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In this project, the effects of dietary polyphenols on exercise-induced muscle 

damage and vascular health are examined. Dietary polyphenols exert well-known anti-

inflammatory effects; however, how these effects are realized with respect to vascular 

health and EIMD is relatively unknown. I begin by reviewing the available literature 

surrounding the impact of three dietary polyphenols (curcumin, catechins, and 

quercetin) on inflammation associated with EIMD. It is well established that their primary 

means of anti-inflammation is through alterations of NF-κB and AP-1 transcription 

activities. Given this, their inclusion into training strategies seems reasonable. 

Consistent evidence is presented making a case for the anti-inflammatory effects of 

dietary polyphenols following EIMD. I follow this review up by completing an in-depth 

study on the consumption of curcumin prior to EIMD. I found curcumin (1000 mg/day) 

can reduce subjective soreness and decrease inflammation compared to placebo 

controls. To further understand the effects of dietary polyphenols on health, I investigate 

the effects of a four-week supplementation period of cocoa (catechins) on vascular. I 

concluded that atherogenic risk in obese women is reduced after consumption of cocoa. 

In addition to these experimental projects, I developed two novel methods that can be 

used to investigate vascular health (EMP concentration) and intracellular protein and 

mRNA production using flow cytometry.  
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CHAPTER 1 

DIETARY POLYPHENOLS: POTENTIAL TO REDUCE INFLAMMATION AND SPEED 

RECOVERY FOLLOWING EXERCISE-INDUCED MUSCLE DAMAGE 

1.1  Introduction 

Resistance exercise is a common component to training programs in both 

athletes and recreationally active individuals  (American College of Sports Medicine, 

2013). Although resistance exercise is an effective means to increase lean muscle 

mass in the long-term, in the short-term resultant muscle damage and soreness can 

limit performance in subsequent training sessions or competitive events. Generally the 

most symptomatic days occur within the first 4 days following a resistance exercise 

training session. Over-the-counter non-steroidal anti-inflammatory drugs (NSAID) are 

commonly used treatments for this post-exercise muscle soreness. While the blunting of 

some inflammation is therapeutic, NSAIDs effectively eliminate inflammation which 

impairs the ability of the muscles to heal because inflammation is one of the initial steps 

in the healing process.  Thus, an undesirable consequence of NSAID use post-exercise 

is impaired muscle healing, which limits the desired resistance training adaptations.  

Recent evidence suggests that dietary phenols and flavonoids have the ability to 

accelerate recovery from exercise-induced muscle damage (EIMD) via alterations in 

inflammation (Davis et al., 2007; Kawanishi et al., 2013; Kerksick, Kreider, & 

Willoughby, 2010; Konrad et al., 2011; O'Fallon et al., 2012). These substances reduce 

inflammation by reducing nuclear factor-kappa B (NF-κB), activator protein-1 (AP-1), 

and cyclooxygenase-2 (COX-2) activities and reducing oxidative stress. This reduction 

in NF-κB and COX-2 activity is very similar to the mechanism of action for NSAIDs, 
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albeit less pronounced than that for NSAIDs (Vane & Botting, 1998). The most common 

means by which individuals counteract the activity of COX-2 is through the ingestion of 

COX inhibitors (i.e. NSAIDs). As much as 15% of high school athletes report daily use 

of NSAIDs, while another 52% report regular, infrequent use. Interestingly, 91% of daily 

users and 45% of infrequent users perceived to obtain improved performance from 

NSAIDs (Warner, Schnepf, Barrett, Dian, & Swigonski, 2002). Despite the perceived 

benefits of ingesting NSAIDs, clinical research demonstrates that ingestion of NSAIDs 

does not influence performance (Schoenfeld, 2012). Moreover, in some users, regular 

ingestion of NSAIDs have been reported to exert negative effects on the central nervous 

system (Auriel, Regev, & Korczyn, 2014). Thus, the need to investigate less damaging 

substances that have potential anti-inflammatory effects is warranted. Additionally, 

understanding the impact of these substances on performance provides application to 

their anti-inflammatory effects. 

The objective of this review is to evaluate the current knowledgebase regarding 

the use of dietary polyphenols (curcumin, quercetin, and catechins) to manage 

inflammation from EIMD. Within this objective, I will review their properties and 

mechanisms of action. In completing this review it is our objective to provide a concise 

accounting and practical guide regarding the use of dietary polyphenols as a treatment 

for EIMD. 
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1.2  Dietary Polyphenols: Basis of Function 

1.2.1  Curcumin  

Curcumin is a yellow pigment derived from the root of the turmeric (Curcuma 

longa) plant. Only four published studies have examined curcumin supplementation in 

the context of inflammation resulting from EIMD. Of these studies, two were completed 

on mice and two on humans and each study administered different doses (Table 1). In 

addition to a wide range of supplement doses used, the timing of the dose 

administration ranged from a few days before to one day after EIMD (Davis et al., 2007; 

Drobnic et al., 2014; Kawanishi et al., 2013; Takahashi et al., 2014). One limitation to 

the use of curcumin as a counteragent to EIMD in humans is the low bioavailability of 

the compound in its natural form. As much as 8 g/day have been administered in 

humans with no side effects, but roughly 75% is excreted in feces indicating poor gut 

absorption (Vyas, Dandawate, Padhye, Ahmad, & Sarkar, 2013). Furthermore, once 

absorbed, curcumin is known to bind to albumin in serum, further decreasing its 

bioavailability (H. G. Kim et al., 2012). Due to its low bioavailability, researchers have 

aimed to manufacture curcumin derivatives that increase bioavailability while 

maintaining the anti-inflammatory and anti-oxidative effects (Mohanty, Das, & Sahoo, 

2012).   

 

1.2.2  Quercetin  

Quercetin is a compound derived from oak forest (quercetum) and is found 

naturally in many different types of fruits, vegetables, and grains  (Boots, Haenen, & 

Bast, 2008). Six human studies have examined quercetin supplementation in the 
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context of inflammation resulting from EIMD. Quercetin supplementation has been 

examined primarily for its ability to counter muscle soreness in exercise models (level 

running) that do not involve large amounts of EIMD. In contrast to curcumin, dietary 

doses used with quercetin has been fairly consistent between studies (Table 1.1). 

 

Table 1.1: Review of Dietary Polyphenol Dosing and Timing in EIMD 

Dietary 
Polyphenol Reference Exercise Modality Dose (mg/kg 

body weight) 
Dose 
Timing 

Curcumin Davis et al. 
(2007) 

Mice – Downhill 
running 40 

One dose per 
day; 
Beginning at 
72 hr pre-MD 

 Kawanashi 
et al. (2013) 

Mice – Downhill 
running 480 

One dose; 
Immediately 
after MD 

 Drobnic at al. 
(2014) 

Humans – Downhill 
running 11 

One dose per 
day; 
Beginning at 
48 hr pre-MD, 
cont. through 
24 hr post-
MD 

 Takahashi et 
al. (2014) 

Humans – Level 
running 35 

Two doses; 2 
hr pre-MD + 
Immediately 
post-MD 

Quercetin Nieman et al. 
(2007) 

Humans – 
Ultramarathon  15  

One dose per 
day; 
Beginning at 
3 wk pre-race 

 Konrad et al. 
(2011) 

Humans – Level 
running 4 One dose; 15 

min pre-MD 
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 Askari et al. 
(2012) 

Humans – Level 
running 7 

One dose per 
day; 
Beginning at 
8 wk pre-MD 

 O’ Fallon et 
al. (2012) 

Humans – 
Eccentric 
contractions, elbow 
flexors  

15 

One dose per 
day; 
Beginning at 
7 d pre-MD, 
cont. through 
5 d post-MD 

Catechins Eichenberger 
et al. (2009) 

Humans – 
Submaximal 
cycling 

9 

One dose per 
day; 
Beginning at 
3 wk pre-MD 

 Kerksick et 
al. (2010) 

Humans – 
Isokinetic/eccentric 
contractions, knee 
flexors 

24 

One dose per 
day; 
Beginning at 
2 wk pre-MD 

 Haramizu et 
al. (2011) 

Mice – Downhill 
running 338 

Catechin-
containing 
diet 
beginning at 
8 wk pre-MD 

 Jowko et al. 
(2012) 

Humans – Muscle 
endurance to 
exhaustion 

6 
One dose; 
Immediately 
prior to MD 

 Haramizu et 
al. (2013) 

Mice – Downhill 
running 237 

Catechin-
containing 
diet 
beginning at 
8 wk pre-MD 

 

1.2.3  Catechins  

Catechins are found in green/white/black teas, cacao, berries, and grains  

(Stewart, Mullen, & Crozier, 2005). Similar to many other dietary polyphenols, catechins 
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are purported to have a potent anti-oxidant and anti-inflammatory effects  (Yang, de 

Villers, McClain, & Varilek, 1998). Because of its prevalence in many different nutritional 

groups and beneficial health impacts, catechins are the most heavily studied 

nutraceutical agent with respect to inflammation and EIMD. To date, more than 450 

published studies have examined health claims associated with catechins; however, 

similar to curcumin and quercetin, only a few of studies have examined catechins in the 

context of inflammation and EIMD (Table 1.1). The majority of published studies 

demonstrate that catechins ingestion in the weeks prior to EIMD results in faster muscle 

recovery following damage (Eichenberger, Colombani, & Mettler, 2009; Haramizu, Ota, 

Hase, & Murase, 2011; Haramizu, Ota, Hase, & Murase, 2013; Kerksick et al., 2010). 

To date only a single has shown no change in muscle recovery with catechin ingestion; 

however, that study included an unconventional dosing regimen with consumption 

occurring immediately prior to exercise (Jowko et al., 2012). Given the bioavailability 

issues noted with dietary polyphenols, it is likely that this study showed no effect of 

catechins because the recovery process was already in motion by the time peak serum 

concentrations of catechins were reached. 

 

1.3  Mechanisms of Action 

1.3.1  Nuclear Factor-κB  

Dietary polyphenols impact inflammatory processes via several different targets, 

including direct and indirect inhibition of NF-κB, activator AP-1, and COX-2. As stated 

previously, NF-κB is a transcription factor responsible for transcription of mRNA for pro-

inflammatory cytokines (i.e. IL-1β, IL-6, IL-8, and TNF-α) in the nucleus of inflammatory 
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white blood cells (Figure 1.1). A common target amongst curcumin, quercetin, and 

catechins is the reduction of NF-κB activity, primarily accomplished via prevention of IκB 

kinase (IKK) phosphorylation of IκBα protein (Chen et al., 2005; Endale et al., 2013; 

Kang et al., 2004; Khoi et al., 2013; B. H. Kim et al., 2013; Yoon, Kwon, Min, Thiboutot, 

& Suh, 2013). Inhibition of IKK phosphorylation of IκBα prevents separation of the IκB 

complex from NF-κB, thus preventing nuclear translocation of NF-κB. This process, 

combined with decreased NF-κB/DNA binding activity, decreases pro-inflammatory 

cytokine production, and influences downstream inflammatory processes (i.e. COX-2 

production of prostaglandins, prostacyclins, and thromboxane)  (Endale et al., 2013; 

Ishikawa, Sugiyama, Stylianou, & Kitamura, 1999; Vasquez-Prieto, Bettaieb, Haj, Fraga, 

& Oteiza, 2012; Vicentini et al., 2011; Winterbone, Tribolo, Needs, Kroon, & Hughes, 

2009; Yang et al., 1998).  

 

1.3.2  Activator Protein-1  

Like NF-κB, AP-1 is a transcription factor responsible for the production of pro-

inflammatory cytokines and chemokines (i.e. IL-1β, IL-6, IL-8, TNF-α, and MCP-1) that 

regulate inflammation, apoptosis, and proliferation (Figure 1.1). Dietary polyphenols 

have been consistently reported to down-regulate AP-1/DNA binding activity (Crespo et 

al., 2008; Granado-Serrano, Martin, Bravo, Goya, & Ramos, 2010; Kang et al., 2004; 

Khoi et al., 2013; J. E. Kim, Shin, & Chung, 2013; Park, Lee, & Yang, 1998; Vasquez-

Prieto et al., 2012; Wang et al., 2014; Yan et al., 2013); however, the mechanism of this 

action is unknown.  
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Figure 1.1: NF-κB and AP-1 signaling pathways. NF-κB activation is dependent upon 
IKK phosphorylation of IκB and subsequent translocation of the p65 and p50 subunits 
into the nucleus. Transcription of inflammatory cytokines by p50 and p65 stimulates 
production of COX-2. Dietary phenols inhibits NF-κB transcriptional activity by 
preventing IκB phosphorylation by IKK and p50/p65 nuclear translocation. AP-1 
activation requires MKK-mediated activation of JNK and p38 for fos and jun 
transcription. Formation of AP-1 occurs outside of the nucleus and is phosphorylated 
before c-fos/c-jun nuclear translocation and transcription of inflammatory cytokines. 
Inflammatory cytokine production by AP-1 increases COX-2 expression. Abbreviations: 
TLR – toll-like receptor; NEMO – NF-κB essential modulator; IKK – IκB kinase ;MKK – 
mitogen-activated protein kinase kinase; JNK – c-Jun N-terminal kinase ; p38 – p38 
mitogen-activated protein kinase family; TCF – ternary-complex factors; SRE – serum-
response element; ERK – extracellular-signal-regulated kinase ; AP-1 – activator protein 
1; NF-κB – nuclear factor-kappa B; COX-2 – cyclooxygenase 2; DP – dietary phenols.  

 

Transcriptional activity of AP-1 relies on the formation of a c-jun/c-jun homodimer 

or c-jun/c-fos heterodimer for DNA binding (formation of AP-1/DNA binding complex) 

(Angel & Karin, 1999). Formation of these dimers requires upstream phosphorylation of 
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c-jun by c-Jun N-terminal kinases (JNK). In a recent study by Wang et al. (Wang et al., 

2014), quercetin decreased JNK expression in mice. Consequently, phosphorylated c-

jun expression was decreased. These results are similar to previous findings with other 

dietary polyphenols (Kang et al., 2004; Khoi et al., 2013; B. H. Kim et al., 2013; 

Panicker, Sreenivas, Babu, Karunagaran, & Kartha, 2010; Yan et al., 2013). In some 

studies, dietary polyphenols have been demonstrated to decrease mRNA expression of 

c-fos in addition to c-jun (Khoi et al., 2013; Park et al., 1998; Yan et al., 2013). Panicker 

et al. (Panicker et al., 2010), found that quercetin caused greater changes in c-jun than 

in c-fos. One proposed explanation for this phenomenon is that the half-life for c-fos is 

less than that of c-jun (Angel & Karin, 1999), thus the impact of quercetin, and other 

dietary phenols, may be limited by half-life.  

 

1.3.3  Cyclooxygenase-2  

COX-2 is a downstream product of NF-κB and AP-1 signaling pathways and is 

upregulated by increased pro-inflammatory cytokines (IL-1β, IL-6, IL-8, and TNF-α). 

COX-2 is the enzyme responsible for the conversion of arachidonic acid into 

prostaglandins (Figure 1.2), which are lipid compounds responsible for pain sensations 

and swelling (Vane & Botting, 1998). The primary action of the COX-2 enzyme is the 

production of prostaglandin H2, the parent compound to several other prostaglandins 

and thromboxane (Smith & Dewitt, 1996). Current research indicates that dietary 

polyphenols decrease COX-2 mRNA and COX-2 protein production in cells that have 

been stimulated with known inducers of the COX-2 pathway (Crespo et al., 2008; 

Monga, Aggarwal, Suthar, Monika, & Sharma, 2014). Researchers have applied 
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different doses of curcumin, quercetin, and catechins to stimulated (LPS, PMA, IL-1β) 

cells and found that the reduction in COX-2 expression and COX-2 mRNA is dose-

dependent (Singh & Katiyar, 2011). In addition to reduced COX-2 mRNA expression 

and prostaglandin concentrations, catechins have been purported to reduce 

prostaglandin receptor expression (Singh & Katiyar, 2011), potentially reducing 

associated pain and swelling.  

 

Figure 1.2: COX-2-mediated production of prostaglandins and thromboxane. 
Arachidonic acid is converted to PGG2 via COX-2 enzymatic activity. PGG2 is converted 
to PGH2 then PG and TXA2. Dietary phenols prevent COX-2 production by inhibiting 
NF-κB and AP-1 production of inflammatory cytokines. Furthermore, dietary phenols 
inhibit the conversion of arachidonic acid into PGG2. Finally, PG and TXA2 production is 
suppressed by inhibited suppressing their conversions from PGH2. Abbreviations: PLA2 
– phospholipase A2; COX-2 – cyclooxygenase 2; PGG2 – prostaglandin G2; PGH2 – 
prostaglandin H2; PG – prostaglandin ; TXA2 – thromboxane A2; AP-1 – activator 
protein 1; NF-κB – nuclear factor-kappa B; AP-1 – activator protein 1; DP – dietary 
phenols 
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1.4  Treatment of Exercise-Induced Muscle Damage 

1.4.1  Curcumin 

Despite research demonstrating the mechanistic actions of curcumin on 

inflammatory signaling pathways, only four published studies have investigated 

curcumin as a treatment for EIMD (Davis et al., 2007; Drobnic et al., 2014; Kawanishi et 

al., 2013; Takahashi et al., 2014). Two studies have used curcumin to counter EIMD 

from downhill running in mice (Davis et al., 2007; Kawanishi et al., 2013). Davis et al. 

(Davis et al., 2007) found that time to voluntary fatigue 48 and 72 h following the 

downhill running exercise that caused EIMD was greater in the group that was fed 

curcumin than in the placebo group. In addition, total distance and time were 

significantly lower in the placebo group than in the curcumin-fed mice at 24 h post-

exercise. Also, curcumin-treated mice had lower serum creatine kinase (CK) 

concentrations, suggesting that treatment with curcumin protected against muscle 

damage. In terms of biological outcomes, curcumin treatment decreased the rise in 

serum pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α; up to 48 h post-EIMD). In a 

similar study, Kawanishi et al. (Kawanishi et al., 2013) reported that curcumin feeding 

decreased the rise in serum CK concentration, serum chemokine concentrations (MCP-

1, CXCL-14), COX-2 mRNA expression, and oxidative stress for up to 24 h after the 

downhill running. The biggest difference between the studies of Davis et al. (Davis et 

al., 2007) and Kawanishi et al. (Kawanishi et al., 2013) was the timing of curcumin 

feeding relative to the induction of muscle damage. Davis et al. (Davis et al., 2007) 

administered curcumin beginning at 48 h prior to the exercise bout, whereas Kawanishi 

et al. (Kawanishi et al., 2013) study administered curcumin immediately following 
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exercise. Other research has demonstrated that, due to low bioavailability of curcumin, 

the most robust effects on improving recovery and inflammation are observed when it is 

administered at least 48 h prior to an inflammation-inducing challenge (Chun et al., 

2003). While both treatment regimens (Davis et al., 2007; Kawanishi et al., 2013) 

reduced inflammation, dosing 48 h before the exercise (Davis et al., 2007) resulted in 

greater reductions in post-exercise inflammation than dosing immediately after exercise 

(Kawanishi et al., 2013).  

 A main limitation to these two studies that have evaluated the effects of curcumin 

on EIMD is the failure to use commonly accepted models for inducing muscle damage 

(i.e. downhill running or eccentric exercise), but rather simply a strenuous exercise 

model. Despite differences in exercise model, outcomes obtained in humans resulted in 

decreased in biological indices of muscle damage, pro-inflammatory cytokines, 

subjective pain, and oxidative stress (Drobnic et al., 2014; Takahashi et al., 2014) 

between curcumin-treated and placebo groups at comparable time points. However, 

since classical muscle damage did not occur, the evidence of curcumin to alter the time 

course of recovery in humans following EIMD is inconclusive. More research is needed 

to evaluate oral curcumin administration in a human EIMD model. Given that curcumin 

administration in mice following downhill running has been shown to be effective in 

mitigating inflammatory responses, it is reasonable to speculate that it might provide 

similar protective effects in humans. 

