relative low bioavailability after ingestion. Further studies determining signal pathways 

elucidating the upregulation of eNOS mRNA expression will help to understand the 

mechanisms.  

Nie et al. (Nie et al., 2006b) showed 80 μM AVA-C arrested cell cycle in G1 

phase on rat embryonic aortic smooth muscle cell line A10, showing decreased S phase 

cells and increased G0/G1 phase cells. AVA-C treatment also suppressed FBS-induced 
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hyperphosphorylation of pRb (phosphorylation of retinoblastoma protein) and associated 

cyclin D1, a crucial regulator for G1-S phase transition (Weinberg, 1995). AVA-C also 

elevated tumor suppressor p53 protein levels in a dose-dependent manner, and this led to 

the upregulation of p21cip1, a transcriptional target of p53 and regulator for G1 phase 

arrest (Yang et al., 1996). This study is the first one to demonstrate how AVA attenuates 

atherosclerosis from an aspect of anti-proliferative effect on VSMC, and reveal the 

mechanisms are arresting G1 phase by upregulation of p53-p21cip1 pathway as well as 

inhibition of pRb phosphorylation (Nie et al., 2006b).  

Atherosclerosis, a disease triggered by multiple risk factors, and progressed by 

impaired oxidative stress, elevated inflammation, and endothelial dysfunction (Lusis, 

2000; Rubin and Smith, 1994). The most common lipid disturbance in humans with 

atherosclerosis includes increased low-density lipoprotein (LDL) with/without increased 

very low-density lipoprotein (VLDL) and decreased high-density lipoprotein 

(HDL)/(LDL+VLDL) ratio (Lusis, 2000). LDL-receptor distributes cholesterol to both 

hepatic and extra-hepatic tissues through internalizing LDL-cholesterol and reduces free 

cholesterol.  

Thomas et al. recently showed that dietary oat AVA supplementation suppressed 

atherosclerosis in vivo in LDLr-/- mice fed a high fat diet (Thomas et al., 2016). LDLr-/- 

mice were fed a regular (10ppm AVA) or false malted oats (451ppm AVA) for 16 weeks. 

While both dietary groups significantly (P<0.05) decreased high fat induced atheroma 

lesions in the aortic tricuspid valve, high-AVA group significantly lowered the numbers 

of lesions in the descending aorta than the control group. However, vascular cell adhesion 

molecule-1 was not significantly reduced in the lesions of aortic valves of mice fed high 
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fat diet containing high-AVA. More importantly, both regular and false malted oats 

decreased blood total cholesterol levels to a similar extent, indicating that aortic lesions in 

false malted oats group decreased significantly was attributed to higher AVA contents 

instead of decreased cholesterol levels.  

Anti-cancer effect 

Dihydroavenanthramide, is an analog of AVA, with reduced double bond at C7’-

C8’ positions. AVA-C can be biotransformed into reduction product 

dihydroavenanthramide (DH)-2c by human microbiota (Wang et al., 2015). Actually, in 

the previous study conducted by Wang et al. also discovered that similar AVA 

metabolites dihydroavenanthramide-2c (DH-2c) and -2f (DH-2f) exerting inhibitory 

effects on HCT-116 human colon cancer cells. They found that DH-2c could exhibit a 

stronger inhibitory activity than 2f, with respective half-inhibitory concentration (IC50) of 

158 μM compared to 363 μM. DH-2f also showed stronger inhibitory effects than 2f, 

with IC50 of 257 μM compared to more than 400 μM. These results showed that 

biotransformation of AVA may retains their pharmacologic activities. 

Lv et al.  first found the anti-inflammatory effect of a new analog of AVA 

(dihydroavenanthramide-D, DHAvD) in pancreatic β-cells (Lv et al., 2009). To further 

expand the application of this new synthetic compound, Lee et al. studied the effects of 

DHAvD on MCF-7 human breast cancer cell (Lee et al., 2011). Invasion and metastasis 

(Duffy et al., 2000) play crucial roles in the development of breast cancer and these 

processes require degradation of extracellular matrix (ECM) by matrix 

metalloproteinases (MMPs). Previous research showed MMP-9 is a key biomarker in the 

invasion and metastasis of human breast cancer (Lin et al., 2008; Merdad et al., 2014). In 
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this study, MMP-9 expression was elevated by 12-O-tetradecanoylphorbol-13-acetate 

(TPA), but was suppressed by DHAvD (5μM). Mitogen-activated protein kinase 

(MAPK) pathway modulators (ERK and JNK) were suppressed by DHAvD, leading to 

inhibition of NF-κB and activator protein-1 (AP-1) binding to DNA induced by TPA. 

DHAvD treatment also reduced TPA-induced MCF-7 cell invasion by 88%, consistent 

with MMP-9 expression. This study revealed a new potential mechanism that synthetic 

AVA compound DHAvD can suppress MMP-9 and invasion ability of MCF-7 breast 

cancer cells by inhibiting MAPK/NF-κB and MAPK/AP-1 pathways. MMPs were also 

found to be upregulated in human dermal fibroblasts exposed to ultraviolet B radiation, 

accompanied with overproduction of ROS. Kim et al. showed that DHAvD reduced UVB 

irradiation-induced photoageing by blocking ROS and MMP-1 and MMP-3 expression in 

human dermal fibroblasts (Kim et al., 2013).  

Anti-obesity effect 

Caenorhabditis elegans (C. elegans) is a small, free-living nematode and 

multicellular organism that conserves 65% of the genes associated with human disease 

(Gao et al., 2015; Zheng and Greenway, 2012). C. elegans has been widely used in 

obesity studies not only because this organism has feeding and satiety regulation, but also 

present insulin signaling pathways and lipid oxidation pathways (Zheng and Greenway, 

2012). Gao et al. (2015) fed wild type and null strains of C. elegans with various 

percentages of oat flakes (0.5%, 1.0%, or 3%) with and without 2% glucose, and the oat 

flakes contained 20.8 ppm total AVA (5.4 ppm -C, 8.8 ppm -B, 5.3 ppm -A and 1.2 ppm 

-AA). Results showed that oat consumption decreased intestinal fat deposition and 

increased pharyngeal pumping rate, a marker of life span in C. elegans which is an aging-
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related neuromuscular behavior (Collins et al., 2005). In addition, oat consumption also 

upregulated lipid metabolism relevant mRNA expression (cholecystokinin receptor 

homolog, guanylyl cyclase-8 and carnitine palmitoyltransferase-1 and -2), showing an 

augmented β-oxidation and metabolic rate after oat consumption. However, additional 

2% glucose reduced lipid metabolism gene expressions (increased intestinal fat 

deposition) in daf-16– and daf-16/daf-2–deficient mutants. Furthermore, principal 

component analysis showed that the above changes were related to daf-16, daf-2 and sir-

2.1 genes, which are human homologs of forkhead box protein O (FOXO), 

insulin/insulin-like growth factor (IGF)-1 receptor and NAD-dependent protein 

deacetylase sirtuin-1, respectively. Daf-2 gene, coding for the insulin/IGF-1 receptor, 

negatively correlates with C elegans’ life span in a DAF-16/FOXO–dependent manner 

(Patel et al., 2008), and increased life span can be reversed by hyperglycemia (Abate and 

Blackwell, 2009; Gao et al., 2015). These data suggested that oat consumption is 

beneficial in reducing fat accumulation, improving lipid metabolism induced by 

hyperglycemia and finally increasing life span (Gao et al., 2015). However, future studies 

investigating glucose and fatty acid metabolism of AVA in human are necessary. 

Obesity is closely related to vascular dysfunction and atherosclerosis. The 

etiology of obesity is related to a chronic low-level inflammatory state and increased 

oxidative stress in adipose tissues of obese subjects (Ouchi et al., 2011; Piya et al., 2013). 

Previous in vitro and in vivo studies have revealed antioxidant and anti-inflammatory 

capacities of oat AVA due to its inhibition of ROS generation and pro-inflammatory 

cytokine production (Guo et al., 2008b; Ji et al., 2003; Nie et al., 2006a, 2006b).  To 

evaluate the effects of AVA-enriched oats on inflammation in humans, McKay et al. 
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(McKay et al., 2015) conducted a pilot study among 16 older overweight and obese 

subjects with central adiposity (BMI 28-38 kg/m2). A smoothie made with AVA-enriched 

oat bran (90 mg AVA, from “false malted” oat kernels) and a placebo diet were 

supplemented for 8 weeks. Oat smoothie reduced inflammatory marker VCAM-1 

concentrations by 13% at 4 weeks (P=0.031) and by 10% at 8 weeks (P>0.05) compared 

to placebo. Serum amyloid A-1, an acute phase protein response to inflammation (Schultz 

and Arnold, 1990), was also reduced by 18% at 4 weeks and 43% at 8 weeks, but the 

change was not significant. These pilot data revealed anti-inflammatory effects of oat 

AVA in aged and overweight/obese subjects, and implied supplementing AVA in whole 

food format (i.e. AVA-enriched oat bran) may become an economical and feasible way in 

similar human feeding studies. 

Anti-itch effect 

AVA are shown to inhibit NF-κB pathways in human aortic endothelial cells and 

downregulate inflammatory marker expressions, such as TNF-α, IL-1 and IL-6. Sur et al. 

(Sur et al., 2008) first explored the effects of AVA extraction (100 ppm) on NF-κB 

pathway in keratinocytes. AVA were found to inhibit TNF-α induced degradation of IκB, 

accompanied with decreased phosphorylation of p65 subunit of NF-κB. In addition, NF-

κB luciferase reporter assay revealed that cells pretreated with AVA showed a 1.7-fold 

inhibition of TNF-α-induced NF-κB activation. This treatment also downregulated pro-

inflammatory cytokine IL-8 production by 1.4-fold. These data revealed a new atopic 

application of AVA in dermatology to attenuate skin inflammation and itch, such as 

atopic dermatitis and eczema (Kurtz and Wallo, 2007).  
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Sur et al. previously demonstrated NF-κB pathway could be inhibited in 

keratinocytes by as low as 100 ppm AVA (Sur et al., 2008). In the same study, they 

established inflammation in murine models of contact hypersensitivity (oxazolone 

induced ear edema), neurogenic dermatitis (resiniferatoxin induced ear edema) and 

itching (48/80 histamine release compound induced itch response). The contact 

hypersensitivity model showed topical application of AVA with 2 ppm and 3 ppm 

significantly reduced ear edema by 43% and 67%, respectively. Neurogenic dermatitis 

model with the same AVA doses revealed a 32% and 46% reduction on ear edema. 

Pruritus (itching) model resulted in a reduced scratching times by 41% by applying 3ppm 

AVA on the skin. These results, together with in vitro data in keratinocytes, showed 

topically application of avenanthraides are effective in reducing NF-κB mediated 

inflammation and itch response at relative low concentrations (Sur et al., 2008). 

2.2.3 Mechanism of action  

Yang et al. evaluated the ability of AVA-A, -B and -C on inhibition of TNF-α 

induced NF-κB activation using mouse myoblast C2C12 cell lines (Yang et al., 2014). 

Results showed that three AVA fractions (25-360 μM) suppressed NF-κB activation in a 

dose-dependent manner. EC50 values (half maximal effective concentration) for the 

inhibition of NF-κB activation were 64.3 μM for AVA-C, 29.3 μM for -B and 9.10 μM 

for -A, indicating -A has a stronger inhibitory effect than -C and -B, even though 

previous research showed -C has the strongest antioxidant capacity (Peterson et al., 2002; 

Yang et al., 2014). Differences in antioxidant capacities and NF-κB inhibitory effects 

might be due to the structural variations among the three avenanthramides (Yang et al., 

2014). This in vitro study further strengthens the data reported by Koenig et al. that AVA 
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supplementation can alleviate muscle injury and inflammation among young and post-

menopausal women after eccentric exercise, mainly through inhibiting NF-κB binding to 

DNA and decreasing ROS production (Koenig et al., 2014, 2016). A recent in vitro study 

showed AVA down-regulated TNF-α and IL-1β expression in C2C12 skeletal muscle 

cells (Kang et al., 2018). This in vitro study demonstrated the inhibition of NF-κB 

pathway was through IKKβ as a allosteric binding manner. To test the mode of binding 

between AVA and potential IKKβ molecular domains, Kang et al. carried out a docking 

model. The observed docking score and interaction binding mode correlates with IKKβ in 

vitro activity, suggesting AVA-C could exert potential synergistic bioactivities against 

IKKβ (Kang et al., 2018).  

Guo et al. examined whether the inhibitory effect of AVA on the expression of 

pro-inflammatory cytokines was mediated through NF-κB dependent transcription (Guo 

et al., 2008b). Confluent HAEC monolayers pretreated with either AVA enriched extract 

of oats, or synthetic AVA-C, or CH3-AVA-C (a methyl ester derivative of AVA-C) 

inhibited IL-1β induced activation of NF-κB pathway in a dose-dependent manner. To 

test whether the reduction of cytokines secretion (IL-6, IL-8 and MCP-1) was regulated at 

the transcriptional level, multiple approaches such as NF-κB DNA binding assay, NF-κB 

luciferase reporter assay, proteasome activity assay and western blot analysis were used. 

It was verified that the inhibitory effects of AVA on NF-κB activation was mediated by 

inhibiting the phosphorylation of IκB kinase (IKK) and IκB, as well as reducing 

proteasome activity (Guo et al., 2008b). This article showed that NF-κB pathway played 

a key role in the AVA mediated regulation of pro-inflammatory cytokines from mRNA to 

protein levels in inflammatory diseases.  
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Previous research showed high intake of whole grains reduce colon cancer risks 

(Larsson et al., 2005; Schatzkin et al., 2007). Chronic inflammation and cyclooxygenase-

2 (COX-2) expression are associated with epithelial carcinogenesis and cancer cell 

proliferation, while AVA was shown to inhibit inflammatory pathways (Guo et al., 

2008b, 2010; Yang et al., 2014). Guo et al. first examined the effect of AVA on the 

regulation of COX-2 expression and prostaglandin E2 (PGE2) in macrophages, colon 

cancer cell lines, and proliferation of human colon cancer cell lines (Guo et al., 2010). In 

this study, AVA-enriched extract of oats showed no effect on COX-2 expression, but 

inhibition of COX enzyme activity and PGE2 production in mouse peritoneal 

macrophages. AVA-enriched extract of oats and AVA-C individually suppressed cell 

proliferation of both COX-2 positive and negative human colon cancer cell lines, but no 

effects on COX-2 expression or PGE2 productions in COX-2 positive colon cancer cells. 

These results showed the reduction of colon cancer is mainly due to the reduced 

macrophage PGE2 production and non-COX-dependent antiproliferative effects from 

AVA on colon cancer cells (Guo et al., 2010).  

Wnt/β-catenin signaling pathway has been shown to induce cell proliferation and 

cause tumor growth (Jin et al., 2008). Wang et al. examined the effects of 

phytochemicals, including AVA, on modulating Wnt/β-catenin signaling using HeLa 

cells (Wang et al., 2012). AVA-A and -B individually attenuated 30% transcriptional 

induction of Wnt signaling at 40 μM concentrations and only AVA-A showed significant 

and dose-dependent antiproliferative activity in stable Wnt reporter HeLa cells. 

Furthermore, this study revealed AVA-A triggered cellular β-catenin protein degradation, 

decreased nuclear localization of β-catenin and suppressed downstream oncogenic 
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effector c-myc expression. Although this study revealed AVA as a potential 

chemopreventive phytochemical, further study using in vivo models of cancer is 

necessary to strengthen these findings. 

2.3 Oleocanthal (Oleo) and Oleacein (Olea) in extra virgin olive oil (EVOO) 

Oleo is a phenylethanoid (Figure 2-3), a type of natural phenolic compound found 

in extra-virgin olive oil (EVOO). Oleo brings burning sensation in the back of the throat, 

and shows potential anti-inflammatory effects as ibuprofen and other non-steroidal anti-

inflammatory drug (NSAID). Oleo is a tyrosol ester (formed from tyrosol and fatty acids) 

and its chemical structure is similar as oleuropein, also found in olive oil. Oleo has been 

proved to have anti-inflammation, anti-degenerative disease and anti-cancer functions 

(Cicerale et al., 2012). 

  

Figure 2-3. Chemical structure of Oleocanthal 

Oleacein (Olea) is another abundant phenolic compound discovered in EVOO 

(Figure 2-4), which is the dialdehydic form of elenolic acid conjugated with 3,4-

(dihyroxyphenyl)ethanol (3,4-DHPEA-EDA) (Paiva-Martins and Pinto, 2008). Olea was 

first found inhibiting angiotensin converting enzyme (ACE) in vitro (Hansen et al., 

1996). Several in vitro studies also showed Olea has antioxidant activity by scavenging 

free radicals (Czerwińska et al., 2012; Paiva-Martins and Pinto, 2008). Olea also showed 
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anti-atherosclerotic activity by reducing ROS production in f-MLP or PMA stimulated 

neutrophils (Czerwińska et al., 2012), decreasing inflammatory mediators (e.g. elastase, 

MMP-9 and IL-8) and down-regulating L-selectin and integrin CD11b/CD18 expression 

which activates neutrophils (Czerwińska et al., 2014). Oleacein also showed protective 

effects on endothelial progenitor cells through exerting antioxidant capacity and 

increasing heme oxygenase-1 expression, which benefits the rebuilding of blood vessels 

(Naruszewicz et al., 2015; Parzonko et al., 2013).  

 

Figure 2-4. Chemical structure of Oleacein 

2.3.1 Bioavailability 

Although previous studies have shown the health benefits of phenolic compounds 

in EVOO, limited data showed bioavailability of these compounds, especially in vivo 

studies. Pinto et al. investigated the absorption and metabolism of Olea in the upper 

gastrointestinal tract and found Olea was relatively stable under gastric conditions except 

limited hydrolysis (Pinto et al., 2011). In addition, the isolated, perfused segments of the 

jejunum and ileum model and Caco-2 cells were used to evaluate the absorption and 

metabolism of Olea. Only the rat intestinal model found one of the two aldehydic 

carbonyl groups present on 3,4-DHPEA-EDA was reduced and then glucuronidated as 

major metabolites, while both intestinal and cell models yielded hydroxytyrosol and 
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homovanillic alcohol and their respective glucuronides. Another in vivo study (Serra et 

al., 2012) evaluated the bioavailability, metabolism and distribution after an acute intake 

of a phenolic extract from olive cake (PEOC). The main phenolic compound quantified in 

PEOC was 3,4-DHPEA-EDA with 60.2 mg/g PEOC. The study showed sulphate 

conjugates of phenyl alcohols (hydroxytyrosol and tyrosol) were the major metabolites 

measured in the plasma and tissues. Free forms of some phenolic compounds, such as (1) 

oleuropein derivative was quantified in the plasma a (Cmax 4 h: 24 nmol/L) and brain 

(Cmax 2 h: 2.8 nmol/g); (2) luteolin was quantified in kidney (Cmax 1 h: 0.04 nmol/g), 

testicle (Cmax 2 h: 0.07 nmol/g) and heart (Cmax 1 h: 0.47 nmol/g); (3) hydroxytyrosol was 

detected in plasma (Cmax 2 h: 5.2 nmol/L), kidney (Cmax 4 h: 3.8 nmol/g) and testicle 

(Cmax 2 h: 2.7 nmol/g). García-Villalba explored the metabolites in human urine after 

intake of 50 mL extra-virgin olive oil (García-Villalba et al., 2010). Results showed 

secoiridoids products of phase I (hydrogenation, dehydrogenation, hydratation and 

methylation) and phase II (glucuronidation, sulfoconjugation) metabolites were detected 

in urine at 2h after olive oil consumption (Naruszewicz et al., 2015).  

