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ABSTRACT 

 

PROBING THE ACUTE AND CHRONIC INFLAMMATION IN PCYT2 ETKO 

MOUSE MODEL OF METABOLIC SYNDROME 

 

Albert Chang                                             Advisor: 

University of Guelph, 2013                                  Dr. Marica Bakovic 

CTP: phosphoethanolamine cytidylyltransferase (Pcyt2) catalyzes the rate-limiting step 

of the Kennedy pathway. Pcyt2 heterozygous knockouts (ETKO) suffer from adult onset 

obesity, liver steatosis, hypertriglyceridemia, and insulin resistance. This thesis project 

demonstrated that Pcyt2 ETKO obesity increases liver sensitivity to acute inflammation since 

enhanced LPS induction of hepatic pro-inflammatory cytokine TNFα and suppressed 

anti-inflammatory cytokine IL-10 genes expression was detected in ETKO mice than wildtype 

(WT) mice leading to more TNFα damage and less IL-10 protection. ETKO had higher 

hepatic NF-κBp65 protein level than WT indicating that Pcyt2 ETKO obesity results in 

chronic hepatic inflammation. Sea buckthorn extract treatment reduced 4 symptoms of 

metabolic syndrome in Pcyt2 ETKO mice specifically decreased body weight, lowered tissue 

lipids (and consequently alleviated NAFL) and blood glucose levels.  
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Chapter 1: Literature Review 

Obesity and General Health   

The World Health Organization (WHO) defined obesity as having a Body Mass 

Index (BMI; body weight in Kg divide by the square of height in m) of 30 Kg/m
2
 or 

greater (WHO, 2000). Obesity is a medical condition characterized by excess body 

fat accumulation and is becoming more prevalent especially in the Western world to 

the point of being a serious public health issue (Haslam and James, 2005). In Canada, 

approximately one quarter of adults are obese (The Public Health Agency of Canada 

and The Canadian Institute for Health Information, 2011). Similar prevalence exists in 

the WHO European Region in which 23% of women and 20% of men are estimated to 

be obese (WHO Europe, 2008). Obesity is one of the leading preventable causes of 

death worldwide (Lopez et al., 2006). Causes of obesity include overeating, inactive 

lifestyle, and genetics among others. In terms of genetics, variations of certain 

candidate genes including many genes that are highly expressed in the central nervous 

system may predispose individuals to obesity (Lee, 2009, Willer et al., 2009). 

Examples of candidate genes with protein name in brackets include PCSK1 

(Proprotein convertase subtilisin/kexin type 1), POMC (Pro-opiomelanocortin), and 

MC4R (Melanocortin receptor 4) (Renström et al., 2009, Farooqi and O’Rahilly, 

2006).       
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This disease is a risk factor for a number of diverse diseases including type 2 

diabetes, hyperlipidemia, cardiovascular disease, osteoarthritis, various infections, 

cancer, pulmonary diseases, liver disorder as well as systematic chronic low-grade 

inflammation (Yang et al., 1997, National Institutes of Health Consensus 

Development Panel on the Health Implications of Obesity, 1985, de Luca and Olefsky, 

2008, Lumeng and Saltiel, 2011). Some of these diverse diseases are closely related to 

components of metabolic syndrome which the International Diabetes Foundation 

defined as central adiposity with at least two of the following: high triglyceride (TG), 

low high-density lipoprotein cholesterol (HDL-C), hypertension, obesity, and/or 

insulin resistance (Cherniack, 2011). Inflammation refers to vascular tissue (e.g. liver, 

adipose tissue, and muscle) response to harmful stimuli such as pathogens, damaged 

cells, or irritants (Ferrero-Miliani et al., 2007). Obesity affects multiple tissues and 

organs namely brain, adipose tissue, liver, muscle, and blood vessels (Lumeng and 

Saltiel, 2011). This disease activates brain and adipose tissue inflammatory pathways 

leading to insulin resistance with final outcomes of hypothalamic inflammation and 

adipocyte enlargement (Lumeng and Saltiel, 2011). In liver, muscle, and blood vessels, 

elevated cytokines lead to hepatic and muscular insulin resistance as well as 

atherosclerosis (Lumeng and Saltiel, 2011). The common condition that detriments all 

these five systems is inflammation enabling classification of obesity as an 
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inflammatory disease to be appropriate. Obesity stimulates inflammatory response 

that is involved in many components of classical inflammatory response to pathogen 

such as systemic increases in acute phase proteins (e.g., C-reactive protein) and 

circulating inflammatory cytokines (Lumeng and Saltiel, 2011).  

Obesity and Liver Disease  

The proposed pathogenesis of obesity-associated liver disease originates with 

hepatic steatosis (fat accumulation as TG but without inflammation leading first to 

non-alcoholic steatohepatitis (NASH; fat accumulation with liver inflammation) then 

progressing to cirrhosis (replacement of liver tissue by fibrosis, scar tissue, and 

regenerative nodules) ultimately resulting in liver failure (Yang et al., 1997, Lee, 1989, 

Powell et al., 1990, Bacon et al., 1994, Ludwig et al., 1980, Marchesini et al., 2008, 

Tran and Gual, 2013). The most likely mechanism of obesity-induced hepatic 

inflammation starts with hepatic steatosis which activates stress/inflammatory 

pathways (de Luca and Olefsky, 2008). Activated stress/inflammatory pathways 

increase hepatocyte free fatty acid release which stimulates liver resident 

macrophages called Kupffer cells to increase expression of TNFα, MCP1, and other 

pro-inflammatory cytokines ultimately making the liver to be pro-inflammatory (de 

Luca and Olefsky, 2008). Endoplasmic reticulum (ER) stress is another possible cause 

of obesity-induced liver inflammation (de Luca and Olefsky, 2008). It is believed that 

http://www.ncbi.nlm.nih.gov/pubmed?term=Tran%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23347840
http://www.ncbi.nlm.nih.gov/pubmed?term=Tran%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23347840
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nutrient abundance overworks ER by increasing lipid accumulation and protein 

synthesis, causing abnormal energy metabolism as well as inducing mechanical stress 

(de Luca and Olefsky, 2008). This heightened synthetic state activates unfolded 

protein response (UPR) and interferes with normal protein folding in which the 

response is known to induce stress response pathways (de Luca and Olefsky, 2008). In 

addition, iron accumulation possibly links obesity to liver inflammation. Obesity can 

lead to nonalcoholic fatty liver disease (NAFLD) in which hepatic iron accumulation 

is present in NAFLD (Kohgo et al., 2007, Aigner et al., 2008). Hepatic iron 

accumulation may activate Kupffer cells and other hepatic macrophages resulting in 

cytokine release, inflammatory cell recruitment and inflammation (Tran and Gual, 

2013, MacDonald et al., 2001).  

Cytokines   

Cytokines are small signaling proteins such as interleukins and interferons that 

regulate host responses to infection, immune responses, inflammation, and 

trauma (Dinarello, 2000). Some cytokines called pro-inflammatory cytokines promote 

inflammation whereas other cytokines termed anti-inflammatory cytokines suppress 

the activity of pro-inflammatory cytokines and promote healing (Dinarello, 2000).  

Examples of pro-inflammatory cytokines include interferon γ (IFNγ), tumor necrosis 

factor-alpha (TNFα), and interleukin 12 (IL-12) (Yang et al., 1997, Francoeur et al., 

http://www.ncbi.nlm.nih.gov/pubmed?term=Tran%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23347840
http://www.ncbi.nlm.nih.gov/pubmed?term=Tran%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23347840
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2004, Trinchieri, 1995). For anti-inflammatory cytokines, two examples are 

interleukin 10 (IL-10) and transforming growth factor beta 1 (TGF-β1) (Li et al., 

2012). IFNγ regulates transcription of many genes (e.g. iNOS, CASP1, and SLC11A1) 

involved in various cellular processes including nitric oxide production, apoptosis, 

and antimicrobial mechanisms (Schroder et al., 2004). Il-12 activates natural killer 

cells and is involved in the differentiation of naive T cells into Th1 cells (Schroder et 

al., 2004, Hsieh et al., 1993). Il-10 activates Janus kinase which is one of the main 

components of Janus kinase–signal transducer and activator of transcription 

(JAK-STAT) signaling pathway important in transcriptional regulation (Tanuma et al., 

2001, Aaronson and Horvath, 2002).        

Role of Kupffer Cells in Obesity 

Kupffer cells are hepatic resident macrophages that clear portal blood endotoxin 

(Yang et al., 1997). Endotoxin is also known as lipopolysaccharide (LPS) (Rietschel 

et al., 1994). These cells also produce pro-inflammatory cytokines IFNγ, TNFα, and 

IL-12 as well as anti-inflammatory cytokines IL-10 and TGF-β1 (Yang et al., 1997, 

Decker, 1990, Grewe et al., 1994, Li et al., 2012, Clementi et al., 2009, Francoeur et 

al., 2004, Trinchieri, 1995). LPS activates Kupffer cells triggering the production of 

TNFα (Yang et al., 1997, Lanthier et al., 2011, Baffy, 2009, Abdel-Salam et al., 2012). 

TNFα in turn promotes inflammation by stimulating pro-inflammatory lipid gene 
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expression specifically type II phospholipase A2 (PLA2), cyclooxygenase-2 (COX-2), 

as well as inducible nitric oxide synthase (iNOS) (Dinarello, 2000). These genes 

encode for enzymes that increase the synthesis of platelet-activating factor, 

leukotrienes, prostanoids, and nitric oxide (Yang et al., 1997, Dinarello, 2000). In 

addition, TNFα induces endothelial adhesion molecules leading to neutrophil 

adhesion to endothelial surface with subsequent neutrophil emigration into tissues 

(Dinarello, 2000). Furthermore, TNFα stimulates pro-inflammatory chemokine 

synthesis (Dinarello, 2000). Neutrophil endothelial adhesion and neutrophil 

emigration along with nitric oxide, platelet-activating factor, and leukotrienes lead to 

inflammation, tissue damage, and loss of function (Dinarello, 2000). Work on ob/ob 

mice and fa/fa rats demonstrated that obesity is associated with abnormal Kupffer cell 

function specifically decreased phagocytic activity resulting in more endotoxin 

staying in the systematic circulation (Yang et al., 1997). In addition, it seems that 

there might be relative global dysfunction of Kupffer cell in obesity, indicated by 

abnormal LPS induction of IL-10 and IL-12 (Yang et al., 1997).  