 

12 



1.4.2  Quercetin 

Quercetin is a known modulator of the NF-κB pathway, which has implications for 

the regulation of the inflammatory response following EIMD. Askari et al. (Askari et al., 

2012), reported that 56 d of combined quercetin and vitamin C supplementation 

decreased biological muscle damage biomarkers (e.g., CK) following EIMD compared 

to placebo. In a follow-up study the same authors demonstrated that quercetin alone, 

failed to improve indices of muscle damage. Konrad et al. (Konrad et al., 2011), 

reported that consumption of a quercetin-based chew prior to level treadmill running did 

not prevent an increase in inflammatory cytokines during 1-h post exercise recovery. 

Like curcumin, quercetin has a very low bioavailability (Cai, Fang, Dou, Yu, & Zhai, 

2013), which is the most likely explanation for why few, if any effects, are realized with 

short-term supplementation.  

Given the inconclusive effects of short-term quercetin supplementation, recent 

attention has focused on longer-term dose regimens. Neiman et al. (Nieman et al., 

2007), studied the effect of 21 d of quercetin supplementation prior to a long duration 

endurance run and did not find post-exercise improvements in the inflammatory 

cytokine profile. Since the study by Neiman et al. (Nieman et al., 2007) did not use a 

classic model of EIMD, it is plausible that this explains why they no improvements were 

observed with quercetin supplementation.  O’Fallon et al. (O'Fallon et al., 2012) studied 

the effects of 7 d quercetin consumption prior to a bout of eccentric exercise but 

observed no effect on inflammatory biomarker concentrations (serum CRP and IL-6). 

Interestingly the study by O’Fallon and colleagues (O'Fallon et al., 2012) did not report 

increased inflammatory biomarkers in either the quercetin or placebo groups, so it is 
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plausible that an insufficient amount of muscle damage was completed and thus very 

little inflammation occurred. Collectively the findings with regard to quercetin as a 

treatment for EIMD are inconclusive. The array of experimental designs may explain the 

lack of consistency in reported outcomes. Since, no published studies have used a well-

documented EIMD protocol, this could be a valuable area of future study. 

 

1.4.3  Catechins  

As has been the case with curcumin and quercetin, significant findings regarding 

the nutritional effects of catechins have been reported in the murine model. Haramizu et 

al. (Haramizu et al., 2011), fed mice a catechins-containing diet (0.35% w/w) for 56 d 

prior to their performing a downhill treadmill running bout. The catechins-fed mice had 

significantly less muscle damage (lower concentrations CK and lactate dehydrogenase), 

lower concentrations of pro-inflammatory cytokines/chemokines (IL-6, IL-10, TNF-α, and 

MCP-1), and an greater soleus muscle force production compared to sham controls. In 

a follow-up study by the same group of researchers (Haramizu et al., 2013), mice 

ingested a catechins-rich diet (0.5% w/w) for 21 d prior to performing downhill treadmill 

running. Catechins-fed mice presented with increased voluntary wheel-running activity, 

increased endurance running capacity, and increased soleus muscle force production 

compared to placebo. Collectively, these two studies demonstrate that long-term 

feeding with catechins results in an improved ability to not only improve muscle 

recovery, but also reduce EIMD.  

Catechins are another substance that have low bioavailability and thus, studies 

with short-term supplementation in humans are largely ineffective at countering the 
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responses to EIMD (Jowko et al., 2012).  Eichenberger et al. (Eichenberger et al., 

2009), dosed human subjects with catechins for 21 d prior to their performing a 

strenuous 2-h cycling test. Following exercise, CK concentration was elevated less in 

the treatment group than in the placebo group. There were no differences between 

groups in concentrations of inflammatory biomarkers (IL-6 and CRP).  Kersick et al. 

(Kerksick et al., 2010) reported that 14 d of catechins supplementation failed to affect 

TNF-α for 96 h following a bout of eccentric exercise. Despite no significant change in 

biological inflammatory markers, 24 h after performing the exercise, subjects who dosed 

with catechins reported significantly less pain than placebo subjects. Similar to 

quercetin, research in humans has failed to replicate the positive effects of catechins 

that have been demonstrated in murine models. There are several plausible 

explanations for the lack of consistent findings, and most relate to the fact that the 

dosing regimen needed for humans is unknown. Scaling up doses used in mice, do not 

translate well in humans since these would be near impossible for regular consumption. 

Thus, more research is needed to understand how to effectively use catechins as a 

treatment for the effects of EIMD in humans. 

 

1.5  Conclusion 

In this review I summarized what is known concerning the ability of dietary 

polyphenols – specifically, curcumin, quercetin, and catechins -- to improve recovery 

following a bout of exercise that elicits EIMD. Results obtained in murine models 

demonstrate consistently that treatment with polyphenols can lessen the inflammatory 

response to, and improve the time course of recovery from, EIMD. However, studies 
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with human subjects have yet to produce the same consistent results. Given the known 

ability of dietary polyphenols to alter inflammation by inhibiting key steps in the NF-κB, 

AP-1, and COX-2 pathways (Endale et al., 2013; Kang et al., 2004; Khoi et al., 2013; 

Panicker et al., 2010), it seems reasonable to speculate they would be useful in the 

treatment of EIMD in humans. 

 Of the three polyphenols discussed in this review – curcumin, quercetin, and 

catechins – only curcumin has provided consistent positive outcomes in humans, with 

results in men (Drobnic et al., 2014; Takahashi et al., 2014) similar to those seen in 

mice (Davis et al., 2007; Kawanishi et al., 2013). It remains to be determined if 

quercetin and catechins are effective in humans. Benefits of curcumin supplementation 

were obvious when dosing began at least 48 h prior to exercise. Research is needed to 

identify what dosing regimens for polyphenols might produce the most effective 

treatments for EIMD. 
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CHAPTER 2 

AN ANALYSIS OF ENDOTHELIAL MICROPARTICLES AS A FUNCTION OF CELL 

SURFACE ANTIBODIES AND CENTRIFUGATION TECHNIQUES* 

2.1  Introduction 

The Human Leukocyte Differentiation Antigen (HLDA) workshop previously 

identified nine CD markers for the enumeration of endothelial microparticles (EMP) in 

peripheral circulation. The proper identification of EMPs is essential for ascertaining 

their role in vascular homeostasis and various disease processes. Of these CD 

markers, CD31 and CD51 were reported to be highly expressed on human umbilical 

vein endothelial cells (Mutin, Dignat-George, & Sampol, 1997). Given these findings, 

CD31, CD51, or a dual stain of CD31/51 are the most commonly reported markers for 

the identification of EMPs (Bernal-Mizrachi et al., 2003; Jimenez, Jy, Mauro, Horstman, 

& Ahn, 200; Minagar et al., 2001; Mutin et al., 1997; Strohacker et al., 2012; 

Thomashow et al., 2013). One potential experimental problem with these markers is 

that while they are abundantly expressed on EMPs, recent research has also identified 

their presence on other types of microparticles. For example, CD31 is also expressed 

on platelets, macrophages, granulocytes, and lymphocytes. CD51 is also expressed on 

platelets, osteoblasts, and megakaryocytes. This presents a problem when considering 

the relative concentrations in venous blood of the abovementioned cells (and their 

microparticles) compared to EMP concentrations. Specifically, EMP concentration 

* This chapter is presented in its entirety from A.S. Venable, R.R. Williams, D.L. Haviland, B.K. McFarlin, 
“An analysis of endothelial microparticles as a function of cell surface antibodies and centrifugation 
techniques” Journal of Immunological Methods, 2014, 406: 117-123. 
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represents only 9% of the circulating microparticles, while leukocytes, platelets, and 

granulocytes constitute 67% (Leroyer et al., 2007).  

Contamination of EMP fractions with other cell types is often overlooked as a 

potential problem because the process of generating platelet poor plasma (PPP) is 

presumed to remove contaminating platelets, leukocytes, and cell fragments. According 

to the literature, there is wide variety of techniques used to generate PPP. When 

coupled with the use of CD31/CD51 and the failure to account for the presence of 

contaminating cells, under or over reporting of EMP concentrations may occur. A 

secondary technique is the use of citrated whole blood, rather than PPP, as the source 

from which microparticle analysis is carried out (Awad HA, Tantawy AA, El-Farrash RA, 

Ismail EA, & Youssif NM, 2013). However, a review of the technical literature revealed 

that this method is an underwhelming minority and thus was not considered for the 

present technical note.  

The key objective of this technical note is to evaluate the effectiveness of a more 

selective EMP marker (i.e. CD144) relative to commonly reported methods using CD31 

and CD51. CD144 serves as a more specific cell-surface marker for EMPs. One 

explanation for this finding may be the entirely specific nature of the CD144 molecule on 

the surface of endothelial cells and EMPs. While CD144 also indicates the presence of 

the stem cell subset, it is highly unlikely that these would be present in PPP, as they are 

not found in the blood stream. A secondary objective was to compare previously 

reported methods of generating PPP in terms of their ability to remove contaminating 

platelets and granulocyte (GMP)-, leukocyte (LMP)-, and platelet-derived microparticles 

(PMP). Previously defined methods have either left too many contaminants (in the case 
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of two low serial centrifugation steps) or have been spun at too high a speed in a bench 

top centrifuge to leave a substantial EMP fragment in the resultant supernatant. As 

recommended by previous research, it is important to correctly define a centrifuge-

protocol specific to the microparticle of interest (Orozco & Lewis, 2010). Therefore, it is 

the aim of the authors to outline a procedure specific to circulating EMPs.  

 

2.2  Methods 

2.2.1  Sample Source  

All sample collection procedures described in this report were conducted in 

accordance with the Declaration of Helsinki and approved by the University of North 

Texas Institutional Review Board. Subjects gave written consent for collection of their 

blood. After providing consent, subjects were screened to ensure that they were 

apparently healthy and did not have any active, diagnosed form of cardiovascular 

disease. After an overnight fast (>8-hr), subjects reported to that laboratory and sat 

quietly in a chair for 30-min prior to blood collection. Venous blood was collected from a 

peripheral arm vein into an evacuated tube containing 0.35 mL 3.2 % sodium citrate 

(Greiner Bio-One; Monroe, NC). Two vacutainers were drawn and discarded before the 

sodium citrate tube to minimize presence of endothelial cells that resulted from the initial 

venipuncture. Blood samples were held at room temperature and processed within 1-hr 

of collection.  
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2.2.2  Reagent Preparation 

Prior to testing all antibodies were serially diluted in PBS and incubated 

individually in PPP to determine an optimal working dilution that provided the highest 

signal-to-noise ratio (Table 1). In the literature, EMPs are traditionally defined using 

CD31-PECy7 (clone#WM59; eBioscience; San Diego, CA; DF=1:10), CD51-Biotin 

(clone#NKI-M9; Biolegend; San Diego, CA; DF=1:5), and Streptavidin-Brilliant Violet 

421 (B164644; Biolegend; DF=1:5). Counterstaining of PPP was accomplished using: 

CD66b-PerCPCy5.5 (GMPs; clone#G10F5; Biolegend; DF=1:5), CD45-APCeFluor780 

(LMPs; clone#HI30; eBioscience; DF=1:5), and CD42a-FITC (PMPs; clone#GR-P; 

eBioscience; DF=1:10). We also tested a less commonly used marker of EMPs relative 

to the markers that are traditionally used (CD144-PE; clone#16B1; eBioscience; 

DF=1:5).  

 

Table 2.1: Dye combination used for the analysis of EMP 
Antibody/Fluorochrome Excitation Emission 

CD42a-FITC 488 nm Channel 2 (505-560 nm) 

CD144-PE 488 nm Channel 3 (560-595 nm) 

CD66b-PerCPCy5.5 488 nm Channel 5 (642-740 nm) 

CD31-PECy7 488 nm Channel 6 (740-800 nm) 

CD51-BV421 405 nm Channel 7 (430- 505 nm) 

CD45-APCeFluor780 642 nm Channel 12 (740-780 nm) 

Table 2.1: Dye combination used for the analysis of EMP. Antibody and fluorochrome combinations with 
dilution factors used in the presented study. Sample acquisition was carried out on an Amnis FlowSight 
flow cytometer with 12 channels (2 dedicated to brightfield images).  
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2.2.3  Experimental Treatment  

In order to generate PPP, sodium citrate treated blood underwent two separate 

centrifugation steps. Four different methods were used in order to generate PPP and 

test the efficacy of its ability to produce PPP with a high EMP content: 1) 10-min at 160 

x g, then 6-min at 1,500 x g; 2) 10-min at 1500 x g, then 5-min at 13,000 x g; 3) 10-min 

at 160 x g, then 30-min at 15,000 x g; and 4) 10-min at 160 x g, then 6-min at 1,000 x g. 

For each of the four scenarios, the first centrifugation step was completed in sodium 

citrate tubes and using a swinging bucket rotor (TX-400; ThermoScientific; Waltham, 

MA)  with no brake. In all cases, after the first centrifugation, the upper 800 µL of the 

platelet-rich plasma (PRP) was transferred to a second tube and underwent the second 

centrifugation step in a fixed angle rotor (Microliter 30; ThermoScientific) with no brake. 

Then, upper half (~400 µL) of the resultant supernatant was collected from top down 

aspiration and used as PPP. An aliquot of PPP (100 μL) was transferred to a 1.2 mL 

tube containing 25 μL PBS (Sigma-Aldrich; St. Louis, MO) and used for antibody 

staining. Titered antibodies (10 µL) were added to the PPP, incubated on ice and in the 

dark for 30-min. An additional 30-min, secondary staining incubation was used to label 

CD51-Biotin with streptavidin-Brilliant Violet 421. EMPs were fixed for analysis by 

adding 25 μL of 1% paraformaldehyde (Electron Microscopy Sciences; Hatfield, PA) to 

each tube. Labeled samples were covered in foil and stored at 4°C until acquisition.  All 

samples were acquired within 24-hr of final preparation.  
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2.2.4  Instrumentation and Generation of Compensation Matrix 

Single color stains for each antibody/fluorochrome combination were acquired on 

an ASSIST calibrated AMNIS FlowSight flow cytometer (Millipore-Amnis; Seattle, WA) 

equipped with blue (488 nm, 60 mW), red (642 nm, 100 mW), and violet (405 nm, 60 

mW) solid-state lasers. For these experiments the SSC laser (785 nm) was not used so 

that fluorescence associated with PE-Cy7 could be collected. ASSIST calibration of the 

FlowSight involves a series of automated standardization tests to verify that the 

instrument has focused and centered the core correctly. Specifically, the ASSIST 

calibration routine uses spherical calibration beads provided by the manufacturer to 

ensure that all internal systems (camera alignment, laser illumination, fluidics, and 

electrical hardware) are operational.  

One feature highlighted in the FlowSight flow cytometer is the implementation of 

a charge coupled device (CCD) detection system rather than the traditional 

photomultiplier tube (PMT). PMT-based flow cytometers rely on bandpass filters for the 

measurement of specific emission waves. CCD camera-based systems, on the other 

hand, rely on a full spectrum measurement. As a result of the full spectrum emission 

measurement two primary advantages of CCD camera-based instruments become 

apparent:  1) Increased sensitivity of detection, especially in the dark red/near IR region 

of the wavelength spectrum (Beisker, 1997); and 2) the ability to better separate 

overlapping spectra in multiparametric assays, even those found on the same cell 

(Sanders & Mourant, 2013). The latter of these is of special importance as the 

presented protocol has two fluorophores, APC-eFluor780 and PE-Cy7, with nearly fully 

overlapping spectra. Additionally, the FlowSight used in this technical note was 
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equipped with a quantitative imaging upgrade that included a 488 nm laser power 

doubler and increased image resolution (40x versus 20x). In order to generate the 

necessary files required for the compensation matrix, all single color tubes were 

acquired with both the SSC laser and brightfield illumination (BF) turned off. The single 

color tube files (.rif) were combined in the compensation matrix of Amnis IDEAS 

software (v.6.0.129.0) to generate a compensation matrix file (.ctm).   

 

2.2.5  Sample Acquisition  

Immediately prior to acquisition EMP samples (100 μL) were transferred 

individual wells of a round bottom, 96-well plate and loaded into the FlowSight. Then, a 

total of 200,000 events (stop count set as total events collected) were collected on the 

FlowSight flow cytometer. EMP positive events were identified by generating a dot plot 

(CD31 against CD51) or a histogram plot (CD144). During acquisition, raw image files 

(.rif) were acquired then later adjusted for spectral overlap using Amnis IDEAS software 

and the compensation matrix mentioned above. The adjusted files were saved as 

compensated images files (.cif). It is from these files that further analysis was carried 

out and saved as data acquisition files (.daf).   

Determination of the best practice in generating PPP for the acquisition of EMP 

was carried out on the FlowSight with prepared samples that were stained with CD42a-

FITC and CD144-PE. A total of 200,000 events were collected and subsequent gating 

on CD144 only and CD42a versus CD144 was done during sample analysis. Each 

speed combination was tested on individual as well as pooled sample preparations. 
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2.3  Results and Discussion 

2.3.1  Analysis of Staining Procedures  

An initial dot-plot of CD31 versus CD51 was used to separate microparticles from 

other cell types found in PPP. The CD31+/CD51+ population was then gated, 

quantitated, and used to carry out further analysis of the different microparticle subsets. 

Figure 1A represents the relative percentage of CD31+/CD51+ microparticles (3.15%) 

compared to the total number of cells collected.  Gating boundaries were set using 

negative controls for each channel. Individual histogram plots for CD31 and CD51 

(Figures 1B and 1C) were made and visually confirmed in each of their image galleries 

in the Amnis IDEAS software. A representative image for each antibody has been 

included (Figures 1D and 1E).  

 

Figure 2.1: Representative gating procedure used to identify endothelial microparticles 
using traditionally defined markers (CD31+/CD51+). The resultant gate (A) represents 
the double-positive EMP population gated. X- and y-axes gates were identified using 
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individual histogram plots and confirmed via imaging cytometry for CD31 (B) and CD51 
(C). Characteristic images for each antibody stain, CD31 (D) and CD51 (E), is included. 
 
 

From this double-positive population (Figure 2A), three distinct histogram plots 

were generated. Each of the relative percentages compared to the total number of 

CD31+/CD51+ was calculated, as well as total count for each of the microparticle 

subsets: GMP (CD66b+/CD31+/CD51+; Figure 2B) was found to represent 0.01% of the 

total population; LMP (CD45+/CD31+/CD51+; Figure 2C) represented 0.03%; and PMP 

(CD42a+/CD31+/CD51+; Figure 2D)  characterized 3.14%.  

 

Figure 2.2: Representative image (A) illustrates the traditional endothelial microparticle 
only (CD31+/CD51+) and their counterstaining depicting either platelet microparticles 
(PMP; CD42a+), granulocyte microparticles (GMP; CD66b+), or leukocyte 
microparticles (LMP; CD45+). Each counterstain gate was set using individual 
histograms (B-D) and confirmed via imaging flow cytometry. Representative images of 
each antibody stain, CD42a (E), CD66b (F), and CD45 (G), are included. 
 

25 



Table 2.2 summarizes the relative percentages of GMP, LMP, and PMP. Using 

this antibody combination as a representation of EMPs, it is the authors’ conclusion that 

CD31+/CD51+ actually yields <1% exclusive EMP.  