2.3.2 Biological effects 

Anti-inflammatory effects  

Oleo has been found to have anti-inflammatory and antioxidant properties in 

vitro. Cyclooxygenase (COX) is an enzyme responsible for formation of prostanoids, 

including prostaglandins such as prostacyclin and thromboxane, which are involved in 

the development of inflammation and pain. 50g EVOO contains an amount of Oleo with 

similar in vitro anti-inflammatory effect as 1/10 of the adult ibuprofen dose (Beauchamp 

et al., 2005). Beauchamp and colleagues also found that Oleo inhibits cyclooxygenase 
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(COX) enzymes in a dose-dependent manner. Oleo (25 μM) inhibited 41-57% of COX 

activity in comparison to ibuprofen (25 μM), which inhibited only 13-18% of COX 

activity (Cicerale et al., 2012). In comparison to ibuprofen, 25 μM purified (-) Oleo had 

similar inhibitory effects as synthetic (+) Oleo on COX-1 (56% vs. 55%) activity, about 

3-folds of ibuprofen inhibitory effects (18%). 25 μM purified (-) Oleo had higher 

inhibitory effects than synthetic (+) Oleo on COX-2 (56% vs. 41%) activity, about 3-5 

folds of ibuprofen inhibitory effects (13%). The dose-response relationship also revealed 

purified (-) Oleo had relative higher inhibitory effects on COX-1 and COX-2 activities 

compared to synthetic (+) Oleo (Beauchamp et al., 2005). The concentrations for 50% 

inhibition (IC50) for the natural (-) Oleo (isolated Oleo from premium EVOO) are 23 μM 

and 28 μM for COX-1 and COX-2, respectively; IC50 values for (+) Oleo (synthetic) are 

25 μM and 40 μM for COX-1 and COX-2, respectively; IC50 values for ibuprofen are 5 

μM and 223μ M for COX-1 and COX-2, respectively. However, no toxicity data was 

reported in this paper.  

Olea also showed inhibitory effects on COX-2 mRNA level by 88% using human 

monocytes treated with LPS (Rosignoli et al., 2013). Sindona et al. evaluated the anti-

inflammatory effect of olea on primary human vascular endothelial cells (Sindona et al., 

2012). CC-chemokine monocyte chemotactic protein-1 (CCL2) is an important 

chemoattractant for monocytes in the development of atherosclerosis (Coll et al., 2007). 

The study showed pre-treatment of cells with Olea inhibited LPS and TNF-α induced 

CCL2 secretion in a dose dependent manner. In addition, CCL2 mRNA expression was 

also reduced by Olea (10 μg/ml) after LPS and TNF-α activations. Cell adhesion 

molecules (E-selectin, ICAM-1 and VCAM-1) mRNA expression were also inhibited by 
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Olea. Furthermore, THP-1 (a monocytic cell line) was found reduced adhesion to 

activated human vascular endothelial cells, which is the key step that monocytes 

migrating into intima in the development of atherosclerosis (Lusis, 2000).  

Anti-degenerative disease effect 

Hyperphosphorylated tangles of tau protein and β-amyloid peptides (Aβ) are 

common lesions found in Alzheimer’s disease (Murphy and LeVine, 2010). Oleo was 

found to inhibit tau fibrillization in vitro and reduce the accumulation of β-amyloid 

proteins involved in Alzheimer's disease through increasing P-glycoprotein 1 and low-

density lipoprotein receptor (LDLR)-related protein-1 (Cicerale et al., 2012; Li et al., 

2009; Pitt et al., 2009).  

Oleo also showed potential as a therapeutic agent in the treatment of 

inflammatory degenerative joint diseases by decreasing production of iNOS protein 

expression in LPS challenged murine chondrocytes (Iacono et al., 2010). Another in vitro 

study (Morena Scotece, 2012) also showed that Oleo inhibited IL-6 mRNA expression in 

both ATDC5 chondrocytes and J774 macrophages, and repressed IL-1β and TNF-α from 

LPS-stimulated macrophages. Osteoarthritis (OA) progression is characterized by 

increased nitric oxide (NO) production, which has been associated with cartilage 

degradation. Iacono et al. tested ATDC-5 chondrocytes with different doses of Oleo and 

its derivatives, to evaluate the effect of Oleo and its derivatives on the modulation of NO 

production in chondrocytes. Oleo by itself (1–25μM) did not affect basal NO production. 

Pretreatment of ATDC-5 cells with Oleo significantly inhibited the LPS-induced NO 

production in a dose-dependent manner. LPS by itself decreased cell viability, whereas 

pretreatment of cells with Oleo did not significantly affect cell viability, except at the 
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25μM concentration, suggesting 25 μM Oleo might be related to a cytotoxic effect on 

ATDC-5 chondrocytes. 

Anti-Cancer effect 

Oleo have been reported to possess anti-proliferative effects (Elnagar et al., 2011) 

and inhibits tumor induced cell transformation (Khanal et al., 2011). The possible 

mechanism is promoting cancer cell apoptosis by activating caspase-3 and poly-

adenosine diphosphate-ribose polymerase, the phosphorylation of p53 (Ser15), and also 

induced fragmentation of DNA (Cicerale et al., 2012; Khanal et al., 2011). In addition, 

Oleo inhibits the enzymatic activity of mammalian target of rapamycin (mTOR) with low 

concentrations at nM level (Khanfar et al., 2015), inhibiting the growth of several breast 

cancer cell lines. Oleo treatment also caused a dramatic down-regulation of 

phosphorylated mTOR in metastatic breast cancer cell line (MDA-MB-231). These 

evidence revealed that mTOR inhibition is a critical pathway that Oleo exerts anti-cancer 

and neuroprotective properties (Khanfar et al., 2015). Olea was shown to inhibit 

differentiation of the human promyelocytic cell line HL60 in both viable cell count and 

MTT metabolism, in a time- and concentration dependent manner (Fabiani et al., 2006). 

Olea also demonstrated late apoptosis of HL60 cells with 68% reduction at 256 μmol/L in 

this study. However, the highest concentration at 512 μmol/L was shown cytotoxic with 

increased percentage of necrotic cells. 
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Chapter 3 

Absorption and Elimination of Oat Avenanthramides (AVA) in Humans 

after Acute Consumption of Oat Cookies 
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ABSTRACT 

Background: Avenanthramides (AVA) are a group of diphenolic acids found only in 

oats that have anti-inflammatory and antioxidant effects. Previous studies have reported 

the absorption of purified AVAs in humans. Absorption of AVAs in humans after oral 

consumption of natural oat flour is unknown. Objective: To examine the appearance of 

AVAs in plasma after oral ingestion of oat cookies and estimate key pharmacokinetic 

parameters. Methods: Male and female non-obese participants (n=16) consumed three 

cookies made with oat flour containing high (229.6 mg/kg, H-AVA) or low (32.7 mg/kg, 

L-AVA) amounts of AVAs, including AVA-A, AVA-B, and AVA-C compounds. 

Participants consumed the cookies in the morning after a 10-h fast, and blood samples 

were collected at 0, 0.5, 1, 2, 3, 5, and 10 h after ingestion. Plasma total (conjugated and 

free) AVA concentrations were quantified using ultraperformance liquid chromatography 

quadrupole time-of-flight mass spectrometry, and pharmacokinetic parameters for each 

AVA were estimated. Results: After participants consumed the oat cookies, AVA-A, 

AVA-B, and AVA-C were present at peak concentrations in plasma between 2 and 3 h 

for the H-AVA group and between 1 and 2 h for the L-AVA group. Maximal plasma 

concentrations for AVA-A, AVA-B, and AVA-C were higher in the H-AVA than in the 

L-AVA group. AVA-B demonstrated a longer half-life and slower elimination rate than 

AVA-A and AVA-C. Conclusions: AVAs found naturally in oats are absorbed in the 

plasma after oral administration in humans. AVA-B has the slowest elimination rate and 

longest half-life compared to AVA-A and AVA-C, while AVA-C demonstrated the 

lowest plasma concentrations. This study is registered with ClinicalTrials.gov identifier: 

NCT02415374. 
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3.1 INTRODUCTION 

 Avenanthramides (AVAs) are a group of diphenolic acids found only in oats 

(Avena sativa) (Collins, 1989). Of all the AVAs identified, AVA-A (2p), AVA-B (2f), 

and AVA-C (2c) are most abundant and differ only by a single moiety on the 

hydroxycinnamic acid ring. Early research indicates that oat bran contains a high 

concentration of antioxidants (Dimberg et al., 1993), and increased oat consumption is 

associated with decreased serum lipid and cholesterol levels (Peterson et al., 2002) and 

low-density lipoprotein oxidation (Chen et al., 2004). Additional in vitro studies show 

that AVAs have the anti-inflammatory and anti-atherogenic effects of decreasing 

monocyte adhesion to aortic endothelial cells and decreased expression of pro-

inflammatory (e.g., tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6) markers and 

chemotactins (e.g., intercellular adhesion molecule-1, vascular cell adhesion molecule-1, 

monocyte chemotactic protein-1, E-selectin) (Liu et al., 2004). These effects are derived 

from decreased nuclear factor (NF)-κB activity (Guo et al., 2008a; Nie et al., 2006a). Ji et 

al. (Li Ji et al., 2003) first showed that rats fed a AVA 2c-supplemented diet for 50 days 

display lower reactive oxygen species (ROS) generation and lipid peroxidation in skeletal 

muscle and higher levels of superoxide dismutase (SOD) and glutathione peroxidase 

activity in the muscle, heart, liver, and kidney. Also, Koenig et al. report that 8 weeks of 

AVA supplementation among young and post-menopausal women abolishes plasma 

TNF-α and C-reactive protein responses to downhill running-induced inflammation. 

Compared with women in the low AVA group, women in the high AVA group showed a 

suppressed neutrophil respiratory burst 0 and 24 h after downhill running and lower IL-6 
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and monocyte NF-κB activation (Koenig et al., 2014, 2016). These studies show that 

AVAs may have potential effect to prevent chronic diseases and sports injuries. 

AVA bioavailability has been demonstrated in animals and humans. Chen et al. 

(Chen et al., 2007) reported that serum levels of AVA 2p, 2f, and 2c reach a peak 2 h 

after humans consume an AVA-enriched mixture (AEM) and then gradually return to 

resting levels after 10 h. We previously found that rats orally gavaged with a mixture of 

synthetic AVAs show significant quantities of all three AVA fractions in the plasma, 

heart, liver, and skeletal muscle during a 48-h period (Koenig et al., 2011). Using 

glucuronidase-sulfatase to cleave AVA conjugate bonds, we confirmed that most AVA 

was in a conjugated form. Although previous studies report that AVAs are bioavailable 

and detectable in humans (Chen et al., 2007; McKay et al.), these studies utilized an 

AEM or specially treated oats, which might contain much higher amounts of AVAs than 

regular oats.  

Here, we examined the metabolic fate of orally ingested oat AVAs by measuring 

plasma concentrations of three major fractions of AVAs, AVA-A, AVA-B, and AVA-C. 

Our results provide the first evidence of AVA absorption in humans after acute 

consumption of oat cookies made with natural oat flour.   

3.2 METHODS 

Participants and study design  

Male and female non-obese participants (body mass index (BMI) greater than 18 

kg/M2 and less than 28 kg/M2, age: 20-45 years, n=16) were recruited from the 

Minneapolis-St. Paul community. All participants signed informed consent forms and 

were willing to avoid oat consumption at least 24 hours prior to and throughout the 
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testing period and to consume a low-flavonoid diet 1 week prior to the test. This study 

was approved by the Institutional Review Board of the University of Minnesota and was 

registered at ClinicalTrials.gov (NCT02415374). Foods rich in flavonoids was defined as 

having berries, apples, pears, citrus fruits, fruit juices, onions, chocolate, wine, coffee, 

tea, beans, nuts, soy products, and most spices. Exclusion criteria included the presence 

of gastrointestinal conditions that interfere with absorption; clinically significant 

endocrine, cardiovascular, pulmonary, renal, hepatic, pancreatic, biliary, or neurologic 

disorders; major trauma or surgery within 3 months of the test; cancer within 2 years of 

the test; allergy to oat products; pregnancy or currently lactating; smoking; drinking more 

than five alcoholic drinks per week; using nutraceuticals, blood pressure medication, 

nonsteroidal anti-inflammatory drugs (>800 mg ibuprofen per week), vitamin 

supplements, anticoagulants, or hypoglycemic drugs; oat product consumption at least 24 

hours before the test; and consuming high-flavonoid foods 1 week prior to the test. 

Diet 

Participants received three cookies made with oat flour containing a high amount 

of AVA (H-AVA; 7.2 mg/cookie; 21.6 mg total, PepsiCo Inc., USA) or a low amount of 

AVA (L-AVA; 1.03 mg/cookie; 3.09 mg total, PepsiCo Inc., USA). H-AVA and L-AVA 

oat flour are compared and selected from 26 natural oat groats incorporating different 

AVA contents. The concentrations of AVA in the two types of cookies were verified by 

our laboratory and International Chemistry Testing (Milford, MA). Each cookie was 

made of 30 g flour, 1 tsp unsweetened applesauce (8 g), 1 tsp non-caloric sweetener (3 g), 

and 2 tsp water (14 g) and was baked at 212°F (100°C) for 15 min to avoid excessive 

AVA disintegration.  
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Study visits and blood collection 

After an overnight fast with water allowed, participants reported to the Laboratory 

of Physiological Hygiene and Exercise Science in the morning. Participants completed a 

food history questionnaire to ensure that they met the selection criteria; those who 

consumed vegetables, fruits, or other food containing over 200 mg of polyphenols during 

the previous week were excluded. Over-the-counter and prescription medication 

consumed within the past 4 weeks was recorded.  

Before cookie consumption, mixed venous blood was drawn from an antecubital 

vein into an EDTA-coated Vacutainer tube (7 ml) and immediately centrifuged at 500× g 

for 30 min at 20°C to obtain plasma. Participants then consumed three cookies containing 

either H-AVA or L-AVA in random order with 150 ml water within 10 min. After 0.5, 1, 

2, 3, and 5 h, additional blood samples were drawn as described above. The final blood 

sample was drawn when participants returned to the lab after 10 h. Samples were stored 

at -80°C until analysis. Participants were re-tested after a 2-week washout period after 

consuming three cookies containing the opposite concentration of AVA.  

Plasma AVA extraction 

AVA was extracted from plasma according to the procedures described by Chen 

et al. (Chen et al., 2004) with modification. Briefly, 50 μl vitamin C-NaH2PO4 and 50 μl 

β-glucuronidase/sulfatase were added to 500 μl plasma, and the mixture was incubated at 

37°C for 45 min. Next, 2000 μl acetonitrile was added to a 5-ml Eppendorf tube and 

vortexed. After 5 min, samples were centrifuged at 5000 rpm for 30 min. The supernatant 

was removed, dried by nitrogen, and reconstituted in 100 μl MeOH:H2O (1:1). Following 
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centrifugation at 14800 rpm for 15 min, 50 μl of the supernatant was transferred into a 

clean vial for analysis. 

UPLC-MS detection 

Concentrations of total AVA in plasma were measured by ultra-performance 

liquid chromatography quadrupole time-of-flight mass spectrometry (UPLC-QTOF MS; 

Waters XEVO G2-S QTOF) using a C18 column (Acquity UPLC BEH C18, 1.7 μm, 

2.1×50 mm). Gradient elution composing solvent A (0.1% formic acid in H2O) and B 

(0.1% formic acid in acetonitrile) were performed starting with 0.5% solvent B for 0.5 

min, gradually increased to 20% solvent B for 3.5 min, and to 95% solvent B for 4 min, 

and to 100% solvent B for 1 min. Solvent B was decreased from 100% to 0.5% in the last 

1 min. The injection volume was 5 μl for each sample. The mass range was measured 

from 50 to 1000 m/z. Instrument control and data acquisition were performed using 

Waters MassLynx MS software (version 4.1). The concentrations of AVAs in samples 

were calculated using an AVA standard curve generated with synthetic standards 

provided by Dr. Mitchell Wise (USDA Cereal Research Laboratory, Madison, WI). The 

sensitivity of detection was in the ng/ml range. 

Pharmacokinetic parameters 

Maximum plasma concentration (Cmax) and time to reach maximal concentration 

(Tmax) of AVAs were calculated and presented as mean±standard deviation (SD). Half-

life (i.e., time taken for concentration to decrease to half the initial value; T1/2) was 

calculated from log-transformed plasma concentration-time data and presented as 

meanSD. Area under the curve (AUC) for each participant was calculated using the 

trapezoidal rule, and mean AUC0-t was presented as meanSD. Elimination rate constant 



 

 49 

(Kel) was calculated using the following equation: K=0.693/T1/2. Cmax, Tmax, T1/2, and 

AUC0-t were calculated with PKSolver, an add-in program for Microsoft Excel (Zhang et 

al., 2010).  

Statistical analysis 

The mean and SD of plasma total (conjugated and free) AVA was calculated for 

each time point and plotted against time. AUC, Cmax, Tmax, and T1/2 for each AVA were 

compared between H-AVA and L-AVA groups using t-tests and among AVA-A, AVA-

B, and AVA-C compounds using one-way analysis of variance (ANOVA). P<0.05 was 

considered statistically significant. 

3.3 RESULTS 

AVA content in H-AVA and L-AVA cookies 

Table 3-1 shows the total AVA content in H-AVA and L-AVA cookies. 

Participants in the H-AVA group consumed higher amounts of AVA-A, AVA-B, and 

AVA-C than participants in the L-AVA group. 

Participant characteristics 

Table 3-2 shows the average age (range: 24.9 to 26.3 years) and BMI (range: 21.4 

to 23.8 kg/m2) of participants, which did not differ between males and females. 

TOF-MS chromatographs of AVAs 

Representative retention times for AVA-A, AVA-B, and AVA-C in standards as 

measured by Q-TOF-MS were 4.68 min (Figure 3-1A), 4.80 min (Figure 3-1B), and 4.26 

min (Figure 3-1C).  

Plasma AVA concentrations 
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Participants in the H-AVA group showed higher plasma concentrations of AVA-

A, AVA-B, and AVA-C than participants in the L-AVA group. AVA-A concentration 

reached maximum at 2.50±1.2 h in the H-AVA group, 1.80±1.3 h in the L-AVA group 

and returned to baseline after approximately 10 h (Figure 3-2A). AVA-B concentrations 

reached maximum values at 2.04±0.9 h in the H-AVA group and 1.50±1.5 h in the L-

AVA group but did not return to baseline levels after approximately 10 h (Figure 3-2B). 

AVA-C concentrations reached maximum values at 2.29±1.0 h in the H-AVA group and 

1.32±1.0 h in the L-AVA group and returned to baseline levels after approximately 10 h 

(Figure 3-2C).  

AVA Pharmacokinetics  

Table 3-3 lists kinetic parameter determined for the three AVA fractions. 

Maximum plasma concentrations (Cmax) for AVA-A, AVA-B, and AVA-C were higher 

in the H-AVA than in the L-AVA group. Also, AVA-A and AVA-B had higher Cmax than 

AVA-C in the H-AVA group. AVA-A, AVA-B, and AVA-C were present at peak 

concentrations in plasma (Tmax) between 2 and 3 h for the H-AVA group and between 1 

and 2 h for the L-AVA group. AVA-B had longer T1/2 than AVA-A and AVA-C in the H-

AVA group.  

Participants in the H-AVA group demonstrated larger mean AUC0-t for AVA-A, 

AVA-B, and AVA-C compared with participants in the L-AVA group (Table 3-4). AVA-

C had the lowest AUC0-t  among the three AVAs no matter in H-AVA or L-AVA groups.  

3.4 DISCUSSION 

Oats (Avena sativa) are rich in dietary fibers and known for its cardiac protection 

attributed to the abundant soluble fiber β-glucan (Andersson and Hellstrand, 2012). 
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Recently, other components in oat with additional health benefits have been further 

investigated, including vitamin E, phenolic compounds (e.g. AVA), phytic acids, sterols, 

and flavonoids (Sang and Chu, 2017). AVAs are a group of diphenolic acids unique to 

oats that exert anti-inflammatory and anti-atherogenic effects by decreasing expression of 

pro-inflammatory markers (e.g., TNF-α, IL-6) (Liu et al., 2004), possibly due to 

inhibition of NF-κB pathway (Guo et al., 2008a; Nie et al., 2006a). To elucidate 

absorption and elimination profiles of oat AVAs, we measured plasma concentrations of 

AVAs in humans after acute ingestion of oat cookies made of natural oat flour.  

