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Moderate wine consumption, particularly pigment-rich red wine, is thought by 

many to be beneficial for the cardiovascular system. Both ethanol and 

phytochemicals are thought to contribute to this cardioprotective property. 

Metabolic disturbances associated with overconsumption of food are related to 

the initiation and progression of many chronic diseases, and cardiovascular 

disease is one of the most severe consequences. This research investigated 

the metabolic improvements contributed by Pinot noir wine and grape extracts 

(PWE and PGE), as well as by a set of selected grape phytochemicals.  

 

The first study was a rodent feeding study using C57BL/6J mice. When fed a 

high-fat diet, mice became hyperphagic and obese and metabolic disease 

ensued. Fifty-six, 6-week old male C57BL/6J mice were randomly divided into 

7 experimental groups (n=8 each) fed the following diets: Low-fat (10% of 

energy from fat), High-fat (HF, 60% of calories from fat), and HF diet enriched 

with various phytochemicals. Phytochemicals supplemented to HF were: 0.2% 



(w/w) PWE, PGE, quercetin, ellagic acid, or 0.1% (w/w) resveratrol. Fasting 

glucose and aspects of physical performance were measured during the 

feeding study and serum lipids, hormones and cytokine levels were 

determined post-mortem. In the absence of reduced weight gain, various 

groups of high-fat-fed mice provided with grape or wine extract and/or grape 

phytochemicals exhibited reduced fasting glucose levels, enhanced strength, 

balance, and endurance, as well as reduced serum inflammatory factors. 

Qualitatively, a review of liver tissue sections demonstrated a reduction in lipid 

accumulation in hepatocytes from animals fed diets supplemented with grape 

and wine extracts and phytochemicals. Analysis of liver gene expression 

related to lipid and glucose homeostasis suggested activation of nuclear 

hormone receptors including PPARs, PXR, CAR and the Keap1/Nrf-2 pathway.   

 

To investigate further, we conducted a cell culture study on HepG2 cells, 

which were treated with a wine or grape extracts or with purified 

phytochemicals for 24 hours alone with 1000uM oleic acid. Quercetin, ellagic 

acid and resveratrol lowered HepG2 cell lipid accumulation by 26, 22 and 51%, 

respectively, as indicated by Oil Red O staining, and were consistent with red 

color indication from microscopic images acquired. However, wine and grape 

extracts failed to produce a reduction in cellular lipid content. 

 



We observed favorable metabolic and physical effects in mice fed wine and 

grape extracts as well as purified phytochemicals. The in vivo health benefits 

of purified phytochemicals were also confirmed in cell culture study. However, 

the extent of metabolic improvement sometimes differed among extracts and 

phytochemicals indicating different potent of the selected phytochemicals and 

a synergistic or antagonistic effect of extract components in specific metabolic 

activities. In the future, mechanistically, analysis of gene expression in cell 

culture and microarray analysis as well as metabolomics screening of in vivo 

studies are needed to demonstrate possible pathways involved; these 

pathways could be confirmed in gene knockout mouse models.  In a similar 

study, other compounds present in wine and grapes can be investigated to 

determine which best impact metabolic improvements.  
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 2 

 1.1 Overview of Metabolic Syndrome and Chronic Diseases 

Metabolic syndrome is a disorder of energy utilization and storage and can be 

diagnosed by co-occurrence of three out the following five medical conditions: 

abdominal obesity, elevated fasting plasma glucose, high serum triglycerides, 

low high-density lipoprotein-cholesterol (HDL) and elevated blood pressure 

(Alberti et al., 2009). Age, height, sociodemographic factors, and ethnic origin 

all have an impact on central obesity. Except for waist circumference, 

consensus has been reached for single set of criteria for all other components 

of metabolic syndrome for diagnosis by different organizations. Based on data 

obtained from National Health and Nutrition Examination Survey (NHANES) 

2003-2006, using the National Cholesterol Education Program’s Adult 

Treatment Panel III (NCEP/ATP III) guideline definition for metabolic 

syndrome, approximately 34% of adults met the criteria in the US. The 

prevalence was about three times higher in 40-59 age group compared to 20 

~39 age group in both genders. The highest prevalence was observed in 

obese individuals, who are 32 and 17 times as likely as the normal weight 

individuals to have the metabolic syndrome for males and females, 

respectively. The occurrences of abdominal obesity (53%), hypertension 

(40%) and hyperglycemia (39%) were much higher than hypertriglyceridemia 

(31%) and low HDL (25%) (Ervin, 2009). Chronic diseases are 

noncommunicable illnesses that last more than three months and rarely cured 

completely or spontaneously, such as heart disease, cancer, stroke, type 2 
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diabetes mellitus (T2DM), arthritis, obesity and chronic inflammation. Chronic 

disease causes 7 out of 10 deaths and more than 75% of the total health care 

cost in the United States. The first three leading causes of death are heart 

disease, cancer and diabetes (CDC, 2009). Although the prevalence of 

diabetes parallels that of metabolic syndrome, emerging evidence shows that 

metabolic syndrome is an independent risk factor for the onset and 

development cardiovascular disease, obstructive sleep apnea and chronic 

kidney disease, in the absence of diabetes. A chronic inflammatory state is 

associated with those disease conditions (figure 1.1) and becoming more 

apparent with increased life expectancy and the Western lifestyle (Henao-

Mejia et al., 2014). Medical intervention is often required and each syndrome 

component is generally treated separately. Cholesterol-lowering drugs are 

used to control serum low-density lipoprotein (LDL) and triglyceride levels. 

Although still controversial, metformin and thiazolidinedione (TZD) are widely 

used to decrease insulin resistance. Nevertheless, the first line of intervention 

is life style change to prevent and ameliorate the syndromes. A combination of 

increased physical activity and healthy diet are both required. Nutrition 

research has demonstrated the importance of calorie restriction as well as 

fruit and vegetable consumption. However, in recent decades, some research 

has been focused on finding and investigating exotic and relatively rare 

medicinal foods such as schisandra chinensis, litchi, durian and others (Chau 

and Wu, 2006, Devalaraja et al., 2011). Certain phytochemical compounds in 
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those foods may have a potent role in treating some disease conditions. 

However, access to those kinds of rare foods may be limited and educational 

promotion is required to enhance public awareness of these common foods 

and their potential health benefit. Therefore, research on health benefits of 

commonly available fruits such as cherries, apples, peach, strawberries, 

grapes, etc. is warranted. In 2012, more than 7.3 million tons of grapes were 

produced commercially in the United States and served in various forms, such 

as wine, fresh fruits, resin, and juice (Foreign Agricultural Service (FAS), 

2013). Health benefits derived from grapes are well accepted in public but 

more scientific research and mechanistic understanding is needed.  

 

1.1.1 Obesity  

Obesity is an excessive accumulation of body fat, a definition used to define 

obesity in clinical practice is Body Mass Index (BMI). BMI is body weight in 

kilograms divided by height in meters squared. Between 24~29 kg/m2, an 

individual is regarded to be overweight, higher than this (≥ 30kg/m2) is 

regarded as obese. In terms of percentage of body fat, more than 25% in men 

is defined as obesity while a healthy man should have 6~17 percent as fat; in 

females, more than 35% defines obesity while a healthy woman should be in 

the range of 14~24 percent (Grundy, 2004). Clinical methods of body fat 

measurement include underwater weighing, whole-body air displacement 
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plethysmography, near-infrared interactance, dual energy X-ray 

absorptiometry, body density measurement, bioelectrical impedance analysis 

and several anthropometric methods (Gropper et al., 2009). Although the 

percentage of body fat is a precise demarcation of obesity, because of the 

inconvenience and clinical sophistication required to measure it, its 

measurement is often limited. However, there is a close correlation between 

waist circumference and total body fat percentage, therefore, using waist 

circumference to define obesity is now widely accepted and being used more 

often than BMI, especially with regard to disease complications. Larger waist 

circumference is positively associated with increased depot of upper body fat. 

In the US, waist circumference larger than 102cm or 88cm is defined as 

obesity in men and women, respectively. In some other countries, a smaller 

circumference is applied because of the increased association with chronic 

diseases (Grundy, 2004).  

  

Typically, about 10% of abdominal fat is visceral fat and the rest is 

subcutaneous fat. Visceral adipose tissue (VAT) is an intraperitoneal fat depot 

and is composed of omentum and mesentery fat. This is also represented by 

the “android” obesity phenotype; fatty acids released by visceral adipose fat 

drain into the circulatory system initiating systemic problems. Fat located 

directly underneath skin is subcutaneous adipose tissue (SAT) that can be 
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separated into superficial and deeper layers. Truncal subcutaneous fat is 

more pathogenic than the gluteofemoral subcutaneous due to its greater 

mass (Klein, 2004). McLaughlin et al. compared the effect of VAT and SAT on 

insulin sensitivity using computerized tomography on 115 individuals (BMI 

25~36.9 kg/m2). Consistent with other studies, after adjusting for BMI and 

SAT, increased VAT is tightly associated with elevated insulin resistance 

whereas after adjusting for BMI and VAT, SAT and thigh fat is protective for 

insulin resistance, which was not observed in previous studies (McLaughlin et 

al., 2011). This may be explained by the differences in subjects constitution, 

i.e. McLaughlin et al. only included overweight and moderately obese 

individuals while others studies included lean healthy and extreme obese 

individuals (Porter et al., 2009).  

 

A significant number of people are affected by life-style related obesity 

worldwide. In the U.S., the percentage of childhood and adolescent obesity 

has tripled from 1980 to 2000 (Ogden et al., 2012, National Center for Health, 

2012), in adults aged 20 and over, this number continues to be over one third 

(39.4%) as of 2012(Carroll et al., 2013). In addition to its severe health 

consequences, obesity also produces a huge burden on the economy. Nearly 

21% of annual medical spending equaling $190.2 billion in the U.S. went to 

obesity-related illnesses(Cawley and Meyerhoefer, 2012). 
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1.1.2 Chronic Inflammation 

In worldwide definition of metabolic syndrome as defined by the International 

Diabetes Federation, central obesity is an essential element (Alberti et al., 

2006). In a positive energy balance state, excessive fat is first stored in 

adipose tissue to compensate for energy overload. Adipose has adapted to 

increased energy intake by first increasing its size to store more lipids. When 

this is not sufficient enough to take up additional lipid, mesothelial stem cell 

progenitors of preadipocytes in adipose are recruited and proliferate into small 

adipocytes that are metabolically adapted to store more lipids. Additionally, 

adipose tissue is the largest endocrine organ of the body and plays an 

important role in energy homeostasis and the immune response. Thus, to 

carry those functions, adipocytes secrete humoral mediators that act at 

specific sites throughout the body. When adipocytes are overfed with lipids, 

adipokines such as monocyte chemoatttractant protein 1 (MCP-1) are 

secreted to recruit monocytes and stimulate their differentiation to 

macrophages (Neels and Olefsky, 2006). Macrophages act as a lipid 

scavenger and may become filled up with lipid droplets, becoming pro-

atherogenic foam cells. Infiltrated macrophages secrete inflammatory 

cytokines such as TNF-alpha, IL-6, and IL-1. At the same time, less anti-

inflammatory factors such as adiponectin, are secreted. This process is also 

involved in diabetes and is discussed in the next section. Figure 1.2 

summarizes the above mentioned associations (Lee et al., 2013).  
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In addition to adipokine secretion, oxidative stress triggered by elevated lipid 

content in blood vessels can also initiate chronic inflammation. Excessive 

reactive oxygen species (ROS) generated during lipid oxidation can instigate 

inflammatory mitogen-activated protein Kinases (MAPKs), IκBα kinase (IKK), 

NF-κb and activating protein (AP)-1(Guilherme et al., 2008).  

 

Expanded white adipose tissue is an overactive endocrine organ, its glucose 

and lipid buffering capacity is lowered yet generates an array of inflammatory 

factors. Once the inflammation reaction become systemic, it may initiate or 

contribute to other metabolic disorders and lead to severe health 

consequences. 

 

1.1.3 Type 2 Diabetes Mellitus 

Diabetes is a disease condition in which blood glucose levels are elevated 

over prolonged periods as defined by the World Health Organization. Only 

10% of all diabetes cases are type 1 diabetes, characterized as a deficiency 

of blood insulin (Ripsin et al., 2009). The majority is classified as type 2 

diabetes mellitus (T2DM), or insulin-independent diabetes that often occurs in 

parallel with obesity. A third type is gestational diabetes, which refers to a 

combination of both insulin insufficiency and insulin resistance in some 

pregnant women, representing 2-5% of all diabetes cases (Metzger et al., 
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2007). Eighty percent of T2DM patients are overweight or obese indicating a 

strong positive relationship between these two disease conditions. 

 

Hypertrophied adipocytes can be impaired by excess fat accumulation, losing 

the balance between lipogenesis and lipolysis, which leads to an efflux of free 

fatty acids (FFA) into the circulatory system. Elevated circulating FFA is an 

important factor triggering insulin resistance (Mathur et al., 2011). Fourteen 

genes have been mapped that are elevated in hypertrophied adipocytes, 

serum amyloid a (SAA) is one of these genes that may be responsible for 

insulin resistance (Sjöholm et al., 2005). In addition, released FFA, mainly 

saturated fatty acids, increased pancreatic insulin secretion at the same time, 

bringing lipotoxicity to β-cells while decreasing insulin sensitivity in liver and 

muscle, which in turn exacerbates the progression of diabetes. 

 

Endoplasmic reticulum (ER) stress caused by over nourishment is another 

mechanism that causes insulin resistance. Only correctly folded proteins can 

exit ER, however, if substrate exhausts the regulatory capacity, misfolded 

proteins are exported. In this scenario, insulin responsiveness is lowered by 

via the PERK mediated FOXO phosphorylation (Zhang et al., 2013). 
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1.1.4 Cardiovascular Disease  

Cardiovascular disease (CVD) is a disease condition that involves the heart 

and blood vessels (arteries, capillaries and veins) (Maton et al., 1993). 

Increased total body mass requires more circulating blood and this is 

compensated by mainly increased stroke volume rather than heart rate, which 

over a long periods of time may lead to congestive heart failure and 

arrhythmias (Lavie et al., 2009). Heart function may also be impacted by fat 

deposition in the thorax and abdominal cavity. Hypertension and 

atherosclerosis are two most common causes of CVD (Foreign Agricultural 

Service (FAS), 2013). In fact, CVD is the most critical consequence of 

metabolic syndrome; compared to non-diabetic individuals with CVD, diabetic 

patients are two to four folds more likely to die of CVD. 

 

Atherosclerosis is a degenerative vascular disease caused by two important 

factors: immune cells and lipids; specifically oxidized low-density lipoprotein 

cholesterol (LDL-C). The early stage response to arterial endothelial injury is 

increased adhesion of monocytes and T lymphocytes to an injured area; these 

immune cells then secrete chemoattractants to recruit more phagocytes to 

injured site. However when exposed to high levels of circulating LDL, this 

immunoreaction will be enhanced by LDL deposition and lipid oxidation. 

Phagocytes are immersed in and become engorged with oxidized LDL. The 
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phagocytic effect is accelerated by exposure to inflammatory signaling 

molecules. As a result, lipids and plaque will progressively block blood 

vessels, and the atherogenic process is initiated(Lusis, 2000).  

 

HDL has a direct anti-atherogenic effect because of its ability to mediate 

reverse cholesterol transport; this reduces inflammation and protects against 

LDL modification. While the effect of triglyceride-rich lipoproteins on 

atherosclerosis is still under debate, it is agreed that smaller sized LDL 

particles are more atherogenic than the larger ones. Hyperglycemia increases 

non-enzymatic glycosylation of lipids and protein, oxidative stress and 

activated protein kinase C, all of which are risk factors of CVD (Aronson and 

Rayfield, 2002, Bornfeldt and Tabas, 2011). Similarly, coronary heart disease 

(CHD), stroke, left ventricular hypertrophy, heart failure and chronic rental 

failure are all common complications of high blood pressure (Hadaegh et al., 

2013). 

 

Together, increased blood serum density, blood vessel obstruction, and 

chronic inflammation will eventually promote serious disease conditions such 

as stroke, hepatosteatosis and cardiovascular disease (Lusis, 2000).  
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1.1.5 Hepatosteatosis  

Abnormally high lipids and glucose levels in obese individuals may promote 

hepatosteatosis. Peripheral insulin resistance attenuates the ability of cells to 

take up glucose and lipids, resulting in hyperglycemia and hyperlipidemia. 

Elevated serum glucose and lipids are transported back to the liver for 

conversion or redistribution. Excess glucose is enzymatically converted to 

fatty acids and incorporated into triglycerides. The abnormal accumulation of 

lipid droplets in hepatocytes leads to hepatomegaly, in some cases becoming 

three times the size of normal, healthy liver (Lisi et al., 2011). The prevalence 

of non-alcoholic fatty liver disease (NAFLD) in people aged from 12~19 has 

more than doubled over the past 20 years and currently affecting nearly 11% 

adolescents (Welsh et al., 2013). In adults, the prevalence is even higher and 

up to one-third population have evidence of steatosis on imaging (Dyson et 

al., 2014). The presence of some fat in the liver is normal and moderate levels 

of fat causes little harm at early stages. However, NAFLD encompasses a 

spectrum of problems and fatty liver can eventually develop over a ten year 

period into a progressive disease, non-alcoholic steatohepatitis (NASH), a 

state in which steatosis is combined with inflammation and fibrosis. Twenty 

percent of patients with NASH may develop cirrhosis of the liver and 10% of 

cases may be fetal (Ong and Younossi, 2007). Although several genes (Lisi et 

al., 2011) have been confirmed to be associated with non-alcoholic fatty liver 

disease (NAFLD), lifestyle-induced fatty liver is reversible at early stage. 
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Treatment or intervention is initially directed at weight loss, remediating of 

type 2 diabetes symptoms or chronic inflammation to attenuate 

hepatosteatosis. 

 

1.2 Therapies 

1.2.1 Medical Therapies 

In general, the individual disorders of metabolic syndrome are treated 

separately but because of their correlation; medicines used to treat one 

disorder may also reduce or eliminate symptoms of other conditions.  

 

Current supplements used for weight control are classified into four different 

categories based on their hypothesized mechanisms of action(Manore, 2012). 

First one category interferes with nutrient absorption by trapping fat and or 

carbohydrate from absorption or by suppressing intestinal transporters for 

these macronutrients. The second works by increasing energy expenditure 

through accelerated thermogenesis processes. The third suppresses appetite 

or elongates the sense of fullness. The last one changes metabolism and 

body composition and may overlap with medicines armed at curing or 

attenuating obesity complications. Prescription weight control drugs approved 

by FDA include Orlistat (Xenical), Lorcraserin (Belviq), Phentermine-

topiramate (Qsymia, for adults only) and some appetite suppressant drugs 
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(Yanovski and Yanovski, 2014). However, based on current experimental 

research and public health studies, there has not been a single medication or 

supplement shown to have a significant effect for weight control over a long 

period of time. 