 

Table 2.2: Relative percentages of the microparticle populations 

  
Traditional 
EMP 
CD31+/CD51+ 

GMP 
CD31+/CD51+/CD66b+ 

LMP 
CD31+/CD51+/CD45+ 

PMP 
CD31+/CD51+CD42a+ CD144+ 

Newly Defined 
EMP 
CD144+/CD42a- 

% 
Total 3.15 0.01 0.03 3.14 1.05 0.91 

Table 2.2: Analysis of traditionally and newly defined methods of EMP identification. Each value 
represents the relative percentage of each population using the outlined antibody combinations. All 
preparations were centrifuged for 10-min at 1,500 x g, then supernatant removed, and spun for an 
additional 30-min at 15,000 x g. The final supernatant (100 µL) was removed and used as PPP for 
analysis.  
 

After analysis using the traditional EMP cell surface markers, further analysis 

using the proposed cell-surface marker was carried out. A histogram plot was generated 

for CD144 from all the cell events collected. Figure 2.3A demonstrates relative 

percentage of CD144+ events collected compared to the total number of cells. After 

determining the total amount of CD144+, in a process similar to the abovementioned 

technique, three different histograms, CD42a+, CD66b+, and CD45+ were generated 

and used to produce subsequent dot plots with each cell surface marker versus CD144.  

The first step in excluding any potential contaminants in the CD144+ EMP 

population was to generate a histogram defining the population of interest. From 

previous tests done in our lab, we know the most likely impurity in CD144+ populations 

is CD42a. For this reason, CD42a was the first secondary stain to be plotted against 

CD144. Any event positive for CD42a was excluded from further analysis and the 

resultant population (CD144+/CD42a-; Figure 2.3B) was carried on into additional steps. 
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In similar fashion, CD66b positive events were excluded from the previous population to 

form an even purer CD144+/CD42a-/CD66b- (Figure 2.3C) EMP population. Finally, 

CD45 was excluded from the resultant population to provide an EMP population 

(CD144+/CD42a-/CD66b-/CD45-; Figure 2.3D) that is over 99% free of contaminants. A 

similar method was applied to the traditionally defined EMPs to provide an analogous 

comparison of the populations. However, the resulting analysis revealed less than 

0.01% of the total population to be exclusively CD31+/CD51+. This method would 

require an unrealistic time frame to acquire a substantial amount of EMPs. In a 

laboratory where throughput is a concern, it is simply impractical to utilize the 

CD31/CD51 antibody combination.  

In addition to exclusion by cell surface marker, EMP size can serve as a 

reference from which to exclude undesired cell impurities. EMP size has been described 

as ranging from 100-1000 nm. For this reason, size standard beads of 200 nm, 500 nm, 

and 800 nm (Bangs Laboratories, Inc.; Fishers, IN) were used as size reference 

standards. Each size standard bead was collected individually and plotted in IDEAS 

Software as brightfield area versus side-scatter. Our identified EMP population was 

backgated against the size standards to confirm that all observed EMPs were between 

200-500 nm.  
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Figure 2.3: Representative gating procedure for the identification of endothelial 
microparticles using CD144 (A). Dot-plots with each counterstain versus CD144 (E-G) 
were made to exclude any contaminating cells and cell fragments from endothelial 
microparticles. Gates for the dot-plots were confirmed using individual histogram plots 
for each of the counterstains (B-D). CD42a+ events were first excluded (E) and a new 
population (CD144+/CD42a-; gray shade) was taken and used as the population from 
which CD66b was excluded. CD66b+ events were excluded from the CD144+/CD42a- 
population and the resultant population (CD144+/CD42a-/CD66b-; gray shade) was 
used to exclude CD45+ events. The consequential endothelial microparticle population 
(CD144+/CD42a-/CD66b-/CD45-; gray shade) was ~99% contaminant free.  
 

2.3.2  Analysis of Centrifugation Tests  

At this point in the technical note only the CD144 staining technique will be 

considered since it was previously revealed that CD31/CD51 lacked the specificity to 

generate a substantive EMP population for consideration. Analysis of centrifugation was 

done using the Amnis IDEAS software. Table 2.3 summarizes the results from the 

different centrifuge speeds. If only CD144 were to be used as a stain in identifying and 

quantifying EMPs, the resulting data suggests that two centrifugation steps, 160 x g at 
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6-min followed by 1,500 x g at 10-min, yielded the cleanest population. However, if the 

CD42a counterstain is available, two steps, 160 x g at 10-min followed by 15,000 x g at 

30-min, yields the highest percentage of EMPs relative to the entire cell population.  

 

Table 2.3: Relative EMP percentages as a result of centrifugation 
Centrifugation Speeds CD144+ (%) CD144+/CD42a- (%) 

160 x g; 1,000 x g 4.307 1.936 

160 x g; 1,500 x g 2.503 2.44 

160 x g; 15,000 x g 3.585 3.234 

1,500 x g; 13,000 x g 2.806 2.545 

Table 2.3: A table representing EMP identification using only CD144 antibody or CD144/CD42a antibody 
mixture. All values are relative percentages.  
 

2.3.3  Serial Dilution of Platelet Poor Plasma  

To determine the reliability of the proposed methods, PPP was serially diluted (1, 

1:4, 1:8, 1:16) and each tube individually stained for CD144-PE and CD42a. This 

preparation was acquired using the Amnis Inspire software and analyzed in IDEAS. 

Results are presented in the figure 2.4. In brief summary, as the PPP became more 

dilute so did the concentration of EMPs in a linear manner. The graph in figure 2.4 

represents this relationship (r2 = 0.9952).  
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Figure 2.4: A graphical illustration of a serial centrifugation and subsequent 
CD42a/CD144 counterstaining. A stock preparation of PPP was prepared then diluted 
three times (1:4, 1:8, and 1:16). Each dilution was separately stained then acquired 
using the Amnis FlowSight flow cytometer. R2 was determined to be 0.9952 for the 
presented data.  
 

2.4  Conclusions 

The procedure described in this technical report offers an alternate method for 

the identification of EMPs and removing contamination of other cell fragments and 

platelets using imaging flow cytometry. A summary of the procedure is provided in figure 

2.5. 
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Figure 2.5: Summary of the steps outlined in the present technical note.  

 

By using CD144 compared to traditional CD31/51 stains we were able to 

increase the ability to identify EMPs. Additionally, by combining CD144 with CD45, 

CD66b, and CD42a the resultant EMP fraction was improved to exclude previous 

contaminants (i.e. GMP, LMP, PMP). In an effort to reduce assay cost, the argument 

could be made that the combination of CD144 and CD42a would suffice in the exclusion 

of unwanted microparticles. A secondary aim of this technical note was to use the 

proposed CD144/CD42a staining technique to identify the most appropriate means of 

isolating PPP from whole blood for the identification of EMPs. We tested the four most 

common methods used in the literature that did not require an ultracentrifuge step.  

Since ultracentrifuges are not common equipment in all laboratories, we wanted to 

avoid the use of this specialized equipment if possible. Using the staining technique 

described in this report, we found that a two-step centrifugation using one low speed 

step (10-min at 160 x g) followed by one moderate speed step (6-min at 1500 x g) 

yielded an EMP fraction that was free of most contaminating cell fragments and 
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platelets. However, by increasing the speed and time of the second centrifugation step 

(30-min at 15000 x g) the EMP fraction can be concentrated further. 

Our goal in describing this technical note was to describe an alternate method for 

the identification of EMPs in the clinical setting. EMPs serve as critical indicators of the 

presence of vascular damage and the progression of other cardiovascular diseases 

(Bernal-Mizrachi et al., 2003; Carp et al., 2004; Mutin et al., 1997; Strohacker et al., 

2012). It is the aim of our laboratory to provide enhanced methods in being able to 

detect these changes earlier and more accurately and it is our wish that others will 

adopt this approach in similar experimental studies.  
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 CHAPTER 3 

USING IMAGE-BASED FLOW CYTOMETRY WITH A FISH-BASED FLOWRNA 

ASSAY TO SIMULTANEOUSLY DETECT INTRACELLULAR TNF-Α PROTEIN  

AND MRNA IN MONOCYTES FOLLOWING LPS STIMULATION† 

3.1  Summary 

Existing methods of assessing monocyte inflammatory cytokine (IL-1β, IL-6, IL-8, 

and TNF-α) response to in vitro lipopolysaccharide (LPS) stimulation lack the ability to 

simultaneously detect intracellular mRNA and protein. This procedure takes advantage 

of new methodologies and instrumentation to simultaneously measure intracellular TNF-

α mRNA and protein in CD14+ monocytes after 1, 3, and 6 h of LPS stimulation. By 

assessing multiple timepoints, we are able to discern how LPS stimulation affects the 

temporal relationship between TNF-α mRNA and protein. By using image-based flow 

cytometry it is possible to co-localize mRNA and protein signals to identify the length of 

incubation that is needed to initiate protein translation.  

 

3.2  Introduction 

Monocyte inflammatory cytokine (IL-1β, IL-6, IL-8, and TNF-α) response to LPS-

stimulation in vitro is a commonly used model in the literature (Bastami et al., 2013; 

Carpenter, Breslin, Davidson, Adams, & McFarlin, 2013; Gualdoni et al., 2014; Kueht, 

McFarlin, & Lee, 2009; McFarlin et al., 2006; Raspe et al., 2013; Zgair, 2012). However, 

researchers must choose between measuring mRNA or protein and cannot measure 

† This chapter is presented in its entirety from A.S. Venable, A.L. Henning, E.A. Prado, and B.K. McFarlin, 
“Using image-based flow cytometry with a fish-based flowRNA assay to simultaneously detect 
intracellular tnf-α protein and mRNA in monocytes following lps stimulation.” Methods in Molecular 
Biology, 2015, (In Press). 
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both simultaneously due to the limitations of current methods. For example, TNF-α 

mRNA is commonly assessed by quantitative RT-PCR, where monocytes are isolated 

after stimulation so that total RNA can be extracted and then undergo Taqman or SYBR 

Green RT-PCR reactions (Bastami et al., 2013; Flynn & McFarlin, 2006; Zgair, 2012). 

To measure TNF-α protein in cell-culture supernatants, one can use ELISA, bead-

based capture assays, or western blotting (Gualdoni et al., 2014). In both cases, the 

results are based on bulk cell preparations. Alternatively, one may use antibodies and 

intracellularly stain for cytokines to identify the specific cells producing TNF-α.  Here we 

describe a novel FISH-based method using the FlowRNA assay to detect mRNA by 

image-based flow cytometry. Further, we use this new method to study the poorly 

characterized relationship between intracellular TNF-α mRNA and protein in monocytes 

after 0, 1, 3, and 6 h of in vitro LPS-stimulation. The use of image-based flow cytometry 

allows for the co-localization of mRNA and protein and, thus, the ability to detect the 

timepoint at which protein translation begins. The utilization of the FlowRNA assay 

together with image-based flow cytometry surmounts the limitations of bulk assays such 

as RT-PCR and ELISA by allowing the simultaneous detection of both TNF-α mRNA 

and protein at the single-cell level. To our knowledge, no other current method is 

capable of providing robust, simultaneous detection of intracellular mRNA and protein. 

 

34 



3.3  Materials 

3.3.1.  Cell Culture Medium 

All cell culture medium reagents are prepared in assay-specific volumes and 

made in bulk; store according to manufacturer’s recommendations between uses. 

Discard any unused buffer after 3 months.  

1. Dulbecco’s Modified Eagle’s Medium Base: Dissolve powder in ultra-pure 

water (18 MΩ) and vacuum filter (see below) for sterilization. 

2. L-glutamine: Aliquot into individual 1 mL fractions.  

3. Sodium pyruvate: Aliquot into individual 1 mL fractions. 

4. Fetal bovine serum: Aliquot into individual 10 mL fractions.  

 

3.3.2  Cell Surface and Intracellular Staining Materials 

All staining materials should be diluted in PBS and stored at 2-8 °C in the dark or 

in a brown, light-protecting tube.  

1. Brefeldin A: dilution factor = 50 

2. CD14-PE-eFluor 610 (Clone# 61D3): dilution factor = 10 

3. TNF-α-FITC (Clone#MAb11): dilution factor = 15 

 

3.3.4  PBMC Fixation and Permeabilization 

All materials provided by eBioscience and are stored at 2-8 ºC unless otherwise 

noted. 

1. Fixation Buffer 1A 

2. Fixation Buffer 1B 
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3. Permeabilization Buffer (10X) 

4. Fixation Buffer 2 (10X) 

5. Wash Buffer 

6. RNasin®: Store at -20 ºC 

 

3.3.5  mRNA Hybridization, Amplification, and Labeling 

All materials provided by eBioscience and are stored at 2-8 ºC unless otherwise 

noted. 

1. Target Probe Diluent 

2. PreAmp Mix 

3. Amp Mix 

4. Label Probe Diluent 

5. Storage Buffer 

6. Label Probe Mix (100X): Store at -20 ºC 

7. TNF-α and positive control gene Target Probes (20X): Store at -20 ºC 

 

3.3.6  Additional Materials 

1. Sterile vacuum filtration system, 0.22 µm pore size 

2. 50 mL Leucosep tube (Greiner Bio-One, Frickenhausen, Germany) 

3. 50 mL conical tube  

4. Ficoll-PaqueTM PLUS  

5. Viacount Reagent (EMD Millipore) 
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6. Phosphate buffered saline: Dissolve powder in 1 L ultra-pure water. Store at 

4 °C.  

7. Phosphate buffered saline with 1% bovine serum albumin: Dissolve powder in 

1 L ultra-pure water. Store at 4 °C. 

8. LPS from Salmonella minnesota R595: Reconstitute 1 mg LPS in 1 mL 

sterile/endotoxin free water. Dilute in 4 mL ultra-pure water. Store at -20 °C. 

9. Ethylenediaminetetraacetic acid: Dilute in PBS to 50 mM concentration. Store 

at 4 °C. 

10. Flow cytometry staining buffer (eBioscience) 

11. FlowSight Calibration Beads (EMD Millipore) 

12. 1.5 mL microcentrifuge tubes 

 

3.3.7  Instrumentation 

1. easyCyte 8HT flow cytometry system (EMD Millipore) 

2. FlowSight imaging flow cytometer (EMD Millipore-Amnis) 

3. Bead Bath Incubator  

 

3.4  Methods 

The following procedure has been broken into two days due to the time 

requirement for the complete assay.  

 

37 



3.4.1  Isolation and Concentration of Peripheral Blood Mononuclear Cells (Day 1) 

1. 30 min prior to blood collection, warm Leucosep tubes, PBS, and Viacount 

Reagent to room temperature. 

2. Collect venous blood into 9 mL evacuated tube containing lithium heparin and 

invert 8-10 times.  

3. Pour whole blood into a Leucosep tube prepared with Ficoll-Paque (see Note 

#1). Dilute whole blood with 12 mL pre-warmed PBS. Centrifuge for 20 min at 

300xg.  

4. Decant upper layer of Leucosep tube into a 50 mL conical tube and add 24 mL 

PBS/BSA. Centrifuge for 10 min at 400xg.  

5. Decant into a waste receptacle and wipe the inside of the 50 mL conical tube 

with a lab wipe.  

6. Re-suspend PBMC pellet in 1 mL flow cytometry staining buffer.  

7. In a 96-well, round bottom plate add 145 µL Viacount Reagent.  

8. Add 5 µL PBMC suspension into the same well containing Viacount Reagent. 

Let sit at room temperature for 2-3 min. 

9. Acquire samples on easyCyteTM 8HT flow cytometer.  

10. Dilute 1 mL PBMC suspension in flow cytometry staining buffer to a final 

concentration between 1-3 x 106 cells/mL.  

11. Store diluted PBMC on ice between incubations. 

 

3.4.2  Cell Culture Medium Preparation 

Complete these step during the abovementioned centrifugation steps.  
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1. Under sterile conditions in a laminar flow biological safety cabinet, combine 

100 mL Dulbecco’s Modified Eagle’s Medium Base, 1 mL L-glutamine, 1 mL 

sodium pyruvate, and 10 mL fetal bovine serum.  

2. Filter using vacuum-driven filtration system. Store at 4 °C.  

 

3.4.3  LPS Time-Course Stimulation of Monocytes and Retention of Intracellular TNF-α 
Protein 

1. Four 1.5 mL microcentrifuge tubes will be prepared at the same time for LPS 

stimulations of 6, 3, and 1 h and a 0 h control. Combine 322.5 µL culture 

medium, 20 µL diluted Brefeldin A (DF 1:50), and 7.5 µL LPS (final concentration 

15 µg/mL). Mix by vortexing and store at 2-8 ºC until use.  

2. Transfer 150 µL diluted PBMC into pre-made (see Step #1) 1.5 mL 

microcentrifuge tube and mix by vortexing.  

3. Culture PBMC for 6, 3, or 1 h at 37 °C in a 5%CO2/95% air, humidified 

incubator (see Note #2). 

4. Remove stimulated PBMC cultures from CO2 incubator and add 20 µL of 

diluted EDTA (see Note #3), mix by vortexing, and incubate in the dark at room 

temperature for 15 min.  

5. Add 150 µL PBMCs to 0 h control tube.  

6. Wash EDTA treated PBMC in 500 µL PBS and centrifuge for 10 min at 400xg. 

Aspirate to a final volume of approximately 100 µL (see Note #4) and re-suspend 

cells in 800 µL PBS and repeat centrifugation with the same conditions.  
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3.4.5  Cell Surface Antibody Staining 

1. Aspirate and vortex to re-suspend cells in residual PBS (see Note #5). Add 10 

µL of diluted CD14-PE-eFluor® 610 mix by vortexing. Incubate cells for 1 h on 

ice and in the dark (see Note #6).  

2. Add 1 mL flow cytometry staining buffer and centrifuge for 5 min at 600xg.  

3. Re-suspend PBMC in residual buffer.  

 

3.4.6  PBMC Fixation and Permeabilization  

1. Add 1 mL of Fixation Buffer 1 and close microcentrifuge tube. Invert the tubes 

2-3 times to adequately mix the sample. Incubate for 30 min in the dark and in 

the refrigerator at 2-8 °C. Centrifuge for 5 min at 800xg (see Note #7). Aspirate 

the supernatant and re-suspend in the residual buffer.  

2. Add 1 mL 1X Permeabilization Buffer with RNasin (DF 1:1000) and centrifuge 

for 5 min at 800xg. Aspirate the supernatant and re-suspend the cells in residual 

buffer. Repeat the wash with 1 mL 1X Permeabilization Buffer with RNasin.  

 

3.4.7  Intracellular TNF-α Staining 

1. After re-suspending the cells in the residual buffer, add 10 µL diluted TNF-α-

FITC and mix by inversion. Incubate for 45 min on ice and in the dark (see Note 

#8).  

2. After intracellular staining, add 1 mL 1X Permeabilization Buffer with RNasin 

and centrifuge at 800xg for 5 min. Aspirate the supernatant and re-suspend the 

cells in the residual buffer. 
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3. Add 1 mL of 1X Fixation Buffer 2 and mix by inversion. Incubate for 60 min in 

the dark and at room temperature. 

4. Centrifuge for 5 min at 800xg. Aspirate the supernatant.  

5. Add 1 mL Wash Buffer. Mix by inversion and centrifuge for 5 min at 800xg 

(see Note #9). Aspirate the supernatant and re-suspend the cells in the residual 

buffer. 

6. Add 1 mL Wash Buffer with RNasin (DF 1:1000).  Mix by inversion and 

centrifuge for 5 min at 800xg. Aspirate the supernatant and re-suspend the cells 

in the residual buffer and store in the dark and overnight at 2-8 ºC (see Note 

#10). 

 

3.4.8  Target Probe Hybridization (Day 2) 

1. Warm samples, TNF-α Target Probes, and Wash Buffer to room temperature. 

2. Pre-warm Target Probe Diluent to 40 ºC.  

3. Dilute TNF-α Target Probe (DF 1:20) in Target Probe Diluent (100 µL per 

sample; see Note #11).  