H-AVA group was found longer Tmax and higher Cmax than L-AVA group in this 

study. Chen et al. (Chen et al., 2007) first reported bioavailability of AVAs in humans 

after consumption of 1 g AEM and found that Cmax were 112.1 ng/ml, 31.6 ng/ml, and 

28.1 ng/ml for AVA-A, AVA-B, and AVA-C, respectively. The discrepancies on plasma 

concentrations were mainly due to the doses of AVA-A, AVA-B, and AVA-C in AEM, 

which were 9-fold, 4-fold, and 4-fold higher than our H-AVA cookies made of natural 

oat flour. Other pharmacokinetic properties such as Tmax and T1/2, however, were similar 

between the two studies.  

H-AVA group exhibited a transient plateau in AVA-B concentration around 30 

min to 1 h, which might be related to high absorption of AVA-B after oat flour cookie 

consumption. Moreover, the absorption profile of AVA-B differed from that of AVA-A 

and AVA-C, with the highest Cmax, longest T1/2, and shortest Tmax. These differences 

might be related to the different hydroxycinnamic moieties between AVA-A (-H), AVA-

B (-OCH3), and AVA-C (-OH). That is, as AVA-B is more hydrophobic than AVA-A 

and AVA-C, this may lead to a slower elimination rate (Chen et al., 2007). However, 
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Koenig et al. (Koenig et al., 2011) found that AVA-B showed the fastest elimination rate 

in rats. This discrepancy between human and rat studies might be due to species 

differences in phase I and II metabolism (Scalbert and Williamson, 2000).  

Although participants received a higher dose of AVA-C than AVA-A, plasma 

concentrations of AVA-C were much lower than those of AVA-A. Likewise, AVA-C 

showed lower absorption than AVA-A and AVA-B, suggesting its metabolism may be 

different from the traditional liver phase II pathway. Wang et al. showed that oat AVA-C 

can be biotransformed and metabolized by mouse and human microbiota into reduction 

product dihydroavenanthramide (DH)-2c, hydrolysis product caffeic acid (CA) and 

reduction of hydrolysis product DH-CA (Wang et al., 2015). The hydrolysis of AVA-C 

could also explain why plasma concentrations of AVA-C were lower than those of AVA-

A and AVA-B. In this study, we also observed that concentrations of plasma caffeic acid 

(an AVA-C hydrolysis product), but not concentrations of AVA-A and AVA-B 

hydrolysis products, increased after oat cookie consumption (data not shown), which 

might explain the relatively low plasma concentration of AVA-C. In addition, the pattern 

of differences in AUC for AVA-A and AVA-B between H-AVA and L-AVA groups are 

not consistent with the doses received, which might also be evidence for metabolic 

variations between different AVAs. Further studies are required to confirm this 

hypothesis.  

We found that L-AVA group had shorter Tmax for AVA-A, AVA-B, and AVA-C 

compared with H-AVA group, indicating that AVA absorption might be dose-dependent. 

L-AVA group showed relatively flat time-dependent concentration curves compared with 

H-AVA group, with plasma AVA concentrations fluctuating around the MS detection 
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limit (~1 ng/ml), indicating that L-AVA group could serve as an appropriate control 

group compared with H-AVA group. In addition, variations in plasma AVA 

concentrations among individual participants were relatively large, reaching 50% SD, 

especially 1-3 h after oat cookie consumption. This variation is similar to that reported in 

a study on the bioavailability of AVA after acute consumption of “false malted” oat bran, 

which is high in endogenous AVA (McKay et al.). In addition, we also compared the 

pharmacokinetic parameters between male and female subjects within H-AVA and L-

AVA groups (results are not shown), and found some significant differences between 

female and male subjects, especially in L-AVA group. Female subjects tend to have 

higher Cmax, mean AUC, and shorter T1/2 than male subjects, indicating female subjects 

might have higher absorption profile over time and faster absorption rate on AVA than 

male subjects. However, to clarify these phenomenon or mechanisms, further 

investigations with a more sensitive equipment, more time points, and higher AVA doses 

are required to compare the dose-response curves.  

One limitation in this study was the lack of determination on absolute and relative 

bioavailability of AVAs. The bioavailability was not calculated because we did not have 

intravenous AVA doses or other comparable biological products for oral intake. In 

conclusion, we found that AVAs consumed from cookies made with natural oat flour are 

absorbed in humans. AVA-B demonstrated the slowest elimination rate and longest T1/2, 

perhaps due to its more hydrophobic hydroxycinnamic moiety. Also, AVA-C was 

estimated to have the lowest relative absorption compared to AVA-A and AVA-B, 

possibly due to its biotransformation or hydrolysis process. These data demonstrated that 

AVAs are bioavailable to human, and its previously proved anti-inflammatory and 
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antioxidant effects make it a useful natural phytochemical in sports science and chronic 

disease prevention. Further investigations are needed to determine the bioavailability of 

other AVA compounds and the mechanisms contributing to the different absorption and 

elimination profiles of various AVAs. 
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Tables 

Table 3-1. AVA content in H-AVA and L-AVA cookies 

 AVAs One cookie (55 g) Per 100 g Per serving (3 cookies, 165 g) 

H-AVA 

Total 7.20 13.10 21.61 

A (mg) 1.70 3.09 5.09 

B (mg) 2.89 5.25 8.67 

C (mg) 2.62 4.76 7.85 

L-AVA 

Total 1.03 1.86 3.08 

A (mg) 0.19 0.35 0.57 

B (mg) 0.32 0.58 0.95 

C (mg) 0.52 0.94 1.55 
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Table 3-2. Participant characteristics 

 Male (n=8) Female (n=8) 

Age (years) 26.33.0 24.93.4 

BMI (kg/m2) 23.83.0 21.42.2 
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Table 3-3. Pharmacokinetic properties of AVAs 

 Cmax (ng/ml) Tmax (h) T1/2 (h) 

 H-AVA L-AVA H-AVA L-AVA H-AVA L-AVA 

AVA-A 8.394.2c 1.981.3* 2.501.2 1.801.3 2.160.6b 2.440.8 

AVA-B 8.442.3c 2.431.1* 2.040.9 1.501.5 4.230.8ac 4.602.7 

AVA-C 4.262.0ab 1.330.7* 2.291.0 1.321.0 2.711.2b 2.871.4 

Notes: *P<0.001 vs. H-AVA; aP<0.05 vs. AVA-A within H-AVA or L-AVA group; 

bP<0.05 vs. AVA-B within H-AVA or L-AVA group; cP<0.05 vs. AVA-C within H-

AVA or L-AVA group. 
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Table 3-4. Plasma absorption of AVAs 

     Mean AUC0-t (h×ng/ml) Mean Kel (h-1) Dose (ng×106) 

H-AVA L-AVA H-AVA L-AVA H-AVA L-AVA 

AVA-A 42.5617.9bc 8.504.4*b 0.350.1b 0.320.1b 5.09 0.57 

AVA-B 53.1712.1ac 6.311.6*ac 0.170.1ac 0.200.1ac 8.67 0.95 

AVA-C 19.8112.7ab 3.882.0*b 0.300.1b 0.300.2b 7.85 1.55 

Notes: *P<0.001 vs. H-AVA; aP<0.05 vs. AVA-A within H-AVA or L-AVA group; 

bP<0.05 vs. AVA-B within H-AVA or L-AVA group; cP<0.05 vs. AVA-C within H-

AVA or L-AVA group. 
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Figures 

 

Figure 3-1. Plasma AVA (bottom) and AVA standard (top) TOF-MS 

chromatographs Figure 3-1A: The retention times for AVA-A standard and plasma 

AVA-A were both 4.68min. Figure 3-1B: The retention times for AVA-B standard and 

plasma AVA-B were 4.80min and 4.85min, respectively. Figure 3-1C: The retention 

times for AVA-C standard and plasma AVA-C were 4.26min and 4.29min, respectively.  
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Figure 3-2. Changes in plasma AVA concentration over time  

Figures A, B and C represent AVA-A, AVA-B and AVA-C respectively. Data shown as 

Mean ± SD at each time point. Mean AUC0-t was compared between H-AVA and L-AVA 

for AVA-A, B and C, respectively. * P<0.001, H-AVA vs. L-AVA 
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Chapter 4 

Effect of Avenanthramides Supplementation on Inflammatory 

Responses to Eccentric Exercise in Young Men and Women 
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ABSTRACT 

Objectives: Avenanthramides (AVA) are a group of di-phenolic acids found only 

in oats, providing antioxidant protection and inhibiting inflammation. Downhill running 

(DR), a typical type of eccentric exercise, activates a series of inflammatory responses in 

skeletal muscles, exhibited as painful, red, and warm swelling. The objective of the study 

is to evaluate whether dietary AVA supplementation could attenuate eccentric exercise-

induced muscle inflammation. Methods: 12 male and 12 female subjects were assigned 

to high-AVA (H-AVA) or low-AVA (control) groups. Two treadmill-based DR sessions 

were separated by an 8-week washout period followed by another 8-week oat AVA 

supplementation through receiving two cookies containing high (205.84 mg/kg) or low (0 

mg/kg) AVA every day. Blood samples were collected before DR and at various time 

points (0h, 4h, 24h, 48h, 72h) after DR. Muscle damage marker Creatine Kinase (CK), 

Neutrophil Respiratory Burst (NRB) and Pain Scale Rating were measured. Peripheral 

blood leukocytes, lymphocytes, neutrophils and monocytes percentages were counted. 

CD45+, CD11b+CD45+, CD11b+CD14+CD45+, CD3+, CD56+, CD16+ and CD56+CD16+ 

populations were also quantified using the flow cytometer. Inflammatory cytokines (IL-6, 

TNF-α), anti-inflammatory cytokine (IL-1Ra), cell adhesion molecules (soluble VCAM-

1, sVCAM-1; soluble ICAM-1, sICAM-1; E-Selectin), colony stimulating factors (G-

CSF, GM-CSF) and chemotactic cytokines (MCP-1, MIP-1β) were measured using 

multiplex kit (R&D System). Data were shown as mean ± SEM and analyzed using 

repeated measures ANOVA. Results: DR increased plasma CK activity at all time points 

(P<0.01) and NRB (%) at 4h and 24h post-DR (P<0.05). Oat supplementation decreased 

CK activity at 24h and 48h post-DR (P<0.05) and reduced NRB (%) at post, 4h, 24h and 
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48h post-DR (P<0.05). Significant interactions were found between time and oat 

supplementation for CK (P<0.05), and between time and AVA dosage for NRB (%) 

(P<0.05). Multiplex results showed DR significantly increased IL-6, VCAM-1 and MCP-

1 levels at post-DR and 4h post-DR groups (P<0.01). Interaction effects were found 

between oat supplementation and time for MCP-1 (P<0.05), as well as between AVA 

dosage and time for VCAM-1 (P<0.05). Oat supplementation decreased VCAM-1 

(0.05<P<0.1) at 24h post-DR regardless of AVA treatment. Inflammatory cytokine IL-6 

decreased in H-AVA group compared to control group at 4h post-DR, but no statistically 

significant difference was found (P>0.05). DR increased plasma G-CSF concentration at 

post and 4h post-DR (P<0.05), and interaction was significant between oat 

supplementation and AVA dosage (P<0.05). Flow cytometry results showed DR 

significantly increased CD11b+CD45+ expression at post and 4h post-DR (P<0.01). H-

AVA showed lower CD11b+CD45+ expression at post and 4h post-DR (P<0.05). 

Significant interaction was found between time and AVA dosage (P<0.05). 

CD11b+CD14+CD45+ expression was elevated at 4h post-DR (P<0.01). Oat 

supplementation showed main effect by decreasing CD11b+CD14+CD45+ expression at 

pre and 24h post-DR (P<0.05). Significant interaction effect was observed between oat 

supplementation and time points (P<0.01). DR significantly reduced CD56+CD16+ cells 

4h post-DR (P<0.05) before oat supplementation. H-AVA showed a trend to increase 

CD56+CD16+ cells at pre-DR (P=0.070) after oat supplementation vs. L-AVA. DR 

significantly increased subjective muscle pain at all post-DR time points (P<0.01) and oat 

supplementation showed significant reduction at 48h post-DR (P<0.05) and 72h post-DR 

(P<0.05). Conclusions: We concluded that oat AVA supplementation could reduce 
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circulatory inflammation cytokines and inhibit expressions of chemokines and cell 

adhesion molecules induced by downhill running. Total circulatory immune cells were 

not affected by oat AVA supplementation but AVA inhibited the activation and 

recruitments of these cells after downhill running. 

4.1 INTRODUCTION 

Eccentric exercise-induced muscle damage is a major physio-pathological 

problem associated with unaccustomed exercise and sports. Downhill running (DR) as 

one dorm of eccentric exercise lengthens lower extremity muscle groups leading to macro 

and micro muscle injury (Armstrong, 1984; Cheung et al., 2003; Gulick et al., 1996; 

Proske and Morgan, 2001). Damaged muscle fibers release proinflammatory cytokine 

interleukin (IL)-1β and tumor necrosis alpha (TNF-α), inducing cell adhesion molecules 

(CAMs, e.g. Intercellular Adhesion Molecules, ICAMs; Vascular Adhesion Molecules, 

VCAMs; E-selectin) expressions on the surface of endothelial cells and release 

chemoattractants (e.g. Monocyte Chemoattractant Protein-1, MCP-1; Macrophage 

Inflammatory Protein-1β) and proinflammatory cytokines (e.g., IL-6, IL-8) (Paulsen et 

al., 2012). Adhesion molecules expressed on surface of endothelial cells attract 

phagocytic cells (monocytes and neutrophils) to migrate to the injury site (Butterfield et 

al., 2006). Monocytes are differentiated into M1 macrophage which promotes 

inflammation, while neutrophils are involved in the neutrophil respiratory burst (NRB) 

that produce reactive oxygen species (ROS) under NADPH oxidase (Paulsen et al., 2010; 

Pyne et al., 2000; Tidball and Villalta, 2010). This process happens from 0 h and 24 h 

after eccentric exercise. Activation and migration of these leukocytes require antigen 

expression on the surface of these cells, which are identified as cluster of differentiation 
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(CD) (Chan et al., 1988). CD11b expressed on neutrophils may assist neutrophil adhesion 

to endothelial cells and infiltration to injured tissues (Arnaout, 1990). CD14 is a 

monocyte specific antigen which involves in oxidative burst (Farnell et al., 2003; 

Rugtveit et al., 1995). CD56 and C16 are widely expressed on natural killer (NK) cells 

and also regulate NK cells functions (Poli et al., 2009; Romee et al., 2013).  Different 

types of eccentric exercises have been shown to increase CD11b+ neutrophils (Pizza et 

al., 1999; Saxton et al., 2003), CD14+ monocytes (Malm et al., 2000), CD16+ cells and 

CD56+CD16+CD3- cells (Petersen et al., 2001; Pizza et al., 1995) in human studies. 

Colony stimulating factors (CSFs) are a group of cytokines that are released from injured 

skeletal muscles that help the proliferation, differentiation and activation of 

hematopoietic cells after eccentric exercise induced muscle damage (Petersen et al., 

2001; Pizza et al., 1995), including granulocyte-colony stimulating factor (G-CSF), 

macrophage-stimulating factor (M-CSF) and granulocyte-macrophage-colony stimulating 

factor (GM-CSF) (Curfs et al., 1997). Previous studies showed plasma M-CSF and G-

CSF increased more than 50% at 0-6 h post eccentric contraction of quadriceps (Paulsen 

et al., 2005) and plasma G-CSF was elevated about 60% at 3 days after eccentric 

contractions of the elbow flexors (Hirose et al., 2004). From 24 h to 48 h, these 

phagocytic cells reach their peak concentrations (Paulsen et al., 2010). At the injury site, 

these recruited phagocytic cells help to remove and degrade damaged tissue by engulfing 

cellular debris (degranulation and phagocytosis) and releasing proteases, inflammatory 

cytokines, and reactive oxygen and nitrogen species (RONS) (Butterfield et al., 2006; 

Pereira Panza et al., 2015). Proteolysis in the injury site also produces ROS/RNS to 

stimulate nuclear factor (NF)-κB pathway (Peake et al., 2005a), amplifying the 
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inflammation signals by expressing more pro-inflammatory cytokines (e.g. IL-1β, IL-6, 

TNF-α). After 72 h, M1 macrophages are replaced by nonphagocytic M2 macrophages 

(anti-inflammatory effects), which reach peaks and maintain for several days after 96 h 

post eccentric contraction (Tidball and Villalta, 2010). Anti-inflammatory cytokines (e.g. 

IL-1 Receptor Antagonist, IL-1Ra; IL-10) and growth factors released from M2 

macrophages, and  satellite cells proliferation contribute to tissue repair and regeneration 

(Pereira Panza et al., 2015; Tidball and Villalta, 2010). Although the above biomarkers 

participate in the early inflammatory stages (0h to 48 h) after injury, these cytokines also 

play dual roles in muscle regeneration and remodeling after 48 h post-eccentric exercise 

(Tidball and Villalta, 2010). 

Avenanthramides (AVA) are a group of oat specific diphenolic acids  (Collins, 

1989). As the name implies, the structure of AVA includes an anthranilate derivative and 

a phenylpropanoid derivative linked by an amide (pseudo peptide) bond. AVA was first 

discovered as phytoalexins with antimicrobial property (inhibiting fungal germination in 

vivo) in response to infection (Mayama et al., 1982; Miyagawa et al., 1995). In vitro 

studies have shown that AVA have anti-atherogenic effect by decreasing monocyte 

adhesion to human aortic endothelial cells (HAEC), as well as anti-inflammatory effect 

by inhibiting expression of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6), 

chemoattractant (MCP-1) and cell adhesion molecules (ICAM-1,VCAM-1, E-selectin) 

(Liu et al., 2004). Furthermore, these effects were shown to be derived from decreased 

NF-κB activity (Guo et al., 2008a; Nie et al., 2006a). Animal study showed that rats fed 

AVA-C supplemented diet (0.1 g/kg) for 50 days displayed lower ROS generation and 

lipid peroxidation in skeletal muscle (Li Ji et al., 2003). Koenig et al. first demonstrated 
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the anti-inflammatory effects of AVA among post-menopausal women subject to a 

downhill walking (DW) (Koenig et al., 2014). AVA decreased ROS generation from 

NRB at 24h post-DW and C-reactive protein (CRP) level 48h post-DW. Mononuclear 

cell NF-κB binding to DNA was inhibited and plasma IL-1β concentration was reduced 

in AVA group. Another young women downhill running study  found plasma muscle 

damage marker creatine kinase (CK) and TNF-α increased after DR but alleviated by 

both AVA and control groups (Koenig et al., 2016). AVA group also suppressed NRB, 

IL-6 and monocyte NF-κB binding to DNA at 24h post-DR compared to control. A 

recent in vitro study showed AVA down-regulated TNF-α and IL-1β expression in 

C2C12 skeletal muscle cells (Kang et al., 2018). The in vitro study further showed the 

inhibition of NF-κB pathway was through IKKβ as a allosteric binding manner. These 

results suggested that AVA can be used as a potential anti-inflammatory nutritional 

supplement in reducing muscle inflammation after strenuous exercise. 

