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Abstract 

Chronic kidney disease (CKD) is the structural or functional loss of the kidney over time. Unless 

properly managed, it would progress to its final stage, end-stage renal disease (ESRD). Chronic 

low-grade inflammation caused by lipotoxicity is a central pathological mediator of nephron 

damage in obesity-related CKD. Non-alcoholic fatty liver disease (NAFLD) is an independent 

risk factor of CKD and a commonly observed complication in obese CKD patients. Impaired 

hepatic lipid metabolism is a hallmark of NAFLD. NAFLD triggers lipotoxicity and systemic 

inflammation, further aggravating the progression of CKD. Therefore, attenuation of nephron 

injury caused by lipotoxicity-triggered inflammation and reduction of dyslipidemia by improving 

fatty liver and hepatic lipid metabolism might be pertinent strategies in managing obesity-related 

CKD. 

Lingonberry (Vaccinium vitis-idaea L.) is an anthocyanin-rich berry with promising antioxidant, 

anti-inflammatory, and lipid-lowering properties. The general objective of this project was to 

investigate the effect of Manitoba wild lingonberry supplementation on high-fat diet (HFD) 

induced CKD and impaired hepatic lipid metabolism in C57BL/6J male mice. Supplementation 

of Manitoba wild lingonberry powder (5% w/w) significantly reduced HFD-induced kidney 

damage and renal inflammation. Further, pretreatment of renal proximal tubular cells (HK-2) 

with lingonberry extract significantly diminished palmitic acid-induced expression of 

inflammatory cytokines inhibiting nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-B) signaling.  

Lingonberry supplementation improved fatty liver by reducing plasma and liver lipid levels, 

hepatic injury and inflammation, and strengthening hepatic antioxidant defense by restoring 

nuclear factor-erythroid factor 2-related factor 2 (Nrf2)/glutathione (GSH) signaling. Notch 

signaling has been identified as an important mediator of hepatic lipid metabolism and its 

activation is associated with NAFLD. Lingonberry attenuated HFD-induced expression of 

Notch1 and elevated genes related to fatty acid -oxidation in the liver and hepatocytes (HepG2). 

Further, cyanidin-3-glucoside, an anthocyanin found in lingonberry, could be one of the potential 

bioactive compounds responsible for the observed reno- and hepatoprotective effects. Taken 

together, the results of this thesis suggest that regular consumption of lingonberry might be an 

effective alternative treatment option to prevent CKD and improve NAFLD in obese 

individuals.    
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1.1 Introduction  

Chronic kidney disease (CKD) can be simply defined as the progressive loss of kidney structure 

or function over time (1). CKD is associated with severe complications such as cardiovascular 

disease (CVD), stroke, anemia, metabolic acidosis, and mineral and bone disorders. Further, 

CVD is the most common cause of death among CKD patients (2). It has been estimated that 

more than 9% of the global population suffers from CKD (3). However, according to the 

National Kidney Foundation, approximately 96% of people are unaware of renal diseases since 

the kidneys can perform their function without exhibiting serious complications until a 

significant portion of the kidney is permanently damaged. Thus, it is suggested that CKD is 

much more prevalent than reported. Unless properly managed, CKD would progress to its final 

stage, end-stage renal disease (ESRD), also known as the kidney failure stage (1). No cure has 

been found for kidney failure other than dialysis until a kidney is transplanted (4). The current 

CKD treatment strategy involves slowing down the progression of kidney damage by lowering 

the CKD risk factors and associated complications (1, 4). Therefore, finding alternative treatment 

options to manage CKD is essential.    

Although obesity, diabetes, and hypertension are considered the major CKD risk factors, obesity 

has acquired great attention since it triggers both diabetes and hypertension (5-7). With the 

increasing consumption of energy-dense food and sedentary lifestyle, the incidence and 

prevalence of obesity and metabolic syndrome has significantly elevated in the world (8, 9). 

Lipotoxicity caused by hyperlipidemia (a pathophysiological condition which encompasses 

elevated lipid levels), subsequent oxidative stress, and chronic low-grade inflammation act as 

primary insults that damage nephrons (the structural and functional unit of the kidney) in 

obesity/high-fat diet (HFD) induced CKD pathogenesis (6, 10). Notably, the kidney-liver axis 

plays a crucial role in the development and progression of CKD during obesity or HFD feeding. 

The liver is the primary organ responsible for lipid metabolism, and abnormalities in hepatic 

lipid metabolism are significantly associated with hyperlipidemia, lipotoxicity, and systemic 

inflammation (11). Non-alcoholic fatty liver disease (NAFLD) is the hepatic manifestation of 

metabolic syndrome in individuals with no or little alcohol consumption, which damages the 

liver and impairs hepatic lipid metabolism (12). NAFLD is commonly observed among obesity-

related CKD patients (13). Experimental and epidemiological data suggest that NAFLD may act 
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as a pathogenic factor for CKD development (14-16). Further, it is reported that NAFLD elevates 

the long-term risk of CKD incidence by 40% (17). Therefore, along with attenuation of nephron 

damage caused by renal lipotoxicity and chronic low-grade inflammation, improvement of fatty 

liver and hepatic lipid metabolism are also vital components in managing obesity-related CKD. 

Polyphenols, particularly anthocyanins, have shown promising antioxidant, anti-inflammatory, 

and lipid-lowering properties in various in vivo and in vitro models (18). Berries are an eminent 

source of anthocyanins that can be easily incorporated into the regular diet, containing numerous 

other beneficial polyphenolic compounds and nutritionally important ingredients such as 

minerals and fiber (19). Lingonberry (Vaccinium vitis-idaea L.) is a dark red berry grown in 

Northern cold climatic regions, including Canada, the USA, and Northern Europe (20). 

Lingonberry has exhibited significantly higher levels of phenolic compounds and antioxidant 

capacities than other frequently consumed berries such as blueberry and cranberry (21). Being a 

plant that prefers extremely cold climates, lingonberry would be an ideal crop to be grown in 

Canadian lands (22). 

Traditionally, lingonberry has been widely used for its medicinal properties notwithstanding its 

culinary importance (23). The Cree people in Quebec use lingonberry to treat frequent urination 

and symptoms of diabetes (24). Traditional Russians have used lingonberries as a mild laxative, 

applied on the skin to treat fungal infections, and consumed lingonberry juice to cure sore 

throats. Further, in Austrian folk medicine, lingonberry jelly or syrup was used to treat 

gastrointestinal tract disorders, kidneys and urinary tract, and fever (25). Several scientific 

studies have also revealed lingonberry’s health benefits in various experimental models. Rats fed 

Manitoba lingonberry juice prevented ischemia-reperfusion-induced renal damage by inhibiting 

c-Jun N-terminal Kinase (JNK) mediated inflammation (26). Additionally, Manitoba lingonberry 

extract protected cardiac cell cultures from oxidative stress-induced apoptosis, indicating its 

potential cardioprotective effects (27). Further, lingonberry has demonstrated promising lipid-

lowering, anti-diabetic and anti-inflammatory properties in multiple experimental models (28-

31). However, none of these studies have examined the potential use of lingonberry to protect 

against obesity-related CKD. Therefore, the overall objective of this thesis is to examine the 

effect of lingonberry against HFD-induced CKD and hepatic lipid metabolism using a HFD fed 

mouse model. 
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1.2 Chronic kidney disease 

1.2.1 Definition and disease spectrum (stages) of CKD 

CKD is a general term used to characterize various disorders affecting the structure and/or 

function of the kidney (2). Defining CKD is considered one of the most significant milestones of 

nephrology achieved in the 21
st
 century. The current definition of CKD was proposed by Kidney 

Disease: Improving Global Outcomes (KDIGO) in 2012, which is an independent non-profit 

foundation, established by the United States National Kidney Foundation. According to KDIGO, 

the current definition of CKD is "abnormalities of kidney structure or function, present for more 

than three months, with implications for health‖. CKD is classified based on cause, glomerular 

filtration rate (GFR), and albuminuria in order to reduce overdiagnosis and increase coherence 

(1).  

KDIGO specifies that the renal functional loss is clinically identified by decreased GFR <60 

mL/min/1.73 m
2
, whereas kidney structural damage can be determined by the presence of 

albuminuria > 30 mg/g. Based on the GFR, CKD has been divided in to five stages with the 

subdivision of its 3
rd

 stage into two classes. Additionally, CKD is classified into three main 

groups on the basis of the albuminuria content. Tables 1.1 and 1.2 outline CKD categories based 

on GFR and albuminuria.    

Table 1.1 GFR categories and ranges defined by KDIGO. (The table based on Eknoyan et al. 

2013. Kidney Int Suppl. Copyright © 2012 by KDIGO) 

GFR Category Description 
GFR Range 

(mL/min/1.73 m
2
) 

G1 Normal or high > 90 

G2 Mildly decreased 60 to 89 

G3a Mildly to moderately decreased 45 – 59 

G3b Moderately to severely decreased 30 – 44 

G4 Severely decreased 15 – 29 

G5 Kidney failure or ESRD < 15 
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Table 1.2 Albuminuria categories and ranges defined by KDIGO. (The table based on Eknoyan 

et al. 2013. Kidney Int Suppl. Copyright © 2012 by KDIGO) 

Albuminuria Category Description Albuminuria Range (mg/g) 

A1 Normal to mildly increased  <30 

A2 Moderately increased 30–300 

A3 Severely increased >300 

 

1.2.2 Epidemiology and etiology of CKD 

People with CKD stages G1 and G2 are still considered to have overall healthy kidney function 

(1). However, most of the epidemiological studies have overdiagnosed CKD prevalence by 

including the first two stages into the CKD diseased category (32). Thus, considering the 

estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m
2
 and albuminuria > 30 mg/g, 

the global prevalence of CKD was estimated at 9.1% in 2017, which was a 29.3% increase from 

1990 (3). A higher CKD prevalence was reported in Eastern Europe (12.4%), Oceania (12.3%), 

sub-Saharan Africa (11.3%), Latin America (11.1%), and Southeast Asia (10.8%) (3). In 

contrast, CKD was less prevalent in Western Europe (5.4%), East Asia (7.2%), and Central 

Europe (7.7%) (3). CKD in Canada and USA were reported as 6.0% and 8.1% respectively in 

2017 (3). Further, CKD prevalence was significantly elevated among different ethnic groups 

such as African-Americans, Asian people in the UK and USA, Hispanics in the USA, and 

indigenous people in Australia, New Zealand, and Canada (33).  

Although CKD prevalence was higher in women than in men, men were more likely to progress 

to ESRD (34). Increased incidences of CKD in different demographic areas were attributed to 

the global increase of obesity, type-2 diabetes, and hypertension (7, 35, 36). Further, different 

food habits, genetics, education level, and accessibility to health care facilities significantly 

contributed to the higher CKD prevalence in certain demographics (37). However, most CKD 

cases remain unreported since patients do not seek medical attention as they do not experience 

the signs or complications until the disease progresses into its advanced stages (3). Further, CKD 

prevalence rates reported in most epidemiological studies remains questionable since they have 

used only a single eGFR or albuminuria measurement to diagnose CKD (1).  
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Little is known about CKD prevalence in children as most of the clinical and epidemiological 

studies do not include children into their registries and these CKD registries generally contain a 

limited number of reference populations. However, in Europe, pediatric CKD prevalence (ages < 

20) was 50-60 per million of the age-related population (PMARP) (34, 38). The median 

incidence of renal replacement therapy in children < 20 years old is around 9 PMARP 

worldwide, whereas the prevalence is reported around 65 PMARP (38). Globally, total number 

of deaths due to CKD has increased from 0.86 million to 1.2 million people per year from 2012 

to 2017 (3, 37). CVD is the primary cause of mortality among patients with CKD (37). The 

mortality of CKD increases with decreasing GFR and increasing albuminuria, and it is highest 

among patients who undergo kidney replacement therapy (39).  

Diabetes, hypertension, and obesity are considered as the main causes of CKD (40). Diabetes 

accounts for 30-50% of CKD incidences affecting around 285 million people worldwide, 

whereas hypertension is prevalent among 60-90% of CKD patients (37, 41). More than 75% of 

ESRD incidences in the United States are accounted by patients with type-2 diabetes and/or 

hypertension (42). Current evidence suggests that overweight and obesity account for 65-75% of 

the risk for hypertension (7). Obesity, particularly abdominal adiposity, triggers the development 

of insulin resistance and type-2 diabetes (43). The World Health Organization reported that in 

2016,  more than 1.9 billion adults were overweight and from them, more than 650 million were 

obese (9). Further, they estimated that more than 340 million children and adolescents aged 5-14 

years and 41 million children under the age of 5 years were overweight or obese. With the 

increasing prevalence of obesity and its ability to trigger both diabetes and hypertension, obesity 

plays a major role in the development of CKD in the modern world (44). In addition to these 

three main causes, age, sex, ethnicity, socioeconomic status, smoking, nephrotoxins, and acute 

kidney injury (AKI) also affect the incidence and progression of CKD (5, 34).  

1.2.3 Pathophysiology of obesity induced CKD 

Understanding the pathophysiology is essential in finding treatments for a particular disease. 

This section discusses pathophysiological mechanisms responsible for obesity-related CKD 

development and progression. CKD is considered as a life threatening disease characterized with 

progressive and irreversible loss of renal function (37). Since the nephron is the basic functional 

and structural unit of the kidney, pathophysiology of CKD is associated with the damage and 
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loss of nephrons (1). Figure 1.1 illustrates the basic components of the nephron. Lipotoxicity, 

chronic inflammation, and oxidative stress have been attributed as primary insults that trigger 

kidney damage at obesity or HFD feeding (6, 10). Additionally, adipocyte dysfunction, insulin 

resistance, and hemodynamic factors such as hypertension and hyperfiltration also play a 

significant role in the progression of obesity-related CKD (6).  

Obesity or HFD feeding increases free fatty acid (FFA) overload into the proximal tubular cells, 

podocytes, and mesangial cells (10). Under normal physiological conditions, a portion of these 

FFA is used for energy generation while the excess is converted into triglycerides and stored 

(45). However, continuous FFA influx and triglyceride accumulation in the kidney cells (ectopic 

lipid deposition) results in deleterious effects on the kidney (45). Lipotoxicity refers to the 

cellular dysfunction and damage caused by ectopic lipid deposition (10). Triglyceride surplus in 

the kidney cells induces mitochondrial dysfunction, generating reactive oxygen species (ROS) 

and toxic lipid metabolites such as diacylglycerols and ceramides, stimulating inflammation and 

oxidative stress in the cells (10). Prolonged inflammation and cellular damage caused by ROS 

attract leukocytes aggravating the inflammatory response and cell death (46). Moreover, chronic 

inflammation accelerates FFA uptake in the mesangial and tubular cells via activating fatty acid 

translocase (CD36), worsening lipotoxicity (47). These insults damage glomerular and tubular 

cells, ultimately leading to glomerulosclerosis and tubulointerstitial injury, causing a net loss of 

functional nephrons (6). Sections 1.5.1 and 1.5.2 will discuss a detailed overview of lipotoxicity-

induced oxidative injury and inflammation in CKD progression.  

Glomerular basement membrane lies between glomerular endothelial cells that line the lumen of 

glomerular capillaries and the podocytes that sit on the opposite side of the glomerular basement 

membrane within the urinary space (48). The glomerular basement membrane serves as the 

nephron's filtration barrier separating vasculature from the urinary space (48). Impaired hepatic 

and adipose lipid metabolism stimulates dyslipidemia, insulin resistance, hyperglycemia, and 

systemic inflammation (15, 49). Additionally, elevated plasma glucose concentrations promote 

the formation of advanced glycation end products (AGEs), which activates inflammatory 

response in the glomerular, mesangial, and tubular cells (50). These insults can directly damage 

glomerular cells and the glomerular basement membrane. Damages to the glomerular basement 

membrane increase the pore size of glomerular sieves and result in proteinuria (51). Generally, 
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   Figure 1.1 Basic components of the nephron. 
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tubular cells reabsorb and recycle proteins in the glomerular filtrate to minimize urinary losses of 

proteins (mainly albumin) (52). However, damage to the glomerular basement membrane 

increases the protein concentration in the filtrate (proteinuria), impairs tubular cells' protein 

recycling process, and triggers tubular inflammation (53). Figure 1.2 illustrates the basic 

structure of the glomerulus. 

The kidneys remove wastes and extra fluid from the body through urine formation (54). The first 

and the most crucial step of this process is glomerular filtration that mainly depends on the high 

glomerular capillary pressure (also known as glomerular hydrostatic pressure) (54). This pressure 

renders the glomerular capillaries vulnerable to hemodynamic injuries compared to other 

capillary beds (55). Both animal and human models have shown that dyslipidemia increases 

renal sodium reabsorption in the proximal tubules (56-58). Elevated renal sodium retention 

impairs pressure natriuresis by activation of the renin-angiotensin-aldosterone system (RAAS) 

and sympathetic nervous systems, causing hypertension and glomerular damage (59). 

Additionally, ectopic fat deposition in the kidneys can form internal compression forces that 

contribute to the increase of blood pressure in renal vasculature (58).  

CKD pathogenesis is a vicious cycle of a feedback mechanism linked to nephron loss and 

resultant hypertension (60). Nephron injury resulting from various insults reduces the glomerular 

filtration, thereby increasing the workload on existing functional nephrons to compensate for the 

reduced glomerular filtration (61). Reduced volume of the glomerular filtrate activates RAAS to 

elevate systemic blood pressure and accelerate renal filtration, injuring the glomerular filtering 

mechanism (62). This self-perpetuating vicious cycle of nephron damage eventually progresses 

CKD to ESRD (63). Figure 1.3 illustrates pathophysiology of obesity-related CKD.  

1.2.4 Biomarkers of CKD 

Having a specific and reliable biomarker(s) enables not only accurate diagnosis of a disease but 

also aids to apply proper disease management practices on time. An ideal CKD biomarker should 

represent either kidney functional loss or structural damage (64). Commonly used biomarkers to 

detect kidney functional loss are increased levels of serum creatinine and blood urea nitrogen 

(BUN), and cystatin C, whereas albuminuria, urinary or plasma kidney injury molecule-1 (KIM- 
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Figure 1.2 Schematic presentation of the basic structure of the glomerulus. 
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Figure 1.3 Pathophysiology of obesity-related CKD.  

Abbreviations: HFD = high-fat diet; CKD = chronic kidney disease; RAAS = renin-angiotensin-

aldosterone system.  
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1) and neutrophil gelatinase-associated lipocalin (NGAL) are the most widely used renal 

structural damage markers (65). In contrast to these endogenous biomarkers, exogenous 

biomarkers can also be used to measure renal function. Inulin is such exogenous biomarker that 

can be injected and used to calculate GFR by measuring the inulin clearance rate from the blood 

(66). However, according to the KDIGO 2012 guidelines, CKD is clinically diagnosed by 

estimating GFR and measuring albuminuria, using serum creatinine level and urinary albumin-

creatinine ratio respectively (67). Depending on the situation, kidney biopsies and imaging 

techniques such as ultrasound, computed tomography (CT-scan) scan, and magnetic resonance 

imaging (MRI-scan) scan may be used for further confirmation of CKD in patients (1).      

KIM-1 is a type-I transmembrane protein which confers renal epithelial cells into phagocytes 

(68). It allows epithelial cells to identify damaged or apoptotic cells and mark those cells for 

lysosomal degradation (69). Recent studies have shown that extracellular domain of KIM-1 

protein is shed into the tubular lumen at tubulointerstitial injury (68, 70, 71). Under normal 

physiological conditions, KIM-1 is either absent or present at very low concentrations in the 

urine/plasma (72). Therefore, KIM-1 is considered as one of the earliest and sensitive biomarker 

for CKD (73). Kidney damage and inflammation release NGAL from neutrophils and kidney 

tubular epithelial cells into the tubular lumen and neighbouring capillaries (74). NGAL is a small 

peptide that acts as a bacteriostatic agent by sequestering iron during tubular damage (75). 

Observations from animal and clinical studies have demonstrated rapid elevation of plasma and 

urinary NGAL levels during the early stages of CKD and AKI (74-76).  

1.2.5 Animal models for CKD  

Animal models provide opportunities to understand the pathophysiology and molecular 

mechanisms of therapeutic interventions for a particular disease (77). Pathophysiology of renal 

diseases has been studied in a wide array of animal species, including rodents, rabbits, cats, dogs, 

farm animal models (pigs and sheep), and non-human primates (monkeys and chimpanzees) 

(78). However, the intelligence and strength, handling issues, and ethical considerations, may 

limit the use of large animals as a standard animal model to study CKD (79-81). Rodents, 

particularly mice and rats, have become the most widely used animals for scientific researches 

because of the ease to house and feed due to the small size, the ability to obtain genetically 
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identical inbred animals in large quantities within a short period, and the availability of a large 

number of mouse or rat specific assay kits and reagents (82).  

Rodent models of obesity-induced CKD are mainly obtained by diet-induced obesity (DIO) or 

modifying genes related to leptin signaling or melanocortin signaling (83). The DIO models 

allow researchers to stimulate obesity and metabolic syndrome, a characteristic feature in human 

obese-CKD individuals (84). Feeding mice a HFD containing 45-60% energy from fat for 10-16 

weeks could induce mild to moderate renal injuries, characterized by elevated serum creatinine 

and BUN, proteinuria, glomerulosclerosis, tubular injury, mesangial expansion, and 

inflammation (47, 85-88). As genetic mutations that directly cause obesity occurs in less than 1%  

of the obese population, the DIO model has attracted more attention in the scientific studies. 

Therefore, over the last few decades, HFD feeding has become one of the most widely used DIO 

models to induce obesity and metabolic syndrome in mice (89).  

Most commonly used mutant mouse models are leptin mutant mice (ob/ob) and leptin receptor 

mutant (db/db) mice (83). The ob/ob mice carry a mutation in the leptin gene (at codon 105) 

which results a defective leptin protein. Leptin is a hormone mainly produced and secreted by 

adipocytes and enterocytes in the small intestine. Leptin mainly acts on leptin receptors located 

in the cells in the hypothalamus and dopaminergic neurons of the ventral tegmental area to 

regulate food intake, appetitive behaviors, and energy expenditure (90). The ob/ob mice develop 

hyperphagia, decreased energy expenditure, reproductive deficiency with hyperinsulinemia, and 

obesity onset by three to four weeks of age (91). The db/db mice also exhibit impaired leptin 

signaling due to the mutation in the leptin receptor. These animals are phenotypically similar to 

the ob/ob mice but demonstrate symptoms earlier and have a shortened life span. The Zucker 

(fa/fa) rat and Zucker diabetic fatty rats are the best-known and most widely used rat models of 

genetic obesity and diabetes through the leptin receptor mutation (92). 

Cell culture models play a vital role in understanding molecular mechanisms related to CKD 

pathogenesis and the function of therapeutic agents. Generally, primary cell cultures and 

immortalized cell lines are utilized for these in vitro experiments. However, limited availability 

of kidney tissue samples and ethical concerns make the use of human cells challenging for 

research purposes. Although primary cells isolated from rat or mouse kidney may closely mimic 



14 

 

human renal cells, maintaining those cells and the ability to reproduce the results might be a 

challenge. In contrast to primary cell cultures, immortalized human kidney cell lines such as 

proximal tubular cells (HK-2) and human embryonic kidney cells (HEK) are stable and they 

provide prolonged passage capacity as well as higher reproducibility of the results (93, 94). 

1.2.6 Diagnosis of CKD 

Diagnosis of CKD requires evidence for kidney structural damage and/or functional loss (1). 

Estimation of GFR may not be essentially performed in animal models since CKD does not 

classify into groups based on GFR in animals (78, 83, 95, 96). Animals, particularly in rodents, 

tubular secretion of creatinine is significantly higher compared to the humans. Eisner et 

al. showed that creatinine clearance was two times higher than inulin clearance in C57BL/6J 

mice. Interestingly, this was reduced closer to inulin clearance when tubular creatinine secretion 

was inhibited (97). However, recent studies have successfully estimated GFR in conscious mice 

using exogenous markers such as inulin and iodixanol (98, 99). In animal models, elevated 

serum creatinine or BUN level is used as an indicator for renal functional loss (100, 101). 

Increased albuminuria, urinary/plasma KIM-1, or NGAL levels are used to assess structural 

damage in kidneys (73, 75, 102). Generally, these parameters are supported by histological data 

to confirm the presence of glomerular or tubular damage (103).  

1.3 Obesity and metabolic syndrome in CKD 

1.3.1 Prevalence of obesity and metabolic syndrome  

Obesity is a well-known risk factor associated with the pathogenesis of insulin resistance, non-

alcoholic fatty liver disease (NAFLD), and CVD, which are all linked with CKD (104). 

Metabolic syndrome is the simultaneous occurrence of obesity, hyperlipidemia, hyperglycemia, 

and hypertension (105). Therefore, obesity and metabolic syndrome are important targets in the 

management of CKD. Presence of excess body fat is the broad definition for obesity, although it 

should ideally be defined as the excessive fat content that increases the health risk (106). 

Generally, men with >25% and women with >35% body fat percentages are considered obese 

(107). The body mass index (BMI) is a widely used method to determine obesity in humans, 

defining individuals with a BMI greater than or equal to 30 kg/m
2
 as obese, whereas BMI 

between 25.0 – 29.9 is overweight. (108).  
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The world health organization’s obesity and overweight fact sheet (in 2016) reveals that the 

global prevalence of obesity has increased by three times during the last 40 years (9). The same 

report indicates that the prevalence of obesity among adults and children (<18 years old) was 

nearly 650 and 124 million, whereas the number of overweight adults was more than 1.9 billion. 

By 2016, the global prevalence of obesity was 11% in adult men and 15% in women. Further, 

39% of adult men and 40% of adult women were overweight (9). In the USA, the prevalence of 

obesity was 42.4% in 2018 and is estimated to be close to 50% by 2030 (109). It has been 

predicted that, by 2025, the overweight adult population will exceed 2.7 billion in the world 

while more than 1 billion of them will be affected by obesity (109).  

Lipid deposition in the visceral area, also known as visceral or abdominal obesity, stimulates 

critical metabolic risk factors such as hyperlipidemia, hyperglycemia, and hypertension. Since 

hyperlipidemia and hyperglycemia are vital components of metabolic syndrome, the prevalence 

of metabolic syndrome often parallels the incidence of obesity and type-2 diabetes (110). 

Although the global prevalence of metabolic syndrome is unknown due to the complex nature of 

clinical assessments, the likelihood of overweight adolescents developing metabolic syndrome is 

almost 100% (111). However, according to the estimation of the International Diabetes 

Federation (IDF), nearly one fourth of the global population suffers from metabolic syndrome. 

Further, the IDF indicates that the estimated prevalence of metabolic syndrome can be 

significantly affected by age, sex, and ethnicity (112).  

Young adults (18-30 years old) are at the highest risk of developing metabolic syndrome since 

early appearance, or slightly elevated metabolic syndrome components at the younger age 

significantly magnify the future risk for metabolic syndrome. The prevalence of metabolic 

syndrome among young adults is approximately 7%, and the earliest detectable biomarker for 

metabolic syndrome is reduced plasma high-density lipoprotein (HDL) level (111). In the USA, 

one-third of adults were reported to have metabolic syndrome, observing that South Asian 

Americans with markedly raised prevalence of metabolic syndrome and a higher incidence of 

abdominal obesity (110). Currently, metabolic syndrome is a global problem. A higher 

prevalence of the metabolic syndrome is often observed in the urban areas of developing 

countries than in developed countries (113). For example, the prevalence of the metabolic 
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syndrome is 30-40% in metropolitan India compared to 24% in all regions across Europe (114-

116).   

1.3.2 Pathophysiological link between metabolic syndrome and CKD 

Metabolic syndrome is the collective occurrence of abdominal obesity, hyperlipidemia, 

hyperglycemia, insulin resistance, and hypertension, which has been identified as a strong risk 

factor for the development and progression of CKD (117-119). A cross-sectional study 

conducted by the Third National Health and Nutrition Examination Survey in the United States 

involving more than 7500 participants for 20 years follow-up period identified the multivariate-

adjusted odds ratio for CKD as 2.6 for individuals with metabolic syndrome compared to those 

without the metabolic syndrome (120). These odds ratios were elevated from 1.89 to 5.85 the 

increasing features of metabolic syndrome (abdominal obesity, hyperlipidemia, and 

hyperglycemia) (120). The risk for CKD remains elevated in individuals with metabolic 

syndrome even after normalizing for subsequent development of diabetes and hypertension 

(121). A systematic review and meta-analysis conducted by analyzing the data of eleven studies 

(n = 30,146) showed that metabolic syndrome was significantly associated with CKD 

development (OR = 1.55). Inclusion of additional risk factors of metabolic syndrome increased 

the power of this relationship (122). 