4. Add 100 µL diluted Target Probe (1:20) directly into the cell suspension (see 

Note #12). Mix by vortexing and incubate for 2 h at 40 ºC (see Note #13). Invert 

samples after 1 h (see Note #14).  

5. Add 1 mL Wash Buffer and invert to mix. Centrifuge for 5 min at 800xg. 6. 

Aspirate supernatant to 100 µL (all aspirations for Day 2 should be to final 

volume of 100 µL) and re-suspend in residual buffer. Repeat wash step under the 

same conditions (see Note #15).  
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3.4.9  Signal Amplification 

1. Add 100 µL PreAmp mix directly to the cell suspension (see Note #12). Vortex 

to mix and incubate for 90 min at 40 ºC (see Note #16).  

2. Add 1 mL Wash Buffer and invert to mix. Centrifuge for 5 min at 800xg. 

Aspirate and repeat wash.  

3. Add 100 µL Amp mix directly to the cell suspension (see Note #12). Vortex to 

mix and incubate for 90 min at 40 ºC in the dark (see Note #17).  

4. Add 1 mL Wash Buffer and invert to mix. Centrifuge for 5 min at 800xg. 

Aspirate and repeat wash (see Note #18).  

5. Add 100 µL diluted Label Probes (DF 1:100) to each sample and vortex to mix 

(see Note #12). Incubate for 1 h at 40 ºC in the dark.   

6. Add 1 mL Wash Buffer and invert to mix. Centrifuge for 5 min at 800xg. 

Aspirate and repeat wash.  

7. If acquiring samples immediately, add 100 µL PBS and acquire on the 

FlowSight imaging flow cytometer. If samples are being stored, repeat an 

additional wash step using Storage Buffer.  

8. Prior to acquisition, transfer all samples to a 96-well, round-bottom plate, add 

25 µL FlowSight Calibration Beads (see Note #19) and cover with a pierceable 

seal.   

 

3.4.10 Sample Acquisition 

All samples are acquired on a FlowSight Imaging flow cytometer. 
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1. Collect 20,000 single cell events with the following laser settings: 488 nm=60 

mW, 642 nm=75 mW, and 785 nm=8.06 mW). Collect Bright field images in 

Channels 1 and 9, TNF-α protein staining in Channel 2, CD14 in Channel 4, Side 

Scatter in Channel 6, TNF-α mRNA in Channel 11, and positive control mRNA in 

Channel 12 (Fig. 3.1). 

 

 
Figure 3.1: Representative fluorescent cell image. Image gallery for one monocyte 
(CD14+) depicting all channels of fluorescence used for the present method. Ch01: 
Brightfield; Ch04: CD14-PE-eFluor610; Ch06: SSC; Ch02: TNF-α-FITC; Ch11: 
QuantiGene Probe TNF-α mRNA – AF647; and merge mRNA/Protein image. 
 

3.4.11 Intracellular TNF-α Protein and mRNA Analysis 

1. Open the 0 h control raw image file (.rif) and apply a predefined compensation 

matrix (.ctm). Save as compensated image file (.cif). 

2. Separate single cell events from doublets and debris by creating a dot plot of 

bright field aspect ratio (cell width/cell height) vs. bright field area (Fig. 3.2A).  

3. Generate a daughter dot plot of single cells based on CD14 vs. SSC to identify 

monocytes (CD14+, Fig. 3.2B) (see Note #20). 

4. Generate a daughter dot plot of monocytes based on TNF-α mRNA vs. TNF-α 

protein. Use the 0 h (control) incubation as a reference (Fig. 3.2C) to set the 

double positive gate for 1, 3, and 6 h incubations (Fig. 3.2D). 

 

43 



 

Figure 3.2: Gating Strategy for Monocytes. Single cell events were identified by plotting 
bright field area vs. bright field aspect ratio on all collected events (A). Monocytes were 
identified by gating CD14 vs. SSC (B). Plots of TNF-α protein vs. mRNA were used to 
separate inactive (C) from active (D) monocytes. 

5. Run the co-localization wizard in the IDEAS software to identify cells that are 

co-localizing mRNA and protein in the same location. A high co-localization index 

is indicative of active protein translation (see Note #21).  

44 



 

Figure 3.3: Identification TNF-α Protein and mRNA Expression. Monocytes (CD14+) 
were further classified for dual expression of TNF-α protein and mRNA. In the control 
sample (A) there was less than 5% cells positive for both markers. The positive 
percentage progressively increased from 1 (B) to 3 (C) to 6 (D) h of LPS-stimulation. 
Representative images demonstrated the expression of TNF-α protein (Ch02; green), 
TNF-α mRNA (Ch11; red), and merged co-localization (Ch02/Ch11; yellow). It should 
be noted that even the control sample stains for TNF-α protein, but no mRNA is 
detected until 1 h of stimulation. Also, there is no co-localization of protein and mRNA 
until 6 h of stimulation, indicating that at the current LPS dose, the stimulation must last 
at least 6 h to produce new TNF-α protein. 
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6. Save the template (.ast) and use batch processing to apply to remaining time 

points (1, 3, and 6 h) for the same patient sample. 

 

3.5  Notes 

1. PBMC were prepared according to a previously used method in our laboratory 

(Breslin et al., 2012; Carpenter, Breslin, Davidson, Adams, & McFarlin, 2012; 

Strohacker et al., 2012). Prior to PBMC isolation, prepare Leucosep tubes by 

adding 15 mL Ficoll-Paque and centrifuge for 5 min at 200xg. Decant additional 

Ficoll-Paque into original container.  

2. PBMC need to be added starting with the longest incubation period so that all 

incubations finish at the same time. In other words, begin the incubation with the 

6 h stimulation. Then add the 3 h stimulation, followed by the 1 h stimulation. 

When the incubation period finishes, remove all sample preparations at the same 

time, then add PBMCs to the 0 h control tube.  

3. EDTA should be added to sample preparations to release adherent monocytes 

from the walls of the tube. It has been our experience that failure to use EDTA 

after LPS stimulation results in fewer monocytes per mL, and ultimately fewer 

monocytes collected.  

4. With any mention of “re-suspend cells in residual buffer,” this simply means to 

vortex the samples after aspirating.   

5. Although not required for cell surface staining, a residual volume as close to 

100 µL is critical to the success of this assay during probe hybridization and 
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signal amplification. When aspirating, use the 100 µL mark on the 

microcentrifuge tube as a guide.  

6. During cell surface staining, prepare Fixation Buffer 1 (1 mL per sample) by 

combining equal parts of Fixation Buffer 1A and Fixation Buffer 1B. Mix by 

inversion. Do not vortex. Prepare Fixation Buffer 1 fresh for each day and discard 

any unused buffer.  

7. During Fixation Buffer 1 incubation, prepare 1X Permeabilization Buffer (3 mL 

per sample) with RNasin by diluting 10X Permeabilization Buffer with ultra-pure 

water. RNasin should be added to a final concentration of 1:1000. Mix by 

inversion. Do not vortex.  Keep at 2-8 ºC. Prepare 1X Permeabilization Buffer 

fresh for each day and discard any unused buffer. 

8. During intracellular antibody staining, prepare 1X Fixation Buffer 2 (1 mL per 

sample) by diluting 10X Fixation Buffer 2 in Wash Buffer. Prepare 1X Fixation 

Buffer 2 fresh for each day and discard any unused buffer. 

9. Prepare Wash Buffer with RNasin (1 mL per sample; DF 1:1000). Mix by 

inversion. Do not vortex. Prepare Wash Buffer with RNasin fresh for each day 

and discard any unused buffer. 

10. Alternatively, you may proceed through the Target Probe Hybridization, and 

to do so, skip this step and repeat the previous wash step with Wash Buffer only.  

11. Diluted Target Probes (DF 1:20) should be prepared fresh for each sample. If 

more than one target probe is being measured, adjust Target Probe Diluent so 

that each is diluted to a final concentration of 1:20.  
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12. It is critical to the success of the assay that this volume be pipetted directly 

into the cell suspension. Avoid pipetting onto the walls of the tube.  

13. Prior to beginning this assay, the incubation equipment and setup for Target 

Probe hybridization must be validated so that the temperature of the volume 

being incubated reaches and maintains 40 ± 1 ºC within 5 min of being placed 

into the incubator.  

14. During the last hour of the Target Probe hybridization, warm PreAmp Mix to 

40 ºC.  

15. This point in the assay may be used as a stopping point, and to do so, add 

RNasin (DF 1:1000) to the Wash Buffer for the final wash step, then cover and 

store in at 4 ºC overnight.  

16. During the PreAmp Mix hybridization, warm the Amp Mix to 40 ºC. 

17. During the Amp Mix hybridization, thaw the Label Probes on ice in the dark, 

and warm the Label Probe Diluent to 40 ºC. 

18. During the wash steps, dilute (DF 1:100) Label Probes in Label Probe Diluent 

(100 µL per sample). Prepare fresh for each sample and discard any unused 

diluted Label Probe solution.  

19. Calibration beads are added to each sample to assist the FlowSight in 

validation of sample during automated acquisition. The beads are gated out of 

acquisition by setting acquisition gates to collect on CD14+ events only.  

20. Stimulation of monocytes with LPS alters cell-surface expression of CD14, 

and care should be taken to use visual gating when possible to identify the 
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CD14+ events. Figure 3 depicts the changes that occur with stimulation in cell 

morphology and CD14 expression. 

 

Figure 3.4: Time Course Change in CD14 Expression. Monocytes were stimulated for 1 
(B), 3 (C), and 6 (D) h or held on ice as a control (A). Images to the right of each plot 
are representative of the cells from the corresponding time point. While we observed no 
change in the relative abundance of CD14 expression over time, the distribution of 
monocytes and the SSC appeared to change. Care should be taken when identifying 
CD14+ monocytes to ensure that the gate is placed properly. 
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21. A benefit of image-based flow cytometry is the ability to identify co-localized 

events within a cell. Co-localization in this method indicates that mRNA is 

actively translating new protein. Based on our method a TNF-α mRNA signal is 

initially present after 1 h of LPS stimulation; however, it is not until 6 h of 

stimulation that the new mRNA is actively translating protein. The complete time 

course of change in TNF-α mRNA and protein can be viewed in Figure 4. 
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CHAPTER 4 

NATURAL COCOA CONSUMPTION: POTENTIAL TO REDUCE ATHEROGENIC 

FACTORS‡ 

4.1  Introduction 

Over the past decade nutrition researchers have linked short-term consumption 

of flavanol-rich cocoa to alterations in vascular health in humans (Latham, Hensen, & 

Minor, 2014). Animal models have reported that long-term consumption to reverse 

inflammation and dietary endotoxemia caused by high-fat feeding (Gu, Yu, Park, 

Harvatine, & Lambert, 2014). The most common effects attributed to short-term natural 

cocoa intake are improved flow mediated dilation (Farouque et al., 2006; Moreno-Ulloa, 

Romero-Perez, Villareal, Ceballos, & Ramirez-Sanchez, 2014), increased vascular 

compliance  (Esser et al., 2014; Grassi, Desideri, & Ferri, 2013; West et al., 2014), 

increased HDL-c (Farouque et al., 2006; Grassi et al., 2013; Latham et al., 2014), and 

decreased monocyte adhesion molecule expression (CD11b and CD62L) (Esser et al., 

2014). Increased HDL-c coupled with reduced monocyte adhesion may reflect an 

overall reduction in the capacity to form foam cells, which are a first stage in the 

development of atherosclerosis (Botham & Wheeler-Jones, 2013). Elevated endothelial 

microparticles (EMP) are associated with obesity, metabolic syndrome, consumption of 

a high-fat meal, and are an emerging risk factor for CVD (Chironi et al., 2009; Helal et 

al., 2011). A recent review article indicated the potential for daily flavanol-rich cocoa 

consumption to be used as an anti-obesity treatment (Grassi et al., 2013). However, 

‡ This chapter is presented in its entirety from B.K. McFarlin, A.S. Venable, A.L. Henning, E.A. Prado, J. 
N. B. Sampson, J.L. Vingren, and D.W. Hill, “Natural cocoa consumption: potential to reduce atherogenic 
factors?” Journal of Nutritional Biochemistry, (In Press). 
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there is a critical gap in the existing literature with regard to the capacity to utilize short-

term flavanol-rich cocoa consumption as a countermeasure to reduce cardiovascular 

and metabolic disease risk in individuals of differing BMI.  

Of all the naturally occurring compounds found on flavanol-rich cocoa, catechins 

and polyphenols have been implicated as the primary compounds responsible for 

improved vascular health (Latham et al., 2014). Obese individual are known to have 

elevated systemic inflammation and when combined with poor dietary choices chronic 

damage to the endothelial wall is common (Botham & Wheeler-Jones, 2013; Chironi et 

al., 2009; Helal et al., 2011). Our lab and others have used EMP as an index of 

endothelial wall damage (Strohacker et al., 2012; Venable, Williams, Haviland, & 

McFarlin, 2014). Specifically, our laboratory has focused on the evaluation of novel 

disease risk biomarkers with recent efforts focused on circulating biomarkers of 

systemic inflammation (Carpenter et al., 2012; McFarlin et al., 2013; McFarlin, Johnson, 

Moreno, & Foreyt, 2013; McFarlin & Venable, 2013; Strohacker & McFarlin, 2010; 

Strohacker et al., 2012), altered EMP, and alterations in monocyte adhesion molecule 

expression (Carpenter et al., 2012; Strohacker et al., 2012). All of these measures could 

be considered pre-clinical indicators of the risk of the accumulation of arterial plaques. 

The purpose of the present study was to examine the effects of 4-weeks of daily 

flavanol-rich natural cocoa consumption on CVD biomarkers, endothelial microparticles, 

and monocytes in women of differing obesity status who were weight stable.  
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4.2  Material and Methods 

4.2.1  Subjects 

  The UNT committee for the protection of human subjects approved all 

procedures used in this report and the study was carried out in accordance with the 

Declaration of Helsinki. After being explained the study requirements, interested 

subjects gave oral consent to participate and signed an informed consent form. We 

screened 75 women who matched one of the three desired BMI groups. Of the 75 that 

we screened, 35 met all study requirements and 30 of those had schedules compatible 

with the study timeline. These 30 individuals were assigned to one of three groups 

based on BMI: normal weight (BMI = 20.0-24.9), overweight (BMI = 25.0 – 29.9), and 

obese (BMI = 30.0 – 39.9). We excluded subjects with a BMI >40. Every subject 

completed both conditions in a double-blind, crossover design. Condition orders were 

randomized to minimize carry over and account for potential order effects. 24 of the 30 

subjects completed all study requirements and samples. There was 0% attrition in the 

normal weight group and 30% attrition in both the overweight and obese groups. These 

attrition percentages are consistent with what we have observed in other human studies 

in our laboratory and what others commonly report in the literature (Carpenter, Breslin, 

Davidson, Adams, & McFarlin, 2013; McFarlin et al., 2013; McFarlin et al., 2013; 

McFarlin, Carpenter, Davidson, & McFarlin, 2013; Strohacker et al., 2012). 

 

4.2.2  Subject Screening 

Subjects were assessed inclusion/exclusion criteria using a medical history form, 

a graded exercise test (Medgraphics Ultima metabolic cart; St. Paul, MN), a whole body 
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DXA scan (GE Lunar Prodigy; Piscataway, NJ), and basal metabolic rate test 

(MedGem; Golden, CO). Subject characteristics are presented in Table 4.1. In general 

the obese subjects had greater body weight, BMI, percent Fat, Fat Mass, Lean Mass, 

and BMR than overweight and normal weight subjects. Also, obese subjects had lower 

levels of fitness than normal weight and overweight subjects. Overall, the fitness level of 

all the subjects was low and no subjects reported any regular physical activity habits 

prior to or during completion of the study. 

 

Table 4.1: Subject characteristics 

Characteristic Normal 
(N= 10) 

Overweight 
(N=7) 

Obese 
(N=7) 

Age 
(y) 21 ± 2 22 ± 3 22 ± 3 

Height 
(cm) 161.1 ± 5.4 164.8 ± 5.8 164.9 ± 6.7 

Weight 
(kg) 56.2 ± 7.5 68.3 ± 19.3* 94.6 ± 11.1** 

BMI 
(kg/m²) 21.6 ± 1.9 27.0 ± 1.4* 34.9 ± 3.0** 

DXA Body Fat 
(%) 28.6 ± 5.7 34.2 ± 9.9* 49.4 ± 3.2** 

Fat Mass 
(kg) 16.3 ± 4.4 27.5 ± 3.1* 45.9 ± 4.8** 

Lean Mass 
(kg) 38.3 ± 5.5 41.9 ± 5.5* 44.3 ± 7.7* 

Bone Mass 
(kg) 2.5 ± 0.3 3.1 ± 0.3 3.1 ± 0.5 

SBP 
(mmHg) 104 ± 10 111 ± 9 119 ± 19 

DBP 
(mmHg) 71 ± 10 69 ± 7 83.8 ± 19 

RMR 
(kcal/d) 1174 ± 171 1438 ± 156* 1690 ± 460* 

VO2max 
(ml/Kg/min) 30.5 ± 5.5 25.3 ± 3.7* 20.9 ± 3.1** 

Total Cholesterol 
(mg/dL) 173.7 ± 4.8 152.7 ± 15.4 153.9 ± 8.6 

HDL Cholesterol 43.6 ± 4.2 46.7 ± 5.1 47.0 ± 4.1 
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(mg/dL) 
Triglycerides 

(mg/dL) 69.6 ± 5.9 55.1 ± 6.9 109.3 ± 20.3** 

Glucose  
(mg/dL) 88.3 ± 2.3 85.4 ± 4.9 85.5 ± 3.7 

Values reported as mean ± SD. Body composition measurements were made from a standard whole 
body DXA scan. All serum blood measurements were made following a fast of at least 8-h. * indicates 
greater than Normal (P<0.05). ** indicates greater than Normal and Overweight (P<0.05). 
 

4.2.3  Natural Cocoa Treatment 

The active and placebo bars used for the present study were manufactured and 

provided by The Hershey Company (Hershey, PA). According to the manufacturer, the 

bars did not differ in their respective macronutrient composition, but did differ in 

magnesium, potassium, and catechins in accordance with natural cocoa content. Bars 

were provided to the study staff packaged in either silver or white wrappers and the 

study conditions were not revealed until all testing was completed. Table 4.2 

summarizes the various nutritional components found in the bars. Subjects were asked 

to avoid consuming chocolate in any form during participation in the study and were 

asked to consume the bars at the same time each day. Table 4.3 summarizes the 

polyphenol content of the natural cocoa and placebo bars. Total flavanols were 

assessed using three different methods (each analytical method is optimized to assess 

a specific subgroup of flavanols). The flavanol monomers, epicatcechin and catechin, 

were measured by LC/APCI-MS (Nelson & Sharpless, 2003) and the flavanol dimer 

through decamer polymers (DP2-10) were measured using LC/MS (Hurst et al., 2009; 

Robbins et al., 2009). Total flavanols were measured using the colorimetric DMAC (4-

dimethylaminocinnamaldehyde) method. The DMAC assay is unique in that it measures 

all flavanols including monomers (epicatechin & catechin), gallated flavanols, and 

flavanol polymers (DP2 to DP10) and polymers greater than DP10 (Payne et al., 2010). 
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* Indicates different than placebo. The two bars did not differ in their major macronutrient composition. 
 