 

In diabetic patients, the glycated hemoglobin A1c (HbA1c) test measures 

plasma glucose concentration over a prolonged period of time, reflecting the 

level of blood glucose control. Single, dual or triple therapies may be applied 

according to initial level of glycated HbA1c measured (Association and 

American Diabetes, 2007). Metformin is the first consideration in monotherapy 

that exerts a number of benefits through different pathways. By inhibition of 

complex I of the respiratory chain, the ATP/ADP ratio is decreased and thus 

leads to a decreased energy production and consequently disrupts ATP-

dependent metabolism. As a result, liver glucose uptake increased (Goodarzi 

and Bryer-Ash, 2005). Metformin can increase insulin sensitivity in skeletal 

muscle and adipose tissue along with elevated of postprandial glucagon-like 

peptide (GLP)-1 levels, increased fatty acid oxidation and glucose disposal in 

the gastrointestinal tract. Thiazolidinedione (TZD) is used when diabetes is 

associated with other metabolic disorders or NAFLD due to its potent PPARγ 

agonist activity. The most common side effect of TZD is increased abdominal 

adiposity and weight gain. However, more severe side effects and high 
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comorbidity are being identified, therefore novel PPARγ agonists such as 

riboglitazone are still under investigation (Koffarnus et al., 2013). A third family 

includes GLP-1 agonists (exenatide, liraglutide) and Dipeptidyl peptidase 

(DPP)-4 inhibitors (linagliptin, alogliptin) (White et al., 2013, Fass and 

Gershman, 2013). Both GLP-1 and Gastric Inhibitory Polypeptide (GIP) 

induce a cascade of cell signal transduction including insulin secretion, and 

have very short half-lives in plasma because of DPP-4 cleavage. In type 2 

diabetic patients, GLP can enhance glucose dependent insulin release, thus 

provide a possibility for incretin-based approach (Davidson, 2009, Gialamas 

et al., 2011).  

 

In terms of blood cholesterol levels, a healthy diet that is low in saturated fat 

and refined carbohydrate but high in fiber is as important as medication. 

Slightly less than half of the cholesterol in the body derives from biosynthesis 

de novo (Anil Kumar, 2010); lipid lower  statins form the basis of care by 

blocking liver LDL synthesis Reduced hepatic LDL synthesis also 

simultaneously stimulates synthesis of LDL receptors thus further reducing 

plasma lipids. Statins are also used for prevention of cardiovascular diseases 

by improving endothelial function, modulating inflammatory response, 

maintaining plaque stability and preventing thrombus formation (Taylor et al., 

2013). However, stains are not effective enough to treat all aspects of 

dyslipidemia. Many novel therapeutic compounds such as microsomal 
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transfer protein inhibitors (lomitapide), thyroid mimetics (eprotirome, 

sobetirome) and antisense oligonucleotide are developed (Wierzbicki et al., 

2012). 

 

1.2.2 Dietary Therapies 

Because of its prevalence and close correlation to life-style, treatment for 

metabolic syndrome and chronic diseases cannot merely rely on medication. 

Drugs often need to be taken for a long periods of time which may aggravate 

potential side effects. Therefore, non-medical therapies such as diet 

intervention and behavioral modification are of importance.  

 

Dietary therapy is a term used for practical application of nutrition knowledge 

in disease prevention, treatment or for general well being. No obvious side 

effects are associated with diet intervention; therefore, dietary changes can be 

adopted over a long period to time. The Mediterranean diet, modified from 

Greece, Spain and Southern Italy traditional diets, is one of the most well 

studied and promoted diet patterns that involves consumption of olive oil, 

legumes, unrefined cereals, fruits, and vegetables, moderate to high 

consumption of fish, moderate consumption of dairy products and wine, and 

low consumption of meat products (Sofi et al., 2013). A recent meta-analysis 

concluded that the Mediterranean diet is more effective than a low fat diet in 
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terms of long-term weight control, heart protection and general well being 

(Nordmann et al., 2011). The DASH diet (Dietary Approaches to Stop 

Hypertension) is another diet pattern promoted by the U.S.-based National 

Heart, Lung, and Blood Institute to prevent and control hypertension. Intensive 

studies have been done to investigate its health benefit on hypertension and 

related diseases (USHHS, 2006). 

 

As a key component of environment, dietary compounds interact with genes 

and influence metabolism. Today’s dietary concerns have moved from nutrient 

deficiency to foods that promote long term well-being and prevent chronic 

diseases (Shi et al., 2005a). Increased fruit consumption has been 

emphasized to have multiple health benefits that lead to an innovation of 

adding fruit into other food products(Shi et al., 2005b). Functional foods, 

defined as “foods that are in the forms of whole, fortified, enriched or 

enhanced foods that provide functional advantages and /or health benefits 

beyond basic nutrition, then consumed at an effective level on a regular basis” 

(Hasler et al., 2009). Emerging in the mid-1980s in Japan, the top three 

functional food markets have been valued at nearly 38.7 billion in total by 

2007 (Bech-Larsen and Scholderer, 2007).  
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Marketing trends in functional foods includes fiber and phytochemical 

ingredients. Fruit fiber is often most abundant in peels, stems and seeds and 

can be utilized at low cost as a value-added food. Phytochemicals are plant 

secondary metabolites consisting of a variety of compounds ranging from 

phenolic acids and biphenyls to polyphenols. Most naturally occurring 

phytochemicals are derived from amino acid phenylalanine or tyrosine that 

was deaminated and enters the phenylpropanoid pathway, which represents 

~20% of the carbons fixed in plants through photosynthesis (Pereira et al., 

2009). Chemical structures of selected phytochemicals are shown in figure 

1.3 (Pereira et al., 2009). Those secondary metabolites are not directly 

involved in plants growth, development or reproduction, but may play a key 

role to protect plants from environmental hazards such as pollution, stress, 

drought, UV exposure and pathogenic attack. They are also responsible for 

various colors, aromas and flavors in plants, which often accumulates in the 

outer tissue layer (Kurmukov, 2013).  Many of those phytochemicals are 

known for their long-standing medicinal effects, but are now being recognized 

more as an important compounds in common fruits and vegetables. One or 

more hydroxyl groups on phenyl rings provide an anti-oxidative property by 

acting as free radical scavengers or chelating metal ions involved in the 

production of free radicals. Through this antioxidant mechanism and beyond, 

phytochemicals exhibit a number of disease-protecting functions especially in 

chronic disease prevention, antibacterial, antithrombotic, vasodilatory, anti-
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inflammatory, anticarcinogenic, and neuropharmacological activities(Hung et 

al., 2004).  A cohort study performed multiphasic-screening examination of an 

important phytochemical family, the flavonoids, by analyzing data collected 

from the Finnish Mobile Clinic Health Examination Survey in different 

geographic regions. This report showed that the risk of some chronic disease 

may be lower at higher dietary flavonoid intakes (Knekt et al., 2002).  

 

1.3 Wine and Grape 

1.3.1 Wine and Grape Nutrient Profile 

The term “French Paradox” was first used by Renaud in the early 1990s to 

describe the epidemiological observation that the French had a low mortality 

rate from CHD despite their high intake of saturated fat (Renaud and de 

Lorgeril, 1992). Studies indicated that 20-30g of alcohol consumption per day 

in a typical French diet can reduce the risk of CHO by 40%. Originally, it was 

thought that ethanol was mainly responsible for this effect (George, 2006) 

while more recent work has been done on the impact of various 

phytochemicals including resveratrol, quercetin, and tannins (catechins and 

ellagic acid) through a number of molecular mechanisms in both human and 

mouse models.  
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Similar health benefits have been associated with grape consumption, which 

may suggest that phytochemicals contribute significantly to the health benefits 

of wine consumption. Grape products include fresh fruits, juice, raisins, wine 

and preserves. The oldest records of grape growing can be traced back to 

3,500-2900 B.C. (Bowers et al., 1999). The main species of grapes grown 

today are European grapes (Vitis vinifera), North American grapes (Vitis 

labrusca and Vitis rodundifolia) and French hybrids. With the promotion of 

fruits and vegetables as a healthy dietary choice, a 2.7-fold increase in fresh 

grape consumption per capita has been observed from 1970 to 2009 

according to USDA ERS data (Huntrods et al., 2013) 

 

Nutrient profile varies among different species but in general, grapes contain 

~82% water, 12-18% carbohydrate, 0.5-0.6% protein and 0.3-0.4% fat (Yadav 

et al., 2009). Important grape phytochemicals associated with health benefits 

include phenolic compounds including anthocyanins, flavanoids such as 

flavanols and flavonols, stibenes and phenolic acids (Dopico-García et al., 

2008, Spáčil et al., 2008). Total phenolic concentrations are about 2179, 375, 

24 and 352 mg gallic acid equivalent /100g fresh fruit in seed, skin, flesh and 

leaf, respectively (Pastrana-Bonilla et al., 2003). Values are affected by grape 

species, climate, post-harvest treatment and measurement methods. In a 

study investigating 14 grape varieties in the Finger Lakes area of New York 
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State, Cabernet franc and Pinot noir had the highest total phenolic 

concentration at 424.6mg/100mL and 396.8 mg/mL respectively. Pinot noir 

exhibited had the highest total flavonoid concentration, 2.7-fold higher than 

the lowest cultivar, Baco noir and 1.7-fold higher than the second highest 

cultivar, Cabernet franc. Similarly, trans-resveratrol concentration, total 

antioxidant activity and anti-proliferative activity on human cancer cells were 

all higher in Pinot noir than other tested cultivars (Yang et al., 2009). An 

examination of sunlight on berries revealed that sun-exposed V. vinifera grape 

clusters might have as much as ten times higher glycosidic quercetin, 

myricetin and kaempferol content compared to samples from shaded clusters, 

while different temperatures had little effect (Spayd et al., 2002), whereas 

deglycosylated flavonols are labile and susceptible to heat (Makris and 

Rossiter, 2000), enzymatic (Makris and Rossiter, 2002b) and oxidative (Makris 

and Rossiter, 2002a) degradation. Another study showed that warm 

temperatures from budburst to bloom tended to increase total phenolic 

concentrations, but cooler temperatures are desired during the ripening period 

(Nicholas et al., 2011). As for phenolic concentrations in wine, vinification 

practices are important factors, including skin contact, stabilization, and 

ageing. Extended skin extraction in red wine fermentation will significantly 

increase flavonol glycosides and aglycones, myricetin and rutin content. 

However, post-fermentation processes such as fining will decrease phenolic 

content.  
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Phytochemicals are stored in cellular vacuoles and easily released upon 

crushing (Kapasakalidis et al., 2009), therefore, liquid-liquid extraction is 

commonly used, in the case of extracting from seeds, pressure and heat may 

be applied. Although using organic solvents such as ethanol, methanol, 

acetone or formic acid alone or combination has a high total phenolic recovery 

rate, these organic chemicals could pose adverse effect on phenolic products 

and pose safety concerns to researchers and supplement manufacturers. 

Hence, several other extraction methods have been developed for grape 

extraction such as microwave-assisted extraction, ultrasound-assisted 

extraction, supercritical fluid extraction and subcritical water extraction. 

Chemical composition of the extract is commonly analyzed by a colorimetric 

assay using Folin-Ciocaltea’s phenol reagent (Xia et al., 2010).   

 

1.3.2 Health Benefit of Wine and Grapes 

The cardio-protective role of moderate red wine consumption has been 

intensively studied and health benefits are generally attributed to both ethanol 

and polyphenol content of wine. Several mechanisms have been proposed 

regarding to alcohol and its effect on CVD, of which, the most important one is 

its ability to increase serum HDL. Other ethanol-related mechanisms include 

reducing atherosclerotic plaque formation by increasing endogenous 
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plasminogen activator plasma concentrations and fibrinolytic activity, 

increasing coronary blood flow, suppressing the immune response and 

altering cytokine metabolism (Ronksley et al., 2011). An early study done by 

Emeson et al. looked directly and systematically at the effects of alcohol on 

the histopathological development of atherosclerotic lesions (Emeson et al., 

1995). For 6-8 weeks, C57BL/6J female mice were fed with high fat diets plus 

0, 3 or 6% ethanol or low fat-fed groups with same amounts of ethanol 

supplement. After 22-weeks of feeding, atherosclerotic lesions were reduced 

by 53% with 3% and 84% with 6% ethanol supplement in high fat diets. Total 

plasma cholesterol and non-HDL cholesterol were both reduced significantly 

by alcohol supplementation in both low fat and high fat groups in a dose-

dependent manner; triglycerides were only reduced in the high ethanol 

groups. However, contrary to many other studies, they found a slight reduction 

of HDL in the treatment groups, and one possible explanation is the limitation 

of mice model itself.  

 

In a cell culture model, Biasi et al. demonstrated anti-inflammatory properties 

of wine phenolics (Biasi et al., 2013). In this experiment, human colon 

adenocarcinoma cells (CaCo-2) were first treated with Cannonau or 

Vermentino wine extracts or individual polyphenols present in wine, then 

challenged with oxysterol-mixture. Incubation of cells with oxysterols induced 
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both IL-6 and IL-8 synthesis, and pretreatment with NADPH inhibitor, DPI 

(diphenyl iodonium), inhibited cytokine synthesis. Red wine extract decreased 

oxysterol-related NOX1 activation by 80% and to a less extent, white wine 

decreased the activity by 25%. In addition, the production of IL-6 and IL-8 was 

significantly prevented by red wine extract but not white wine. For the 

individual polyphenols tested, most of them were able to exert an anti-

inflammatory effect but gallic acid and caffeic acids showed the most potent 

effect.  

 

Similar effects have been observed with grape extracts as well. Grapes have 

been shown to provide protective effects against metabolic syndrome, 

diabetes, CHD, cancers and other degenerative pathologies related to 

oxidative stress and aging (Chuang and McIntosh, 2011). In a double-blind, 

crossover human study, Barona et al. evaluated the vasoprotective function of 

freeze dried grape powder in individuals with metabolic syndrome (Barona et 

al., 2012). Endothelial dysfunction is the first detectable parameter in the early 

development of atherosclerosis. Daily consumption of freeze-dried grape 

powder for 30 days decreased systolic blood pressure by 6 mm Hg compared 

with placebo group. Patients with metabolic syndrome had increased 

oxidative stress that may inactivate NO at the endothelia; consumption of 

grape powder increased NO bioavailability. According to the US National High 
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Blood Pressure Education program, a 5-mm Hg decrease in systolic blood 

pressure in population will decrease overall mortality due to stroke by 14%, 

due to CVD by 9% and decrease all-cause mortality by 7% (Chobanian et al., 

2003). However, in this study, improvements in other metabolic syndrome 

variables were not detected.  

 

Peripheral neuropathy is another common complication of metabolic 

syndrome. Recovery from nerve damage is difficult and only partial 

improvement can be expected (Bril et al., 2011). Therefore, preventive 

intervention at the early stage of hyperglycemia may be warranted to prevent 

the severe consequences of nerve damage. Grapes seeds are rich sources of 

oligomeric proanthocyanidins that have strong antioxidant and free radical 

scavenging capacities, and thus may expected to be neuroprotective in 

prediabetic conditions. Jin et al. confirmed the positive relation on C57BL/6J 

mice that were fed high fat diets to induce prediabetic conditions. Control mice 

were fed a normal diet and experimental groups were fed with high fat diets 

plus a low (100mg/kg) and high dose (250mg/kg) of vitis vinifera grape seed 

extract. After 12 weeks, mice fed with grape extracts showed a dose-

dependent reduction in nerve fiber loss compared to the untreated high fat-fed 

mice and low fat-fed mice. Compared to high fat-fed mice, mice fed diets 

supplemented with 100mg/kg and 250mg/kg extracts had reduced nerve fiber 
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loss by 17% and 28%, respectively. Conclusions from this study suggested 

neuroprotective benefits from grape seed extract consumptions. 

 

In grapes, resveratrol is produced in response to adverse conditions such as 

pathogenic attack and environmental stress, and has been well studied 

despite its relatively low concentration in wine. After ingestion, resveratrol 

undergoes rapid and extensive conjugation before entering circulation. Many 

in vivo studies have shown noticeable benefits from oral resveratrol 

supplementation at a relatively low concentration. These benefits can be 

explained in part by a cell culture study done by Lasa A et al(Lasa et al., 

2012). 3T3-L1 maturing pre-adipocytes were differentiated for 8 days then 

treated with various concentrations of resveratrol or its metabolites (trans-

resveratrol-4’-O-glucuronide, trans-resveratrol-3’-O-glucuronide and trans-

resveratrol-3’-O-sulfate) for 24 h. Triacylglycerol and gene expression were 

assessed as indicators of delipidation, The same treatment was applied on 

day 12 with mature adipocytes. The results showed resveratrol metabolites 

have a similar delipidating effect as resveratrol in maturing pre-adipocytes, 

and glucuronide, but not sulfate conjugates are effective in maturing 

adipocytes, although with less potency as resveratrol. An in vivo study 

showed that resveratrol also enhanced metabolism and life span in mice fed a 

high-fat, high-calorie diet (Baur et al., 2006). Quercetin is one of the most 
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abundant phytochemicals in grape extract; Panchal et al. conducted a rat 

feeding study on the role of quercetin in ameliorating CVD, hepatic and 

metabolic changes in diet-induced metabolic syndrome (Panchal et al., 2012). 

Two groups of 8-9 week male Wistar rats were fed with a corn starch-rich (C) 

diet or a high-carbohydrate, high-fat (H) diet for 16 weeks. Two other groups 

were first fed with either a C diet or H diet for 8 weeks, then followed by 8 

weeks feeding with 0.8 g/kg quercetin supplemented diets (CQ and HQ). At 

the end of study, the H diet group exhibited metabolic syndrome compared to 

the C diet group. However, although no significant differences were observed 

on body weight and dyslipidemia in H and HQ diet rats, HQ rats still showed 

elevated expression of nuclear factor (erythroid-derived 2)-related factor-2 

(Nrf2), heme oxygenase-1 (HO-1) and carnitine palmitoyltrasferase 1 (CPT1) 

and decreased expression of NF-κB in both heart and liver compared with H 

rats. Ellagic acid is another interesting compound that exhibits promising 

health benefits (Gourineni et al., 2012). Concentrations of ellagic acid are 

nearly 20 fold higher than in the same cultivar grape extracts than wine. A 

similar high carbohydrate and high fat feeding study was also conducted in 

rats to investigate the role of ellagic acid in rats (Panchal et al., 2013).  Ellagic 

acid attenuated the diet-induced symptoms of metabolic syndrome with a 

normalization of protein levels of Nrf2, NF-κB and CPT. 
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1.3.3 Digestion and Absorption of Grape and Wine 

Phytochemicals  

Although much research has been conducted on the health benefits of fruits 

and vegetable components, many of the in vitro studies results that test 

purified phytochemicals on different cell lines are not sufficient evidence to 

confirm that consumption of the corresponding fruit produces the 

hypothesized health benefit. Effective digestion and absorption must occur. 