Characteristic features of metabolic syndrome-associated CKD are glomerular hyperfiltration, 

glomerular cell proliferation, matrix accumulation, and glomerulosclerosis, which ultimately lead 

to nephron loss and reduced GFR [5]. Hyperlipidemia is a hallmark of metabolic syndrome, 

which stimulates FFA overload and de novo lipogenesis in the glomerular and tubulointerstitial 

cells, leading to lipotoxicity (88, 123). Increased proliferation of mesangial cells is a distinctive 

pathological feature of CKD. Elevated plasma levels of lipoproteins such as very-low-density 

lipoprotein (VLDL), intermediate-density lipoproteins (IDL), and low-density lipoproteins 

(LDL) can induce mesangial cell proliferation (124, 125). Hyperlipidemia also triggers 

mitochondrial ROS production in the tubular and glomerular cells, impairing oxidative defense 

and redox signaling. Oxidized LDL due to prolonged oxidative stress accumulates in the renal 

mesangial cells and initiates formation of foam cells, which triggers segmental glomerular 

sclerosis (126). In addition to the membrane damage caused by lipid peroxidation, ROS damage 

endothelial cells and stimulate inflammation, vasoconstriction and attract macrophages (127, 
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128). Further, FFA overload impairs cellular metabolism and generates toxic metabolic 

intermediates such as diacylglycerol and ceramide, which trigger inflammation and insulin 

resistance (127, 128).   

Insulin resistance is another primary feature of metabolic syndrome. Hyperinsulinemia induces 

vascular smooth muscle cells to secrete insulin-like growth factor-1 (IGF-1), triggering 

connective tissue growth in the kidney. Further, insulin resistance promotes renal fibrosis by 

stimulating the mesangial and proximal tubule cells to produce transforming growth factor beta-1 

(TGF-1) (129, 130). Moreover, hyperinsulinemia encourages sodium reabsorption from the 

distal segments of the nephron, causing hypertension (RAAS activation) (131). Insulin resistance 

also stimulates the production and secretion of inflammatory cytokines such as interleukin 6 (IL-

6), TNF-, macrophage chemoattractant protein-1 (MCP-1), and C-reactive protein (CRP) from 

the liver and adipocytes, which further exacerbate insulin resistance and damage nephrons (132). 

Collectively, insulin resistance and subsequent production of proinflammatory cytokines provoke 

mesangial expansion, thickening of the glomerular basement membrane, podocyte damage, and 

loss of slit pore diaphragm integrity, resulting in glomerulopathy (132). Additionally, increased 

plasma levels of these inflammatory cytokines can also promote activation of RAAS, expression 

of adhesion molecules on vascular endothelial and vascular smooth muscle cells, and production 

of ROS (133).  

Chronic hyperglycemia in metabolic syndrome may damage various components of the nephron. 

Higher glucose levels impair cellular glucose metabolism and result in the formation of 

diacylglycerol, a potent activator of the protein kinase C (PKC) pathway (134). PKC stimulates 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B) mediated inflammation 

and ROS generation through nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

system in the vascular epithelial, mesangial, glomerular and tubular cells (135). In 

hyperglycemia, sorbitol production is promoted by the reduction of glucose via the polyol 

pathway. Since the cell membrane is impermeable to sorbitol, increased sorbitol production 

results in osmotic stress and NADPH oxidase mediated superoxide (O2
-
) production, which 

interferes with nitric oxide (NO) bioavailability, promoting vasoconstriction (136). In chronic 

hyperglycemia, glucose combines with free amino acids and lipoproteins in the circulation or on 

the tissue surface. These glycated proteins and lipids are known as AGEs (137). Glycation of 
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matrix proteins impairs their degradation by matrix metalloproteinases, contributing to 

glomerular basement membrane thickening and mesangial expansion, hallmarks of diabetic 

nephropathy (138). Mesangial cells play a crucial role in maintaining glomerular capillary tufts' 

structure and function, providing structural support for capillary loops and modulating 

glomerular filtration by its smooth muscle activity. AGEs induce mesangial apoptosis and 

dysfunction, causing glomerular hyperfiltration, an early renal dysfunction in diabetes (136, 

138). Further, binding of AGEs to their receptors (receptors for AGEs: RAGE) triggers oxidative 

stress and inflammation via NADPH oxidase and NF-B signaling pathways in podocytes and 

tubular cells (136).  

RAAS over activation augments hypertension, glomerular hydraulic pressure, glomerular and 

tubular injury, and glomerular filtration fraction, widening the pore size and damaging 

glomerular basement membrane, which will ultimately cause proteinuria (139). Generally, renal 

proximal tubules absorb proteins present in the urine (in healthy individuals, urinary albumin 

content is less than 7mg/L of urine) via endocytosis, which later undergoes lysosomal 

degradation. However, with chronic and heavy proteinuria, tubular cells are injured due to the 

accumulation of urinary proteins, which activates inflammation in the tubular cells identified by 

significant expression levels of NF-B, TNF-, MCP-1, and IL-6 (140).  

Endothelial dysfunction is a risk factor for many diseases, including CKD and CVD, and is an 

early pathogenic event in metabolic syndrome (141). Primary causes for endothelial dysfunction 

are reduced bioavailability of vasodilators, particularly NO, increased expression of 

endothelium-derived contracting factors, and proinflammatory cytokines such as TNF-α (142, 

143). Adiponectin protects damaged endothelium by inhibiting TNF-α induced cell adhesion in 

endothelial cells and suppresses the attachment of monocytes to endothelial cells, the 

fundamental step in vascular damage as well as an early event in the atherosclerotic process. 

Moreover, adiponectin inhibits endothelial expression of adhesion molecules such as vascular 

cell adhesion protein 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), and E-selectin, 

whose expression is triggered by inflammatory cytokines such as TNF-α (143). Diminished 

plasma adiponectin levels associated with obesity and metabolic syndrome may damage the renal 

arteries' epithelium, resulting in vascular remodeling, vasoconstriction, and hypertension. These 

vascular events will ultimately lead to glomerular hyperfiltration and proteinuria (135). Impaired 
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lipid metabolism is a hallmark of metabolic syndrome, which triggers multiple pathological 

mediators such as insulin resistance, hyperglycemia, hyperlipidemia, oxidative stress, and 

inflammation that advances the progression of CKD and many other metabolic diseases (45, 

144). Therefore, the next section will provide a brief outlook on lipid metabolism.       

1.4 Lipid metabolism  

1.4.1 Absorption of dietary lipids and delivery to peripheral tissues  

Lipid is an essential component in the diet to provide energy, essential fatty acids, and fat-

soluble vitamins. It also contributes to satiety, flavour, and palatability of the diet (145). The 

three major types of lipids found in food are triglycerides, phospholipids, and sterols. 

Triglyceride, also known as triacylglyceride, makes up to 99% (depending on the diet) of lipids 

in the diet and is commonly found in fried food, vegetable oil, butter, whole milk, meat, cheese, 

cream cheese, avocados, corn, and nuts (145). The triglyceride found in food is called ―fats‖ or 

―oils,‖ depending on their physical state at room temperature. Fats are lipids that are solid at 

room temperature, whereas oils are liquid (146).  

Lipases are the main enzymes responsible for the chemical breakdown of lipids (147). Digestion 

(chemical digestion) of lipids in the food bolus starts in the oral cavity by the lingual lipase, 

secreted by glands in the tongue (148). This process is encouraged by the gastric lipase at the 

stomach (149). However, more than 70% of lipids are digested in the small intestine (150). The 

chyme entering into the duodenum mixes with the pancreatic juice and bile. Pancreatic lipase (in 

the pancreatic juice) is the primary enzyme responsible for triglyceride digestion in the small 

intestine, hydrolyzing triglycerides into FFA and glycerol (147). Pancreatic cholesterol esterases 

hydrolyze cholesterol esters into free cholesterol and FFA (151). Emulsification of the lipids by 

the bile increases the surface area of the substrates, which enhances the effective action of the 

lipid digestion enzymes (150). Enterocytes of the small intestine absorb these FFA, glycerol, and 

cholesterols, which are then re-esterified into triglycerides and cholesterol esters by the enzymes 

diglyceride acyltransferase (DGAT) and acyl- coenzyme-A: cholesterol acyltransferase (ACAT), 

respectively. Finally, these lipids are packed into chylomicrons to distribute to peripheral tissues. 

Chylomicrons enter the bloodstream through the thoracic lymph duct. Other than the lipids, 
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chylomicron contains lipoproteins such as apolipoprotein B-48 (ApoB-48), apolipoprotein A 

(ApoA), and apolipoprotein C (ApoC) (152).  

The lipoprotein lipase (LPL) resides on the luminal surface of capillaries (in the muscle and 

adipose tissues) and hydrolyzes triglycerides in the chylomicrons facilitating the uptake of FFA 

(especially the long chain fatty acids) and glycerol by the neighboring adipocytes and muscle 

cells via fatty acid transport proteins (FATPs) and CD36 for either storage or energy production. 

Although long chain fatty acids (> 12 carbon atoms) enter into the tissues via fatty acid 

transporter proteins, short and medium chain fatty acids can directly enter into the cells via 

diffusion (153). Further, a tiny portion of the FFA released from the chylomicrons binds with 

plasma albumin and is then transported to other tissues (154, 155). Removal of triglyceride 

carried by the chylomicrons significantly reduces their size, forming chylomicron remnants 

enriched in cholesterol esters (152). When the chylomicron downsizes, its phospholipids and 

apolipoproteins, especially ApoA and C, are transferred to other lipoproteins, primarily HDL. 

The liver clears these chylomicron remnants from the circulation via the LDL receptor and other 

hepatic receptors such as LDL receptor-related protein (LRP) located on hepatocytes (152).  

1.4.2 Hepatic lipid export and reverse cholesterol transport  

The liver plays a significant role in determining lipid profile in the body. The endoplasmic 

reticulum of the hepatocytes packs triglycerides and cholesterol into newly synthesized 

apolipoprotein B-100 (ApoB-100) via microsomal triglyceride transfer protein. The resultant 

lipoproteins are called VLDL (156).  The primary determinant of VLDL synthesis is hepatic 

triglycerides. Higher triglyceride levels in the liver promote the synthesis of ApoB, whereas 

lower triglyceride levels induce rapid degradation of ApoB (156). VLDL contains higher 

cholesterol content than triglycerides in comparison to chylomicrons. Additionally, the main 

protein component in VLDL is ApoB-100 as opposed to ApoB-48 in chylomicrons (157). After 

their release into the bloodstream, VLDL delivers FFA to the peripheral tissues by the action of 

LPL. Since the LPL hydrolyzes the triglyceride in both VLDL and chylomicrons, these two 

lipoproteins compete to empty their triglycerides. It is found that elevated plasma concentration 

of chylomicrons suppress the hydrolysis of VLDL triglycerides (157). 
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The removal of triglycerides from VLDL forms VLDL remnants, also known as IDL, which are 

enriched in cholesterol esters and have acquired apolipoprotein E (ApoE) from HDL in the 

circulation (158). Similar to removing chylomicrons, IDL particles can also be removed from the 

circulation via LDL receptors and the LRP receptors in the liver. However, only a portion of IDL 

(about 50%) is cleared by the liver (158). The hepatic lipase in the liver hydrolyzes the 

remaining triglyceride in the IDL particles, further decreasing its triglyceride content. The new 

cholesterol esters-rich particles are called LDL, whose main constituents are cholesterol esters 

and ApoB-100 (159). The amount of hepatic LDL receptors determines the plasma LDL level 

and the rate of clearance and production of LDL (160). Increased expression of LDL receptors in 

the liver accelerates hepatic IDL and LDL uptake, reducing LDL formation from VLDL. 

Contrarily, decreased hepatic LDL receptor expression increases plasma LDL level due to 

lowered hepatic uptake of LDL and IDL (160). 

HDL is the other major lipoprotein found in the blood. In contrast to ApoB-100 in VLDL, the 

primary structural lipoprotein found in the HDL is apolipoprotein A-I (ApoA-I) (161). The liver 

and intestine synthesize ApoA-I, which is then combined with phospholipids and cholesterols to 

secrete into the blood.  This process is mainly facilitated by ATP-binding cassette transporter A1 

(ABCA1) also known as the cholesterol efflux regulatory protein (CERP) (162). Further, ATP-

binding cassette sub-family G member 1 (ABCG1) also aids in exporting cellular cholesterol to 

lipid-rich mature HDL particles. In addition to the liver and intestine, HDL collects cholesterol 

and phospholipids from lipoproteins (chylomicrons, VLDL, and LDL), muscles, adipocytes, and 

other tissues (162). Phospholipid transfer protein and cholesteryl ester transfer protein (CETP, 

also called plasma lipid transfer protein) facilitate the transfer of phospholipids and cholesterol 

esters between HDL and lipoproteins (chylomicrons, VLDL, and LDL), respectively. HDL is 

also capable of gaining apolipoproteins from lipoproteins during their triglyceride hydrolysis by 

LPL (161).  

The core of the HDL particle consists of esterified cholesterol (163). HDL becomes mature 

larger spherical particles when they acquire free cholesterol from the cells. The enzyme lecithin–

cholesterol acyltransferase (LCAT) esterifies free cholesterol found on the HDL particle surface 

by transferring a FFA from phospholipids (163). Once esterified, the cholesterol on the HDL 

surface migrates into the core (163). Hepatic lipase hydrolyzes both triglyceride and 
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phospholipids present in the HDL (147). When the HDL particles travel through hepatic 

circulation, hepatic lipase removes triglyceride and phospholipids from HDL, resulting in small 

HDL particles and the release of ApoA-I (161). Apart from the hepatic lipase, endothelial lipase, 

a type of lipase enzyme secreted by vascular endothelial cells, hydrolyze phospholipids present 

in the HDL. However, unlike hepatic lipase, endothelial lipase is unable  to hydrolyze 

triglyceride (164). 

The majority of the cells (except a few types of cells that can metabolize cholesterol; steroid 

hormone-producing cells, intestinal cells, skin keratinocytes) are incapable of catabolizing 

cholesterol. Therefore, these cells maintain their cholesterol homeostasis via reverse cholesterol 

transport, a process by which the cholesterol accumulated in the peripheral cells is delivered to 

the liver, where they are removed from the body (as bile) or redistributed to other tissues (165). 

HDL acts as the major cholesterol carrier in the reverse cholesterol transport pathway (166). The 

liver selectively uptakes cholesterol carried by the HDL particles. Additionally, CEPT enables 

the transfer of cholesterol in the HDL to ApoB containing lipoproteins (chylomicrons and 

VLDL), providing an alternative route for transporting cholesterol to the liver (165). The liver 

can lower its cholesterol content by converting it into bile acids or directly secreting them into 

bile. Hepatic cholesterol transporters ATP-binding cassette sub-family G member 5 (ABCG5) 

and ATP-binding cassette subfamily G member 8 (ABCG8) regulate the secretion of liver 

cholesterol into bile (167). Therefore, reverse cholesterol transport is an essential mechanism to 

balance cholesterol homeostasis in the body. However, plasma HDL cholesterol levels might not 

reflect the rate of reverse cholesterol transport (165). 

1.4.3 Fatty acid metabolism 

Fatty acid metabolism is the term used to describe the collective process involved in cellular 

fatty acid breakdown and synthesis. Fatty acid metabolism helps cells to use lipids for energy 

generation, storage, and synthesis of structural and functional components (168). The liver is the 

central organ responsible for the metabolism of lipids, which is regulated at substrate, hormonal, 

transcriptional and post-translational levels. Hepatocytes may oxidize (breakdown), synthesize 

fatty acids, or use the metabolic products of fatty acids for other biological processes such as 

ketogenesis, gluconeogenesis, and cholesterol synthesis, depending on the energy demand (169).   
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Generally, fatty acid oxidation is referred to as breaking down fatty acids into two-carbon units 

of acetyl-coenzyme-A by oxidizing the second () carbon atom of each fatty acid, which 

liberates energy (170). Since the  carbon of the fatty acid is oxidized in this process, it is called 

-oxidation of fatty acids, the primary fatty acid oxidation process in the living cells (170). 

Nevertheless, the first () or third () carbon atom of the fatty acid chains can also be oxidized, 

shortening the fatty acid chain by one or three carbon atoms, respectively (171). Mitochondria 

are the primary site for fatty acid -oxidation, which oxidizes short, medium, and long-chain 

fatty acids. In contrast, peroxisomes perform  and -oxidations to oxidize very long-chain and 

branched fatty acids, wherein -oxidation occurs only in the endoplasmic reticulum (171).     

Unlike the long-chain fatty acids, fatty acids containing 13 or fewer carbon atoms can directly 

diffuse into the mitochondrial matrix and go through -oxidation. However, fatty acids with 14-

20 carbon atoms follow a unique facilitated protein-mediated carrier system known as the 

―carnitine shuttle‖ to enter the mitochondrial matrix (172). The carnitine shuttle operates in three 

reactions. The first reaction is the formation of fatty acyl-coenzyme-A in the cytosol, combining 

a FFA and an acyl-coenzyme-A molecule by the enzyme acyl-coenzyme-A synthetase. Next, 

fatty acyl-carnitine is produced by transiently attaching the hydroxyl group of carnitine to fatty 

acyl-coenzyme-A. This is the rate-limiting step of the carnitine shuttle, which is catalyzed by the 

enzyme carnitine palmitoyltransferase  (CPT) located on the outer membrane of the 

mitochondria. The fatty acyl-carnitine is then transported to the inner mitochondrial membrane 

by the diffusion facilitated by the career protein carnitine-acylcarnitine translocase (CACT). In 

the third and final step, fatty acyl-coenzyme-A and carnitine are regenerated, transferring the 

fatty-acyl group of fatty acyl-carnitine to coenzyme-A located in the mitochondrial matrix by the 

enzymatic action of carnitine palmitoyltransferase  (CPT) (173). Figure 1.4 graphically 

illustrates the ―carnitine shuttle‖ of fatty acid -oxidation.  

Once entered into the mitochondrial matrix, the fatty acid undergoes oxidation in a cycle of four 

subsequent reactions: dehydrogenation, hydration, a second dehydrogenation, and thiolytic 

cleavage. At the end of each cycle, an acyl-coenzyme-A molecule is removed from the fatty acid 

chain, shortening it by two carbon atoms. This oxidation process continues until the fatty acid 

chain is shortened to the final acetyl-coenzyme-A (173). Peroxisomes oxidize very-long and bra- 
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Figure 1.4 Graphical illustration of the mitochondrial carnitine shuttle.  

Abbreviations: FFA = free fatty acids; CoA = coenzyme-A; CPT = carnitine 

palmitoyltransferase CPT = carnitine palmitoyltransferase  
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-nched fatty acids until octanoyl-coenzyme-A is formed, which is then transported into the 

mitochondria, where it completely oxidizes into acetyl-coenzyme-A (174). The acetyl-

coenzyme-A generated by the oxidation of fatty acids can either enter into the tricarboxylic acid 

cycle (TCA) cycle to produce energy or synthesize ketone bodies (169).  

Another vital process of fatty acid metabolism is fatty acid synthesis, which occurs in the 

cytoplasm using acetyl-coenzyme-A subunits and NADPH by the enzyme fatty acid synthase 

(FAS). These fatty acids might be esterified with glycerol to produce triglyceride or used for 

other purposes such as energy generation, production of cellular structural or functional 

components (175). The building blocks of fatty acid chains, acetyl-coenzyme-A, are mainly 

supplied by the glycolytic pathway of carbohydrate metabolism (175). Generally, acetyl-

coenzyme-A exists in the mitochondrial matrix, which must be diffused into the cytoplasm to 

start fatty acid synthesis (176). Since the mitochondrial membranes are impermeable for acetyl-

coenzyme-A, they diffuse into the cytoplasm from the mitochondrial matrix as citrate, which 

dissociates back into oxaloacetate and acetyl-coenzyme-A in the cytoplasm. Resultant 

oxaloacetates might be returned into the mitochondria in the form of malate or used for 

gluconeogenesis (in the liver) (176). Acetyl-coenzyme-A carboxylase (ACC) catalyzes the first 

and the rate-limiting step of fatty acid synthesis, the carboxylation of cytosolic acetyl-coenzyme-

A to malonyl-coenzyme-A (two carbon molecule) (177). Then, FAS combines a malonyl-

coenzyme-A with an acetyl-coenzyme-A initiating fatty acid synthesis followed by the 

elongation of the fatty acid chain by further addition of malonyl-coenzyme-A units (178). Plasma 

insulin concentration, cellular citrate level, and the transcription factor carbohydrate response 

element binding protein (ChREBP) elevates ACC activity, whereas plasma glucagon and 

epinephrine levels and phosphorylated AMP-activated protein kinase (pAMPK) activity decrease 

lipogenesis by suppressing ACC activity (169).  Figure 1.5 briefly demonstrates the fatty acid 

synthesis process.  

The production of ketone bodies from the breakdown of fatty acids and ketogenic amino acids is 

defined as ketogenesis, which mainly occurs in the mitochondria of hepatic cells (179). 

Ketogenesis is vital in supplying energy under fasting or caloric restriction conditions to organs, 

especially the heart, brain, and skeletal muscles (179). Hypoglycemic states and insufficient 

insulin levels induce ketogenesis, particularly after depleting the other major energy stores of the 
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Figure 1.5 A brief illustration of fatty acid synthesis process.  

Abbreviations: CoA = coenzyme-A; FAS = fatty acid synthase; ACC = acetyl-coenzyme-A 

carboxylase 
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cell, such as glycogen (180). Under normal conditions, acetyl-coenzyme-A released from -

oxidation in the mitochondria enters the TCA cycle to yield ATP. But increased rates of -

oxidation challenge the TCA cycle's processing limit, releasing excess amounts of acetyl-

coenzyme-A, which outnumbers TCA intermediates (such as oxaloacetate). This will result in 

using acetyl-coenzyme-A for ketogenesis through acetoacetyl-coenzyme-A and β-hydroxy-β-

methylglutaryl-coenzyme-A (HMG-CoA) (181). Acetoacetate, acetone, and β-hydroxybutyrate 

are the three ketone bodies produced in ketogenesis (179). The brain cannot directly utilize fatty 

acids for energy generation in hypoglycemic situations due to the slower passage of fatty acids 

through the blood-brain barrier (BBB). Since β-hydroxybutyrate and acetoacetate can rapidly 

diffuse through BBB, they provide around two-thirds of the brain energy demand when the 

plasma glucose level is depleted (182). Although the liver is the primary source of ketone bodies, 

it cannot utilize them because the liver lacks the critical enzyme succinyl-coenzyme-A 

transferase, which catalyzes transferring of coenzyme-A from succinyl-coenzyme-A to 

acetoacetate, the first and rate-limiting step in ketolysis (183).  

The liver and the kidneys produce moderate amounts of glucose using non-carbohydrate sources 

such as glucogenic amino acids, glycerol and odd chain fatty acids (from triglyceride 

metabolism), and pyruvate and lactate (from glucose metabolism). This process is known as 

gluconeogenesis, which mainly occurs in the cytosol (the liver accounts for 70-80% of total 

glucose produced from gluconeogenesis) (184). Excessive quantities of acetyl-coenzyme-A 

(produced via -oxidation) stimulate the action of pyruvate carboxylase, which converts 

pyruvate into oxaloacetate (185). Once the oxaloacetate enters the cytoplasm, it is 

decarboxylated and then phosphorylated to form phosphoenolpyruvate by phosphoenolpyruvate 

carboxykinase. Subsequently, following a sequence of steps similar to reversed glycolysis, 

phosphoenolpyruvate is converted into glucose (186).  

One of the essential processes of lipid metabolism is cholesterol synthesis. Besides being a 

critical constituent in the cellular membranes, cholesterol is essential for synthesizing bile and 

steroid hormones (187). The liver is the primary site for cholesterol synthesis in the body, 

producing approximately 80% of the total daily cholesterol requirement (187, 188).  In addition 

to the liver, the brain, the adrenal glands, and the reproductive organs also synthesize cholesterol 

at higher rates (189). The initial step of cholesterol synthesis is the condensation of acetyl-
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coenzyme-A and acetoacetyl-coenzyme-A to yield HMG-CoA, which is then reduced to 

mevalonate by the enzymatic action of HMG-CoA reductase (HMGCR). Production of HMG-

CoA is the rate-limiting step in cholesterol biosynthesis (187). The free cholesterol synthesized 

or absorbed from the blood is esterified with long-chain fatty acids by ACAT inside the cells. 

When necessary, cholesterol esterase removes the Acyl group from cholesterol and makes free 

cholesterol (190).  

1.5 Non-alcoholic fatty liver disease (NAFLD) 

1.5.1 Link between NAFLD and CKD 

The liver is the central organ responsible for lipid metabolism, whereas NAFLD is the hepatic 

manifestation of metabolic syndrome, which impairs liver lipid metabolism (191). Generally, 

patients with NAFLD share features such as obesity, insulin resistance, systemic inflammation, 

hyperlipidemia, and hyperglycemia, which are major risk factors for CKD pathogenesis (192). 

Further, impaired hepatic lipid metabolism and NAFLD are commonly observed among obese 

CKD patients (193, 194). A growing number of studies have demonstrated that NAFLD is an 

independent risk factor for the development and progression of CKD. A cohort study conducted 

in South Korea using approximately 8400 healthy human subjects with a follow-up period of 

more than 3 years indicated that the presence of NAFLD (diagnosed by ultrasonography) 

increases the CKD (GFR of <60 mL/min per 1.73 m
2
) risk by 1.6 times after adjustments for age, 

GFR, triglyceride, and HDL levels (195). A 6.5 year follow-up of 1760 participants from the 

Valpolicella Heart Diabetes Study cohort showed that NAFLD had a hazard ratio of 1.49 for 

CKD development in the study subjects even after normalization for sex, age, blood pressure, 

BMI, waist circumference, diabetes, plasma lipid levels, and use of medications (hypoglycemic, 

lipid-lowering, antihypertensive, or antiplatelet drugs) (196). Further, a systematic review and 

meta-analysis of 33 studies comprising nearly 64,000 human subjects has revealed that NAFLD 

increases the prevalence (odds ratio 2.12) and incidence (hazard ratio 1.79) of CKD. 

Interestingly, the presence of non-alcoholic steatohepatitis (NASH), an advanced stage of 

NAFLD, further aggravated the risk for CKD prevalence (odds ratio 2.53) and incidence (hazard 

ratio 2.12) (14). Collectively, all these studies have demonstrated that NAFLD increases the risk 

for CKD development even after normalization for diabetes, the most common cause for kidney 

diseases (197).  
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Multiple factors link NAFLD with the development and progression of CKD. These include 

insulin resistance, dyslipidemia, inflammation, and oxidative stress. Insulin resistance is a 

characteristic feature of NAFLD (198). Insulin resistance aggravates renal hemodynamics and 

increases hypertension, by stimulating sympathetic nervous system and RAAS (132). 

Dyslipidemia induces lipotoxicity in the renal cells, leading to abnormal lipid metabolism, 

oxidative stress and inflammation, which damage glomerular basement membrane, glomerular 

cells, mesangial cells, and tubular cells (199). Further, impaired hepatic lipid metabolism is 

associated with atherogenic dyslipidemia characterized by increased plasma content of 

triglycerides, LDL, and decreased HDL levels (200). Oxidative stress and inflammation progress 

fatty liver into NASH, which is often linked to a rise in proinflammatory cytokines in the 

circulation (201). It has been shown that NAFLD activates NF-B mediated inflammatory 

signaling in the liver and elevates the plasma TNF-, IL-6, and MCP-1 levels (202). Prolonged 

systemic inflammation exacerbates insulin resistance, endothelial dysfunction and glomerular 

damage (203, 204). Therefore, improvement of fatty liver and impaired hepatic lipid metabolism 

would be vital therapeutic targets in the management of obesity-induced CKD. Figure 1.6 

graphically illustrates major pathological mediators of CKD development and progression of 

NAFLD. 

1.5.2 Epidemiology and etiology of NAFLD 

NAFLD is the most common chronic liver disease in the world and affects both children and 

adults (15). NAFLD can simply be defined as the hepatic triglyceride accumulation in the 

absence of alcohol consumption (205). In 2016, a meta-analysis performed by Zobair et al. using 

the data of 86 studies with a sample size of nearly 8.5 million from 22 countries indicated that 

NAFLD is 25.24% prevalent in the world (206). However, the authors observed regional 

variations, where the Middle East and South America had the highest NAFLD prevalence 

(31.79% and 30.45%). In contrast, Africa had the lowest (13.48%). NAFLD prevalence in Asia, 

North America, and Europe were 27.37%, 24.13%, and 23.71%, respectively (206).  