Although AVA has shown anti-inflammatory effects in eccentric exercise, it is 

still unclear that if AVA could regulate and recruit immune cells in this process, such as 

neutrophils and monocytes. Thus, the purposes of the study are to evaluate the effects of 

AVA supplementation on circulatory immune cells, colony stimulating factors and cell 

adhesion molecules induced by DR. In this study, we hypothesize that (1) AVA 

supplementation will improve muscle damage marker CK and ROS generation NRB after 

DR. (2) AVA supplementation will decrease DR-induced muscle inflammatory responses 

and increase anti-inflammatory cytokines in blood circulation. (3) AVA supplementation 

will alleviate DR-induced peripheral blood immune cells changes. (4) AVA 

supplementation will inhibit DR induced chemokines and cell adhesion molecules 
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expression. (5) AVA supplementation will reduce subjective sensation of muscle 

soreness. 

4.2 METHODS 

Participants 

24 subjects were assigned to high-AVA (H-AVA) and low-AVA (L-AVA) oat 

cookies (two cookies per day) for a period of 8 weeks. To eliminate repeated bout effects, 

another 8 weeks non-supplementation washout period was added prior to 8 weeks oat 

cookies supplementation. Male and female non-obese subjects (Age: 22.961.19 years, 

BMI: 22.931.35 kg/m2, HRmax: 187.913.76 bpm) were recruited from the Twin Cities 

community (Table 4-1). All participants signed informed consent approved by the 

University of Minnesota- Institutional Review Board (IRB) and were willing to avoid oat 

consumption and rigorous physical activity the day prior to and through test and to 

consume a low-polyphenol diet for 1 week prior to the study. The foods rich in 

polyphenol include all berries, apples, pears, citrus fruits, fruit juices, onions, chocolate, 

wine, coffee, tea, beans, nuts, soy products and most spices. Over-the-counter or 

prescription medication consumption within the past four weeks were recorded. Subjects 

were asked to take the Health History Questionnaire and Gastrointestinal Tolerability 

Questionnaire to be ensure that he/she met selection criteria of subjects.  

Exclusion Criteria are: presence of GI conditions that interfere with absorption; 

clinically significant endocrine, cardiovascular, pulmonary, renal, hepatic, pancreatic, 

biliary or neurologic disorders; major trauma or surgery within 3 months of visit; cancer 

in the prior 2 years; allergic to oat products; women who are pregnant or lactating; 

smoking; drinking alcohol >5 drinks/week; using nutraceuticals; blood pressure 
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medication; NSAID (>800 mg ibuprofen/week); vitamin supplementation; and 

anticoagulants or hypoglycemic drugs. Moderate-intensity cardiorespiratory exercise 

training for  ≥ 30 min/d on ≥ 5 d/week for a total of ≥ 150 min/week, vigorous-intensity 

cardiorespiratory exercise training for ≥ 20 min/d on ≥ 3 d/week (≥ 75 min/week), or a 

combination of moderate- and vigorous-intensity exercise to achieve a total energy 

expenditure of ≥ 500-1000 MET/min·wk (American College of Sports Medicine et al., 

2018).  

Diet 

Subjects were assigned to H-AVA (n=12) and L-AVA (n=12) groups randomly. 

Each dietary group of subjects received two cookies per day made with oat flour 

containing H-AVA (205.84 mg/kg) and L-AVA (0 mg/kg). Each cookie was made of 30 

g flour and baked at 212°F for 15 min to avoid excessive AVA degradation. Subjects are 

instructed to consume two per day: one in the morning and one in the evening, for a 

period of 8 weeks (Text messages or email were sent to subjects to remind them to 

consume the cookies). Subject were asked to keep a food diary to record consumption of 

cookies during the 8 weeks. We randomly inspected the diary to ensure compliance to the 

diet protocol.  

Study Visits 

A maximal exercise test (VO2max test) was performed before first visit to estimate 

maximum heart rate (HRmax) and calculate target heart rate for the downhill running test. 

After an overnight fast (water allowed), the subjects reported to the lab in the morning. 

Subjects were asked to arrive at 8:00am to 9:00am and had breakfast at home before 

visiting lab (follow food instructions). A subject whose diet contains vegetables and fruits 
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or other food that have over 200 mg of polyphenols during the past week were excluded. 

Participants were also asked if they adhered to the visit instructions to avoid strenuous 

exercise for 24 hours prior to the test.  

(1) Pre-supplementation 

A total of ten visits were required for each subject following recruitment and 

consenting. There were five pre-supplementation visits and five post-supplementation 

visits identical to the pre-supplementation visits (Figure 4-1). During the 2nd visit there 

was a downhill running (DR) protocol and two blood draws (one before and one after the 

DR). The 3rd, 4th, 5th and 6th blood samples were taken at 4, 24, 48 and 72 hours after 

the 2nd and consisted of a single blood draw (2x10 ml). Pain scale rating for muscle 

soreness was evaluated at each visit.  

(2) Post-supplementation 

The 6th and 7th blood draws were separated by 8 weeks non-supplementation 

washout period and 8 weeks of dietary supplementation. The 7th-11th blood draws 

repeated the protocols of 2nd-6th visits. The purpose of the 8 weeks of washout period 

was to reduce repeated bout effects from first downhill running. During the 8 weeks 

supplementation period after 8 weeks washout period, subjects were required to fill out a 

weekly food table. In order to control for the potential effect of hormone levels, DR for 

female subjects was performed between days 7 and 10 of the participant’s menstrual 

cycle, determined by self-report. 

The 2nd and 7th visits lasted for 1.5h-2h and all other visits lasted for 30min-1h. 

Water was provided during exercise if subjects need hydration. No stretching was 

allowed before and after downhill running, but there was a 5 minute 0% grade warm-up 
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before downhill running. Same clothes were required in two downhill running protocols 

before and after supplementation. Sportswear was required and subjects were notified 

before they visited. Subjects were asked an open ended question (How do you feel?) at 

each of the time points that blood draws are completed. Any adverse events and the 

answers were recorded in the case report forms. 

Downhill running 

Downhill running was performed on a treadmill in the Laboratory of 

Physiological Hygiene and Exercise Science at the University of Minnesota Twin Cities 

campus. All sessions were monitored by laboratory personnel who are trained in first aid 

and exercise physiology and who have immediate access to the treadmill’s control panel 

to modulate the speed of the treadmill and stop the machine at any signs from the 

participants, including apparent shortness of breath, visual flushing or paleness, and gait 

changes or instability. Participants also have access to a large red button that would 

trigger an emergency stop if they experienced unusual shortness of breath, dizziness, or 

light-headedness. Participants were allowed to drink water freely throughout the sessions. 

The subjects were instructed to run on the treadmill for 5 min 0% grade warm-up 

for adaptation before downhill running when they visited the lab. Each of the two DR 

sessions consists of 4 bouts of 15 minutes of treadmill running separated by 3 sessions of 

5 minutes of quiet rest (Figure 4-1). Each subject wore a heart rate monitor and the 

treadmill speed is manually adjusted at 5-minute intervals to keep the heart rate at 75% of 

its maximum as determined by maximal exercise test (VO2max test). The treadmill grade 

is set at -10%. Heart rate and treadmill speed were recorded every 5 minutes. Both 

downhill running sessions were conducted in the same manner; therefore, treadmill speed 



 

 76 

could differ between sessions but heart rate was kept the same. In the last minute of each 

of the 15 min DR, the subject was given rated perceived exertion (RPE) score on 6-20 

scale (Borg scale). 

Blood collection and sample treatment 

Mixed venous blood was drawn from the antecubital vein into one EDTA-coated 

vacutainer tube and one heparin sodium-coated vacutainer tube (10 ml each). 100μl 

whole blood was transferred from EDTA-coated vacutainer tube to a 5ml polystyrene 

tube for flow cytometry tests and NRB (100μl/tube).  The heparin sodium-coated tube 

was immediately centrifuged at 3000 x g for 15 min at room temperature to obtain 

plasma. Plasma was removed by aspiration and frozen at -80° C.  

Muscle damage marker CK and ROS production marker NRB 

Plasma creatine kinase (CK) activity was measured by colorimetric method 

(BioAssay Systems). 10μl plasma samples were added into separate wells in a 96-well 

plate, and 100μl reconstituted reagents (10μl substrate solution, 100μl assay buffer and 

1μl enzyme mix) were added. Samples were incubated at 37°C and read OD340nm at 

20min (OD20min) and 40min (OD40min). Data were calculated as CK (U/L)=(OD40min-

OD20min)/(ODCalibrator-ODH2O)150. 

Neutrophils Respiratory Burst (NRB) was measured by neutrophil respiratory 

burst (Cayman) and data was collected by BD Accuri C6 table-top flow cytometer. 100μl 

whole blood was added to a polypropylene tube and 10μl 10X DHR (dihydrorhodamine) 

123 was added to incubated at 37°C water for 15 minutes. Then, 25μl 5X PMA was 

added to stimulate NRB and incubated in 37°C water for 45 minutes. 2 ml RBC lysis 

buffer was added afterwards and incubated in 37°C water for 10 minutes. Centrifuge for 
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10 minutes at room temperature at 500g. Discard supernatant and resuspend the cell 

pellet in 0.5 ml assay buffer. DHR-123 is converted to a fluorescent compound 

rhodamine 123 by reactive species, and the latter one emits a green fluorescence 

(~530nm) similar to fluorescein isothiocyanate (FITC) which is detectable in FL-1 

channel of the flow cytometer. 

Leukocytes, WBC differential and surface antigen expressions  

For flow cytometric markers, 100 µl of well-mixed anticoagulated whole blood 

was added to the bottom of a 5ml polystyrene tube. Then 5 µl antibodies of CD45-FITC, 

CD14-APC and CD11b-PE-Cyanine 7 (Tonbo Biosciences) were added into tube-1, 

while tube-2 was added with 5 µl antibodies of CD16-APC (Biolegend), CD56-PE and 

CD3-FITC (Tonbo Biosciences). Mix well, and the tube was incubated in the dark at 

room temperature for 30 minutes. Then 1ml of 1X RBC lysis buffer (Biolegend) was 

added to each tube, vortexed and incubated at room temperature in the dark for 15 

minutes, and centrifuged for 5 minutes at 1000 rpm (200 x g) to remove supernatant by 

aspiration. 2 ml washing solution (BD Pharmingen) was added to each tube, vortexed and 

centrifuged for 5 minutes at 1000 rpm (200 x g), and supernatant was removed. In the 

end, 500 µl wash buffer (BD Pharmingen) was added to each tube, vortexed, and 

analyzed within 8 hours on BD Accuri C6. The flow cytometer was set to run with 100, 

000 events and the threshold was set at 80,000 on FSC-H. Peripheral blood leukocytes, 

lymphocytes, neutrophils and monocytes percentages were counted. CD45+, 

CD11b+CD45+, CD11b+CD14+CD45+, CD3+, CD56+, CD16+ and CD56+CD16+ 

populations were also quantified after staining using the flow cytometer BD Accuri C6 

and data were presented as percentage after color compensation.  
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Cell adhesion molecules and inflammatory cytokines 

Inflammatory cytokines (IL-6, TNF-α), anti-inflammatory cytokine (IL-1Ra), cell 

adhesion molecules (soluble VCAM-1, sVCAM-1; soluble ICAM-1, sICAM-1; E-

Selectin), colony stimulating factors (G-CSF, GM-CSF) and chemotactic cytokines 

(MCP-1, MIP-1β) were measured with multiplex kit (R&D System). In general, 12.5 μl 

human plasma sample was added to a mixture of color-coded beads pre-coated with 

antibodies that capture specific analytes. Biotinylated detection antibodies are added and 

form an antibody-antigen sandwich specific to the analytes. Phycoerythrin (PE)-

conjugated streptavidin binds to the biotinylated detection antibodies. Polystyrene beads 

are detected on Luminex 200, with one laser determining the analyte and the second laser 

measuring the magnitude of the PE-derived signal in proportion to the amount of analyte 

bound. 

Pain scale rating 

For all visits, the subjects were asked to take a pain scale rating (muscle soreness). 

Ratings of pain and leg muscle soreness were collected using a visual analog scale (VAS) 

after instructing subjects to squat to an approximate knee angle of 90° and with hands on 

hips. Participants were prompted to place a vertical line along a 10 cm line segment with 

the left terminus representing no pain or soreness and the right terminus representing the 

worst possible pain or soreness. The distance from the left terminus to the vertical line 

was measured in millimeters and recorded. 

Data Analysis 

A three-way repeated measures ANOVA were conducted using SPSS (version 22) 

statistical software. The three main factors are (a) Supplementation effect: post- vs. pre-
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AVA supplementation, (b) Exercise effect: timing with respect to DR test (rest vs. 0h 

post-DR vs. 4h post-DR vs. 24 h post-DR vs. 48 h post-DR vs. 72h post-DR), and (c) 

Dosage effect: H-AVA vs. L-AVA supplementation. The standard error of estimate of the 

ANOVA was used to complete a priori planned comparisons. Significance level was 

adjusted and set at the quotient of 0.05 divided the number of comparison groups. 

Interaction effects were also measured between DR time points and oat supplementation 

(timesupplementation), oat supplementation and AVA dosage (supplementationdose), 

and among DR time points, oat supplementation and AVA dosage 

(timesupplementationdose) across both pre-and post-supplementation. Interaction 

effect between DR time points and AVA dosage (timedose) was only measured in post-

supplementation. Data were shown as mean ±SEM.  

4.3 RESULTS  

Muscle Damage and Oxidative Stress Markers 

Results showed DR significantly increased plasma CK activity at all time points 

post-DR compared to Pre-DR (P<0.01) in pre-supplementation groups (Figure 4-2). 

Similar trends were found in post-supplementation groups except 72h post-DR (P<0.05). 

H-AVA and L-AVA groups showed no differences but oat supplementation decreased 

CK activity significantly at 24h and 48h post-DR (P<0.05) and not significantly at 4h 

post-DR (P=0.094). Interaction effect was found significant between time points in DR 

and oat supplementation (P<0.05).  

DR increased NRB (%) at 4h post-DR (P<0.01), 24h post-DR (P<0.05) and 48h 

post-DR (P=0.094) during pre-supplementation (Figure 4-3). Oat supplementation 

showed significant main effect (P<0.01), with decreased NRB (%) at post-DR (P<0.05), 
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4h post-DR (P<0.01), 24h post-DR (P<0.01) and 48h post-DR (P<0.05) in post-

supplementation compared to pre-supplementation. Significant interaction effect was 

found between time points and AVA dosage (P<0.05) during post-supplementation. 

Interaction effect was also trending towards significance between oat supplementation 

and AVA dosage [F (1, 10)=4.509, P=0.060, 𝜂𝑝
2=0.311],  and between oat 

supplementation and time points [F (5, 6)=4.068, P=0.059, 𝜂𝑝
2=0.772]. 

Plasma Inflammatory and Anti-inflammatory Cytokines 

Results showed DR significantly increased plasma IL-6 concentrations at post-DR 

(P<0.01) and 4h post-DR (P<0.01) in pre-supplementation groups, while only elevated in 

post-DR (P<0.01) after supplementation (Figure 4-4). Interaction effect was observed 

towards significance between time and AVA dosage in post-supplementation groups [F 

(5, 105)=2.293, P=0.082, 𝜂𝑝
2=0.103].  

DR did not change TNF-α in both pre- and post-supplementation period (Figure 

4-5). Oat supplementation tend to increase TNF-α at 72h post-DR (P=0.088) in post-

supplementation vs. pre-supplementation. H-AVA group showed a trend of higher TNF-α 

than L-AVA at 72h post-DR before oat supplementation (P=0.069).  

 DR increased IL-1Ra at 4h post-DR pre-supplementation significantly (P<0.01) 

and at 4h post-DR post-supplementation trending towards significance (P=0.069) (Figure 

4-6). A significant interaction effect was observed among time, oat supplementation and 

AVA dosage (P<0.05).   

Peripheral Blood Immune Cells and Subset Populations 

In Table 4-2, DR significantly increased total leukocytes (%) at 4h post-DR 

before supplementation (P<0.05) and 4h, 48h, 72h post-DR after supplementation 
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(P<0.05). In addition, oat supplementation showed main effect (P<0.05) by increasing 

total leukocytes (%) at 4h post-DR (P<0.01) after supplementation compared to pre-

supplementation. Table 4-3 showed DR significantly increased neutrophils (%) at post-

DR (P<0.01) and 4h post-DR (P<0.05) before supplementation and at all time points 

except 72h post-DR after supplementation (P<0.05). H-AVA showed a trend to increase 

neutrophils (%) at 24h post-DR after supplementation (P=0.087). Oat supplementation 

showed significant main effect (P<0.01) and significantly increased neutrophils (%) at all 

post-DR time points compared to pre-supplementation groups (P<0.05). There was no 

significant downhill running, oat supplementation and AVA effects on monocytes (%), 

shown in Table 4-4. In Table 4-5, DR significantly reduced lymphocytes (%) at post-DR 

(P<0.01) and 4h post-DR (P<0.01) before supplementation and at all time points except 

72h post-DR after supplementation (P<0.05). Oat supplementation showed significant 

main effect (P<0.05), which decreased lymphocytes (%) at all post-DR time points 

compared to pre-supplementation groups (P<0.05). H-AVA showed lower lymphocytes 

(%) than L-AVA at 24h post-DR after supplementation (P<0.05).  

DR significantly increased CD45+ leukocytes percentage (Table 4-6)  at 4h post-

DR (P<0.01) and 24h post-DR (P<0.05) in pre-supplementation groups, and also 

elevated CD45+ leukocytes percentage at 4h post-DR (P<0.001), 24h post-DR (P<0.001), 

48h post-DR (P<0.05) and 72h post-DR (P<0.01). Oat supplementation showed 

significant main effect (P<0.01) by increasing CD45+ leukocytes at 4h post-DR (P<0.01), 

24h post-DR (P<0.01) and 72h post-DR (P<0.05). Interaction effect was found 

significant between time points and oat supplementation (P<0.05). DR significantly 

increased CD11b+CD45+ expressions (Table 4-7)  at post-DR and 4h post-DR in pre-
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supplementation groups (P<0.01), and at all time points except 48h post-DR in post-

supplementation groups (P<0.05). H-AVA showed reduced CD11b+CD45+ expression on 

leukocytes at post-DR (P<0.05) and 4h post-DR (P<0.01). Significant interaction effect 

was found between time points and AVA dosage (P<0.05) after supplementation. 

Interaction effect was found towards significance among time points, oat 

supplementation and AVA dosage [F (5, 15)=2.791, P=0.056, 𝜂𝑝
2=0.482]. DR also 

elevated CD11b+CD14+CD45+ expression (Table 4-8) at 4h post-DR in pre-

supplementation group (P<0.01), as well as 4h post-DR (P<0.01) and 48h post-DR 

(P<0.05) in post-supplementation groups. Oat supplementation showed main effect 

(P<0.05), which decreased CD11b+CD14+CD45+ expression at pre-DR (P<0.05) and 24h 

post-DR (P<0.01) in post-supplementation compared to pre-supplementation. Significant 

interaction effect was observed between oat supplementation and time points (P<0.01). 

DR did not affect CD3+ T lymphocytes (Table 4-9). Oat supplementation 

decreased CD3+ T lymphocytes percentage at 48h post-DR post-supplementation vs. pre-

supplementation (P<0.05). There were no significant AVA effects or interaction effects 

observed. DR significantly increased CD56+ lymphocytes (Table 4-10) at all time points 

pre-supplementation (P<0.05) and post-supplementation except 24h post-DR (P<0.05). 

H-AVA showed significant higher CD56+ lymphocytes percentage than L-AVA groups 

at 48h post-DR before supplementation and 4h post-DR after supplementation (P<0.05), 

while a trend was found at 48h post-DR after supplementation (P=0.069) between H-

AVA and L-AVA. DR did not affect CD16+ lymphocytes percentage (Table 4-11) in both 

pre- and post-supplementation groups while oat supplementation showed significant main 

effect (P<0.05). Oat supplementation decreased CD16+ lymphocytes at pre-DR and 4h 
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post-DR in post-supplementation compared to pre-supplementation (P<0.05). DR 

significantly reduced CD56+CD16+ cells (Table 4-12) 4h post-DR (P<0.05) before oat 

supplementation. Difference between H-AVA and L-AVA was found trending towards 

significance at pre-DR (P=0.070) after oat supplementation.  