Tagliazucchi D et al. used an in vitro model simulating gastro-intestinal 

conditions and measured changes in the amount of bio-accessible 

polypheonols, flavonoids and anthocyanins from whole grapes (Tagliazucchi 

et al., 2010). In the gastric phase, phytochemical content was increased due 

to mechanical homogenization and shaking as well as low pH environment 

and enzyme action, with flavonoids counting for 90% of the released 

phytochemicals. However, a significant loss occurs during the transition from 

the gastric environment to the intestinal environment. After the initial reduction 

in content, incubation with a pancreatic enzyme solution increased 

polyphenols and flavonoids but decreased anthocyanins. Similar results were 

also found in a control group that lacks digestive enzyme treatment, indicating 

that changes of accessibility are due to a different chemical environment 

rather than enzymatic activity. Several other studies also found that grape and 

wine polyphenols are relatively stable in both gastric and intestinal pH, yet 

high degradation of anthocyanins occurs in an alkaline environment 



 29 

(Bermúdez-Soto et al., 2007, Laurent et al., 2007). In addition, the human 

gastrointestinal tract temperature favors nutrient release. Hence, the gastro-

intestinal tract acts as a phytochemical extractor and released compounds 

confer antioxidant and anti-microbial benefits to the digestive tract before 

being absorbed by enterocytes.  

 

The exact mechanism of transport of phytochemicals in the gastrointestinal 

lumen is not completely understood, and it is not clear whether they are 

absorbed in free or conjugated form. Several proteins have been found to 

have affinity for phenolic compounds and may facilitate brush border uptake 

such as P-glycoprotein, multidrug resistance associated proteins, and breast 

cancer resistance protein (Johnson and Johnson, 2000). The food matrix is 

also an important contributing factor, in the case of wine, quercetin absorption 

is enhanced by the presence of alcohol yet the effect on resveratrol still 

remains controversial (Goldberg et al., 2003).   

 

Despite many of its desirable health benefits, grape extracts could pose side 

effects in some circumstances. A study in mice spleen cells showed 

noticeable DNA damage after incubating with a high concentration (150 

umol/L) of catechins (Fan and Lou, 2004). However, overdose is not the only 

cause of toxicity, as the synergistic effect of several phytochemicals could play 
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a role as well. Therefore, concentrations and compositions of grape extracts 

need to be carefully understood.  

 

1.3.4 Introduction of Pinot Noir Cultivar and Geographic 

Distribution 

Pinot noir is a red wine grape variety of the species Vitis vinifera that 

originated in the Burgundy region of France, but is now widely cultivated all 

over the world. In the U.S., it is mostly grown in the states of Oregon, 

California, Washington, Michigan and New York with the Willamette Valley 

being a major site of production in Oregon. Pinot noir has a very thin skin and 

tightly packed clusters, making them vulnerable to viticultural hazards like 

microbial spoilage. Pinot noir is one of the most highly-consumed red wines 

and is the most commonly-grown wine grape in Oregon (Lattey et al., 2007). 

 

1.4 Proposed Mechanism of Grape and Wine Phytochemical 

Actions 

1.4.1 Phytochemicals as Targets for Transcription Factors  

Although hyperlipidemia lipids can be harmful, as one of the three essential 

macronutrients, lipids are required for normal cell metabolism and function. It 

is not surprising that transport and utilization of lipids is mediated in part by 

interaction with nuclear receptors, and ultimately lipid clearance via a 
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sophisticated network (Chawla et al., 2001). Phytochemicals from grapes and 

wine may exert an impact on lipid metabolism by serving as nuclear receptor 

ligands. Nuclear receptors are ligand-activated transcription factors that 

regulate a diverse variety of genes (Wagner et al., 2011). A number of genes 

in this family has been identified in humans and they all share a similar protein 

structure despite their diverse ligand affinities: a NH2-terminal region that 

encodes a ligand-independent transcriptional activation function; a target-

specific DNA binding domain contains two zinc finger motifs; a hinge region 

that allows simultaneous receptor dimerization upon ligand and DNA binding; 

and a large COOH-terminal region containing a ligand binding domain, a 

dimerization interface and a ligand-dependent activation function. Classic 

steroid hormone nuclear receptors typically function as homodimers and their 

ligands are typically synthesized endogenously (Levine et al., 2014). 

Phytochemicals typically activate another superfamily also known as the 

adopted orphan nuclear receptors that form heterodimers with the retinoid X 

receptor (RXR). Members of this family include peroxisome proliferator-

activated receptors (PPAR α, PPARγ and PPARβ), pregnane X receptor 

(PXR) and onstitutive androstane receptor (CAR). Nuclear factor erythroid 2-

related factor 2 (Nrf2) and the aryl hydrocarbon receptor (AHR) are not NHR 

but as transcription factors, they share similar protein structure (Peltonen et 

al., 2013). Some of the proteins induced by these transcription factors form a 

sophisticated lipid metabolism network; they include cytochrome P450 (CYP) 
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enzymes, intracellular lipid binding proteins and ATP-binding cassette (ABC) 

lipid transporters. 

 

1.4.2 The PPAR Family 

The PPAR family plays a key role in regulating nutrient metabolism and 

energy homeostasis. Upon activation by lipids, PPARs form heterodimers with 

retinoid X receptor (RXR), and bind to the peroxisome proliferator response 

elements located in the promoter region of PPAR-regulated genes, which 

leading to transcriptional activation of the gene (Evans and Mangelsdorf, 

2014). Because of their importance in lipid and glucose metabolism, PPARs 

have been intensively studied and potent pharmacological ligands have been 

developed and are used for disease therapies. However, studies focusing on 

higher ligand efficacies and tolerability than current drugs are still needed 

(Raucy and Lasker, 2013). 

 

PPAR alpha is widely distributed in liver, skeletal muscle and heart, all organs 

that have high-energy demand from lipids. Activation of PPARα can up-

regulate FA uptake, transport and oxidation (Ribet et al., 2010). This process 

has a profound impact on attenuating dyslipidemia characterized as 

abnormally elevated blood triglycerides (TG) in the form of VLDL and LDL in 

combination with decreased HDL. VLDL homeostasis is maintained in healthy 
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individuals by balancing lipoprotein lipase (LPL)-mediated clearance in 

peripheral tissues and liver VLDL secretion. Secretion depends on lipid 

availability and virtually any process that increasing intracellular TG levels can 

raise VLDL level. PPARα activation stimulates liver TG clearance via both 

mitochondrial and peroxisomal FA oxidation. Plasma TG content can also be 

modified in response to PPARα by decreasing hepatic inhibitors and 

increasing activators of LPL (Lodhi et al., 2012). Furthermore, PPARα up-

regulates gene expression of apolipoprotein A-I and A-Ⅱ, the major 

components of HDL (Shin et al., 2011).  

 

Another important feature of PPARα is its ability to down-regulate pro-

inflammatory gene expression. The significance of this regulation is PPARα’s 

protective vascular effect at atheroma sites. PPARα blocks proinflammatory 

factors secretion by inhibition of NF-κB signaling pathway along with an 

activation of anti-inflammatory effect, including augmentation of cholesterol 

efflux from macrophages and facilitation of reverse cholesterol transport 

(Rakkestad et al., 2010). 

 

A major site of PPARγ function is in adipose tissue stimulating adipocyte 

differentiation and allowing the uptake of more lipid (Lefterova et al., 2014). By 

enhancing FA uptake and suppressing lipolysis in adipocytes, circulating FFAs 
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are diminished and less is transported to skeletal muscle and liver, where 

lipotoxicity-induced insulin resistance often takes place (Hassan et al., 2014). 

In addition to redistribution of body fat, PPARγ regulates adipokine secretion, 

including adiponectin, which potentiates insulin sensitivity in liver and skeletal 

muscle. Meantime, PPARγ is also capable of repressing pro-inflammatory 

cytokines and chemokines (Lin et al., 2013). Together with lowered circulating 

FFA level, PPARγ ligands reversed the lipotoxicity in pancreatic beta cells. 

Because beta cell apoptosis is inhibited, there’s an increase in beta cell mass 

and consequently an increased secretion of insulin. 

 

1.4.3 Other Transcription Factors  

Another transcription factor, nuclear factor (erythroid-derived 2)-like 2 (Nrf2), 

is also actively involved in chronic inflammation-mediated metabolism 

disorders. It is a key cellular senor of oxidative stress and protects against 

tissue injury by enhancing antioxidant and detoxification response to oxidative 

stress (Kim and Vaziri, 2010). Therefore, the Keap1-Nrf-2 pathway may be 

involved in observed metabolic improvements due to the high antioxidant 

activities of red wine and grape extracts. 

 

1.5 Study Object 

The relatively low incidence of coronary heart disease along with high 
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saturated fat intake in France described by the French paradox captured the 

interest of many researchers. Although still uncertain, one possible hypothesis 

gives the credit to resveratrol and/or other phytochemicals in wine, based in 

part on high per capita consumption of red wine in France (Liu et al., 2007). 

Therefore, our study was conducted to further investigate the synergistic role 

of different phytochemicals in Pinot noir grape juice and wine extracts in a 

high fat feeding mice model on chronic inflammation-mediated metabolic 

complications. 
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Figure 1.1 Chronic inflammation and related diseases (adopted from radian 

health recourses, 2014 http://igennus.com/fat-facts/restore-maintain-protocol/) 
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Figure 1.2 Adipose signals influence systemic metabolism and appetite (Lee 

et al., 2013) 
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cyanidin                                                                resveratrol       

            

  

quercetin                                                              ellagic acid 

              

 

 catechin                                                              genistein 

 

Figure 1.3 chemical structures of some phytochemicals (Kapasakalidis et al., 

2009) 
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CHAPTER II METABOLIC EFFECTS OF CONSUMPTION OF 

HIGH-FAT DIETS SUPPLEMENTED WITH PINOT NOIR WINE 

AND GRAPE PHYTOCHEMICAL EXTRACTS, QUERCETIN, 

ELLAGIC ACID AND RESVERATROL IN C57BL/6J MALE MICE 
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2.1 Introduction 

Consumption of a high-fat, high-calorie, ‘Western’ diet has been implicated in 

the initiation and promotion of metabolic syndrome and chronic disease due to 

a disturbed energy balance(Jacques and Tucker, 2001). Mice fed high-fat 

diets accumulate fat centrally, affecting the endocrine system and 

inflammatory cytokine secretion(Wisse, 2004). Insulin resistance is a well-

documented contributing factor that links elevated plasma lipids and glucose 

to hepatic hypertrophy and fibrosis, adaptation and alteration in cardiac 

structure, and other chronic diseases(Bugianesi et al., 2005). In recent 

decades, it has been shown that chronic inflammation also plays in important 

role in the progression of metabolic disease(Monteiro and Azevedo, 2010).  

 

Wine consumption, particularly pigment-rich red wine, has been reported to 

be beneficial in prevention of coronary heart disease when consumed in 

moderation(Renaud and de Lorgeril, 1992). Some of this effect if thought to 

be due to the effect of ethanol (Da Luz and Coimbra, 2004) while more recent 

work has been focused on the protective effect of wine 

phytochemicals(Carluccio et al., 2003). Similar improvements have also been 

associated with grape consumption(Xia et al., 2010), which suggests that 

phytochemicals contribute significantly to the health benefit of wine 

consumption in addition to the effect of ethanol. Previous work in our lab has 
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determined that compounds in the muscadine grape (Vitis rotundifolia), 

including ellagic acid, reduced symptoms of metabolic disease in mice fed a 

high-fat diet(Gourineni et al., 2012).  

 

Therefore, to directly study the effect of wine, juice and grape compounds in 

the present study, 6-week-old male C57BL/6J mice were randomly divided 

into several groups: low-fat (LF, 10% fat) and high-fat (HF, 60%) diet control 

groups, high-fat plus Pinot noir wine or grape juice extracts groups and three 

additional groups fed high fat diets plus one of three different purified 

phytochemicals. Fasting glucose and aspects of physical performance were 

measured during the feeding study and serum lipids, hormones and cytokine 

levels were determined post mortem. In the absence of reduced weight gain, 

various groups of HF-fed mice provided grape or wine extract and/or grape 

phytochemicals showed reductions in fasting glucose levels, enhanced 

strength, balance, and endurance, as well as reduced serum inflammatory 

factors. Qualitatively, a review of liver tissue sections demonstrated 

reductions in lipid accumulation in hepatocytes provided grape and wine 

extracts and phytochemicals.  
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2.2 Materials and Methods 

2.2.1 Preparation of Grape and Wine Extracts 

Vitis vinifera Pinot noir (P.N.) grapes were obtained from two local vineyards 

(near Corvallis, Oregon, USA) and grapes were mechanically destemmed and 

crushed. Must was immediately sulfited and treated with pectinase for 5 days 

at 4C. The must was then pressed and juice collected. Half of the juice was 

stored frozen for 30 days while the remainder was fermented to dryness after 

inoculating with RC212 yeast (Lalvin). At this time, juice was thawed and both 

juice and wine were filtered with Whatman #2 filter paper. Solid phase 

extraction was performed using a custom-built separatory column packed with 

4L of adsorbent polymer beads (Amberlite FPX-66, Rohm and Haas, 

Philadelphia, Pennsylvania) fed by a peristaltic pump (Manostat Model72-640-

000, The Barnant Company, Barrington, IL)(Gourineni et al., 2012). The 

beads are synthetic resins that allow adsorption of polyphenols from aqueous 

solution via hydrophobic binding and aromatic stacking. Sugars do not interact 

with resins and can be easily removed by water. Polyphenols are desorbed in 

organic solvents. Briefly, either wine or juice was loaded onto the column at 

an approximate average flow rate of 1.2 L/min. After loading, the column was 

rinsed of residual juice/ wine components by passing deionized water at a 

similar flow rate until 5 times the initial wine/juice volume had been passed. 

Adsorbed compounds were then recovered by passing USP grade ethanol 

(95%) through the column at approximately 550 mL/minute until the beads 
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became colorless and the eluent ran clear. After extraction, the recovered 

solution was evaporated under vacuum at 50 °C to remove ethanol and then 

frozen in liquid nitrogen prior to freeze-drying. Dried extracts were stored in 

sealed containers at 4 C in the dark until needed. Extracts are ethanol- and 

sugar-free powders rich in anthocyanins and other flavonoids. 
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Table 2.1 Compositions of Experimental Diets 

Diets 
LF HF HF+ 

Resveratrol 
HF+X** 

Ingredient % gm kcal gm kcal gm kcal gm kcal 
Casein, 80 mesh 200 800 200 800 200 800  200 800 
L-Cystine    3 12     3 12     3 12  3 12 
Corn Starch  506.2 2025     0 0     0 0       0 0 
 Maltodextrin 10  125 500 125 500 125 500   125 500 
Sucrose 68.8 275   68.8 275   68.8 275    68.8 275 
Cellulose, BW200 50 0  50 0   50 0 50 0 
Soybean Oil 25 225  25 225   25 225     25 225 
Lard 20 180   245 2205 245 2205   245 2205 
Mineral Mix S10026 10 0  10 0   10 0     10 0 
Dicalcium Phosphate 13 0  13 0   13 0 13 0 
Calcium Carbonate 5.5 0 5.5 0    5.5 0      5.5 0 
Potassium Citrate, 1 H2O 16.5 0 16.5 0   16.5 0    16.5 0 
Vitamine Mix V10001 10 40  10 40   10 40 10 40 
Choline Bitartrate 2 0    2 0     2 0  2 0 
Resveratrol 0 0    0 0     0.78 0  0 0 
X 0 0    0 0     0 0    1.56 0 

%         

Protein   19 20 26 20   26 20    26 20 
Carbohydrate    67 70 26 20   26 20    26 20 
Fat      4 10 35 60   35 60    35 60 
Total   100  100  100   100 
kcal/gm    3.8  5.2      5.2    5.2  

 

*: Calculations were based on the diet composition data provided by 

Research Diets Inc. (New Brunswick, NJ). 

**: X stands for Quercetin, Ellagic Acid, P.N. Wine extracts or P.N. Juice 

extracts  
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2.2.2 Chemical Analysis of Grape and Wine Extracts 

Total phenolics were measured by a modification of the Folin-Ciocalteu (F-C) 

spectrophotometric method(Wrolstad et al., 2005) and reported as mg gallic 

acid equivalents (GAE) per Kg fresh fruit. Phenolic fingerprints were 

measured by HPLC-DAD, and defined based on peak area qualitatively. 

Anthocyanins were analyzed by HPLC, total anthocyanins were measured by 

AOAC method 2005.02 (pH differential method)(Lee et al., 2005). Polymeric 

color and browning were measured by bisulfite bleaching. Antioxidants were 

measured by the FRAP and ORAC assays(Hummer et al., 2014). 

  

2.2.3 Mouse Diet Studies 

Mouse diets were prepared by Research Diets Inc. (New Brunswick, NJ, 

USA) and compositions were shown in Table 2.1. Fifty-six, 6-week old male 

C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME) 

and randomly divided into 7 experimental groups (n=8 each) fed the following 

diets: Low-fat (LF, 10% of energy from fat, D12450J), High-fat (HF, 60% of 

calories from fat, D12492), and high-fat supplemented with various 

phytochemicals. Phytochemicals supplemented to high-fat diet are: 0.2% w/w 

Pinot noir wine extract (HF+PWE, D13081302), Pinot noir grape juice extract 

(HF+PGE, D13081301), quercetin (HF+QUE, D13081309), ellagic acid 

(HF+EA, D13081308), or 0.1% w/w resveratrol (HF+RES, D13081307). Mice 
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were housed four per cage under regulated temperature (22±2C) and 

alternating 12 h light/dark cycle with access to food and water ad libitum. Mice 

were acclimated to the facility with a chow maintenance diet (Purina 5001) for 

two weeks before assignment to their respective treatment groups and then 

maintained on the experimental diets for 10 weeks. Mouse body weights and 

food intake were measured weekly. The content of extracts and 

phytochemicals in the diets were based on a previous study that 0.4% 

muscadine grape extract decreased weight gain by 12% compared to the HF 

control groups(Gourineni et al., 2012) as well as many other published 

studies. At the end of the study, mice were fasted for 6 hr. before 

anesthetization and sacrifice. Blood was collected by cardiac puncture and 

glucose level was measured. Serum samples were collected after centrifuging 

at 2000RPM for 15 minutes at 4 C, then stored at -80 C. Liver, epididymal 

adipose and kidney were collected and weighed (data shown in Table 2). A 

100mg piece of liver and kidney tissue sample was cut and stored in 

RNAlater® Solution (Life Technologies, Carlsbad, CA, USA) immediately after 

weighing. The remaining tissue was frozen at -80 C. The experimental 

protocol was approved by the Institutional Animal Care and Use Committee at 

Oregon State University. 
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2.2.4 Five Day Diet Measurements 

At week seven, daily food consumption per cage mice was monitored for five 

consecutive days. Mice were fed at libitum during the study. Water 

consumption was not recorded. 