Elevated incidence of NAFLD in many regions of the world is attributed to alarmingly 

increasing obesity, diabetes, and metabolic syndrome (207, 208). Likelihood of developing 

NAFLD among obese adults is 60-95% (209, 210). Additionally, nearly 50% to 80% of NAFLD 

and NASH patients are obese (206). NAFLD has been diagnosed in 69% to 87% of type-2 diabe- 
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Figure 1.6 Major pathological mediators of CKD development and progression of NAFLD.  

 

 

 

 

 

 

 

 

 

 

 



31 

 

-tes patients, whereas 85-92% of diabetes patients have elevated levels of liver enzymes such as 

alanine aminotransferase (ALT) and -glutamyl transferase (GGT), which are common indicators 

of liver damage caused by the fatty liver (211). Metabolic syndrome is a collective term used to 

describe the simultaneous occurrence of metabolic abnormalities such as central obesity, 

hypertension, dyslipidemia and hyperglycemia (212). Clinical studies have demonstrated that 

approximately one third of NAFLD patients have three or more features of metabolic syndrome. 

Further, nearly 90% of NAFLD patients have at least one criterion of metabolic syndrome (191). 

With the increasing rate of obesity and type-2 diabetes, the total number of NAFLD cases in the 

United States is predicted to be elevated from 86 million (in 2015) to 101 million by the year 

2030 (213). Changes in agricultural policies, diet, food environment, physical activity, and sleep 

are among the major causes for the increased incidence of obesity and diabetes (214).  

In addition to the metabolic risk factors, several unalterable elements such as age, sex, and 

ethnicity also affect the vulnerability to NAFLD. Results obtained from population-based studies 

and systemic reviews have demonstrated that NAFLD incidence is more often among the aging 

population than in the youth, as well as among the men compared to the women (215, 216). A 

study conducted with a school-based sample of obese adolescents indicated that male adolescents 

were six times likely to develop NAFLD compared to their female counterparts (217). One 

possible interpretation for the increased prevalence of fatty liver in males is that they are more 

likely to develop abdominal obesity (217). The major reasons for elevated NAFLD prevalence in 

the Middle East and South Asian populations are increased incidence of type-2 diabetes and 

abdominal obesity (206, 218, 219).  

Approximately three out of every five NAFLD patients progress into NASH, the advanced stage 

of NAFLD (206). Nearly 30% of the patients with NASH advance into cirrhosis within their first 

10 years of diagnosis (220). Further, roughly 4-27% of cirrhosis patients (progressed from 

NASH) experience end-stage liver diseases such as hepatocellular carcinoma (HCC) (221). 

Increasing amounts of clinical evidences demonstrate that NAFLD is associated with many other 

extra-hepatic diseases, such as CKD, colorectal cancer, type-2 diabetes, and CVD (222). NAFLD 

is significantly related with an increased risk for all-cause and cause-specific mortality (206).  
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1.5.3 Definition and disease spectrum of NAFLD 

NAFLD is a broad term used to describe a spectrum of liver disease that includes simple 

steatosis, NASH, cirrhosis and HCC, in the absence of excessive alcohol consumption (< 30 g 

per day for men and < 20 g per day for women) (223). Steatosis is the primary and the earliest 

histopathological feature of NAFLD, which is defined as the presence of fat, mainly 

triglycerides, exceeding 5% of the hepatocytes (224). Steatosis can be histologically identified by 

the presence of macrovesicular lipid vacuoles (large and smaller sized lipid droplets) in the liver 

tissue. In steatosis, accumulation of lipids in the hepatocytes displaces the nucleus to the 

periphery of the cell and aggregates as a single lipid droplet (224).  

NASH is an advanced stage of NAFLD resulting from hepatic inflammation and scarring caused 

by continuous lipid accumulation in the liver (225). Characteristic histopathological features of 

NASH are the presence of lobular inflammation and hepatic ballooning with macrovesicular 

steatosis (225). Liver inflammation is histologically identified by detecting inflammatory foci 

comprised of lymphocytes, eosinophils, leukocytes, and Kupffer cells (resident macrophages in 

the liver) (226). Apart from inflammation, the other fundamental element of NASH that 

distinguishes it from simple steatosis is hepatic ballooning, swollen hepatocytes resulting from 

cellular injury (226). Chronic hepatic inflammation and cellular damage activates hepatic stellate 

cells, which are responsible for the production and secretion of collagen (227). Although NASH 

is reversible back to simple steatosis, deposition of collagen irreversibly progresses NASH to its 

advanced stage, cirrhosis (224). Patients with cirrhosis are frequently detected with metabolic 

syndrome, diabetes, and obesity (205). Further, the incidence of cirrhosis significantly elevates 

the susceptibility to develop HCC and portal hypertension, one of the few causes for NAFLD-

related mortality (221).  

1.5.4 Pathophysiology of NAFLD 

NAFLD is a complex disease, and the pathophysiology underlying this disorder is not fully 

understood. The initial model proposed to describe NAFLD pathogenesis was the two-hit 

hypothesis (228). The first hit of the two-hit hypothesis was excessive lipid accumulation in the 

liver that subsequently triggers the second hit, defined as inflammation, mitochondrial 

dysfunction, and oxidative stress, which eventually progress steatosis to NASH and fibrosis 
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(228). Later, another step was introduced (the third-hit) to the two-hit hypothesis, which 

proposes hepatocyte death and lack of repair due to liver damage caused by the first and second 

hits (229). However, several concerns emerged on the explanation of NAFLD pathogenesis by 

the two-hit hypothesis. First, hepatic inflammation has been observed prior to liver lipid 

accumulation in NAFLD patients. Second, this hypothesis did not address metabolic changes 

such as altered lipid metabolism and insulin resistance take place during fatty liver progression 

(230).   

These concerns raised the importance of an advanced mechanism that broadly addresses hepatic 

and systemic changes that occur during the progression of NAFLD. In 2010, Tilg et al. proposed 

the multiple-parallel hit model, which suggests that multiple factors including lipotoxicity, 

insulin resistance, oxidative stress, inflammation, adipokines, nutritional factors, gut microbiota 

and genetic and epigenetic factors may concurrently act to cause NAFLD (231). According to 

the multiple-parallel hit model, lipotoxicity caused by increased hepatic FFA level is the major 

culprit of NAFLD pathogenesis (231). Lipotoxicity generates toxic lipid metabolites such as 

diacylglycerols and ceramides, which might provoke oxidative stress and inflammation in the 

liver (232). Additionally, FFA overload stimulates mitochondrial -oxidation, which serves as a 

principal source for generating ROS that activates inflammatory responses during NAFLD (231). 

Elevated oxidative stress overwhelms antioxidant defenses and injures hepatocytes, ultimately 

causing cell death (233). Lipotoxicity also stimulates production and secretion of inflammatory 

cytokines, such as TNF- and IL-6 from the adipocytes (234). Further, gut permeability is 

increased in the individuals with obesity, insulin resistance, and fatty liver (235). Endotoxins 

such as lipopolysaccharide (LPS) released from gut microbiota play a significant role in innate 

immune responses (231). Therefore, these inflammatory cytokines secreted from adipocytes, 

intestine, and hepatocytes damage the liver tissue and induce fibrosis (231). Further, genetic 

factors such as the homozygous phenotype of adiponutrin and increased susceptibility to diabetes 

and abdominal obesity in specific populations may also contribute to NAFLD development 

(231). Taken together, these multiple insults would act in parallel instead of sequentially to 

progress NAFLD. Therefore, to date, the multiple-parallel hit model is the most accurate 

hypothesis to describe NAFLD pathogenesis. 



34 

 

1.5.5 Animal and cell models for studying NAFLD 

A successful animal model of NAFLD should depict the onset of fatty liver and the progression 

of NAFLD to its advanced stages such as NASH and fibrosis. Further, these models should 

exhibit the histopathological alterations observed in various stages of NAFLD as well as general 

physiological changes, including weight gain, insulin resistance, adipocyte secretion, and 

impaired gut barrier function (236). Several animal models have been established using dietary 

interventions and genetic alterations to study the development and progression of NAFLD, 

which closely mimics the histopathology and pathophysiology of human NAFLD (237). 

However, no single animal model is currently developed to completely reflect pathological 

patterns and histological alterations of the entire NAFLD spectrum (238). Additionally, cell 

culture models are extensively used to understand the molecular mechanisms involved in the 

pathogenesis of NAFLD (236).  

HFD feeding mimics most of the histopathological and metabolic phenotypes that are observed 

among NAFLD patients. In this model, animals, particularly rats or mice, are fed (ad libitum or 

forcibly) a diet that contains 45–75% of energy derived from fat. Similar to human NAFLD 

subjects, rodents fed a HFD develop hepatic steatosis and insulin resistance with increased 

plasma lipids and glucose levels (238). However, due to the significant weight gain observed 

within a short feeding period, C57BL/6J male mice have become the most popular animal model 

used to study NAFLD (239). Feeding a HFD containing 30-75% of energy from fat for 6-8 

weeks can cause hyperlipidemia, hyperglycemia, insulin resistance, and steatosis in these mice 

(239, 240). Further, HFD feeding for 8-16 weeks induces oxidative stress and inflammation in 

the mouse liver (237, 241). Although this is a well-established model to stimulate steatosis and 

NASH, it does not cause significant hepatic fibrosis or damage, as demonstrated in the 

methionine-choline deficient (MCD) diet (238). However, incorporating dietary components 

such as cholate, fructose, or cholesterol into the HFD aggravates NAFLD into its advanced 

stages such as NASH, hepatic injury, and fibrosis (236, 238, 240). Not only the dietary lipid 

content, but also the composition of lipids plays a critical role in the development of NAFLD in 

this model. HFD formulated using saturated fat sources such as tallow, lard, and coconut oil 

induce histopathological characteristics and metabolic abnormalities of NAFLD effectively 

compared to the diets prepared with unsaturated fats such as olive oil and fish oils (239). 
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Primary cell cultures and immortalized cell lines are utilized as in vitro models to examine 

pathophysiological mechanisms of NAFLD. Clinically important primary human liver cell types 

are hepatocytes, stellate cells, and sinusoidal epithelial cells (236). However, limited availability 

of liver tissue samples and ethical concerns make the use of human cells challenging for research 

purposes. Although primary hepatocytes isolated from rodents may closely mimic human 

hepatocytes, technical challenges (isolation and maintaining) and the reproducibility of the 

results might limit their use (236, 242). In contrast to primary cell cultures, immortalized human 

liver cell lines such as RAW 264.7, AML-12, J774A, HepG2, HuH7, H4IIE, H4IIEC3, PAV-1, 

and LX2 are stable and they provide prolonged passage capacity as well as higher reproducibility 

of the results (236). However, the expression levels of particular proteins might be differentially 

expressed among primary hepatocytes and commercial cell lines (242).  

1.5.6 Diagnosis of NAFLD 

The physicians have to answer four basic questions to confirm the diagnosis of NAFLD; 1) 

presence of steatosis, 2) little or no alcohol consumption (< 30 g per day for men and < 20 g per 

day for women), 3) no other competing etiologies that can develop steatosis, and 4) no coexisting 

causes of chronic liver diseases (205). Since the patient’s history can answer most of these 

questions, accurate determination of steatosis is an important criterion in diagnosing NAFLD 

(205). Early diagnosis allows physicians to apply therapeutic interventions and avoid the 

progression of NAFLD into its advanced stages such as NASH and fibrosis. To date, liver biopsy 

is the gold standard for diagnosing NAFLD (205). This method is not only invasive and 

expensive, but also associated with risk of severe complications and being subject to sampling 

error (243). Notwithstanding the invasiveness and other concerns, histopathological examination 

is essential to differentiate steatosis from NASH and cirrhosis (224). Therefore, liver biopsies 

should be conducted in individuals with NAFLD who are at increased risk for the progression of 

NASH and fibrosis (205). 

Currently, there is no effective biomarker or serological method for precise diagnosis of NAFLD 

(243). Generally, NAFLD is associated with elevated plasma levels of liver enzymes such as 

alanine transaminase (ALT) and aspartate transaminase (AST). However, some NAFLD patients 

do not display a significant elevation of these enzymes in the plasma (244). Imaging techniques 

such as CT-scan, MRI-scan, and transabdominal ultrasound scan are widely used to detect 
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steatosis in clinical settings as well as population studies (205, 243). Although these imaging 

approaches to detect fatty liver are non-invasive and accurate, they are unable to recognize and 

differentiate advanced stages of NAFLD (205). However, hepatic elastography is emerging as a 

moderately accurate imaging technique that can assess mild-to-moderate hepatic fibrosis (245).   

Fatty liver is an independent risk factor for CKD development, whereas oxidative stress and 

inflammation are important mediators of the pathogenesis of CKD and NAFLD (14, 231, 246). 

Therefore, the next section (section 1.6) discusses the role of oxidative stress and inflammation 

in the progression of obesity-related CKD.    

1.6 Oxidative stress and inflammation in obesity induced CKD 

1.6.1 Fatty acid overload and oxidative injury in CKD 

The kidney can utilize a wide range of energy substrates depending on the energy demand in 

different regions of the nephrons (247). In vivo studies using radiolabeled FFA have shown that 

more than two-thirds of the renal oxygen consumption is for oxidation of its FFA (248, 249). 

Renal cells, particularly proximal tubule cells, podocytes, and mesangial cells exhibit a linear 

relationship to uptake FFA over a wide range of FFA concentrations from the circulation, 

making them susceptible to abnormal lipid accumulation in dyslipidemia (248-250). 

Additionally, tubular cells can uptake albumin-bound fatty acids through receptor-mediated 

albumin endocytosis from the glomerular filtrate (250). Under normal physiological conditions, 

proximal tubule cells esterify these excess FFA with glycerol into triglycerides and store them in 

the cytoplasm (248, 249). Excessive consumption of food or consumption of energy-dense food 

along with a sedentary lifestyle results in dyslipidemia, which triggers ectopic lipid deposition 

(251).  

Oxidative stress and inflammation are the two interconnected culprits responsible for 

lipotoxicity-induced CKD progression (144). Role of inflammation in CKD progression will be 

discussed in the next subtopic (section 1.6.2). Oxidative stress is the overwhelming state of the 

cellular antioxidant defense system to detoxify the free radicals produced in the cell (252). The 

most common free radicals generated in the cells are superoxide radicals, hydrogen peroxide 

(H2O2), hydroxyl radicals (•OH), and singlet oxygen (
1
O2) (253). Despite their importance for 

various physiological functions (i.e., cell signaling), free radicals, primarily the ROS at elevated 
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concentrations, cause severe damage to the cells (252). ROS react with other cellular molecules 

to stabilize their unstable electron configuration. As a result of the reactive nature of ROS, they 

oxidize lipids (membrane lipids and other lipids), proteins, and nucleic acids (DNA and RNA). 

One of the detrimental impacts of ROS is damage to cellular integrity due to chain reactions that 

occurred during peroxidation of the polyunsaturated fatty acids (lipid peroxidation) in the 

cellular membranes (252). With long term exposure to high ROS levels, cells are chronically 

stressed and damaged. Further, this chronic oxidative stress stimulates inflammatory response in 

the tissues (254).  

The mitochondrial electron transport chain accounts for the majority of ATP generation in 

cellular energy production. Superoxide anions produced as a by-product of this process are first 

converted into hydrogen peroxide by the enzyme superoxide dismutase, and the consequent 

hydrogen peroxide is converted into water and oxygen by the enzyme catalase (255). Increased 

fatty acid oxidation liberates these ROS at rates which cannot be quenched by antioxidant 

defence systems (256). These ROS not only attack cellular macromolecules but also interfere 

with various cell signaling pathways to impair cellular homeostasis (252). FFA deposition in 

renal cells, especially in the interstitial and glomerular cells, attracts macrophages, which 

produce large amount of nitric oxide through the inducible nitric oxide synthase (257). At high 

concentrations, nitric oxide produced by the macrophages reacts with superoxide to generate a 

highly reactive unstable structural isomer of nitrate, peroxynitrite (ONOO-), which exhibits a 

wide array of tissue-damaging effects, including lipid peroxidation, DNA damage, inactivation 

of enzymes and ion channels via protein oxidation and nitration, and inhibition of mitochondrial 

respiration (258).   

Redundant accumulation of cytosolic fat deposits overwhelm mitochondrial fatty acid oxidation 

and generate toxic lipid metabolites such as diacylglycerols and ceramides (259). Diacylglycerol 

and ceramides are second messengers that activate intracellular signaling pathways related to 

inflammation and apoptosis. Cytoplasmic diacylglycerol increases nuclear translocation of NF-

B, a major transcription factor responsible for oxidative stress and inflammation, elevating 

inhibitory kappa B (IB) phosphorylation via PKC and MAP kinase signaling (260). Ceramides 

enhance oligomerization of pro-apoptotic B-cell lymphoma 2 (Bcl-2) family proteins, and reduce 

anti-apoptotic Bcl-2 proteins in the mitochondrial outer membrane (261). These alterations 
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increase the permeability of the mitochondrial outer membrane and facilitate the release of 

cytochrome C into the cytoplasm, the main stimulant for caspase-3 mediated apoptosis (261).  

The kidney and liver are the two main organs responsible for gluconeogenesis in the human body 

(262). Acetyl-coenzyme-A generated through FFA oxidation activates pyruvate carboxylase, the 

enzyme that converts pyruvate into oxaloacetate, an essential step of gluconeogenesis (263). 

Therefore, renal and hepatic FFA influx boosts gluconeogenesis and hyperglycemia. Higher 

intracellular glucose concentrations stimulate the formation of diacylglycerol, which activates 

PKC signaling (264). At persistent, increased concentrations, glucose non-enzymatically reacts 

with proteins and lipids to yield AGEs. Interaction of AGEs with their receptors (RAGE) triggers 

oxidative stress and activates transcription factor NF-B in vascular endothelial cells (265, 266). 

A recent study performed using transgenic mice has reported that RAGE antagonism blunts 

kidney damage attenuating oxidative stress and NF-B signaling (267). Collectively, persistent 

oxidative stress is a primary stimulant of the chronic inflammatory process resulting in the 

synthesis and secretion of inflammatory cytokines (254). 

1.6.2 Role of chronic low-grade inflammation in CKD pathogenesis 

Inflammation can be defined as a self-protective mechanism initiated by the immune system in 

response to harmful or foreign stimuli (268). Based on the nature and duration, inflammatory 

responses can be either acute or chronic. Acute inflammation, which occurs possibly due to 

microbial invasion, toxic compounds or tissue damage, is rapid, reaches severe levels within a 

short period, and symptoms may last for a few days (269). The inflammatory response would be 

persistent if the insult was not eliminated, creating a chronic inflammatory state, which is a 

harmful maladaptive response that causes organ injuries activating various cell signaling 

pathways (268). Chronic inflammation may exist for several months to years, and the effects 

may vary depending on the injury (270).  

Chronic low-grade inflammation is a hallmark of CKD, which is directly associated with loss of 

renal function, also a significant predictor of mortality in dialysis patients (203). The results of 

the Chronic Renal Insufficiency Cohort (CRIC) study have shown that persistent low-grade 

inflammation (elevated levels of TNF-, IL-1, IL-6, CRP, and fibrinogen) has a negative 

relationship with GFR and a positive correlation with albuminuria (271). The magnitude of this 
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chronic inflammatory state appears to be increased during CKD progression, especially during 

hemodialysis. Further, prolonged systemic inflammation during CKD progression is linked with 

muscle protein wasting, uremia, and malnutrition (272). A clinical study conducted with 543 

patients with stage 5 CKD indicated that TNF-, IL-6, and white blood cell count predict all-

cause mortality at ESRD independently of other biomarkers (273). CVD is the leading cause of 

death among CKD patients (274). Persistent inflammation with dyslipidemia triggers the 

development of atherosclerosis and cardiac valvular calcification in CKD patients, highlighting 

the consequences of inflammation during CKD progression (275). In addition to CVD, 

inflammation promotes anemia, insulin resistance, oxidative stress, mineral and bone disease, 

endothelial dysfunction, and erythropoietin resistance, causing glomerular and tubular injury 

(276). 

A characteristic feature of chronic inflammation at CKD is activating kidney resident cells such 

as podocytes, mesangial cells, tubular cells, and endothelial cells. Upon activation, these cells 

produce and secrete proinflammatory cytokines (TNF-, IL-6, and MCP-1) that perturb cellular 

homeostasis and aggravate chronic inflammation (277, 278). Additionally, activation of 

mesangial cells secretes extracellular matrix substances and stimulates the expansion of the 

extracellular matrix leading to glomerulosclerosis and renal fibrosis (279). Glomerular injury 

caused by lipotoxicity, oxidative stress, and inflammation disturbs the elimination of harmful 

metabolic and proinflammatory substances. Chronic accumulation of proinflammatory cytokines 

and complement proteins further provoke glomerular and tubular damage and chronic 

inflammatory response (276). Moreover, persistent inflammation and injury to the renal cells 

attract leukocytes (macrophages and neutrophils), which amplify ROS production and secretion 

of proinflammatory cytokines (276).  

Proximal tubules are the primary site for active reabsorption of glomerular filtrate during urine 

formation, which are increasingly injured at chronic inflammation (53, 280). During CKD 

progression, proximal tubules elevate mitochondrial activity to compensate for the loss of 

functional nephrons, leading to excessive production of ROS (281). Overproduction of ROS 

activates NF-B and activator protein 1 (AP-1) signaling pathways, triggering transcription of 

inflammatory cytokines such as TNF-, IL-6, and MCP-1 and cellular adhesive molecules 

(integrins and selectins) facilitating migration of leukocytes (282). Glomerular filtration and 
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nephron blood flow is mainly regulated by the afferent and efferent arterioles and the glomerular 

capillaries (283). ROS damages the vascular endothelium of these blood vessels and causes 

endothelial dysfunction, which triggers the secretion of proinflammatory cytokines and attraction 

of macrophages (135). Oxidative stress and inflammation are interrelated scenarios; one 

accelerates the other. Therefore vascular endothelial damage caused by prolonged inflammation 

and oxidative stress impair renal hemodynamics and cause glomerular damage (284). As a result 

of this tubular and glomerular injury, the number of functional nephrons declines, reducing the 

GFR and increasing albuminuria (285).  

1.6.3 Role of NF-B signaling during chronic inflammation in CKD   

NF-B is one of the most studied transcription factors that regulates various signaling pathways, 

including inflammation, immunity, cell division and differentiation, and apoptosis (286). 

Although NF-B is singular by its name, it is a dimer, and there are five protein units that couple 

to make the dimers, namely, NF-B1 (also called p50), NF-B2 (also called p52), RelA (also 

called p65), RelB, and c-Rel. NF-B exists in the cytoplasm bound to the IB protein in 

unstressed or normal conditions, which avoids nuclear translocation and DNA binding of NF-B 

(287). Although there are four proteins that have been identified in the IB family (IB, IB, 

IB, and Bcl-3), IB is the best-studied protein (287).  

The upstream signaling of NF-B consists of various cell surface receptors including, toll-like 

receptors (TLRs), angiotensin II type-1 receptor (AT1), TNF-receptors, and interleukin 1 

receptors (IL-1R). Generally, ligands of these receptors activate IB kinase (IKK) to 

phosphorylate IB protein at its serine residues, leading to 26S proteasome-mediated degradation 

of IB (288). In addition to the conventional receptor-mediated route, several stimuli such as 

hypoxia, ROS, and oxidized macromolecules can also activate NF-B signaling via different 

ways rather than receptor-ligand binding (289). Dissociation of the IB-NF-B protein complex 

activates NF-B by facilitating its nuclear translocation. NF-B triggers transcription of its 

downstream targets by recognizing and binding to the promoter region of many genes containing 

5’-GGGRNYYYCC-3’ (R=purine and Y=pyrimidine) sequence (287). The typical NF-B 

isoform observed in most cell types is the heterodimer of RelA/p50, the classical NF-B referred 

to and the most widely studied NF-B isoform in many organs, including the kidney and the 
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liver (287, 290, 291). To date, it has been found that NF-B transcriptionally regulates more than 

two hundred and fifty genes related to various cellular responses, including inflammation and 

cytokine production, immunoreception, cell adhesion, and apoptosis (292).  

NF-B signaling is a centerpiece of inflammatory responses (282, 285). Analysis of human 

kidney biopsies of CKD patients and experiments conducted in various CKD animal models 

have revealed that NF-B is a critical transcription factor that stimulates inflammation at CKD 

(293). During inflammation, activated NF-B transcribes proinflammatory cytokines, such as 

TNF-, MCP-1, IL-1, and IL-6, as well as a number of chemokines that can trigger tissue 

damage and subsequent loss of glomerular function. Further, NF-B plays a significant role in 

attracting leukocytes to the site of cellular injury by triggering the transcription of leukocyte 

adhesion molecules such as E-selectin, VCAM-1, and ICAM-1 (294).  

Almost every cell type of the kidney has been shown to activate NF-B signaling in CKD 

pathogenesis (290). Various extracellular and intracellular stimuli such as cytokines, ROS, toxic 

lipid intermediates, hyperglycemia and AGEs, angiotensin II, by-products of cellular 

macromolecule oxidation, and pathogen-associated molecular patterns can trigger NF-B 

activation in the kidney (288, 295). Being the most active site for tubular reabsorption, renal 

tubular cells are highly vulnerable to a wide range of injuries caused by lipotoxicity, proteinuria, 

ROS, and proinflammatory cytokines (296). It has been shown that chronic low-grade 

inflammation plays an important role during tubular injury in lipid overload (297). HFD feeding 

or FFA overload significantly increases the nuclear translocation of NF-B and subsequent 

expression of its target genes (TNF-, IL-6, and MCP-1) in the proximal tubular cells (298). 

Further, suppression of NF-B signaling could protect tubular and nephron injury in various 

animal models (299, 300). Therefore, inhibition of NF-B signaling would be an effective 

strategy to attenuate renal inflammation and reduce the progression of nephron damage in 

obesity-related CKD pathogenesis.   

1.6.4 Notch signaling and its impact on hepatic lipid metabolism  

The liver plays a significant role in controlling lipid homeostasis in the body (301). Impaired 

hepatic lipid metabolism is a hallmark of NAFLD, promoting dyslipidemia and lipotoxicity, 

primary causes for CKD pathogenesis at obesity (10, 200). Therefore, improvement of hepatic 
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lipid metabolism has been identified as an important therapeutic approach to manage CKD and 

fatty liver (144, 302). Notch is an important cell signaling pathway crucial for the development, 

repair, and homeostasis of the liver (303). During the embryonic development stage, Notch 

signaling plays a vital role in organogenesis by affecting cellular homeostasis, proliferation, 

differentiation, and apoptosis (304). In particular, Notch is essential for the morphogenesis and 

proper maturation of mammals' intrahepatic biliary duct system during embryonic development 

and postnatal growth of the liver (305). However, dysregulation of Notch signaling in the liver is 

associated with impaired energy metabolism, inflammation, and fibrosis (306). Recent studies 

indicate that overexpression of hepatic Notch signaling is positively related to impaired liver 

lipid metabolism and NAFLD (307-310).  

The Notch signaling pathway is a cell to cell communicating mechanism, which is evolutionarily 

conserved from fruit flies (Drosophila melanogaster) to humans (311). The components of this 

pathway include receptors, ligands, and intracellular proteins that transmit signals to the nucleus 

(311). Both Notch receptors and ligands are type-1 transmembrane proteins, which contain an 

extracellular domain, a transmembrane domain, and an intracellular domain. In the mammalian 

cell membranes, four types of Notch receptors (Notch1-4) and five types of Notch ligands have 

been identified. Notch ligands found in mammalian cell membranes belong to 

Delta/Serrate/LAG-2 (DSL) family of proteins that includes Delta-like (Dll1, Dll3, Dll4) and 

Jagged (Jag1, Jag2) proteins (312).  

The Notch pathway is activated by binding a Notch ligand with a Notch receptor located in the 

cell membranes of two adjacent cells (311). This interaction forms a Notch ligand-receptor 

complex between the two cells. Once the ligand-receptor complex is formed, the ligand 

expressing cell pulls the protein complex towards itself for endocytosis. The mechanical force 

generated due to this ligand-mediated endocytosis exposes the S2 site of the Notch receptor for 

the enzyme -secretase, which extracellularly cleaves the Notch receptor (311). After the 

shedding of the extracellular domain, the Notch receptor is then cleaved at S3 and S4 sites in the 

cell membrane by the enzyme -secretase, liberating the Notch intracellular domain (NICD). The 

NICD translocates into the nucleus and binds with the recombination signal binding protein for 

immunoglobulin kappa J region (RBPJ) protein to induce the transcription of Notch downstream 

genes such as hairy and enhancer of split (HES) and hairy and enhancer of split-related with 
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YRPW motif (HEY) transcription factor families (311). Under normal physiological conditions, 

the transcription of Notch target genes is inhibited by histone deacetylase (HDACs) and nuclear 

co-repressor (NCoR) complex attached to the RBPJ protein (313). Upon nuclear translocation, 

the NICD displaces HDAc and NCoR from the RBPJ protein. Further, NICD-RBPJ binding 

recruits mastermind-like protein 1 (MAML1) and histone acetyl-transferases (HATs), essential 

elements for activation of this transcription process (313). Figure 1.7 graphically illustrates the 

mechanism of the canonical Notch signaling pathway.  