Leukocytes Colony Stimulating Factors 

Results showed DR significantly increased plasma G-CSF concentration (Figure 

4-7) at post-DR (P<0.01) and 4h post-DR (P<0.05) in pre-supplementation groups, and 

only significantly increased G-CSF at post-DR (P<0.05) in post-supplementation groups. 

Oat supplementation showed a trend to decrease G-CSF level at 24h post-DR in post-

supplementation group compared to pre-supplementation group (P=0.056). H-AVA 

group showed a trend to lower G-CSF levels than L-AVA groups at pre-DR (P=0.075) 

after supplementation. Significant interaction effect was observed between supplement 

and AVA dosage (P<0.05). 

DR did not affect GM-CSF concentrations (Figure 4-8) before and after 

supplementations. H-AVA group showed a trend decreasing GM-CSF levels compared to 

L-AVA group at 24h Post-DR (P=0.091). A trending significant interaction effect was 

observed between oat supplementation and AVA dosage [F (1, 20)=3.291, P=0.059, 

𝜂𝑝
2=0.167].  

Cell Adhesion Molecules and Chemokines 

Results showed DR significantly increased plasma VCAM-1 concentration 

(Figure 4-9) at post-DR (P<0.01) and 4h post-DR (P<0.01) in both pre-supplementation 

and post-supplementation groups. Oat supplementation decreased VCAM-1 at 24h post-

DR in post-supplementation group compared to pre-supplementation group (P=0.079). 
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Significant interaction effect was found between time points in DR and AVA dosage 

(P<0.05).  

Results showed DR increased plasma ICAM-1 concentration (Figure 4-10) at 

post-DR (P<0.05), and a trend at 4h post-DR (P=0.099) in pre-supplementation groups. 

Oat supplementation significantly increased ICAM-1 at 72h post-DR (P<0.05).  

Results showed oat supplementation significantly increased E-Selectin level 

(Figure 4-11) at 72h post-DR compared to pre-supplementation (P<0.05). Oat 

supplementation also showed a trend to increase E-Selectin level at 48h post-DR 

compared to pre-supplementation (P=0.080).  

Results showed DR significantly increased plasma MCP-1 concentrations (Figure 

4-12) at post-DR (P<0.05) and 4h post-DR (P<0.01) in pre-supplementation groups. DR 

also significantly increased MCP-1 levels at post-DR (P<0.01) and 4h post-DR (P<0.01), 

but significantly decreased MCP-1 concentrations at 24h post-DR (P<0.01), 48h post-DR 

(P<0.01) and 72h post-DR (P<0.05) in post-supplementation groups. H-AVA groups 

showed higher MCP-1 levels than L-AVA groups at pre-DR (P<0.05), post-DR 

(0.05<P<0.10) and 24h post-DR (P<0.05) only before supplementation. A marginal 

interaction effect was observed between time and oat supplement [F (5, 13)=2.778, 

P=0.064, 𝜂𝑝
2=0.517]. Interaction among time, oat supplementation and AVA dosage was 

found significant (P<0.05).   

MIP-1β level (Figure 4-13) was not changed by DR in pre-supplementation but 

decreased at post-DR (P<0.05) and showed a trend to decrease at 4h post-DR (P=0.058) 

in post-supplementation. Interaction effect for timedose was found towards significance 

[F (5, 105)=2.766, P=0.053, 𝜂𝑝
2=0.449].  
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Pain Scale Rating 

DR significantly increased subjective muscle pain scale ratings (Figure 4-14) at 

all post-DR time points for both pre- and post-supplementation (P<0.01). No significant 

differences were found between H-AVA and L-AVA groups. Oat supplementation 

showed significant reduction on pain scale rating at 48h post-DR (P<0.05) and 72h post-

DR (P<0.05) in post-supplementation vs. pre-supplementation. There was a significant 

interaction effect between DR time points and oat supplementation (P<0.05).  

4.4 DISCUSSION 

With the increasing demand for increasing physical activity to promote a healthier 

lifestyle among the general public, maintaining proper antioxidant defense during 

exercise and sports is an important issue for muscle health (Ji, 2002; Ji et al., 2009). 

Eccentric contraction (EC), also known as lengthening contraction, is an integral element 

in high-intensity physical activity and sports (Pedersen and Toft, 2000; Proske and Allen, 

2005). EC leads to oxidative stress, a status producing excessive oxygen-derived 

chemicals, and a series of inflammatory responses exhibited as muscle pain and swelling 

(Liao et al., 2010). Recent research indicates that large doses of antioxidant 

supplementation from pharmaceutical sources can be detrimental because sometimes they 

take away the benefit of exercise by exacerbating oxidative stress and/or inhibiting redox 

signaling pathways that elicit beneficial adaptations (Ji et al., 2016; Ristow et al., 2009). 

Thus, seeking a natural phytochemical as dietary supplement with antioxidant and anti-

inflammatory ingredients is desirable and necessary (Fusco et al., 2007; Pham-Huy et al., 

2008; Willcox et al., 2004).  
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Avenanthramide (AVA) is a bioactive compound found only in oats, providing 

antioxidant protection and inhibiting inflammation (Fagerlund et al., 2009; Guo et al., 

2008b; Meydani, 2009; Peterson et al., 2002; Sur et al., 2008). Our previous animal study 

has shown that an AVA supplemented diet displayed better antioxidant levels and a 

resistance to EC-induced cell damage in rats (Ji et al., 2003). Human studies also 

demonstrated the antioxidant and anti-inflammatory effects of AVA among young and 

post-menopausal women subject to eccentric exercises (Koenig et al., 2014, 2016). Other 

investigators have reported that AVA showed anti-atherogenic effects by decreasing 

monocyte adhesion to human aortic endothelial cells (HAEC), and anti-inflammatory 

effects by decreasing pro-inflammatory and chmokines via NF-κB pathway inhibition 

(Guo et al., 2008b; Liu et al., 2004; Nie et al., 2006a). However, these studies are 

scattered and directed to specific human populations, whereas whether or not AVA 

consumption can ameliorate immune function and muscle resistance to vigorous exercise 

is still inconclusive. Thus, it is essential to demonstrate the efficacy of AVA in well-

controlled clinical trials in order to encourage the general public to consume more oats as 

part of a healthy diet.  

Muscle damage marker CK (Figure 4-2) and pain scale rating (Figure 4-14) were 

both found reduced after oat supplementation in regardless of AVA dosage. This finding 

was consistent with our previous clinical study on postmenopausal women (Koenig et al., 

2014), indicating oat supplementation might improve muscle injury induced by eccentric 

contraction. Neutrophil respiratory burst (NRB) plays a key role in oxidative stress 

regulation because this process rapidly generates ROS from neutrophils or monocytes 

catalyzed by NADPH oxidase (Dahlgren and Karlsson, 1999). Downhill running, as a 
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representative form of eccentric contraction, increases neutrophil oxidative capacity and 

activates neutrophils to generate more ROS under in vitro stimulation (Pizza et al., 1999; 

Pyne et al., 2000). We also found NRB was elevated after DR but was significantly 

decreased by oat supplementation. Although there was not significant difference between 

H-AVA and L-AVA at specific time points, a significant interaction effect was observed 

between DR time and AVA dosage (Figure 4-3). This finding revealed that ROS 

generation in response to DR is different between H-AVA and L-AVA over time. 

Inflammatory cytokine IL-6 is a muscle derived cytokine which contributes to the 

plasma IL-6 increase during exercise (Pedersen et al., 2001). Several studies showed IL-6 

was significantly elevated after eccentric exercise from immediately after exercise to 1-

4h after exercise (Croisier et al., 1999; Peake et al., 2005b, 2005c; Petersen et al., 2001; 

Toft et al., 2002). In this study, DR significantly increased IL-6 at post and 4h post-DR 

before supplementation, but only elevated IL-6 at post-DR after supplementation (Figure 

4-4). Although the difference between H-AVA and L-AVA was not significant at 4h 

post-DR, a trending interaction effect was found between time points in DR and AVA 

dosage in post-supplementation groups (P=0.082). These changes are mainly due to oat 

supplementation effect and H-AVA might exert dominant effect  in decreasing IL-6 at 

this time point (Figure 4-4). However, our previous publication on AVA found that 

downhill walking did not change IL-6 levels in post-menopausal women (Koenig et al., 

2014), the discrepancy could be due to exercise intensity and genders of participants 

because that study evaluated post-menopausal women only. TNF-α was not changed after 

DR (Figure 4-5), and this finding was consistent with several other studies showing TNF-

α maintained at the same levels at different time points from immediately to 24h post 
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eccentric exercise (Bruunsgaard et al., 1997; Hirose et al., 2004; Koenig et al., 2014; Toft 

et al., 2002). We also measured anti-inflammatory cytokine IL-Ra in this study. Although 

there were no main effects from supplementation or AVA, a significant interaction effect 

was observed among time, oat supplementation and AVA dosage (Figure 4-6). Thus, IL-

1Ra levels after supplementation was elevated in H-AVA compared to L-AVA. These 

anti-inflammatory effects from AVA might be derived from decreased NF-κB activity 

(Guo et al., 2008; Kang et al., 2018). 

Colony stimulating factors (CSFs) are a group of cytokines that are released from 

injured skeletal muscles that help the proliferation, differentiation and activation of 

hematopoietic cells after eccentric exercise induced muscle damage (Smith et al., 2000). 

In our study, G-CSF was found significantly increased at post-DR and 4h post-DR before 

supplementation (Figure 4-7). These findings are similar with the previous studies 

showing DR elevated G-CSF level about 25% immediately after exercise, and about 20% 

higher 1-4h after exercise (Peake et al., 2005b, 2005c). However, G-CSF was only found 

significantly increased at post-DR after supplementation but not 4h post-DR, indicating 

oat supplementation might inhibit G-CSF expression and this reduction was mainly due 

to AVA effect. In addition, significant interaction between oat supplementation and AVA 

dosage was also found for G-CSF, showing H-AVA and L-AVA affects G-CSF 

differently pre- vs. post-supplementation. Although GM-CSF was not affected by DR, a 

trending significant interaction effect (P=0.059) was observed between oat 

supplementation and AVA dosage (Figure 4-8). This provides further evidence that GM-

CSF could response differently on AVA pre- vs. post-supplementation. In fact, G-CSF 
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was reported to increase immediately after a marathon but not GM-CSF (Suzuki et al., 

2000), which was consistent with our findings. 

CAMs are a group of transmembrane proteins that expressed on the surface of 

leukocytes and endothelial cells which involve the cell to cell interaction and migration 

from circulation to the injured tissues (Carlos and Harlan, 1994; Edelman, 1983; 

Elangbam et al., 1997). Soluble adhesion molecules were found in circulation after 

activation of endothelial cells under inflammation (Pigott et al., 1992). sVCAM-1 and 

sICAM-1 are highly correlated with CAMs expressions on the surface of endothelium 

(Nakai et al., 1995). We found sVCAM-1 was increased at post and 4h post-DR but 

significantly decreased 24h post-DR post vs. pre-supplementation which was mainly due 

to the reduction of H-AVA (Figure 4-9), indicating DR increased sVCAM-1 expression 

in endothelium and released to circulation but oat supplementation suppressed sVCAM-1 

expression. Significant interaction between DR time points and AVA dosage also showed 

H-AVA decreased sVACM-1 more than L-AVA in DR over time. sICAM-1 was elevated 

at post-DR before supplementation but no change after supplementation, which could 

also be the effect of oat AVA supplementation (Figure 4-10). DR also upregulated MCP-

1 at post and 4h post-DR in this study, and same results were reported (Peake et al., 

2005b, 2005c). Although oat supplementation main effect was not observed, MCP-1 level 

significantly decreased at 24h, 48h and 72h post-DR compared to Pre-DR after 

supplementation but were not seen before supplementation (Figure 4-12). In addition, 

interaction effects were found between time and oat supplement (P=0.064) and among 

time, oat supplementation and AVA dosage (P<0.05), indicating MCP-1 levels responded 

differently between H-AVA and L-AVA groups. Thus, AVA might decrease expression 
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of MCP-1 and indirectly decrease migration and infiltration of monocytes, and 

differentiation into macrophages in eccentric exercise (Deshmane et al., 2009; Proske and 

Morgan, 2001). Eccentric contraction leads to neutrophils infiltration and respiratory 

burst, which generates large amount of RONS (Paulsen et al., 2010; Pyne et al., 2000; 

Tidball and Villalta, 2010), and RONS further activate NF-κB pathway by increasing 

inflammatory cytokines and adhesion molecules expressions (Butterfield et al., 2006; 

Peake et al., 2005a). AVA has been shown to suppress NF-κB pathway both in vivo and 

in vitro (Kang et al., 2018; Koenig et al., 2014, 2016). Thus, the reduction of sVCAM-1 

and sICAM-1 after oat supplementation might be due to the NF-κB pathway inhibition 

from AVA.  

Immune system plays a key role in the degeneration and regeneration of muscle 

and connective tissues in eccentric exercise induced muscle damage (Peake et al., 2005a). 

The results in our study showed that total leukocytes (Table 4-2) were elevated after DR 

and this leukocytosis was mainly caused by increased neutrophils (Table 4-2) after 

eccentric exercise. These changes are similar as previous findings (Malm et al., 1999; 

Pizza et al., 1996). Increased circulatory neutrophils after eccentric contraction might 

participate in the muscle damage repair (Pyne, 1994) and the activation or proliferation of 

neutrophils is stimulated by CSFs (Clark and Kamen, 1987), which are also elevated in 

this study after DR (Figure 4-7). Lymphocytes percentage was suppressed after DR but 

returned back to resting level after 24h post-DR before supplementation (Table 4-2). The 

decreased lymphocytes might be related to increased neutrophils percentage or decreased 

B lymphocytes (Malm et al., 1999). Oat supplementation showed similar effects as DR 

by increasing neutrophils and decreasing lymphocytes (Table 4-2). Oat supplementation 
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increased neutrophils at all time points after eccentric exercise but not pre-DR, indicating 

the supplementation effect was only responsive after eccentric exercise. Since neutrophils 

are involved in muscle damage repair after eccentric exercise (Pizza et al., 1996; Pyne, 

1994), oat supplementation may up-regulate factors stimulating release of neutrophils and 

lead to a faster and higher neutrophils response. However, the exact mechanism is still 

unknown that how oat supplementation significantly increased neutrophils.     

CD45 is the leukocyte common antigen that is widely expressed as a surface 

antigen on all white blood cells (Altin and Sloan, 1997), and we found CD45+ leukocytes 

(Table 3) changes are consistent with total leukocytes (Table 2). CD11b, an integrin 

family member, is expressed on the surface of several leukocytes and plays a key role in 

neutrophils activation and adhesive interactions of monocytes, macrophages, and 

granulocytes (Arnaout, 1990; Detmers et al., 1990; Pizza et al., 1996). CD14 expressed 

on monocytes and functions as LPS-binding protein, activation marker and induction of 

monocyte oxidative burst (Arroyo-Espliguero et al., 2004; Farnell et al., 2003). 

CD11b+CD45+ leukocytes were significantly increased after DR in this study (Table 3), 

but oat supplementation did not increase this population as CD45+ leukocytes and oat 

AVA even showed significant reductions at 4h and 24h post-DR after supplementation. 

In addition, oat supplementation also reduced CD11b+CD14+CD45+ leukocytes (Table 3) 

regardless of AVA dosage. These findings indicated that oat AVA supplementation might 

inhibit expression of surface antigens (i.e. CD11b, CD14) which inhibits the activation 

and mobilization of neutrophils and monocytes. 

CD3 expresses on all T lymphocytes and acts as T cell receptor and signal 

transduction (Chetty and Gatter, 2005; Wegener et al., 1992). As we discussed 
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previously, lymphocytes decreased after DR and oat supplementation (Table 2). CD3+ T 

cells were found not affected by DR in this study and this is consistent with the previous 

study (Malm et al., 2000) but opposite with other studies showing DR elicited CD3+ cells 

increase (Petersen et al., 2001; Pizza et al., 1995). This inconsistency might be due to the 

different exercise types, intensities and participants in these studies. Natural Killer (NK) 

cells are characterized by the expression of CD56 cell surface marker and lack of CD3, 

and CD56 involves in the homotypic (same types of cells) adhesive interactions (Poli et 

al., 2009; Rebuli et al., 2018). CD16 induces cytokine expression and cytotoxic effector 

activity which regulates NK cells functions, and CD16 (FCγRIII) binds to the Fc portion 

of IgG antibodies (Anegón et al., 1988). CD56+CD16+ NK cells were significantly 

decreased 4h post-DR, while H-AVA showed a trend to increase this population at pre-

DR (P=0.070) compared to L-AVA (Table 4). DR induced NK cells depression might be 

related to cortisol levels changes and release of prostaglandins from monocytes and 

neutrophils infiltration into damaged muscle (Malm et al., 1999; Shephard et al., 1995). 

CD56+ NK cells was also found increased in H-AVA at 4h post-DR after 

supplementation compared to L-AVA. Thus, oat AVA might increase NK cells subset 

population to exert anti-inflammatory effects after DR (Tosello-Trampont et al., 2017) 

and have a regulatory function in muscle repair (Malm et al., 2000; Robertson et al., 

1992).  

In this study, we found oat supplementation decreased muscle damage marker 

(CK) and AVA abolished DR-induced ROS generation (NRB). AVA supplementation 

decreased muscle inflammatory cytokine (IL-6) and increased anti-inflammatory 

cytokine (IL-1Ra) after DR. Oat supplementation decreased circulatory monocytes 
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(CD14) activation while AVA inhibited neutrophils (CD11b) and increased NK cells 

(CD56) activation after DR. AVA supplementation inhibited DR induced chemokines 

(MIP-1β and MCP-1), cell adhesion molecule (VCAM-1), and colony stimulating factors 

(GM-CSF and G-CSF). Oat supplementation decreased subjective sensation of muscle 

soreness. 

In summary, oat AVA supplementation could reduce circulatory inflammation 

cytokines and inhibit expressions of chemokines and cell adhesion molecules induced by 

downhill running. Total circulatory immune cells were not affected by oat AVA 

supplementation but AVA inhibited the activation and recruitments of these cells after 

downhill running. 
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TABLES 

Table 4-1. Subjects Demographics 

 

 N Gender Age (years) BMI (kg/m2) HRmax (bpm) 

L-AVA 11 3 male, 8 female 24.002.26 22.931.35 187.913.76 

H-AVA 13 8 male, 5 female 22.081.14 21.680.82 194.232.71 

Notes: Data are shown as mean ±SEM (n=12). 
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Table 4-2. Peripheral Blood Leukocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 5.281.05 4.520.53 6.190.53 4.910.70  

 

NS 

Post-DR 4.920.79 4.480.53 6.570.79 4.870.91 

4h Post-DR 5.521.13 5.840.56* 7.850.65 8.120.91##** 

24h Post-DR 4.340.81 6.131.42 6.050.55 6.980.60 

48h Post-DR 5.661.27 4.860.56 7.010.78 6.650.78* 

72h Post-DR 5.411.05 5.640.84 6.760.99 7.380.71* 

Notes: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or **P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. 

**P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Supplementation effect: ##P<0.01, Post- vs. Pre-supplementation 

regardless of time or AVA treatment. 

  



 

 96 

Table 4-3. Peripheral Blood Neutrophils (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 51.962.77 52.823.79 56.883.62 57.732.80  

 

NS 

Post-DR 56.532.89 59.152.92** 66.453.76 62.922.31#** 

4h Post-DR 57.914.20 59.563.23* 69.613.04 66.771.95##*** 

24h Post-DR 47.232.54 56.084.24 59.952.36 65.141.73##** 

48h Post-DR 51.403.34 54.434.06 62.082.39 61.392.56##* 

72h Post-DR 51.553.75 54.443.79 57.604.03 63.332.97# 

Notes: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or **P<0.01 or ***P<0.001, Post-DR or 4h/ 24h/ 48h/ 72h 

post-DR vs. Rest. **P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Supplementation effect: #P<0.05 or ##P<0.01, Post- vs. 