 

2.2.5 Intraperitoneal Glucose Tolerance Test 

Glucose levels were measured in week 6 using a hand-held blood glucose 

monitor (ReliOn® Ultima, Abbott, Alameda, CA). After a 6 h fast, mice were 

anesthetized using isofluorane and a small tail cut was made and blood 

glucose measured as baseline concentration. Glucose was subsequently 

measured at four 30-minute intervals over a period of 2 hours following 

injection with 10uL of 1g/mL glucose/saline solution per gram of body weight 

at time zero. The same wound on the tail was warmed using a water-soaked 

Kimwipe and blood was collected. The wound was disinfected by wiping with 

70% alcohol after each blood collection. At the end of the study, a small blood 

sample was used from cardiac puncture to measure week 10 baseline blood 

glucose concentrations, again after a 6 h fast(Christensen et al., 2009). 

 

2.2.6 Grip Strength Test  

At week eight, grip strength test was performed following the protocol used by 

Matsuo et al. (Matsuo et al., 2010). Briefly, mice were placed on a metal grid 
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and allowed to hold onto the grid with their forelimbs.  The grid is connected to 

a push-pull gauge transducer to record forelimb strength when pulled gently 

away from the grid by their tail. A Chatillon DFE-010 Series Digital Force 

Gauge was used (C.S.C. Force Measurement, Inc. Agawam, MA). Peak force 

developed during the test was detected and recorded. Each mouse was 

tested for three to four times with a one-minute rest between each trial. 

 

2.2.7 Rotarod Test 

At week eight, a Rotarod endurance test was performed following the 

procedure described by Cryan et al(Cryan et al., 2004). The Rotarod 

apparatus (Rotarod 3375-4R with 60Hz/115V Process Control RotaRod 

337500, Serial No: 050620-3 and 050620-04. TSE Systems, Bad Homburg, 

Germany) is a horizontally-oriented rotating rod separated by partitions and 

suspended above a cage floor high enough to induce mice to avoid falling but 

low enough not to injure fallen mice. The rod is connected to a motor and 

computer and rotation speed is gradually accelerated mechanically from zero 

to 30 rpm, and then held at 30rpm for up to 180s until mice fall. Mice were 

trained three times with a one-minute rest between each trial, 24 hours prior 

to testing. The time maintained on the rotating rod is referred to as latency 

time. 

 



 49 

2.2.8. Metabolic Cages 

At week eight and nine, mice were individually housed in metabolic cages to 

monitor 24 hour metabolic parameters following the protocol described by 

Stechman et al. (Stechman et al., 2010). Mice have free access to diet held in 

a separate attachment to the metabolic chamber with a grid wall to prevent 

spillage or spoiling of diet. Water was supplied by dripper bottle. The 

urine/feces separation cone is underneath the stainless steel grid floor. Urine 

flows along the slot of the cone and is directed into the urine tube where fecal 

pellets roll down to the side of a funnel and into a different tube. 24-hour diet 

intake, feces and urine weight were measured and recorded for each mouse.   

 

2.2.9 Histological Examination 

To visualize fat droplet accumulation and fibrosis formation, frozen liver tissue 

samples were fixed in a 10% formalin buffer solution and embedded in 

paraffin. Liver sections were stained with Masson's trichrome dye 

(Histotechnology, 2009). 

 

2.2.10 Measurement of Liver Lipid and Cytokines  

Serum glucose, low-density lipoprotein (LDL), very low-density lipoprotein 

(VLDL), high-density lipoprotein cholesterol (HDLC), Creatinine, asparate 

aminotransferase (AST) and alanine aminotransferase (ALT) level were 
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analyzed utilizing a Vitros 250 (Ortho-Clinical Diagnostics, Rochester, NY). 

Cytokines were measured in 96-well plates by 3 different MILLIPLEX® MAP 

kits from Millipore (Millipore, Billerica, MA).  The Mouse Acute Phase 

Magnetic Bead Panel 2 (Cat. #MAP2MAG-76K) was used to measure C-

Reactive Protein (CRP) levels.  The Mouse Cytokine/Chemokine Magnetic 

Bead Panel (Cat. #MCYTMAG-70K-PX32) was used to measure 32 cytokines 

simultaneously (Eotaxin, G-CSF, GM-CSF, IFNg, IL-1a, IL-1b, IL-2, IL-3, IL-4, 

IL-5, IL-6, IL-7, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, IP-10, 

KC, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1a, MIP-1b, MIP-2, RANTES, TNFa, 

VEGF).  The Mouse Adipokine Magnetic Bead Panel (Cat. #MADKMAG-71K) 

was used to simultaneously measure 7 adipokines (IL-6, Insulin, Leptin, MCP-

1, PAI-1 Total, Resistin, TNFa).   A total of 10 – 25 µl serum and an equal 

amount of antibody-immobilized beads were added to each well following the 

manufacturer’s instructions. Plates were sealed and incubated overnight at 

4°C in the dark on a plate shaker.  After incubation, the plates were washed 

twice and detection antibodies were added to each well.  Plates were sealed 

and incubated at room temperature, in the dark, on a plate shaker for 30 

minutes to one hour according to the manufacturer’s instructions.  Plates were 

washed 2-3 times according to manufacturer’s instructions and 100µl of Wash 

Buffer were added to all wells.  Plates were read on a Luminex 200 instrument 

using xPONENT software.  
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2.2.11 Study Design 

A number of physiological and anthropometric measurements were performed 

over the course of study, the study design is shown in table 2.2.  

 

2.2.12 Statistical Analysis 

Data are expressed as means ± standard error of the mean (SEM). One-way 

and Repeated Measures ANOVA were calculated and post-hoc differences 

evaluated by Tukey’s test using GraphPad Prism software.     
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Table 2.2 Experimental Design 

 
Acclimation 
(2 weeks) 

Week 
1-6 

Week 
7 

Week 
8-9 

Week 
9 

Week 
10 

Chow Diet 
feeding 

√      

Experimental 
Diet feeding 

 √ √ √ √ √ 

Weight 
measurement 

 √ √ √ √ √ 

Diet 
consumption 
measurement 

 √ √ √ √ √ 

Baseline 
glucose 

measurement 
  √   √ 

Glucose 
tolerance test 

  √    

24-hr diet 
measurement 

  √    

Grip strength 
test 

   √ √  

Rotarod test    √ √  

Metabolic 
cages 

   √ √  

Necropsy      √ 
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2.3 Results 

Phytochemical composition and antioxidant activity of P.N grape wine 

and juice extract. As shown in table 2.3, total phenolics in PWE and PGE 

were 22.8g/100g GAE and 28.8g/100g GAE, respectively; PWE had 2.70g 

total anthocyanins compared to 4.39g in PGE. A number of individual 

anthocyanindins were also measured in both extracts. The most abundant 

anthocyanindin in both extracts was malvindin, at 2.3g/100g in PWE and 

2.6g/100g in PGE. The next abundant compound was pelargonidin, at 

816mg/100 in PWE and 200mg/100g in PGE. Less abundant anthocyanindins 

were petunidin, cyanidin and dephinidin in the amounts of 98mg/100g, 

5mg/100g and 14mg/100g respectively for PWE and 75mg/100g, 66mg/100g 

and 55mg/100g respectively for PGE. The degree of phenolic polymerization 

in PWE was 58%, and 47% in PGE. Anti-oxidant activity was higher in PGE 

compared with PWE using both analytic methods: PWE had an ORAC value 

of 346mmol/100g, and a FRAP value of 251mmol/100g, while in PGE; the 

ORAC value was 530mmol/100g and FRAP value was 311mmol/100g. 

 

Final body weight and weekly diet consumption of male C57BL/6J mice 

fed low fat, high fat and high fat plus various phytochemical diets for ten 

weeks. Six-week-old male C57BL/6J mice weighed 23g on average at the 

beginning of study. At the end of ten weeks of experimental feeding, average 
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body weight of LF-fed mice was 26 +/- 0.7g, compared to 40 +/- 1.6g of the 

HF-fed mice.  Mice fed HF supplemented with PWE, PGE or various purified 

compounds had similar final body weight compared with HF-fed mice. 

Average final body weights of all HF-fed groups were greater than the LF 

group (p<0.05, Figure 2.1 A). Repeated measures one-way ANOVA showed 

no difference in weekly energy intake among all HF-fed groups, but all HF 

groups were significantly different from LF-fed mice (p<0.05). On average, 

HF-fed mice consumed 43% more energy each week than the LF-fed mice. 

Daily food intake was monitored for five consecutive days at week seven. LF-

fed mice consumed statistically lower amount of energy compared with all HF-

fed groups. HF-fed mice consumed similar amounts of energy daily compared 

with the HF- supplemented groups. However, HF+EA-fed mice consumed 

more energy daily (p<0.05) than HF+PWE- and HF+RES-fed mice. When 

compared together, one-way ANOVA showed no statistically significant 

difference among all HF-fed groups. 

 

Glucose regulation of male C57BL/6J mice fed low fat, high fat and high 

fat plus various phytochemical diets for ten weeks. At week six, LF- and 

HF-fed mice had different baseline glucose concentrations (p<0.01). 

HF+PWE-and HF+EA-fed mice had a baseline glucose concentration similar 

with the LF-fed mice. All three other experimental groups: HF+PGE, HF+QUE 
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or HF+RES diets fed groups had an intermediate value between LF and HF 

control groups as determined by one-way ANOVA  (Figure 2.2 A). Baseline 

glucose concentration was also measured at week ten. LF- and HF-fed mice 

still exhibited different baseline glucose concentrations (p<0.01). HF+PGE- or 

HF+RES-fed mice had similar baseline glucose concentrations compared to 

HF-fed mice, and were significantly higher than LF-fed mice (p<0.05). The 

other three treatment groups fed HF+PWE, HF+QUE or HF+EA had an 

intermediate baseline glucose concentration value between LF and HF control 

groups (P<0.05). When comparing all HF-fed groups, there was no 

statistically significant difference as indicated by one-way ANOVA (p>0.05, 

figure 2.2 B). At week six, a glucose tolerance test was also performed and 

expressed as area under the curve normalized to the HF-fed group (figure 

2.3). One-way ANOVA indicated all HF-fed mice had higher area under the 

curve value than the LF-fed mice (p<0.05).  

 

Grip force as a percentage of total body weight in male C57BL/6J mice 

fed low fat, high fat and high fat plus various phytochemical diets for ten 

weeks.  Grip force expressed per gram of total body weight was statistically 

different between LF- and HF-fed mice, with HF-fed mice having the lower 

value (p<0.05). All mice fed HF plus an extract or phytochemical trended to a 

higher grip force per body weight than HF-fed mice, but this trend was not 
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statistically different as determined by one-way ANOVA (P>0.05). HF+PGE- 

and HF+EA-fed mice had an intermediate value between two control groups 

(p<0.05). 

 

Rotarod latency time of male C57BL/6J mice fed low fat, high fat and 

high fat plus various phytochemical diets for ten weeks. LF-fed mice had 

statically longer latency times than the HF-fed mice (p<0.05).  HF+PWE-, 

HF+QUE-, and HF+RES-fed mice were not different from LF- and HF-fed 

mice as determined by one-way ANOVA （p<0.05). HF+PGE- and HF+EA-

fed mice were not different from the HF-fed mice.  

 

Masson’s Trichrome stain of liver cross sections of male C57BL/6J mice 

fed low fat, high fat and high fat plus various phytochemical diets for ten 

weeks. Using Masson’s trichrome stain, collagen is stained in blue, cytoplasm 

is stained in red and nuclei are stained in black. Qualitative assessments of 

multiple samples of stained liver sections showed substantial amount of fat 

globule accumulation represented by white dots and more collagen formation 

represented by blue stripes around cell membranes in HF-fed mice than in the 

LF-fed mice. In addition, in HF-fed mice, liver cells contained such a great 

number of fat droplets that nuclei were displaced to the periphery of the cells. 

Trichrome stain of the liver from LF-fed mice had a brighter red color in the 
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cytoplasm, few and relatively smaller fat droplets, and blue-stained collagen 

was very minimal. Liver from HF+PWE- and HF+PGE-fed mice showed 

reduced fat globule accumulation and collagen formation compared to the HF-

fed mice. When compared to the liver from LF-fed mice, liver from HF+PWE-

fed mice was more similar to LF-fed than the HF+PGE fed mice. A similar 

trend was seen in all three purified phytochemical treatment groups; they had 

an intermediate level of fatty globule accumulation compared to livers from 

LF- and HF-fed mice, but fat droplet size compared more closely to the LF-fed 

mice than the HF-fed mice. Liver from HF+RES-fed mice had the most similar 

appearance with the LF-fed group. Comparing mice fed HF+PWE and 

HF+PGE to mice fed purified phytochemicals fed mice; the HF+PWE group 

had the greatest reduction in fat globule accumulation and collagen formation 

(figure 2.6).  

 

Organ tissue weights of male C57BL/6J mice fed low fat, high fat and 

high fat plus various phytochemical diets for ten weeks. Liver weights 

were increased in HF-fed mice by ~60% compared with LF-fed mice (p<0.05, 

table 2.3). There were no differences in liver weight in all HF-fed groups. Liver 

weight for HF+QUE- and HF+RES-fed mice was intermediate in value 

between LF-fed and HF-fed groups. When comparing the ratio of liver weight 

to final body weight, no differences were observed. Kidney weights were 
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significantly increased in HF-fed mice compared with LF-fed mice by +31% 

(p<0.05). All groups fed HF-supplemented diets had intermediate values 

between LF- and HF-fed-mice as determined by one-way ANOVA (P<0.05). 

When comparing the ratio of kidney weight to final body weight, no differences 

were observed between LF-fed, HF-fed, and HF+EA-fed mice.  HF+PWE-, 

HF+PGE, HF+QUE- and HF+RES-fed mice had significantly different 

kidney/body weight ratios vs. LF-fed mice, but not with HF-fed mice. Adipose 

tissue weights were increased by ~300% in HF-fed mice compared with LF-

fed mice. There were no differences in inguinal adipose weights for all mice 

fed HF diets. Mice fed HF+PWE and HF+PGE had higher inguinal adipose 

tissue weight than HF-fed mice while mice fed HF plus a purified 

phytochemical compound had slightly lower adipose tissue weight than the 

HF-fed group. Similarly, when comparing the ratio of adipose tissue to final 

body weight, only LF-fed and HF-fed mice showed a difference (P<0.05). 

 

Serum glucose and lipid levels in male C57BL/6J mice fed low fat, high 

fat and high fat plus various phytochemical diets for ten weeks. As 

shown in table 2.4, HF-fed mice had significantly higher serum glucose 

concentration compared to the LF group (p<0.05). No differences in all HF 

diets fed mice as determined by one-way ANOVA. HF+PWE-, HF+QUE- and 

HF+EA-diet groups also showed no differences when compared to the LF 



 59 

control diet fed mice. LDL values of LF group were too low to be detected. 

HF+PGE-fed mice had higher LDL concentration than HF+QUE group. All 

other HF groups had an intermediate value between those two groups as 

determined by one-way ANOVA (P<0.05). VLDL and triglyceride 

concentrations were similar among all diet groups as determined by one-way 

ANOVA (P>0.05). Both HDLC and cholesterol concentrations showed that 

HF-fed mice had higher value than the LF-fed group (p<0.05), but no 

difference among all high diet groups as determined by one-way ANOVA 

(P>0.05). Creatinine concentrations were similar in all HF supplemented with 

purified phytochemicals groups and lower than all other groups (p<0.05).  