Recently, dysregulation of hepatic Notch signaling has been associated with impaired energy 

metabolism in the liver. Significant elevation of hepatic Notch receptors (Notch1 and 2) and 

ligands (Jagged1 and 2) were observed in the liver biopsy samples of NAFLD patients and liver 

tissues of HFD-induced fatty liver mice (310). Further, they observed genetic or pharmacological 

inhibition of Notch improved glucose tolerance and reduced fatty liver in mice. Hyperlipidemia 

and insulin resistance are predominant characteristics of metabolic syndrome and NAFLD (314). 

Liver-specific Notch knockout mouse models have demonstrated inhibition of Notch signaling 

improved hyperglycemia and fatty liver disease (315, 316). Forkhead box protein O1 (FoxO1) 

activates the transcription of glucose 6-phosphatase catalytic subunit (G6pc) and 

phosphoenolpyruvate carboxykinase 1 (Pck1), the rate-limiting enzymes in hepatic 

glycogenolysis and gluconeogenesis, respectively. Pajvani et al. observed improved insulin 

resistance in multiple haploinsufficient FoxO1 and Notch1 (FoxO1
+/-

, Notch1
+/-

) DIO mice 

(316). The authors demonstrated that pharmacological inhibition of Notch by blocking the 

cleavage of NICD using N-[N-(3,5-difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester 

(DAPT), a -secretase inhibitor, improved glucose tolerance and insulin sensitivity in DIO mice. 

Therefore, this study suggested that NICD may synergistically act with FoxO1 to regulate 

hepatic gluconeogenesis.  

The mechanism of Notch-mediated regulation of hepatic lipogenesis remains unclear. However, 

recent studies suggest that Notch stabilizes the mammalian target of rapamycin complex 1 

(mTORC-1) in an unknown way to activate sterol regulatory element-binding transcription 

factor-1c (SREBP-1c) which stimulates de novo lipogenesis in the liver (310, 315, 317). The 

most important, yet unanswered question, is the upstream activator of Notch signaling in 

hepatocytes. HepG2 cells exposed to excessive amino acids and liver tissues of mice fed high-pr- 
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Figure 1.7 Graphical illustration of activation of the Notch signaling pathway.  

Abbreviations: NICD = Notch intracellular domain; HDACs = histone deacetylase; NCoR = 

nuclear co-repressor; RBPJ = Recombination signal binding protein for immunoglobulin kappa J 

region; (HATs) = histone acetyl-transferases; MAML = mastermind-like protein 1; HES = hairy 

and enhancer of split; HEY = hairy and enhancer of split-related with YRPW motif. 
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-otein diet showed reduced AMPK phosphorylation and activated Notch1, mTORC-1 and signal 

transducer and activator of transcription 3 (STAT3) (318). Metformin, an AMPK activator 

treated HepG2 cells inhibited mTORC-1/STAT3/Notch signaling (318). Further, chronic 

administration of metformin or rapamycin, an mTOR inhibitor, prevented high protein diet 

activated mTORC1/ STAT3/Notch1 signaling (318). The authors postulated that reduced AMPK 

phosphorylation activated mTORC-1/STAT3 signaling to trigger downstream Notch1 activation 

via Jagged1/Notch1 ligand receptor binding. In addition to the energy metabolism, several 

studies have suggested the cross-talk between Notch and NF-B signaling pathways (319-321). 

It has been shown that upon activation, NICD competes for binding with the IKK complex and 

thereby increases the nuclear localization of NF-B and stimulates production of inflammatory 

cytokines in T-cell (322). Therefore, targeting Notch signaling would be a novel therapeutic 

approach to improve hepatic lipid metabolism and inflammation at NAFLD. Figure 1.8 

illustrates the involvement of Notch signaling in regulating lipid metabolism and inflammation.  
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Figure 1.8 Involvement of Notch signaling in regulating lipid metabolism and inflammation.  

Abbreviations: NICD = Notch intracellular domain; mTORC1 = mammalian target of rapamycin 

complex 1; SREBP-1c = sterol regulatory element-binding transcription factor-1c; ACC1 = 

acetyl- coenzyme-A carboxylase 1; NF-B = nuclear factor kappa-light-chain-enhancer of 

activated B cells; CPT = carnitine palmitoyltransferase-I-alpha; ACOX1 = acyl-coenzyme-A 

oxidase1; AMPK = AMP-activated protein kinase. 
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1.7 Management of CKD and NAFLD  

1.7.1 Management of CKD 

There is no cure for kidney failure other than dialysis until a kidney is transplanted. However, 

early diagnosis and proper management practices by primary care clinicians can prevent CKD's 

adverse outcomes and progression to ESRD (323). Current CKD management includes lowering 

the progression rate by controlling the CKD risk factors and its associated complications, such as 

AKI and CVD, anemia, metabolic acidosis, and mineral and bone disorders (324). CKD 

management's ultimate goal is to prevent disease progression, minimize complications, and 

promote quality of life. The clinical practice guideline for the evaluation and management of 

CKD, published by the USA’s National Kidney Foundation, has illustrated four primary 

interventions to delay CKD progression (1). These include; 1) blood pressure control (<140/90 

mmHg), 2) use of angiotensin-converting enzyme inhibitors (ACE inhibitors) or angiotensin 

receptor blockers for albuminuria and hypertension, 3) diabetes control, and 4) correction of 

metabolic acidosis and other CKD complications (1). However, there is no single US Food and 

Drug Administration (FDA) approved drug to treat CKD. Given the significant cost of dialysis 

and renal transplantation, finding alternative treatment options to manage CKD has become 

urgent (3). 

1.7.2 Management of NAFLD 

NAFLD is managed by inhibiting NAFLD progression into its advanced stages and treating 

NAFLD-associated comorbidities (325). Currently, there is no FDA approved drug for NAFLD 

or NASH (325). Lifestyle modifications promoting weight loss such as exercise and caloric 

restriction have been identified as the most successful and safest strategies to manage NAFLD 

(326, 327). Multiple studies have shown that weight reduction (3% to 7%) through lifestyle 

modifications improved fatty liver, decreased hepatic inflammation, and reduced plasma levels 

of liver enzymes (ALT) (328, 329). Although weight loss is beneficial for improving NAFLD, it 

is a challenging task to achieve and maintain (330). Therefore, bariatric surgery has been 

identified as an efficient way to reduce weight in extremely obese individuals. Patients who 

underwent bariatric surgery have demonstrated significant weight loss along with increased 

insulin sensitivity and reduced hepatic steatosis and inflammation (331, 332). Additionally, it has 
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elevated the survival rates of patients with obesity-related comorbidities, especially CVD and 

cancer (331, 332). However, bariatric surgery would not be an effective treatment option for all 

individuals with NAFLD.  

Therapeutic agents that can improve hepatic lipid metabolism and metabolic syndrome have 

been suggested to treat NAFLD since impaired lipid metabolism and metabolic syndrome are 

hallmarks of NAFLD pathogenesis. Medications such as Metformin and Thiazolidinediones used 

to treat diabetes have shown improved liver enzyme levels (ALT and AST) in NAFLD patients 

(333, 334). However, their safety and the effect on improving liver histology are yet to be 

studied. Oxidative stress and inflammation are key driving forces of NAFLD progression. 

Vitamin E is a potent antioxidant with anti-inflammatory properties (335). A clinical study 

conducted using 247 non-diabetic NASH adults revealed that provision of vitamin E (800 

IU/day) significantly improved steatosis and lobular inflammation compared to the placebo 

group without an effect on fibrosis (336). However, further investigations are suggested to 

determine the efficacy of vitamin E as a potential drug to treat NAFLD. CVD is the most 

common cause of mortality among NAFLD patients. Therefore, drugs that can improve 

dyslipidemia and cardiovascular outcomes, such as statins, are also recommended to be given for 

NAFLD patients (337). However, still there is no single agent that can improve all the metabolic 

abnormalities related to NAFLD.  

Prevention of nephron injury is a vital component in the management of CKD. Oxidative stress, 

chronic-low grade inflammation, and lipotoxicity are major forces of CKD progression during 

obesity and HFD feeding (6, 47, 144, 338). NAFLD is an independent risk factor of CKD (13). 

Although the prevalences of CKD and NAFLD have been alarmingly increased during the last 

few decades, available treatment options are limited. Therefore, alternative treatment options that 

can attenuate chronic renal inflammation and improve liver lipid metabolism might be successful 

candidates to manage obesity-related CKD.    

1.8 Lingonberry  

1.8.1 Botany and horticulture of lingonberry 

Lingonberry (Vaccinium vitis-idaea L.) is an anthocyanin rich fruit, which has antioxidant, anti-

inflammatory, anti-diabetic, lipid lowering, antibacterial, anticancer, and neuroprotective 
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properties (29, 339-343). These dark red color berries are produced in evergreen perennial dwarf 

shrubs that grow mainly in the Arctic, sub-Arctic, Boreal, and temperate regions of the Northern 

Hemisphere (344). Lingonberry belongs to the family Ericaceae and the genus Vaccinium along 

with the other commonly consumed Vaccininium berries, including blueberries and cranberries 

(345). Although lingonberry is native to Scandinavia, it has been widely distributed in various 

regions of the world, depicted by numerous names (approximately 25 names) used in different 

languages. The most common English names are lingonberry, partridgeberry, mountain 

cranberry, lowbush cranberry, foxberry, alpine or rock cranberry, and cowberry (346).  

Lingonberry plants have semi-woody stems with shoots of 1-2 mm in diameter and grow up to 

10 – 40 cm in height. The leathery leaves are evergreen and ovate with a length of 5 – 30 mm, 

which alternate in a spiral around the stem (347). The plant has a taproot and a fine network of 

shallow fibrous roots (348). In the terminal racemes of the plant, white or light pink flowers are 

produced as a single unit or in clusters. Lingonberry fruit is a 6 – 10 mm diameter (0.2 – 0.4 g 

per fruit) bright to a dark red color (four-celled) true berry that is acidic to sour or bitter. The 

berries produce short-beaked true seeds average of 1 mm in length (22, 346).  

Two lingonberry sub-species have been identified based on the plant size and distribution; (1) V. 

vitis-idaea ssp. minus (Lodd) Hulten and (2) V. vitis-idaea ssp. vitis-idaea (L.) Britton (20, 349). 

Among the two sub-species, V. vitis-idaea ssp. minus is comparatively smaller in size (leaf width 

0.5 cm and length 1.0 cm and stem height < 20 cm) and prefers to grow in mountain regions of 

North America, Greenland, Iceland, northern Asia, and parts of Scandinavia. The other sub-

species V. vitis-idaea ssp. vitis-idaea is larger in size (leaf width 1.0 cm and length 2.5 cm and 

stem height > 30 cm) and found in lowland areas of Europe (20). There is a noticeable change in 

the flowering period of the two sub-species. The North American race, ssp. minus blooms once a 

year (September-October) while the European spp. vitis-idaea blooms twice a year (June-August 

and October-November) (22). The wild lingonberry naturally grown in Canadian provinces, 

including Manitoba, belongs to the sub-species minus (22).   

Lingonberry prefers acidic (pH 4.3 to 5.5), well-drained, and sandy or silt loam soils containing 

2-6% organic matter (350). Lingonberries bloom even at temperatures below the freezing point, 

and the plants can survive extreme climatic conditions such as heavy winds, winter cold (< -40 

C), and summer heat waves (351). Therefore, lingonberry is an ideal crop for the cold Canadian 
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Figure 1.9 Lingonberry, the plant, flowers, and the berries. 

(Copyright for the images is retained by Her Majesty the Queen in Right of Canada, as 

represented by the Minister of Agriculture and Agri-Food) 
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climate. It has been reported that lingonberry can be grown in all regions of Canada except 

south-western British Colombia (20). Lingonberry is a plant that benefits from cross-pollination, 

which depends on various types of flying insects, including honey bees, bumblebees, flies, 

beetles, and butterflies (20). Therefore, especially in Europe, where lingonberry production is 

established, pollinator cultivars (Red Pearl and Sussi) are planted at a density of 10% of the total 

lingonberry crop to maximize the berry production notwithstanding their low yield (352). The 

plants are generally spaced 0.5 m in a row and 0.75 m between rows (353). Although wind might 

be a minor contributor to the pollination process, heavy winds and rain can reduce pollination 

(352). Lingonberry naturally propagates via rhizomes and seeds. To meet the market demand and 

consistent supply of the produce, different countries have developed commercial lingonberry 

cultivars. Agriculture and Agri-Food Canada (AAFC) has created thirty-two hybrid lingonberry 

cultivars by crossing Canadian and European lingonberry varieties (354). However, still, there 

are no commercially available lingonberry cultivars for Native Canadian lingonberry varieties. 

The table (Table 1.3) below summarizes the main commercially available lingonberry cultivars 

and their characteristics in the world (352). 

1.8.2 Traditional and commercial uses of lingonberry 

Different cultures have used lingonberry for various purposes throughout history. The first 

written record about lingonberry use extends as early as the middle-ages. Icelandic law 

book Grágás published in the 13th century instructed their people to harvest lingonberries to 

what can be eaten on the spot, indicating the importance of this berry in Icelandic food culture 

(344). In 1694, the first Norwegian gardening book written by Christian Gartner suggested 

growing lingonberry in the home gardens as a culinary and medicinal plant (344). Lingonberry 

was an essential recipe for most of the cookbooks in Scandinavia from the 16th century. These 

berries were considered the savior of poor people in Sweden as the crofters used to collect wild 

lingonberries to compensate for their food shortage during low harvest seasons (344). Further, 

the demand for lingonberry was significantly increased during the World War II, when the 

Norwegian and Finnish governments instructed their people to prepare for a contingency food 

stock to face enemy attacks (344).            
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Table 1.3 Main commercially available lingonberry cultivars. 

Cultivar Berry size  

(g) 

Plant height 

(cm) 

Yield Country of origin 

Ammerland 0.28 30-36 High Netherlands  

Erntedank 0.17 36-41 High Germany 

Erntekrone 0.32 20-31 High Germany 

Erntesegen 0.41 31-38 High Germany 

European Red 0.19 13-20 Low to moderate U.S.A 

Ida 0.45 13-18 High Sweden 

Koralle 0.23 31-36 Moderate to high Netherlands 

Koralle/German 0.32 31-38 Moderate Germany 

Linnae 0.24 13-23 Data not available  Sweden 

Masovia 0.26 20-31 High Poland  

Regal 0.18 5-10 Low U.S.A 

Sanna 0.26 15-23 Moderate to high Sweden 

Scarlet 0.27 10-20 Moderate Norway 

Splendor 0.24 15-25 Moderate to high U.S.A 

Pollinizer cultivars 

Red Pearl 0.18 33-38 Low Netherlands  

Sussi 0.26 18-25 Moderate Sweden 

 

Traditional Scandinavians made soups and beverages using lingonberries and they ate 

lingonberry jam (made with or without sugar) with bread, potatoes, meatballs, steaks, herring, 

cow and reindeer milk, black blood pudding, pancakes or porridge (23). There is also a history of 

lingonberry use as a traditional treatment for various ailments. Indigenous people (Cree, Inuit 

and Déné) in Canada consumed lingonberries as a remedy for diarrhea and fever. Further, they 

used lingonberry hot packs to relief headache and swelling (24). Cree people in Quebec uses 

lingonberry to treat frequent urination and symptoms of diabetes (24). Traditional Russians have 

used lingonberries as a mild laxative, applied on skin to treat fungal infections, and drank 

lingonberry juice to cure sore throats. In Austrian folk medicine, lingonberry jelly or syrup was 
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used to treat disorders of the gastrointestinal tract, kidneys and urinary tract, and fever (25, 355). 

Currently, lingonberry is emerging as an important source for many commercial products in 

various market disciplines, including food and health, beauty and cosmetics, and liquor. 

Generally, the berries or leaves of the lingonberry plant are frequently used as raw materials for 

these commercial products. 

1.8.3 Nutritional composition of lingonberry 

Lingonberry is considered a nutritionally rich healthy fruit as it is high in fiber, low in sugars, 

and rich in essential vitamins and minerals (356). One serving of fresh lingonberries (100 g) 

provides approximately 50 calories (219 kJ), 3.7 g of dietary fiber, 11.5 g of carbohydrates, 1.2 g 

of fat, 0.8 g of protein, and 0.3 g of ash (357). Significantly higher moisture content (86.3%) and 

lower protein and fat levels make sugars in lingonberry the primary energy source (357).  The 

vitamins found in lingonberry include vitamin A, B(s), C, and E. Further, lingonberry contains 

essential macro and micro minerals such as sodium, potassium, calcium, magnesium, 

phosphorus, iron, copper, zinc, iodine, and manganese. Lingonberry has a significantly higher 

level of benzoic acid, which is reported around 135 mg (per 100 g FW) (357). As 

monosaccharides, glucose and fructose have been recorded at levels of 4.3 and 4.2 g (per 100 g 

FW), respectively. Sucrose is the only disaccharide found in lingonberry, which has been 

reported around 2.0 g (per 100 g FW) (357). The total sugar content in lingonberry is about 8.7 g 

(per 100g FW) (357). Table 1.4 lists the nutritional composition of lingonberry, adapted from the 

DTU Food National Institute, 2016 (357).  
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Table 1.4 Nutritional composition of lingonberry.  The values were adapted from the DTU Food 

National Institute, 2016 (357). 

Component Amount/100 g of fresh berries 

Water 86.300 g 

Total carbohydrate 11.500 g 

Glucose 4.300 g 

Fructose 4.200 g 

Sucrose 0.200 g 

Starch  0.100 g 

Cellulose  0.600 g 

Lignin 0.900 g 

Total protein  0.800 g 

Alanine  0.970 g 

Arginine 6.260 g 

Asparagine 12.520 g 

Aspartic acid 0.900 g 

Citrulline 0.280 g 

            -Aminobutryic acid (GABA) 4.690 g 

Glutamic acid 0.970 g 

Glutamine  3.670 g 

Glycine 0.180 g 

Histidine 0.660 g 

Hydroxyproline 3.080 g 

Isoleucine 0.200 g 

Leucine 0.300 g 

Lysine 0.300 g 

Methionine 0.090 g 

Phenylalanine 0.380 g 

Proline 2.030 g 

Serine 1.820 g 
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Threonine 0.760 g 

Tryptophan 1.440 g 

Tyrosine 1.250 g 

Valine 1.000 g 

Total lipids  1.200 g 

Total saturated fatty acids  0.042 g 

Palmitic acid (C16) 0.037 g 

Stearic acid (C18) 0.005 g 

Total monounsaturated fatty acids 0.135 g 

Palmitoleic acid (C16:1, n-7) 0.002 g 

Oleic acid (C18:1, n-9) 0.133 g 

Total polyunsaturated fatty acids  0.782 g 

-linolenic acid (C18:3 n-3) 0.438 g 

Linoleic acid (C18:2, n-6) 0.344 g 

Total fatty acids 0.959 g 

Total n-3 fatty acids 0.438 g 

Total n-6 fatty acids 0.344 g 

Organic acids   

Benzoic acid  135 mg 

Vitamins  

Vitamin A 1.750 (Retinol equivalents) 

-carotene 21.00 g 

Vitamin E (-tocopherol) 1.600 mg 

Vitamin B1 0.050 mg 

            Vitamin B2 (riboflavin) 0.040 mg 

Vitamin B3 (niacin) 0.500 mg 

Vitamin B6 (pyridoxine) 0.013 mg 

Vitamin B5 (pantothenic acid) 0.120 mg 

Vitamin B7 (biotin) 2.400 g 

Vitamin B9 (folate) 2.000 g 
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Vitamin C 11.000 mg 

Minerals  

Sodium (Na) 2.000 mg 

Potassium (K) 89.000 mg 

Calcium (Ca) 20.000 mg 

Magnesium (Mg) 9.000 mg 

Phosphorus (P) 16.000 mg 

Iron (Fe) 0.400 mg 

Copper (Cu)  0.072 mg 

Zinc (Zn) 0.180 mg 

Iodine (I) 0.150 g 

Manganese (Mn) 3.200 mg 

 

1.8.4 Bioactive compounds in lingonberry  

Bioactive compounds can be defined as chemicals found in small quantities in food, which have 

beneficial health effects beyond their nutritional values (358). Lingonberry is an ideal source for 

bioactive compounds such as vitamins, minerals, and polyphenols (19). An increasing number of 

studies have shown that lingonberry’s broad array of health benefits are related to its polyphenol 

constituents, particularly anthocyanins (359). Plant chemical compounds (phytochemicals) with 

more than one phenolic hydroxyl group are known as polyphenols. Also, they are the most 

extensively studied group of phytochemicals for their health benefits. (360).  

Polyphenols are secondary metabolites and are generally soluble in water. They often conjugate 

with organic acid and sugar molecules and exhibit strong antioxidant properties by neutralizing 

radicals via donating an electron or hydrogen atom while maintaining their chemical structure 

unaltered (361). To date, more than 8000 structurally different polyphenols have been identified. 

The polyphenols are classified into four groups; 1) flavonoids, 2) phenolic acids, 3) stilbenes, 

and 4) lignans, based on the number of phenol rings and the elements bounds to those rings 

(361). Among the four polyphenol groups, the flavonoids contain the highest number of 

polyphenol compounds that have been identified, including anthocyanidins that are well-known 
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for their health benefits (362). Figure 1.10 summarizes major categories of polyphenols and their 

subgroup flavonoids.   

In multiple studies, high-performance liquid chromatography (HPLC) and mass spectrometry 

(MS) analysis have shown that lingonberry contains significantly higher amounts of 

anthocyanins. However, the content of bioactive compounds in lingonberry can be changed 

depending on a variety of factors including, genetic and environmental factors, such as cultivar, 

cultivation methods, fertilization, weather, degree of maturity, harvesting season, and postharvest 

storage conditions and time. Also, the analysis technique and the solvents used to extract may 

affect these values (19, 359). Table 1.5 lists different polyphenols found in lingonberries. 

1.8.5 Antioxidant activity of lingonberry polyphenols  

Antioxidants are natural or synthetic compounds that neutralize free radicals or inhibit the 

generation of free radicals (363). Vitamin A, C, and E and most plant polyphenols are considered 

common exogenous antioxidants available for humans (363). Besides repairing the damage 

caused by free radicals, polyphenols also exhibit antioxidant properties by donating a proton 

(from the phenolic hydroxyl group) and neutralizing free radicals, which break the propagation 

of chain reaction and further generation of free radicals (364). Neutralization of a free radical by 

a particular polyphenol will yield the radical form of that polyphenol. However, the hydroxyl 

groups and their interactions with the electron cloud of the benzene ring make the later formed 

polyphenol radical much more stable than the initial free radical being neutralized (364).  

Transition metals, especially iron (Fe), copper (Cu), and manganese (Mn) undergo redox cycling 

reactions and produce free radicals. For example, oxidation of iron (Fe) from Fe
2+

 to Fe
3+ 

produces highly reactive hydroxyl radicals from hydrogen peroxide in biological systems 

(Fenton reaction) (361). Polyphenols can chelate metal ions and reduce oxidative stress via 

sequestration of transition metals. Further, the structure of polyphenols reveals their ability to 

bind with proteins due to their hydrophobic benzene rings and hydrogen-bonding potential of the 

phenolic hydroxyl groups. This characteristic feature allows polyphenols to bind and inactivate 

free radical forming enzymes such as lipoxygenases, xanthine oxidase, cytochrome P450 

isoforms, and cyclooxygenase. Polyphenols have also been identified to increase the antioxidant 

activity of vitamin A, C, and E via synergistic binding (361).  
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Figure 1.10 Major categories of polyphenols and its subgroup flavonoids.   
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Table 1.5 Polyphenols found in lingonberry. 

Polyphenol Per 100 g of fresh berries Reference 

 Anthocyanins    

Cyanidin-3-arabinoside 82 – 95 mg (21, 349, 365, 366) 

Cyanidin-3-galactoside 107 – 122 mg 

Cyanidin-3-glucoside 3 – 6.6 mg 

Peonidin-3-glucoside 4.1 mg 

   Total anthocyanins 575 – 810 mg 

Proanthocyanidins    

Monomers 41 – 89  mg (365-368) 

A-type dimers 8 – 22 mg 

B-type dimers 27.5 – 46 mg 

Total dimers 89 mg 

A-type trimers 7.3 – 10 mg 

B-type trimers 3 – 36 mg   

Total trimers 43 mg  

Tetramers 20 – 29 mg 

Pentamers 19 mg 

Hexamers 14 mg 

Heptamers 5.8 mg 

Pentamers-heptamers 30 mg 

Octamers 3.7 mg 

Nonamers 2.7 mg 

Decamers 0.6 mg 

Polymers 5.5 – 27 mg 

  Total proanthocyanidins 151– 279 mg  

Tannins   

  Total tannins 517 mg (369) 

Flavanols   

Catechin 7 – 13 mg (21, 366-368, 370, 
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Epicatechin 2.5 – 10.7 mg 371) 

Kaempferol 0.5 mg 

Kaempferol-3-glucoside 0.04 – 0.8 mg 

Quercetin 1.5 – 14.6 mg 

Quercetin-3-arabinoside 1.4 – 4.1 mg 

Quercetin-3-diglucoside 0.03 mg 

Quercetin-3-galactoside 1.6 – 8.6 mg 

Quercetin-3-glucoside 0.23 – 0.4 mg 

Quercetin-3-rhamnoside 2 – 8.2 mg 

Quercetin-3-rutinoside 0.05 mg 

Quercetin-3-xyloside 0.06 mg 

Quercetin-rhamnoside 2.5 mg 

   Total flavonols 76 – 163 mg 

Phenolic acids   

Caffeic acid 4.0 – 6.3 mg (21, 365, 366) 

Caffeic acid glucoside 0.07 mg 

Chlorogenic acid 18.3 mg 

Ellagic acid 1.36 mg 

Ferulic acid 0.9 mg 

Gallic acid 2.85 mg 

Hydroxybenzoic acids 9 – 15 mg 

Hydroxycinnamic acids 32 – 78 mg 

m-coumaric acid 6.7 mg 

p-coumaric acid 6.2 – 8.3 mg 

Protocatechuic acid 0.24 mg 

Shikimic acid 0.08 mg 

Total phenolic acids 26 mg  

Stilbenes   

Resveratrol 0.01 – 0.09 mg (372) 

Total phenolic compounds  387 – 1080 mg GAE
*
 (349, 368, 369) 

*
GAE: Gallic acid equivalents 
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Oxygen radical absorbance capacity (ORAC) assay, the ABTS [2,20- 

azinobis(3ethylbenzothiazoline-6-sulfonic acid)] radical cation assay and 1,1-diphenyl-2-

picrylhydrazyl (DPPH) radical scavenging assay are widely used fluorescent and colorimetric 

methods to determine the antioxidant capacity of chemical compounds (373). We detected 

significantly higher ORAC values and total phenolic contents in Manitoba lingonberries 

compared to commercially available blueberries and cranberries. However, these values could be 

affected by the extraction method and the sample (time of harvest, sample storage conditions, 

location of the cultivation and the moisture content). Table 1.6 shows the ORAC and total 

phenolic values of wild Manitoba lingonberries, commercially available blueberries, and 

cranberries.   

Table 1.6 ORAC and total phenolic values of Manitoba lingonberry and commercially available 

blueberry and cranberry. Prashar S and Siow YL, unpublished data; methods for analysis are as 

stated in Isaak et al., 2015 (349). 