Pre-supplementation regardless of time or AVA treatment. 
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Table 4-4. Peripheral Blood Monocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 7.490.68 7.320.75 6.620.53 7.730.71  

 

NS 

Post-DR 7.110.59 7.570.78 5.920.54 6.970.97 

4h Post-DR 7.470.73 7.380.62 6.930.64 7.720.36 

24h Post-DR 8.080.73 6.420.61 6.470.51 7.140.66 

48h Post-DR 7.640.73 7.780.50 7.280.64 8.220.71 

72h Post-DR 7.500.64 7.510.89 7.260.64 6.920.51 

Notes: Data are shown as mean ±SEM (n=12). No significant main effects. 
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Table 4-5. Peripheral Blood Lymphocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 40.262.55 38.953.98 36.433.80 33.612.21  

 

NS 

Post-DR 36.222.67 32.123.39** 27.513.71 29.211.78#** 

4h Post-DR 34.313.94 31.783.50** 23.362.88 25.321.93##*** 

24h Post-DR 44.562.43 35.764.59 33.492.45 27.551.46+##* 

48h Post-DR 40.742.91 35.743.90 30.522.38 30.222.43##* 

72h Post-DR 40.683.79 36.484.06 34.994.00 29.432.76# 

Notes: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or **P<0.01 or ***P<0.001, Post-DR or 4h/ 24h/ 48h/ 72h 

post-DR vs. Rest. **P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Supplementation effect: #P<0.05 or ##P<0.01, Post- vs. 

Pre-supplementation regardless of time or AVA treatment. AVA effect: +P<0.05, H-AVA vs. L-AVA. 
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Table 4-6. Peripheral Blood CD45+Leukocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 4.050.35 4.780.63 5.110.46 5.030.49  

 

P<0.05, time  oat supplementation 

F(5, 14)=3.758, 𝜂𝑝
2=0.573 

Post-DR 4.420.67 4.190.46 5.270.41 5.540.77 

4h Post-DR 6.281.19 6.420.90** 9.640.85 9.160.94##*** 

24h Post-DR 5.150.88 5.820.59* 7.460.97 7.230.39##*** 

48h Post-DR 5.230.94 4.560.50 6.280.91 6.720.80* 

72h Post-DR 4.290.71 5.260.74 6.210.76 6.450.40#** 

Notes: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or **P<0.01 or ***P<0.001, Post-DR or 4h/ 24h/ 48h/ 72h 

post-DR vs. Rest. Supplementation effect: #P<0.05 or ##P<0.01, Post- vs. Pre-supplementation regardless of time or AVA treatment.  
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Table 4-7. Peripheral Blood CD11b+CD45+ Leukocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 52.472.72 54.242.72 52.983.49 48.763.42  

P<0.05, time  AVA dosage  

F(5, 105)=3.354, 𝜂𝑝
2=0.138  

P=0.056, time  oat supplementation  

AVA dosage, F(5, 15)=2.791, 𝜂𝑝
2=0.482 

Post-DR 57.712.91 59.161.87** 61.613.43 52.582.18+* 

4h Post-DR 64.993.07 62.231.84** 71.761.56 61.761.43++** 

24h Post-DR 51.663.74 57.052.18 58.822.86 54.234.21 

48h Post-DR 57.231.67 52.912.37 57.083.31 57.493.06* 

72h Post-DR 57.123.89 56.682.63 54.143.30 60.812.78* 

Notes: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or **P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. 

AVA effect: +P<0.05 or ++P<0.01, H-AVA vs. L-AVA. 
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Table 4-8. Peripheral Blood CD11b+CD14+CD45+Leukocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 6.380.56 6.360.37 5.220.55 5.490.45#  

 

P<0.01, time  oat supplementation  

F(5, 15)=6.018, 𝜂𝑝
2=0.667 

Post-DR 5.920.47 6.580.60 5.460.38 6.090.73 

4h Post-DR 7.921.01 7.000.59** 6.680.62 6.150.22** 

24h Post-DR 6.830.97 6.300.62 5.250.51 4.770.52## 

48h Post-DR 6.130.77 6.670.66 6.360.71 6.460.68* 

72h Post-DR 6.641.12 6.420.53 7.031.15 5.750.92 

Notes: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or **P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. 

Supplementation effect: #P<0.05 or ##P<0.01, Post- vs. Pre-supplementation regardless of time or AVA treatment. 
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Table 4-9. Peripheral Blood CD3+ T Lymphocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 68.992.45 70.392.22 71.092.05 69.141.44  

 

NS 

Post-DR 68.402.24 69.521.88 66.322.93 67.391.91 

4h Post-DR 68.462.57 70.451.56 69.242.14 67.751.78 

24h Post-DR 65.692.19 69.661.74 64.303.65 66.892.09 

48h Post-DR 69.131.56 70.691.82 66.792.36 67.211.55# 

72h Post-DR 67.922.91 70.571.81 67.212.20 69.111.14 

Notes: Data are shown as mean ±SEM (n=12). Supplementation effect: #P<0.05, Post- vs. Pre-supplementation regardless of time or 

AVA treatment.  
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Table 4-10. Peripheral Blood CD56+ T Lymphocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 2.420.32 3.030.23 2.430.39 3.720.82  

 

NS 

 

Post-DR 3.060.57 4.520.77* 3.080.56 5.091.02** 

4h Post-DR 2.990.33 3.970.72* 2.720.33 5.671.11+* 

24h Post-DR 2.820.39 4.450.76* 2.870.43 4.071.15 

48h Post-DR 2.960.40 4.190.41+** 3.350.67 5.771.04* 

72h Post-DR 3.450.72 4.320.84* 3.680.82 5.551.03* 

Notes: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or **P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. 

AVA effect: +P<0.05, H-AVA vs. L-AVA. 
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Table 4-11. Peripheral Blood CD16+ T Lymphocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 4.930.66 4.720.35 4.830.58 3.710.46#  

 

NS 

 

Post-DR 5.950.86 5.080.76 4.790.60 4.450.50 

4h Post-DR 5.820.87 4.450.61 4.360.59 3.750.74# 

24h Post-DR 5.370.52 4.140.51 4.210.54 3.670.32 

48h Post-DR 5.360.58 3.840.43+ 4.400.70 3.170.29 

72h Post-DR 4.460.43 4.660.63 4.600.55 3.370.35 

Notes: Data are shown as mean ±SEM (n=12). Supplementation effect: #P<0.05, Post- vs. Pre-supplementation regardless of time or 

AVA treatment. AVA effect: +P<0.05, H-AVA vs. L-AVA. 
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Table 4-12. Peripheral Blood CD56+ CD16+ T Lymphocytes (%) 

 Pre-Supplementation Post-Supplementation  

ANOVA 

(Interaction effect) L-AVA H-AVA L-AVA H-AVA 

Pre-DR 11.712.03 11.792.45 9.611.22 13.112.91  

 

NS 

Post-DR 11.711.92 12.741.79 10.951.66 15.581.76 

4h Post-DR 10.161.71 9.351.65* 8.901.42 11.631.64 

24h Post-DR 10.501.71 11.321.50 11.321.43 13.432.57 

48h Post-DR 10.941.30 11.431.28 10.321.23 13.681.87 

72h Post-DR 9.761.63 10.801.47 11.131.30 12.821.99 

Notes: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest.   
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FIGURES 

 

Figure 4-1. Study Design 
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Figure 4-2. Plasma CK activity 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or 

**P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Supplementation effect: 

#P<0.05, Post- vs. Pre-supplementation regardless of time or AVA treatment. Interaction 

effect: P<0.05, time  oat supplementation, F (5, 17)=3.477, 𝜂𝑝
2=0.506. 
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Figure 4-3. Neutrophil Respiratory Burst 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or 

**P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Supplementation effect: 

#P<0.05 or ##P<0.01, Post- vs. Pre-supplementation regardless of time or AVA treatment. 

Interaction effect: P<0.05, time  AVA dosage, F (5, 10)=3.681, 𝜂𝑝
2=0.648; P=0.060, 

oat supplementation  AVA dosage, F (1, 10)=4.509, 𝜂𝑝
2=0.311; P=0.059, time  oat 

supplementation, F (5, 6)=4.068, 𝜂𝑝
2=0.772. 
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Figure 4-4. Plasma IL-6 concentrations 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: **P<0.01, Post-

DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Interaction effect: P=0.082, time  AVA 

dosage, F (5, 105)=2.293, 𝜂𝑝
2=0.103. 
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Figure 4-5. Plasma TNF-α concentrations (A.U.)  

Figure legends: Data are shown as mean ±SEM (n=12). Main effect: NS. Interaction 

effect: NS. 
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Figure 4-6. Plasma IL-1Ra concentrations 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: **P<0.01, Post-

DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Interaction effect: P<0.05, time  oat 

supplementation  AVA dosage, F (5, 17)=3.131, 𝜂𝑝
2=0.479. 
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Figure 4-7. Plasma G-CSF concentrations 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or 

**P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Interaction effect: P<0.05, 

oat supplementation  AVA dosage, F (1, 16)=3.291, 𝜂𝑝
2=0.171. 
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Figure 4-8. Plasma GM-CSF concentrations 

Figure legends: Data are shown as mean ±SEM (n=12). Main effect: NS. Interaction 

effect: P=0.059, oat supplementation  AVA dosage, F (1, 20)=3.291, 𝜂𝑝
2=0.167. 
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Figure 4-9. Plasma VCAM-1 concentrations 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: **P<0.01, Post-

DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Supplementation effect: #P<0.05, Post- vs. 

Pre-supplementation regardless of time or AVA treatment. Interaction effect: P<0.05, 

time  AVA dosage, F (5, 105)=2.709, 𝜂𝑝
2=0.114.   
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Figure 4-10. Plasma ICAM-1 concentrations 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05, Post-

DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Supplementation effect: #P<0.05, Post- vs. 

Pre-supplementation regardless of time or AVA treatment.   
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Figure 4-11. Plasma E-selectin concentrations 

Figure legends: Data are shown as mean ±SEM (n=12). Supplementation effect: 

#P<0.05, Post- vs. Pre-supplementation regardless of time or AVA treatment.  
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Figure 4-12. Plasma MCP-1 concentrations 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05 or 

**P<0.01, Post-DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. AVA effect: +P<0.05, H-AVA 

vs. L-AVA. Interaction effect: P=0.064, time  oat supplement, F (5, 13)=2.778, 

𝜂𝑝
2=0.517; P<0.05, time  oat supplementation  AVA dosage, F (5, 13)=3.022, 

𝜂𝑝
2=0.538.   
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Figure 4-13. Plasma MIP-1β concentrations 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: *P<0.05, Post-

DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Interaction effect: P=0.053, time  AVA 

dosage, F (5, 105)=2.766, 𝜂𝑝
2=0.449. 
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Figure 4-14. Pain Scale Rating 

Figure legends: Data are shown as mean ±SEM (n=12). Exercise effect: **P<0.01, Post-

DR or 4h/ 24h/ 48h/ 72h post-DR vs. Rest. Supplementation effect: #P<0.05, Post- vs. 

Pre-supplementation regardless of time or AVA treatment. Interaction effect: P<0.05, 

time  oat supplementation, F (5, 17)=3.398, 𝜂𝑝
2=0.500.  
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Chapter 5 

Effects of Olive Oil Phytochemicals and Exercise on Circulatory 

Leukocytes and Inflammation in Atherosclerotic Rats 
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ABSTRACT 

Oleocanthal (Oleo) and Oleacein (Olea) are natural phenolic compounds found in 

extra-virgin olive oil (EVOO), exerting anti-inflammatory and antioxidant effects. 

Atherosclerosis, led by arterial plaque deposition, involves increased chronic 

inflammation and oxidative stress. Purpose: The purpose of the study is to evaluate the 

immuno-regulatory and anti-inflammatory effects of Oleo/Olea supplementation and 

exercise training in the atherosclerotic rats. Methods: Female Sprague–Dawley rats (age 

4-week, n=48) were randomly divided into 4 groups fed an atherogenic diet (C) with 

added cholesterol (1.25%) and cholic acid (0.5%) for 12 wks. Half of the rats were 

supplemented with high Oleo/Olea (1000 mg/kg, HO, n=24); the other half with low 

Oleo/Olea (100 mg/kg, LO, n=24). In each dietary group, half group was trained (T) on 

treadmill for 12 wks (25m/min, 10% grade for 60 min/day, 5 days/wk), while the other 

half remained sedentary (S). Two separate groups of rats were fed a chow diet (n=6) and 

atherogenic diet (n=12), respectively without EVOO or T. Total leukocytes and 

differential were measured using flow cytometry. Plasma inflammatory cytokines (IL-1β, 

IL-1α, macrophage inflammatory protein (MIP)-1α, MIP-3α), anti-inflammatory 

cytokines (IL-4 and IL-10), colony stimulating factors (G-CSF, GM-CSF, M-CSF), 

chemotactic cytokines (MCP-1, NAP-3) were measured Multiplex immunoassay. Aortic 

Cyclooxygenase (COX)-2 was determined by western blotting and total nitrate/nitrite 

(NOx) contents was determined by colorimetric assay kit. Data were shown as mean ± 

SEM and analyzed using two-way ANOVA. Results: Leukocytes percentage was higher 

in HO vs. LO rats (P<0.05), but lowered 32% by T (P<0.05). LO and HO rats showed 

higher granulocytes percentage than C rats (P<0.05), whereas T suppressed granulocytes 
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in HO by 27% (P<0.05). Neutrophils percentage was increased in HO vs. C and LO rats 

(P<0.05), but declined by 41% with T (P<0.01). Lymphocytes percentage was decreased 

in LO and HO rats (P<0.05) and elevated in HO+T by 23% (P<0.05). T tended to 

increase monocytes levels in LO rats (0.05<P<0.1). Both LO and HO increased IL-1α 

(P<0.05 and P=0.095), but exercise training abolished the effects in both LO+T (P<0.05) 

and HO+T (P=0.062). HO appeared to increase both IL-1β and MIP-1α and T decreased 

in both LO+T and HO+T, but not statistically different. HO+T decreased MIP-3α 

towards significance compared to C (P=0.057) and LO+T (P<0.01). LO increased anti-

inflammatory cytokine IL-4 level compared to C (P=0.084) but significantly reversed by 

exercise training in LO+T (P<0.01). IL-10 significantly increased in LO (P<0.01) but not 

in HO compared to C, while exercise training significantly decreased IL-10 in LO+T 

(P<0.01) but not in HO+T. HO also showed significant reduction on IL-10 compared to 

LO (P<0.05). HO showed higher MCP-1 than LO (P<0.05). EVOO supplementation 

showed increase on RANTES in both LO (P<0.05) and HO (P<0.01), while exercise 

training decreased RANTES in LO+T (P<0.01) and HO+T (P<0.05). HO showed higher 

neutrophil activating protein-3 (NAP-3) than C (P<0.05) but not in LO (P=0.083). EVOO 

supplementation elevated M-CSF levels in HO (P<0.05) not in LO, but decreased by 

exercise training in LO+T (P<0.05) and HO+T (P<0.05). EVOO supplementation 

showed significant increase on GM-CSF in both LO (P<0.01) and HO (P<0.05), and HO 

showed a higher trend than LO (P=0.067). HO+T significantly increased COX-2 

expression compared to C (P<0.05). Total NOx levels in EVOO-fed rats were decreased 

compared to C rats (P<0.05), whereas it was higher in HO-fed vs. LO-fed rats (P<0.05). 

T tended to decrease NOx in LO but increase NOx in HO rats (P=0.052, interaction 
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effect). Conclusions: High Oleo/Olea diet increased leukocytes, granulocytes, 

neutrophils and inflammatory markers but decreased lymphocytes and anti-inflammatory 

cytokines in sedentary rats, whereas exercise training significantly reversed these trends 

of immune markers. 

5.1 INTRODUCTION 

Atherosclerosis is a complex, chronic inflammatory disease (Libby et al., 2009; 

Lusis, 2000; Taleb, 2016). Under oxidative cellular environment with increased ROS 

generation, LDL is oxidized to oxLDL, a key step to stimulate adhesion molecule 

expression (i.e. E-selectin, vascular cell adhesion molecules, intercellular adhesion 

molecules) and attract immune cells (lymphocytes and monocytes) on endothelial cells. 

This oxidation step occurred in the intima of arterial wall is mainly caused by impaired 

balance between free radicals and antioxidant system, so superoxide dismutase (SOD) 

plays an important role in removing reactive oxygen species and decreases LDL 

oxidation (Dimmeler et al., 1999). In addition, other proinflammatory cytokines promote 

monocyte transmigration into the subendocardium and their subsequent differentiation 

into macrophage scavenger cells. After monocytes are differentiated into macrophages, 

they ingest oxLDL and form foam cells, leading to formation of a fatty streak and 

eventually atherosclerotic fibrous plague (Lusis, 2000). Fatty streak and macrophages 

secret pro-inflammatory cytokines such as tumor necrosis factor TNF-α, interleukin IL-

1β, IL-6 and IL-8, as well as monocyte chemotactic protein MCP-1, vascular cell 

adhesion molecule VCAM-1, and C-reactive protein (CRP, a systemic inflammatory 

marker), mainly through activation of nuclear factor NF-κB pathway (Mattu and 

Randeva, 2013). Among all inflammatory cytokines, TNF-α is the most important 



 

 136 

because it promotes IL-6 and IL-8, as well as increasing reactive oxygen species (ROS) 

generation via mitochondrial respiration chain, forming a vicious cycle (Biniecka et al., 

2011). IL-6 is another pro-inflammatory cytokine that can act as a mitogenic stimulus and 

can be responsible for the migration as well as the proliferation of smooth muscle cells 

(Ikeda et al., 1991; Loppnow and Libby, 1990). TNF-α and IL-6 may serve as markers of 

inflammation for the prediction of future cardiovascular risks (Libby et al., 2009; Wallace 

et al., 2005). Endothelial cells play critical role in atherosclerosis development because 

they regulate blood flow and artery remodeling and repair. Endothelial dysfunction 

appears to be the first sign of early atherosclerotic development due to decreased nitric 

oxide (NO) availability and increased vasoconstrictors such as angiotensin-II and 

endothelin-I under oxidative stress (Dimmeler et al., 1999). Oxidative stress (decreased 

SOD) inhibits NO production and thus contributes to endothelial dysfunction as well as 

to inflammation by promoting LDL oxidation (Dimmeler et al., 1999; Leon and Bronas, 

2009). In the presence of endothelial dysfunction, reduced endothelial flow-mediated 

vasodilation caused by NO impairs reactive hyperemia (Leon and Bronas, 2009). 

Exercise and nutrition scientists are increasing looking for alternatives to reduce 

chronic inflammation in atherosclerosis. Oleocanthal (Oleo) and Oleacein (Olea) are 

natural phenolic compounds found in extra-virgin olive oil (EVOO) (Cicerale et al., 

2012; Naruszewicz et al., 2015; Tripoli et al., 2005). Both Oleo and Olea have been 

proved to have antioxidant, anti-inflammatory, and anti-proliferative activities (Cicerale 

et al., 2012; Naruszewicz et al., 2015). In addition, both oleo and olea were shown to 

decrease superoxide anions (O2
-) by 25% and 36% in human monocytes respectively, and 

COX-2 mRNA was also inhibited by these secoiridoid derivatives (Rosignoli et al., 
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2013). Oleo is a tyrosol ester (formed from tyrosol and fatty acids), which causes burning 

sensation in the back of the throat when consuming EVOO. In vitro studies show oleo has 

antioxidant and anti-inflammatory effects (Cicerale et al., 2012; Morena Scotece, 2012). 