 

Serum hormone and cytokine levels in male C57BL/6J mice fed low fat, 

high fat and high fat plus various phytochemical diets for ten weeks. As 

shown in table 2.5, two hormones and a number of cytokines were detected in 

this assay. Both hormones and the majority of cytokines  were higher in HF-

fed mice than the LF-fed mice, either statistically significantly different 

(p<0.05), such as insulin, leptin, C-reactive protein (CRP), resistin and 

macrophage colony stimulating factor (M-CSF); or not to a statistically 

significant differences, such as granulocyte colony stimulating factor (G-CSF) 

and keratinocyte chemoattractant (KC) (p<0.05). Interleukin (IL)-1a and M-

CSF concentration were reduced in HF+PWE-fed mice compared to the HF-
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fed mice, but differences were not statistically significant (p>0.05). Similarly, 

eotaxin concentration was reduced in HF+PGE-fed mice than the HF-fed 

mice, but the difference was not statistically significant (p>0.05).  Insulin, 

monocyte chemotactic protein-1 (MCP-1), MCP-1a, MCP-1b and M-CSF 

serum levels were slightly increased in HF+PGE-fed mice but not statistically 

different when compared with HF-fed mice. Quercetin supplementation 

showed similar levels with LF-fed mice on insulin, CRP, G-CSF and MCP-1a 

serum concentration (p<0.05); other cytokines showed reduced but not 

statistically significantly different values when compared with HF-fed group 

except for IL-1b, which had higher but statistically undistinguishable value 

comparing to the HF group (p>0.05). Similar results were shown in HF+EA- 

and HF+RES-fed groups. In the EA supplemented group, serum resistin and 

G-CSF concentrations were similar with the LF-fed group and resistin 

concentration was an intermediate value between the LF- and HF-fed groups 

as determined by one-way ANOVA (P<0.05); Plasminogen activator inhinitor-

1 (PAI-1), granulocyte-macrophage colony stimulating factor (GM-CSF), 

MCP-1b and M-CSF serum concentrations were all slightly but not statistically 

reduced compared to the HF-fed group (p>0.05). In resveratrol supplemented 

group, serum insulin and resistin concentrations were similar with the LF-fed 

group and resistin concentration was an intermediate value between the LF- 

and HF-fed groups as determined by one-way ANOVA (P<0.05); PAI and 
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MCP-1 serum concentrations were all slightly but not statistically reduced 

compared to the HF-fed group (p>0.05).  
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Table 2.3 phytochemical content of Pinot Noir grape and wine extract 

Phytochemicals PWE PGE 

Total phenolics 

(g/100g GAE) 

22.8 28.8 

Total Anthocyanins 

(g/100g) 

2.70 4.39 

Malvindin(mg/100g) 2300 2600 

Pelargonidin(mg/100g) 816 200 

Petunidin(mg/100g) 98 75 

Cyanidin(mg/100g) 5 66 

Dephinidin(mg/100g) 14 55 

% Polymeric 

ORAC (mmol/100g) 

FRAP (mmol/100g) 

58 

346 

251 

47 

530 

311 
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Figure 2.1 Total body weight (A), average weekly energy intake (B) and 

daily energy intake over five consecutive days at week seven (C) by 

male C57BL/6J mice fed either a low fat diet (LF) or a high fat (HF) diet 

alone or with various phytochemicals ten weeks. Phytochemicals 

supplemented to high fat diet are: 0.2% w/w Pinot noir grape juice extract 

(HF+PGE), Pinot noir wine extract (HF+PWE), quercetin (HF+QUE), ellagic 

acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). Values are expressed as 

means ± SEM, n=7~8 mice. Ordinary (A and C) or repeated measurement (B) 

one way ANOVA indicated significant differences between diet groups 

(p<0.05). Values that do not share a letter differ (p<0.05).  
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Figure 2.2 Baseline glucose concentrations of male C57BL/6J mice fed 

either a low fat diet (LF) or a high fat (HF) diet alone or with various 

phytochemicals at week six (A) and ten (B). Phytochemicals supplemented 

to high fat diets are: 0.2% w/w Pinot noir grape juice extract (HF+PGE), Pinot 

noir wine extract (HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 

0.1% w/w resveratrol (HF+RES). Values are expressed as means ± SEM, 

n=7~8 mice. Ordinary one-way ANOVA indicated significant differences 

between diet groups (p<0.05). Values that do not share a letter differ (p<0.05). 

Asterisks denote degree of significance compared to HF group (*: p<0.05, **: 

p<0.01). 
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Figure 2.3 Glucose tolerance test measured as area under the curve 

normalized to high fat diet group of male C57BL/6J mice fed either a 

high fat (HF) diet alone or HF diet with various phytochemicals for six 

weeks. Phytochemicals supplemented to high fat diet are: 0.2% w/w Pinot 

noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol 

(HF+RES). Values are expressed as means ± SEM, n=7~8 mice. Numbers of 

asterisk donate degree of difference compared to HF-fed mice. (*: P<0.05). 
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Figure 2.4 Grip force per gram body weight in male C57BL/6J mice fed 

either a low fat diet (LF) or a high fat (HF) diet alone or with various 

phytochemicals for ten weeks. Phytochemicals supplemented to high fat 

diet are: 0.2% w/w Pinot noir grape juice extract (HF+PGE), Pinot noir wine 

extract (HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w 

resveratrol (HF+RES). Values are expressed as means ± SEM, n=8 mice. 

Ordinary one way ANOVA indicated significant differences between diet 

groups (p<0.05). Values that do not share a letter differ (p<0.05).  
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Figure 2.5 Rotarod latency time of male C57BL/6J mice fed either a low 

fat diet (LF) or a high fat (HF) diet alone or with various phytochemicals 

for ten weeks. Phytochemicals supplemented to high fat diet are: 0.2% w/w 

Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol 

(HF+RES). Latency time was calculated as an average of three trials and 

values are expressed as means ± SEM, n=8 mice. Ordinary one way ANOVA 

indicated statistically significant differences between diet groups. Values that 

do not share a letter differ (p<0.05).  
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Figure 2.6 Representative images of liver trichrome stained sections of 

male C57BL/6J mice fed either a low fat diet (LF) or a high fat (HF) diet 

alone or with various phytochemicals for ten weeks. Phytochemicals 

supplemented to high fat diet are: 0.2% w/w Pinot noir grape juice extract 

(HF+PGE), Pinot noir wine extract (HF+PWE), quercetin (HF+QUE), ellagic 

acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). Slides were observed 

under 40x magnification using a Nikon Eclipse 50i microscope (Nikon 

Corporation, Japan; Serial #: 211880) fitted with an Infinity1-3C camera 

(Lumenera Corporation, Atlanta, GA; Serial #: 0186795). 
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Table 2.3 Organ tissue weights, weights as a percentage of average final body weight of male C57BL/6J6J mice fed 

either a low fat diet (LF) or a high fat (HF) diet alone or with various phytochemicals for ten weeks1. 

 

1Values are expressed as means ± SEM of each group, values that do not share a letter differ (p<0.05). 

2Diet groups: Low fat diet (LF), high fat diet (HF), high fat plus either 0.2% w/w Pinot noir grape juice extract (HF+PGE), Pinot 

noir wine extract (HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES) diet. 

 LF2 HF HF+PWE HF+PGE HF+QUE HF+EA HF+RES 

Liver(g) 0.92±0.09a 1.48±0.12b 1.54±0.13b 1.56±0.17b 1.22±0.08b 1.52±0.13b 1.29±0.04ab 

Liver/Body Weight (g/g%) 3.43±0.32 3.61±0.19 3.51±0.22 3.49±0.27 3.20±0.14 3.71±0.16 3.33±0.07 

Kidney(g) 0.13±0.01a 0.17±0.01b 0.16±0.01ab 0.16±0.01ab 0.14±0.01ab 0.16±0.01ab 0.14±0.01ab 

Kidney/Body weight (g/g%) 0.49±0.02a 0.44±0.03ab 0.36±0.02b 0.37±0.03b 0.36±0.02b 0.40±0.02ab 0.37±0.02b 

Inguinal Adipose (IA) (g) 0.31±0.02a 1.24±0.07b 1.38±0.06b 1.42±0.14b 1.20±0.10b 1.18±0.06b 1.20±0.08b 

IA / Body Weight (g/g%) 1.16±0.09a 3.07±0.16b 3.21±0.18b 3.24±0.29b 3.16±0.22b 2.94±0.15b 3.11±0.13b 
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Table 2.4 Serum lipids levels in male C57BL/6J mice fed either a low fat diet (LF) or a high fat (HF) diet alone or with 

various phytochemicals for ten weeks1. 

 LF2 HF HF+PWE HF+PGE HF+QUE HF+EA HF+RES 

LDL- mmol/L ND3  1.09±0.22ab 1.41±0.22ab 1.51±0.28b 0.61±0.17a 0.99±0.22ab 0.97±0.16ab 

VLDL- mmol/L 0.41±0.06 0.43±0.01 0.46±0.02 0.39±0.04 0.42±0.01 0.46±0.02 0.41±0.02 

HDLC- mmol/L 1.5±0.4a 3.0±0.1b 2.9±0.1b 3.0±0.1b 3.1±0.2b 3.3±0.1b 3.4±0.1b 

Creatinine- umol/L 14±2a 15±1a 13±0a 13±1a 5±1b* 4±0b* 4±0 b* 

AST- U/L 568±337 212±61 214±68 182±30 250±73 94±11 170±30 

ALT- U/L 375±246 152±37 157±56 202±48 63±6 56±11 104±31 

 

1Values are expressed as means ± SEM of each group, values that do not share a letter differ (p<0.05). 

2Diet groups: Low fat diet (LF), high fat diet (HF), high fat plus either 0.2% w/w Pinot noir grape juice extract ( HF+PGE), Pinot noir 

wine extract (HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES) diet. 

3ND: values are not detected. 
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Table 2.5 Serum hormone and cytokine levels in male C57BL/6J mice fed either a low fat diet (LF) or a high fat (HF) diet 

alone or with various phytochemicals for ten weeks1 

 LF2 HF HF+PWE HF+PGE HF+QUE HF+EA HF+RES 

Insulin-pg/mL 67.17±20.57a 614.7±126.0bc 595.4±122.7abc 822.5±52.45bc 475.2±112.4c 867.9±223.7c 276.5±53.20ab 

CRP-ng/mL 0.40±0.06a 0.70±0.04b 0.70±0.0.01b 0.70±0.0.03b 0.50±0.04ac*3 0.63±0.06bc 0.62±0.03bc 

Leptin ng/mL 2.01±0.26a 21.85±1.25b 24.97±2.22b 21.06±4.08b 19.28±2.55b 17.78±3.24b 18.42±2.91b 

PAI ng/mL 1.45±0.43 2.16±0.14 2.51±0.39 2.06±0.51 1.62±0.30 1.78±0.50 0.949±0.38 

Resistin ng/mL 2.30±0.22a 5.95±0.46b 6.30±0.76b 5.43±0.62b 5.20±0.77b 4.66±0.70ab 4.58±0.69ab 

G-CSF pg/mL 132.4±48.5a 224.1±37.5ab 196.0±36.3ab 234.7±22.8ab 221.7±15.1ab 178.8±17.9ab 281.2±63.5b 

Eotaxin pg/mL 476.0±101.7 648.4±87.9 746.7±126.7 586.4±76.5 855.7±118.1 746.0±50.0 820.0±112.1 

GM-CSF pg/mL 52.66±13.36 48.15±11.00 61.88±30.57 70.43±18.68 40.09±13.94 36.42±17.52 69.66±35.31 

IL-1a pg/mL 121.1±50.4 257.9±102.3 94.7±26.4 235.0±140.0 143.9±57.6 262.2±46.5 370.7±150.2 

IL-1b pg/mL 10.32±2.1 9.08±0.0 11.07±3.5 32.23±10.1 13.24±5.7 24.83±10.2 14.27±5.0 

IL-13 ng/mL 107.6±26.8 160.5±24.59 179.6±31.1 216.7±46.9 124.7±21.8 199.9±45.6 172.4±33.5 

KC pg/mL 79.7±21.0 138.3±22.7 160.8±45.2 122.0±32.9 101.8±15.5 120.3±21.8 126.1±13.7 

MCP-1 pg/mL 29.22±6.59 44.14±9.60 54.97±6.75 88.94±23.27 31.34±9.57 68.56±18.90 39.87±16.07 

MCP-1a pg/mL 12.89±2.31a 31.79±4.66ab 34.75±8.28ab 41.98±5.95b 18.26±2.89a 24.60±6.04ab 30.48±4.25ab 

MCP-1b pg/mL 53.84±10.13 46.00±9.58 69.32±17.91 66.95±8.64 40.62±6.93 24.82±9.93 50.40±23.93 

M-CSF pg/mL 9.96±1.72 14.55±2.47 9.62±2.51 45.19±20.07 14.81±1.24 6.94±2.02 16.45±3.64 
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1Values are expressed as means ± SEM of each group, values that do not share 

a letter differ (p<0.05). 

2Diet groups: Low fat diet (LF), high fat diet (HF), high fat plus either 0.2% w/w 

Pinot noir grape juice extract ( HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES) 

diet. 

3 Asterisks denote significance from HF (*: p<0.05, **: p<0.01, ***: p<0.001). 
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2.4 Discussion 

Moderate red wine consumption is considered heart healthy and may reduce the 

risk of CHD, perhaps in part through anti-oxidative or other metabolic actions 

attributed to resveratrol and other phytochemicals (Wu et al., 2001). However, 

resveratrol is only present in trace amounts (0.53%) in grape powder extract 

(Overman et al., 2010). In fact, the most abundant phytochemical in grape 

powder extract is quercetin-3-glucoside (8.0%). The content of phytochemicals 

also differs between grape and wine extracts made from the same cultivar. 

However, compared to grape extract made from vitis rotundifolia, there is 18-fold 

less ellagic acid in wine extract(Gourineni et al., 2012). Therefore, the present 

study was conducted to determine the degree to which consuming PWE, PGE 

and a set of three purified phytochemicals will impact metabolism. 

 

The present study demonstrated decreased blood baseline glucose 

concentrations and liver lipid content along with improved serum lipid profiles and 

physical performance with consumption of wine and grape extracts or purified 

phytochemicals in mice fed HF diets. At the end of the feeding period, HF-fed 

mice gained 48% more body weight compared to the LF-fed mice and 

phytochemical supplementation did not abrogate weight gain. Weekly energy 

intake showed no difference among all HF-fed groups.  Unexpectedly, final body 

weights in HF+PWE- and HF+PGE-fed mice were increased slightly compared to 

HF-fed mice but decreased in HF+QUE- and HF+RES-fed mice, and the 

differences between extract-fed and QUE- and RES-fed mice were significant. 

HF+EA-fed mice had same average body weight with the HF-fed mice. In vivo 
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effects of phytochemicals depend on bioavailability as well as the dietary level 

(Spencer et al., 2012). The absolute amount of QUE and RES were both lower in 

PWE and PGE groups. Another possibility is other compounds presented in PWE 

and PGE might reduce the bioavailability of beneficial compounds or have 

antagonistic effects. Another possible explanation for observed weight gain could 

be related to the observed hypoglycemic effects. Both PWE and EA supplements 

restored the fasting glucose concentrations to levels similar to those measured in 

lean LF-fed mice, while PGE, QUE and RES supplementation showed a 

decreased but statistically indistinguishable glucose level from both LF- and HF-

fed mice at week six. However, similar to our results, there are reports of anti-

hyperglycemic agents increased body weight (Lee et al., 2013). Aside from grape 

or wine extracts, other phytochemical-rich fruit and herbal extracts such as 

blueberry, jaboticaba peel and green tea used in similar HF-induced obesity 

models failed to protecting from adiposity and some even produced adverse 

effects despite producing a hypoglycemic effect (Guilherme et al., 2008, Ripsin et 

al., 2009, Metzger et al., 2007). At week ten, PWE, QUE and EA supplements 

retained the hypoglycemic trend while PGE and RES groups became 

distinguishable from LF-fed mice. Progressive weight gain in last four weeks may 

have offset the glycemic control effects.  

 

QUE supplementation slightly restored glucose tolerance compared to HF-fed 

mice, and if compared to PGE-supplemented group, the improvement was 

significant. Serum insulin levels were also lower in QUE-supplemented group 

than the PGE group, although not to a statistically significant difference, while the 
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level in RES-supplemented group was even lower. In addition, EA and RES 

supplementation lowered serum resistin level by 21.6% and 23.0% than the HF 

group, respectively, this decrease was not statistically different from either LF- or 

HF-fed mice. In rodents, resistin is secreted by adipose tissue and previous 

studies indicated a strong positive correlation between resistin level and insulin 

resistance(Benomar et al., 2013, Chiba et al., 2012), which were further 

confirmed by a direct correlation between resistin and T2DM(Lau and Muniandy, 

2011). Similar, in streptozotocin-induced rats, grapes seed extract attenuated 

hyperglycemia; the authors suggested that this response was partially a 

consequence of delayed intestinal glucose absorption due to α-glucosidase 

inhibition(Pinent et al., 2004). During the last few decades, the study of T2DM 

has pointed to lipid toxicity and low-grade inflammation as major causes of insulin 

insensitivity(Kook et al., 2009). Onion peel is a rich source of QUE and QUE-

glycosides and a study using onion peel extract (OPE) blended into diet showed 

insulin-sensitizing effects(Jung et al., 2011). Quantitative RT-PCR results 

indicated increased expression of insulin receptor and GLUT4 in muscle tissue. 

In agreement with our results, this study also showed that RES lowered both 

fasting blood insulin levels and significantly decreased the glucose infusion rate 

comparing to HF control animals(Lagouge et al., 2006b). However, in our study, 

EA possessed potent anti-hyperglycemic effects in HF-fed mice, consistent with 

other reports (Malini et al., 2011), Therefore, based on these results, both 

extracts and purified phytochemicals exerted a direct anti-diabetic effect and 

possible mechanisms may involve both insulin- independent and -dependent 

pathways. 
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In this study, both extracts and purified phytochemicals reduced lipid 

accumulation in liver to the level comparable with lean mice based on qualitative 

observations of trichrome-stained of liver sections. (HDL-C)/(LDL+VLDL) ratios 

increased by 52.8%, 15.7% and 24.9% in QUE, EA and RES supplemented 

mice, respectively. However, PWE and PGE supplemented mice had similar total 

HDL-C levels with the purified phytochemical treated groups, they had higher 

total LDL and VLDL concentrations, even more than the HF control group. We 

also observed a slight increase of (inguinal adipose/body weight) ratio in extract-

fed groups vs. purified phytochemical-fed groups. This leads us to believe 

different mechanism may be involved in the beneficial actions of extracts vs. 

purified phytochemicals on liver triglyceride (TG) accumulation. Triglycerides are 

re-assembled in liver and distributed to peripheral tissues via VLDL and LDL, 

excess TG are transported back to liver by HDL(Gialamas et al., 2011). This 

suggests an increase in hepatic fatty acid oxidation induced by all three 

phytochemicals. For example, feeding mice with 186 mg RES/kg body weight for 

6 weeks increased the number of mitochondria vs. control, the authors suggested 

this effect was mediated by deacetylation, which activates PPAR-α, a NHR 

regulating fatty acid oxidation(Kobori et al., 2011). However, besides the three 

selected phytochemicals, PWE and PGE are also rich in other bioactive 

compounds such as anthocyanins (ANCs). Feeding mice with anthocyanin-rich 

whole blueberry extracts showed increased adiposity relative to a matching HF, 

while feeding with isolated ANCs decreased weight gain and body fat (Prior et al., 

2008). The reason why whole fruits extract had an opposite effect on adiposity 

vs. the purified ANCs is not clear but may explain the reduction in hepatic fat 

observed in our study. 
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Other parameters related to liver metabolic status measured were serum AST 

and ALT levels. These enzymes are highly expressed in hepatocytes. Injuries to 

hepatocytes compromising membrane permeability including ROS-induced 

peroxidation of lipid molecules will lead to leakage of this enzyme into circulation. 

All three phytochemicals decreased serum levels of these enzymes, indicating a 

protective role. However, this protection was not seen in either PWE- or PGE-

supplemented groups. 