Fruit ORAC value (mol Trolox 

Equivalents/100 g of fresh 

berries) 

Total phenolics (mg Gallic 

Acid Equivalents/ 100 g of 

fresh berries) 

Manitoba Lingonberry (Wild) 14602 ± 159 558 ± 3 

Blueberry (Commercial) 5936 ± 214 461 ± 11 

Cranberry (Commercial)  5230 ± 72 349 ± 16 

 

Concerning the polyphenols, anthocyanins are the most abundant polyphenols detected in 

Manitoba wild lingonberries (349). Therefore, it is possible to hypothesize that anthocyanins 

may play a significant role in the antioxidant properties of lingonberries. Anthocyanins are 

water-soluble molecules weighing 400 to 1200 g/mol, responsible for many plant tissues' blue, 

purple, and red color. Cyanidin, delphinidin, peonidin, pelargonidin, and malvidin are the most 

common anthocyanins found in plant tissues (364). Immediately after synthesis, anthocyanins 

undergo modifications such as glycosylation, methylation, and acetylation (374). Glycosylation 

stabilizes anthocyanins (anthocyanin aglycons) by attaching a sugar moiety such as glucose, 

galactose, rhamnose, and arabinose to the carbon 3, 5, 7, 3’, and 5’ positions (the 3 and 5 

positions are common in nature) of the anthocyanin molecule (374). We have identified three 
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different anthocyanidins in Manitoba lingonberry, namely; 1) cyanidin-3-galactoside (C3Gal), 2) 

cyanidin-3-arabinoside (C3Ara), and 3) cyanidin-3-glucoside (C3Glu) (349). The three 

anthocyanin levels ranged from 97 to 115 mg/100 g fresh weight (FW) for C3Gal, for 13 to 15 

mg/100 g FW for C3Ara, and from 5.4 to 6.5 mg/100 g FW for C3Glu (22).  

1.8.6 Health benefits of lingonberry 

The health benefits of berries have been extensively studied during the last few decades. A 

detailed review published by Yang and Kortesniemi reveals a wide range of clinical findings of 

consuming berry-rich diets can reduce the risk for obesity, diabetes, metabolic syndrome, 

chronic inflammation, and heart diseases (375).  A cohort study with an 18-year follow-up of 

93600 young women (aged 25 to 42 years) from the Nurses’ Health Study (NHS) II found that 

anthocyanin intake was only 0.4% negatively related to the incidence of myocardial infarction 

(376). A cross-sectional study performed with 1898 women (aged 18-75 years) showed that 

increased anthocyanin consumption was associated with reduced risk for arterial stiffness and 

hypertension (377). Calculating and analyzing individual polyphenol consumption in 2375 

participants of Framingham Heart Study Offspring Cohort, Cassidy et al. demonstrated that the 

anti-inflammatory effects of anthocyanins play a significant role in its positive health effects in 

many chronic diseases (378). As an anthocyanin rich fruit, the potential health benefits of 

lingonberries have been studied for obesity, diabetes, metabolic syndrome, antioxidant and anti-

inflammatory activities, anti-cancer, neuroprotective and cardioprotective effects. Table 1.7 lists 

different health benefits of lingonberries reported in various experimental models.  
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Table 1.7 Health benefits of lingonberry. 

Method Model Health Effect Reference 

Protective effects against obesity, diabetes and metabolic syndrome 

Women were given a 

1. Control diet (35 g sucrose + 

water) 

2. LB Puree/Juice + 35 g 

sucrose 

3. Blackcurrant Puree/Juice + 

35 g sucrose 

Blood was taken at 0, 15, 30, 45, 60, 

90 and 120 min 

Cross over trial 

with 20 healthy 

women. Ages 25-

69 years old. BMI 

20-28 

LB supplementation 

reduced postprandial 

glucose, plasma insulin 

levels and free fatty 

acids 

(379) 

Mice were fed for 6 weeks with  

1. Low-fat diet (LFD)  

2. HFD (46 kcal% fat)  

3. HFD supplemented with 

20% (w/w) LB powder 

Male C57BL/6N 

mice 

LB supplementation 

reduced HFD-induced 

genes involved in 

inflammation. 

Improved the 

expression of genes 

related to lipid and 

glucose metabolism.  

(380) 

Mice were fed for 11 weeks with a 

1. Control HFD (45% kcal fat) 

2. HFD+LB diet 1 (20% w/w 

LB powder) 

3. HFD+LB diet 2 (20% w/w 

LB powder) 

(The two LB diets were prepared 

from two LB harvests) 

Male C57BL/6J 

mice 

LB supplementation 

reduced body weight, 

liver mass, body fat, 

plasma cholesterol, 

Serum Amyloid A, 

LPS-binding protein, 

glucose, and alanine 

transaminase levels 

(381) 

Human liver carcinoma cells were 

treated with lingonberry methanol 

HepG2 cells LB extracts at all 

concentrations 

(382) 
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extracts (12.5, 25, and 50 g/mL) increased glucose 

uptake  

Antioxidant and anti-inflammatory effects 

Rats were divided into five groups 

and Manitoba LB juice (LBJ) was 

fed for 3 weeks prior to ischemia 

reperfusion (IR) in the kidney  

1. Sham 

2. Sham + LBJ 33% 

3. IR 

4. IR + LBJ 20% 

5. IR + LBJ 33% 

Male Sprague–

Dawley rats and 

human kidney 

proximal tubular 

cells (HK-2) 

Supplementation of 

LBJ reduced loss of 

kidney function induced 

by IR injury modulating 

JNK signalling and 

inhibiting the 

subsequent 

inflammation  

(26) 

Adipocytes and macrophages were 

pretreated with lingonberry extracts 

(0.05, 0.5, and 1 mg/mL) followed 

by  treatment with LPS and TNF-   

3T3-L1 

adipocytes and 

RAW 264.7 

macrophages 

LB extracts reduced 

inflammation (reduced 

IL-6, MCP-1 and IL-1β 

levels) and oxidative 

stress (elevated 

superoxide dismutase, 

catalase and glutathione 

peroxidase levels and 

reduced NADPH 

oxidase 4 and ROS 

levels) in adipocytes 

and macrophages  

(340) 

Anti-Cancer effects 

Mice were fed for 10 weeks a 

1. Modified high-fat (MHFD) 

2. MHFD + LB (10% w/w LB 

powder) 

3. MHFD + BB (10% w/w 

bilberry powder) 

Multiple intestinal 

neoplasia/+ mice 

LB supplementation 

reduced intestinal 

adenoma formation, 

tumor number and size, 

and adenosine 

deaminase activity 

(383) 
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MHFD + CB (10% w/w cloudberry 

powder) 

Human oral tongue squamous cell 

carcinoma (OTSCC) cell lines, 

HSC-3 (more aggressive) and SCC-

25 (less aggressive) were treated 

with  

1. Fermented lingonberry juice 

(FLBJ at 500, 2500, or 5000 

g/mL) 

2. Curcumin dissolved in 

ethanol 

3. Curcumin loaded in Candida 

extracellular vesicles 

HSC-3 and SCC-

25 cells 

FLBJ inhibited 

proliferation and 

invasiveness of OTSCC 

cells 

(384) 

Neuroprotective effects 

Rat primary cortical and 

hippocampal neurons were 

pretreated with LB extract (10 – 200 

g/mL) 

Rat primary 

cortical and 

hippocampal 

neurons 

LB treated cells showed 

a reduction of β-

amyloid levels, 

acetylcholinesterase 

activity and caspases (3, 

7 and 9) 

(385) 

Cardioprotective effects 

Spontaneously hypertensive rats 

(SHR) were given cold compressed 

LB, cranberry or blackcurrant juices 

for 8 weeks.  

SHR rats  LBJ fed rats had 

significantly lower 

mRNA expression of 

angiotensin-converting 

enzyme 1, 

cyclooxygenase 2, 

MCP1 and P-selectin in 

the aorta  

(31) 
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Chapter 2: Hypothesis and Objectives 
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2.1 Rationale  

The global prevalence of CKD has been significantly elevated with the increased incidences of 

obesity, diabetes, and sedentary lifestyle (3). CKD has limited treatment options, which is 

currently managed by lowering the CKD risk factors and associated complications such as 

edema, anemia, CVD, and bone and mineral disorders (324). Therefore, finding alternative 

treatment options to slow the progression rate of CKD is essential to reduce the number of 

patients who develop renal failure, the final stage of CKD that requires more expensive treatment 

options like dialysis until a kidney transplant is received (386). The liver-kidney axis has been 

identified as a crucial mediator in CKD pathogenesis (387). NAFLD is an independent risk 

factor for CKD, which is commonly observed among obese CKD patients (13, 14). Lipotoxicity 

and chronic low-grade inflammation are primary mediators of both NAFLD and obesity-induced 

CKD progression (13). Impaired hepatic lipid metabolism plays a major role in dyslipidemia and 

systemic inflammation in NAFLD (200). Therefore, attenuation of renal inflammation and 

improvement of fatty liver and hepatic lipid metabolism would be essential therapeutic targets to 

protect from obesity/HFD induced CKD.  

NF-B is a central regulator of inflammatory signaling (282). Several studies have shown 

increased expression of NF-B signaling in chronic low-grade inflammation in various renal 

diseases (136, 265, 266). Further, analysis of human kidney biopsies of CKD patients and 

experiments conducted in various CKD animal models have revealed that NF-B is a critical 

transcription factor that stimulates inflammation at CKD (293). Therefore, inhibition or 

suppression of renal NF-B signaling presents a target for managing CKD. Impaired hepatic 

lipid metabolism in NAFLD comprises increased hepatic de novo lipogenesis and decreased fatty 

acid oxidation (388). It has been demonstrated that overexpression of hepatic Notch1 signaling 

stimulates de novo lipogenesis and dampens fatty acid oxidation in the fatty liver (315, 389, 

390). Thus, attenuation of the hepatic Notch1 signaling pathway might be an important mediator 

in improving liver lipid metabolism.      

Anthocyanins have been reported for their potential health benefits for antioxidant, anti-

inflammatory, antidiabetic, neuroprotective, lipid lowering, and anticancer properties in different 

experimental settings (391). Remarkably higher anthocyanin content and antioxidant capacity of 

Manitoba wild lingonberry make it an ideal candidate for dietary intervention to prevent various 
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chronic diseases (20). Although recent studies have demonstrated lingonberry's potential health 

benefits against several acute and chronic diseases, none of these studies have focused on its 

effect on CKD (392). As a commonly consumed berry that can be easily incorporated into the 

daily diet, understanding the therapeutic importance of lingonberry would position it as a 

potential dietary supplement that can prevent CKD.  

2.2 Hypothesis  

In obesity or HFD feeding, dyslipidemia causes lipotoxicity by overloading fatty acids into the 

kidney, which subsequently activates NF-B signaling and chronic low-grade inflammation. 

NAFLD is an early observation during HFD feeding, which triggers dyslipidemia and systemic 

inflammation impairing hepatic lipid metabolism. In this thesis, I hypothesized that 

supplementation of Manitoba wild lingonberry would 1) protect HFD-induced CKD by 

attenuating renal damage and NF-B mediated inflammation; 2) reduce dyslipidemia and fatty 

liver caused by HFD feeding through improving hepatic lipid metabolism.   

2.3 Objectives  

The general objective of this thesis was to examine the effect of Manitoba wild lingonberry 

supplementation on HFD-induced CKD and impaired hepatic lipid metabolism, using the HFD-

fed mice as a model system and verification using cultured cell model. The specific objectives of 

this project are as follows: 

Objective 1: To investigate the potential renal protective effect of lingonberry and its 

anthocyanin (C3Glu) in HFD-induced obese mice and in human proximal tubular cells.  

Objective 2: To investigate the effect and mechanisms of lingonberry supplementation on hepatic 

steatosis, oxidative stress and inflammatory response in a mouse model with HFD-induced fatty 

liver injury.  

Objective 3: To investigate the impact of lingonberry supplementation on Notch-mediated lipid 

metabolism using a mouse model of NAFLD induced by HFD feeding. 
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Transition statement I 

Chronic low-grade inflammation is the central pathological mediator that triggers nephron 

damage and progression of CKD in obesity/HFD feeding (6, 10). Elevated expression of 

proinflammatory cytokines (TNF-, MCP-1, and IL-6) and NF-B have been observed in 

biopsies of CKD human kidneys and kidney tissues of CKD animal models (293). Further, 

inhibition of renal inflammation attenuates kidney damage and improves renal function (393). 

We have previously reported that supplementation of Manitoba lingonberry protected rat kidneys 

from ischemia-reperfusion-induced injury via inhibiting JNK signaling (26). Additionally, 

lingonberry anthocyanins prevented hydrogen peroxide-induced apoptosis in cardiac cell cultures 

(27). Therefore, the first study (Manuscript I) of this thesis was designed to test the hypothesis 

that supplementation of Manitoba wild lingonberry would protect HFD-induced CKD by 

attenuating renal damage and NF-B mediated inflammation. Specifically (objective 1), study I 

aimed to investigate the potential renoprotective effect of lingonberry and one of its bioactive 

anthocyanins, C3Glu, in HFD-induced obese mice and in human proximal tubular cells. 
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Chapter 3: Study I 
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Manuscript I 

 

Inhibition of inflammatory cytokine expression prevents high-fat diet-induced 

kidney injury: Role of lingonberry supplementation 

Madduma Hewage S, Prashar S, Debnath SC, O K, Siow YL. Front Med. 2020; 7:80. 

. 
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3.1 Abstract 

Chronic low-grade inflammation is a major stimulus for progression of chronic kidney disease 

(CKD) in individuals consuming high-fat diet. Currently, there are limited treatment options for 

CKD other than controlling the progression rate and its associated complications. Lingonberry 

(Vaccinium vitis-idaea L.) is rich in anthocyanins with demonstrated anti-inflammatory effect. In 

the current study, we investigated the potential renal protective effect of lingonberry and its 

anthocyanin (cyanidin-3-glucoside) in high-fat diet fed obese mice and in human proximal 

tubular cells. Prolonged consumption of high-fat diets is strongly associated with obesity, 

abnormal lipid and glucose metabolism. Mice (C57BL/6J) fed a high-fat diet (62% kcal fat) for 

12 weeks developed renal injury as indicated by an elevation of blood urea nitrogen (BUN) level 

as well as an increase in renal kidney injury molecule-1 (KIM-1), neutrophil gelatinase-

associated lipocalin (NGAL) and renin expression. Those mice displayed an activation of nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-B) and increased expression of 

inflammatory cytokines (monocyte chemoattractant-1 (MCP-1), tumor necrosis factor alpha 

(TNF-, interleukin-6 (IL-6) in the kidneys. Mice fed a high-fat diet also had a significant 

elevation of inflammatory cytokine levels in the plasma. Dietary supplementation of lingonberry 

for 12 weeks not only attenuated high-fat diet-induced renal inflammatory response but also 

reduced kidney injury. Such a treatment improved plasma lipid and glucose profiles, reduced 

plasma inflammatory cytokine levels but did not affect body weight gain induced by high-fat diet 

feeding. Lingonberry extract or its active component cyanidin-3-glucoside effectively inhibited 

palmitic acid-induced NF-B activation and inflammatory cytokine expression in proximal 

tubular cells. These results suggest that lingonberry supplementation can reduce inflammatory 

response and prevent chronic kidney injury. Such a renal protective effect by lingonberry and its 

active component may be mediated, in part, through NF-B signaling pathway. 

3.2 Introduction  

Chronic kidney disease (CKD) is a common kidney disease with a progressive decline of renal 

function (394). Obesity and metabolic syndrome are independent risk factors for the 

development of CKD (395). Obesity is prevalent in many countries around the world. Large 

cohort studies have shown that the incidence of CKD increases by 20-88% in obese individuals 

(6, 396, 397). There is increasing evidence that patients who survived acute kidney injury have 
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increased risks in developing CKD (398). CKD has emerged as a serious economic threat to 

health care systems globally due to its increasing prevalence, complications (such as anemia, 

cardiovascular disease, and bone and mineral disorders), immense expenses associated with renal 

replacement therapy, high morbidity and mortality (394).  

The pathophysiology of CKD is complex and incompletely understood. Several mechanisms by 

which obesity causes CKD have been proposed, which include renal lipid accumulation, 

inflammation and mitochondrial dysfunction (6, 47, 399). Chronic inflammatory response has 

been implicated as one of the important mediators contributing to kidney injury in patients with 

obesity (400). A study conducted in patients with chronic renal insufficiency revealed that 

kidney injury was positively correlated to the levels of proinflammatory cytokines, namely, 

tumor necrosis factor alpha (TNF-) and interleukin-6 (IL-6) in the plasma (401). It was reported 

that casein-induced inflammatory stress promoted renal lipid accumulation and glomerular lesion 

formation in high-fat diets (HFD) fed obese mice that displayed renal and systemic changes 

compatible to human obesity-related CKD (47). Chronic consumption of HFD is a major 

contributor to the development of obesity and metabolic abnormalities. In our previous studies, 

we observed an increased body weight gain and metabolic abnormalities (hyperlipidemia, 

hyperglycemia) in mice fed a HFD for 5-12 weeks (85, 86, 241, 402-404). Recent studies 

demonstrated renal injury in diet-induced obese mice, a murine model of CKD (399, 405).  

Currently, there is no specific treatment for CKD other than lowering the progression rate by 

controlling the CKD risk factors and its associated complications (CVD, edema, anemia, and 

bone and mineral disorders) (4). The most common medications prescribe for CKD patients 

include diuretics, erythropoietins, antihypertensive agents, statins and calcium and vitamin D 

supplements (4). Certain dietary restrictions are recommended to control the intake of protein, 

sugar, salt and fiber content (4). In our previous study, we reported that supplementation of diet 

with lingonberry juice could protect rats against ischemia-reperfusion-induced acute kidney 

injury (26). Lingonberry (Vaccinium vitis-idaea L.) is an evergreen dwarf shrub native to North 

America and Eurasia throughout the Northern Hemisphere (20). The bright reddish color berries 

produced by these plants are edible and is opulent with anthocyanins compared to the other 

commonly consumed berries (21). Anthocyanins are a group of water soluble flavonoids known 

for their antioxidant, anti-inflammatory, and anticancer properties (362). Lingonberry contains 
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three types of anthocyanins, identified as cyanidin-3-galactoside, cyanidin-3-glucoside (C-3-Glu) 

and cyanidin-3-arabinoside (349). Among these, C3Glu is known to improve the redox status, 

energy, and glucose metabolism in rat kidneys (406). Furthermore, recent studies have revealed 

that lingonberry exhibits antidiabetic and renal protective properties (26, 28). However, its role 

in CKD has not been identified. In the current study, we investigated the potential renal 

protective effect of lingonberry and its anthocyanin (C3Glu) in HFD-induced obese mice and in 

human proximal tubular cells.  

3.3 Materials and methods 

3.3.1 Animal model 

Five weeks old C57BL/6J male mice were purchased from the University of Manitoba Central 

Animal Care Services (Winnipeg, MB, Canada). Animals were housed two per cage in a 

temperature- and humidity-controlled room with a 12 h dark–12 h light cycle, and freely 

accessible for water and feed. Mice were divided into three groups (n=10): 1) Control (D12450J) 

diet consisted of 11% kcal fat, 18% kcal protein, and 71% kcal carbohydrate, 2) HFD (D12492) 

consisted of 62% kcal fat, 18% kcal protein, and 20% kcal carbohydrate, and 3) HFD 

supplemented with 5% Manitoba lingonberry (Vaccinium vitis-idaea ssp. minus (Lodd.) Hult.) 

(w/w) (D17022206). The animals were fed ad libitum for 12 weeks with the diets listed 

(Research Diets, Brunswick, NJ, USA). Fasting blood was collected at week 12 from the jugular 

vein after a 6 h fasting period to measure the following plasma analytes: triglyceride, total 

cholesterol, and urea/BUN, using the Cobas C111 Analyzer (Roche, Risch-Rotkreuz, 

Switzerland). Fasting blood glucose was measured at week 12 using AlphaTRAK 2 Blood 

Glucose Test Strips (Zoetis, Kirkland, QC, Canada). At the end of the week 12, animals were 

sacrificed, the kidneys and blood were collected. All procedures were performed in accordance 

with the Guide to the Care and Use of Experimental Animals published by the Canadian Council 

on Animal Care and approved by the University of Manitoba Protocol Management and Review 

Committee. 

3.3.2 Cell culture 

Human proximal tubule epithelial cells (HK-2) were purchased from American Type Culture 

Collection (CRL-2190, Manassas, VA, USA) and maintained in keratinocyte serum-free media 
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supplemented with 5 ng/mL human recombinant epidermal growth factor and 50 ng/mL bovine 

pituitary extract (Life Technologies, Carlsbad, CA, USA) at 37°C in 95% oxygen–5% carbon 

dioxide atmosphere. The cells were sub-cultured at or below 90% confluency once every 2-3 

days and passages between 5 to 20 were used for all the experiments. The cells were seeded in 6-

well plates or 100 mm dishes at a density of 2.0 × 10
5
 cells per well or 2 × 10

6
 cells per dish 

depending on the assay. The cells seeded in 6-well plate were pre-treated for 4 h either with 

cyanidin-3-glucoside (C3Glu )(2, 10 and 20 M; Cerilliant Corp., Round Rock, TX, USA) or 

various dilutions of lingonberry extract (1:1000, 1:500 and 1:200). The lingonberry (LB) extract 

was prepared as previously described (349). After the pre-treatment, the cells were incubated for 

4 hours with palmitic acid (Sigma-Aldrich. St. Louis, MO, USA; dissolved in 10% fatty acid-free 

bovine serum albumin by gently shaking overnight at 37°C) prior to being added to the culture 

medium (86). In one set of experiments, cells were pre-incubated for 1 h with 100 M 

ammonium pyrrolidinedithiocarbamate (PDTC; Sigma Aldrich), a selective inhibitor of NF-B, 

prior to treatment with palmitic acid. 

3.3.3 Cell viability assay 

The influence of C3Glu and LB extract on HK-2 cell viability was examined using the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were seeded 

in a 96-well plate at a density of 20 000 cells/well. After 24 h incubation, cells were treated with 

different concentrations of palmitic acid, C3Glu or LB extract for another 24 h. The yellow 

tetrazolium MTT (Sigma-Aldrich) was added to each well to yield a final concentration of 

100 M. The supernatant was aspirated 4 h later and the MTT formazan crystals were dissolved 

in dimethyl sulfoxide (DMSO; Thermo Fisher Scientific, Waltham, MA, USA). The absorbance 

at 540 nm was read using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, 

CA, USA). 

3.3.4 Measurement of mRNA expression 

Relative mRNA expression of kidney injury molecule-1 (KIM-1), IL-6, monocyte 

chemoattractant protein-1 (MCP-1), neutrophil gelatinase-associated lipocalin (NGAL), renin 

and TNF-α, were measured using a StepOne Plus Real-Time qPCR (RT-qPCR) system (Applied 

Biosystems, Foster City, CA, USA). Briefly, total RNA was extracted from the HK-2 cells and 
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the mouse kidney tissues with TRIzol (Thermo Fisher Scientific) and QIAzol (Qiagen, Hilden, 

Germany) reagents, respectively. HK-2 cells grown in 6-well plates were washed twice with ice 

cold PBS and the cell lysate was collected by adding 1 mL of TRIzol per well. Kidney tissues 

preserved in RNAlater (Thermo Fisher Scientific) were homogenized with a handheld 

homogenizer (VWR 200, VWR, Radnor, PA, USA) in 1 mL of QIAzol reagent on ice. Total 

RNA was extracted according to the TRIzol reagent procedure for isolation of RNA as described 

by Chomczynski and Mackey (407). Extracted RNA was quantified using a NanoDrop One
C
 

(Thermo Fisher Scientific) spectrophotometer. cDNA was synthesized by mixing 1 x first-strand 

buffer, 10 mM dithiothreitol (DTT), 0.5 mM deoxynucleotide triphosphates (dNTPs), 10 ng/L 

Oligo dT primers, 1 U/L RNaseOUT recombinant ribonuclease inhibitor, 1 U/L Moloney 

murine leukemia virus (M-MLV) reverse transcriptase (Thermo Fisher Scientific), with 1 g of 

total RNA in a total volume of 20 L. Then the mixture was incubated for 60 min at 37°C and 

2 min at 95°C. The RT-qPCR mixture contained 100 ng of cDNA, 1X iTaq Universal SYBR 

Green Super Mix (Bio-Rad, Hercules, CA, USA), 300 nM per primer and RNase-free water, in a 

total reaction mixture of 20 l. The qPCR protocol was initiated as follows: the reaction mixture 

was subjected to initial denaturation at 95°C for 3 mins followed by 45 cycles of denaturation 

step 95°C, 10 s and annealing. Annealing temperatures for TNF-, IL-6, MCP-1, NGAL and 

renin were set at 58°C for 30 s while for KIM-1, it was set at 60°C for 15 s. For each primer a 

melt curve analysis was performed. All the samples were tested in triplicate and data were 

analyzed using the comparative CT method (27) with gene expression level normalized to that of 

the housekeeping gene -actin. The results were expressed as a percentage of the control group, 

which was set to 100%. Primer sequences used for the RT-qPCR were shown in the Table 3.1.   

3.3.5 Electrophoretic mobility shift assay (EMSA) 

LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scientific) was used to measure the 

DNA binding affinity of NF-B. In brief, nuclear proteins were extracted from the mouse kidney 

tissues and HK-2 cells as previously described (408). Nuclear proteins (2 g) were incubated in a 

reaction mixture containing DNA-binding buffer, poly (dI-dC), and biotin-end-labeled 

oligonucleotides containing a consensus sequence specific for the NF-B-binding site 

(5’-AGTTGAGGGGACTTTCCAGGC-3’) (Promega, Madison, WI, USA), according to 

manufacturer’s instructions. The NF-B oligonucleotide was labeled with biotin at the 3’ end us-
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Table 3.1 Primer sequences used for RT-qPCR. 

Primer Sequence     5' -  3' Accession Number Product length 

Human       

IL-6 

F: ACTCACCTCTTCAGAACGAATTG  

XM_005249745.5 149 bp R: CCATCTTTGGAAGGTTCAGGTTG 

MCP-1 

F: CCCAAAGAAGCTGTGATCTTCA  

NM_002982.4 186 bp 
R: GTGTCTGGGGAAAGCTAGGG 

TNF- 

F: GAGGCCAAGCCCTGGTATG  

NM_000594.4 91 bp 
R: CGGGCCGATTGATCTCAGC 

-Actin 

F: AGATCAAGATCATTGCTCCTCCT  

NM_001101.5 95 bp 
R: GATCCACATCTGCTGGAAGG 

Mouse Sequence     5' -  3' Accession Number Product length 

IL-6 

F: GACTGATGCTGGTGACAACC  

NM_001314054.1 170 bp 
R: GCCATTGCACAACTCTTTTC 

MCP-1 
F: AGGTCCCTGTCATGCTTCTG  

NM_011333.3 167 bp R: GCTGCTGGTGATCCTCTTGT 

TNF- 
F: GTCCCCAAAGGGATGAGAAG  

NM_001278601.1 93 bp 
R: GCTCCTCCACTTGGTGGTTT 

NGAL F: ACGGACTACAACCAGTTCGC  

NM_008491.1 
192 bp 

R: AATGCATTGGTCGGTGGGG 

KIM-1 F: TCCACACATGTACCAACATCAA  

XM_011248784.2 
98 bp 

R: GTCACAGTGCCATTCCAGTC 

-Actin F: GATCAAGATCATTGCTCCTCCT 

XM_030254057.1 
183 bp 

R: AGGGTGTAAAACGCAGCTCA 
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-ing the Pierce Biotin 3’ End DNA labelling kit (Thermo Fisher Scientific). Following 

incubation, reaction mixtures were loaded in a 6% non-denaturing polyacrylamide gel to 

facilitate separation of DNA-protein complexes and transferred to a nylon membrane (Thermo 

Fisher Scientific) for detection using the Chemiluminescent Nucleic Acid Detection Module kit 

(Thermo Fisher Scientific).  

3.3.6 Immunoblotting 

An aliquot of the nuclear proteins (10 g) prepared for EMSA was subjected to Western 

immunoblotting analysis (408, 409). Briefly, the nuclear proteins were separated by 

electrophoresis in a 12% SDS-polyacrylamide gel and transferred onto nitrocellulose membrane 

(Bio-Rad) using a Trans-Blot Turbo Transfer System (Bio-Rad). The membranes were probed 

with anti-histone H3 antibody (SC-10809; Santa Cruz Biotechnology Inc., Dallas, TX, USA). 

3.3.7 Proinflammatory marker analysis 

Plasma TNF-, IL-6, and MCP-1 protein levels were measured using a U-PLEX Biomarker 

Group 1 kit (MesoScale Discovery, Rockville, MD, USA). Briefly, an aliquot of plasma (25 L) 

was loaded into a plate containing pre-coated biotinylated antibodies for specific inflammatory 

marker. The assay was performed according to the manufacturer’s instructions and quantitative 

chemiluminescence data was obtained using the QuickPlex SQ 120 (MesoScale Discovery) 

followed by analysis using the Discovery Workbench 4.0 Software (MesoScale Discovery). 