Table 4.3: Polyphenol content of the natural cocoa and placebo bars. 
Analysis Placebo Cocoa 

Catechin (mg) - 13.6 
Epicatechin (mg) - 48.0 

Total Proanthocyanidins (DMAC)(mg) - 640.0 
Proanthrocyanidins 1-10 (mg) - 309.6 

PACs 1 mers - 56.0 
PAC 2 mers - 38.4 
PACs 3 mers - 34.8 
PACs 4 mers - 34.0 
PACs 5 mers - 32.0 
PACs 6 mers - 36.8  
PACs 7 mers - 28.0 
PACs 8 mers - 17.6 
PACs 9 mers - 17.2 

PACs 10 mers - 15.2 
   

Cocoa bars had zero polyphenol content in them compared to the placebo bars. 

 

4.2.4  Blood Sample Collection 

Venous blood samples were collected before and after each 4-week supplement 

condition. Subjects reported to the laboratory between 0600 and 0900 following an 

Table 4.2: Macronutrient, vitamin, & mineral content of the natural cocoa and placebo 
bar. 

Analysis Placebo % DV Cocoa % DV 
Calories (kcal) 148 7.4 141 7.1 

Fat (g) 5 7.7 6 9.2 
Sat Fat (g) 3 15.0 4 20.0 

Trans Fat (g) - - - - 
Cholesterol (mg) 3 1.0 1 0.3 

Sodium (mg) 62 2.6 38 1.6 
Carbohydrates(g) 25 8.3 26 8.7 

Fiber (g) 1 4.0 4 16.0 
Sugar (g) 17  15  
Protein (g) 2 4.0 3 6.0 

Vitamin A (IU) 9 0.18 7 0.14 
Vitamin C (mg) 0 - 0 - 
Calcium (mg) 53 5.3 20 2.0 

Iron (mg) 0 - 2 11.1 
Magnesium (mg) 7 1.8 73* 18.3 
Potassium (mg) 81 3.4 202* 5.8 
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overnight fast (>8-h) and abstention from physical activity (>15-h). Subjects were 

encouraged to drink plenty of water during the fast in order to ensure hydration and 

ease of blood sample collection. After 30-min of seated rest, a trained technician 

collected a venous blood sample into three evacuated tubes (Greiner Vacuette; Monroe, 

NC) treated with serum-clotting chemical, EDTA, or sodium citrate. Sample tubes were 

mixed 10-times by inversion. EDTA and citrate tubes were held at room temperature 

until analysis, while serum tubes were centrifuged to separate serum, which was frozen 

at -80°C until the end of the human subjects trials. 

 

4.2.5  Traditional Disease Risk Factors 

In the present study, total cholesterol, HDL cholesterol, triglycerides, and glucose 

were measured using a series of enzymatic assays (Pointe Scientific) on an automated 

chemistry analyzer (ChemWell T; Awareness Technologies, Palm City, FL). All samples 

were analyzed in triplicate. 

 

4.2.6  Novel Cardiovascular Disease (CVD) Biomarkers 

CVD risk biomarkers were measured using multiplex technique (EMD Millipore 

Milliplex; Billerica, MD).The panel of 26 serum CVD risk biomarkers included: α-2-

Macroglobulin, adipsin, AGP, c-reactive protein, fetuin A, fibrinogen, haptoglobin, sE-

selectin, platelet factor 4, serum amyloid P, von Willebrand factor, BNP, CK-MB, 

CXCL6/GCP-2, CXCL16, endocan-1, FABP3, FABP4, LIGHT, oncostatin, placental 

growth factor, troponin I, IL-1β, IL-6, IL-8, and TNF-α. These were biomarkers were 

measured in duplicate on the same day using a Human CVD Panel 1 (HCVD1MAG-
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67K), Human CVD Panel 3 (HCVD3MAG-67K) and a Human High-Sensitivity Cytokine 

Panel (HSTCMAG28SPMX4). After following the manufacturer’s protocol for sample 

processing, samples were acquired using a Luminex MagPix (Austin, TX). All samples 

were assayed in duplicate on the same day in order to minimize intra- and inter-assay 

coefficient of variations. After acquisition, unknown values were calculated using a 7-

point standard curve method on Milliplex Analyst software (v. 5.1; EMD Millipore). 

 

4.2.7  Flow Cytometry for Monocytes 

Monocytes were measured to determine relative concentration (CD14 and CD16) 

and expression of cell-surface adhension molecules (CD11b and CD62L) using four 

color immunofluorescent assays. All antibodies were titered prior to analysis to ensure 

adequete signal-to-noise ratios (data not shown). Consistent with previous methods 

utilized in our laboratory (Carpenter et al., 2013; McFarlin, Williams, Venable, Dwyer, & 

Haviland, 2013; Strohacker et al., 2012), we seperated peripheral blood mononuclear 

cells (PBMC) from 10mL of EDTA-treated whole blood. After seperation using Leukosep 

tubes (Griener) and Ficoll-paque, cells were measured for concentration and viability 

using a ViaCount procedure (EMD Millipore). PBMC fractions were adjusted to a 

concentration of 5.5x106 cells per mL using PBS+1% BSA (Sigma-Aldrich; St. Louis, 

MO). All isolated PBMCs were >97% viable prior to cell-surface staining. Unless 

otherwise noted, all antibodies and staining solutions were purchased from a 

commercial vendor (eBioscience; San Diego, CA). An aliquot of the PBMC suspension 

(75 µL) was added to a 1.2 mL tube and 10 µL of each of the following diluted 

antibodies was added: CD14-, CD16-, CD11b-, and CD62L-.  After 1-h of staining in the 
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dark on ice, cells were washed once with PBS+1% BSA, and resuspended in a final 

volume of 200 µL of PBS with 1% PFA. Individuals samples were acquired on a Guava 

easyCyte 8HT equipped with blue (488 nm) and red (642 nm) lasers. A minimum of 

60,000 PBMC events were acquired for every samples, which translates to the 

collection of ~20,000 monocyte (CD14+) events. Prior to collection, the easyCyte was 

checked for calibration using easyCheck beads on a daily basis. Using calibration data, 

it was determined the day-to-day variablity associated with flourescence was <2%. 

In order to gate monocyte populations, flourescent minus one (FMO) controls 

were utlized for all detection channels on each subject sample. PMT voltages were set 

prior to acquistion to ensure that negative populations were isolated to the first log 

decade. Raw CSV files from the easyCyte were loaded into FCS Express (De Novo 

Software; San Diego, CA). Initial plots of SSC vs. CD14 were established to separate 

total monocytes from lymphocytes. Secondary plots were used to identify classic 

(CD14+/16-) and pro-inflammatory monocytes (CD14+/16+). The two subsets of 

monocytes were then assessed for cell-surface expression of CD11b and CD62L. 

 

4.2.8  Flow Cytometry for Endothelial Microparticles 

Samples for this study were prepared using a valdiated method developed in our 

laboratory (Venable et al., 2014). Briefly, platelet poor plasma (PPP) was generated by 

a two-step, two-speed (160 x g for 6-min; 15,000 x g for 30-min) centrifuge technique. 

EMPs were identified as those particles that were <3 µm and expressed CD144. Also, 

EMPs were counterstained to confirm that there was no contamination with platelet 

(CD42a-) or leukocyte (CD45-) microparticles. Isolated EMP fractions were labelled with 
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the following cocktail of cell-surface antibodies: CD144-PE, CD42a-FITC, and CD45-

APCeFluor780 for 60-min on ice in the dark. Following cell-surface staining, EMPs were 

fixed with with 1% paraformalyde prior to acquistion of an Imaging Flow Cytometry 

(EMD Millipore; FlowSight; Seattle, WA) equipped with quantative imaging and four 

lasers (405, 488, 642, and 785 nm). A minimum of 30,000 EMP (CD144+) were 

acquired for each sample in order to determine the concentration of EMPs. 

 

4.2.9  Statistical Analysis 

Prior to formal statistical testing, data were assessed for normality and constant 

error variance. Any non-normal data was log-transformed prior to formal statistical 

testing and noted in the results section. Subject descriptive variables were compared 

using a single-factor analysis of variance (ANOVA). Key outcome variables were 

analyzed using a group (obese, overweight, or normal) x treatment (natural cocoa and 

placebo) x time (baseline, 4-weeks post condition) ANOVA with repeated measures on 

the 2nd and 3rd factors. Location of significant effects was determined using multiple t-

tests with a Bonferroni correction for multiple comparisons. Significance was set at 

P<0.05. All statistical analysis was completed using SPSS (v.21; Chicago, IL). 

 

4.3  Results 

4.3.1  Traditional Disease Risk Factors 

Total cholesterol and glucose were similar between all three BMI groups at 

baseline and over time regardless of treatment. In obese subjects, triglycerides were 

39.7 mg/dL greater than normal weight and 54.2 mg/dL greater than overweight 
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subjects at baseline (P=0.044). Total cholesterol, glucose, and triglycerides did not 

appear to be significantly effected by subject supplementation with cocoa. We did find a 

significant Bar x Time effect for HDL cholesterol (P=0.020; Figure 4.1), where 

regardless of obesity group, HDL cholesterol was greater following cocoa (+9.8 mg/dL) 

than placebo (+1.7). While not significantly different, numerically the overweight (+12.2 

mg/dL) and obese (+14.7) experienced larger increases than normal weight (+2.3) 

following acute cocoa consumption.  

 

Figure 4.1: Serum HDL Cholesterol. Serum samples were collected following an 
overnight fast (>8-h) in normal weight, overweight and obese subjects. Obesity groups 
were determined according to BMI. Additional samples were collected following 4-
weeks of daily placebo of flavanol-rich cocoa consumption (12.7 g of natural cocoa per 
day; 355.6 g for 28-day treatment period). ✜ indicates all groups significantly greater 
than baseline following 4-week cocoa supplementation period (P=0.02). No significant 
differences were observed between the three obesity groups. 
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4.3.2  Novel Cardiovascular Disease (CVD) Biomarkers 

  Of the 26 biomarkers measured, significant interactions were only found for sE-

selectin (P=0.042; Figure 4.2A) and haptoglobin (P=0.034; Figure 4.2B). Within these 

effects the sE-selectin differed as a function of obesity group, but was not effected by 

the treatment and thus not likely of importance with respect to natural cocoa treatment. 

For haptoglobin the largest reductions were observed in the obese group following the 

cocoa treatment. Despite this decline, obese subjects still had significantly greater 

haptoglobin than normal weight and overweight subjects.  Numerically it appears that 

most of this reduction can be attributed to the obese subjects; however, the effect of 

group did not reach statistical significance with the current sample size (effect 

size=0.39).  We found statistical trends toward a bar x time interaction for endocan-1 

(P=0.067; Figure 4.2C); however, had this change been significant the effect would 

have been isolated to the obese group.  
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Figure 4.2: Serum sE-Selectin (A), Haptoglobin (B), and Endocan-1 (C). Serum samples 
were collected following an overnight fast (>8-h) in normal weight, overweight and 
obese subjects. Obesity groups were determined according to BMI. Additional samples 
were collected following 4-weeks of daily placebo of flavanol-rich cocoa consumption 
(12.7 g of natural cocoa per day; 355.6 g for 28-day treatment period). * indicates obese 
different than normal weight and overweight (P<0.05).  indica te s  p   
different than baseline in obese group (P<0.05).  
 

4.3.3  Endothelial Microparticle  

  We found a significant group x bar x time effect for EMP concentration (P=0.017; 

Figure 4.3). Within this effect we found that normal weight subjects had the lowest and 
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obese subjects had the highest EMP concentration prior to any treatments. With respect 

to the natural cocoa treatment, we found that both overweight and obese subjects 

experienced a significant decrease from baseline in EMP concentration.  

 

Figure 4.3: Circulating Endothelial Microparticle Concentration. Sodium citrate treated 
venous blood samples were collected without a tourniquet following an overnight fast 
(>8-h) in normal weight, overweight and obese subjects. Obesity groups were 
determined according to BMI. Additional samples were collected following 4-weeks of 
daily placebo of flavanol-rich cocoa consumption (12.7 g of natural cocoa per day; 355.6 
g for 28-day treatment period). Samples were analyzed using image-based flow 
cytometry to determine EMP concentration. * indicates obese greater than normal 
weight and overweight (P=0.017).  indica te s  po      
in obese group (P=0.017).  
 

4.3.4  Monocyte Concentration and Adhesion Molecule Expression 

  We found no significant effect of either obesity group or bar on total, classic, or 

pro-inflammatory monocyte concentration. With regard to adhesion molecule 

expression, we found no change in CD11b; however, we found a significant decrease in 

CD62L on all monocytes (P=0.047; Figure 4.4A) and pro-inflammatory monocytes 
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(P=0.049; Figure 4.4B). Specifically, we found that natural cocoa supplementation 

significantly reduced the expression of CD62L compared to the placebo condition. 

 

Figure 4.4: Cell-surface expression of CD62L on all monocytes (A) and pro-
inflammatory monocytes (B). EDTA-treated venous blood samples were collected 
following an overnight fast (>8-h) in normal weight, overweight and obese subjects. 
Obesity groups were determined according to BMI. Additional samples were collected 
following 4-weeks of daily placebo of flavanol-rich cocoa consumption (12.7 g of natural 
cocoa per day; 355.6 g for 28-day treatment period). Samples were analyzed using 3-
color flow cytometry. There was no difference in total or pro-inflammatory monocyte 
concentration over the course of treatment. * indicates obese greater than normal 
weight and overweight (P<0.05).  indica te s  pos t s upp    eline in 
obese group (P<0.05).  
 

4.4  Discussion  

Previously published research has focused almost exclusively on the effect of 

flavanol-rich cocoa consumption on various facets of endothelial health (Farouque et al., 

2006; Grassi et al., 2013; Monahan et al., 2011; West et al., 2014), which has 
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implications for the development of atherosclerosis. The key findings of the present 

study expand the existing knowledge base by demonstrating that 4-weeks of natural 

cocoa consumption decreased novel cardiovascular disease risk biomarkers 

(haptoglobin and endocan-1), decreased endothelial microparticles (EMP), and 

decreased monocyte expression of the CD62L (adhesion molecule). The present study 

also reinforces the fact that short-term consumption of cocoa increased HDL, which is 

anti-atherogenic. Only EMP concentration changed as a function of both BMI group and 

cocoa consumption. Specifically, obese and overweight women had the largest decline 

in EMPs when consuming cocoa. Of the changes we observed the cellular responses 

appear to be affected the most by cocoa consumption, while the effect on CVD 

biomarkers was less pronounced. To our knowledge the present work is the first 

published study to report that short-term cocoa intake is associated with reduced EMP 

concentration, haptoglobin, and endocan-1.  

In the present study we found that 4-weeks of cocoa consumption was 

associated with a 20% increase in HDL, which translated to about a 10 mg/dL increase 

in HDL across the three obesity groups. It is worth noting that we did not observe any 

statistically significant changes in total cholesterol, although with the increased in HDL, 

it can be inferred that LDL cholesterol likely decreased. This is consistent with the 5-

15% increase in HDL that has been previously reported in the existing literature 

following short-term cocoa consumption (Grassi et al., 2013; Latham et al., 2014; 

Moreno-Ulloa et al., 2014). While we did not specifically find an effect of obesity status 

on the change in HDL, numerically, the largest increase in HDL was observed in the 

obese subjects, which was anticipated because they had the lowest HDL prior to the 
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study. Overall, we observed an increase of HDL that is consistent with a reduced risk of 

CVD. 

Our observed reductions in EMP and monocyte CD62L expression have 

implications for pre-clinical risk of developing atherosclerosis. Specifically, our 

laboratory has previously demonstrated that within 3-h after consuming a high-fat meal, 

there is an increase in circulating EMP concentration (Strohacker et al., 2012), 

indicating that damage to the endothelium has occurred. Others have speculated that 

habitual consumption of high-fat foods not only causes obesity, but also damages the 

endothelial wall to the point that there is an increased risk of developing atherosclerosis 

(Chironi et al., 2009; Grassi et al., 2013). It was recently reported that patients with 

metabolic syndrome had 51% greater EMP concentration than matched controls (Helal 

et al., 2011). In the present study, we found that at baseline obese subjects had 48% 

greater EMP concentration than normal weight subjects and that cocoa consumption 

reduced the difference between obese and normal weight subjects to 4%. An increase 

in monocyte expression of CD62L (also known as L-selectin) has been linked to an 

increase in atherogenesis; however, CD62L differences have not been consistently 

reported between obese and non-obese individuals (Botham & Wheeler-Jones, 2013; 

Cottam, Schaefer, Fahmy, Shaftan, & Angus, 2002). In the present study, we found that 

obese subjects had 25% greater monocyte CD62L expression than normal weight 

subjects and that the difference was reduced to 2% following the consumption of cocoa 

for 4-weeks. Thus, with respect to pre-clinical risk factors for atherogenesis, short-term 

flavanol-rich cocoa consumption may represent a reasonable countermeasure. 
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Haptoglobin, sE-Selectin, and endocan-1 are biomarkers that are associated with 

vascular inflammation in sedentary individuals (Balta et al., 2014; Lavoie et al., 2010; 

Lee, Ku, Kim, & Bae, 2014). In the present study we observed significant differences at 

baseline for sE-Selectin and a trend for endocan-1 between the three BMI groups. The 

targeted biomarkers in the present study have been linked to CVD, but to our 

knowledge not compared in individuals of differing obesity status. Thus, demonstrating 

that obese subjects have elevated haptoglobin, elevated sE-selectin, and suppressed 

endocan-1 is novel. Specifically, at baseline obese subjects had 300% more 

haptoglobin, 275% more sE-selectin, and 17% less endocan-1 compared to normal 

weight subjects. Given the previously reported links between haptoglobin, sE-selectin, 

endocan-1, and atherogenesis, our findings with respect to obesity-associated 

differences are reasonable (Balta et al., 2014; Lavoie et al., 2010; Lee et al., 2014). 

Further examination of these biomarkers revealed that 4-weeks of cocoa consumption 

resulted in only a minor, 17% reduction in haptoglobin among obese subjects who still 

presented serum haptoglobin that was 250% greater than normal weight subjects. The 

findings observed for CVD biomarkers are contrary to what we found for monocyte 

CD62L expression and EMP concentration in that the serum biomarkers were minimally 

altered following cocoa consumption, which suggests that short-term cocoa 

consumption may either not be effective for these purposes or may need to be 

combined with one or more lifestyle modifications to facilitate an effect. 

Consistent with established literature, we demonstrated that individuals of 

differing obesity status differ in several key and novel biomarkers for CVD risk. Of these, 

we found that short-term cocoa consumption has the greatest impact on HDL, EMPs, 
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and monocyte CD62L expression. In contrast, we observed only very modest reductions 

in haptoglobin following short-term consumption of cocoa. Functionally our findings 

regarding haptoglobin and other serum CVD biomarkers are consistent with the 

literature because they are generally stable and should not change with minor 

manipulations of one’s lifestyle (such as cocoa consumption in the present study), while 

the cellular factors are believed to be much more transient. As with any research study 

there are potential experimental limitations that were known before the study began. In 

previous research from our lab (Strohacker et al., 2012), we noted a trend toward 

gender influencing EMP concentration. As such, we choose to eliminate this potential 

source of error by studying only women. Also, by using only women, the results of the 

present study are not directly applicable to men. It is also worth noting that none of the 

subjects in this study had any doctor diagnosed CVD. It is possible that had we 

specifically recruited subjects with known CVD that we would have observed more 

profound changes in our outcomes.  