 

Evaluation of a panel of serum inflammatory markers indicated QUE produced 

the strongest anti-inflammatory effects, with EA and RES producing beneficial 

effects but not to the same degree as QUE. Different from other studies, PGE 

supplementation did not show improved serum cytokine profiles (Lee et al., 2009, 

Fuhrman et al., 2005, Barona et al., 2012, Noll et al., 2009), PWE may have 

produced some improvements vs. HF-fed mice, but these effects were not 

statistically significant. Importantly, we also noticed that individual phytochemicals 

do not down-regulate the same inflammatory markers. As examples, EA had 

most significant effects on leptin and M-CSF, whereas some of the more 

significant effects of QUE where on CRP and IL-6. These differential effects 

suggest that these different compounds may be acting at different regulatory 

sites. Future studies could include genomic and metabolomic approaches to 

determine specific pathways involved in the changes observed herein. Another 

noticeable find was that both PWE and EA, but not PGE supplementation 

reduced M-CSF When comparing the effect of extracts with purified 

phytochemicals, synergistic effects may not always be observed (Prior et al., 
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2008). It is possible that some other compounds may exert an antagonistic effect 

at the same time, or the fruit matrix will limit bioavailability of functional 

compounds to achieve their effective concentration. In addition, both PWE and 

PGE diets used in present study had much lower concentrations of all three 

selected phytochemical comparing to purified compounds supplemented groups.  

 

In addition to metabolic parameters, we also investigated aspects of physical 

performance. All supplements produced improved grip strength but only PGE and 

EA supplementation produced results comparable to the LF control group. 

Interestingly, the other three treatment groups, PWE, QUE and RES but not PGE 

and EA showed prolonged Rotarod latency time similar to the LF group. 

However, in both tests, the improvements were not significantly different from HF 

control. A cross-sectional study using data from Hertfordshire Cohort Study 

demonstrated a strong correlation between impaired grip strength with both 

individual features of metabolic syndrome(Sayer et al., 2007). Findings from 

previous study suggested a link between the mechanical and metabolic functions 

of the muscle. Studies have showed that compounds found in grape skin 

including QUE and RES could improve run time to exhaustion, fitness and 

skeletal-muscle mitochondrial function in health or intensive exercise-induced 

injured individuals(Komen and Thorburn, 2014, Davis et al., 2009). Possible 

mechanisms for this improvement may involve increased mitochondria 

biogenesis, enhanced fatty acid oxidation, and reduced chronic inflammation, In 

addition, improved Rotarod latency time is not only related to muscle strength, 

but also reduced neurological damage from HF.  MetS is a risk factor for 
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neurological disorders and the neurodegenerative consequence of HF is widely 

accepted(Park et al., 2010, Farooqui et al., 2012). Grape polyphenols labeled 

with 14C can be detected in the periphery and central nervous system following 

oral administration(Janle et al., 2010), and in another study, grape seed extract 

protected HF-induced prediabetic mice from peripheral neutopathy (Hwang et al., 

2004). In present study, PWE conferred slightly better Rotarod performance than 

the PGE supplement, which also suggested that fermentation process increased 

the amount and/or bioavailability of one existing compound or derived a new 

compound that can attribute to neurological protection.  
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Chapter III HEPATIC GENE EXPRESSION IN C57BL/6J MICE FED 
HIGH-FAT DIETS CONTAINING PINOT NOIR WINE AND GRAPE 

PHYTOCHEMICALS, QUERCETIN, ELLAGIC ACID AND 
RESVERATROL 

 

 

 

 

 

 

 

 

 

 



82 
 

 

3.1 Introduction 

Wine and grapes exert their health benefit via a number of mechanisms (Lee et 

al., 2009, Fuhrman et al., 2005, Yang et al., 2009, Biasi et al., 2013). Based on 

published reports and previous work in our lab, we hypothesize that a part of the 

metabolic improvement associated with bioactive phytochemicals is contributed 

via action of Nuclear Hormone Receptors (NHRs) and the Keap1 / Nrf2 pathway. 

Upon activation, NHRs bind to the promoter regions of specific genes and thus 

promote their transcription. The PPAR family is an example of the NHRs, and 

because they have a relatively non-specific ligand-binding domain, they may be 

activated by many structurally-similar compounds. The PPARs are involved in 

many aspects of lipid and glucose regulation such as fatty acid oxidation and 

adipogensis. Nrf2 is a key cellular censor of oxidative stress and response to 

injury and inflammation. It can also be activated in a similar fashion as NHRs; it 

binds to antioxidant response elements on a variety of genes (Chawla et al., 

2001).  

 

In the liver, we evaluated the expression of a number of nuclear receptor-

regulated genes involved in lipid and glucose homeostasis regulation. The results 

suggest an up-regulation of PPARα-, PXR- and Nrf2-regulated mRNAs in the 

liver of mice fed Pinot noir wine and grape extracts or purified phytochemicals.  
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3.2 Materials and Methods 

3.2.1 Tissue RNA Extraction and RT-PCR 

For each mouse, a 100mg piece of liver tissue was stored in 200uL RNAlater® 

Solution (Life Technologies, Carlsbad, CA, USA) at 4°C for 24 hours allowing for 

solution penetration as suggested by the product protocol. Tissue collection was 

done within 1-2 minutes after mice were killed. RNAlater solution was then stored 

at -80 °C until isolation of total RNA, which was prepared by using TRIzol® 

Reagent (Life Technologies, Carlsbad, CA, USA) according to the supplier’s 

protocol. Briefly, 50-100 mg frozen tissue was thawed and homogenized in 1mL 

TRIzol® using a Pro200 Bio-Gen Series homogenizer (PROScientific, Oxford, 

CT, USA) under medium speed for one minute, then incubated at room 

temperature for five minutes in a microfuge tube. Total RNA was isolated 

following manufacturer’s protocol. Chloroform was added to the homogenized 

sample and shook vigorously for 15 seconds followed by 2~3 minutes incubation 

at room temperature. Sample was then centrifuged at 12,000RPM (Centrifuge 

5810R; Eppendorf, Germany) for 15 minutes at 4C. Aqueous phase of the 

sample was then transferred to a new tube and proceeded to the RNA isolation 

procedure. 0.5mL of 100% isopropanol was added to the aqueous phase and 

incubated for 10 minutes at room temperature then centrifuged at 12,000RPM for 

10 minutes at 4C. After centrifugation, supernatant was discarded leaving only 

the RNA pellet. RNA pellet was washed with 75% ethanol by vortex the sample 

briefly then centrifuged at 7,500RPM for 5 minutes at 4C. Ethanol was discarded 

and RNA pellet was air dried for 10 minutes then suspended in 50uL DEPC 

treated water. Integrity of harvested RNA was confirmed by agarose gel 
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electrophoresis and purity and concentration was determined by 

spectrophotometry (DU 730 Life Science UV/Vis Spectrophotometer). One 

microgram of RNA was reverse transcribed (RT) using Applied Biosystem® High 

Capacity cDNA Reverse Transcription Kits (Life Technologies) following the 

recommended protocol on Eppendorf Vapo. Protect Mastercycler. The thermal 

cycle used was set up at 10 min at 25C for first step and 120 min at 37C for 

second step then 5 min at 85C for third step, followed by a cool down cycle. RT 

products were kept frozen. Quantitative real-time PCR of a number of genes 

were performed on 7900HT thermal cycler from Applied Biosystem® and 

normalized to ribosomal protein L30 (RPL30) mRNA. The thermal cycle was set 

up as 10 min at 95C followed by 40 cycles of: 5 sec at 95C and 20 sec at 60C. 

SensiMix SYBR Master Mix (Origene, Rockville, MD) was used to detect PCR 

products. Genes and primer information is shown in the appendix.  

 

3.2.2 Statistical Analysis 

Data are expressed as means ± standard error of the mean (SEM). One-way and 

Repeated Measures ANOVA were calculated and post-hoc differences evaluated 

by Tukey’s test using GraphPad Prism software.     

 

3.3 Results  

Gene expression was evaluated among HF-fed mice groups. Gene expression of 

ACOX1, CPT1α and CPY4A14 were all higher in HF-fed groups supplemented 

with extracts or purified phytochemicals than the HF control group (P<0.05). 



85 
 

 

Overall, HF+PWE-fed mice had higher gene expression for all mRNAs tested, 

and were significantly different from one or more diet groups for in the ACOX1, 

NQO1, CPY4A14 and SCD1 mRNAs (P<0.05). HF+QUE-fed mice had the 

highest CPT1α gene expression (P<0.05). The QUE-supplemented group had 

the lowest gene expression for NQO1 and this reduction was statistically different 

from both extract-supplemented groups. The resveratrol-supplemented group 

had the lowest mRNA levels for the SCD1 and CYP3A11 mRNAs, both were 

statistically different from the HF+PWE group. HF+EA-fed mice had 

undistinguishable gene expression of all detected genes compared with two other 

phytochemical supplemented groups. We also evaluated ABCB1, GSTT2, 

OAT1A4, CYP8A1, LPL and CRP gene expression, but no differences were 

showed among all groups.   
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Figure 3.1 Liver Peroxisomal Acyl-coenzyme A oxidase 1 (ACOX1) gene 

expression in male C57BL/6J mice fed a high fat (HF) diet alone or HF with 

various phytochemicals. Phytochemicals supplemented to high fat diet are: 

0.2% w/w Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract 

(HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol 

(HF+RES). Values are normalized to ribosomal protein L30 (RPL30) gene mRNA 

level and expressed as a fold difference compared to HF diet. Values are 

expressed as means ± SEM, n=6~8 mice. Numbers of asterisk donate degree of 

difference compared to HF-fed mice. (**: P<0.01). 
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Figure 3.2 Liver Carnitine palmitoyltransferase Iα (CPT1α) gene expression 

in male C57BL/6J mice fed a high fat (HF) diet alone or HF diet with various 

phytochemicals. Phytochemicals supplemented to high fat diet are: 0.2% w/w 

Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). 

Values are normalized to ribosomal protein L30 (RPL30) gene mRNA level and 

expressed as a fold difference compared to HF diet. Values are expressed as 

means ± SEM, n=6~8 mice. Numbers of asterisk donate degree of difference 

compared to HF-fed mice. (***: P<0.001). 
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Figure 3.3 Liver Cytochrome P450 4A14 (CYP4A14) gene expression in male 

C57BL/6J mice fed a high fat (HF) diet alone or HF diet with various 

phytochemicals. Phytochemicals supplemented to high fat diet are: 0.2% w/w 

Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). 

Values are normalized to ribosomal protein L30 (RPL30) gene mRNA level and 

expressed as a fold difference compared to HF diet. Values are expressed as 

means ± SEM, n=4 mice. Numbers of asterisk donate degree of difference 

compared to HF-fed mice. (*: P<0.05).  
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Figure 3.4 Liver NAD(P)H Dehydrogenase [quinone] 1 (NQO1) gene 

expression in male C57BL/6J mice fed a high fat (HF) diet alone or HF diet 

with various phytochemicals. Phytochemicals supplemented to high fat diet 

are: 0.2% w/w Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract 

(HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol 

(HF+RES). Values are normalized to ribosomal protein L30 (RPL30) gene mRNA 

level and expressed as a fold difference compared to HF diet. Values are 

expressed as means ± SEM, n=7~8 mice. Values that do not share a letter differ 

(p<0.05).  
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Figure 3.5 Liver Cytochrome P450 1A2 (CYP1A2) gene expression in male 

C57BL/6J mice fed a high fat (HF) diet alone or HF diet with various 

phytochemicals. Phytochemicals supplemented to high fat diet are: 0.2% w/w 

Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). 

Values are normalized to ribosomal protein L30 (RPL30) gene mRNA level and 

expressed as a fold difference compared to HF diet. Values are expressed as 

means ± SEM, n=4 mice.  
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Figure 3.6 Liver Heme Oxygenase (decycling) 1 (HMOX1) gene expression 

in male C57BL/6J mice fed a high fat (HF) diet alone or HF diet with various 

phytochemicals. Phytochemicals supplemented to high fat diet are: 0.2% w/w 

Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). 

Values are normalized to ribosomal protein L30 (RPL30) gene mRNA level and 

expressed as a fold difference compared to HF diet. Values are expressed as 

means ± SEM, n=4 mice.   
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Figure 3.7 Liver Stearoyl-CoA Desaturase-1 (SCD1) gene expression in male 

C57BL/6J mice fed either a high fat (HF) diet alone or HF diet with various 

phytochemicals. Phytochemicals supplemented to high fat diet are: 0.2% w/w 

Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). 

Values are normalized to ribosomal protein L30 (RPL30) gene mRNA level and 

expressed as a fold difference compared to HF diet. Values are expressed as 

means ± SEM, n=7~8 mice. Values that do not share a letter differ (p<0.05).  
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Figure 3.8 Liver Cytochrome P450 3A11 (CYP3A11) gene expression in male 

C57BL/6J mice fed a high fat (HF) diet alone or HF diet with various 

phytochemicals. Phytochemicals supplemented to high fat diet are: 0.2% w/w 

Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). 

Values are normalized to ribosomal protein L30 (RPL30) gene mRNA level and 

expressed as a fold difference compared to HF diet. Values are expressed as 

means ± SEM, n=4 mice. Values that do not share a letter differ (p<0.05).  
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Figure 3.9 Liver ATP-binding cassette sub-family B member 1 (ABCB1) 

gene expression in male C57BL/6J mice fed a high fat (HF) diet alone or HF 

diet with various phytochemicals. Phytochemicals supplemented to high fat 

diet are: 0.2% w/w Pinot noir grape juice extract (HF+PGE), Pinot noir wine 

extract (HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w 

resveratrol (HF+RES). Values are normalized to ribosomal protein L30 (RPL30) 

gene mRNA level and expressed as a fold difference compared to HF diet. 

Values are expressed as means ± SEM, n=4 mice.  
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Figure 3.10 Liver Glutathione S-transferase Theta-2 (GSTT2) gene 

expression in male C57BL/6J mice fed a high fat (HF) diet alone or HF diet 

with various phytochemicals. Phytochemicals supplemented to high fat diet 

are: 0.2% w/w Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract 

(HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol 

(HF+RES). Values are normalized to ribosomal protein L30 (RPL30) gene mRNA 

level and expressed as a fold difference compared to HF diet. Values are 

expressed as means ± SEM, n=4 mice.  
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Figure 3.11 Liver Organic Anion Transporter 1A4 (OAT1A4) gene 

expression in male C57BL/6J mice fed a high fat (HF) diet alone or HF diet 

with various phytochemicals. Phytochemicals supplemented to high fat diet 

are: 0.2% w/w Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract 

(HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol 

(HF+RES). Values are normalized to ribosomal protein L30 (RPL30) gene mRNA 

level and expressed as a fold difference compared to HF diet. Values are 

expressed as means ± SEM, n=4 mice.  
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Figure 3.12 Liver Cytochrome P450 8B1 (CYP8B1) gene expression in male 

C57BL/6J mice fed a high fat (HF) diet alone or HF diet with various 

phytochemicals. Phytochemicals supplemented to high fat diet are: 0.2% w/w 

Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). 

Values are normalized to ribosomal protein L30 (RPL30) gene mRNA level and 

expressed as a fold difference compared to HF diet. Values are expressed as 

means ± SEM, n=4 mice.  
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Figure 3.13 Lipoprotein Lipase (LPL) gene expression in male C57BL/6J 

mice fed a high fat (HF) diet alone or HF diet with various phytochemicals. 

Phytochemicals supplemented to high fat diet are: 0.2% w/w Pinot noir grape 

juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), quercetin (HF+QUE), 

ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). Values are normalized 

to ribosomal protein L30 (RPL30) gene mRNA level and expressed as a fold 

difference compared to HF diet. Values are expressed as means ± SEM, n=4 

mice.  
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Figure 3.14 Liver C Reactive Protein (CRP) gene expression in male 

C57BL/6J mice fed a high fat (HF) diet alone or HF diet with various 

phytochemicals. Phytochemicals supplemented to high fat diet are: 0.2% w/w 

Pinot noir grape juice extract (HF+PGE), Pinot noir wine extract (HF+PWE), 

quercetin (HF+QUE), ellagic acid (HF+EA), or 0.1% w/w resveratrol (HF+RES). 

Values are normalized to ribosomal protein L30 (RPL30) gene mRNA level and 

expressed as a fold difference compared to HF diet. Values are expressed as 

means ± SEM, n=4 mice.   
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3.4 Discussion 

PPARα is a critically-important nuclear hormone receptor (NHR) that regulates 

both energy homeostasis and the inflammatory response. The long list of 

PPARα-regulated genes in liver demonstrates its ability to orchestrate fatty acid 

metabolism. Lipid transport, mitochondrial fatty acid oxidation, peroxisomal fatty 

acid oxidation, lipogenesis, lipid droplet associated lipases, and glycerol 

metabolism are all actively involved (Rakhshandehroo et al., 2007). In the 

present study, we have found expression of ACOX1, CPT1a and CYP4A14, three 

mRNAs upregulated by PPARα, increased in all treatment groups compared to 

the HF-fed group, suggesting some of the observed metabolic improvement has 

been mediated by PPARα activation. CPT1a is a rate-limiting enzyme needed to 

transport long chain fatty acids across the mitochondria membrane, while ACOX1 

and CYP4A14 are two enzymes involved in mitochondria fatty acid β-oxidation 

and microsomal ω-oxidation (Corton et al., 2004). Therefore, by facilitating lipid 

catabolism, wine and grape extracts and purified phytochemicals were able to 

reduce liver fat droplets and presumably lower the risk of liver disease. These 

molecular results are consistent with qualitative evaluation of trichrome-stained 

liver sections from all of the HF-fed groups. PWE supplement had a significant 

effect on mRNAs encoding lipid oxidation enzymes while HF+QUE-fed mice had 

enhanced expression of mRNAs related to lipid transport compared to the HF 

group. The effect of PGE and the other two compounds were more moderate. 