Role of NF-κB  

The transcription factor nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) is a protein complex involved in cellular responses to stimuli such as 

cytokines, bacterial or viral antigens, free radicals, stress, oxidized low density 
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lipoprotein, and ultraviolet irradiation (Gilmore, 2006, Brasier, 2006, Perkins, 2007, 

Gilmore, 1999, Tian and Brasier, 2003). NF-κB is composed of five distinct subunits: 

p65 (RelA), p68 (RelB), p75 (c-Rel), p50 (NFkB1), and p52 (NFkB2), but only p65 

can activate transcription (Zhu, Johnson, and Bakovic, 2008, Haffner, Berlato, and 

Doppler, 2006). This transcription factor is inactive in cytoplasm when bound to 

inhibitory IκB proteins (Wheeler, 2004, Reber et al., 2009). Upon stimuli (e.g. LPS), 

IκB proteins are released from NF-κB and this transcription factor translocates to the 

nucleus to become active (Wheeler, 2004, Reber et al., 2009). Once activated, NF-κB 

controls transcription of multiple genes including cytokines (e.g. TNFα, IL-6, IL-1A), 

cell adhesion molecules (e.g. CD44, CD209), acute phase genes (e.g. AGT, DEFB2), 

and stress response genes (e.g. CYP2C11, CYP7B1) (Collart et al., 1990, Son et al., 

2008, Mori and Prager, 1996, Hinz et al., 2002, Liu et al., 2003, Brasier et al., 1990, 

Kao et al., 2008, Morgan, Li-Masters, and Cheng, 2002, Dulos et al., 2005). NF-κB 

activation also has several other outcomes such as superoxide generation through the 

NADPH oxidase complex as well as pro-inflammatory cytokine production (TNFα, 

IL-1, and IL-6) promoting inflammation (Kawai et al., 1999, Wheeler, 2004, Ulevitch 

and Tobias, 1995). Since NF-κB controls transcription of cytokine genes and 

expression of pro-inflammatory cytokines is elevated in obesity, NF-κB is also likely 

to be elevated in this disease state. 

http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
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ETKO as Mouse Model of Metabolic Syndrome    

Two major types of mice obesity models have been established representing two 

causes of obesity- diet and genetics. Typical example of a diet-induced obesity is the 

C57BL/6J mouse strain fed with a high fat diet (60% of energy intake from fat) and 

typical genetic models include the leptin-deficient ob/ob, the New Zealand Obese 

(NZO/HlLt), the agouti mutated yellow obese, and the CTP: phosphoethanolamine 

cytidylyltransferase (Pcyt2) heterozygous knockout (ETKO; Pcyt2 +/-) that our 

laboratory created (Jackson Laboratory, 2002, Perfield II et al., 2012, Carrolla, Voisey, 

and Van Daal, 2004).     

The Pcyt2 ETKO mice are a valuable model for studying obesity since they 

progressively gain weight and develop adult-onset obesity, liver steatosis, and 

hyperlipidemia at 24-28 weeks old (Fullerton et al., 2009). Phosphatidylethanolamine 

(PE), an important inner membrane phospholipid, is synthesized from 

CDP-ethanolamine and diacylglycerol (DAG) by the Kennedy pathway (Figure 1.1). 

The Kennedy pathway which consists of CDP-ethanolamine branch and CDP-choline 

branch is the only route for de novo synthesis of PE (Bakovic et al., 2007, Pavlovic 

and Bakovic, 2013, Figure 1.1). In the CDP-ethanolamine branch, ethanolamine 

kinase converts ethanolamine to phosphoethanolamine which is subsequently 

converted to the intermediate CDP-ethanolamine catalyzed by  
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CTP: phosphoethanolamine cytidylyltransferase (Pcyt2) (Bakovic et al., 2007, 

Pavlovic and Bakovic, 2013, Figure 1.1). Pcyt2 catalyzes the rate-limiting step of the 

Kennedy pathway (Gibellini and Smith, 2010). Finally, 

CDP-ethanolamine:1,2-diacylglycerol ethanolaminephosphotransferase (EPT) 

catalyzes PE formation from CDP-ethanolamine (Bakovic, Fullerton, and Michel, 

2007, Pavlovic and Bakovic, 2013, Figure 1.1). In the CDP-choline branch, 

phosphorylation of choline forming phosphocholine is executed by choline kinase 

(Pavlovic and Bakovic, 2013). The analogous enzyme to Pcyt2 in the CDP-choline 

branch is CTP: choline cytidylyltransferase (Pcyt1) which converts phosphocholine to 

CDP-choline and CDP-choline is subsequently converted to phosphatidylcholine (PC) 

(Bakovic, Fullerton, and Michel, 2007, Pavlovic and Bakovic, 2013). PE is formed 

from PC via the intermediate conversion to phosphatidylserine (PS) (Bakovic, 

Fullerton, and Michel, 2007, Pavlovic and Bakovic, 2013).   

Pcyt2 +/- mice have lower CDP-ethanolamine as a result of partially knocking out 

the Pcyt2 gene leading to lower rate of PE synthesis and higher availability of DAG 

(another substrate in PE synthesis) (Figure 1.1). The excess DAG is then converted to 

triacylglycerol (TAG) ultimately leading to Pcyt2 deficient disease phenotypes of 

adult onset obesity, liver steatosis, hypertriglyceridemia, and insulin resistance 

(Figure 1.1 and Fullerton et al., 2009). Metabolic adaptations to Pcyt2 deficiency lead 
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to the disease phenotype of hypertriglyceridemia. These adaptations include elevated 

hepatic and intestinal lipoprotein secretion and stimulated expression and/or activity 

of genes involved in lipid absorption, transport, and lipoprotein assembly (Singh et al., 

2012). In addition, lowered plasma TG clearance and utilization by peripheral tissues 

work in concert leading to hypertriglyceridemia (Singh et al., 2012). Consistent with 

another study, a conditional liver specific disruption of Pcyt2 results in liver steatosis 

(Leonardi et al., 2009). We showed that complete Pcyt2 gene knockout is 

embryonically lethal (Fullerton et al., 2007). 
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Figure 1.1- CDP-Ethanolamine Pathway in Pcyt2 ETKO mice  

Pcyt2 gene disruption reduces CDP-ethanolamine and PE but increases DAG and TG. 

Instead of being utilized to produce PE, DAG accumulates with excess DAG 

subsequently being utilized to synthesize TG.  

EPT: CDP-ethanolamine 1,2-diacylglycerol ethanolaminephosphotransferase  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

12 
 

LPS: Damage, Obesity, and Liver Disease      

Gram-negative bacteria in the small intestine, part of the gut flora, produce LPS 

composed of an O-specific chain, a core oligosaccharide, and lipid A (Shea-Budgell et 

al., 2006, Rietschel et al., 1994). LPS is also known as endotoxin serving as the major 

component of the outer membrane of Gram-negative bacteria (Rietschel et al., 1994). 

Together with soluble LPS-binding protein (LBP), LPS bind to the complex of 

Toll-like receptor 4 (TLR4) and CD14 in macrophages (Kupffer cells) initiating a 

variety of inflammatory signaling cascades (Wheeler, 2004, Rietschel et al., 1994). In 

one of these cascades, LPS and LBP binding activates macrophages and downstream 

molecules such as myeloid differentiation factor 88 (MyD88) and associated proteins 

of interleukin–1 receptor-associated kinase (IRAK) and tumor necrosis factor 

receptor–associated factor (TRAF) resulting in NF-κB activation (Hosoi et al., 2004, 

Kawai et al., 1999, Zhang et al., 1999, Wheeler, 2004, Ulevitch and Tobias, 1995). 

NF-κB activation has multiple outcomes such as superoxide generation through the 

NADPH oxidase complex as well as pro-inflammatory cytokine production (TNFα, 

IL-1, and IL-6) promoting inflammation (Kawai et al., 1999, Wheeler, 2004, Ulevitch 

and Tobias, 1995). In terms of damage, LPS is a potent and even lethal toxin that 

triggers a global activation of inflammatory responses that can lead to acute liver 

failure and even death (Shea-Budgell et al., 2006, Baue, 1994, Livingston and Deitch, 

http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
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1995, Wagner and Roth, 1999, Martin et al., 2003).  

Obesity-related steatohepatitis shares histological resemblance with 

alcohol-induced steatohepatitis (Yang et al., 1997, Ludwig et al., 1980, Diehl, 

Goodman, and Ishak, 1988). In alcohol-related steatohepatitis, experimental data 

suggested that LPS is involved in such pathogenesis (Yang et al., 1997, McClain et al., 

1993). Thus, it is tempting to speculate that LPS is also involved in the pathogenesis 

of obesity-induced steatohepatitis. Therefore, obesity might prime individuals to liver 

disease by increasing hepatic sensitivity to LPS (Yang et al., 1997). 

Previous research found that obesity is associated with changes in LPS-induced 

cytokine gene expression such that lower Il-12 and higher IFNγ expression was 

detected in obese rats relative to normal control rats (Yang et al., 1997). Yang et al. 

used leptin receptor-deficient fa/fa rats as obesity model and were uncertain if the 

same result can be extrapolated to other models with different causes of obesity.   

Sea Buckthorn      

Sea buckthorn (Hippophae), a thorny deciduous shrub, is native to Asia and 

Europe (Tirupathi Pichiah et al., 2012, Rousi, 1971). Sea buckthorn is a rich source of 

vitamins A, C, E, and K as well as the two essential fatty acids specifically linoleic 

acid (18:2n-6) and α-linolenic acid (18:3n-3) (Maheshwari et al., 2011, Pintea et al., 

2001, Kallio et al., 2002, Yang and Kallio, 2001, Franke and Muller, 1983, Quirin and 
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Gerard, 1993, Berezhnaya et al., 1993, Jabłczynska, Krawczyk, and Minkowski, 1994, 

Moravcova et al., 1995, Zadernowski et al., 1997). Sea buckthorn is also rich in ω-9 

oleic acid and ω-7 palmitoleic acid in which the latter is uncommon in plants (Yang 

and Kallio, 2001, Franke and Muller, 1983, Quirin and Gerard, 1993, Jabłczynska, 

Krawczyk, and Minkowski, 1994, Zadernowski et al., 1997, Ulchenko et al., 1995). 

Furthermore, this plant is rich in phenolic compounds specifically flavonoids 

including myricetin, quercetin, kaempferol, and isorhamnetin (Tirupathi Pichiah et al., 

2012, Maheshwari et al., 2011, Nijveldt et al., 2001). 