3.3.8 Histological analysis and immunohistochemistry 

A portion of the kidney was immersion-fixed overnight in 10% neutral buffered formalin (10% 

formalin, 25 mM NaH2PO4, 45 mM Na2HPO4) and then embedded in paraffin (409). Paraffin-

embedded sections were cut at a thickness of 5 m and stained with hematoxylin and eosin 

(H&E) to evaluate the morphological changes. Paraffin embedded sections were used for 

immunostaining. In brief, tissue sections were boiled in EDTA antigen repairing buffer. The 

sections were naturally cooled and incubated with 3% hydrogen peroxide solution at room 

temperature for 15 min to block the endogenous peroxidase activity. Slides were incubated 

overnight at 4°C with anti-F4/80 (1:100 dilution, MCA497, Bio-Rad) or anti-MPO (1:100 

dilution, ab9535, Abcam, Cambridge, United Kingdom) in a humidified chamber. The sections 
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were then incubated 1 h with biotinylated goat anti-rat IgG or goat anti-rabbit IgG (1:200, Dako, 

Glostrup, Denmark), respectively, followed by incubation with streptavidin-horse radish 

peroxidase (HRP) conjugate (Zymed Laboratories, Inc., San Francisco, CA, USA). Finally, the 

slides were counterstained with Mayer’s hematoxylin. For the negative controls, normal rabbit 

IgG and rat IgG were used as primary antibodies. All images were captured using an Olympus 

BX43 Upright Light Microscope (Olympus Corp., Tokyo, Japan) equipped with a Q-color 3 

digital camera and analyzed using Image-Pro plus 7.0 (Media Cybernetics, Rockville, MD, 

USA). 

3.3.9 Statistical analysis 

Data are presented as means ± standard error. Results were analyzed using one-way ANOVA 

followed by Newman–Keuls multiple comparison test. P-values <0.05 were considered 

statistically significant. For all data, groups specified by the same letter are not significantly 

different. All statistical analyses were performed ProStat Version 6 software (Poly Software 

International, Pearl River, NY, USA).  

3.4 Results  

3.4.1 Effect of HFD and lingonberry supplementation on body weight, kidney function and 

metabolic parameters. 

The initial average body weights of the mice were ranged from 22.5-23.0 g. Feeding mice HFD 

for 12 weeks caused a significant elevation in body weight as compared to mice fed a control 

diet (Figure 3.1A). Supplementation of lingonberry for 12 weeks did not change the body weight 

induced by the HFD feeding (Figure 3.1A). Kidney function was assessed by measuring BUN 

levels in the plasma, gene expression of KIM-1, NGAL and renin in the kidneys. HFD feeding 

resulted in a significant elevation of BUN levels in the plasma (Figure 3.1B) and a significant 

increase in the expression of KIM-1, NGAL and renin mRNA in the kidneys (Figures 3.1C, D, 

and E), indicating kidney function was impaired. Lingonberry supplementation reduced BUN 

levels as well as renal KIM-1, NGAL and renin gene expression (Figure 3.1). Mice fed a HFD 

had a higher level of fasting blood glucose than the control group (Figure 3.2A). Lingonberry 

supplementation significantly reduced the fasting blood glucose level in mice fed a HFD (Figure 

3.2A). There was also a significant increase in plasma levels of triglycerides (Figure 3.2B) and 
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total cholesterol (Figure 3.2C) in mice fed a HFD. Lingonberry supplementation reduced plasma 

triglyceride and cholesterol levels to that similar to the control group (Figure 3.2B and C).  

3.4.2 Effect of HFD and lingonberry supplementation on inflammatory cytokine expression 

in the kidneys and plasma. 

Several proinflammatory cytokines were measured in the kidney tissue. Mice fed a HFD had a 

significant elevation of renal TNF-, IL-6 and MCP-1 mRNA expression as compared to the 

control group (Figures 3.3A, B, and C). Lingonberry supplementation attenuated the expression 

of these inflammatory cytokines in the kidneys (Figure 3.3). The transcription factor, NF-B, is 

known to regulate inflammatory cytokine expression. Kidney nuclear proteins were prepared and 

an EMSA was carried out to determine the DNA binding activity of NF-B. Mice fed a HFD had 

a significantly higher NF-B/DNA binding activity than the control group (Figure 3.3D). 

Lingonberry supplementation effectively reduced NF-B/DNA binding activity in the kidneys. 

The morphology of the kidney tissue was examined by using H&E staining. Mice fed a HFD had 

an increased renal deposition of inflammatory foci (characterized by dense aggregates of cells) 

as compared to the control group and the lingonberry supplemented group (Figure 3.4). To 

further identify the types of inflammatory cells in the kidney, immunohistochemical staining was 

performed (Figure 3.5 and Appendix I). The majority of inflammatory cells in the kidneys of 

HFD-fed mice were macrophages (Figure 3.5A) while neutrophils (Figure 3.5B) were also 

present but to a lesser extent. These results suggested that mice fed a HFD had an increased 

inflammatory response in the kidney while lingonberry supplementation could alleviate HFD-

induced inflammatory cytokine expression. HFD fed mice also exhibited a significant elevation 

of plasma TNF-, and MCP-1 protein levels as compared to the mice fed a control diet (Figure 

3.6A and C). There was no significant difference in plasma IL-6 levels among mice fed the 

different diets (Figure 3.6B). Lingonberry supplementation effectively reduced plasma TNF-, 

and MCP-1 protein levels (Figure 3.6A and C).  
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Figure 3.1 Body weights and kidney injury parameters. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks and (A) final body weights were measured. Kidney injury was 

examined by measuring (B) BUN, renal mRNA expression of (C) kidney injury molecule-1 

(KIM-1), (D) neutrophil gelatinase-associated lipocalin (NGAL) and (E) renin. The results are 

expressed as the means ± SE (n = 6). *p < 0.05 when compared with the value obtained from the 

control group. #p < 0.05 when compared with the value obtained from the HFD group. 
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Figure 3.2 Blood glucose and lipid profile in mice. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. (A) Blood glucose was measured after fasting for 6 h. Plasma (B) 

triglyceride and (C) total cholesterol were also measured. The results are expressed as the means 

± SE (n = 6). *p < 0.05 when compared with the value obtained from the control group. #p < 

0.05 when compared with the value obtained from the HFD group. 
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3.4.3 Induction of inflammatory cytokine expression by palmitic acid in kidney proximal 

tubular cells. 

The HFD is rich in fatty acids and palmitic acid is one of the most abundant saturated fatty acids 

in the HFD. Palmitic acid treatment of human kidney proximal tubular cells stimulated TNF-, 

IL-6 and MCP-1 mRNA expression in a dose-dependent manner (Figures 3.7A, B, and C). 

Incubation of cells with palmitic acid also activated NF-B (Figure 3.8A). To further investigate 

the mechanism of HFD-induced inflammatory cytokine expression, cells were incubated with an 

NF-B inhibitor pyrrolidine dithiocarbamate (PDTC) (Figure 3.8A). Inhibition of NF-B 

activation by PDTC abolished palmitic acid-induced inflammatory cytokine expression in 

tubular cells (Figures 3.8B, C, and D).  

3.4.4 Effects of lingonberry and cyanidine-3-glucoside on palmitic acid-induced 

inflammatory cytokine expression in kidney proximal tubular cells. 

Next, we examined the effect of lingonberry extract or C3Glu on palmitic acid-induced 

inflammatory cytokine expression in tubular cells. C3Glu is one of the major lingonberry 

anthocyanins that have been shown to have biological activities. Incubation of cells with 

lingonberry extract or C3Glu was shown to attenuate palmitic acid-induced NF-B activation 

(Figure 3.8A). Upon further investigation, incubation of cells with lingonberry extract 

significantly reduced palmitic acid-induced TNF-, IL-6 and MCP-1 mRNA expression (Figures 

3.9A, B, and C, respectively). Additionally, incubation of tubular cells with C3Glu also 

effectively attenuated palmitic acid-induced inflammatory cytokine expression in a dose-

dependent manner (Figures 3.10A, B, and C). The palmitic acid, lingonberry extract or C3Glu at 

the doses used in the present study did not reduce cell viability.  
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Figure 3.3 Cytokine expression and NF-B activation in mouse kidneys. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. The mRNA expression of (A) TNF-, (B) IL-6, and (C) MCP-1 in 

kidneys were measured by using qPCR analysis. (D) The NF-B/DNA binding activity was 

determined by EMSA. Histone H3 in the nuclear content detected by Western immunoblotting 

analysis served as a loading control. The results are expressed as the means ± SE (n = 6). *p < 

0.05 when compared with the value obtained from the control group. #p < 0.05 when compared 

with the value obtained from the HFD group. 
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Figure 3.4 Histological staining of mouse kidneys. 

Mice were fed a control diet, HFD or HFD supplemented with lingonberry (HFD+LB) for 12 

weeks. Kidney histology was examined by hematoxylin and eosin (H&E) staining. Arrows point 

to inflammatory foci (Scale bar = 100 m). 
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Figure 3.5 Immunohistochemical staining of mouse kidneys. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. Paraffin embedded kidney sections were stained with (A) anti-F4/80 

antibody to detect macrophages or (B) anti-MPO antibody to detect neutrophils in the inflamed 

areas. Arrows point to the infiltrated macrophages and neutrophils; the images were captured at 

200X. Inset: Areas containing F4/80 or MPO positive cells were enlarged 2X (Scale bar = 100 

m). 
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Figure 3.6 Effect of lingonberry supplementation on inflammatory cytokines in plasma of HFD-

fed mice. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. Plasma protein levels of (A) TNF-, (B) IL-6, and (C) MCP-1 were 

analyzed by using a multiplex assay kit. The results were expressed as the means ± SE (n = 4). 

*p < 0.05 when compared with the value obtained from the control group. #p < 0.05 when 

compared with the value obtained from the HFD group. 
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Figure 3.7 Effect of palmitic acid on cytokine expression in human proximal tubular cells. 

Proximal tubular cells were incubated in the absence (control) or presence of palmitic acid (PA, 

0.05, 0.1, 0.2, 0.3 mM) for 4 h. The mRNA expression of (A) TNF-, (B) IL-6, and (C) MCP-1 

were measured by using qPCR analysis. The results are expressed as the means ± SE (n = 6). *p 

< 0.05 when compared with the value obtained from control cells. 
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Figure 3.8 Effect of palmitic acid on NF-κB activation in human proximal tubular cells. 

Proximal tubular cells were preincubated with either an NF-κB inhibitor (PDTC, 100 M) for 1 

h, C3Glu (20 M) for 4 h, or lingonberry (LB) extract (1:200 dilution) for 4 h, followed by 
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incubation with palmitic acid (0.2 mM) for another 30min. (A) The NF-B/DNA binding 

activity was determined by EMSA. Histone H3 in the nuclear content detected by Western 

immunoblotting analysis served as a loading control. In another set of experiments, cells were 

incubated in the absence (control) or presence of PDTC (100 M) for 1 h, prior to incubation 

with palmitic acid (0.2 mM) for 4 h. The mRNA expression of (B) TNF-, (C) IL-6, and (D) 

MCP-1 was measured by using qPCR. The results are expressed as the means ± SE (n = 6). *p < 

0.05 when compared with the value obtained from control cells. #p < 0.05 when compared with 

the value obtained from palmitic acid cell treated cells. 
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Figure 3.9 Effect of lingonberry extract and palmitic acid on cytokine expression in human 

proximal tubular cells. 

Proximal tubular cells were incubated in the absence (control) or presence of lingonberry (LB) 

extracts (1:1,000, 1:500, or 1:200 dilution) for 4 h followed by incubation with palmitic acid 
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(PA, 0.2 mM) for another 4 h. The mRNA expression of (A) TNF-, (B) IL-6, and (C) MCP-1 

were measured by using qPCR. The results are expressed as the means ± SE (n = 6). *p < 0.05 

when compared with the value obtained from control cells. #p < 0.05 when compared with the 

value obtained palmitic acid treated cells. 
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Figure 3.10 Effect of cyanidin-3-glucoside and palmitic acid on cytokine expression in human 

proximal tubular cells. 

Proximal tubular cells were incubated in the absence (control) or presence of cyanidin-3-

glucoside (C3Glu: 2, 10 or 20 M) for 4 h followed by incubation with palmitic acid (PA) (0.2 

mM) for another 4 h. The mRNA expression of (A) TNF-, (B) IL-6, and (C) MCP-1 were 
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measured by using qPCR. The results are expressed as the means ± SE (n = 6). *p < 0.05 when 

compared with the value obtained from the control cells. #p < 0.05 when compared with the 

value obtained from palmitic acid treated cells. 

3.5 Discussion  

Inflammatory response is one of the important mechanisms for the development of CKD (203, 

410). Results obtained from the present study demonstrated that mice fed a HFD for 12 weeks 

developed kidney injury with increased inflammatory cytokine expression that resembled the 

characteristics of CKD. Lingonberry supplementation significantly reduced HFD-induced kidney 

injury and inflammatory response without affecting body weight gain. Our results, for the first 

time, showed that lingonberry extract and its anthocyanin, cyanidin-3-glucoside, could attenuate 

fatty acid-induced inflammatory cytokine expression in kidney tubular cells. Such an inhibitory 

effect was mediated through the attenuation of NF-B activation.  

Obesity and its associated metabolic abnormalities are risk factors for the development of CKD, 

independent of hypertension and diabetes (395). In the current study, mice fed a HFD for 12 

weeks had more body weight gain as compared to the mice fed a control diet. The HFD-fed mice 

displayed hyperlipidemia and hyperglycemia, which resembled metabolic abnormalities seen in 

obese patients. HFD feeding exerted an adverse effect on kidneys as the BUN levels and the 

expression of kidney injury biomarkers (NGAL, KIM-1 and renin) were significantly elevated. 

Kidney damage and inflammation can cause release of NGAL from the neutrophils and kidney 

tubular epithelial cells (74). Overexpression of KIM-1 has also been shown to positively 

correlate with kidney injury (72), when inflammation and fibrosis can trigger the expression of 

KIM-1 at the luminal side of the proximal tubules (73). Increased tubular KIM-1 expression is an 

indication of ongoing tubular cell damage and dedifferentiation (411). The progression of 

nephron damage has also been correlated to the overexpression of renin, the initiator of renin-

angiotensin axis (412). Development of renal fibrosis is a common outcome in the later stages of 

CKD (413). Transforming growth factor- (TGF-) has been identified as a key mediator of 

renal fibrosis (414, 415). In the current study, no significant change in TGF- mRNA expression 

was observed in mice fed various diets for 12 week (see Appendix II). It is plausible that the 

development of renal fibrosis may become apparent in mice after a longer period of HFD feeding 

(416). Supplementation of lingonberry effectively prevented HFD-induced kidney injury as 
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indicated by a decreased expression of the kidney injury biomarkers (NGAL, KIM-1 and renin) 

and BUN. Such a renal protective effect by lingonberry did not appear to be associated with 

body weight changes. 

Increased expression of inflammatory cytokines contributes to the development and progression 

of kidney disease. In the current study, there was a significant elevation of inflammatory 

cytokine expression in the kidneys (TNF-, IL-6, MCP-1) of HFD-fed mice. Histological 

staining and immunohistochemistry of the kidneys revealed that the predominant inflammatory 

cells in the HFD-fed mice were macrophages and to a lesser extent neutrophils. There was a 

significant elevation of inflammatory cytokine expression in proximal tubular cells after 

incubation with palmitic acid, the most abundant saturated fatty acid in the HFD. MCP-1 is a 

potent chemokine that facilitates the migration of leukocytes such as monocytes into tissues 

including kidneys (408, 417, 418). Upon infiltration into tissues, monocytes differentiate into 

macrophages that are capable of producing inflammatory cytokines such as TNF- and IL-6 as 

well as releasing reactive oxygen species to aggravate tissue injury. Elevation of TNF- and IL-6 

expression are linked to increased oxidative stress, endothelial dysfunction and renal fibrosis 

(419). In a human study with 37 healthy controls and 42 CKD patients, it was reported that 

MCP-1 levels were significantly higher in CKD patients, especially those with glomerular 

disease (420). The Chronic Renal Insufficiency Cohort (CRIC) Study was the first study to show 

that elevated circulating levels of TNF- was associated with progression of CKD (271). In 

another study (421), patients with chronic nephropathies showed an early increase in IL-6 but the 

levels showed no further increase with severity of CKD. In the current study, there was a 

significant elevation of inflammatory cytokines (TNF- and MCP-1) in the plasma of mice fed a 

HFD. Lingonberry supplementation reduced these inflammatory cytokine levels in the 

circulation. Several lines of evidence from the current study suggested that NF-B activation 

might play an important role in HFD-induced renal inflammatory response. The DNA binding 

activity of NF-B was markedly increased in the kidneys isolated from HFD-fed mice as well as 

in palmitic acid treated tubular cells. Inhibition of NF-B activation by its inhibitor PDTC 

abolished palmitic acid-induced inflammatory cytokine expression. Chronic inflammation, as 

exhibited by a prolonged and increased expression of inflammatory cytokines can damage 

kidney structure and diminish kidney function. In accordance with its protective effect on kidney 
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function, lingonberry supplementation effectively attenuated NF-B activation and inflammatory 

cytokine expression in the kidneys and plasma of mice fed a HFD. It should be noted that there 

was a differential effect of lingonberry extract on the expression of IL-6.  This could be due to 

the multiple transcriptional regulation of IL-6 gene expression.   Leonard et al. (422) reported 

that p38 and ERK MAPK pathways are important for the regulation of the production of IL-6 

from the proximal tubular and glomerular mesangial regions of the nephron. Additionally, there 

may be potential involvement of the Jagged1-Notch signaling pathway (423). These signaling 

pathways may independently regulate the expression of IL-6. Aside from NF-B, the 

involvement of these other signaling pathways will be the focus of a separate future study. 

Furthermore, incubation of tubular cells with lingonberry extract or its active ingredient C3Glu 

effectively attenuated palmitic acid-induced inflammatory cytokine expression in tubular cells. 

C3Glu is one of the most extensively studied anthocyanins shown to possess various potential 

beneficial effects against oxidative stress and inflammation (424), insulin resistance (425), and 

dyslipidemia (426). Although C3Glu could be one of the potential bioactive compounds account 

for renal protective effect of lingonberry, future studies are warranted to evaluate the impact of 

other bioactive compounds in lingonberry. Taken together, our results suggested that attenuation 

of HFD-induced chronic inflammatory cytokine expression might be one of the mechanisms 

responsible for renal protective effect by lingonberry. 

In conclusion, chronic consumption of HFD increases renal inflammatory cytokine expression 

and causes kidney injury. The current study, for the first time, demonstrates that dietary 

supplementation with lingonberry reduces HFD-induced inflammatory response and prevents 

kidney injury. Such a renal protective effect by lingonberry is, in part, mediated through the NF-

B signaling pathway. As current treatment option for patients with CKD is limited, lingonberry 

supplementation may serve as an alternative approach for the management of CKD. 
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Transition statement II 

The results of the first manuscript (Study I) showed that lingonberry supplementation attenuated 

HFD-induced chronic kidney damage by alleviating inflammation through inhibiting NF-B 

signaling pathway. Lipotoxicity caused by hyperlipidemia is a primary cause for chronic low-

grade inflammation in obesity-induced CKD (6). Recent studies have shown that NAFLD is an 

independent risk factor for CKD development and progression (14, 198). NAFLD is the hepatic 

manifestation of metabolic syndrome, which is strongly related to hyperlipidemia and FFA 

overload into the non-adipose tissues such as the kidneys (13). In HFD fed mouse models, 

NAFLD has been observed as early as 5-8 weeks while CKD is developed in 10-16 weeks (402, 

404, 409, 427, 428). NAFLD increases the risk for CKD development by 1.6 times in non-

diabetic and non-hypertensive patients (195). Additionally, large-scale clinical assessments 

conducted in multiple countries suggest that NAFLD is associated with a nearly two-fold 

increase in CKD prevalence (14). These findings suggest the therapeutic importance of NAFLD 

during the management of obesity-induced CKD.  

According to the multiple parallel hits hypothesis, hepatic lipid overload, oxidative stress, and 

inflammation are the major pathophysiological mediators of NAFLD (231). Lipotoxicity caused 

by increased FFA concentration in the hepatocytes stimulates oxidative stress and inflammation, 

progressing simple hepatic steatosis to NASH and fibrosis (231). Hyperlipidemia and fatty liver 

caused by obesity or HFD feeding induces insulin resistance, which stimulates hepatic de novo 

lipogenesis, one of the mechanisms for hepatic lipid accumulation in NAFLD (429). 

Transcription factor SREBP-1c is a key regulator of hepatic lipogenesis, which upregulates gene 

expression of enzymes responsible for lipid synthesis including acetyl-coenzyme-A carboxylase 

1 (ACC-1), the rate-limiting enzyme of de novo synthesis of fatty acids (430). More than one-

fourth of the cardiac output circulates through the liver (431). Therefore, the fatty liver is a 

crucial contributor to systemic inflammation. Elevated plasma and hepatic TNF- and MCP-1 

levels have been reported in NAFLD (432, 433). Similarly, the results of study I showed a 

significant increase in plasma TNF- and MCP-1 levels in HFD mice. Therefore, managing 

NAFLD would be an essential therapeutic aspect to slow the obesity-related CKD progression by 

lowering hyperlipidemia and systemic inflammation.  
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Thus, the second study (Manuscript II) of this thesis was designed to test the hypothesis that 

supplementation of Manitoba wild lingonberry would reduce dyslipidemia and fatty liver caused 

by HFD feeding by reducing hepatic lipid accumulation, oxidative stress, and inflammation. 

Specifically (objective 2), study II aimed to investigate the effect and mechanisms of lingonberry 

supplementation on hepatic steatosis, oxidative stress, and inflammatory response in a mouse 

model with HFD-induced fatty liver injury.  
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Manuscript II 

 

Lingonberry Improves Non-Alcoholic Fatty Liver Disease by Reducing 

Hepatic Lipid Accumulation, Oxidative Stress and Inflammatory Response 

Madduma Hewage S, Prashar S, O K, and Siow YL. Antioxidants. 2021; 10(4):565. 
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4.1 Abstract 

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease globally 

and there is a pressing need for effective treatment. Lipotoxicity and oxidative stress are the 

important mediators in NAFLD pathogenesis. Lingonberry (Vaccinium vitis-idaea L.) is rich in 

anthocyanins that have antioxidant and anti-inflammatory properties. The present study 

investigated the effect of lingonberry supplementation on liver injury in C57BL/6J male mice fed 

a high-fat diet (HFD) for 12 weeks. Mice fed HFD displayed liver injury with steatosis, 

increased lipid peroxidation and inflammatory cytokine expression in the liver as compared to 

mice fed a control diet. Lingonberry supplementation for 12 weeks alleviated HFD-induced liver 

injury, attenuated hepatic lipid accumulation and inflammatory cytokine expression. Lingonberry 

supplementation inhibited the expression of sterol regulatory element-binding transcription 

factor-1c (SREBP-1c) and acetyl-coenzyme-A carboxylase-1 (AAC-1) as well as activated 

AMP-activated protein kinase (AMPK) in the liver. It also decreased HFD-induced hepatic 

oxidative stress and aggregation of inflammatory foci. This was associated with a restoration of 

nuclear factor erythroid 2–related factor 2 (Nrf2) and glutathione level in the liver. These results 

suggest that lingonberry supplementation can protect against HFD-induced liver injury partly 

through attenuation of hepatic lipid accumulation, oxidative stress and inflammatory response.  

4.2 Introduction  

Non-alcoholic fatty liver disease (NAFLD) is a major cause of chronic liver injury worldwide 

(434, 435). It is defined as hepatic accumulation of excess fat (>5% of hepatocytes) in people 

who drink little or no alcohol (435, 436). The broad spectrum of NAFLD ranges from simple 

steatosis (fatty liver) to non-alcoholic steatohepatitis (NASH). NASH is the state of steatosis 

with hepatic inflammation and ballooning, which can progress to cirrhosis and/or hepatocellular 

carcinoma (HCC) (436). The prevalence of NAFLD in general populations has increased up to 

25% worldwide (206, 434, 435). This is presumptively due to a strong association of NAFLD 

with metabolic syndrome as NAFLD patients often develop dyslipidemia, hyperglycemia, insulin 

resistance and hypertension (201, 437). According to the ―two-hit hypothesis‖ and ―multiple-hit 

hypothesis‖, oxidative stress and hepatic inflammation resulted from hepatic free fatty acid 

overload and de novo lipogenesis promote the progression of simple steatosis to advanced liver 

injury (231, 438, 439).  
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Obesity or consumption of high-fat diet (HFD) can lead to an elevation of plasma lipids and 

glucose, which, in turn, stimulate hepatic lipid accumulation and lipogenesis (429). Studies 

conducted in rodent models of obesity and diabetes suggest that increased hepatic lipogenesis in 

NAFLD is mediated through the activation of sterol regulatory element-binding transcription 

factor-1c (SREBP-1c) (430, 440). Excess fatty acids in hepatocytes increase the mitochondrial 

workload and elevate the production of reactive oxygen species (ROS), which promote 

macromolecule modification such as lipid peroxidation and compromises antioxidant defense in 

NAFLD (233, 441). ROS and the by-products of lipid peroxidation such as malondialdehyde 

(MDA) and 4-hydroxynonenal may activate inflammatory response (442). Glutathione (γ-L-

glutamyl-L-cysteinyl-glycine) is the most potent antioxidant that is synthesized and distributed 

mainly by the liver (443). It plays a crucial role in protecting cells from oxidative damage and 

maintaining redox balance (444). The equilibrium between reduced (GSH) and oxidized (GSSG) 

glutathione reflects the redox potential of a given tissue, with lower GSH/GSSG ratios being 

indicative of oxidative stress (445). NAFLD is associated with low levels of plasma and hepatic 

GSH (446, 447). The nuclear factor, erythroid 2-related factor 2 (Nrf2), is a key transcription 

factor in regulating antioxidant and xenobiotic stress responses (448). Under normal conditions, 

Nrf2 is kept in the cytosol by its main inhibitory regulatory protein Kelch-like ECH-associated 

protein 1 (Keap1) (448). However, during oxidative stress, the Keap1/Nrf2 complex is 

dissociated. The liberated Nrf2 is translocated into the nucleus, where it binds the Nrf2-targeted 

antioxidant response element (ARE) and upregulates the transcription of target genes encoding 

proteins that are involved in antioxidant defense. These include glutathione-synthesizing 

enzymes glutamate-cysteine ligase (catalytic subunit Gclc, modifier subunit Gclm) and 

glutathione synthetase (GS) (443, 449).  

With the increased prevalence and lack of treatment options for NAFLD, there is an urgent need 

to seek effective alternatives. Lifestyle and dietary habits represent as major risk factors as well 

as protective factors in the development and progression of NAFLD (450). Diets rich in fruits 

and vegetables are among the recommended lifestyle modifications to decrease the risk of 

metabolic syndrome and degenerative diseases (450). Lingonberry (Vaccinium vitis-idaea L.) is 

a small reddish color berry that grows in North America and Eurasia throughout the Northern 

Hemisphere, which contains a significantly higher anthocyanin content than the commonly 

consumed berries (20, 21). Lingonberry has been widely used in traditional Scandinavian diets 
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not only due to its appealing color to the food, but also its richness in vitamins and polyphenols 

(451). In Quebec, Canada, the Cree of Eeyou Istchee community use lingonberry as a remedy for 

symptoms of diabetes (24). Recent studies including ours have demonstrated that lingonberry 

anthocyanins have antioxidant, anti-inflammatory, and anti-diabetic properties (27, 28, 452). A 

previous study evaluated the metabolic effects of various berries including lingonberry in HFD-

fed mice (453). Supplementation of lingonberry (20% w/w) significantly decreased body fat 

content, body weight gain, hepatic lipid accumulation and plasminogen activator inhibitor-1 as 

well as improved glucose homeostasis in HFD-fed mice (453). Another study demonstrated that 

lingonberry supplementation attenuated glycemia and insulin resistance in muscle cells, and 

improved hepatic lipid profile through the AMPK/Akt pathways in HFD-fed mice (28). 

Although the effects of lingonberry supplementation on the reduction of body fat and body 

weight gain as well as the improvement of lipid and glucose metabolism have been reported in 

obese or diabetic animal models (28, 30, 453), the role of lingonberry in hepatic oxidative stress 

associated with NAFLD has yet to be examined. The present study investigated the effect and 

mechanisms of lingonberry supplementation at a lower dose (5% w/w) on hepatic steatosis, 

oxidative stress and inflammatory response in a mouse model with HFD-induced fatty liver 

injury. 