In summary, the key findings of the present study reinforced the notation that 

small lifestyle changes, such as the daily incorporation of natural cocoa have the 

potential to transiently alter cellular disease factors in a clinical relevant manner. To a 

lesser extent, we found that daily cocoa consumption lowered selected CVD 

biomarkers; however, these changes were much smaller and may have less clinical 

relevance. Future studies should seek to further explore and identify disease risk 

outcomes that are affected by daily consumption of natural cocoa. It is the hope that the 

findings of the present study provide additional justification for the consideration of 

natural cocoa supplementation during a long-term weight loss intervention. 
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CHAPTER 5 

THE EFFECT OF CURCUMIN SUPPLEMENTATION ON PHYSICAL AND 

BIOLOGICAL INDICES OF DELAYED ONSET MUSCLE SORENESS  

AND INFLAMMATION FOLLOWING MUSCLE INJURY 

5.1  Introduction 

A comprehensive training plan includes a mixture of aerobic exercise and 

resistance training aimed at building/maintaining muscle mass during a competitive 

season. An inherent issue associated with the resistance training component is delayed 

onset muscle soreness (DOMS), which limits subsequent training and performance 

sessions. In extreme cases when too much resistance training is performed, muscle 

inflammation can significantly limit physical functioning. The only proven treatment for 

the treatment of inflammation is the use of non-steroidal anti-inflammatory drugs 

(NSAID). NSAIDs act by suppression of the cyclooxygenase-2 (COX-2) pathway which 

results in decreased the production of prostaglandins, thromboxane A2, pro-

inflammatory cytokines (e.g. IL-1β, IL-6, IL-8, and TNF-α) and acute phase proteins 

(e.g. c-reactive protein) (Housby et al., 1999). While this method of treatment is 

appealing, heavy usage is not without side effects (CNS disorders).  

NSAIDs are a very effective treatment that eliminates pain and inflammation 

associated with injury; however, this later effect on inflammation is problematic when it 

comes to the exercise-induced DOMS response. Inflammation is a required component 

of the healing process, thus a complete elimination of inflammation during DOMS may 

actually reduce the effectiveness of resistance training by limiting recovery. Also, 

NSAIDs are not without side effects and the most common are gastrointestinal issues 
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and central nervous system problems. Given the side effects associated with long-term 

NSAID use, recent research has focused on dietary polyphenols with purported anti-

inflammatory actions.  

Curcumin, a yellow pigment derived from turmeric (Curcuma longa) spice, acts 

via similar pathways as NSAIDs, but lacks the side effects associated with NSAIDs. 

Specifically, curcumin exerts its action by decreased expression of nuclear factor-

kappaB (NF-κB) and activator protein-1 (AP-1) (Aggarwal, Gupta, & Sung, 2013; Cho et 

al., 2009; Doyle & O'Neill, 2006; Tokmakidis, Kokkinidis, Smilios, & Douda, 2003). NF-

kB and AP-1 are transcription factors associated with pro-inflammatory cytokine 

production during the DOMS response. Only a handful of studies have examined 

curcumin as a treatment of exercise-induced inflammation. In mice curcumin 

supplementation has been linked to decreased serum creatine kinase, decreased pro-

inflammatory cytokines (IL-1β, IL-6, and TNF-α), decreased serum chemokine 

concentration (MCP-1, CXCL-14), decreased COX-2 mRNA expression, and decreased 

oxidative stress following a bout of downhill treadmill running (Davis et al., 2007; 

Kawanishi et al., 2013). In humans curcumin supplementation has been linked to 

decreased serum pro-inflammatory cytokines (IL-8) and trends towards reduced pain 

(Drobnic et al., 2014). The limited published data regarding curcumin suggests that it 

may be an effective treatment for exercise-induced DOMS; however, proper curcumin 

for effective use has not been established. Further, the published studies have focused 

on a very narrow panel of inflammatory markers. The purpose of this study was to 

determine an effective dose of dietary curcumin intake that was needed to mediate 

physical and biological indices of DOMS. Physical indices included ratings of perceived 
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soreness, completion of muscle performance tests, and surveys of joint soreness. 

Biological indices include measurements of serum creative kinase, serum pro-

inflammatory cytokines, and serum micro RNA (miRNA) associated with inflammation.  

 

5.2  Methods 

5.2.1  Approach to the Problem  

All methods were reviewed and approved by the University of North Texas 

Institutional Review Board and all data was collected in accordance with the guidelines 

outlined in the Declaration of Helsinki. Subjects gave written consent after a member of 

the study staff explained the risks and benefits associated with participation in this 

study. The number of subjects needed to complete the present study was determined a 

priori based on currently published data regarding DOMS-associated inflammatory 

variables (Kanda et al., 2013). In reviewing the existing data, it was determined that the 

smallest effect size was associated with curcumin-induced changes in serum TNF-α 

(0.38). Using commercially available software (G-Power; Düsseldorf, Germany), we 

calculated that we needed a minimum of 8 subjects per treatment condition in order to 

determine a significant difference between placebo and the lowest curcumin (200 mg) 

group. In order to account for subject attrition, we enrolled at least 10 subjects per 

treatment group.  

 

5.2.2  Subject Screening  

Subjects were recruited from classes in the Department of Kinesiology, Health 

Promotion, and Recreation at the University of North Texas. Interested subjects were 
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asked to complete a medical history questionnaire to screen for inclusion/exclusion 

criteria. Exclusion criteria included outside the age range (18-35 y), regular use of 

NSAID (>2 doses per week), regular intake of curcumin (>2 d per week), regular lower 

body resistance exercise (>1 d per week), cardiovascular/metabolic disease (e.g. 

atherosclerosis, type 2 diabetes, etc.), autoimmune disorders (e.g. type 1 diabetes, 

multiple sclerosis, etc.), musculoskeletal disorders (e.g. osteoporosis, muscular 

dystrophy, etc.), and any other condition that resulted in the individual being classified 

outside of the “apparently healthy” guidelines set forth by the American College of 

Sports Medicine (American College of Sports Medicine, 2013). Subjects who met the 

inclusion/exclusion criteria had their body mass index (BMI) and percent body fat 

determined. BMI was calculated based on measured height and weight (Keys, Fidanza, 

Karvonen, Kimura, & Taylor, 2014). Body composition was determined using a whole 

body, dual x-ray absorptiometry scan (Lunar Prodigy, GE Healthcare, Piscataway, NJ). 

Adult, whole body software was used to determine the percentage of body fat. Subjects 

were excluded if they presented with greater than normal BMI (18.5-24.9 kg/m2) or body 

fat percentage (men >20%; women >30%). The consort diagram demonstrates the 

progression of subjects from interest to enrollment (Figure 5.1). 
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Figure 5.1: Consort diagram. Representation of the consort recruitment for the present 
study. The subject pool began with 414 interested subjects and was reduced to 26 
based on inclusion/exclusion criteria. Subjects completed an eccentric exercise protocol 
designed to elicit muscle damage. Subjects were assigned to either one of three 
curcumin treatment groups or placebo. Subjective soreness and biological measures of 
muscle damage and inflammation were analyzed.  
 

5.2.3  Muscle Strength Measurement 

Inclined (45°) leg press one repetition maximum (1RM) was determined 

according to established methods. Subjects were instructed how to complete the range 

of motion and were required to demonstrate the proper movement with no added weight 

prior to beginning the 1RM test. After demonstrating proficiency in the leg press 

movement, the initial resistance was added to the sled (men: 115 kg; women: 70 kg). 

Additional resistance was added (11-22 kg increments) until the subject could no longer 
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complete the full range of motion. Subjects were allowed 2-min of recovery between 

attempts. When the subject could still perform on the fifth attempt, the subject was 

scheduled to report back to the laboratory at least 48-h later and complete additional 

attempts at the 1RM. The average number of attempts to complete the 1RM was 4 ± 1 

repetitions.  

 

5.2.4  Curcumin Supplementation  

Subjects were assigned to one of the following four conditions: 1000 mg 

curcumin/day (200 mg bioactive), 400 mg curcumin/day (80 mg bioactive), 200 mg 

curcumin/day (40 mg bioactive), or placebo. Curcumin supplements were obtained from 

a commercially available source of optimized curcumin (Verdure Sciences; Noblesville, 

IN). Dosing was initiated 48-h prior to the muscle damage protocol and continued until 

72-h post damage (total of 6 doses). This dosing regimen was used because according 

to the manufacturer, this form of optimized curcumin take approximately 48-h to reach 

peak serum concentrations. Further, a pilot study completed prior to the present study 

demonstrated that serum creatine kinase concentration was 40% lower when subjects 

consumed curcumin 48-h prior to damage vs. immediate after damage (unpublished). A 

stratified method was used to randomize subjects to conditions based on balancing 

genders and 1RM. A double-blind approach was used where every subject consumed 5 

pills per day, regardless of the group assignment. Each pill contained either 200 mg of 

curcumin or placebo (rice flour).  
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5.2.5  Muscle Damage Protocol  

Subjects completed a 6 sets x 10 repetitions (2-min of rest between sets) on the 

inclined leg press exercise at 110% 1RM. Prior to beginning the exercise, subjects were 

instructed to maintain a constant rate of speed (~4-sec) while lowering the weight 

(eccentric phase). Subjects were provided assistance when raising the weight 

(concentric phase) to minimize exertion. After completion of the final set, subjects were 

instructed to refrain from any additional exercise until the final day of the study (96-h 

post exercise). 

 

5.2.6.  Physical Indices of Muscle Damage   

Physical measurements of muscle damage included the assessment of 

subjective muscle soreness, completion of a modified Knee Injury and Osteoarthritis 

Outcome Score survey (KOOS), muscle performance testing, and muscle functional 

capacity testing. 

 

5.2.6.1 Subjective Muscle Soreness  

Muscle soreness was measured at the proximal, middle, and distal portion of the 

left and right quadriceps. To complete each measure, a standardized force (30-40 N) 

was applied over the selected site using a push strain gauge. While the force was 

applied, subjects were asked to rate their soreness using a 10 cm visual analog scale 

(VAS) (Grant et al., 1999).  
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5.2.6.2 Knee Injury and Osteoarthritis Outcome Score Survey 

A modified 11-item KOOS survey (Roos, Roos, Lohmander, Ekdahl, & Beynnon, 

1998) was used for subjects to record their symptoms associated with muscle soreness 

and their capacity to perform activities of daily living during the previous 24-h.  

 

5.2.6.3 Muscle Performance Testing   

Testing consisted of a squat, drop, and countermovement jumps as described 

previously (Fernandez-Gonzalo, Lundberg, Alvarez-Alvarez, & de Paz, 2014). Each 

jump test was performed in triplicate and peak power, peak velocity, average power, 

and average velocity were measured using a Tendo Power Analyzer (Tendo Sport 

Machines, Slovak Republic). The highest value from the triplicate tests was used for 

subsequent analysis.  

 

5.2.6.4 Muscle Functional Capacity Testing  

A timed 40-m walk test, timed 13-stair ascend/descend test, and 30-second chair 

squat test were used as measures of muscle capacity to perform daily living activities 

(Dobson et al., 2013). With the exception of the chair squat test, the other two tests 

were completed in triplicate with the best performance used for subsequent analysis. A 

single attempt was used for the chair squat test since it was more difficult and less 

variation typically occurs compared to the other two tests.  
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5.2.7  Biological Indices of Muscle Damage  

After an overnight fast (>8-h), subjects reported to the laboratory sat quietly for 

30-min prior to having their blood collected. Venous blood was collected into an 

evacuated tube containing a serum-clotting agent (Greiner Bio-One; Monroe, NC). 

Blood was allowed to clot at room temperature for 30-min prior to be centrifuged to 

isolate serum, which was frozen in aliquots at -80°C until additional analysis was 

completed.  

 

5.2.7.1 Creatine Kinase Analysis  

Serum was analyzed to determine creatine kinase concentration using a kinetic 

assay (Pointe Scientific; Canton, MI) on an automated blood chemistry analyzer 

(Chemwell-T; Awareness Technologies; Palm City, FL). All samples were analyzed in 

duplicate. Intra- and inter-assay CV is <1.2% and <1.5%, respectively, as reported by 

the manufacturer. 

 

5.2.7.2 Cytokine Analysis  

Serum was analyzed in duplicate for the concentration of IL-1β, IL-6, IL-10, and 

TNF-α using a bead-based multiplex assay (Milliplex; EMD Millipore, Billerica, MA) 

(McFarlin & Venable, 2013). Unknown samples were incubated with magnetic 

polystyrene microspheres, detection antibodies, and acquired on a calibrated MagPix 

analyzer (Luminex Corp., Austin, TX). Data files were analyzed post-acquisition to 

determine cytokine concentration using Milliplex Analyst Software (EMD Millipore). 
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Intra- and inter-assay CV is <10% and <5%, respectively, as reported by the 

manufacturer. 

 

5.2.7.3 Micro RNA Analysis  

Serum were analyzed for the relative abundance of 7 micro RNAs (21a, 27a, 

34a,146a, 155a, 181a, and 223a) by a commercial laboratory (Firefly BioWorks; 

Cambridge, MA). In order to control for sample loading, all analyses were normalized to 

hsa-let-7d, hsa-let-7i, and/or hsa-mir-16.  Briefly, serum (40 µL) was mixed with digest 

buffer (36 µL) and 10% protease mix (4 µL) and incubated for 45-min at 60°C with 

agitation. Digested serum was mixed with Firefly smart particles (35 µL) and 

hybridization buffer (25 µL) and incubated for 60-min at 37°C with agitation. Hybridized 

particles were ligated for 60-min before being subjected to 27 cycles of PCR 

amplification. After rinsing, Firefly smart particles were acquired using an easyCyte flow 

cytometer and raw data files were analyzed using Firefly Analysis Workbench software. 

Analyzed data was returned to UNT for statistical analysis and interpretation. 

 

5.2.8  Statistical Analyses 

All data was analyzed using SPSS (v. 22; IBM Corp., Chicago, IL). Prior to formal 

statistical testing, data were assessed for normal distribution. Any non-normally 

distributed data was log-transformed prior to analysis. Statistical outliers were identified 

using the EXPLORE function in SPSS. Outcome variables were separately analyzed for 

significance using a condition (4 levels: 1000, 400, 200, and placebo) by time (5 levels: 

0, 24, 48, 72, and 96-h) analysis of variance (ANOVA) with repeated measures on the 
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second factor. Significant alpha values were adjusted using the Huynh-Feldt method to 

account for the repeated measures design. Location of significant effects was 

determined using multiple t-tests with Bonferroni corrections for multiple comparisons. 

Significance was set at p < 0.05. Effect size for each outcome variable was calculated 

by taking the square root of the partial eta squared value from the ANOVA test. 

 

5.3  Results  

5.3.1  Subjective Muscle Soreness  

Analysis revealed a significant main effect for time for total right leg VAS (p < 

0.001; β = 1.000; E.S. = 0.73), total left leg VAS (p < 0.001; β = 1.000; E.S. = 0.71), and 

combined leg VAS (p < 0.001; β = 1.000; E.S. = 0.73). No significant differences were 

found as a function of the current sample size; however, there was a trend toward 

condition x time interaction where the right (Figure 5.2 A) and left (Figure 5.2 B) leg VAS 

tended to be lower than placebo with increased curcumin dose. The effect size 

associated interaction effect with the VAS response was less than we predicted based 

on preliminary data. 
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Figure 5.2: Subjective muscle soreness and KOOS Survey. Subjects completed a two-
day curcumin or placebo supplementation and reported to the laboratory before muscle 
damage (baseline) and at four time points after muscle damage (24-, 48-, 72-, and 96-
h), while continuing curcumin treatment. Subjects sat, rested and reported subjective 
soreness (right and left leg VAS) in response to 30-40 N of external force. KOOS scores 
were reported following subjective soreness measures.  There was a main effect for 
time for VAS (Right and left; p < 0.001) and KOOS scores (p < 0.001). Values are 
means with standard error represented by vertical bars.  
 

5.3.2  KOOS Survey  

Similar to subjective muscle soreness, we found a significant time effect for 

KOOS scores (p < 0.001; β = 1.000; E.S. = 0.81); however, this did not manifest in a 

significant interaction effect (Figure 2C). The effect size associated with the interaction 

effect of the KOOS was even lower than that of VAS scores, but appeared to trend the 

same direction where higher doses of curcumin tended to result in lower KOOS scores 

during recovery. 
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5.3.3  Muscle Performance and Functional Capacity Testing  

There was no obvious condition x time interactions for any of the three muscle 

performance or the three functional capacity tests. There were also no obvious 

interaction effects to suggest trends toward improvements in these muscle function 

tests as a result of curcumin supplementation. It does not appear that curcumin 

supplementation effects this aspect of muscle recovery (Figures 5.3 A-C).  

 

Figure 5.3: Representation of physical performance data. Subjects completed a two-day 
curcumin or placebo supplementation and reported to the laboratory before muscle 
damage (baseline) and at four time points after muscle damage (24-, 48-, 72-, and 96-
h), while continuing curcumin treatment. Physical performance measures were made 
immediately prior to muscle damage and at every follow-up visit following subjective 
measures of muscle soreness and blood draws. There were no significant main or 
interaction effects for any of the physical performance measures. Values are means 
with standard error represented by vertical bars. 
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5.3.4  Creatine Kinase Concentration  

There was a main effect for time (p < 0.001; β = 0.994; E.S. = 0.56) for serum CK 

concentrations (Figure 5.4 A). While not significant there were some potentially 

interesting interaction trends where higher doses of curcumin appeared to result in 

lower CK concentrations.  

 
5.3.4  Serum Cytokine Concentration  

A significant condition x time interaction was observed in serum TNF-α 

concentrations (Figure 5.4 B; p = 0.049; β = 0.847; E.S. = 0.48). While not significant at 

the current sample size, a similar trend was observed for IL-6 (Figure 5.4 C; p = 0.294; 

β = 0.401; E.S. = 0.39). There were no obvious condition differences for IL-1β or IL-10.  

 

Figure 5.4: Serum creatine kinase and inflammatory cytokines.  Subjects completed a 
two-day curcumin or placebo supplementation and reported to the laboratory before 
muscle damage (baseline) and at four time points after muscle damage (24-, 48-, 72-, 
and 96-h), while continuing curcumin treatment. Serum concentrations of creatine 
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kinase were determined using a kinetic assay (Pointe Scientific) and an automated 
blood chemistry analyzer (Chemwell T; Awareness Technologies). Serum 
concentrations of inflammatory cytokines were analyzed using a high-sensitivity 
multiplex cytokine kit (EMD Millipore and Luminex Magpix instrument). There was a 
main effect for time for creatine kinase (p < 0.001), but no interaction effect. An 
interaction effect serum TNF-α was found at 96-h into recovery for the highest curcumin 
group (1000 mg/d) compared to placebo (p = 0.049). There was a trend toward 
significance for this effect in serum IL-6 concentration (p = 0.294). Values are means 
with standard error represented by vertical bars. * Mean value was significantly different 
from 1000 mg/d treatment group (p < 0.05). 

 

5.3.5  Micro RNA Analysis  

There were no significant main or interaction effects for any of the serum miRNA 

measurements.  Although not significant, a trend towards significance was observed in 

mir-146a (Figure 5A; p = 0.407; β = 0.401; E.S. = 0.38), mir-181a (Figure 5B; p = 0.341; 

β = 0.502; E.S. = 0.42), mir-155 (Figure 5C; p = 0.340; β = 0.474; E.S. = 0.476). There 

were no observable trends for the remaining serum miRNAs measured.  
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Figure 5.5: Serum miRNA.  Subjects completed a two-day curcumin or placebo 
supplementation and reported to the laboratory before muscle damage (baseline) and at 
four time points after muscle damage (24-, 48-, 72-, and 96-h), while continuing 
curcumin treatment. Serum miRNA relative abundance was determined via Firefly smart 
particle labeling (Firefly BioWorks) and hybridization. Hybridized particles underwent 
PCR and were analyzed via flow cytometric analysis. There were no significant main or 
interaction effects for the measured miRNA, but there was a trend toward significance in 
miR-146a (p < 0.407), miR-181a (p < 0.341), and miR-155 (p < 0.340). 
 