Different parts of sea buckthorn have varying amounts of nutrients. For example, 

sea buckthorn berries contain most of the ω-7 fatty acid whereas seeds contain high 

levels of the two essential fatty acids (one ω-3 and one ω-6) (Suryakumar and Gupta, 

2011). In addition to having high level of ω-7 fatty acid, berries are also rich in 

various carotenoids namely zeaxanthin, α, β, δ-carotene, lycopene, β-cryptoxanthin, 

and lutein (Kumar et al., 2011). Seeds, on the other hand, are a rich source of vitamin 

E (Sne et al., 2013). Sea buckthorn is commercially available as tea, berry, oil, purée, 

juice, skin cream, and gel.  

In Tibetan and Mongolian traditional medicines, sea buckthorn was used to 

improve digestive function and blood circulation as well as to treat cough and sputum 

(Suryakumar and Gupta, 2011). Sea buckthorn exhibits many beneficial properties 



 
 

15 
 

including anti-inflammatory, immunomodulatory, hypoglycemic, hypolipidemic, 

anti-atherogenic, antioxidant activity, and anticancer effects (Tirupathi Pichiah et al., 

2012, Geetha et al., 2003, Sharma et al., 2011, Geetha et al., 2005, Grey et al., 2010, 

Ganju et al., 2005, Basu et al., 2007, Wang et al., 2011). However, this plant has not 

been well studied in alleviating obesity and associated complications of steatosis, 

hyperglycemia, and hepatic inflammation.    
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Chapter 2: Rationale, Hypotheses, and Objectives   

The thesis is composed of two related projects using the same Pcyt2 ETKO 

mouse model to study obesity and associated complications. The first project 

investigates obesity pathology while the second project tests the medicinal properties 

of sea buckthorn extract in obesity and associated complications. The specific 

rationale, hypotheses, and objectives are described below:  

 

For the first project: 

Previous research found that obesity increases liver sensitivity to LPS using 

leptin receptor-deficient fa/fa rats as obesity models, but authors were uncertain if the 

same result can be extrapolated to other models with different causes of obesity (Yang 

et al., 1997). Given LPS’s high potency and obesity’s high prevalence, it is imperative 

to test if obesity increases liver sensitivity to endotoxin in other models such as Pcyt2 

ETKO model in order to determine if obesity prime hepatic disease by increasing 

liver sensitivity to LPS. The hypothesis is therefore: obesity increases liver 

sensitivity to toxic effects of LPS. The corresponding research objective is to 

determine if obesity increases liver sensitivity to toxic effects of LPS in Pcyt2 +/- 

mice model.  
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For the second project: 

Sea buckthorn exhibits many beneficial properties including anti-inflammatory, 

immunomodulatory, hypoglycemic, hypolipidemic, anti-atherogenic, antioxidant 

activity, and anticancer effects (Tirupathi Pichiah et al., 2012, Geetha et al., 2003, 

Sharma et al., 2011, Geetha et al., 2005, Grey et al., 2010, Ganju et al., 2005, Basu et 

al., 2007, Wang et al., 2011). However, this plant has not been well studied in 

alleviating obesity and associated complications of steatosis, hyperglycemia, and 

hepatic inflammation. Given obesity’s high prevalence and severe complications 

including type 2 diabetes, hyperlipidemia, cardiovascular disease, various infections, 

cancer, pulmonary diseases, liver disorder as well as systematic chronic low-grade 

inflammation, it is imperative to find ways to prevent, manage, and treat this medical 

condition. From sea buckthorn’s numerous beneficial effects such as 

anti-inflammatory, immunomodulatory, hypoglycemic, hypolipidemic, and 

anti-atherogenic properties, this plant presents a potential approach to prevent, 

manage, and even treat this devastating health condition. The hypothesis is therefore: 
sea buckthorn extract diet will reduce body weight, tissue lipids, and blood 

glucose and consequently alleviate the hepatic inflammation and NAFL in 

ETKO mice. The corresponding research objective is to determine if orally 

administered sea buckthorn extract reduce body weight, tissue lipids, and blood 
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glucose and consequently alleviate the hepatic inflammation and NAFL.   
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Chapter 3: Pcyt2 ETKO Obesity Increases Liver 

Sensitivity to LPS-Induced Acute Inflammation and 

Results in Chronic Hepatic Inflammation 

Introduction 

Together with soluble LBP, LPS bind to the complex of TLR4 and CD14 in 

macrophages (Kupffer cells) initiating a variety of inflammatory signaling cascades 

(Wheeler, 2004, Rietschel et al., 1994). In one of these cascades, LPS and LBP 

binding activates macrophages and downstream molecules such as MyD88 and IRAK 

and TRAF resulting in NF-κB activation (Hosoi et al., 2004, Kawai et al., 1999, 

Zhang et al., 1999, Wheeler, 2004, Ulevitch and Tobias, 1995). NF-κB activation 

results in pro-inflammatory cytokine production (Tnfα, Il-1, and Il-6) promoting 

inflammation (Kawai et al., 1999, Wheeler, 2004, Ulevitch and Tobias, 1995). In 

terms of damage, LPS is a potent and even lethal toxin that triggers a global activation 

of inflammatory responses that can lead to acute liver failure and even death 

(Shea-Budgell et al., 2006, Baue, 1994, Livingston and Deitch, 1995, Wagner and 

Roth, 1999, Martin et al., 2003).  

Obesity-related steatohepatitis shares histological resemblance with 

alcohol-induced steatohepatitis (Yang et al., 1997, Ludwig et al., 1980, Diehl, 

Goodman, and Ishak, 1988). In alcohol-related steatohepatitis, experimental data 

http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
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suggested that LPS is involved in such pathogenesis (Yang et al., 1997, McClain et al., 

1993). Thus, it is tempting to speculate that LPS is also involved in the pathogenesis 

of obesity-induced steatohepatitis. Therefore, obesity might prime individuals to liver 

disease by increasing hepatic sensitivity to LPS (Yang et al., 1997). 

Previous research found that obesity is associated with changes in LPS-induced 

cytokine gene expression such that lower Il-12 and higher IFNγ expression was 

detected in obese rats relative to normal control rats (Yang et al., 1997). Yang et al. 

used leptin receptor-deficient fa/fa rats as obesity models and were uncertain if the 

same result can be extrapolated to other models with different causes of obesity. 

Given LPS’s high potency and obesity’s high prevalence, it is imperative to test if 

obesity increases liver sensitivity to endotoxin in other models such as Pcyt2 ETKO 

model in order to determine if obesity prime hepatic disease by increasing liver 

sensitivity to LPS. The hypothesis is therefore: obesity increases liver sensitivity to 

toxic effects of LPS. The corresponding research objective is to determine if obesity 

increases liver sensitivity to toxic effects of LPS in Pcyt2 +/- mice model.  
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Experimental Procedures 

Animals and Treatments 

Pcyt2 +/- (ETKO) and Pcyt2 +/+ (wildtype (WT)) mice were generated as 

previously described (Fullerton et al., 2007). In summary, a positively identified 

bacterial artificial chromosome clone was used to subclone a 12.5-kb genomic region 

used to construct the targeting vector. The targeting vector was created by 

homologous recombination. 2.8 kb of the gene was replaced by neomycin cassette. 

The targeting vector was transfected by electroporation of 129 SvEviTL embryonic 

stem (ES) cells (InGenious Targeting, New York). After selection, surviving clones 

were screened by polymerase chain reaction (PCR) to identify recombinant ES clones 

with the neomycin cassette. Two positive ES clones were identified by selection 

screening for homologous recombination. These clones were injected into mouse 

blastocysts and implanted into pseudopregnant females. To achieve germ line 

transmission, Agouti, chimeric male offspring were then crossed back to C57BL/6 

mice. Genotype was determined by PCR using ear notch genomic DNA. All 

procedures received University of Guelph Animal Care Committee’s approval and 

were in accordance with the Canadian Council on Animal Care’s guidelines. Mice were 

exposed to a 12-hour light/dark cycle with light starting at 7:00 A.M. Mice were fed ad 

libitum a standard diet (Harlan Teklad S-2335) with unrestricted access to water.  
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LPS (E. coli, Sigma-Aldrich) was administered through intraperitoneal (IP) 

injection shortly after noon to WT and ETKO mice (4/group) using the dosage as in a 

previous study (500 ng/g body weight) (Yang et al., 1997). Mice were sacrificed 24 

hours after LPS injection using CO2 and the tissues (liver, retroperitoneal adipose, 

kidney, heart, lung, spleen, and muscle) were harvested. Mouse plasma from WT and 

ETKO was obtained using cardiac puncture with subsequent centrifugation at 5000 

rpm for 10 min at 4°C. Prior to storing at -80°C freezer for subsequent analyses, 

harvested tissues were preserved in liquid nitrogen immediately following harvest 

while plasma was preserved in ice. Basic mice data such as tissue weights and blood 

glucose level were not measured in the WT and the ETKO to help characterize 

differences in the two genotypes of mice because such measurements were conducted 

previously in our lab.   

Liver Immunohistochemistry 

To compare approximate number of Kupffer cells in the WT and the ETKO, 

histological staining for Kupffer cells was conducted from male 7-month old mice (2 

WT and 2 ETKO). Following harvesting, a part of liver tissue was preserved in 10% 

formalin in phosphate buffered saline (PBS) with subsequent paraffin embedding. 

Section was dewaxed in xylene and rehydrated in a series of ethanol washes and 

incubated with rabbit monoclonal anti-CD68 antibody (Kupffer cell marker, Abcam). 
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Leica DMR imaging microscope connected to a computer with Openlab software was 

used to visualize the tissue stainings and perform image analysis. Tissue stainings 

were visualized under 40x magnification and Kupffer cell numbers were quantified 

and totaled from 5 areas using Openlab software. 

Preparation of Liver mRNA and PCR Analyses 

One year old male and female mice (4/group) were studied. Fifty mg of liver was 

homogenized in 1 ml of TRIzol reagent (Invitrogen) followed by addition of 0.2 ml of 

chloroform, vigorous vortexing for 15 sec, and room temperature incubation for 2 to 3 

min. Next, the sample was centrifuged at 10000 rpm for 15 min at 4˚C resulting in a 

multiple layer mixture. Top aqueous layer containing mRNA was then transferred to a 

fresh tube with subsequent addition of 0.5 ml of isopropyl alcohol followed by 10 min 

room temperature incubation. The sample was centrifuged at 10000 rpm for 25 min at 

4˚C resulting in mRNA pellet and supernatant was removed. The pellet was washed 

with 1 ml 75% ethanol, vortexed, and spun at 6000 rpm for 5 min at 4
0
C. After 

centrifugation, leftover ethanol was removed and the washing was repeated. mRNA 

pellet was air dried for 5 min and dissolved in 90 µl diethylpyrocarbonate 

(DEPC)-treated water. Spectrophotometric analysis was conducted to determine 

mRNA purity (A260/A280 ratio between 1.8 to 2.0) and concentration. Concentration 

was calculated using the equation: [mRNA] (µg/µl) = (40 x dilution factor x 
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absorbance at A260)/1000 where 40 refers to the convention that 1 OD (absorbance) 

at A260 equals 40 µg/ml mRNA. 