4.3 Materials and methods  

4.3.1 Animal model 

C57BL/6J male mice (6 week of age) from University of Manitoba Central Animal Care 

Services were housed two per cage in a temperature and humidity-controlled room with a 12 h 

dark–12 h light cycle, and freely accessible for water and feed. Mice were divided into three 

groups (n=6) and fed the following diet: (1) Control (D12450J, Research Diets Inc. Brunswick, 

NJ, USA) diet consisted of 11% kcal fat, 18% kcal protein, and 71% kcal carbohydrate, (2) HFD 

(D12492) consisted of 62% kcal fat, 18% kcal protein, and 20% kcal carbohydrate, or (3) HFD 

supplemented with (5% w/w) Manitoba lingonberry (Vaccinium vitis-idaea L.) (D17022206). 

The source of fat in HFD was derived from lard (90%) and soybean oil (10%). Lingonberry was 

harvested in Manitoba, Canada and immediately frozen at -20
o
C. In a pilot study, HFD was 

supplemented with 1% (w/w) or 5% (w/w) lingonberry. Supplementation of lingonberry at 5% 

(w/w) reduced plasma and liver lipid levels in HFD fed mice. In the present study, the freeze-



105 

 

dried berry powder was provided to the Research Diet Inc. and was incorporated as 5% (w/w) 

into the HFD diet. The animals were fed the above diets ad libitum for 12 weeks, body weight 

and feed intake were recorded. The feed intake was assessed by manual weighing of feed before 

and after a feeding period every second day. At the end of week 12, mice were sacrificed, blood 

and liver were collected. Plasma triglyceride, total cholesterol, alanine transaminase (ALT), and 

aspartate transaminase (AST) were measured using a Cobas C111 Analyzer (Roche, Risch-

Rotkreuz, Switzerland). All procedures were performed in accordance with the Guide to the Care 

and Use of Experimental Animals published by the Canadian Council on Animal Care and 

approved by the University of Manitoba Protocol Management and Review Committee.  

4.3.2 Biochemical assays 

MDA, a stable product of lipid peroxidation, was assessed in the liver using the thiobarbituric 

acid reactive substances (TBARS) as previously described (402). In brief, a portion of liver was 

homogenized in 1.14% KCl solution containing 50 mM deferoxamine. Homogenate was 

centrifuged at 3000×g for 10 min at 4°C, and an aliquot of the supernatant was incubated for 1 h 

at 95°C in a reaction mixture consisting of 0.45% SDS, 8.3% acetic acid, and 0.33% 

thiobarbituric acid (v/v). The MDA present in the reaction mixture was extracted with n-butanol, 

and quantified spectrophotometrically at absorbance 535 nm. To measure GSH, an aliquot of 

liver tissue homogenate (in 5% sulfosalicylic acid) was added to 0.2 M phosphate buffer 

containing 0.01 M 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB). For GSSG measurement, 

NADPH oxidase and GSH reductase were additionally added with the phosphate buffer into the 

liver tissue homogenate. The absorbance was measured at 412 nm after incubation for 15 min at 

room temperature (402, 445). Hepatic lipids were extracted from liver tissue using the Folch 

method (402, 454). Hepatic total cholesterol and triglyceride levels in the lipid extracts were 

determined using commercial kits according to the manufacturer's instructions (Sekisui 

Diagnostics, Burlington, MA, USA) (241). 

4.3.3 Measurement of mRNA expression 

Relative mRNA expression of glutamate-cysteine ligase catalytic subunit (Gclc), glutamate-

cysteine ligase modifier subunit (Gclm), glutathione synthetase (GS), sterol regulatory element-

binding transcription factor-1c (SREBP-1c), acetyl-coenzyme-A carboxylase-1 (ACC-1), 



106 

 

interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor- 

(TNF-), were measured using a StepOne Plus Real-Time qPCR (RT-qPCR) system (Applied 

Biosystems, Foster City, CA, USA). Total RNA was extracted from the mouse liver tissues with 

QIAzol (Qiagen, Hilden, Germany) reagent (452). Briefly, liver tissues preserved in RNAlater 

(Thermo Fisher Scientific, Waltham, MA, USA) were homogenized with a handheld 

homogenizer (VWR 200, VWR, Radnor, PA, USA) in 1 mL of QIAzol reagent on ice. Total 

RNA was extracted according to the procedure for isolation of RNA as described by 

Chomczynski and Mackey (455). Extracted RNA was quantified using a NanoDrop One
C
 

(Thermo Fisher Scientific) spectrophotometer. cDNA was synthesized by mixing 1X first-strand 

buffer, 10 mM dithiothreitol (DTT), 0.5 mM deoxynucleotide triphosphates (dNTPs), 10 ng/L 

Oligo dT primers, 1 U/L RNaseOUT recombinant ribonuclease inhibitor, 1 U/L Moloney 

murine leukemia virus (M-MLV) reverse transcriptase (Thermo Fisher Scientific), with 1 g of 

total RNA in a total volume of 20 L. Then the mixture was incubated for 60 min at 37°C and 

2 min at 95°C. The RT-qPCR mixture contained 100 ng of cDNA, 1X iTaq Universal SYBR 

Green Supermix (Bio-Rad, Hercules, CA, USA), 300 nM per primer and RNase-free water, in a 

total reaction mixture of 20 L. The qPCR protocol was initiated as follows: the reaction mixture 

was subjected to initial denaturation at 95°C for 3 mins followed by 45 cycles of denaturation 

step 95°C, 10 s and annealing. Annealing temperatures for all the genes were set at 60°C for 15 

s. For each primer a melt curve analysis was performed. All the data were analyzed using the 

comparative CT method (456) with gene expression level normalized to that of the housekeeping 

gene -Actin. The results were expressed as a percentage of the control group, which was set to 

100%. Primer sequences used for the RT-qPCR were shown in Table 4.1.  

4.3.4 Western immunoblotting 

Total protein was extracted from mouse liver tissues as previously described (452, 457). In brief, 

total proteins were isolated by homogenizing a portion of heart in lysis buffer containing 20 mM 

Tris pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM 

-glycerophosphate, 1 mM sodium orthovanadate, 2.1 M leupeptin, 1 mM PMSF, and 1% (v/v) 

Triton X-100. Isolated proteins were placed in sample buffer (0.5 M Tris–HCl pH 6.8, 10% 

glycerol, 2% (w/v) SDS, 5% (v/v) -mercaptoethanol, and 0.05% bromophenol blue) and 

denatured by boiling at 95–100˚C for 5 min. The proteins were separated by electrophoresis in  
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Table 4.1 Primer sequences used for the RT-qPCR. 

Gene Forward Primer 

(5´- 3´) 

Reverse Primer 

(5´- 3´) 

Accession 

Number 

Size 

(bp) 

Gclc GGGGTGACGAGGTGGAG

TA  

GTTGGGGTTTGTCCTC

TCCC 

NM_010295.2 125 

Gclm CGAGGAGCTTCGAGACT

GTAT 

ACTGCATGGGACATG

GTACA 

NM_008129.4 114 

GS CACTGGGTCGTACCCAA

GC 

ATACGTCACCACTCGC

TCGT 

NM_001291111.1 98 

SREBP-

1c 

GGAGCCATGGATTGCAC

ATT 

GGCCCGGGAAGTCAC

TGT 

XM_006532716.4 70 

ACC-1 CGGACCTTTGAAGATTTT

GTGAGG 

GCTTTATTCTGCTGGT

GTAACTCTC 

XM_036156218.1 223 

IL-6 GACTGATGCTGGTGACA

ACC 

GCCATTGCACAACTCT

TTTC 

NM_001314054.1 170 

MCP-1 AGGTCCCTGTCATGCTTC

TG 

GCTGCTGGTGATCCTC

TTGT 

NM_011333.3 167 

TNF- GTCCCCAAAGGGATGAG

AAG 

GCTCCTCCACTTGGTG

GTTT 

NM_001278601.1 93 

-Actin GATCAAGATCATTGCTC

CTCCT 

AGGGTGTAAAACGCA

GCTCA 

XM_030254057.1 183 

 

10% or 12% SDS-polyacrylamide gel and transferred onto nitrocellulose membrane (Bio-Rad) 

using a Trans-Blot Turbo Transfer System (Bio-Rad). The membranes were probed with rabbit 

anti-Gclc monoclonal antibody (1:1000), rabbit anti-Gclm monoclonal antibody (1:1000), or 

rabbit anti-GS monoclonal antibody (1:1000), which were purchased from Abcam, Cambridge, 

United Kingdom. To determine the relative amount of phosphorylated or total AMP-activated 

protein kinase-alpha (AMPK-) in the liver, the membranes were probed with rabbit anti-

phospho-AMPK- monoclonal antibody (1:1000) or rabbit anti-AMPK- monoclonal antibody 

(1:1000) that were purchased from Cell Signalling Technology (Danvers, MA, USA) (85). The 



108 

 

membrane was then incubated with HRP conjugated anti-rabbit IgG secondary antibodies 

(1:1000, 1:2000 or 1:5000, Cell Signalling Technology). To ensure equal protein loading, the 

same membrane was probed with rabbit anti--Actin primary antibody (1:5000, Cell Signalling 

Technology). Nuclear proteins were prepared as described in our previous study (452, 457). In 

brief, a portion of liver tissues were homogenized in Tris-buffered saline followed by 

centrifugation at 3000×g for 5 min. The pellet was dissolved in buffer A containing 10 mM 

HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, protease inhibitors, and 10% Nonidet P-

40 and centrifuged at 15,000×g for 15 min. The resulting nuclear pellet was dissolved in buffer B 

containing 20 mM HEPES, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, and protease inhibitors. 

The nuclear proteins (80 g/well) were separated by SDS 8% polyacrylamide gel 

electrophoresis. Nuclear Nrf2 and SREBP-1c proteins were identified by using rabbit anti-Nrf2 

monoclonal antibodies (1:1000, Abcam) and rabbit anti-SREBP-1c monoclonal antibodies 

(1:1000, Santa Cruz Biotechnology, Inc. Dallas, TX, USA), respectively. The membrane was 

then incubated with HRP-conjugated anti-rabbit IgG secondary antibodies (1:1000). To ensure 

equal loading of nuclear proteins, the same membrane was probed with rabbit anti-Lamin B1 

(nuclear envelope marker) polyclonal primary antibody (1:2000, Abcam). The protein bands 

were visualized by using ECL detection system (Millipore Ltd., Burlington, MA, USA). The 

relative intensity of each protein was quantified by using Quantity One software version 4.6.8 for 

Windows (Bio-Rad). 

4.3.5 Histological staining 

A portion of the livers were immersion-fixed overnight in 10% neutral buffered formalin (10% 

formalin, 25 mM NaH2PO4, 45 mM Na2HPO4) and then embedded in paraffin. Paraffin-

embedded sections were cut at a thickness of 5 m and stained with hematoxylin and eosin 

(H&E) to evaluate the morphological changes (409). Another set of paraffin embedded sections 

were used for immunostaining (452). In brief, tissue sections were boiled in EDTA antigen 

repairing buffer. The sections were naturally cooled and incubated with 3% hydrogen peroxide 

solution at room temperature for 15 min to block the endogenous peroxidase activity. Slides 

were incubated overnight at 4°C with rat anti-F4/80 antibody (1:100 dilution, MCA497, Bio-

Rad) in a humidified chamber. The sections were then incubated for 1 h with biotinylated goat 

anti-rat IgG (1:200, Dako, Glostrup, Denmark), followed by incubation with streptavidin-horse 
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radish peroxidase (HRP) conjugate (Zymed Laboratories, Inc., San Francisco, CA, USA). 

Finally, the slides were counterstained with Mayer’s hematoxylin. For the negative controls, 

normal rat IgG was used as primary antibodies. To stain for neutral lipids, frozen liver samples 

were cut into 10 m thick sections using a Leica CM1850 UV Cryostat (Wetzlar, Germany). The 

frozen sections were stained with Oil Red O to visualize lipid droplets in the liver (409). All the 

images were captured using an Olympus BX43 Upright Light Microscope (Olympus Corp., 

Tokyo, Japan) equipped with a Q-color 3 digital camera and analyzed using Image-Pro plus 7.0 

(Media Cybernetics, Rockville, MD, USA). 

4.3.6 Statistical analysis 

The results were analyzed using two-tailed Student’s t-test and expressed as mean ± standard 

error (SE). All statistical analyses were performed ProStat Version 6 software (Poly Software 

International, Pearl River, NY, USA). A p-value of less than 0.05 was considered statistically 

significant. 

4.4 Results  

4.4.1 Effect of HFD feeding and lingonberry supplementation on body weight and liver 

injury.  

The initial average body weight of the mice ranged from 22 to 24 g. Feeding mice a HFD for 12 

weeks caused a significant elevation of body weight compared to the mice fed a control diet 

(Figure 4.1a). Supplementation of lingonberry for 12 weeks did not change the body weight gain 

induced by HFD. There was no significant difference in the feed intake among groups (Figure 

4.1b). The liver weight of HFD-fed mice was significantly increased compared to that of mice 

fed a control diet and HFD-fed mice with lingonberry supplementation (Figure 4.1c). The HFD 

feeding induced liver injury, as indicated by a significant elevation of plasma ALT and AST 

(Figure 4.1d and e) levels. Supplementation of HFD with lingonberry resulted in a significant 

decline in plasma ALT and AST (Figure 4.1d and e).  
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Figure 4.1 Effect of HFD feeding and lingonberry supplementation on body weight and liver 

injury. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. (a) Body weight was measured at the end of the feeding period. (b) 

Feed intake was measured. At the end of 12 weeks, (c) liver weight, plasma (d) alanine 

transaminase (ALT) and (e) aspartate transaminase (AST) were measured. The results are 

expressed as mean ± SE (n=6). *p < 0.05 when compared with the value obtained from the 

control group. 
#
p < 0.05 when compared with the value obtained from the HFD group.  
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4.4.2 Effect of HFD feeding and lingonberry supplementation on plasma and liver lipids. 

HFD feeding resulted in a significant elevation of triglyceride and total cholesterol levels in the 

plasma (Figure 4.2a and b). Lingonberry supplementation reduced the plasma lipid levels in mice 

fed HFD. Mice fed HFD had a significantly higher triglyceride and total cholesterol levels in the 

liver compared to the mice fed a control diet (Figure 4.2c and d). Supplementation of lingonberry 

significantly reduced hepatic accumulation of triglyceride and cholesterol (Figure 4.2c and 

d). Liver tissue was also examined with Oil Red O staining (Figure 4.2e). There were increased 

lipid vacuoles/droplets in the liver of mice fed HFD compared to the mice fed a control diet. 

Mice fed HFD supplemented with lingonberry exhibited fewer and smaller hepatic lipid 

vacuoles/droplets compared to the HFD fed mice (Figure 4.2e). 

4.4.3 Effect of HFD feeding and lingonberry supplementation on the indicators of de novo 

lipogenesis. 

To assess the liver de novo lipogenesis, mRNA expression of acetyl-coenzyme-A carboxylase-1 

(ACC-1) and sterol regulatory element-binding transcription factor-1c (SREBF-1c) were 

measured. HFD feeding significantly elevated ACC-1 and SREBP-1c mRNA in the liver (Figure 

4.3a and b). Supplementation of lingonberry reduced hepatic ACC-1 and SREBP-1c mRNA 

expression (Figure 4.3a and b). Western immunoblotting analysis revealed that HFD feeding 

increased the nuclear protein level of SREBP-1c (Figure 4.3c). Lingonberry supplementation 

significantly reduced nuclear protein level of SREBP-1c (Figure 4.3c). Phosphorylation of 

AMPK was assessed by detecting phosphorylated AMPK (pAMPK) relative to total AMPK 

protein levels in the liver (Figure 4.3d). HFD feeding resulted in a significant reduction of 

pAMPK and pAMPK/AMPK ratio compared to the control diet fed animals. Lingonberry 

supplementation restored pAMPK level and pAMPK/AMPK ratio (Figure 4.3d). 

4.4.4 Effect of HFD Feeding and Lingonberry Supplementation on Liver Lipid 

Peroxidation and Glutathione Levels. 

HFD feeding resulted in a significant elevation of hepatic MDA levels and a decrease in reduced 

glutathione (GSH) in the liver tissues (Figure 4.4a and b). Lingonberry supplementation reduced 

HFD-induced MDA levels and restored GSH levels (Figure 4.4a and b). Hepatic oxidized 

glutathione (GSSG) level was significantly increased and the ratio of GSH/GSSG was decreased 
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Figure 4.2 Effects of HFD feeding and lingonberry supplementation on plasma and liver lipid 

profiles. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. (a) Plasma triglyceride, (b) plasma total cholesterol, (c) liver 

triglyceride, and (d) liver total cholesterol levels were measured. (e) Frozen sections of liver 

tissues were stained with Oil Red O staining for neutral lipids (scale bar = 100 m). The results 

are expressed as the means ± SE (n=6). *p < 0.05 when compared with the value obtained from 

the control group. 
#
p < 0.05 when compared with the value obtained from the HFD group. 
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Figure 4.3 Effects of HFD feeding and lingonberry supplementation on the indicators of de novo 

lipogenesis in the liver. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. Relative mRNA expression of (a) acetyl-coenzyme-A carboxylase-1 

(ACC-1) and (b) sterol regulatory element-binding factor-1c (SREBP-1c) were measured in the 

liver. (c) The SREBP-1c protein in the nucleus was determined by Western immunoblotting 

analysis. (d) Phosphorylated AMPK (pAMPK) and total AMPK were determined by Western 

immunoblotting analysis. The results are expressed as the means ± SE (n= 4 to 6). *p < 0.05 

when compared with the value obtained from the control group. 
#
p < 0.05 when compared with 

the value obtained from the HFD group. 
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in mice fed a HFD (Figure 4.4c and d). Lingonberry supplementation reduced the hepatic GSSG 

level and restored the GSH/GSSG ratio (Figure 4.4c and d).  

4.4.5 Effect of HFD feeding and lingonberry supplementation on glutathione synthesis. 

Gene and protein levels of glutathione synthesizing enzymes glutamate-cysteine ligase (catalytic 

subunit Gclc, modifier subunit Gclm) and glutathione synthetase were measured in the liver. 

Gene and protein levels of Gclc was significantly reduced in the liver during the HFD feeding 

(Figure 4.5a). Supplementing HFD with lingonberry increased the expression of Gclc in the liver 

(Figure 4.5a). Although HFD feeding did not significantly affect Gclm and gluthatione 

synthetase expression (Figure 4.5b and c), lingonberry supplementation increased Gclm mRNA 

levels in the liver (Figure 4.5b). Mice fed HFD had a significantly low level of nuclear Nrf2 

protein compared to the control group (Figure 4.5d). Lingonberry supplementation restored 

nuclear Nrf2 protein level in the liver (Figure 4.5d). 

4.4.6 Effect of HFD feeding and lingonberry supplementation on hepatic inflammation. 

The H&E staining revealed noticeable deposition of inflammatory foci in the liver of mice fed 

HFD (Figure 4.6a). Such inflammatory foci were not observed in mice fed a control diet or with 

lingonberry supplementation. Immunohistochemical staining of the liver tissue sections with 

anti-F4/80 antibody (Macrophages specific marker) revealed increased infiltration of 

macrophages in the liver of mice fed HFD (Figure 4.6b). To further confirm hepatic 

inflammation, gene expression of inflammatory cytokines, IL-6, MCP-1, and TNF- were 

assessed. HFD feeding significantly elevated hepatic IL-6, MCP-1 and TNF-mRNA levels 

(Figure 4.6c, d and e). Supplementation of lingonberry reduced IL-6, MCP-1 and TNF-mRNA 

expression (Figure 4.6c, d and e).  
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Figure 4.4 Effect of HFD feeding and lingonberry supplementation on liver lipid peroxidation 

and glutathione level. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. (a) Malondialdehyde (MDA) levels, (b) reduced glutathione (GSH) 

levels, (c) oxidized glutathione levels (GSSG), and (d) GSH/GSSG ratio were measured in the 

liver. The results are expressed as the means ± SE (n=5 to 6). *p < 0.05 when compared with the 

value obtained from the control group. 
#
p < 0.05 when compared with the value obtained from 

the HFD group.  
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Figure 4.5 Effect of HFD feeding and lingonberry supplementation on glutathione synthesis. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. Relative mRNA and protein levels of (a) glutamate-cysteine ligase 
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catalytic subunit (Gclc), (b) glutamate-cysteine ligase modifier subunit (Gclm), and (c) 

glutathione synthetase (GS) were measured in the liver. (d) The Nrf2 protein in the nucleus was 

determined by Western immunoblotting analysis. The results are expressed as the means ± SE 

(n= 4 to 6). *p < 0.05 when compared with the value obtained from the control group. 
#
p < 0.05 

when compared with the value obtained from the HFD group.  
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Figure 4.6 Effects of HFD feeding and lingonberry supplementation on liver inflammation. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry 

(HFD+LB) for 12 weeks. (a) Paraffin sections of the liver tissues were stained with hematoxylin 

and eosin (H&E) to examine liver histology. Arrows point to inflammatory foci (scale bar = 100 
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m). (b) Paraffin sections of the liver tissues were stained with anti-F4/80 antibody to detect 

macrophages in the inflamed areas. Arrows point to macrophages (scale bar = 100 m). Relative 

mRNA expression of (c) interleukin-6 (IL-6), (d) monocyte chemoattractant protein-1 (MCP-1), 

and (e) tumor necrosis factor- (TNF-) were measured in the liver. The results are expressed as 

the means ± SE (n=5-6). *p < 0.05 when compared with the value obtained from the control 

group. 
#
p < 0.05 when compared with the value obtained from the HFD group.  

4.5 Discussion  

Nutritional intervention is emerging as a promising management strategy for NAFLD and 

obesity. Hepatic lipid accumulation, oxidative stress and inflammatory response play a central 

role in the pathogenesis of NAFLD (436, 438). In the present study, mice fed HFD for 12 weeks 

developed features of fatty liver including hepatic lipid accumulation, oxidative stress and 

increased inflammatory cytokine expression. These mice displayed more body weight gain as 

compared to the mice fed a control diet and had impaired liver function. These results suggested 

that supplementation of the HFD with lingonberry protected HFD-induced liver injury 

potentially through (1) attenuation of hepatic lipid accumulation; (2) reduction of oxidative stress 

through restoration of Nrf2/glutathione synthesis; and (3) inhibition of inflammatory cytokine 

expression. 

Obesity or HFD feeding can elevate plasma lipid levels and cause hepatic lipid overload. 

Accumulation of fat in hepatocytes higher than 5% is referred to as fatty liver, a hallmark of 

NAFLD (436). Elevation of plasma and hepatic lipids induces insulin resistance, which 

stimulates hepatic de novo lipogenesis, one of the mechanisms for hepatic lipid accumulation in 

NAFLD (429). In the present study, we observed a significant reduction of triglyceride and 

cholesterol levels in the plasma and liver tissue in mice supplemented with lingonberry. Such a 

lipid lowering effect by lingonberry supplementation was independent of body weight change. 

Lipogenesis plays an important role in hepatic lipid accumulation and elevation of blood lipid 

levels through secretion of very-low-density lipoprotein (VLDL). SREBP-1c is a key 

transcription factor that regulates lipogenesis through upregulating gene expression of enzymes 

responsible for lipogenesis including ACC-1, the rate-limiting enzyme of lipogenesis (177, 430, 

440). We observed that HFD-induced hepatic lipid accumulation was accompanied by 

upregulation of SREBP-1c and ACC-1 expression. Lingonberry supplementation attenuated 
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HFD-induced SREBP-1c and ACC-1 expression as well as reduced plasma lipid levels and 

improved fatty liver. Furthermore, we observed that lingonberry supplementation restored 

hepatic AMPK activation that was attenuated by HFD feeding. The AMPK plays a central role in 

energy sensing and hepatic metabolism. With widespread control over a variety of metabolic 

cascades, AMPK regulation is an important mediator in NAFLD, in which both energy 

homeostasis and metabolic function are perturbed (458). One of the mechanisms of AMPK 

action is through phosphorylation of SREBP-1c at Ser372, hence inhibits proteolytic cleavages 

and nuclear translocation of SREBP-1c, which in turn, inhibits hepatic lipogenesis (459). 

Previous studies reported that lingonberry supplementation at a higher dose (20%, w/w) 

significantly decreased body weight and epididymal fat content (30, 453), which, in turn, might 

contribute to a reduction of hepatic lipid accumulation. Results from the present study suggested 

that attenuation of SREBP-1c and restoration of AMPK by lingonberry supplementation at a 

lower dose might account for a reduction of hepatic lipid accumulation, which was independent 

of weight gain change.  

Chronic oxidative stress and inflammation triggers NAFLD progression to NASH (253, 442). 

Elevated ROS levels can affect the expression and activity of enzymes that are involved in lipid 

metabolism. It has been reported that increased ROS impairs fatty acid oxidation and promotes 

fatty acid esterification into triglycerides that are stored in lipid droplets (233). ROS at excessive 

amounts also disrupts insulin signaling, elicits immune response, promotes macromolecule 

modification and compromises antioxidant defense in NAFLD (233, 460). MDA is formed 

during lipid peroxidation, which is one of the toxic and mutagenic aldehydes (461). Increased 

oxidative stress can lead to the redox-dependent dysregulation of hepatic metabolism and 

function. The ―multiple hit‖ hypothesis suggests multiple insults acting together on genetically 

predisposed subjects to induce NAFLD and provides a comprehensive explanation of NAFLD 

pathogenesis (231, 439). In the present study, lingonberry supplementation attenuated HFD-

induced oxidative stress by reducing hepatic MDA formation. Glutathione is the most abundant 

non-enzymatic antioxidant that plays a crucial role in the detoxification and antioxidant defence 

in the liver (443, 444). A decline of glutathione has been reported in NAFLD patients (446, 447). 

In the present study, there was a significant reduction of glutathione levels and the GSH/GSSG 

ratio, indicative of oxidative stress, in the liver of HFD-fed mice. Lingonberry supplementation 

effectively restored both the hepatic glutathione level and the GSH/GSSG ratio. Glutathione is 
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synthesized by glutamate-cysteine ligase and glutathione synthase. Glutamate-cysteine ligase, 

the enzyme that catalyzes the rate-limiting step in glutathione biosynthesis, comprises a catalytic 

subunit (Gclc) and a modifier subunit (Gclm) (443, 444). It was plausible that increased 

expression of glutamate-cysteine ligase (Gclc) might have contributed to increased glutathione 

synthesis in the liver of mice by lingonberry supplementation.  

The transcription factor Nrf2 is a key transcription factor involved in cellular responses against 

oxidative stress. It regulates the expression of antioxidant enzymes including those responsible 

for glutathione synthesis. In the present study, HFD feeding reduced the levels of GSH and 

nuclear Nrf2 protein in the liver. It was reported that genetic ablation of Nrf2 in primary mouse 

embryo fibroblast cell and liver reduced the expression of glutamate–cysteine ligase and 

intracellular glutathione (462). Under physiological conditions, Nrf2 is kept in the cytoplasm by 

binding to endogenous inhibitor Keap1 that mediates a rapid ubiquitination and subsequent 

degradation of Nrf2 by proteasomes (448). Under oxidative stress conditions, Keap1/Nrf2 

complex dissociates, and Nrf2 translocates into the nucleus, where it binds to the ARE and 

activates the transcription of several anti-oxidative enzymes including glutathione-synthesizing 

enzymes (443, 449). Our results suggested that lingonberry supplementation attenuated HFD-

induced oxidative stress through increased Nrf2/glutathione antioxidant defence. Such a 

beneficial effect of lingonberry might be attributed to its high content of anthocyanins. Our 

recent study has identified cyanidin-3-galactoside (C3Gal), cyanidin-3-arabinoside (C3Ara), and 

cyanidin-3-glucoside (C3Glu) as the three anthocyanins found in lingonberry, which possess 

high antioxidant potentials (349). It was reported that C3Glu could activate Nrf2/ARE pathway 

in human umbilical vein endothelial cells challenged with TNF- (463). In another study, C3Glu 

activated Nrf2 signaling and reduced palmitic acid-induced lipotoxicity in intestinal epithelial 

cells (464). Future studies are warranted to identify the contribution of individual anthocyanins 

or other active ingredients in lingonberry to its antioxidant action.   

The strengths and limitations of the present study should be considered. The present study was 

performed using a well-established HFD feeding animal model with features that resembled 

characteristics of NAFLD. Our results, for the first time, demonstrated that lingonberry 

supplementation at 5% (w/w) had hepatic protective effect against HFD-induced liver injury 

through lipid lowering, antioxidant and anti-inflammatory response. Such a hepatic protective 
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effect of lingonberry was independent of body weight changes. Our results suggested that the 

antioxidant effect of lingonberry might be mediated through restoration of Nrf2 and glutathione 

biosynthesis. However, the active ingredients in lingonberry that may contribute to hepatic 

protective effect remain to be identified in future studies.     