5.4  Discussion 

 The present study aimed to explore the efficacy of curcumin use as a 

countermeasure to exercise-induced muscle damage (EIMD). The effect size and 

subsequent sample size needed to complete the present study were calculated a priori 

based on data from other published studies in humans (Drobnic et al., 2014; Takahashi 

et al., 2014). Unfortunately, the effect size of the key outcomes in the present study was 

lower than anticipated and as such the majority of our outcome variables failed to reach 

a benchmark 80% power. Despite the lack of significance, we did observe several 
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potentially interesting statistical trends that may provide insight regarding the 

mechanism of action for curcumin. The only statistically significant outcome was present 

for serum TNF-α, which was 48% lower in the highest curcumin dose (1000 mg/d) 

compared to placebo at 96-h. Post hoc sample size analysis on the remaining outcome 

variables revealed that an addition of at least 10-15 additional subjects in each group 

(40-60 total subjects) would provide sufficient statistical power to be able to fully 

evaluate the observed mathematical differences between groups. The interpretation 

presented below is largely based on attempts to understand the statistical trends 

observed in the present study.  

 With respect to curcumin dose effects, it appears that the 1000 mg/d group was 

associated with the greatest reductions in both physiological and biological indices of 

muscle damage. These effects were less pronounced in the 400 mg/d group and only 

partially present in the 200 mg/d group for most of the key outcomes. Specifically, 

subjective muscle soreness was lower during recovery in the 1000 and 400 mg/d 

groups compared to 200 mg/d and placebo groups beginning at 48-h of recovery. Our 

observed trend toward reduced soreness is consistent with Drobnic et al. (Drobnic et al., 

2014), who also demonstrated a trend towards reduced soreness with curcumin 

supplementation.  

 In the present study, we found a significant increase in serum creatine kinase 

across all groups, which indicated that our protocol was sufficient for causing muscle 

damage. We found a trend where the 1000 and 400 mg/d groups tended to have 

reduced serum creatine kinase (CK) beginning at 72-h of recovery. This timing perfectly 

coincides with events associated with delayed onset muscle soreness (DOMS), whose 
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symptoms typically manifest at 48-72 h after initial damage (Cornish & Johnson, 2014; 

Ra et al., 2013). Also, when taken into consideration with our observed trends in 

reduced muscle soreness at 48-h, it appears that higher curcumin doses may be 

associated with alterations in the body’s response to DOMS. While our observations did 

not reach significance the observed trends are consistent with what others have 

reported (Davis et al., 2007; Drobnic et al., 2014). Specifically, two previous studies in 

mice reported reduced serum CK following downhill running when the mice consumed 

curcumin at least 72-h before the exercise (Davis et al., 2007). In the two published 

human studies, curcumin was not associated with decreased CK; however, curcumin 

was not administered long-term before the EIMD (Drobnic et al., 2014). The previous 

observed differences between studies with respect to curcumin and serum CK may be 

due to low bioavailability (Mohanty et al., 2012) and/or uptake of curcumin into the blood 

(Kato et al., 2012). This latter speculation is supported by the trend of the present study 

because the 1000 and 400 mg/d groups tended to have the lowest serum CK response 

compared to the 200 mg/d group.   

 Measurement of subjective muscle soreness and serum CK concentration are 

classic measures of muscle injury; however, recent studies have focused on the ability 

of curcumin to exert anti-inflammatory actions, inhibiting the formation of inflammatory 

cytokines (Davis et al., 2007; Drobnic et al., 2014). In vitro studies have demonstrated 

that curcumin alters phosphorylation and nuclear translocation of nuclear factor-kappaB 

(NF-κB) and activator protein-1 (AP-1) (Chun et al., 2003; Kang et al., 2004). In addition 

to altering inflammatory cytokine production, NF-κB and AP-1 are responsible for the 

production of COX-2 (Hsu, Lee, Lin, Hsiao, & Yang, 2015; Ulivi, Giannoni, Gentili, 
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Cancedda, & Descalzi, 2008). In the present study, we found that the highest curcumin 

dose (1000 mg/d) was associated with reduced serum TNF-α at 96-h of recovery 

compared to the placebo group. In further examining our TNF-α response, it appears 

that with additional subjects we may also realize a significant reduction in TNF-α at 72-h 

of recovery. Also, we observed a similar trend toward a reduced serum IL-6 

concentration between 24 and 72-h of recovery with curcumin. We did not observe any 

obvious trends for either reduced IL-1β or IL-8.  Studies in mice and humans are 

inconsistent regarding which serum inflammatory cytokines change and by how much 

(Davis et al., 2007; Drobnic et al., 2014); however, our observed changes in TNF-α and 

IL-6 are at least consistent with previously published findings. Published studies have 

largely focused on measurement of NF-κB and AP-1 activation (e.g. inflammatory 

cytokines and COX-2), but to our knowledge no published studies have attempted to 

determine how EIMD directly affects expression levels or nuclear translocation of NF-κB 

and AP-1. This latter effect may be a suitable target for future research efforts. 

Recent research has linked circulating micro RNA (miRNA) to a variety of 

biological pathways, including inflammation (Hu et al., 2014; Xie et al., 2013; Yis et al., 

2015). Thus, there is potential for miRNA to play a role in the post-exercise DOMS 

response. The seven miRNA measured in the present study were selected because 

they have been previously linked to the regulation of cellular inflammatory capacity 

(Ranjha & Paul, 2013). Both mir-181a and mir-146a inhibit inflammatory capacity in 

monocytes and macrophages, which are key players in the mediation of the post-

exercise DOMS response (Baldeon et al., 2014; Xie et al., 2013). In the present study 

we observed a trend toward an increase in mir-181a (24 and 48-h) and mir-146a (72-h) 
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during recovery regardless of curcumin dose. When this change was taken in 

combination with the observed reductions in IL-6 and TNF-α (at 72 and 96-h), it appears 

that regulatory miRNA may be another means by which curcumin exerts its anti-

inflammatory actions. In contrast, we observed that higher curcumin doses (1000 and 

400 mg/d) were associated with lower mir-155 at 48-h of recovery compared to placebo. 

Mir-155 acts oppositely from mir-181a and mir-146 in that high serum concentrations of 

mir-155 are associated with elevated inflammation (Hu et al., 2014). Thus, our trend 

toward reduced mir-155 is consistent with an anti-inflammatory action of curcumin. The 

observed trends for miRNA are consistent with the anti-inflammatory actions we 

observed in other outcome variables. The study of miRNA is a novel aspect of this study 

because this outcome is not traditionally studied in nutritional models of muscle 

recovery. Previous research has aimed to identify changes in miRNA abundance in 

response to an eccentric exercise stimulus. These findings indicate that plasma miRNA 

concentrations are most altered between 6 and 24 hours after eccentric exercise 

(Banzet et al., 2013). Additionally, curcumin has been purported to exert anti-

inflammatory actions with regard to miRNA abundance (Milenkovic, Jude, & Morand, 

2013). To our knowledge no study has combined muscle damage and curcumin with 

respect to miRNA outcome measures. The data presented in the present study 

demonstrates a need to further investigate miRNA during recovery while treating with a 

bioactive polyphenol.   
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5.5  Conclusion 

The key findings of the present study provide compelling data to support the 

notion that curcumin exerts anti-inflammatory actions during DOMS as a function of 

dose administered. Higher doses appear to be necessary to exert all of the possible 

anti-inflammatory actions. A major limitation of the present study was associated with 

the fact that the observed sample size was not sufficient for evaluating all of the 

outcomes with the current effect size. In a future experiment we will need to enroll 

additional subjects to expand the sample size to a level sufficient to achieve significance 

for the targeted outcome variables.  

 

5.6  Practical Application 

This study aimed to evaluate curcumin supplementation as a treatment for EIMD. 

Within this study, we demonstrated that curcumin has the potential to mediate multiple 

indices of muscle damage, including subjective soreness (VAS), muscle damage (CK), 

and inflammation (TNF-α, IL-6, serum miRNAs). These findings are valuable and will 

provide direction for future studies whose focus will allow a better determination of the 

appropriate dosing needed to accelerate the rate of muscle recovery. In the immediate 

term, the present findings will be useful to practitioners who are interested in employing 

bioactive compounds for the treatment of muscle soreness and injury. Lastly, we hope 

to contribute to the growing knowledgebase of curcumin as an anti-inflammatory agent.
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CHAPTER 6 

DISCUSSION 

The purpose of these projects was to further elucidate the benefits of dietary 

polyphenols on vascular health and recovery from EIMD. This project had many novel 

facets including the development of two measurements leveraging the power of image-

based flow cytometry. To our knowledge, we are the first to demonstrate microparticle 

contamination in platelet-poor plasma samples. To address this issue, we validated the 

use of CD144 as a definitive marker of endothelial microparticles (EMP). EMPs 

represent a useful measure of vascular wall damage and thus risk of atherosclerosis. 

We also demonstrated a method for simultaneous detection of mRNA and protein for 

TNF-α following incubation with LPS (inflammatory challenge). This measure of 

monocyte inflammatory capacity may be useful to evaluate the effectiveness of 

biological treatments known to modulate inflammation. With these methods developed 

and validated, we then used them to test the effects of two different dietary polyphenols 

(catechins and curcumin) on inflammation associated with cardiovascular (catechin 

effect) and exercise-induced muscle damage (curcumin).  

The first data chapter described in this project offered an alternate method for the 

identification of EMPs. By using CD144 compared to traditional CD31/51 stains (Bernal-

Mizrachi et al., 2003; Jimenez, Jy, Mauro, Horstman, & Ahn, 2005; Minagar et al., 2001; 

Mutin, Dignat-George, & Sampol, 1997; Strohacker et al., 2012; Thomashow et al., 

2013) we were able to increase the ability to identify pure EMP populations. 

Additionally, by combining CD144 with CD45, CD66b, and CD42a the resultant EMP 

fraction was improved to exclude previous contaminants (i.e. GMP, LMP, PMP). In an 
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effort to reduce assay cost, the argument could be made that the combination of CD144 

and CD42a would suffice in the exclusion of unwanted microparticles. A secondary aim 

of this project was to use the proposed CD144/CD42a staining technique to identify the 

most appropriate means of isolating PPP from whole blood for the identification of 

EMPs. We tested the four most commonly methods used in the literature that did not 

require an ultracentrifuge step (Bernal-Mizrachi et al., 2003; Jimenez, Jy, Mauro, 

Horstman, & Ahn, 2005; Minagar et al., 2001; Mutin, Dignat-George, & Sampol, 1997; 

Thomashow et al., 2013). Using the staining technique described in this report, we 

found that a two-step centrifugation using one low speed step (10-min at 160 x g) 

followed by one moderate speed step (6-min at 1500 x g) yielded an EMP fraction that 

was free of most contaminating cell fragments and platelets. However, by increasing the 

speed and time of the second centrifugation step (30-min at 15000 x g) the EMP 

fraction can be concentrated further. 

Our goal in describing this method was to present an alternate method for the 

identification of EMPs in the clinical setting. EMPs serve as critical indicators for the 

presence of vascular damage and the progression of other cardiovascular diseases 

(Bernal-Mizrachi et al., 2003; Carp et al., 2004; Mutin, Dignat-George, & Sampol, 1997; 

Strohacker et al., 2012). This method was developed and validated with the intent 

purpose to use it to study how consumption of dietary polyphenols alters disease risk. 

By including this measurement with the consumption of dietary polyphenols, we may 

gain insight into the improvement of vascular health. 

 The second data chapter detailed a novel method for the simultaneous detection 

of intracellular TNF-α mRNA and protein in monocytes using image-based flow 
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cytometry. After LPS stimulation, isolated cells were stained with antibodies against 

CD14 to monocytes and TNF-α protein. In a series of additional steps, mRNA was 

labeled, hybridized, and amplified to increase the fluorescent signal. The use of this 

method provided additional information regarding the interplay between mRNA 

transcription/translocation and protein translation. In future studies, this method can be 

used to identify how dietary polyphenols alter the inflammatory capacity of circulating 

blood monocytes. 

The third data chapter used the EMP method described in the first data chapter 

to demonstrate how consumption of a dietary polyphenol (natural cocoa) altered a 

soluble marker of vascular inflammation. The key findings of this project demonstrated 

that alteration of one’s typical diet to include natural cocoa (rich in catechins) lowered 

atherogenic risk via a reduction in circulating EMP concentration. We also found that 

natural cocoa consumption lowered selected CVD biomarkers (haptoglobin, CD62L); 

however, these changes were much smaller and may have less clinical relevance. 

Future studies should seek to further explore and identify disease risk outcomes that 

are affected by daily consumption of natural cocoa and other potent dietary 

polyphenols.  

The fourth data chapter focused on examining the effect of curcumin on 

inflammation following EMID. The key findings of this study provide compelling data to 

support the notion that curcumin exerts anti-inflammatory actions during DOMS as a 

function of dose administered. Higher doses appear to be necessary to exert all of the 

possible anti-inflammatory actions. In addition to these anti-inflammatory effects, 

curcumin supplementation (1000 mg/day) compared to placebo appears to numerically 
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lower subjective soreness during recovery. This finding may prove valuable in assuring 

that athletes and recreational exercise can return to normal function faster while 

supplementing. The end result from this accelerated return to function results in more 

physical work being completed and potential gains can be realized.  

The most consistent results in human subjects have been associated with 

curcumin dosing. Only curcumin has demonstrated similar outcomes between 

mice(Davis et al., 2007; Kawanishi et al., 2013) and men(Drobnic et al., 2014; 

Takahashi et al., 2014) when longer-term dosing was used.  Curcumin is promising, but 

more research is needed to full characterize and define dosing parameters that result in 

the most effective treatment response.  This data is needed in order for curcumin to 

become an effective mainstream treatment for recovery from EIMD. 

These studies contribute to a growing understanding of the impact of dietary 

polyphenols on inflammation associated with various biological processes. Specifically, 

vascular inflammation and exercise-induced muscle damage are proven to be altered 

following consumption of dietary polyphenols compared to a placebo. Vascular 

inflammation is a complicated process that is increased by inflammation and cellular 

oxidation. Given the nature of the progression of vascular inflammation, the 

implementation of regular ingestion of dietary polyphenols may be advantageous in its 

prevention. Here, we demonstrated that catechins improved traditional and novel 

measures of vascular inflammation in obese. 

Additionally, we demonstrated that daily consumption of dietary polyphenols, 

beginning as early as two days before muscle damage, mitigate the inflammation 

associated with EIMD. Although our results are promising, we failed to reach statistical 
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significance in several of our inflammation-associated measurements; however, we 

believe that these results demonstrate to capability of curcumin to control inflammation 

following EIMD. By limiting inflammation during competition and the season, physical 

performance decrements can be avoided, ultimately leading to increases in 

performance.  

 

6.1  Future Perspectives 

A short term goal for our laboratory is to include more subjects in the present 

project with the hopes of further elucidating the anti-inflammatory effects of dietary 

polyphenols associated with EIMD. Beyond continuing the presented project, further 

studies should aim to investigate the effects of dietary polyphenols on the muscle 

regenerative process. Given the nature of the regenerative process (oxidative and 

inflammatory), the capability of dietary polyphenols to intervene is logical. Increases in 

cytokine and chemokine concentrations cause an influx of neutrophils and 

macrophages to the damaged area. As we have demonstrated, the increase in 

cytokines could lead to increased neutrophil and macrophage infiltration, potentially 

decreasing the muscle regeneration time. Moreover, satellite cells rely on signals from 

intramuscular phagocytic cells to differentiate and proliferate during muscle 

regeneration. The impact of curcumin on upstream processes could stimulate satellite 

activity days before what is normally seen in response to muscle damage. By better 

understanding these processes and their time course, athletes and coaches can 

implement the regular consumption of dietary polyphenols into their training programs.  
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University of North Texas Institutional Review Board 

Informed Consent Form  

Before agreeing to participate in this research study, it is important that you read and understand the following 
explanation of the purpose, benefits and risks of the study and how it will be conducted.   

Title of Study:  How does curcumin affect return to performance and the inflammatory profile after a damaging bout 
of lower body exercise? 

Supervising Investigator:  Dr. Brian K. McFarlin, University of North Texas (UNT) Department of Kinesiology, 
Health Promotion, and Recreation.  

Student Investigator:  Adam S. Venable, M.S., University of North Texas (UNT) Department of Kinesiology, Health 
Promotion, and Recreation.  

Purpose of the Study: Curcumin is a south Asian spice derived from turmeric that is similar to ginger. Typical Indian 
food dishes and curries contain high amounts of curcumin. You are being asked to participate in a research study that 
is designed to determine what, if any, changes occur after curcumin supplementation in response to a muscle-damaging 
bout of exercise. Curcumin is a powerful anti-inflammatory agent that is thought to decrease overall pain and swelling 
following periods of strenuous exercise. The present study aims to determine a dosage of curcumin supplementation 
(6 days) that will alter the inflammatory response such that it positively impacts return to performance, while 
decreasing pain, after a muscle-damaging bout of exercise. Traditional markers of muscle damage will be measured 
to ensure that damage has occurred, followed by subsequent measures of performance and subjective pain up to 96 
hours after muscle damage. The study you are being asked to participate in will provide new evidence concerning the 
ability of curcumin to alter recovery in both performance and inflammation following a muscle-damaging bout of 
exercise.  

Study Timeline: As a subject in this study you will participate in a series of tasks that will include a screening session 
(body composition test, 1 repetition max on leg press), physical performance evaluations (6; various vertical jumps 
and everyday functional measures), a muscle-damaging bout of exercise, and a 6-day supplementation period. These 
activities will be completed over a period of 18-days and scheduled according to your availability. The diagram below 
demonstrates the study requirements. 
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Study Procedures: You will be asked to participate in a series of tasks (see below for additional details) that will take 
about 7 hours of your time over the course of 7-days.   

1. Screening: You will be asked to complete a medical history survey to assess your family medical history. 
2. Body Composition Test: We will determine your body composition using a dual energy x-ray 

absorptometer. To complete this test you will be asked to lie on your back for ~6-minutes during which time 
your body will be scanned with a low dose of x-ray (equivalent to exposure from a trans-Atlantic flight). 
Female subjects will be asked to completed a urine pregnancy test to confirm they are not pregnant before 
being tested. 

3. 1 Repetition Max Leg Press: You will be asked to complete a one-repetition leg press maximum test. The 
full range of motion will be demonstrated to you before beginning formal testing. Women will begin with an 
initial weight of 88-lb, while men will begin with 110-lb. After the completion of one successful repetition 
at a given weight, an additional 22-lb will be added to the next repetition. This will continue until you are 
unable to complete the full range of motion. At this time, 11-lb will be subtracted from this weight and used 
as your 1 repetition max leg press maximum weight. You will be continually monitored during the entire 1 
repetition max protocol. If at any point someone from the study staff feels that it is unsafe to proceed, the 
testing will be terminated immediately.  

4. Physical Performance Evaluation: At least seven days after the completion of the initial appointment 
(screening, body composition, 1 repetition max Leg Press), you will be scheduled to report to the laboratory 
for a physical performance evaluation. This evaluation will consist of three different vertical jump tests (squat 
jump, drop jump, and counter-movement jump) and 3 measures of daily living (stair climbing, stand up/sit 
down, and walking speed). Force and power will be measured for each of these jumps. The range of motion 
for each of the tests (jumps and daily living) will be demonstrated to you before any formal testing.  