Complementary DNA (cDNA) was synthesized from 2 µg of liver total mRNA 

using SuperScript II Reverse Transcriptase (Invitrogen). Following cDNA synthesis, 

PCR was conducted for the following cytokines using cytokine-specific primers to 

study hepatic mRNA level: IFNγ, TNFα, IL-12, IL-10, as well as TGF-β1. The PCR 

conditions including the primers, temperatures, times, and cycle number are listed in 

Appendix A. All primers were obtained from publications (IFNγ- Puddu et al., 1997; 

TNFα- Peng et al., 2003; IL-12- Coutelier, Van Broeck, and Wolf, 1995; IL-10- Sohn 

et al., 2001; TGF-β1- Oi, Yamamoto, and Nishioka, 2004) and purchased from 

University of Guelph Laboratory Services. Finally, PCR amplified cDNA was 

visualized using agarose gel electrophoresis with ethidium bromide staining.  

Protein Preparation and Western Blotting (WB)  

Male and female 8-month old mice (2 WT and 2 ETKO) were studied. 

Bicinchoninic acid (BCA) protein assay (Thermo Scientific) was used to measure liver 

total protein concentration. In brief, this assay combines protein reduction of Cu
2+

 to 

Cu
1+

 (cuprous) in an alkaline environment with the highly sensitive and selective 

colorimetric BCA detection of Cu
1+

 (Smith et al., 1985). The first step is the chelation 

of copper with protein forming a light blue complex (Smith et al., 1985). In the 
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second step, BCA chelates with Cu
1+

 formed in step one forming intense purple 

product (Smith et al., 1985). The final water-soluble product exhibits a strong linear 

absorbance at 562 nm with increasing protein concentrations (Smith et al., 1985). To 

prepare for protein immunoblotting, samples were diluted with 5X SDS (sodium 

dodecyl sulphate) reducing buffer (0.5 M Tris-HCl pH 5.8, 25% glycerol, 2% SDS, 

0.01% bromophenol blue, and 0.5% 2-mercaptoethanol) and boiled for 5 min.  

To detect hepatic NF-κBp65 protein levels in Pcyt2 WT and ETKO mice, 20 µg 

of proteins were loaded onto a 12% SDS-PAGE and separated by electrophoresis. The 

proteins were transferred to polyvinylidene difluoride (PVDF) membranes for 30 min 

and following the transfer, the membranes were stained with Ponceau S to ensure equal 

loading and successful transfer of proteins. The membranes were then blocked with 5% 

bovine serum albumin (BSA) in TBST (Tris buffered saline with 0.5% Tween 20) for 1 

hr at room temperature. After blocking, the membranes were subjected to a 4˚C 

overnight incubation with rabbit polyclonal anti-NF-κBp65 primary antibody from 

Santa Cruz Biotechnology, Inc. diluted 1:2000 with 5% BSA. Next, the membranes 

were washed 5x in TBST with change every 15 min followed by 1 hr room temperature 

incubation with secondary antibody- goat-anti-rabbit immunoglobulin G (IgG) linked 

to horse-radish peroxidase (HRP) diluted 1:20000. NF-κBp65 protein was viewed with 

Sigma’s chemiluminescent peroxidase substrate assay following manufacturer’s 
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instructions including developing onto a X-ray film. 

Graphs  

 PCR and WB band intensities were measured using Image J software. Bar graphs 

with mean and SEM for body weight, PCR, and western blotting experiments were 

generated using GraphPad Prism software. 

Statistical Analyses 

GraphPad Prism software was also used for statistical analyses. Unpaired t tests 

were conducted to compare WT and ETKO body weight. For PCR experiments, 

two-way ANOVA for the effect of LPS treatment, genotype, and interaction between 

treatment and genotype was conducted. In addition, unpaired t tests were conducted to 

compare the following: WT vs ETKO for LPS treated and not LPS treated as well as 

LPS treated vs not LPS treated of the same genotype. P values < 0.05 were considered 

statistically significant. 
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Results 

WT and ETKO body weight 

 WT and ETKO mice (n = 8/group) body weight was measured to help 

characterize differences in the two genotypes of mice. ETKO mice had higher body 

weight than WT mice (Figure 3.1). 

 

Figure 3.1- Body weight of WT and ETKO mice Bar graph showing mean and 

SEM (n = 8/group). Each comparison line with * indicates the groups are statistically 

different from each other (P < 0.05).  
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Hepatic IL-12 gene expression following LPS treatment 

To determine if ETKO has increased liver sensitivity to inflammation, mRNA 

level of the pro-inflammatory cytokine IL-12 was measured in four groups of mice (n 

= 4/group). Only treatment had an effect and treatment did not interact with genotype 

(Figure 3.2). For mice not treated with LPS, ETKO and WT mice had same IL-12 

level (Figure 3.2). LPS treatment resulted in higher hepatic IL-12 level in ETKO and 

WT mice compared to the untreated (Figure 3.2). IL-12 level was also same between 

ETKO and WT mice treated with LPS (Figure 3.2).    

 

Figure 3.2- Hepatic interleukin 12 (IL-12) gene expression with and without LPS 

treatment- Effects of LPS on ETKO and WT mice. Liver mRNA level was measured 

by PCR (n = 4/group). mRNA expression bar graph showing mean and SEM 

Two-way ANOVA was conducted. Each comparison line with * indicates the groups 

are statistically different from each other (P < 0.05).  
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Hepatic TNFα gene expression following LPS treatment 

TNFα (pro-inflammatory cytokine) mRNA level was also measured (n = 4/group) 

to determine if the ETKO has increased liver sensitivity to inflammation. Treatment, 

genotype had no effect and treatment did not interact with genotype (Figure 3.3). In 

mice without LPS treatment, TNFα level was same between ETKO and WT mice 

(Figure 3.3). LPS treatment resulted in higher hepatic TNFα level in ETKO mice and 

resulted in same level in WT mice relative to the respective untreated (Figure 3.3). 

TNFα level was also same between LPS treated ETKO and WT mice (Figure 3.3). 

 

Figure 3.3- Hepatic tumor necrosis factor alpha (TNFα) gene expression with 

and without LPS treatment- Effects of LPS on ETKO and WT mice. Liver mRNA 

level was measured by PCR (n = 4/group). mRNA expression bar graph showing 

mean and SEM Two-way ANOVA was conducted. Each comparison line with * 

indicates the groups are statistically different from each other (P < 0.05).  
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Hepatic IFNγ gene expression following LPS treatment 

In addition to IL-12 and TNFα, the pro-inflammatory cytokine IFNγ mRNA level 

was measured (n = 4/group) with the same goal as the previous two cytokines. Only 

genotype had an effect and treatment did not interact with genotype (Figure 3.4). In 

mice without LPS treatment, IFNγ mRNA was higher in WT mice (Figure 3.4). LPS 

treatment had no effect on hepatic IFNγ level in both ETKO and WT mice relative to 

the untreated so the level after treatment was also higher in the WT (Figure 3.4).  

 

Figure 3.4- Hepatic interferon gamma (IFNγ) gene expression with and without 

LPS treatment- Effects of LPS on ETKO and WT mice. Liver mRNA level was 

measured by PCR (n = 4/group). mRNA expression bar graph showing mean and 

SEM Two-way ANOVA was conducted. Each comparison line with * indicates the 

groups are statistically different from each other (P < 0.05).  
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Hepatic IL-10 gene expression following LPS treatment 

Another way to study inflammation is to investigate anti-inflammatory 

cytokines. Thus, mRNA level of IL-10 was measured (n = 4/group). Only treatment 

had an effect and treatment did not interact with genotype (Figure 3.5). In untreated 

mice, IL-10 level was low and same between the two groups (Figure 3.5). LPS 

treatment resulted in higher hepatic IL-10 level by 2.1 fold in the ETKO and by 6 fold 

in WT mice compared to the respective untreated level demonstrating that LPS 

induction of IL-10 is suppressed in the ETKO leading to less IL-10 protection (Figure 

3.5).  

 

Figure 3.5- Hepatic interleukin 10 (IL-10) gene expression with and without LPS 

treatment- Effects of LPS on ETKO and WT mice. Liver mRNA level was measured 

by PCR (n = 4/group). mRNA expression bar graph showing mean and SEM 

Two-way ANOVA was conducted. Each comparison line with * indicates the groups 

are statistically different from each other (P < 0.05).  
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Hepatic TGF-β1 gene expression following LPS treatment 

The anti-inflammatory cytokine TGF-β1 was also studied and its mRNA level 

was measured (n = 4/group). Only treatment had an effect and treatment did not 

interact with genotype (Figure 3.6). In untreated mice, this cytokine’s level was same 

between ETKO and WT mice (Figure 3.6). LPS treatment resulted in higher hepatic 

TGF-β1 level only in ETKO mice by 1.4 fold relative to the untreated demonstrating 

that LPS induction of TGF-β1 is enhanced in the ETKO so response to LPS was 

different in WT vs ETKO (Figure 3.6). ETKO and WT mice had same post LPS 

treatment TGF-β1 expression (Figure 3.6).   

 
Figure 3.6- Hepatic transforming growth factor beta 1 (TGF-β1) gene expression 

with and without LPS treatment- Effects of LPS on ETKO and WT mice. Liver 

mRNA level was measured by PCR (n = 4/group). mRNA expression bar graph 

showing mean and SEM Two-way ANOVA was conducted. Each comparison line 

with * indicates the groups are statistically different from each other (P < 0.05).  
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Hepatic NF-κBp65 protein level  

Hepatic NF-κB is linked to hepatic inflammation (Sajan et al., 2009). Since 

obesity is also associated with hepatic inflammation, it is possible that obesity is 

associated with hepatic NF-κB. To determine if such association exists in the ETKO, 

NF-κBp65 protein was measured (n = 2/group) by western blotting. NF-κBp65 

protein level was threefold higher in ETKO liver than WT liver (Figure 3.7).  