These data perhaps suggest a synergistic effect among three selected 

compounds to activate the PPARα pathway, especially between QUE and EA, or 

perhaps other compounds present in wine but not grape extracts, to potently 

activate PPARα. Although our measurements were of hepatic mRNAs, other 
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studies suggest that other tissues such as skeletal muscle and intestine also 

provide beneficial effects on lipid metabolism via activation of PPARα (Mori et al., 

2007, Lee et al., 2006).  SCD1 is another gene up-regulated by PPARα, but it can 

also be activated by liver X receptor (LXR), PPARγ, PPARβ and sterol regulatory 

element-binding proteins (SREBPs) (Masi et al., 2013). In our study, HF+PWE-

fed mice had highest SCD1 gene expression while HF+RES-fed mice had the 

lowest expression (p<0.05); other groups including the HF-fed group had 

intermediate values. SCD1 is the rate-limiting enzyme converting saturated fatty 

acid to monounsaturated form, such as converting stearic acid to oleic acid, the 

ratio of which has been implicated in cell growth and differentiation through 

effects on membrane fluidity and signal transduction (Byberg et al., 2014). The 

immune response to different fatty acids differs and saturated fatty acids are 

generally pro-inflammatory while unsaturated are anti-inflammatory(Lee et al., 

2004). In this perspective, increased gene expression of SDC1 gene is favorable 

due to alleviated inflammation. However, two important products of SCD1, 

palmitoleoyl-CoA (C16: 1) and oleoyl-CoA (C18: 1) also represent for the major 

fatty acids founds in triacylglycerols, which are presented in abnormally high 

amount in obese individual with decreased insulin sensitivity. In addition to NHR 

activation, SCD1 can also be induced by excessive glucose through the action of 

the lipogenic transcription factor, SREBP1c. In muscle tissue, both PPARγ and 

glucose oversupply can induce SCD1 gene expression. Studies have shown that 

elevated SCD1 in skeletal muscle may represent a core mechanism contributing 

to reduced fatty acid oxidation, increased insulin resistance and progression of 

MetS (Hulver et al., 2005, Hyun et al., 2010). In our study, HF+PWE-fed mice 

showed more significantly-reduced serum inflammatory markers than the 
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HF+RES group, while the later had improved insulin sensitivity and reduced 

weight gain, which is consistent with high PPAR activation in PWE treatment 

group; perhaps this indicates that SCD1 played a dual role in progression of 

MetS. A similar trend was also observed in CYP3A11 gene mRNA level, where 

HF+PWE-fed mice showed significant higher expression than did the HF+QUE- 

and HF+RES-fed mice. CYP3A11 is the murine homolog of human CYP3A4 

gene, a phase I enzyme responsible for xenobiotic disposition and endogenous 

steroid metabolism regulated by the NHR pregnane X receptor (PXR) and 

constitutive androstane receptor (CAR) (Li et al., 2009). Activation of PXR can 

inhibit fatty acid β-oxidation, gluconeogenesis and increase lipogenesis in liver, 

while CAR acts as an inhibitor of energy metabolism by inhibiting all three 

pathways (Wada et al., 2009).  

 

Accelerated energy metabolism is accompanied by generation of reactive oxygen 

species (ROS) and hence oxidative stress and inflammation(Vial et al., 2011). 

HPLC results showed PWE and PGE both had high oxygen radical absorbance 

capacity (ORAC); in vivo antioxidative protection of grape and wine consumption 

is also supported by previous studies (Chiva-Blanch et al., 2012, Hogan et al., 

2010). Consistent with others, our results also showed a trend of increase in 

NQO1 gene mRNA level in PWE- and PGE-supplemented mice compared to the 

purified phytochemicals supplemented groups. Enzymatic activity of NQO1 

catalyzes the reduction of quinones, quinoneimines, nitroaromatics, and the azo 

dyes, thus protecting from ROS generation. Expression of NQO1 is highly 

inducible and regulated by the Keap1/Nrf2/ARE pathway (Dinkova-Kostova and 
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Talalay, 2010). At basal conditions, Keap1 binds to Nrf2 and promotes its 

ubiquitination and proteasomal degradation, while inducers of this pathway can 

modify Keap1 configuration, which then loses the ability to bind with Nrf2. 

Disassociated Nrf2, is stabilized and translocates to the nucleus, binding to the 

ARE of the NQO1 gene, and thus inducing transcription.  Higher expression of 

NQO1 in extract-supplemented mice than each of the purified phytochemicals 

may indicate a synergistic anti-oxidative effect from the selected phytochemicals 

or the effect was attributed by one or more different compound presented in wine 

and grape extracts. 
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CHAPTER IV OLEIC-ACID INDUCED LIPID ACCUMULATION IN 
HEPG2 CELLS TREATED WITH PINOT NOIR WINE AND GRAPE 

PHYTOCHEMICAL EXTRACTS, QUERCETIN, ELLAGIC ACID AND 
RESVERATROL 
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4.1 Introduction 

In our C57BL/6J mouse feeding study, we showed improved glucose regulation 

and serum lipid profiles. Liver gene expression analysis suggested nuclear 

hormone receptors might have been activated by extract or phytochemical intake, 

favorably influencing metabolism. Hence, we undertook an in vitro cell culture 

study to observe the effect of cells directly exposed to extracts and 

phytochemicals and their influence on cell metabolism.  

 

The hepatocellular carcinoma cell line, HepG2, was used as a cell culture model 

of the hepatocyte and hepatic lipid metabolism. We first performed an MTT assay 

to determine concentration ranges of extracts and phytochemicals that would not 

cause cell mortality. Neutral lipids and lipid droplet morphology can be detected 

by Oil Red O staining and quantified (Mehlem et al., 2013). Oleic acid (OA) is 

steatogenic but not toxic if presented at high concentrations (Ricchi et al., 2009), 

therefore, OA can be added to cell culture medium to induce acute lipid 

accumulation. Extracts or single phytochemical were added with OA to treat 

HepG2 cells for 24 hours. 

 

4.2 Materials and Methods 

4.2.1 Cell Culture 

The human hepatocellular carcinoma cell line HepG2  (ATCC, #HB-8065, 

American Type Culture Collection, (Manassas, VA) was maintained in Dulbecco’s 

modified Eagle medium (DMEM) with10% Fetal Bovine Serum (FBS), 0.2% 
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gentamicin and 0.2% fungizone (Life Technology). Cells are cultured in a 

humidified condition at 37 C and a 5% CO2 atmosphere. 

 

4.2.2 MTT Assay 

Dimethyl sulfoxide (DMSO, EMD Chemicals, Darmstadt, Germany) and ethanol 

were used as vehicles for extracts and phytochemicals. The effect of different 

concentrations of DMSO and ethanol on cell viability was monitored by the MTT 

(3-[4,5-dimethyl-2-yl]-2,5-diphenyl tetrazolium bromide) colorimetric assay 

according to the manufacturer’s protocol (Life Technology). NAD (P) H-dependent 

cellular oxidoreductase is associated with the number of living cells and capable 

of reducing the tetrazolium dye MTT to formazon, which has a purple color and 

can be dissolved in DMSO and quantified by spectrophotometer at 490nm.. 

Briefly, a 12 mM MTT stock solution was made by adding 1mL sterile phosphate 

buffered saline (PBS) to 5 mg MTT and was kept in the dark at 4C. Then, 5x104 

cell/mL were seeded into 96-well plates at 200 uL/well with 10% FBS medium for 

24 hours and changed to 1% FBS fresh medium for another 24 hours. Medium 

was then removed and various concentrations of DMSO- (0, 0.01%, 0.1%, 0.5%, 

1%, and 2%, V/V) or ethanol- (0, 0.25%, 0.5%, 0.9%, 1.0% and 1.5%, V/V) 

supplemented 1% FBS DMEM was added. After 24-hour incubation, treatment 

medium was removed and replaced with fresh 1% FBS DMEM with 20uL MTT 

stock solution in each well. Cells were incubated for an additional 4 hours before 

medium was removed again. To lyse cells, 200uL of DMSO was added to each 

well and agitated for 10 minutes; absorbance was read at 490nM. The 0% 

DMSO- or ethanol-treated wells were used as controls and all data was 
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expressed as a percent of control group. An N=5 was used for each 

concentration.  

 

After tolerable concentration ranges were determined for both vehicles, cell 

viability tests were performed on both extracts and phytochemicals. On Day 3, 

various concentrations of extracts and phytochemicals with DMEM or ethanol 

were added to the cells. The designated concentration ranges were: PWE/PGE 

(DMSO stock concentration was 50 mg/mL): 0, 25, 50, 100 and 200 ug/mL; 

QUE/RES (DMSO stock concentration was 100 mM): 0, 10, 50, 100 and 200 uM; 

EA (ethanol stock concentration was 650uM): 0, 0.5, 1.6. 3.3 and 6.5 uM. DMSO 

or ethanol was added to equalize vehicle concentration for each concentration 

group. A non-treated group was also included as control in each experiment and 

all data was expressed as a percent of control. An N=5 was used for each 

concentration. 

 

4.2.3 Oil Red O Assay 

The effect of extracts or phytochemicals on lipid accumulation was assessed by 

Oil Red O (Amresco, Salon, OH) staining. Oil Red O is a lysochrome diazo dye 

used for staining of neutral triglycerides and lipids. Based on results from our own 

MTT assays as well as concentrations suggested in the literature, concentrations 

used in this assay were 50ug/mL for PWE and PGE, 100uM for QUE and RES, 

and 6.5uM for EA. The OA stock was made at 250mM in DMSO to provide 1000 

uM OA to cells. Cells were seeded at 1.0 x 106 cells/mL into 6-well plates at 
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3.5mL/well with 10% FBS medium for 24 hours and then changed to 1% FBS 

fresh medium for another 24 hours. Medium was then removed and 1000uM OA 

without or without various compounds at designated concentrations were added 

in DMEM + 1% FBS, cultured for 24 hours then stained with Oil Red O following 

the manufacturer’s protocol. In brief, 0.35g Oil Red O was dissolved in 100mL 

isopropanol (100%), and then filtered by a 0.45um sterile syringe filter (VWR 

International Inc, Bridgeport, NJ) to make a stock solution. The working solution 

was made by mixing Oil Red O stock solution with ddH2O at a 3:2 ratio. After 

removal of medium, cells were washed twice with PBS, then incubated with 2mL 

of 10% phosphate-buffered formalin per well at RT for 10 minutes. The solution 

was then discarded and replaced with fresh 10% formalin for at least one hour 

while wrapped with parafilm and covered with aluminum foil to prevent cells from 

drying. The formalin solution was discarded and cells were washed twice with 

ddH2O followed by washing with 60% isopropanol for 5 minutes then let dry 

completely. Upon drying, 1mL Oil Red O working solution was added to each well 

and incubated at RT for 10 minutes, then removed and washed immediately four 

times with ddH2O. Images were then acquired with microscopy. For 

quantification, water was removed and Oil Red O dye was eluted by adding 1mL 

100% isopropanol and incubated for 10 minutes with gentle shaking. Solutions 

were then collected and absorbance measured at 500nm after 1:4 dilution with 

100% isopropanol. The blank was 100% isopropanol and all data was expressed 

as a percent of OA-alone treatment group. The assay was performed with an N of 

at least 4. 
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4.2.4 Statistical Analysis 

Data are expressed as means ± standard error of the mean (SEM). One-way 

ANOVA were calculated and post-hoc differences evaluated by Tukey’s test 

using GraphPad Prism software.     

 

4.3 Results  

Cell viability was measured for each vehicle, extract, and phytochemical at 

various concentrations using the MTT assay. For DMSO, cell viability was not 

affected by any concentrations tested compared to the non-treated control group 

except for 2% DMSO, which significantly lowed cell viability (p<0.05). For ethanol, 

cell viability was not affected by any tested concentrations compared to the non-

treated control group, however, comparing to all treatment concentration groups, 

the highest concentration of ethanol tested (1.5%) reduced cell viability (P<0.05). 

Concentration gradients used for PWE, PGE, QUE and RES were 0~200uM. 

Neither PWE nor PGE reduced cell viability under the tested concentrations. For 

QUE, only the highest concentration used (200uM) decreased cell viability 

(p<0.05). Interestingly, for RES, the lowest concentration tested (10uM) 

increased cell viability compared to all other groups including the 0 uM control 

(p<0.05), while all other RES concentrations treatment didn’t affect cell viability 

compared to the control group. Concentration gradients used for EA was 0 to 

6.5uM, and cell viability was not affected in this range. The effect of extracts and 

phytochemicals cellular lipid accumulation was measured using Oil Red O 

staining protocol. Microscopy showed more and a darker red color in cells treated 

with OA alone, while to different levels, all extract- and phytochemical- treated 
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cells showed a lighter red color, with OA+RES showing the least degree of 

staining.  Quantification of Oil Red O stain showed that QUE, EA and RES 

reduced lipid accumulation by 26%, 22% and 51%, respectively, compared to the 

OA-treated control group (P<0.05). Lipid accumulation was not affected by either 

PWE or PGE treatment. 
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Figure 4.1 Effect of DMSO concentration on HepG2 cell viability. Cells were 

seeded at 5 x 104 cell/mL in DMEM medium with 10% FBS for 24 hours and 

changed to 1% FBS fresh medium for additional 24 hours, then changed to 1% 

FBS plus designated concentrations of fresh DMSO-containing medium (0~2% 

v/v in DMEM) for another 24 hours followed by MTT treatment. Optical density 

was measured at 490 nm. Values were calculated as a percent of the 0% DMSO 

control wells and expressed as means ± SEM (n=5). Values not sharing a letter 

differ (p<0.05). 
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Figure 4.2 Effect of ethanol concentration HepG2 cell viability. Cells were 

seeded at 5 x 104 cell/mL in DMEM medium with 10% FBS for 24 hours and 

changed to 1% FBS fresh medium for an additional 24 hours, then changed to 

1% FBS plus designated concentrations of fresh ethanol-containing medium 

(0~1.5% v/v in DMEM) for another 24 hours followed by MTT treatment. Optical 

density was measured at 490 nm. Values were calculated as percent of the 0% 

ethanol control and expressed as mean ± SEM (n=5). Values not sharing a letter 

differ (p<0.05). 
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Figure 4.3 Effect of PWE concentration on HepG2 cell viability. Cells were 

seeded at 5 x 104 cell/mL in DMEM medium with 10% FBS for 24 hours and 

changed to fresh DMEM + 1% FBS medium for an additional 24 hours, then 

changed to DMEM + 1% FBS with or without the designated concentrations of 

PWE-containing medium (0~200uM) for another 24 hours followed by MTT 

treatment. PWE was dissolved in DMSO and optical density was measured at 

490 nm. Values were calculated as percent of the reading in only 1% FBS control 

wells and expressed as means ± SEM (n=5). Values not sharing a letter differ 

(p<0.05) 
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Figure 4.4 Effects of PGE concentration on HepG2 cell viability. Cells were 

seeded at 5 x 104 cells/mL in DMEM + 10% FBS for 24 hours and changed to 

DMEM + 1% FBS medium for an additional 24 hours, then changed to DMEM + 

1% FBS with or without designated concentrations of PGE  (0~200uM) for 

another 24 hours followed by MTT treatment. Optical density was detected at 490 

nm. Values were calculated as percent of control expressed as means ± SEM 

(n=5).  
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Figure 4.5 Effect of QUE concentration on HepG2 cell viability. Cells were 

seeded at 5 x 104 cell/mL in DMEM + 10% FBS for 24 hours and then changed to 

DMEM + 1% FBS for an additional 24 hours, then changed to DMEM + 1% FBS 

with or without designated concentrations of QUE  (0~200uM) for another 24 

hours followed by MTT treatment. Optical density was measured at 490 nm. 

Values were calculated as percent of control and expressed as mean ± SEM 

(n=5). Values not sharing a letter differ (p<0.05). 
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Figure 4.6 Effect of EA concentration on HepG2 cell viability. Cells were 

seeded at 5 x 104 cells/mL in DMEM + 10% FBS for 24 hours and changed to 

DMEM + 1% FBS for an additional 24 hours, then changed to DMEM + 1% FBS 

with or without designated concentrations of EA (0~6.5uM) for another 24 hours 

followed by MTT treatment. Optical density was measured at 490 nm. Values 

were calculated as percent of control and expressed as mean ± SEM (n=5). 

Values not sharing a letter differ (p<0.05). 
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Figure 4.7 Effect of RES concentration on HepG2 cell viability. Cells were 

seeded at 5 x 104 cell/mL in DMEM + 10% FBS for 24 hours and changed to 

DMEM + 1% FBS for an additional 24 hours, then changed to DMEM + 1% FBS 

with or without designated concentrations of RES 0~200uM) for another 24 hours 

followed by MTT treatment. Optical density was measured at 490 nm. Values 

were calculated as percent of control and expressed as means ± SEM (n=5). 

Values not sharing a letter differ (p<0.05). 
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Figure 4.8 Effects of various phytochemicals on lipid accumulation in OA 

treated HepG2 cells. Cells were seeded at 1.0 x 106 cell/mL in DMEM + 10% 

FBS for 24 hours and changed to DMEM + 1% FBS for an additional 24 hours. 

Medium were then replaced with DMEM + 1% FBS medium + 1000uM OA with or 

without phytochemicals for another 24 hours and then stained with Oil Red O. (A) 

Photomicrograph of cell staining, cells were observed under 10x magnification 

using a Nikon Eclipse 50i microscope (Nikon Corporation, Japan; Serial #: 

211880) fitted with an Infinity1-3C camera (Lumenera Corporation, Atlanta, GA; 

Serial #: 0186795). (B) Optical density of eluted Oil Red O dye was measured at 

500 nm using 100% isopropanol as a blank. Values were calculated as percent of 

the OA control and expressed as means ± SEM (n=5). Values not sharing a letter 

differ (p<0.05).   
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4.4 Discussion 

We determined DMSO and ethanol vehicle concentrations that were tolerated by 

HepG2 cells, allowing us to use these solvents as a vehicle to deliver extracts 

and phytochemicals to HepG2 cells Consistent with previously published studies, 

both PWE and PGE were tolerated up to the maximum concentration used. In 

another study, the in-vivo toxicity of both grape seeds and skin extracts were 

tested mixing extracts into rodent diet and feeding these diets to rats for one 

month (Bentivegna and Whitney, 2002). At the end of study, both necropsy tissue 

histological examination and blood sample analysis showed no treatment-related 

changes that were considered to be of toxicologic significance up to the 

maximum concentration used in the study (2.5%). Wine extract prepared in this 

study was dealcoholized, eliminating the potential of ethanol-related toxicity. QUE 

showed toxic effects on HepG2 cells only at the highest concentration tested, 

200uM. The toxicological effect of QUE differs among different cell lines. For 

example, QUE inhibited proliferation of human colon adenocarcinoma-derived 

DLD-1 cells starting at 70uM (Linsalata et al., 2010), while 50~200uM QUE 

protected rat cardiomyocyte cell line H9C2 against doxorubicin-induced toxicity 

by inhibiting cell apoptosis and maintaining cell morphology through 

rearrangement of the cytoskeleton (Chen et al., 2013). Results from the RES 

treatment assay showed a protective effect on cell survival at a low concentration, 

which was also in supported by a previous study; the mechanism suggested by 

the authors was AMP-activated protein kinase (AMPK)-related pathway inhibition 

(Shin et al., 2009). EA had a greater solubility in ethanol vs. DMSO, thus we used 

ethanol as a vehicle. Different from QUE and RES, no toxicity was observed in 

any EA concentration used, which might in part be due to its relatively low 
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solubility and thus, only a small range of concentrations were tested. 