Cyclooxygenase (COX) is an enzyme responsible for formation of prostanoids, including 

prostaglandins such as prostacyclin and thromboxane, which are involved in the 

development of inflammation and pain (Seibert and Masferrer, 1994). Beauchamp and 

colleagues (Beauchamp et al., 2005) (Beauchamp et al., 2005) found that Oleo inhibits 

cyclooxygenase (COX) enzymes in a dose-dependent manner. Oleo (25 μM) inhibited 

41-57% of COX activity in comparison to ibuprofen (25 μM), which inhibited only 13-

18% of COX activity (Cicerale et al., 2012). 50g EVOO contains an amount of Oleo with 

similar in vitro anti-inflammatory effect as 1/10 of the adult ibuprofen dose (Beauchamp 

et al., 2005). In addition, Oleo also shows potential in treating inflammatory degenerative 

joint diseases by decreasing production of iNOS protein expression in LPS challenged 

murine chondrocytes (Iacono et al., 2010). Another in vitro study (Morena Scotece, 2012) 

also showed that Oleo inhibited IL-6 mRNA expression in both ATDC5 chondrocytes 

and J774 macrophages, and inhibited IL-1β and TNF-α from LPS-stimulated 

macrophages. Iacono et al. found pretreatment of ATDC-5 chondrocytes with Oleo 

significantly inhibited the LPS-induced NO production in a dose-dependent manner, 

slowing down the cartilage degradation in osteoarthritis (Iacono et al., 2010). Although 

previous studies revealed beneficial effects of EVOO on atherosclerosis, no evidence 

showed the immune-inflammatory effects of Oleo/Olea supplementation on 

atherogenesis. Oleacein (Olea) is another abundant phenolic compound discovered in 

EVOO, which is the dialdehydic form of elenolic acid conjugated with 3,4-
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(dihyroxyphenyl)ethanol (3,4-DHPEA-EDA) (Paiva-Martins and Pinto, 2008). Olea was 

first found inhibiting angiotensin converting enzyme (ACE) in vitro (Hansen et al., 

1996). Several in vitro studies also showed Olea has antioxidant activity by scavenging 

free radicals (Czerwińska et al., 2012; Paiva-Martins and Pinto, 2008). Olea also showed 

anti-atherosclerotic activity by reducing ROS production in f-MLP or PMA stimulated 

neutrophils (Czerwińska et al., 2012), decreasing inflammatory mediators (e.g. elastase, 

MMP-9 and IL-8) and down-regulating L-selectin and integrin CD11b/CD18 expression 

which activates neutrophils (Czerwińska et al., 2014). Olea also showed protective effects 

on endothelial progenitor cells through exerting antioxidant capacity and increasing heme 

oxygenase-1 expression, which benefits the rebuilding of blood vessels (Naruszewicz et 

al., 2015; Parzonko et al., 2013).  

Exercise training, an effective way impeding atherosclerosis, improves nitric 

oxide (NO) synthesis and improves endothelial function, which increases vasodilatation 

and protects the coronaries against both atherosclerosis and thrombosis (Leon and 

Bronas, 2009). A series of studies have shown the beneficial effects of chronic exercise 

on inflammation in atherosclerosis (Duck and Hoffman, 2007; Kohut et al., 2006; 

Niebauer and Cooke, 1996; Wilund, 2007). Exercise training has been shown to increase 

endothelial NO synthase (eNOS) and decrease NO turnover (Niebauer and Cooke, 1996). 

Inflammatory cytokines, such as IL-6, TNF-α, cell adhesion molecules were found 

reduced by chronic exercise training (Kohut et al., 2006) while anti-inflammatory 

cytokine IL-10 was found to be elevated (Wilund, 2007). Other anti-atherosclerotic 

effects are mobilizing the endothelial progenitor cells to repair the damaged endothelium, 
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decreasing blood pressure and improving dyslipidemia and insulin resistance (Leon and 

Bronas, 2009; Pinto et al., 2012).  

In this exploratory animal study, we hypothesize that (1) EVOO supplementation 

will improve circulatory immune cells and inflammatory cytokines in atherogenic rats 

compared to control group. (2) H-Oleo/Olea will show lower inflammatory cytokines and 

improved endothelial functions than L-Oleo/Olea group. (3) Exercise training combining 

Oleo/Olea supplementation will further reduce inflammation and improve peripheral 

immune cells. 

5.2 METHODS 

Animals 

All procedures were performed in compliance with the University of Minnesota 

Animal Care and Use Committee. Female Sprague-Dawley rats, aged 4-6 weeks, were 

housed 2 per cage on a 12 h:12 h dark:light cycle with standard rat chow pellets and tap 

water available ad libidum. Rats were fasted overnight (12 h) before samples collection. 

Body weight changes and food intake were recorded weekly. 

Diet 

Sixty post weaning female Sprague-Dawley rats (age 4 week) were randomly 

divided into 5 groups (n=12 each group) feeding high fat diet: (1) low Oleo/Olea (LO) 

(2)low Oleo/Olea and exercise training (LO+T) (3)high Oleo/Olea (HO) (4) high 

Oleo/Olea and exercise training (HO+T) (5) Control (C, without Oleo/Olea or exercise 

training). Another six rats without Oleo/Olea or exercise training were fed chow diet to 

validate the atherogenic model. Two EVOOs were selected with similar phenolic 

compounds contents and fatty acid profiles but differing in their Oleo/Olea contents. 
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High-Oleo/Olea extra virgin olive oil (EVOO) contained 1000 mg/L Oleo/Olea (1:1) and 

low- Oleo/Olea EVOO contains 100 mg/L Oleo/Olea (1:1). Final Oleo/Olea intakes were 

roughly 4mg/day in H-Oleo/Olea group and 0.4mg/day in L-Oleo/Olea group (assuming 

daily intakes for rats are 20g). All rats were fed ad libitum and trained for 12 

weeks. Atherosclerotic rodent diet were purchased from Envigo (Teklad, TD.02028). 

EVOO diets were customized by Envigo and 20% EVOO were mixed into the basal 

atherosclerotic diet by Envigo technicians (Table 5-1).  

Exercise training 

Exercise training protocol was adapted and modified from the previous 

publication (Ramires and Ji, 2001). The exercise training lasted 12 weeks for exercise 

groups. During the first week, the animals were acclimated to treadmill running on a 

Qinton rodent treadmill at 15m/min, 0% grade for 10 min/day, 5 day/week. At the end of 

week 1, the rats were able to run at 16.5 m/min, 0% grade for 30min. Running speed, 

grade, and duration were progressively increased to 25 m/min, 10% grade for 1h/day by 

the end of week 4, and this intensity was maintained during the rest of the training period. 

A lab staff who has taken animal handling training with animal training experience 

monitored the safety of the rats during exercise.  

Rat euthanasia and sample collection  

Rats were anesthetized with 100mg/kg ketamine plus 10mg/kg xylazine after 12 

weeks EVOO supplementation and exercise training. Whole blood was collected from 

abdominal artery and transferred to tubes coated with heparin and EDTA. 100μl whole 

blood was transferred from EDTA-coated vacutainer tube to a 5ml polystyrene tube for 

flow cytometry experiment. Whole blood collected in heparin tube was immediately 
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centrifuged at 3,000 g for 15min to attain plasma and stored at -80℃. Thoracic aorta was 

also collected within 5min and immediately frozen in liquid nitrogen and stored at -80℃. 

Total Leukocytes and differentials 

Total leukocytes (white blood cells) percentages and differentials (granulocytes, 

neutrophils, lymphocytes and monocytes) were quantified with BD Accuri C6 flow 

cytometer. In general, 100 µl of well-mixed anticoagulated whole blood was added to the 

bottom of each labeled tube. 1ml of lysing (1X RBC lysis, Biolegend) solution was added 

to each tube and vortexed. The tube was then incubated at room temperature in the dark 

for 10-15 minutes and centrifuged for 5 minutes at 1000 rpm (200 x g). Supernatant was 

removed by aspiration, then vortexed and 2 ml washing buffer (BD Pharmingen) was 

added to each tube. The tube was centrifuged for 5 minutes at 1000 rpm (200 x g) and 

supernatant was removed by aspiration. The washing step was repeated and the 

supernatant was discarded. At the end, 500 µl wash buffer (BD Pharmingen) was added 

to each tube, vortexed, and analyzed.  

Inflammatory and anti-inflammatory cytokines 

Plasma inflammatory cytokines (TNF-α, IL-1β, IL-1α), anti-inflammatory 

cytokines (IL-4 and IL-10), colony stimulating factors (G-CSF, GM-CSF, M-CSF), 

chemotactic cytokines (MIP-1α, MIP-3α, MCP-1, RANTES (Regulated on Activation, 

Normal T cell Expressed and Secreted), NAP (Neutrophil Activating Protein)-3) were 

measured by Bio-Plex Pro™ Rat Cytokine 23-Plex Assay (Bio-Rad). In general, 12.5 μl 

human plasma sample was added to a mixture of color-coded beads pre-coated with 

antibodies that capture specific analytes. Biotinylated detection antibodies are added and 

form an antibody-antigen sandwich specific to the analytes. Phycoerythrin (PE)-
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conjugated streptavidin binds to the biotinylated detection antibodies. Polystyrene beads 

are detected on Bioplex 200, with one laser determining the analyte and the second laser 

measuring the magnitude of the PE-derived signal in proportion to the amount of analyte 

bound. 

Vascular endothelial inflammatory markers 

Cyclooxygenase (COX)-2 were measured in aorta using western blotting. 7.5 μl 

aortic homogenate was loaded and SDS-PAGE was ran 60V for 40 min and 100V for 

about 60min to 90min. Gel was transferred 300mAH for 90 minutes. Membrane was 

blocked with 5% skim milk for 60 minutes (room temperature) and washed with 1X 

TBST. Primary antibody (1:1000, 10ul ab+10ml BSA) incubation for overnight (in cold 

room). Secondary antibody (1:3000 dilution) incubate for 1h. 1X TBST wash 3 times and 

develop. 

Total nitrite/nitrate (NOx) productions were measured in plasma with 

nitrate/nitrite colorimetric assay kit (Cayman). 40μl plasma was added and total NOx was 

measured in a two-step process. The first step is the conversion of nitrate to nitrite 

utilizing nitrate reductase and the second step is the detection of a deep purple azo 

compound at 540nm, which is converted from nitrite under Griess reagent (Li et al., 

2004). 

Statistical analysis 

Results were presented as meanSEM. One-way ANOVA was used to compare 

the difference among five groups, and post-hoc comparison was tested between groups. 

Interaction effect was measured between exercise training and Oleo/Olea 

supplementation for each parameter. P<0.05 was considered statistically significant.  
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5.3 RESULTS 

Circulatory Immune Cells  

Results showed C significantly increased leukocytes percentage compared to 

normal chow diet (P<0.01). HO significantly increased leukocytes percentage (Figure 5-

2) compared to C (P<0.01). Leukocytes percentage was higher in HO vs. LO rats 

(P<0.01), but lowered 32% by T (P<0.05). Oleo/Olea supplementation showed main 

effect (P<.05). 

Granulocytes percentage was significantly increases in C compared to chow diet 

(P<0.05). HO showed increased granulocytes percentage (Figure 5-3) compared to C 

(P<0.05) and LO (P<0.05). Exercise training decreased granulocytes percentage in HO 

group only (HO+T vs. HO, P<0.05).  

Results showed C significantly increased neutrophils percentage (Figure 5-4) 

compared to normal chow diet. HO rats showed higher neutrophils percentage than C rats 

(P<0.05) and LO rats (P<0.01), whereas T suppressed neutrophils in HO by 41% 

(P<0.01). Exercise training showed a significant main effect (P<0.001). A significant 

interaction effect was also observed between Oleo/Olea supplementation and exercise 

training (P<0.01). 

Results showed C significantly decreased lymphocytes percentage (Figure 5-5) 

compared to normal chow diet (P<0.05). Olive oil fed rats showed significant decreased 

lymphocytes percentage in LO rats (P<0.05), LO+T rats (P<0.05) and HO rats (P<0.01) 

compared to C rats. HO rats trended to lower lymphocytes than LO rats (P=0.082), 

whereas T increased lymphocytes in HO by 41% (P<0.05). Exercise training showed a 
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marginal main effect (P=0.098) but a significant interaction effect was observed between 

Oleo/Olea supplementation and exercise training (P<0.05). 

There was no significant difference between C and normal chow diet on 

monocytes percentage (Figure 5-6). LO+T rats showed significant increased monocytes 

percentage than C rats (P<0.05), and trended to increase on monocytes percentage 

compared to HO+T rats (P=0.084). There were no significant main or interaction effects 

from Oleo/Olea supplementation and exercise training. 

Plasma inflammatory cytokines and anti-inflammatory cytokines 

In Figure 5-7, both LO and HO showed significant increase on IL-1α compared to 

C (P<0.05 and P=0.095), but exercise training abolished the effects in both LO+T 

(P<0.05) and HO+T (P=0.062). Exercise training showed main effect (P<0.05).  

There was no significant difference between C and normal chow diet on IL-1β. 

HO showed non-significant trends to increase IL-1β compared to LO and C (Figure 5-8). 

T decreased IL-1β in both LO+T and HO+T but there was no significant difference. 

There were no statistically significant main effects and interaction effects found on 

Oleo/Olea supplementation and exercise training.  

Figure 5-9 showed inflammatory cytokine TNF-α was increased in LO (P<0.01) 

but decreased in LO+T (P=0.067) compared to C. Exercise training showed significant 

main effect which were shown in both LO+T vs. LO (P<0.001) and HO+T vs. HO 

(P<0.01). 

In Figure 5-10, C showed a trend to increase MIP-1α compared to chow diet 

(P=0.091). Main effect of exercise training was trending towards significance (P=0.066). 
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There was no significant difference between C and normal chow diet on MIP-3α. 

HO+T decreased MIP-3α towards significance (P=0.057) compared to C (Figure 5-11). 

Significant Oleo/Olea supplementation effects was observed (P<0.05).  HO+T showed 

lower MIP-3α level compared to LO+T (P<0.01). Exercise training showed a main effect 

trending towards significance (P=0.072). 

In Figure 5-12, LO increased anti-inflammatory cytokine IL-4 level compared to 

C (P=0.084) but significantly reversed by exercise training in LO+T (P<0.01). A 

significant main effect was found for exercise training (P<0.05). 

IL-10 significantly increased in LO (P<0.01) but not in HO compared to C, while 

exercise training significantly decreased IL-10 in LO+T (P<0.01) but not in HO+T 

(Figure 5-13). HO also showed significant reduction on IL-10 compared to LO (P<0.05). 

Exercise training showed significant main effect (P<0.01). 

Cell adhesion molecules and colony stimulating factors 

HO showed significant higher MCP-1 (Figure 5-14) than LO (P<0.05). Main 

effect was found significant on Oleo/Olea supplementation (P<0.05) but not exercise 

training. No significant interaction effect was observed between Oleo/Olea 

supplementation and exercise training. 

C showed no difference with chow diet on RANTES (Figure 5-15). EVOO 

supplementation showed significant increase on RANTES in both LO (P<0.05) and HO 

(P<0.01), while exercise training significantly decreased RANTES in LO+T (P<0.01) 

and HO+T (P<0.05). Exercise training showed significant main effect (P<0.01) but not 

Oleo/Olea supplementation and interaction effect between them. 
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In Figure 5-16, HO showed significant higher neutrophil activating protein-3 

(NAP-3) than C (P<0.05) but not in LO (P=0.083). However, there was not a significant 

interaction effect observed between Oleo/Olea supplementation and exercise training. 

EVOO supplementation elevated M-CSF levels (Figure 5-17) in HO (P<0.05) not 

in LO, but significantly decreased by exercise training in LO+T (P<0.05) and HO+T 

(P<0.05). Exercise training showed a significant main effect (P<0.01).  

EVOO supplementation showed significant increase on GM-CSF (Figure 5-18) in 

both LO (P<0.01) and HO (P<0.01), and HO showed a higher trend than LO (P=0.067). 

There were no statistically significant main effects and interaction effects found on 

Oleo/Olea supplementation and exercise training. 

Endothelial function markers 

Results in Figure 5-19 showed C significantly increased NOx compared to normal 

chow diet (P<0.01). Compared to C, all olive oil fed rats showed significant reduction on 

NOx concentrations in LO (P<0.01), LO+T (P<0.01), HO (P<0.01) and HO+T (P<0.05). 

T further decreased NOx in LO (P<0.01). HO+T showed a significant increased NOx 

than LO+T (P<0.05). Main effect was found significant on Oleo/Olea supplementation 

(P<0.05) but not exercise training. There was a significant interaction effect between 

Oleo/Olea supplementation and exercise training (P<0.05). 

In Figure 5-20, there was no significant difference between C and normal chow 

diet. HO+T significantly increased COX-2 expression compared to C (P<0.05). A 

trending significant main effects were found on both Oleo/Olea supplementation 

(P=0.077) and exercise training (P=0.059). No significant interaction effect was observed 

between Oleo/Olea supplementation and exercise training. 
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5.4 DISCUSSION 

The etiology of atherosclerosis is related to a chronic low-level inflammatory 

state and increased oxidative stress levels (Ouchi et al., 2011; Piya et al., 2013). Fatty 

streak and macrophages secret pro-inflammatory cytokines through activating NF-κB 

pathway, such as TNF-a, IL-1β, IL-6, IL-8, MCP-1, VCAM-1, and CRP speeding up the 

plaque formation and the development of atherosclerosis (Mattu and Randeva, 2013). In 

addition, endothelial dysfunction appears to be the first sign of early atherosclerotic 

development. Superoxide (O2-) genration and its interaction with nitric oxide (NO), 

producing the strong oxidant peroxynitrite (ONOO-), play central roles in endothelial 

dysfunction (Bronas and Dengel, 2010; Duck and Hoffman, 2007). A number of studies 

have shown the beneficial effects of chronic exercise and EVOO on inflammation in 

atherosclerosis (Cicerale et al., 2012; Duck and Hoffman, 2007; Kohut et al., 2006; 

Niebauer and Cooke, 1996; de Souza et al., 2017). In this study, we measured the effects 

of olive oil phytochemicals Oleo/Olea and exercise training on circulatory leukocytes and 

inflammation in atherosclerotic rats. 

Peripheral blood immune cells play key roles in the development and progression 

of atherosclerosis (Taleb, 2016) and leukocytes activation may reflect the inflammatory 

activity of atherosclerosis (Ernst et al., 1987). Atherosclerosis consists a series of 

developing events of innate response with endothelial dysfunction and 

monocyte/macrophage activation, and adaptive response with T lymphocytes involved 

(Taleb, 2016). Under oxidative environment, LDL is oxidized to oxidized LDL (oxLDL), 

stimulating adhesion molecule expression and attracts immune cells. Monocytes are 

attracted to sites of disturbed flow and characterized by low-grade inflammation 
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(Jongstra-Bilen et al., 2006; Taleb, 2016). After monocytes are differentiated into 

macrophages, macrophages ingest oxLDL and form foam cells, leading to formation of a 

fatty streak and eventually atherosclerotic fibrous plague. Neutrophils are found 

increased in atherosclerotic streaks in patients with coronary artery diseases because 

neutrophils produce reactive oxygen species (ROS) under NADPH oxidase which 

elevates oxidative stress (Baetta and Corsini, 2010). T lymphocytes are recruited into the 

atherosclerotic plaque in early stage of atherosclerosis, and play key roles in adaptive 

immune response by differentiating into T helper (Th) cells, such as Th1, Th2 and Th17, 

and producing specific cytokines (Shimokama et al., 1991; Taleb, 2016). These T cell-

associated cytokines suggest that Th1 and Th17 cells are atherogenic, whereas Th2 and 

Treg (regulatory) cells are protective (Lahoute et al., 2011; Swirski and Nahrendorf, 

2013). In this study, we found high-Oleo/Olea significantly increased total leukocytes but 

exercise training abolished such effects (Figure 5-2). High-Oleo/Olea also exhibited 

higher leukocytes than low-Oleo/Olea. Similar results were also observed on 

granulocytes (Figure 5-3) and neutrophils (Figure 5-4) percentage, while 12-week 

exercise training significantly reversed this in high-Oleo/Olea group. These results 

revealed that excessive Oleo/Olea may not exert protective effects by increasing 

circulatory leukocytes because leuokocytosis has been found directly associated with 

increased incidence of coronary heart disease (Lee et al., 2001). Lymphocytes are 

involved in the adaptive immune response and low lymphocyte count has been shown to 

increase incidence of several cardiovascular events (Núñez et al., 2011). Both low- and 

high-Oleo/Olea groups showed reduced lymphocytes but exercise training restored this in 

high-Oleo/Olea (Figure 5-5). The interaction effect found between Oleo/Olea 
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supplementation and exercise training may further indicate that exercise training 

responded differently in high or low Oleo/Olea groups. This might be due to the 

significant impact of high Oleo/Olea on circulatory immune cells and exercise training 

reversed such effect while low oleo/olea only had mild effect on these markers. Although 

monocytes percentage increased in LO+T, this might be due to the individual variations 

because exercise training effects were observed in both low- and high- oleo/olea groups 

(Figure 5-6).  