                      

WT                  ETKO 

Figure 3.7- Hepatic NF-κBp65 protein western blot NF-κBp65 protein level in 

ETKO and WT mice livers was measured (n = 2/group) by western blotting using 

anti-NF-κBp65 antibody.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

34 
 

Liver Immunohistochemistry- Kupffer cells 

Changes in liver Kupffer cell number have been linked to liver steatosis and 

inflammation (Lin et al., 2007). Kupffer cells are elliptical and quantitative analyses 

with Openlab software revealed that ETKO and WT mice had similar number (total 

from 5 areas: ETKO 29 WT 31) of Kupffer cells (n = 2/group) (Figure 3.8).   

  WT                                    ETKO 

Figure 3.8- Liver Immunohistochemistry- Representative figures- Kupffer cells as 

indicated by arrows were visualized with CD68 specific antibody under 40x 

magnification (n = 2/group).   
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Discussion 

ETKO mice had higher body weight than WT mice 

ETKO mice had higher body weight than WT mice (Figure 3.1). ETKO mice 

have lower CDP-ethanolamine as a result of partially knocking out the Pcyt2 gene 

leading to lower rate of PE synthesis and higher availability of DAG (another 

substrate in PE synthesis). The excess DAG is then converted to TAG ultimately 

leading to Pcyt2 deficient disease phenotype of adult onset obesity (Fullerton et al., 

2009). 

Mostly same basal hepatic pro-inflammatory and anti-inflammatory cytokine 

gene expression between ETKO and WT mice 

 At the basal state (without LPS treatment), WT and ETKO mice had same liver 

pro-inflammatory cytokine (IL-12 and TNFα) as well as anti-inflammatory cytokine 

(IL-10 and TGF-β1) gene expression (Figures 3.2, 3.3, 3.5, 3.6). One leptin-deficient 

ob/ob mice study found similar basal mRNA level of TNFα and TGF-β1 between the 

obese and the regular weight (Yang et al., 1997). The only difference in cytokine gene 

expression between the ETKO and the WT was IFNγ in which the expression was 

lower in ETKO demonstrating that basal hepatic IFNγ gene expression was blunted 

(Figure 3.4). One study found that WT mice had higher hepatic and visceral adipose 

tissue pro-inflammatory cytokine (IL-6 and TNFα) gene expression compared to KO 

mice (O'Rourke et al., 2012).         
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Pcyt2 ETKO obesity increases liver sensitivity to acute inflammation indicated 

by higher LPS treatment induction of hepatic pro-inflammatory cytokine gene 

expression and lower LPS treatment induction of hepatic anti-inflammatory 

cytokine gene expression in ETKO than WT  

LPS is also known as endotoxin which serves as the major component of the 

outer membrane of Gram-negative bacteria (Rietschel et al., 1994). LPS is used to 

study several processes including inflammation, cell proliferation and cancer, 

migration, cell survival, as well as septic shock (Sharif et al., 2007). In terms of 

damage, LPS is a potent and even lethal toxin that triggers a global activation of 

inflammatory responses that can lead to acute liver failure and even death 

(Shea-Budgell et al., 2006, Baue, 1994, Livingston and Deitch, 1995, Wagner and 

Roth, 1999, Martin et al., 2003). The dosage we used was probably not high enough 

to induce acute liver failure and death.    

LPS treatment (500 ng/g body weight) induction of hepatic pro-inflammatory 

cytokine TNFα gene expression was higher in ETKO than WT and LPS treatment 

induction of hepatic anti-inflammatory cytokine IL-10 gene expression was lower in 

ETKO than WT leading to more TNFα damage and less IL-10 protection in ETKO 

than WT (Figures 3.3, 3.5). LPS treatment of WT and ETKO similarly induced 

pro-inflammatory cytokine gene expression (IL-12) and resulted in higher TNFα in 

ETKO relative to the untreated (Figures 3.2-3.3). For IFNγ, LPS treatment had no 

effect relative to the untreated (Figure 3.4). One reason that LPS treatment did not 
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affect IFNγ gene expression could be cytokine specific alleviating mechanism in 

response to LPS involving downregulation of IFNγ gene expression that occurs few 

hours after LPS treatment. The goal of this mechanism is to restore pro-inflammatory 

cytokine IFNγ gene expression back to pre-treatment level thus dampening LPS’s 

damaging effect of increasing pro-inflammatory cytokine genes expression leading to 

inflammation. The findings that LPS treatment resulted in higher IL-12 and TNFα 

gene expression relative to the untreated are supported by Yang et al., 1997. 

Endotoxin also resulted in higher anti-inflammatory cytokine (IL-10 and TGF-β1) 

mRNA levels in the ETKO and resulted in higher IL-10 in the WT all compared to the 

untreated (Figures 3.5-3.6). Yang et al., 1997 also found higher IL-10 in the LPS 

treated.  

LPS induced increase in pro-inflammatory cytokine (TNFα, IL-1, and IL-6) gene 

expression is a multi-step process that begins when LPS in combination with soluble 

LPS-binding protein bind to their receptor complex- Toll-like receptor 4 and CD14 in 

macrophages such as Kupffer cells initiating a variety of inflammatory signaling 

cascades (Wheeler, 2004, Rietschel et al., 1994). In one of these cascades, LPS and 

LBP binding activates macrophages and downstream molecules such as myeloid 

differentiation factor 88 and associated proteins of interleukin–1 receptor-associated 

kinase and tumor necrosis factor receptor–associated factor resulting in NF-κB (a 
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transcription factor) activation (Hosoi et al., 2004, Kawai et al., 1999, Zhang et al., 

1999, Wheeler, 2004, Ulevitch and Tobias, 1995). NF-κB activation has multiple 

outcomes including pro-inflammatory cytokine (TNFα, IL-1, and IL-6) production, 

gene expression, and release (Kawai et al., 1999, Wheeler, 2004, Ulevitch and Tobias, 

1995, Sharif et al., 2007).  

LPS induced higher anti-inflammatory cytokine (TGF-β1 and especially IL-10) 

gene expression relative to the untreated can be an amelioration mechanism of the 

immune system in an attempt to alleviate LPS toxic effects. IL-10, for example, 

inhibits TNFα toxic effects of inflammation, tissue damage, as well as loss of function 

(Yang et al., 1997, Dinarello, 2000).   

              pro-inflammatory cytokine      anti-inflammatory cytokine    

 IL-12 TNFα IFNγ IL-10 TGF-β1 

ETKO 
↑ 

 

↑ 

 

__ 

 

↑ 

 

↑ 

WT  

↑ 

 

 

__ 

 

__ 

 

↑ 

 

__ 

Table 3.1 LPS treatment induction of hepatic cytokine gene expression compared 

to untreated ↑ means LPS treatment resulted in higher cytokine gene expression 

compared to untreated and   means LPS treatment resulted in same cytokine gene 

expression compared to untreated  

 

Mostly same hepatic pro-inflammatory and anti-inflammatory cytokine gene 

expression between WT and ETKO mice after LPS treatment 

WT and ETKO mice had same liver pro-inflammatory cytokine (IL-12 and TNFα) 

as well as anti-inflammatory cytokine (IL-10 and TGF-β1) gene expression following 

http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
http://www.sciencedirect.com/science/article/pii/S1074761300800862#BIB40
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500 ng LPS/g body weight treatment (comparing LPS (+) WT to LPS (+) ETKO bar 

of Figures 3.2, 3.3, 3.5, 3.6). Yang et al., 1997 supported our findings for TNFα and 

TGF-β1. The only difference in cytokine gene expression between the ETKO and the 

WT is IFNγ in which the expression is higher in WT (comparing LPS (+) WT to LPS 

(+) ETKO bar of Figure 3.4). Lower IFNγ in ETKO can be an obesity-induced 

adaptive mechanism in an attempt to alleviate obesity-related metabolic dysfunction 

since IFNγ deficiency lowers adipose tissue inflammatory genes gene expression and 

ameliorates metabolic parameters in obese animals (Rocha and Folco, 2011, Rocha et 

al., 2008).  

Pcyt2 ETKO obesity results in chronic hepatic inflammation indicated by higher 

hepatic NF-κBp65 protein level in ETKO than WT mice  

ETKO obese mice had threefold higher hepatic NF-κBp65 protein level than WT 

mice indicating that obesity (Pcyt2 ETKO) results in chronic hepatic inflammation 

(Figure 3.7). Since the transcription factor NF-κB controls transcription of cytokine 

genes such as IL-6 and IL-1A and expression of pro-inflammatory cytokines such as 

MCP-1 is elevated in obesity, it is reasonable that NF-κB is elevated in this disease 

state (Kanda et al., 2006, Conti et al., 1997). Elevated NF-κBp65 protein level in the 

ETKO explains higher LPS treatment induction of hepatic pro-inflammatory cytokine 

TNFα gene expression in ETKO since NF-κBp65 activates transcription of 

pro-inflammatory cytokine genes such as TNFα.   
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Conclusion  

Since LPS treatment induction of hepatic pro-inflammatory cytokine TNFα gene 

expression was higher in ETKO than WT and LPS treatment induction of hepatic 

anti-inflammatory cytokine IL-10 gene expression was lower in ETKO than WT 

leading to more TNFα damage and less IL-10 protection in ETKO than WT, obesity 

(Pcyt2 ETKO) increases liver sensitivity to acute inflammation. ETKO mice had 

higher hepatic NF-κBp65 protein level than WT mice indicating that obesity (Pcyt2 

ETKO) results in chronic hepatic inflammation. Elevated NF-κBp65 protein level in 

the ETKO explains higher LPS treatment induction of hepatic pro-inflammatory 

cytokine TNFα gene expression in ETKO since NF-κBp65 activates transcription of 

pro-inflammatory cytokine genes such as TNFα.  

 

 

  

 

 

 

 

 



 
 

41 
 

Chapter 4: Sea Buckthorn Extract Diet Alleviates 

Metabolic Syndrome in Pcyt2 ETKO 

Introduction 

Sea buckthorn (Hippophae), a thorny deciduous shrub, is native to Asia and 

Europe (Tirupathi Pichiah et al., 2012, Rousi, 1971). Sea buckthorn is a rich source of 

vitamins A, C, E, K, fatty acids linoleic acid (ω-6), α-linolenic acid (ω-3), oleic acid 

(ω-9), palmitoleic acid (ω-7) and phenolic compounds specifically flavonoids 

myricetin, quercetin, kaempferol, isorhamnetin (Maheshwari et al., 2011, Pintea et al., 

2001, Kallio et al., 2002, Yang and Kallio, 2001, Franke and Muller, 1983, Quirin and 

Gerard, 1993, Berezhnaya et al., 1993, Jabłczynska, Krawczyk, and Minkowski, 1994, 

Moravcova et al., 1995, Zadernowski et al., 1997, Ulchenko et al., 1995, Tirupathi 

Pichiah et al., 2012, Nijveldt et al., 2001). 