5. Muscle Damage Protocol:  You will be scheduled for an appointment between 6:00 am and 12:00 pm and 
asked to report having fasted (greater than eight hours) and abstained from exercise (greater than ten hours). 
Blood will be collected from your finger and arm vein. All blood will be collected in the Applied Physiology 
Laboratory by a member of the study staff under the supervision of Dr. McFarlin. Dr. McFarlin has over 15 
years of experience in blood collection in a laboratory setting and has completed thousands of blood draws 
throughout his career. After blood collection, you will undergo leg press exercises (6 sets of 10 repetitions at 
110% max) under the supervision of a member of the study staff. The range of motion will be demonstrated 
to you before any formal testing. If at any point the study staff feels that your continuation is unsafe, then the 
exercise will be terminated.   

6. Supplementation Period: You will be assigned to either a placebo (rice flour) or one of three curcumin 
dosage groups for this study. Supplementation will begin 48 hours before muscle damage. The remaining 
dosages will be taken once every 24 hours through 96 hours (6 doses total) post-muscle damage.  

7. Follow-Up Physical Performance Evaluations: Beginning 24 hours after the completion of your muscle 
damage exercise bout and continuing every 24 hours for 96 total hours (4 appointments), you will be asked 
to report to the laboratory having fasted (greater than eight hours) and abstained from exercise (greater than 
ten hours). After a blood draw and capillary blood finger stick, you will be asked to complete the same 
physical performance evaluation as done previously. Upon completion of the 96 hour post-muscle damage 
physical performance evaluation, you will be compensated for your participation in the study.  

8. Sample Collection during Physical Performance Evaluation: A member of the study staff will collect 
samples in the same manner as described above under “Muscle Damage Protocol.” These samples will be 
collected immediately following physical performance evaluation at 24 hours after muscle damage, 48 hours 
after muscle damage, 72 hours after muscle damage, and 96 hours MD. The study staff will provide you light 
snacks to eat after your evaluation is completed for the day. 
 

Foreseeable Risks: The potential risks involved in this study are those associated with exercising and blood collection. 
We will minimize the risks of exercise by encouraging you to practice safe exercise habits and ranges of motion. We 
will minimize the risks during blood collection by using accepted techniques. Please be aware that you may experience 
discomfort or bruising after having your blood collection. These symptoms should clear in no more than 48-hours 
after the final blood collection. Any side effects can be minimized by making sure that you drink plenty of fluids prior 
to and after the collection of your blood. 
 
Benefits to the Subjects or Others: This study is not expected to be of any direct benefit to you; however, we are 
studying a substance which could be considered a beneficial nutrient that will aid in recovery following strenuous 
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bouts of exercise The measurements we are making are not necessarily clinical measures and would have no practical 
significance to your long-term health.  
 
Compensation for Participants: You will receive $25 after you finish the muscle damage protocol and an additional 
$75 after the final physical performance evaluation. Your payment will be in cash or a gift card to a local/online retail 
establishment (i.e. Walmart, Target, Amazon, etc.). 
 
Procedures for Maintaining Confidentiality of Research Records: The confidentiality of your individual 
information will be maintained in any publications or presentations regarding this study. We will only report data as 
mean responses and make no mention of your participation as a research subject. Only Dr. McFarlin will have access 
to the file that links your name and ID number, and this link will be destroyed once the study is complete. 

Questions about the Study: If you have any questions about the study, you may contact Dr. Brian McFarlin at 
brian.mcfarlin@unt.edu or (713) 240-5806 or Adam S. Venable at adam.venable@unt.edu or (432) 413-0235 
(voice or text).  

Review for the Protection of Participants: This research study has been reviewed and approved by the UNT 
Institutional Review Board (IRB).  The UNT IRB can be contacted at (940) 565-3940 with any questions regarding 
the rights of research subjects. 

Research Participants’ Rights: 

Your signature below indicates that you have read or have had read to you all of the above and that you confirm all of 
the following:  

• Adam S. Venable, or a member of the study staff, has explained the study to you and answered all of your 
questions.  You have been told the possible benefits and the potential risks and/or discomforts of the study.  

• You understand that you do not have to take part in this study, and your refusal to participate or your decision 
to withdraw will involve no penalty or loss of rights or benefits.  The study personnel may choose to stop 
your participation at any time.  

• Your decision whether to participate or to withdraw from the study will have no effect on your grade or 
standing in this course. 

• You understand why the study is being conducted and how it will be performed.   
• You understand your rights as a research participant and you voluntarily consent to participate in this study.  
• You have been told you will receive a copy of this form.  

________________________________                                                                 

Name of Participant 

________________________________                                ____________         

 Signature of Participant                                              Date 

 

 

For the Investigator or Designee: 

I certify that I have reviewed the contents of this form with the subject signing above.  I have explained the possible 
benefits and the potential risks and/or discomforts of the study.  It is my opinion that the participant understood the 
explanation.   
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______________________________________                    ____________                  

Signature of Investigator or Designee            Date 
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APPENDIX B 

FINAL CURRICULUM VITAE OF GRADUATE WORK
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CURRICULUM VITAE 
Adam S. Venable 

5001 Par Dr., Apt. 2823 
Denton, Tx 76208 

(432) 413-0235 
adam.venable@unt.edu 

 
Education 

 
Ph.D. in Biology 
University of North Texas; Denton, TX 
Dissertation Title: “The effect of curcumin supplementation on physical and biological indices of 
delayed onset muscle soreness and inflammation following muscle injury” 
Mentor: Brian K. McFarlin, PhD 

 Conferred: May 2015 
 
 M.S. in Biology 
 University of North Texas; Denton, TX 

Thesis Title: “Women have a higher skin temperature on the back during treadmill exercise in a 
hot, humid environment” 

 Mentor: Brian K. McFarlin, PhD 
 Conferred: August 2014 
 

M.S. in Kinesiology 
University of Texas of the Permian Basin; Odessa, TX 
Thesis Title: “The effect of preferred music on psychological and cardiorespiratory variables 
during submaximal treadmill exercise” 
Mentor: James A. Eldridge, PhD 
Conferred: December 2011 

 
B.S. in Biology 
University of Texas of the Permian Basin; Odessa, TX 
Second Major: Chemistry 
Conferred: December 2007 

 
Professional Positions Held 

 
F 2012 – present  Graduate Research Assistant, University of North Texas 
F 2011 – S 2012  Lecturer, Kinesiology, University of Texas of the Permian Basin  
F 2009 – S 2011 Graduate Teaching Assistant , Kinesiology, University of Texas of the 

Permian Basin 
 
Certifications and Technical Abilities 

 
Laboratory Certifications 
 

Radiation Safety Training - UNT July 2014 
DEXA Operating Certification – GE Healthcare February 2014 
Good Laboratory Practice - UNT  August 2012 
Biosafety Level 2 – UNT  August 2012 
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Bloode Borne Pathogen – UNT  August 2012 
Protecting Human Research Participants - NIH September 2009 

 
 
Technical Abilities 
 

Multiplex sample processing and data analysis  
Assay design and development using traditional flow cytometry 
Fluorescent antibody staining 
Intracellular protein and nuclear staining 
In vitro cell culture and stimulations 
Assay design and development using image-based flow cytometry 
Image-based analysis of samples 
High-throughput sample processing 
 

Research & Scholarship 
 
Publications (Published or In Press) 
 

1. McFarlin BK, Venable AS, Henning AL, Prado EA, Best Sampson JN, Vingren JL, and Hill 
DW. (2015). Natural cocoa consumption: potential to reduce anti-atherogenic factos? Journal of 
Nutritional Biochemistry. (In Press). 
 

2. Henning AL, Venable AS, Prado EA, McFarlin BK. (2015). Measuring monocyte oxLDL uptake 
as a pre-clinical risk factor for arterial plaque deposition. Methods in Molecular Biology. (In 
Press).  
 

3. McFarlin BK, Prado EA, Venable AS, Henning AL, Williams RR. (2015). Image-based Analysis 
of Granulocyte Function as an Indicator of Systemic Immune Function. Methods in Molecular 
Biology. (In Press). 
 

4. Venable AS, Henning AL, Prado EA, McFarlin BK. (2015). Using image-based flow cytometry 
with a FISH-based FlowRNA assay to simultaneously detect intracellular TNF-α protein and 
mRNA in monocytes following LPS stimulation. Methods in Molecular Biology. (In Press). 

 
5. McFarlin BK, Venable AS, Williams RR, Jackson A. (2015). Wireless Data Loggers and 

Thermal Imaging Represent Useful Alternatives to Traditional Wired Skin Electrodes During 
Exercise in a Hot, Humid Environment. Biology of Sport. (In Press). 
 

6. McFarlin BK, Carpenter KC, Venable AS, Prado EA, Henning AL. (2015). Consumption of a 
High-Fat Meal on Consecutive Days Alters Novel CVD Biomarkers. Journal of Molecular 
Pathophysiology, 4(1): 6-11. 

 
7. McFarlin BK, Venable AS, Prado EA, Henning AL, Williams RR. (2014). Laboratory Image-

based Flow Cytometry Technique to Evaluate Changes in Granulocyte Function.  Journal of 
Visualized Experiments.  
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8. Venable AS, Williams RR, Haviland DL, McFarlin BK. (2014). An analysis of 
endothelial microparticles as a function of cell surface antibodies and centrifugation 
techniques. Journal of Immunological Methods, 406: 117-123. 

9. McFarlin BK, Williams RR, Venable AS, Dwyer KC, and Haviland DL. (2013). Image-based 
cytometry reveals three distinct subsets of activated granulocytes based on phagocytosis and 
oxidative burst. Cytometry: Part A, 83(8): 745-751.  
 

10. McFarlin BK and Venable AS. (2013). Measurement of low concentration human serum 
cytokines using an EMD Millipore high sensitivity MILLIPLEX® assay. Journal of Visualized 
Experiments. 
 

 
Publications (In Review) 
 

1. Venable AS, Williams RR, Henning AL, Prado EA, Hill DW, Vingren JL, McFarlin BK. (2014). 
Women have higher skin temperature on the back during treadmill exercise in a hot, humid 
environment. Journal of Strength Conditioning and Research. (In Review). 

 
2. Venable AS, Henning AL, Jackson AW, McFarlin BK. (2014). Tympanic and Temporal 

Measurements of Temperature Are Useful Alternatives for Core Temperature While Exercising 
in a Hot, Humid Environment. Journal of Strength Conditioning and Research. (In Review). 

 
3. Henning AL, Venable AS, Prado EA, Best Sampson JN, McFarlin BK. (2014). Using Image-

based Flow Cytometry to Measure Monocyte Oxidized LDL Phagocytosis as a Proxy Measure of 
Intima Foam Cell Formation. Journal of Immunological Methods. (In Review). 

 
 
Conference Proceedings 

 
Oral Presentations 
 

Venable AS. The Effect of Prior Exercise on Endothelial Microparticle and Platelet Activation 
After a High-Fat Meal. Presented at the Annual Meeting of the Texas Regional Chapter of the 
American College of Sports Medicine, Austin, TX. March 2013. 

 
Poster Presentations 

 
Venable AS, Prado EA, Henning AL, Hill DW, Vingren JL, McFarlin BK. Sex differences in 
change in skin temperature when exercising in a hot, humid environment. Presented at the 2015 
Annual Meeting of the TACSM, Austin, TX. 
 
Sampson JN, Henning AL, Prado EA, Venable AS, Padilla PA, McFarlin BK. Consumption of a 
high-fat meal alters post-prandial SIRT mRNA expression in blood leukocytes. Presented at the 
2015 Annual Meeting of the TACSM, Austin, TX. 
 
Prado EA, Venable AS, Henning AL, Vingren JL, Hill DW, McFarlin BK. Methods to minimize 
confounding effects of hematocrit and hemoglobin when using dried blood spots. Presented at the 
2015 Annual Meeting of the TACSM, Austin, TX. 
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Henning AL, Sampson JN, Venable AS, Prado EA, Hill DW, Vingren JL, and McFarlin BK. 
Consumption of a high-fat meal increased monocyte adhesion molecule expression and oxLDL 
phagocytosis: implications for cardiovascular disease risk? Presented at the 2015 Annual 
Meeting of the TACSM, Austin, TX. 3rd place manuscript award winner. 
 
Venable AS, Henning AL, Prado EA, Sampson JN, and McFarlin BK. Using image-based flow 
cytometry to detect intracellular TNF-α and mRNA in a FISH-based flowRNA assay. Presented at 
the 2015 FlowTex Annual Meeting, Houston Texas. 
 
Best Sampson JN, Prado EA, Henning AL, Venable AS, Vingren JL, Hill DW, and McFarlin BK. 
Natural cocoa consumption reduces cardiovascular disease risk. Presented at the 2015 FlowTex 
Annual Meeting, Houston Texas. 
 
Venable AS, Henning AL, Prado EA, Williams RR, and McFarlin BK. Using image-based flow 
cytometry to assess inflammatory cytokine mRNA and protein response following in vitro LPS 
stimulation. Presented at the 2014 International Society for the Advancement of Cytometry – 
CYTO Conference. Fort Lauderdale, FL. 
 
Prado EA, Henning AL, Venable AS, and McFarlin BK. CCD camera-based flow cytometer 
increases antibody staining index utilizing blue (488 nm) laser. Presented at the 2014 
International Society for the Advancement of Cytometry – CYTO Conference. Fort Lauderdale, 
FL. 
 
Henning AL, Venable AS, Prado EA, and McFarlin BK. Using image-based flow cytometry to 
assess monocyte LDL phagocytosis capacity. Presented at the 2014 International Society for the 
Advancement of Cytometry – CYTO Conference. Fort Lauderdale, FL. 
 
Williams RR, Venable AS, Prado EA, Henning AL, and McFarlin BK. Using image-based flow 
cytometry to monitor exercise-induced changes in granulocyte function. Presented at the 2014 
International Society for the Advancement of Cytometry – CYTO Conference. Fort Lauderdale, 
FL. 
 
McFarlin BK, Venable AS, Henning AL, Williams RR, Vingren JL, and Hill DW. Natural cocoa 
consumption: Potential to reduce cardiovascular disease risk independent of weight loss? 
Presented at the 2014 International Society for the Advancement of Cytometry – CYTO 
Conference. Fort Lauderdale, FL. 
 
Venable AS, Williams RR, Haviland DL, and McFarlin BK. An analysis of endothelial 
microparticles as a function of cell surface antibodies and centrifugation techniques. Presented at 
the 2014 Annual Meeting of the Texas Regional Chapter of the American College of Sports 
Medicine (TACSM). 1st place manuscript award winner.  
 
Williams RR, Venable AS, Prado EA, Henning AL, and McFarlin BK. Using image-based flow 
cytometry to monitor exercise-induced changes in granulocyte function. Presented at the 2014 
Annual Meeting of the TACSM, Fort Worth, TX. 
 
Prado EA, Venable AS, Henning AL, Williams RR, and McFarlin BK. Using dry blood spots to 
evaluate serum cytokines and chemokines in humans via multiplex technology. Presented at the 
2014 Annual Meeting of the TACSM, Fort Worth, TX. 
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Venable AS, Williams RR, and McFarlin BK. Improving the Identification of Endothelial 
Microparticles Using Non-Traditional Cell Surface Markers. Presented at the 2013 FlowTex 
Annual Meeting, Houston Texas. *FlowTex is an ISAC-affiliated society 

 
Williams RR, Venable AS, Henning AL, and McFarlin BK. Image-Based Cytometry Reveals 
Different Activation of Granulocytes Based on Phagocytosis and Oxidative Burst. Presented at 
the 2013 FlowTex Annual Meeting, Houston Texas. 
 
Henning AL, Dwyer KC, Venable AS, Ruisaard KE, Acklin KJ, Williams RR, and McFarlin BK.  
Enhanced Red Laser Fluorescence Sensitivity in a CCD Camera-Based Cytometer Increases 
Antibody-Staining Index. Presented at the 2013 FlowTex Annual Meeting, Houston Texas. 
 
Venable AS, Williams RR, and McFarlin BK. Novel Method for the Identification of Endothelial 
Microparticles Using Image-Based Flow Cytometry and CD144. Presented at the 2013 
International Society for the Advancement of Cytometry – CYTO Conference. San Diego, CA.  

 
Williams RR, Venable AS, and McFarlin BK. Using Image-Based Flow Cytometry to 
Simultaneously Measure Granulocyte Phagocytosis and Oxidative Burst: A Beginner’s Guide. 
Presented at the 2013 International Society for the Advancement of Cytometry – CYTO 
Conference. San Diego, CA 

 
McFarlin BK, Dwyer KC, Ruisaard KE, Acklin KJ, Venable AS. Enhanced Far-Red 
Fluorescence Sensitivity in CCD Camera-Based Cytometers Increases Threshold Antibody 
Titration. Presented at the 2013 International Society for the Advancement of Cytometry – CYTO 
Conference. San Diego, CA 

 
Venable AS, Williams RR, and McFarlin BK. Gender Differences in Skin and Core Body 
Temperature During Exercise in a Hot, Humid Environment. Presented at the 2013 Annual 
Meeting of the TACSM, Austin, TX. 
 
Williams RR, Venable AS, and McFarlin BK. (2013, February). Comparing Three Methods of 
Measuring Skin Temperature During Exercise in a Hot, Humid Environment. Presented at the 
Presented at the 2013 Annual Meeting of the TACSM, Austin, TX. 
 
Ramirez OM, Venable AS, Mansilla F, and Beran K. Does Thin-Layer Deposition of MALDI 
matrices on metallic substrates allow for two-photon ionization? An Ab Initio Investigation. 
Presented at the 2009 Annual Meeting of the American Chemical Society, Salt Lake City, UT.  

 
 
Professional Service 

 
Service to Professional Organizations 
 

2013 – 2015 Student Representative to the Executive Board – TACSM 
2012 – 2015  Editorial Board – International Journal of Exercise Science 
 
 

Awards & Recognition  

  
Travel Awards 
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2014 Graduate Student Travel Award  
College of Arts & Sciences, University of North Texas 

2014 Student Travel Award 
International Society for the Advancement of Cytometry 

2014 Poster Presentation Award 
EMD Millipore (Amnis) 

2014 Graduate Student Travel Grant 
College of Education, University of North Texas 

2014 Graduate Student Travel Grant, awarded by the Toulouse School of Graduate 
Studies, University of North Texas 

2013 Student Travel Award 
International Society for the Advancement of Cytometry 

2013 Poster Presentation Award 
EMD Millipore (Amnis) 

2013 Graduate Student Travel Grant 
College of Education, University of North Texas 

 
Research Recognition 
 

2015 TACSM Membership Poster Award 
Texas Regional Chapter of the American College of Sports Medicine 

 
 
Funding 

 
External Grants 
 

Venable AS (PI, 100%), McFarlin BK (Mentor). How does curcumin alter 

recovery and inflammation after muscle damage? NSCA. 7/1/2014 – 6/31/2015 

($13,750).  

Venable AS (PI, 100%), McFarlin BK (Mentor). The effect of prior exercise on 
endothelial microparticle and platelet activation after a high-fat meal. TACSM. 3/1/2013 – 
2/28/2014. ($1,000) 

 
 
 
 
 
 
Professional References 

 
Dr. Brian K. McFarlin 
Associate Professor 
Dept. of KHPR 
Dept. of Biological Sciences 
University of North Texas 
brian.mcfarlin@unt.edu 
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(940) 565-3165 
 
Dr. James A. Eldridge 
Professor – Dept. Chair 
Dept. of Kinesiology 
University of Texas of the Permian Basin 
eldridge_j@utpb.edu 
(432) 552-2325 
 
Dr. Jakob L. Vingren 
Associate Professor 
Dept. of KHPR 
Dept. of Biological Sciences 
University of North Texas 
jakob.vingren@unt.edu 
(940) 565-2899 
 
Dr. Allen Jackson 
Regents Professor – Dept. Chair 
Dept. of KHPR 
University of North Texas 
allen.jackson@unt.edu 
(940) 565-3421 
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