Atherosclerosis is related to a chronic inflammation with increased pro-

inflammatory cytokines and decreased anti-inflammatory cytokines (Ouchi et al., 2011; 

Piya et al., 2013; Taleb, 2016) (Ouchi et al., 2011; Piya et al., 2013). In this study, we 

found both LO and HO groups increased IL-1α (Figure 5-7) but only HO appeared to 

increase IL-1β (Figure 5-8). Exercise training showed effects to reduce both IL-1α and 

IL-1β. This finding showed High-Oleo/Olea contents might increase circulatory 

inflammation, especially on classical inflammatory cytokine IL-1β (Figure 5-8). Both IL-

1α and IL-1β are participating the development of atherosclerosis by binding to IL-1 

receptor type I (Thüsen et al., 2003). IL-1α is associated with the cell surface or paracrine 

signaling after cell death, while IL-1β acts primarily as a soluble inflammatory cytokine 

(Libby et al., 2009), which is linked to inflammatory disease, such as atherosclerosis and 

has been targeted as a potential therapeutic target (Dinarello et al., 2012). Although IL-4 

and IL-10 were recognized as anti-inflammatory cytokines  (Couper et al., 2008; Marie et 

al., 1996; Woodward et al., 2010), IL-4 and IL-10 were not suppressed in both LO and 

HO groups but increased compared to control group (Figure 5-12 and 5-13). These results 

might indicate the EVOO supplementation only increase anti-inflammatory cytokines but 
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not reduce inflammatory cytokines. Surprisingly, exercise training did not increase both 

anti-inflammatory cytokines but decreased in EVOO groups. It could be the 12-week 

exercise training protocol we used in this study suppressed both Th 1 and Th 2 cells, 

which mainly secret atherogenic cytokines (e.g. TNF-α, IL-1β) atheroprotective 

cytokines (e.g. IL-4, IL10) respectively (Hansson and Hermansson, 2011; Smith, 2010). 

In addition, partial of the results could be explained by the dual biological effects of IL-4 

and IL-10, with IL-4 inducing pro-inflammatory environment via elevated oxidative 

stress (Lee and Hirani, 2006; Wilke et al., 2011).  However, the possible mechanisms 

contributing to these changes are still unclear. 

A key step in the atherosclerosis is the migration of monocytes into the intima and 

differentiation into macrophages (Lusis, 2000; Taleb, 2016). Activated neutrophils 

aggravate the endothelial dysfunction by secreting myeloperoxidase to produce ROS 

(Hosokawa et al., 2011) and induce expression of adhesion molecules (Soehnlein, 2012). 

MCP-1, CXCL-1 or neutrophil activating protein-3 (NAP-3), and RANTES (Regulated 

on Activation, Normal T Cell Expressed and Secreted) are chemokines that activate and 

attract leukocytes to the site of injury in atherosclerosis (Deshmane et al., 2009; Veillard 

et al., 2004; Zernecke et al., 2008). We found HO significantly increased MCP-1 (Figure 

5-14), RANTES (Figure 5-15) and NAP-3 (Figure 5-16), but exercise training abolished 

these effects in HO for MCP-1 and NAP-3, and in both LO and HO for RANTES. 

Similar to previous results, high Oleo/Olea significantly elevated these chemoattractants 

and activated neutrophils and monocytes in the development of atherosclerosis, but 

exercise training showed beneficial effects by reducing these chemokines. Macrophage 

inflammatory proteins (MIP) are chemotactic cytokines that play important roles in 
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atherosclerosis development by recruiting macrophages. MIP-1α showed similar results 

as IL-1β that HO appeared to elevate MIP-1α and exercise abolished such effects (Figure 

5-10). MIP-1α or CCL3 was shown to be increased in the aortas of apolipoprotein E 

deficient (apoE−/−) mice (Moos et al., 2005) and hyperlipidemia animal models (Coenen 

and Hasty, 2007; Zhao et al., 2004). Colony stimulating factors (CSFs) are cytokines that 

help the proliferation, differentiation and activation of hematopoietic cells in 

atherosclerosis (Hamilton, 2008; Qiao et al., 1997). The CSFs expression levels are 

correlated positively with advanced atherosclerotic plaques and inflammation (Singhal 

and Subramanian, 2017). M-CSF (Figure 5-17) and GM-CSF (Figure 5-18) were both 

found increased in LO and HO but lowered by exercise training. These results were 

consistent with previous findings of leukocytes changes (Figures 5-2 to 5-6), indicating 

high-Oleo/Olea may promote the inflammation but exercise training abolished such 

effects.  

Endothelial dysfunction involves in the early atherosclerotic development due to 

decreased nitric oxide (NO) availability (Dimmeler et al., 1999). In this study, NOx was 

found significantly increased in control (atherosclerotic) group but restored by EVOO-

supplementation groups (Figure 5-19). This finding was consistent with the study 

conducted by Claro et al., showing high fat diet significantly elevated total nitrites but 

reversed by EVOO and high polyphenols extra virgin olive oil diet in ApoE-/- mice (Claro 

et al., 2015). However, exercise training may have a mixed effects on NOx because 

LO+T further decreased NOx but HO+T increased NOx. A significant interaction effect 

between Oleo/Olea supplementation and exercise training was found, indicating exercise 
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training may response differently under different doses of Oleo/Olea supplementations in 

atherosclerosis.  

In this study, we found high Oleo/Olea did not show better anti-inflammatory 

effects but aggravate the inflammation. In fact, exogenous antioxidants could show 

double-edged effect and appropriate levels of exogenous antioxidants are essential to 

maintain or re-establish redox homeostasis (Bouayed and Bohn, 2010). Since rats are 

inclined to be resistant to atherosclerosis (Liao et al., 2017), inconsistent responses of the 

inflammatory markers in this study could be due to the species sensitivity to the diet. In 

addition, Oleo/Olea were not directly oral gavage into rats in this study but supplemented 

as 20% EVOO in atherogenic diet. Thus, the other contents in EVOOs and basal diets 

matrix may also contribute to the results observed in this study.  

In this study, we found High Oleo/Olea diet increased total leukocytes, 

grnulocytes, neutrophils compared to low Oleo/Olea diet, but suppressed lymphocytes 

percentage. Exercise training attenuated the above mentioned effects. EVOO 

supplementation increased inflammatory cytokines IL-1α and TNF-α levels compared to 

control diet, but these effects were alleviated by exercise training. Low Oleo/Olea 

increased anti-inflammatory cytokine IL-10, but exercise reversed the effect. High 

Oleo/Olea increased chemotactic cytokines MCP-1, RANTES and NAP-3, whereas 

exercise training decreased RANTES in both EVOO. High Oleo/Olea increased colony 

stimulating factors M-CSF and GM-CSF, while exercise training reversed such effects in 

both EVOO. EVOO supplementation decreased total nitrate/nitrite, a marker for NO 

level. Exercise training decreased nitrate/nitrite in low-Oleo/Olea, but increase 

nitrate/nitrite in high-Oleo/Olea group.     
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Based on this exploratory study, we concluded that high-Oleocanthal/Oleacein diet 

increased inflammatory cytokines and leukocytes, granulocytes and neutrophils percentage 

but decreased anti-inflammatory cytokines lymphocytes percentage in sedentary rats, 

whereas exercise training significantly reversed these trends of immune markers. 
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TABLES 

Table 5-1. Low and High Oleocanthal Diet Components 

Ingredients, g/kg 
Low Oleocanthal Diet 

(50 ppm) 

High Oleocanthal Diet    

(500 ppm) 

Casein 195.0 195.0 

DL-Methionine 3.0 3.0 

Sucrose 325.5 325.5 

Maltodextrin 110.0 110.0 

Coconut Oil, hydrogenated 50.0 50.0 

Olive Oil, Low Oleocanthal, 

customer supplied 
200.0 - 

Olive Oil, High Oleocanthal, 

customer supplied 
- 200.0 

Cellulose 50.0 50.0 

Cholesterol 12.5 12.5 

Cholic Acid 5.0 5.0 

Mineral Mix, AIN-76 (170915) 35.0 35.0 

Calcium Carbonate 4.0 4.0 

Vitamin Mix, Teklad (40060) 10.0 10.0 

Total 1000.000 1000.000 
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FIGURES 

 

Figure 5-1. Body weight changes during 12 weeks of feeding and training 
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Figure 5-2. Total peripheral blood Leukocytes (%) 

Notes: **P<0.01 vs. C. Supplementation effect: ##P<0.01 vs. LO or LO+T group. 

Exercise training effect: +P<0.05 vs. LO or HO group.  
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Figure 5-3. Peripheral blood Granulocytes (%) 

Notes: *P<0.05 vs. C. Supplementation effect: #P<0.05 vs. LO or LO+T group. 

Exercise training effect: +P<0.05 vs. LO or HO group.  
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Figure 5-4. Peripheral blood Neutrophils (%) 

Notes: *P<0.05 vs. C. Supplementation effect: ##P<0.01 vs. LO or LO+T group. 

Exercise training effect: ++P<0.01 vs. LO or HO group. Interaction effect: P<0.01, 

Oleo/Olea supplementation  exercise training, F (1, 44)=13.490, 𝜂𝑝
2=0.235. 
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Figure 5-5. Peripheral blood Lymphocytes (%) 

Notes: *P<0.05 vs. C, **P<0.01 vs. C. Exercise training effect: +P<0.05 vs. LO or HO 

group. Supplementation effect: P=0.082, HO vs. LO. Interaction effect: P<0.05, 

Oleo/Olea supplementation  exercise training, F (1, 44)=4.495, 𝜂𝑝
2=0.093. 
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Figure 5-6. Peripheral blood Monocytes (%) 

Notes: *P<0.05 vs. C. Supplementation effect: P=0.084, HO+T vs. LO+T. 
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Figure 5-7. Plasma IL-1α concentrations 

Notes: *P<0.05 vs. C; P=0.095, HO vs. C. Exercise training effect: +P<0.05 vs. LO or 

HO group; P=0.062, HO+T vs. HO.  
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Figure 5-8. Plasma IL-1β concentrations 

Notes: No significant main effect and interaction effect detected.  
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Figure 5-9. Plasma TNF-α Concentrations 

Notes: **P<0.01 vs. C; P=0.067, LO vs. C. Exercise training effect: ++P<0.01 vs. LO or 

HO group; +++P<0.001 vs. LO or HO group. 
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Figure 5-10. Plasma MIP-1α concentrations 

Notes: P=0.066, main effect of exercise training, F (1, 44)=3.554, 𝜂𝑝
2=0.075. 
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Figure 5-11. Plasma MIP-3α concentrations 

Notes: P=0.057, HO+T vs. C. Supplementation effect: ##P<0.01 vs. LO or LO+T group. 

P=0.072, main effect of exercise training, F (1, 44)=3.399, 𝜂𝑝
2=0.072. 
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Figure 5-12. Plasma IL-4 concentrations 

Notes: P=0.084, LO vs. C. Exercise training effect: ++P<0.01 vs. LO or HO group. 
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Figure 5-13. Plasma IL-10 concentrations 

Notes: **P<0.01 vs. C. Supplementation effect: #P<0.05 vs. LO or LO+T group. 

Exercise training effect: ++P<0.01 vs. LO or HO group.  
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Figure 5-14. Plasma MCP-1 concentrations 

Notes: Supplementation effect: #P<0.05 vs. LO or LO+T group.  
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Figure 5-15. Plasma RANTES concentrations 

Notes: *P<0.05 vs. C; **P<0.01 vs. C. Exercise training effect: +P<0.05 vs. LO or HO 

group; ++P<0.01 vs. LO or HO group.  
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Figure 5-16. Plasma NAP-3 concentrations 

Notes: *P<0.05 vs. C. No significant main effect and interaction effect detected. 
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Figure 5-17. Plasma M-CSF concentrations 

Notes: *P<0.05 vs. C. Exercise training effect: +P<0.05 vs. LO or HO group.  
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Figure 5-18. Plasma GM-CSF concentrations 

Notes: *P<0.05 vs. C; **P<0.01 vs. C; P=0.053, HO+T vs. C. Supplementation effect: 

P=0.067, HO vs. LO. 
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Figure 5-19. Total Nitrate/Nitrite (NOx) Concentrations 

Notes: *P<0.05 vs. C, **P<0.01 vs. C; Supplementation effect: #P<0.05 vs. LO or LO+T 

group. Exercise training effect: ++P<0.01 vs. LO or HO group. Interaction effect: 

P<0.05, Oleo/Olea supplementation  exercise training, F (1, 44)=4.599, 𝜂𝑝
2=0.095. 
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Figure 5-20. Aortic COX-2 content 

Notes: *P<0.05 vs. C. P=0.077, main effect of Oleo/Olea supplementation, F (1, 

43)=3.284, 𝜂𝑝
2=0.071. P=0.059, main effect of exercise training, F (1, 43)=3.747, 

𝜂𝑝
2=0.080.   
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Chapter 6 

Limitations and future directions 
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Natural products with pharmaceutical effects are desirable due to lower cost and 

less side effects. Oat has been well-known for its excellent dietary fibers and multiple 

nutrients for a long time, but its antioxidant and anti-inflammatory effects were recently 

investigated. Dietary components such as AVA and β-glucan in oats modulate cholesterol 

homeostasis and systemic inflammation, and influence development of atherosclerosis 

(Liu et al., 2004). Midwest states in the U.S. are known national leaders for food industry 

and biomedical research products, and these states (i.e. Minnesota, Wisconsin and 

Michigan) have relatively high oat production in the country but crops are limited for its 

low commercial value. The discovery of benefits from AVA may lead to 

commercialization of high-AVA oat food products, as well as nutraceutical products as 

medicine. In addition, developing value-added products could boost oat growth and 

production and help local agriculture and world export. Besides natural AVA forms, 

derivatives of AVA also demonstrate therapeutic effects in multiple cell lines and these 

agents may have great potentials to be commercialized by pharmaceutical and 

nutraceutical industries. The future of AVA is bright, but more extensive clinical trials 

are required to determine the pharmacokinetic properties and potential therapeutic effects 

in humans. 

Although AVA demonstrates great potential as a novel antioxidant and anti-

inflammatory agent, the low absorption is still the biggest concern because the biological 

efficacy largely depends on the concentrations at the site of action. Thus, in addition to 

exploring greater benefits with synthetic compounds, new studies are necessary to 

establish recommended daily oat consumptions to achieve threshold response levels 

achieving health benefits. Currently, most studies are limited to cell culture or animal 
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models, focusing more on biomarkers instead of functional indicators. Therefore, clinical 

trials are highly demanded in the future to clarify its potential benefits in the complicated 

body system. In addition, bioaccessibility studies using in vitro models may elucidate the 

absorption and transportation mechanisms of AVA and reveal potential transporters in 

the ADME (Absorption, Distribution, Metabolism and Elimination) events. Answering 

these questions and seeking other synergistic compounds improving AVA absorption will 

be very meaningful to increase AVA bioavailability (Scheepens et al., 2010). 

In vitro studies revealed that the anti-inflammatory effects of AVA are through 

inhibition of NF-κB pathway (Guo et al., 2008b). This might provide us with greater 

opportunities to apply AVA and its derivatives to various pathological disorders by 

inhibiting NF-κB pathway, such as obesity, atherosclerosis, ischemic heart disease and 

delayed onset muscle soreness. NF-κB activation in muscle fibers escalates the process 

and provokes systemic inflammation that could have broad health outcomes such as 

muscle pain and chronic inflammation, leading to underperformance and fear of 

participation in exercise and sports (Ji et al., 2004; Koenig et al., 2014). Pharmacological 

treatment such as NSAID has been controversial as it interrupts normal healing process 

(Schoenfeld, 2012). Thus, exercise physiologists and nutrition scientists are seeking a 

natural, inexpensive and widely-available dietary supplement with antioxidant and anti-

inflammatory ingredients. Future application of AVA in sports nutrition may lead to 

developing patentable value-added products, such as cereal bars, capsules containing oat 

extracts, and sports drinks. 

In the oat AVA bio-efficacy study, we did not detect significant differences 

between H-AVA and L-AVA groups for most markers at specific time points. Individual 
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variation with high standard deviation of each marker might be an explanation for this. In 

addition, the low samples size could be another reason that significant levels are not 

reached. Although significant difference was not found between H-AVA and L-AVA 

groups, several inflammatory markers and cell adhesion molecules showed significant 

interaction effects between time points and AVA dosage or oat supplementation. In 

addition, to minimize the repeated bout effects from the second downhill running, we 

have added another 8-week washout period before 8-week oat supplementation. 

However, the protective effects from repeated bout effects may last as long as 6 months 

among untrained males (Nosaka et al., 2001). Thus, future large sample size, long-term 

intervention, cross-over design study is necessary to provide more data on anti-

inflammatory aspect of AVA in sports and exercise. 

Extra virgin olive oil (EVOO) is commonly used in the Mediterranean diet. Oleo 

and Olea investigated in this study were shown antioxidant and anti-inflammatory effects 

(Beauchamp et al., 2005; Cicerale et al., 2012; Naruszewicz et al., 2015). Although an 

exploratory study analyzed human urine using LC-MS after high intake of olive oil 

(García-Villalba et al., 2010),  this study was not designed to specifically evaluate the 

bioavailability of oleo and olea. Thus, future animal and clinical trials are required to 

elucidate the absorption and metabolisms of Oleo and Olea. Since wild type mice and rat 

are generally resistant to atherosclerosis, gene knockout animals might be ideal models to 

induce atherosclerosis, such as Apolipoprotein E deficient (ApoE-/-) and LDL-receptor 

(LDLr) knockout mice. We found high Oleo/Olea might aggravate the inflammation 

instead of exerting anti-inflammatory effects. As we discussed previously, excessive 
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exogenous antioxidants could show double-edged effect. Thus, exploring the dose 

response effect of Oleo and Olea in vivo could be a future direction. 

In the EVOO study, we only measured leukocytes differentials but not sub-

populations by CD markers. To elucidate the immune cells regulation, specific antibodies 

will be required to understand the mechanisms that Oleo/Olea and exerciser training are 

involved in this study. In addition, limited data was determined from the rat aorta. To 

better understand the endothelial functions, more biochemical markers, such as ICAM-1, 

VCAM-1, iNOS and eNOS expressed on aorta will be required to validate the hypothesis. 

In summary, AVA and Oleo/Olea are specific phenolic compounds discovered in 

oats and EVOO. Biological efficacy such as antioxidant, anti-inflammatory, anti-

proliferative effects have been proven, revealing its great potential to be applied to 

alleviate chronic diseases and sports injury. Although health benefits have been shown in 

vitro and in vivo, more epidemiological or interventional studies should be carried out to 

further prove these potential health benefits. Increasing oat and olive oil consumption not 

only projects health benefits but also has economic impact with potentials to increase 

production and export.
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