In Tibetan and Mongolian traditional medicines, sea buckthorn was used to 

improve digestive function and blood circulation as well as to treat cough and sputum 

(Suryakumar and Gupta, 2011). Sea buckthorn exhibits many beneficial properties 

including anti-inflammatory, immunomodulatory, hypoglycemic, hypolipidemic, 

anti-atherogenic, antioxidant activity, and anticancer effects (Tirupathi Pichiah et al., 

2012, Geetha et al., 2003, Sharma et al., 2011, Geetha et al., 2005, Grey et al., 2010, 

Ganju et al., 2005, Basu et al., 2007, Wang et al., 2011). However, this plant has not 



 
 

42 
 

been well studied in alleviating obesity and associated complications of steatosis, 

hyperglycemia, and hepatic inflammation. Given obesity’s high prevalence and 

obesity’s severe complications including type 2 diabetes, hyperlipidemia, 

cardiovascular disease, various infections, cancer, pulmonary diseases, liver disorder 

as well as systematic chronic low-grade inflammation, it is imperative to find ways to 

prevent, manage, and treat this medical condition. From sea buckthorn’s numerous 

beneficial effects such as anti-inflammatory, immunomodulatory, hypoglycemic, 

hypolipidemic, and anti-atherogenic properties, sea buckthorn presents a potential 

approach to prevent, manage, and even treat this devastating health condition. The 

hypothesis is therefore: sea buckthorn extract diet will reduce body weight, tissue 

lipids, and blood glucose and consequently alleviate the hepatic inflammation and 

NAFL in ETKO mice. The corresponding research objective is to determine if orally 

administered sea buckthorn extract reduce body weight, tissue lipids, and blood 

glucose and consequently alleviate the hepatic inflammation and NAFL.   
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Experimental Procedures  

Animals and Treatments 

ETKO (Pcyt2 +/-) and WT (Pcyt2 +/+) mice were described in Chapter 3. Sea 

buckthorn extract was obtained from Dr. Gopinadhan Paliyath (Department of Plant 

Agriculture, Ontario Agricultural College, University of Guelph). The slurry extract 

was administered at about 1 pm through daily oral gavage once suspend in 0.85% 

saline for 30 days to WT and ETKO mice (5/group) using the dosage of 200 μg/g 

body weight. One study used 260 μg/g body weight which is somewhat similar to our 

dosage (Hsu et al., 2009). Control mice were gavaged with saline. Mice were weighed 

daily and sacrifice was carried out at the end of the 30-day trial using CO2. The 

various tissues (liver, retroperitoneal adipose, kidney, heart, lung, spleen, and muscle) 

were harvested and liver and retroperitoneal adipose tissues were weighed. Blood was 

collected by cardiac puncture and plasma obtained by centrifugation at 5000 rpm for 

10 min at 4°C. Prior to storing at -80°C freezer for subsequent analyses, harvested 

tissues were preserved in liquid nitrogen immediately following harvest while plasma 

was preserved in ice.  

IP Glucose Tolerance Test  

To determine if sea buckthorn extract lowers blood glucose level, IP glucose 

tolerance tests were conducted prior to as well as after the 30-day trial. Male and 
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female mice 7-month of age (n = 5/group) were used. After a 16-hour fast, a baseline 

saphenous vein blood sample was taken followed by glucose (2 g/Kg body weight; in 

0.85% saline) IP injection. Blood glucose level was measured at the following time 

points post injection using OneTouch UltraMini glucose metre: 15, 30, 60, 90,120, 

and 180 min.   

Liver Histology  

To determine if sea buckthorn extract treatment results in lower hepatic lipid 

accumulation compared to control, histological work was conducted. Male and female 

mice 7-month of age (n = 5/group) were used. Following harvesting and weighing, a 

part of liver tissue was preserved in 10% formalin in phosphate buffered saline (PBS) 

with subsequent paraffin embedding. Section was dewaxed in xylene and rehydrated 

in a series of ethanol washes and stained with hematoxylin and eosin. Leica DMR 

imaging microscope set at 10x magnification connected to a computer with Openlab 

software was used to visualize the tissue and perform image analysis.  

Preparation of Liver mRNA and PCR Analyses 

Male and female mice 7-month of age (n = 5/group) were used. Fifty mg of liver 

was homogenized in 1 ml of TRIzol reagent (Invitrogen) followed by addition of 0.2 

ml of chloroform, vigorous vortexing for 15 sec, and room temperature incubation for 

2 to 3 min. Next, the sample was centrifuged at 10000 rpm for 15 min at 4˚C resulting 
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in a multiple layer mixture. Top aqueous layer containing mRNA was then transferred 

to a fresh tube with subsequent addition of 0.5 ml of isopropyl alcohol followed by 10 

min room temperature incubation. The sample was centrifuged at 10000 rpm for 25 

min at 4˚C resulting in mRNA pellet and supernatant was removed. The pellet was 

washed with 1 ml 75% ethanol, vortexed, and spun at 6000 rpm for 5 min at 4
0
C. 

After centrifugation, leftover ethanol was removed and the washing was repeated. 

mRNA pellet was air dried for 5 min and dissolved in 90 µl DEPC-treated water. 

Spectrophotometric analysis was conducted to determine mRNA purity (A260/A280 

ratio between 1.8 to 2.0) and concentration. Concentration was calculated using the 

equation: [mRNA] (µg/µl) = (40 x dilution factor x absorbance at A260)/1000 where 

40 refers to the convention that 1 OD (absorbance) at A260 equals 40 µg/ml mRNA. 

cDNA was synthesized from 2 µg of liver total mRNA using SuperScript II 

Reverse Transcriptase (Invitrogen). Following cDNA synthesis, touchdown PCR was 

conducted for the following cytokines using cytokine-specific primers to study 

hepatic mRNA level: IL-12 and TGF-β1. In touchdown PCR, an initial annealing 

temperature of several °C greater than estimated melting temperature is used (Korbie 

and Mattick, 2008). Annealing temperature than gradually decreases (1-2 °C per every 

second cycle) until reach estimated annealing temperature or some °C below (Korbie 

and Mattick, 2008). Reaction continues using this annealing temperature. Touchdown 
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PCR increases specificity of product (Korbie and Mattick, 2008). G3PDH was used as 

a control and amplified using traditional PCR. The PCR conditions including the 

primers, temperatures, times, and cycle number are listed in Appendix B. Primers 

were obtained from PubMed Primer-BLAST search and purchased from University of 

Guelph Laboratory Services. Finally, PCR amplified cDNA was visualized using 

agarose gel electrophoresis with ethidium bromide staining.  

Graphs 

 PCR band intensities were measured using Image J software. Bar graphs with 

mean and SEM for PCR experiments, body weight, post-treatment retroperitoneal 

adipose tissue weight, post-treatment liver weight, and glucose tolerance test area 

under the curve (AUC; trapezoidal calculation method) as well as curves for glucose 

tolerance test were generated using GraphPad Prism software. 

Statistical Analyses 

GraphPad Prism software was also used for statistical analyses conducted using 

n of 3/group to exclude outliers from analyses. For PCR experiments, post-treatment 

body weight, post-treatment retroperitoneal adipose tissue and liver weight 

measurements, as well as post-treatment glucose tolerance test AUC, two-way 

ANOVA for the effect of treatment, genotype, and interaction between treatment and 

genotype was conducted. Two-way repeated measures ANOVA was not conducted 
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for post-treatment body weight and post-treatment glucose tolerance test AUC 

because data were not matched. One-way ANOVA was conducted for pre-treatment 

body weight and pre-treatment glucose tolerance test AUC. In addition, unpaired t 

tests were used for the following body weight comparisons: pre-treatment WT vs 

ETKO, post-treatment body weight of the same genotype, and pre-treatment vs 

post-treatment of the same treatment and genotype. For post-treatment retroperitoneal 

adipose tissue and liver weight measurements, unpaired t tests were additionally used 

for the following comparisons: WT vs ETKO and weights of the same genotype. For 

pre-treatment glucose tolerance test AUC, unpaired t tests were additionally 

conducted to compare WT vs ETKO. For post-treatment glucose tolerance test AUC, 

unpaired t tests were additionally conducted to compare WT vs ETKO and different 

treatments of the same genotype. Additionally, for PCR data, unpaired t tests were 

used to compare different genotype levels of the same treatment and levels of the 

same genotype with different treatments. P values < 0.05 were considered statistically 

significant. 
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Results 

Sea buckthorn extract induced body weight loss in ETKO  

 It is possible that sea buckthorn extract induces weight loss in mice. To 

determine (n = 3/group) if sea buckthorn extract induce weight loss in ETKO mice, 

mice were oral gavaged daily for 30 days with 200 μg/g body weight. Control mice 

were gavaged with saline. For post-treatment weight, only genotype had an effect and 

treatment did not interact with genotype (Figure 4.1). As shown in Figure 4.1, prior to 

the 30-day treatment, ETKO mice weighed heavier than WT mice. Prior to treatment, 

groups of the same genotype had the same weight (Figure 4.1). Sea buckthorn treated 

ETKO mice lost weight while WT, ETKO saline control and WT sea buckthorn 

treated mice did not lose weight (Figure 4.1). 
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Figure 4.1- Body weight change in sea buckthorn extract treated and control 

mice WT and ETKO mice (n = 3/group) were fed a standard chow diet with 

unrestricted access to water. Sea buckthorn extract was administered through daily oral 

gavage for 30 days using the dosage of 200 μg/g body weight. Data are represented 

using bar graphs (first six graphs = pre-treatment) showing means and SEMs. 

One-way ANOVA and two-way ANOVA was conducted for pre-treatment and 

post-treatment data respectively. Each comparison line with * indicates the groups are 

statistically different from each other (P < 0.05).  
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Sea buckthorn extract induced retroperitoneal adipose tissue weight loss in 

ETKO and WT 

Genotype, treatment each had an effect and treatment interacted with genotype 

(Figure 4.2). At the end of the 30-day trial, WT mice had lower retroperitoneal 

adipose tissue weight compared to ETKO mice (Figure 4.2). Treated retroperitoneal 

adipose tissues weighed lighter than control tissues for both the WT and the ETKO 

(76.67% and 56.77% for the WT and the ETKO respectively relative to the controls) 

indicating that sea buckthorn extract treatment induced retroperitoneal adipose tissue 

weight loss in mice (Figure 4.2). 