 

Exposure to OA has been used previously in the study of nonalcoholic fatty liver 

disease. Compared to palmitic acid, OA is more steatogenic but less apoptotic in 

cell culture models (Ricchi et al., 2009). Therefore, we used OA-treated HepG2 

cells to study the effect of extracts or purified phytochemicals on intracellular lipid 

accumulation. Consistent with our animal study, all three phytochemicals 

significantly reduced lipid accumulation as indicated by both microscopic images 

and Oil Red O dye absorbance assays, while both extracts failed to reduce 

cellular lipid content. The phytochemicals used in the Oil Red O assays had no 

effect on cell viability, therefore the observed effect were not due to a reduction in 

cell viability. As discussed earlier, hepatic expression of fatty acid oxidation-

related mRNA CPT1a was up regulated in QUE- and EA-fed mice, and ACOX1 

was upregulated by RES. Therefore, it is plausible that lipid accumulation was 

reduced in part due to accelerated lipid catabolism. 

 

We recognize the caveat that the majority of studies on phytochemicals in cell 

culture use short exposure times and relatively high concentrations, often orders 

of magnitude greater than that achievable in-vivo. The extracts and single 

phytochemical concentration in our Oil Red O assay were also greater than in 

vivo concentrations but comparable with similar cell culture studies (Moiseeva et 

al., 2007). Moreover, a long-term lipid lowering effect is more relevant to 

ameliorate chronic disease syndrome than an acute effect. Therefore, low dose 

treatments with extended culture times are a need for further investigation. 
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SUMMARY AND FUTURE DIRECTIONS 

The objective of this work was to determine the degree to which consumption of 

Pinot Noir grape and wine extract and a set of selected compounds found in 

grapes will favorably influence metabolism of obese and diabetic mice fed a high-

fat diet. We hypothesized at least a part of this metabolic improvement is 

mediated via phytochemical activation of one or more nuclear hormone 

receptors.  Our results showed that feeding C57BL mice with HF diet resulted in 

significant weight gain and metabolic alterations in glucose and lipid homeostasis 

associated with chronic diseases such diabetes, hepatosteatosis and 

cardiovascular disease. In the absence of reduced weight gain, various groups of 

HF-fed mice provided with grape or wine extract and/or grape phytochemicals 

showed reductions in fasting glucose levels, enhanced strength, balance, and 

endurance, as well as reduced serum inflammatory factors. Qualitatively, a 

review of liver tissue sections demonstrated reductions in lipid accumulation in 

hepatocytes provided grape and wine extracts and phytochemicals. Analysis of 

liver gene expression related to lipid and glucose homeostasis suggested 

activation of nuclear hormone receptor including PPARs, PXR, CAR and also the 

Keap1-Nrf2 pathway.  A preliminary study in HepG2 cells cultured with OA 

showed reduced lipid accumulation as indicated by Oil Red O staining in the 

presence of QUE, EA or RES. However, a similar reduction was not observed in 

wine and grape extract treatments.  

 

The present data demonstrate positive metabolic effects when extracts and 

individual grape and wine compounds are consumed. NHR and the Keap1-Nrf2 

pathways are possible mechanisms involved as suggested by measuring 
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selected hepatic mRNA levels. However, phytochemicals may be influencing 

multiple receptors or interacting with different regulatory proteins. Therefore, in 

future work, to elucidate the most effective pathways activated by a single 

phytochemical or, the most relevant mechanism for an observed metabolic 

improvement such as lowered hepatic steatosis, gene knockout models for 

example the PPAR-α–null mouse can be utilized. PPARγ ablation is 

embryonically-lethal but tissue and isoform specific ablation and mouse models 

with human mutations can still be considered (Strand et al., 2012). Our study 

suggested the most potent impact of QUE on glucose tolerance, however the 

lowest baseline glucose concentration was observed in the EA treated group. 

Some research studies showed that impaired glucose tolerance, but not impaired 

fasting glucose, is associated with increased risk of CVD (DeFronzo and Abdul-

Ghani, 2011). Therefore, further study is needed to differentiate the mechanisms 

of QUE and EA impact on glucose regulation. In cell culture, inhibitors of 

transcription or translation can be used together with phytochemical treatments to 

further confirm the mechanism. For a more comprehensive and global 

understanding of phytochemical action on glucose and lipid metabolism, 

microarray analysis and metabolomic screening can be applied to determine 

molecular pathways of action. Our present study looked at the effect of 

phytochemicals on HepG2 cell lipid accumulation; however, whether the effect is 

mediated by blocking cellular fatty acid uptake or accelerating fatty acid oxidation 

is unknown. Hence, future work is needed to measure the actual uptake of OA by 

HepG2 cell and to evaluate gene expression that is related to and lipid 

metabolism. In addition to the three phytochemicals selected in present study, a 

similar approach can also be used to investigate other phytochemicals that are 
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present in high abundance or unique in Pinot noir wine or grape, or other grape 

varieties, to study their effect on metabolism. However, because of the molecular 

modification occurs in during digestion and absorption, the actual functional 

molecules in vivo may differ from what compounds present in diets. Therefore, 

studies comparing the effect of original phytochemicals and their conjugated 

forms are also needed. Finally, the observational study results from grip force 

and rotarod tests showed a trend of improvement on physical performance, yet 

the mechanism and how it related to improved glucose and lipid metabolism is 

still unknown. For example, the contribution of mitochondria on physical activity is 

one well-accepted explanation (Li et al., 2011) and one previous study has shown 

a positive impact of phytochemicals on mitochondria biosynthesis and activity 

(Lagouge et al., 2006a), therefore, further study on muscle tissue mitochondria is 

needed. 
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APPENDIX I 
 

Weekly body weight of male C57BL/6J mice fed either a low fat 
diet (LF) or a high fat (HF) diet alone or with various 

phytochemicals for ten weeks 

 

WEEK LF
 

HF HF+PWE HF+PGE HF+QUE HF+EA HF+RES 

  0 24±0.3 23±0.7 23±0.3 24±0.5 24±0.4 23±0.3 23±0.5 

  1 23±0.8 27±1.1 27±0.8 27±0.5 27±0.5 26±0.4 27±0.6 

  2 25±0.7 30±1.3 30±0.7 30±0.8 28±0.6 28±0.5 29±0.8 

  3 25±0.7 31±1.6 31±1.1 32±0.9 29±0.9 30±0.7 30±1.1 

  4 26±0.6 34±1.9 34±1.1 35±1.1 32±0.8 32±0.8 33±1.3 

  5 26±0.7 36±2.0 36±1.2 38±1.6 34±1.0 34±0.9 35±1.4 

  6 26±0.7 39±2.0 39±1.4 41±1.6 37±1.0 36±1.0 37±1.6 

  7 27±0.5 39±1.9 39±1.8 41±1.6 37±1.1 37±0.9 38±1.8 

  8 27±0.7 39±1.5 41±1.7 42±1.7 36±1.1 37±1.0 37±1.8 

  9 27±0.5 39±1.4 42±1.5 43±1.6 37±1.1 37±1.0 38±1.8 

 10 26±0.7 40±1.6 44±1.5 44±1.8 38±1.1 38±1.3 40±2.0 
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APPENDIX II 
 

Serum hormone and cytokine levels in male C57BL/6J mice fed either a low fat diet (LF) or a 
high fat (HF) diet alone or with various phytochemicals for ten weeks1 

 LF
2 

HF
 

HF+PWE HF+PGE HF+QUE HF+EA HF+RES 

Insulin-pg/mL 67.17±20.57
a
 614.7±126.0

bc
 595.4±122.7

bc
 822.5±52.45

c
 475.2±112.4

abc
 867.9±223.7

c
 276.5±53.20

ab
 

CRP-ng/mL 0.3962±0.0580
a
 0.6971±0.0431

b
 0.7017±0.0.0075

b
 0.6929±0.0.0327

b
 0.4972±0.0407

ac
*

3
 0.6261±0.0567

bc
 0.6220±0.0283

bc
 

Leptin pg/mL 2011±266
a
 21854±1249

b
 24974±2221

b
 21061±4081

b
 19278±2549

b
 17778±3242

b
 18422±2911

b
 

PAI pg/mL 1456±427 2160±141 2508±386 2063±505 1615±301 1777±498 949±382 

Resistin pg/mL 2303±222
a
 5949±458

b
 6302±757

b
 5428±615

b
 5196±766

b
 4663±700

ab
 4579±688

ab
 

G-CSF pg/mL 132.4±48.5
a
 224.1±37.5

ab
 196.0±36.3

ab
 234.7±22.8

ab
 221.7±15.1

ab
 178.8±17.9

ab
 281.2±63.5

b
 

Eotaxin pg/mL 476.0±101.7 648.4±87.9 746.7±126.7 586.4±76.5 855.7±118.1 746.0±50.0 820.0±112.1 

GM-CSF pg/mL 52.66±13.36 48.15±11.00 61.88±30.57 70.43±18.68 40.09±13.94 36.42±17.52 69.66±35.31 

IFN-g pg/mL 5.060±0.561 4.007±0.448 4.028±1.247 3.380±0.679 2.923±0.5958 4.418±0.3791 4.595±1.912 

IL-1a pg/mL 121.1±50.4 257.9±102.3 94.7±26.4 235.0±140.0 143.9±57.6 262.2±46.5 370.7±150.2 

IL-1b pg/mL 10.32±2.1 9.08±0.0 11.07±3.5 32.23±10.1 13.24±5.7 24.83±10.2 14.27±5.0 
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IL-6 pg/mL 7.897±3.144
ab

 7.233±0.604
ab

 6.957±1.797
ab

 14.76±3.213
b
 3.016±1.199

a
 7.394±3.537

ab
 3.255±0.735

a
 

IL-9 pg/mL 110.8±56.6 82.0±36.0. 284.3±56.3 298.4±121.9 273.3±74.6 149.7±52.1 433.3±224.1 

IL-13 ng/mL 107.6±26.8 160.5±24.59 179.6±31.1 216.7±46.9 124.7±21.8 199.9±45.6 172.4±33.5 

LIX ng/mL 12±2.3 13±2.7 11±1.9 15±2.6 23±6.0 19±3.4 24±3.4 

IP-10 pg/mL 197.1±35.4 174.3±13.1 179.7±14.6 186.414.6± 165.7±9.9 162.3±13.2 165.7±25.6 

KC pg/mL 79.7±21.0 138.3±22.7 160.8±45.2 122.0±32.9 101.8±15.5 120.3±21.8 126.1±13.7 

MCP-1 pg/mL 29.22±6.59 44.14±9.60 54.97±6.75 88.94±23.27 31.34±9.57 68.56±18.90 39.87±16.07 

MCP-1a pg/mL 12.89±2.31
a
 31.79±4.66

ab
 34.75±8.28

ab
 41.98±5.95

b
 18.26±2.89

a
 24.60±6.04

ab
 30.48±4.25

ab
 

MCP-1b pg/mL 53.84±10.13 46.00±9.58 69.32±17.91 66.95±8.64 40.62±6.93 24.82±9.93 50.40±23.93 

M-CSF pg/mL 9.96±1.72 14.55±2.47 9.62±2.51 45.19±20.07 14.81±1.24 6.94±2.02 16.45±3.64 

MIP-2 pg/mL 113.3±22.3 110.0±29.4 110.5±22.7 257.2±69.6 143.8±20.7 117.9±34.4 175.3±43.9 

MIG pg/mL 120.3±30.3 47.7±7.2 152.5±62.4 60.61±5.7 77.2±16.5 100.5±23.3 44.2±4.1 

RANTES pg/mL 9.97±2.05 13.43±2.42 18.91±5.03 46.31±15.13 12.38±2.46 20.14±6.99 21.80±6.79 
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1Values are expressed as means ± SEM of each group, values that do not share a letter differ (p<0.05). 

2Diet groups: Low fat diet (LF), high fat diet (HF), high fat plus either 0.2% w/w Pinot noir grape juice extract 

(HF+PGE), Pinot noir wine extract (HF+PWE), quercetin (HF+QUE), ellagic acid (HF+EA), or 1% w/w resveratrol 

(HF+RES) diet. 

3 Asterisks denote significance from HF (*: p<0.05, **: p<0.01, ***: p<0.001). 
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APPENDIX III 
 

                                               List of primers 

 

Gene Sequence 

ACOX11 

F: 5’-CAG GAA GAG CAA GGA AGT GG-3’ 

R: 5’-CCT TTC TGG CGT ATC CCA TA-3’ 

CPT1α 

F: 5’-CAT GTC AAG CCA GAC GAA GA-3’ 

R: 5’-TGG TAG GAG AGC AGC ACC TT-3’ 

CYP4A14 

F: 5’- TGA TGG ACG TTT GTC CCA CC-3’ 

R: 5-CGC AGG TCC TCA TCA GAC AA-3’ 

NQO1 

F: 5’-TTC TCT GGC CGA TTC AGA GT-3’ 

R: 5’-GGC TGC TTG GAG CAA AAT AG-3’ 

CYP1A2 

F: 5’- CTG GAC TGA CTC CCA CAA CTC-3’ 

R: 5’- TGA GGC TCT GAC CAT CCA GA-3’ 

HMOX1 

F: 5’-CAC GCA TAT ACC CGC TAC CT-3’ 

R: 5’- CCA GAG TGT TCA TTC GAC CA-3’ 

SCD1 

F: 5’- TCA ACT TCA CCA CGT TCT TCA-3’ 

R: 5’- CTC CCG TCT CAG TTC CTC TT-3’ 

CYP3A11 

F: 5’-CAG CTT GGT GCT CCT CTA CC-3’ 

R: 5’-CTC TGG GTC TGT GAC AGC A-3’ 

ABCB1 

F: 5’-TTG GTG GCA CAA CAA CTC AT-3’ 

R: 5’-GGC TTT CGC ATA GTC AGG AC-3’ 

GSTT2 

F: 5’-ACT AAG GTC CTG GGC TGG AT-3’ 

R: 5’-TGG ATA GCT GAC ACC TGC TG-3’ 

OAT1A4 

F: 5’- GTG GAC TTC TCA CTT GGC TGT-3’ 

R: 5’- GGA CTT GCA TTG GGA TGG TG-3’ 
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List of primers (Continued) 

CYP8A1 

F: 5’-AGT TGC AGC GTC TCT TCC AT-3’ 

R: 5’-CCT TGC TCC CTC AGA AAC TG-3’ 

LPL 

F: 5’- TCT GTA CGG CAC AGT GG-3 

R: 5’- CCT CTC GAT GAC GAA GC-3’ 

CRP 

F: 5’- GAC TCA TGG ACT GGG GAA GT-3’ 

R: 5’- TTC AGC AGC CAC TGA TTA CC-3’ 

RPL30 

F: 5’-CCG CAA AGA AGA CGA AAA AG-3’ 

R: 5’-GGA CAG TTG TTG GCA AGG AT-3’ 

 

1. Abbreviations: 

ACOX: Peroxisomal Acyl-coenzyme A oxidase 1 

CPT1α: Carnitine palmitoyltransferase Iα 

CYP4A14: Cytochrome P450 4A14 

NQO1: NAD(P)H Dehydrogenase [quinone] 1 

CYP1A2: Cytochrome P450 1A2 

HMOX1: Liver Heme Oxygenase (decycling) 1 (HMOX1) 

SCD1: Stearoyl-CoA Desaturase-1 

CYP3A11: Cytochrome P450 3A11 
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ABCB1: ATP-binding cassette sub-family B member 1 

GSTT2: Glutathione S-transferase Theta-2 

OAT1A4: Organic Anion Transporter 1A4 

CYP8A1: Cytochrome P450 8A1 

LPL: Lipoprotein Lipase 

CRP: C-Reactive protein 

RPL30: 60S ribosomal protein L3, 30 
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APPENDIX IV 
 

Cytokine Abbreviations 

CRP: C-reactive protein is a protein found in the blood, the levels of which rise 

in response to inflammation. 

G-CSF: (Granulocyte colony stimulating factor) a glycoprotein that stimulates 

the bone marrow to produce granulocytes and stem cells and release them 

into the bloodstream 

GM-CSF: Granulocyte-macrophage colony stimulating factor is a cytokine that 

functions as a white blood cell growth factor; stimulates stem cells to produce 

granulocytes (neutrophils, eosinophils, and basophils) and monocytes. 

IL-1a: responsible for the production of inflammation, as well as the promotion 

of fever and sepsis 

IL-1b: mediator of the inflammatory response, and is involved in a variety of 

cellular activities, including cell proliferation, differentiation, and apoptosis 

IL-6: Interleukin 6 is secreted by T cells and macrophages to stimulate 

immune response. 

IL-9: produced by T-cells and specifically by CD4+ helper cells that acts as a 

regulator of a variety of hematopoietic cells; stimulates cell proliferation and 

prevents apoptosis 
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IP-10:  Interferon-gamma-inducible protein 10 is secreted by several cell types 

(monocytes, endothelial cells and fibroblasts) in response to IFN-γ.  Attributed 

to several roles, such as chemoattraction for monocytes/macrophages, T cells, 

NK cells, and dendritic cells, promotion of T cell adhesion to endothelial cells, 

antitumor activity, and inhibition of bone marrow colony formation and 

angiogenesis. 

IL-13: secreted by many cell types, but especially T helper type 2 (Th2) cells, 

that is a mediator of allergic inflammation and disease 

IFN-g: is critical for innate and adaptive immunity against viral and intracellular 

bacterial infections and for tumor control; activator of macrophages 

KC: Keratinocyte chemoattractant is involved in chemotaxis and cell activation 

of neutrophils; overexpression in murine keratinocytes, monocytes and 

macrophages follows in response to PDGF and M-CSF. 

LIX: Lipopolysaccharide-induced CXC chemokine is usually associated with 

cell migration and activation in neutrophils. 

MCP-1: Monocyte chemotactic protein-1 recruits monocytes, memory T cells, 

and dendritic cells to the sites of inflammation produced by either tissue injury 

or infection. 

M-CSF: Macrophage colony stimulating factor influences hematopoietic stem 

cells to differentiate into macrophages or other related cell types. 
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MIP-1a: Macrophage inflammatory protein-1 alpha is involved in the acute 

inflammatory state in the recruitment and activation of poly-morphonuclear 

leukocytes. 

MIP-1b: Macrophage inflammatory protein-1 beta is a chemoattractant for 

natural killer cells, monocytes and a variety of other immune cells. 

MIP-2: Macrophage inflammatory protein-2 is secreted by monocytes and 

macrophages and is chemotactic for poly-morphonuclear leukocytes and 

hematopoietic stem cells. 

PAI-1: Plasminogen activator inhibitor-1 is an inhibitor of fibrinolysis, the 

physiological process that degrades blood clots, and is thus a marker for 

fibrosis. 

 