 

Figure 4.2- Retroperitoneal adipose tissue weight after sea buckthorn extract 

treatment Retroperitoneal adipose tissues were harvested and weighed at the end of 

the 30-day trial (n = 3/group). Data are represented using bar graphs showing means 

and SEMs. Two-way ANOVA was conducted. Each comparison line with * indicates 

the groups are statistically different from each other (P < 0.05). 
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Sea buckthorn extract induced liver weight loss in ETKO 

To study if sea buckthorn extract reduces hepatic lipid accumulation in mice 

leading to lower liver weight, harvested livers were weighed (n = 3/group) following 

30 days of daily treatment. Genotype, treatment each had an effect and treatment 

interacted with genotype (Figure 4.3). In addition to having lower post-treatment 

retroperitoneal adipose tissue weight, WT mice had lower post-treatment liver weight 

than ETKO mice (Figure 4.3). ETKO treated liver weighed lighter (59.79% of control 

weight) indicating that sea buckthorn extract lowered liver weight by reducing hepatic 

lipid accumulation (Figure 4.3). WT treated and control livers had same weights. 

 

Figure 4.3- Liver weight after sea buckthorn extract treatment Livers were 

harvested and weighed at the end of the 30-day trial (n = 3/group). Data are 

represented using bar graphs showing means and SEMs. Two-way ANOVA was 

conducted. Each comparison line with * indicates the groups are statistically different 

from each other (P < 0.05). 
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Pre-treatment intraperitoneal glucose tolerance test  

To ensure that changes in blood glucose levels result from sea buckthorn extract 

treatment and not from pre-treatment differences between two groups of the same 

genotype, pre-treatment blood glucose levels were measured to confirm that two 

groups of the same genotype do not differ. WT mice had lower pre-treatment fasting 

as well as post glucose administration blood glucose levels compared to ETKO mice 

corresponding to smaller area under the curve of IP glucose tolerance test (Figures 4.4 

and 4.5; n = 3/group). 
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Figure 4.4- Pre-treatment (sea buckthorn extract, 30 days) IP glucose tolerance 

test (IPGTT) After a 16-hour fast, glucose was administered by IP injection to WT 

and ETKO mice (n = 3/group). Blood glucose level was measured at baseline as well 

as 15, 30, 60, 90, 120, and 180 min post injection. Statistical analyses are conducted 

using IPGTT AUC data.  
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Figure 4.5- Pre-treatment (sea buckthorn extract, 30 days) IPGTT AUC Data are 

represented using bar graphs showing means and SEMs (n = 3/group). One-way 

ANOVA was conducted. 
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Sea buckthorn extract lowered blood glucose levels in WT and ETKO 

We were interested in determining (n = 3/group) if sea buckthorn extract lower 

blood glucose concentration in mice. Genotype, treatment each had an effect and 

treatment did not interact with genotype (Figure 4.7). After 30 days of daily treatment 

with 200 μg/g body weight, WT mice had lower concentration compared to ETKO 

mice corresponding to smaller glucose area under the curve after an IP glucose 

tolerance test (Figures 4.6 and 4.7). Treated ETKO and WT mice had lower blood 

glucose level than control mice corresponding to smaller IPGTT AUC indicating that 

sea buckthorn extract treatment lowered blood glucose concentration (Figures 4.6 and 

4.7).   
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Figure 4.6- Post-treatment (sea buckthorn extract, 30 days) IPGTT After a 

16-hour fast, glucose was administered by IP injection to WT and ETKO mice (n = 

3/group). Blood glucose level was measured at baseline as well as 15, 30, 60, 90, 120, 

and 180 min post injection. Statistical analyses are conducted using IPGTT AUC data. 
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Figure 4.7- Post-treatment (sea buckthorn extract, 30 days) IPGTT AUC Data are 

represented using bar graphs showing means and SEMs (n = 3/group). Two-way 

ANOVA was conducted. Each comparison line with * indicates the groups are 

statistically different from each other (P < 0.05). 
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Hepatic IL-12 gene expression following sea buckthorn extract treatment 

It is possible that sea buckthorn exerts its anti-inflammatory property by 

reducing pro-inflammatory cytokine gene expression. To test this possibility, hepatic 

mRNA level of pro-inflammatory cytokine IL-12 was measured (n = 3/group) 

following 30 days of daily treatment. Only genotype had an effect and treatment 

interacted with genotype (Figure 4.8). For control mice, the level was same between 

WT and ETKO while WT treated mice had higher IL-12 mRNA than the ETKO 

treated (Figure 4.8). Sea buckthorn extract treatment resulted in higher IL-12 mRNA 

in the WT and had no effect in the ETKO compared to the control (Figure 4.8). 
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Figure 4.8- Hepatic interleukin 12 (IL-12) gene expression with and without sea 

buckthorn extract treatment- Effects of sea buckthorn extract on WT and ETKO 

mice. Liver mRNA level was measured by PCR (n = 3/group). Gene expression was 

assessed relative to glycerol-3-phosphate dehydrogenase (G3PDH) as an endogenous 

control. mRNA expression bar graph showing mean and SEM Two-way ANOVA was 

conducted. Each comparison line with * indicates the groups are statistically different 

from each other (P < 0.05).  
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Hepatic TGF-β1 gene expression following sea buckthorn extract treatment 

Sea buckthorn possibly exerts its anti-inflammatory property by increasing 

anti-inflammatory cytokine mRNA level. To test this possibility, hepatic mRNA level 

of anti-inflammatory cytokine TGF-β1 was measured (n = 3/group) by PCR after 30 

days of daily oral gavage. Genotype, treatment had no effect and treatment did not 

interact with genotype (Figure 4.9). For control mice, the ETKO had higher level 

which is beneficial for ETKO obese in alleviating hepatic inflammation although the 

effect probably does not exist since ETKO level was just slightly higher (Figure 4.9). 

In LPS study, we found same TGF-β1 basal level between WT and ETKO. In sea 

buckthorn extract treated mice, TGF-β1 expression was same between the WT and the 

ETKO (Figure 4.9). Sea buckthorn extract treatment did not have effect on TGF-β1 

mRNA level in both ETKO and WT mice compared to the control (Figure 4.9).  
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Figure 4.9- Hepatic transforming growth factor beta 1 (TGF-β1) gene expression 

with and without sea buckthorn extract treatment- Effects of sea buckthorn extract 

on WT and ETKO mice. Liver mRNA level was measured by PCR (n = 3/group). 

Gene expression was assessed relative to glycerol-3-phosphate dehydrogenase 

(G3PDH) as an endogenous control. mRNA expression bar graph showing mean and 

SEM Two-way ANOVA was conducted. Each comparison line with * indicates the 

groups are statistically different from each other (P < 0.05).  
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Sea buckthorn extract reduced liver lipid accumulation in ETKO 

Sea buckthorn extract may have potential in alleviating hepatic steatosis. We 

tested such potential and determined (n = 3/group) if sea buckthorn extract reduce 

obesity-induced hepatic lipid accumulation in ETKO mice by conducting a 30-day 

trial with daily sea buckthorn extract administration. WT hepatic lipid accumulation 

was insignificant whereas ETKO control mice had significant fat buildup (Figure 

4.10). Sea buckthorn extract reduced ETKO liver fat accumulation considerably 

which explains lower post-treatment liver weight in the treated ETKO relative to the 

control ETKO (Figure 4.3).  

 

WT sea buckthorn        ETKO control            ETKO sea buckthorn 

Figure 4.10- Liver histology after sea buckthorn extract treatment (30 days, 200 

μg/g body weight daily)- Representative figures- Arrows point to areas of lipid 

accumulation. Livers were harvested, weighed, cut, and preserved in 10% formalin in 

PBS with subsequent paraffin embedding (n = 3/group). Hematoxylin and eosin stain 

was used and viewed under 40x magnification. 
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Discussion  

Sea buckthorn extract decreased ETKO mice body and retroperitoneal adipose 

tissue weights 

Our laboratory previously developed a mouse model of Pcyt2 deficiency and 

further characterized effects of partially knocking out the Pcyt2 gene. We showed that 

the ETKO had higher body weight and higher adipose tissue weight relative to the 

WT (Fullerton et al., 2009). Prior to sea buckthorn extract treatment, 7-month old 

ETKO mice weighed heavier than WT mice (Figure 4.1). By partially knocking out 

the Pcyt2 gene, Pcyt2 +/- mice have lower CDP-ethanolamine leading to lower rate of 

phosphatidylethanolamine (PE) synthesis and higher availability of DAG (another 

substrate in PE synthesis). The excess DAG is then converted to TAG ultimately 

leading to Pcyt2 deficient disease phenotype of obesity (Fullerton et al., 2009).  

One previous study showed that sea buckthorn extract prevents obesity 

development in mice fed a high fat diet (60% of energy from fat) (Tirupathi Pichiah et 

al., 2012). We were interested in determining if sea buckthorn induces weight loss. 

We found that sea buckthorn extract treatment induced body and retroperitoneal 

adipose tissue weights losses in ETKO mice (Figures 4.1-4.2). Since body weight 

alone does not provide an accurate and complete characterization of obesity as body 

weight is composed of lean and adipose tissue weights, retroperitoneal adipose tissue 

weight was also measured. One previous study showed that sea buckthorn extract 
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attenuates epididymal fat weight gain in the high fat fed mice (Tirupathi Pichiah et al., 

2012). Body weight loss is least partly attributed to liver and retroperitoneal adipose 

tissue weights losses. Other organ weights reductions may also contribute to body 

weight loss. One previously conducted investigation found lower hepatic mRNA 

expression of acetyl-CoA carboxylase (ACC; rate limiting enzyme in fatty acid 

synthesis) and higher carnitine palmitoyltransferase-1 (CPT-1; mitochondrial fatty 

acid β-oxidation enzyme) and peroxisome proliferator-activated receptor-alpha 

(PPAR-α; mitochondrial fatty acid β-oxidation protein) gene expression in mice 

receiving sea buckthorn extract (Tirupathi Pichiah et al., 2012, Wakil, Stoops, and 

Joshi, 1983). The combination of lower hepatic ACC, higher CPT-1 and PPAR-α 

gene expression may result in decreased fatty acid synthesis and increased fatty acid 

oxidation possibly responsible for sea buckthorn extract-mediated body, 

retroperitoneal adipose tissue, and liver weights losses.  

Sea buckthorn extract reduced blood glucose level in ETKO mice 

Previously, we showed that the ETKO had higher post glucose administration 

blood glucose level compared to the WT determined by intraperitoneal glucose 

tolerance test (Fullerton et al., 2009). One previous study showed that sea buckthorn 

extract attenuates obesity-induced elevation in blood glucose level (Tirupathi Pichiah 

et al., 2012). WT mice had lower pre-treatment fasting as well as post glucose 
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administration blood glucose level compared to ETKO mice (Figures 4.4-4.5). In 

addition to being obese, Pcyt2 +/- mice also suffer from hepatic steatosis and reduced 

fatty acid oxidation which all have been frequently associated with hyperglycemia 

(Fullerton et al., 2009, Jiang and Torol, 2008, Petersen and Shulman, 2006). Sea 

buckthorn extract treatment lowered ETKO blood glucose concentration (Figures 

4.6-4.7). Enhanced expression of both PPAR-α and PPAR-γ may contribute to blood 

glucose lowering effect of sea buckthorn as both nuclear receptors play a major role in 

not only glucose but also lipid metabolism (Tirupathi Pichiah et al., 2012). PPAR-γ 

increases glucose metabolism in the muscle by increasing glucose uptake leading to 

lower blood glucose level (Patel et al., 2013). 

Sea buckthorn extract reduced ETKO hepatic lipid accumulation (liver weight 

and histological analysis)  

One of the effects of partially knocking out the Pcyt2 gene is hepatic lipid 

accumulation leading to higher liver weight (Fullerton et al., 2009). One previous 

study showed that sea buckthorn extract prevents obesity-induced hepatic lipid 

accumulation in mice fed a high fat diet (60% of energy from fat) (Tirupathi Pichiah 

et al., 2012). After 30 days of daily sea buckthorn extract oral gavage (200 μg/g body 

weight), liver fat accumulation as TAG was lower in ETKO mice relative to the 

control ETKO resulting in lower (59.79% of control) post-treatment liver weight 

(Figure 4.3). Increased expression of PPAR-α and CPT-1 coupled with decreased 
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expression of ACC produce outcomes of decreased fatty acid synthesis as well as 

increased fatty acid oxidation possibly contribute to sea buckthorn extract-mediated 

liver weight loss resulted from lowered hepatic lipid accumulation (Tirupathi Pichiah 

et al., 2012, Xu et al., 2009).          

Effects of sea buckthorn extract on hepatic pro-inflammatory and 

anti-inflammatory cytokine gene expression  

Although there is literature stating that sea buckthorn extract exhibits 

anti-inflammatory property, no publication about sea buckthorn extract’s mechanism 

of action is available (Tirupathi Pichiah et al., 2012, Ganju et al., 2005). Sea 

buckthorn extract treatment did not have effect on liver pro-inflammatory cytokine 

IL-12 mRNA level in the ETKO relative to control (Figure 4.8). Similar to no effect 

on IL-12, treatment did not have effect on hepatic anti-inflammatory cytokine TGF-β1 

gene expression among ETKO rodents (Figure 4.9). It would be interesting to study 

IL-12 and TGF-β1 gene expression in adipose tissue. One human double-blind, 

randomized, placebo-controlled trial found sea buckthorn extract reduced blood 

C-reactive protein (CRP; inflammation marker) concentration thus confirming sea 

buckthorn’s anti-inflammatory property (Larmo et al., 2008). It may be worthwhile to 

measure blood CRP concentration in Pcyt2 mice prior to and after sea buckthorn 

treatment.    
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Conclusion  

Work conducted in this thesis project demonstrated that Pcyt2 ETKO mice 

benefitted from sea buckthorn extract treatment indicated by decreased body weight, 

lowered tissue lipids (and consequently alleviated NAFL) and blood glucose. Results 

of this study suggest that sea buckthorn extract can be a dietary approach to 

ameliorate obesity and associated complications of hyperglycemia and hepatic 

steatosis. More studies are needed to determine if sea buckthorn has a role in 

obesity-related inflammation.     
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Chapter 5: General Discussion and Concluding Remarks 

Summary of Results 

For LPS project that investigated obesity pathology, LPS treatment induction of 

hepatic pro-inflammatory cytokine TNFα gene expression was higher in ETKO than 

WT and LPS treatment induction of hepatic anti-inflammatory cytokine IL-10 gene 

expression was lower in ETKO than WT. In addition, WT and ETKO mice had mostly 

same basal as well as post LPS treatment hepatic pro-inflammatory and 

anti-inflammatory cytokine gene expression (TNFα, IL-12, IL-10, as well as TGF-β1). 

LPS treatment resulted in higher hepatic pro-inflammatory and anti-inflammatory 

cytokine gene expression specifically IL-12, IL-10 for WT and ETKO as well as 

TNFα, TGF-β1 for ETKO. Furthermore, ETKO mice had higher hepatic NF-κBp65 

protein level than WT mice. For sea buckthorn project that investigated a possible 

remedy for metabolic syndrome, sea buckthorn extract decreased ETKO mice body 

and retroperitoneal adipose tissue weights, blood glucose level, and hepatic lipid 

accumulation (liver weight and histological analysis).  

Strengths and Limitations 

 Using a mouse model to study metabolic syndrome offers the advantage of 

studying the whole body physiology and biochemistry. Since metabolic syndrome 

affects multiple tissues and organs, a more complete approach that involves the 
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capability to investigate the entire body is more ideal as each affected tissue and organ 

interact to contribute to the complex disease pathology. Also, these studies about 

metabolic syndrome have clinical applications with the potential to benefit a 

significant portion of population in developed nations. Limitations include the 

relatively small sample size and the use of animal model. Results from animal model 

cannot be extrapolated to humans with very high accuracy.     

Future Directions 

It is possible that sea buckthorn extract treatment results in same TNFα 

(pro-inflammatory cytokine) gene expression following LPS treatment compared to 

LPS untreated in ETKO mice based on the plant’s anti-inflammatory property. 

Testing such possibility is an avenue of future research. Although we determined 

beneficial effects of sea buckthorn extract in ETKO mice, mechanisms of these 

effects are still uncertain and require future research. For example, as mentioned 

earlier, lower hepatic mRNA expression of ACC (fatty acid synthesis enzyme) as well 

as higher liver gene expression of CPT-1 (fatty acid β-oxidation enzyme) and PPAR-α 

(fatty acid β-oxidation protein) may result in decreased fatty acid synthesis and 

increased fatty acid oxidation possibly responsible for sea buckthorn extract-mediated 

body, retroperitoneal adipose tissue, and liver weights losses. Determining if 
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enhanced expression of both PPAR-α and PPAR-γ contribute to blood glucose 

lowering effect of sea buckthorn extract is also necessary. 

Concluding Remarks 

Work conducted in this thesis project demonstrated that obesity as induced by 

partially knocking out Pcyt2 gene increases liver sensitivity to acute inflammation. 

Also, sea buckthorn extract treatment reduced 4 of 5 symptoms of metabolic 

syndrome in Pcyt2 ETKO mice.  
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Appendix A 

Gene  Primers Temperatures, Time, and 

Cycle Numbers 

IFNγ  

Puddu et al., 1997 

 

F: 5' AACGCTACACACTGCATCTTG 

G 3' 

 

R: 5' GACTTCAAAGAGTCTGAGG 3' 

95°C 5 min  

(90°C 40 sec 62°C 40 

sec 72°C 1 min)- 30 

cycles  

72°C 10 min 

TNFα  

Peng et al., 2003      

F: 5' CCGATGGGTTGTACCTTGTC 3' 

 

R: 5' GGGCTGGGTAGAGAATGGAT 

3' 

95°C 5 min  

(95°C 1.5 min 62°C 1 

min 72°C 45 sec)- 40 

cycles 

72°C 10 min 

IL-12  

Coutelier, Van 

Broeck, and Wolf, 

1995 

 

F: 5' TTGCCCTCCTAAAC 

CACCTCA 3’ 

 

  
R: 5' CTTGCTCTTCTGCT 

AACACAT 3’ 
 

95°C 5 min  

(95°C 2 min 55°C 2 min 

72°C 1 min)- 35 cycles 

72°C 10 min 

IL-10  

Sohn et al., 2001 

F: 5' GCTGAGGCGCTGTCATCGAT 3' 

 

R: 5' GAGCTGCTGCAGGAATGATC 3' 

95°C 5 min  

(94°C 45 sec 62°C 1 min 

72°C 40 sec)- 25 cycles 

72°C 10 min 

TGF-β1  

Oi, Yamamoto, 

and Nishioka, 

2004        

 

F: 5' AAGTGGATCCACGAGCCCAA 3' 

 

R: 5' CTGCACTTGCAGGAGCGCAC 3' 

95°C 5 min  

(95°C 2 min 60°C 2 min 

72°C 1 min)- 40 cycles 

72°C 10 min 

specific cytokine primers used in Chapter 3 PCR analyses   
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Appendix B 

Gene  Primers Temperatures, Time, and 

Cycle Numbers 

IL-12  

 

 

 

F: 5' ACCCTTGCATCTGGC 

GTCTA 3’ 

 

  
R: 5' TGGTCTTCAGCAGGT 

TTCGG 3’ 
 

95°C 7 min  

(95°C 2 min 64°C 

(annealing 

temperature-Ta) 1 min 

72°C 40 sec)- 18 cycles 

(every cycle, Ta goes 

down 0.5°C) 

(95°C 2 min 55°C 1 min 

72°C 40 sec)- 17 cycles 

72°C 10 min 

TGF-β1  

         

 

F: 5' GCTGAACCAAGGAGACGGAA 

3' 

 

R: 5' AGAAGTTGGCATGGTAGCCC 3' 

 

95°C 7 min  

(95°C 2 min 64°C (Ta) 1 

min 72°C 45 sec)- 18 

cycles (every cycle, 

Ta goes down 0.5°C) 

(95°C 2 min 55°C 1 min 

72°C 45 sec)- 17 cycles 

72°C 10 min 

G3PDH 

         

F: 5' ACCACAGTCCATGCCATCAC 3' 

 

R: 5' TCCACCACCCTGTTGCTGTA 3' 

95°C 3 min  

(95°C 40 sec 55°C 40 

sec 72°C 1 min)- 32 

cycles 

72°C 10 min 

specific cytokine primers used for Chapter 4 PCR analyses  

 