4.6 Conclusion  

In conclusion, our results demonstrate that chronic consumption of HFD causes hepatic lipid 

accumulation, oxidative stress and inflammation, resulting in liver damage (Figure 4.7). 

Lingonberry supplementation confers protection against HFD-induced liver injury through 

improving hepatic steatosis, attenuating oxidative stress and inflammatory response (Figure 4.7). 

Our results suggest that regulation of hepatic lipid synthesis and activation of Nrf2 signaling 

pathway may contribute to the beneficial effect of lingonberry in the context of NAFLD, which 

is independent of body weight changes. The prevalence of NAFLD is in parallel with a global 

increase in obesity and type 2 diabetes. Currently, there are no effective pharmacological agents 

approved for NAFLD, and only supportive therapies are available to prevent the progression to 

the advanced conditions. Consumption of lingonberry may serve as a potential alternative for the 

management of NAFLD. 
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Figure 4.7 Graphical illustration of lingonberries protective effect on HFD-induced fatty liver 

and oxidative stress. 

Abbreviations: HFD = High-fat diet; SREBP-1c = sterol regulatory element-binding 

transcription factor-1c; ACC-1 = acetyl-coenzyme-A carboxylase-1; GSH = reduced glutathione; 

GSSG = oxidized glutathione; IL-6 = interleukin-6; MCP-1 = monocyte chemoattractant protein-

1; TNF- = tumor necrosis factor-. 
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Transition statement III 

Hepatic lipid overload, oxidative stress, and inflammation are the primary mediators of NAFLD 

pathogenesis (231). The results of manuscript II (Study II) identified that dietary 

supplementation of Manitoba lingonberry significantly reduced fatty liver, decreased expression 

of SREBP-1c, and increased phosphorylation of AMPK. Additionally, lingonberry diminished 

hepatic inflammation and restored antioxidant defense by elevating Nrf2/GSH signaling in the 

liver.  

According to the multiple parallel hits hypothesis, lipotoxicity occurrs due to increased hepatic 

FFA content triggering oxidative stress and inflammation in NAFLD progression (231). Hepatic 

lipid accumulation depends on four primary processes, 1) FFA influx to the liver, 2) hepatic de 

novo lipogenesis, 3) fatty acid oxidation in the liver, and 4) hepatic lipid export (301). An 

increasing number of studies have identified improving hepatic lipid metabolism as a novel 

therapeutic approach to treat NAFLD (465). SREBP-1c stimulates hepatic de novo lipogenesis 

by increasing the transcription of fatty acid synthesis genes such as ACC1 and FAS (466). On 

the contrary, AMPK inhibits fatty acid synthesis and promotes mitochondrial -oxidation of fatty 

acids. Activation of AMPK phosphorylates ACC1 and reduces production of malonyl-

coenzyme-A. At higher concentrations, malonyl-coenzyme-A hinders mitochondrial -oxidation 

of fatty acids by inhibiting carnitine shuttle (467).  

Notch signaling plays an important role in liver development, regeneration, and disease (468). 

Several studies have demonstrated the correlation between the activation of Notch signaling and 

NAFLD. Analysis of liver biopsy samples of NAFLD patients and liver tissues of HFD-induced 

NAFLD mice have revealed increased hepatic expression of Notch signaling (310). Liver-

specific silencing or inhibition of Notch receptors, notably Notch1, has improved NAFLD by 

reducing hepatic lipogenesis and increasing fatty acid oxidation (390). Further, deletion of 

Notch1 receptors has reduced hepatic gluconeogenesis and insulin resistance in HFD fed mice 

(316). These findings suggest that regulation of hepatic Notch signaling might be a critical 

mediator for improving fatty liver. Although manuscript II showed that lingonberry reduced 

hepatic lipid accumulation and suppression of SREBP-1c gene expression, the exact mechanisms 

related to lingonberry’s lipid lowering properties were not fully elucidated. Therefore, the third 

study (Manuscript III) of this thesis was designed to test the hypothesis that supplementation of 
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Manitoba wild lingonberry would improve liver lipid metabolism via inhibiting hepatic Notch 

signaling. Specifically (objective 3), study III aimed to investigate the impact of lingonberry 

supplementation on Notch-mediated lipid metabolism using a mouse model of NAFLD induced 

by HFD feeding.  
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Manuscript III 

 

Lingonberry improves hepatic lipid metabolism by targeting Notch1 signaling 

Madduma Hewage S, Au-Yeung KKW, Prashar S, Wijerathne CUB, O K, and Siow YL. 

Antioxidants. 2022; 11(3):472. 
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5.1 Abstract  

Impaired hepatic lipid metabolism is a hallmark of non-alcoholic fatty liver disease (NAFLD), 

which has no effective treatment option. Recently, Notch signaling has been identified as an 

important mediator of hepatic lipid metabolism. Lingonberry (Vaccinium vitis-idaea L.) is an 

anthocyanin-rich fruit with significant lipid-lowering properties. In this study, we examined how 

lingonberry influenced Notch signaling and fatty acid metabolism in a mouse model of NAFLD. 

Mice (C57BL/6J) fed a high-fat diet (HFD) for 12 weeks developed fatty liver and activated 

hepatic Notch1 signaling. Lingonberry supplementation inhibited hepatic Notch1 signaling and 

improved lipid profile by improving the expression of the genes involved in hepatic lipid 

metabolism. The results were verified using a palmitic-acid-challenged cell model. Similar to the 

animal data, palmitic acid impaired cellular lipid metabolism and induced Notch1 in HepG2 

cells. Lingonberry extract or cyanidin-3-glucoside attenuated Notch1 signaling and decreased 

intracellular triglyceride accumulation. The inhibition of Notch in the hepatocytes attenuated 

sterol-regulatory-element-binding-transcription-factor-1 (SREBP-1c)-mediated lipogenesis and 

increased the expression of carnitine palmitoyltransferase-I-alpha (CPT) and acyl-CoA 

oxidase1 (ACOX1). Taken together, lingonberry’s hepatoprotective effect is mediated by, in part, 

improving hepatic lipid metabolism via inhibiting Notch1 signaling in HFD-induced fatty liver. 

5.2 Introduction  

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in the 

world (12). NAFLD is defined by accumulating lipids (mainly triglyceride) comprising more 

than 5% of the liver weight (435). NAFLD comprises a broad pathological spectrum ranging 

from simple fatty liver (steatosis) to fatty liver with hepatic inflammation (steatohepatitis), 

fibrosis and cirrhosis (245). The global prevalence of NAFLD has become nearly one-third of 

the population with the rapid growth rate of obesity and sedentary lifestyles (12). Elevated 

hepatic lipid influx, impaired lipid metabolism and decreased lipid export from the liver are the 

primary causes of fatty liver (245). Chronic lipid accumulation in the liver triggers oxidative 

stress and inflammation, the driving forces of progressing steatosis to nonalcoholic 

steatohepatitis (NASH). Impaired hepatic lipid metabolism is common in NAFLD patients and in 

high-fat-diet (HFD)-fed rodent models (469). It has been demonstrated that hepatic de novo 

lipogenesis is three-fold higher in human NAFLD subjects than in control subjects (470). 
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Furthermore, elevated fatty acid synthesis attenuates lipolysis/fatty acid oxidation by inhibiting 

fatty acid transportation into the mitochondrial matrix (471). Therefore, hepatic lipid metabolism 

has been identified as a potential therapeutic target to improve NAFLD (302). 

Notch is an intracellular signaling mechanism that transduces signals to the nucleus following 

the activation of its transmembrane cell-surface receptors (304). Notch signaling plays a crucial 

role in the development, repair and homeostasis of the liver (303). However, dysregulation of 

Notch signaling in the liver is associated with impaired lipid metabolism, inflammation and 

fibrosis (306). Recent studies indicate that the Notch signaling pathway is positively correlated 

with the fatty liver (389). Notch downstream signaling is activated by intracellular cleavage of 

the Notch receptor. Upon activation, the cleaved Notch receptor or the Notch intracellular 

domain (NICD) acts as the downstream signal transducer of the Notch pathway (311). Among 

the four Notch receptors, Notch receptor 1 (Notch1) expression is elevated in NAFLD, as 

evidenced by the liver biopsy samples obtained from NAFLD patients and the liver tissue of 

HFD-fed mice (310). Increased hepatic expression of Notch1 promotes insulin resistance and 

gluconeogenesis in HFD-fed mice (316). Further, a significant elevation in Notch1 expression 

has been observed in mice fed a NASH diet (472). Another study has demonstrated that 

inhibition of Notch signaling attenuated carbon-tetrachloride (CCl4)-induced liver fibrosis in rats, 

proposing the hepatoprotective role of pharmacological inhibition of Notch in liver damage 

(473). Therefore, it has been suggested that the Notch signaling pathway plays a role in the 

development and progression of NAFLD by interfering with multiple steps in lipid metabolism. 

Although the prevalence of NAFLD has increased globally, there are limited treatment options 

(435). Since improving hepatic lipid metabolism may stop the progression of NAFLD, there has 

been a continuous search for potential disease management solutions. These include lifestyle and 

dietary interventions. Lingonberry (Vaccinium vitis-idaea L.) is an evergreen dwarf woody plant 

that produces small reddish berries rich in anthocyanins (20). Lingonberry has shown promising 

health benefits, including antioxidant, anti-inflammatory and lipid-lowering activity in in vitro 

and in vivo models (27, 30, 349, 452, 453, 474). Previously, we reported that lingonberry 

anthocyanins protect cardiac cells from oxidative-stress-induced apoptosis via suppressing 

caspase-3 activation (27). Lingonberry also protects mice from HFD-induced chronic kidney 

disease by inhibiting the nuclear factor kappa-light-chain-enhancer of activated b cell (NF-B)-
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mediated inflammation (452). We have further observed that lingonberry supplementation 

improves liver function (475). Additionally, consumption of lingonberry prevents adipocyte 

hypertrophy and protects vascular endothelial dysfunction, inhibiting oxidative stress and 

inflammation in HFD-fed mice (476). The antioxidant properties of lingonberry have been well-

established (27, 349, 475, 476), and the potential crosstalk of Notch1 signaling with the 

antioxidant pathway has been demonstrated in the heart (477). However, the effect of 

lingonberry on Notch signaling and the underlying mechanism for the lipid-lowering properties 

of lingonberry are not fully understood. Therefore, the current study aimed to investigate the 

impact of lingonberry supplementation on Notch-mediated lipid metabolism using a mouse 

model of NAFLD induced by HFD feeding. 

5.3 Materials and methods  

5.3.1 Animal model 

Male C57BL/6J mice were purchased from Central Animal Care Services (University of 

Manitoba, Winnipeg, MB, Canada) and were housed two per cage in a temperature- and 

humidity-controlled room with a 12 h dark–12 h light cycle. At the age of six weeks, the animals 

were divided into three groups. Each group was given a (1) control diet (D12450J, Research 

Diets Inc., Brunswick, NJ, USA) containing 11% kcal fat, 18% kcal protein and 71% kcal 

carbohydrate, or (2) an HFD (D12492) containing 62% kcal fat, 18% kcal protein and 20% kcal 

carbohydrate, or (3) an HFD supplemented with (5% w/w) Manitoba wild lingonberry 

(D17022206). The fat sources of HFD were derived from 90% lard and 10% soybean oil. The 

three diets listed above were given ad libitum for 12 weeks. The average feed intake and weight 

gain of the animals were recorded throughout the trial. The animals were sacrificed at the end of 

the feeding period, and the liver tissues were collected. All the procedures were performed in 

accordance with the Guide to the Care and Use of Experimental Animals published by the 

Canadian Council on Animal Care and approved by the University of Manitoba Protocol 

Management and Review Committee. 

 



131 

 

5.3.2 Cell culture 

Human hepatoma cells (HepG2, cell line: HB-8065) were purchased from American Type 

Culture Collection (Manassas, VA, USA). HepG2 cells were cultured in Dulbecco’s modified 

eagle medium (DMEM) (VWR, Radnor, PA, USA) supplemented with 10% fetal bovine serum 

(Hyclone Laboratories Inc., Logan, UT, USA) at 37°C in a humidified atmosphere containing 

5% CO2. The cells were subcultured before they reached 90% confluency, and all the 

experiments were performed using the cells in between 5–20 passages. The cells were seeded in 

6-well plates or 60 mm dishes at a 1 × 10
5
 cells/mL density and incubated for 24 h. The cells 

were pretreated with lingonberry extract, cyanidin-3-glucoside (C3Glu) (Cerilliant Corp., Round 

Rock, TX, USA) and -secretase inhibitor N-[N-(3,5-difluorophenacetyl-L-alanyl)]-(S)-

phenylglycine t-butyl ester (DAPT, Abcam, Cambridge, UK) alone or DAPT plus lingonberry 

extract for 30 min followed by incubation with palmitic acid dissolved in 10% bovine serum 

albumin (Sigma-Aldrich. St. Louis, MO, USA) for another 24 or 48 h. 

5.3.3 Triglyceride and total cholesterol assays 

Hepatic lipids were extracted from the liver tissues using the Folch method (402, 454). Briefly, 

the tissues were homogenized with a solution mixture containing chloroform, methanol and 

distilled water (v:v:v ratio of 4:2:3). The homogenate was centrifuged to recover the liquid phase, 

and the lipids, separated into the chloroform phase, were dried using nitrogen gas. The dried 

lipids were then resuspended in ethanol. For intracellular triglycerides, the cells were collected 

and resuspended in PBS, followed by sonication. Triglycerides and total cholesterol in the 

extracts were measured using commercial kits according to the manufacturer’s instructions 

(Sekisui Diagnostics, Burlington, MA, USA) (241). 

5.3.4 Western blot 

The protein levels of Notch1 and cleaved Notch1/Notch1 intracellular domain (NICD1) were 

detected using western immunoblotting. Total proteins were extracted from mouse liver tissues 

in a protein lysis buffer containing 20 mM Tris at pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM 

EDTA, 2.5 mM sodium pyrophosphate, 1 mM -glycerophosphate, 1 mM sodium 

orthovanadate, 2.1 M leupeptin, 1 mM PMSF and 1% (v/v) Triton X-100. Extracted proteins 

were quantified and separated in a 10% SDS polyacrylamide gel as previously described (452, 
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475). Following electrophoresis and electrotransfer onto nitrocellulose membrane, the blots were 

probed with rabbit anti-Notch1 monoclonal antibody or rabbit anti-NICD1 monoclonal antibody 

(Cell Signaling Technology, Danvers, MA, USA). The membranes were then reprobed with 

rabbit anti--actin monoclonal antibody (Cell Signaling Technology) to ensure equal loading of 

the samples. All the blots were incubated with HRP-conjugated anti-rabbit IgG secondary 

antibodies (Cell Signaling Technology). Proteins were visualized by using an ECL detection 

system (Bio-Rad, Hercules, CA, USA) and quantified using Quantity One software version 4.6.8 

for Windows (Bio-Rad). 

5.3.5 Real-Time qPCR 

Relative mRNA expression of Notch1, hairy and enhancer of split-1 (HES1), fatty acid 

translocase (CD36), diacylglycerol acyltransferase 1 and 2 (DGAT1 and DGAT2), acyl-CoA 

oxidase1 (ACOX1), carnitine palmitoyltransferase-I-alpha (CPT), acetyl-CoA carboxylase 1 

(ACC1) and sterol regulatory element-binding transcription factor-1 (SREBP-1c) were measured 

using the real-time qPCR technique. Briefly, total RNA was extracted, and cDNA was 

constructed from the HepG2 cells and mouse liver tissues as previously described (407, 452). 

The qPCR mixture was prepared by mixing 100 ng of cDNA, 1X iTaq Universal SYBR Green 

Supermix (Bio-Rad), 300 nM per primer and RNase-free water in a total reaction mixture of 20 

L. The qPCR was performed using a previously described protocol (452). The data were 

analyzed using the comparative CT method with gene expression levels normalized to that of the 

housekeeping gene -Actin (456). Primer sequences used for the RT-qPCR are shown in  

Table 5.1. 

5.3.6 Histological staining 

A portion of the liver tissue was fixed in 10% neutral-buffered formalin and embedded in 

paraffin, then sectioned into a thickness of 5 m (409). The paraffin sections were stained with 

hematoxylin and eosin (H&E) to evaluate the morphological changes in the liver. The cells were 

seeded at a density of 4 × 10
4
 cells/chamber in a chamber slide (Thermo Fisher Scientific, 

Waltham, MA, USA) and incubated for 24 h. The cells were pretreated with lingonberry extract, 

C3Glu and DAPT or DAPT plus lingonberry extract for 30 min and incubated with palmitic acid 

for another 48 h. The cells were stained with Oil Red O to visualize neutral lipid accumulated in 
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Table 5.1 Primer sequences used for the RT-qPCR. 

Primer 
Forward Sequence 

(5′–3′) 

Reverse Sequence 

(5′–3′) 

Accession 

Number 

Human    

Notch1  CAATGTGGATGCCGCAGTTGTG CAGCACCTTGGCGGTCTCGTA 
NM_01761

7.5 

HES1  TCAACACGACACCGGATAAA CCGCGAGCTATCTTTCTTCA 
NM_00552

4.4 

ACOX1 GGCGCATACATGAAGGAGACCT AGGTGAAAGCCTTCAGTCCAGC 
NM_00118

5039.2 

CPTIα 
CGATGTTACGACAGGTGGTTTG

ACA 

AGTGCCCATCCTCCGCATAG NM_00187

6.4 

ACC1 TTCACTCCACCTTGTCAGCGGA GTCAGAGAAGCAGCCCATCACT 
NM_19883

8.2 

SREBP-1c 
ACACAGCAACCAGAAACTCAA

G 

AGTGTGTCCTCCACCTCAGTCT NM_00100

5291.3 

Mouse    

Notch1  CCAGCAGATGATCTTCCCGTAC TAGACAATGGAGCCACGGATGT 
NM_00871

4.3 

HES1  CCCCAGCCAGTGTCAACAC TGTGCTCAGAGGCCGTCTT D16464.1 

DGAT1 TTCCGCCTCTGGGCATT AGAATCGGCCCACAATCCA 
XM_00652

0405.4 

DGAT2 
AGTGGCAATGCTATCATCATCG

T 

AAGGAATAAGTGGGAACCAGA

TCA 

NM_02638

4.3 

CD36 TGTGCTAGACATTGGCAAATG CTTCTCCTAAAGATAGGTGTG 
XM_03025

4088.1 

ACOX1 GCCTTTGTTGTCCCTATCCGT 
CTTCAGGTAGCCATTATCCATC

TCT 

NM_00127

1898.1 

CPTIα CATGATTGCAAAGATCAATCGG CTTGACATGCGGCCAGTG 
NM_01349

5.2 

ACC1 
CGGACCTTTGAAGATTTTGTGA

GG 

GCTTTATTCTGCTGGGTGAACT

CTC 

XM_03024

5463.1 

SREBP-1c GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT 
NM_00135

8314.1 
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the cells (475). Briefly, the cells were fixed in 10% formal calcium and immersed in 100% 

propylene glycol and stained with 0.7% Oil Red O solution followed by immersion in 85% 

propylene glycol. After rinsing with distilled water, the cells were counterstained with Mayer’s 

Hematoxylin. The images were taken using an Olympus BX43 Upright Light Microscope 

(Olympus Corp., Tokyo, Japan) equipped with a Q-color 3 digital camera and analyzed using 

Image-Pro Plus 7.0 (Media Cybernetics, Rockville, MD, USA). 

5.3.7 Statistical analysis 

Results were analyzed using one-way ANOVA followed by Newman–Keuls multiple 

comparisons test and expressed as mean ± standard deviation (SD). ProStat Version 6 software 

(Poly Software International, Pearl River, NY, USA) was used to perform all the statistical 

analyses. A p-value of less than 0.05 was considered statistically significant. 

5.4 Results  

5.4.1 Lingonberry supplementation inhibits hepatic Notch1 signaling 

Increased expression of hepatic Notch1 receptor is observed in NAFLD in human subjects and 

mouse models (310). Therefore, Notch1 expression was first examined in the mouse liver tissues. 

HFD feeding for 12 weeks increased both mRNA and protein levels of Notch1 (Figure 5.1A,B). 

Supplementation of 5% (w/w) Manitoba lingonberry with HFD significantly reduced Notch1 

(Figure 5.1A,B) expression in the liver. Next, the protein level of cleaved Notch1 (NICD1) and 

mRNA expression of HES1 were studied to confirm Notch1 activation. HFD feeding increased 

liver NICD1 protein and HES1 mRNA levels (Figure 5.1C,D), while lingonberry 

supplementation significantly decreased these changes (Figure 5.1C,D). 

5.4.2 Lingonberry supplementation attenuates liver lipid accumulation. 

HFD feeding increased liver lipid accumulation identified by elevated hepatic triglyceride and 

total cholesterol levels (Figure 5.2A,B). Lingonberry supplementation significantly reduced 

hepatic triglyceride and total cholesterol accumulation (Figure 5.2A,B). The H&E staining 

revealed noticeable accumulation of lipid droplets identified by larger vacuoles in the liver tissue 

sections of HFD-fed mice compared to those fed a control diet (Figure 5.2C). A smaller and 

reduced number of vacuoles were observed in the liver sections of mice provided an HFD suppl- 
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Figure 5.1 Effect of HFD feeding and lingonberry supplementation on hepatic Notch1 

activation.  

Mice were fed a control diet, HFD or HFD supplemented with 5% (w/w) Manitoba wild 

lingonberry powder for 12 weeks. Liver Notch1 (A) relative mRNA and (B) protein expression 

were measured. (C) Protein expression of the NICD1 was measured in the liver. (D) Hepatic 

relative mRNA expression of HES1 was measured. The real-time qPCR technique was used to 

measure relative mRNA expressions. The results are expressed as mean ± SD (n = 4 to 6). * p < 

0.05 when compared with the value obtained from the control group. 
#
 p < 0.05 when compared 

with the value obtained from the HFD group. 
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-emented with lingonberry (Figure 5.2C). Throughout the experiment, the animals did not show 

any significant change in feed (diet) intake. At the end of the 12-week feeding period, HFD-fed 

mice showed a significant weight gain compared to the control mice. However, lingonberry 

supplementation did not influence the body weight gain by HFD feeding. These data were 

reported in our previous study (475). 

5.4.3 Lingonberry supplementation improves liver lipid metabolism. 

The impact of lingonberry on hepatic lipid metabolism was examined. ACC1 is the rate-limiting 

enzyme for fatty acid biosynthesis, which is transcriptionally regulated by the transcription factor 

SREBP-1c (430). HFD feeding increased the hepatic expression of SREBP-1c and ACC1 (Figure 

5.3A,B). Dietary supplementation of lingonberry significantly reduced the expression of both 

genes (Figure 5.3A,B). CPT regulates the rate-limiting step of mitochondrial fatty acid 

oxidation, while ACOX1 catalyzes the rate-limiting reaction of peroxisomal fatty acid oxidation 

(478, 479). Lingonberry markedly increased the hepatic mRNA levels of ACOX1 and CPT 

(Figures 5.3C,D); however, no significant change was observed in mice fed an HFD (Figures 

5.3C,D). Increased hepatic expression of CD36 elevates hepatocyte lipid uptake and the 

progression of the fatty liver (480). Moreover, DGAT1 and DGAT2 are the key enzymes that 

catalyze the formation of triglycerides from diacylglycerol and acyl-CoA (481). Hepatic gene 

expression of CD36, DGAT1 and DGAT2 were markedly increased in mice fed an HFD (Figure 

5.3E,F). Lingonberry supplementation reduced HFD-induced elevation in these gene expressions 

(Figure 5.3E,F). 

5.4.4 Lingonberry extract or cyanidin-3-glucoside (C3Glu) reduces intracellular lipid 

accumulation and suppresses Notch1 and SREBP-1c signaling. 

To further study the effect of lingonberry on Notch1 signaling and lipid metabolism, hepatocytes 

were challenged with palmitic acid. In preliminary experiments, we observed that treatment with 

0.3 mM palmitic acid for 24 h recorded the maximum induction of Notch1 gene expression (data 

not shown). The effect of lingonberry extract and C3Glu (one of the three anthocyanins found in 

lingonberry) on Notch signaling and induction of genes related to lipid synthesis was examined. 

Pretreatment of lingonberry extract (dilutions 1:2000, 1:1000 and 1:500) or C3Glu 

(concentrations 0.1 and 1.0 M) significantly reduced palmitic-acid-induced Notch1 mRNA ex- 



137 

 

 

 

Figure 5.2 Effect of HFD feeding and lingonberry supplementation on liver lipid accumulation.  

Mice were fed a control diet, HFD or HFD supplemented with 5% (w/w) Manitoba wild 

lingonberry powder for 12 weeks. Liver (A) triglyceride and (B) total cholesterol levels were 

measured. (C) Paraffin sections of the liver tissues were stained with hematoxylin and eosin 

(H&E) to examine the histological changes (Scale bar = 100 m, magnifications 100× and 

200×). The results are expressed as mean ± SD (n = 5 to 6). * p < 0.05 when compared with the 

value obtained from the control group. 
#
 p < 0.05 when compared with the value obtained from 

the HFD group. 
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Figure 5.3 Effect of HFD feeding and lingonberry supplementation on liver lipid metabolism.  

Mice were fed a control diet, HFD or HFD supplemented with 5% (w/w) Manitoba wild 

lingonberry powder for 12 weeks. Relative mRNA expression of (A) SREBP-1c, (B) ACC1, (C) 

ACOX1, (D) CPT, (E) CD36 and (F) DGAT1 and DGAT2 were measured in the liver using 

real-time qPCR. The results are expressed as mean ± SD (n = 6). * p < 0.05 when compared with 

the value obtained from the control group. 
# p < 0.05 when compared with the value obtained 

from the HFD group. 
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-pression (Figure 5.4A, B). Based on these results, 1:500 dilution of lingonberry extract and 1.0 

M C3Glu were selected to treat the cells for further experiments. Pretreatment of cells with 

lingonberry extract or C3Glu for 30 min significantly lowered palmitic-acid-induced HES1, 

SREBP-1c and ACC1 mRNA expression (Figure 5.4C–E). To further confirm the effect of 

lingonberry extract and C3Glu on cellular lipid metabolism, intracellular triglyceride levels were 

measured in cells treated with palmitic acid for 48 h. Both lingonberry extract and C3Glu 

reduced palmitic-acid-induced intracellular triglyceride accumulation (Figure 5.4F). 

Additionally, Oil Red O staining showed increased cellular lipid droplets in the group treated 

with palmitic acid alone compared to the control group (Figure 5.4G). The cells pretreated with 

lingonberry extract or C3Glu exhibited fewer cellular lipid droplets compared to the cells treated 

with palmitic acid alone (Figure 5.4G). 

5.4.5 Inhibition of Notch signaling improve cellular lipid metabolism. 

To inhibit Notch signaling, a -secretase inhibitor DAPT was used. Pretreatment of cells with 

DAPT (10 M) or with DAPT plus lingonberry extract (dilution 1:500) inhibited palmitic-acid-

induced mRNA expression of HES1 (Figure 5.5A), a downstream target gene of Notch signaling. 

Incubation of the cells with DAPT or DAPT plus lingonberry extract significantly decreased the 

SREBP-1c and ACC1 mRNA levels induced by palmitic acid (Figure 5.5B,C). Additionally, 

DAPT or DAPT plus lingonberry extract increased mRNA levels of ACOX1 and CPT in 

palmitic-acid-treated hepatocytes (Figure 5.5D,E). In line with the results observed in the mouse 

liver tissues, cells incubated with palmitic acid alone did not significantly change the mRNA 

level of ACOX1 and CPT (Figure 5.5D,E). There was no significant difference in gene 

expression in cells treated with DAPT or DAPT plus lingonberry extract. Next, intracellular 

triglyceride content was examined. Incubation of cells with palmitic acid for 48 h resulted in a 

significant increase in cellular triglyceride compared to the control cells (Figure 5.5F). 

Pretreatment of cells with DAPT or DAPT plus lingonberry extract markedly reduced palmitic-

acid-induced intracellular triglyceride levels (Figure 5.5F). Another set of cells was stained with 

Oil Red O to visualize cellular lipid accumulation. Incubation of cells with palmitic acid for 48 h 

resulted in increased cellular lipid droplets compared to the control group (Figure 5.5G). The 

cells pretreated with DAPT or a combination of DAPT and lingonberry extract exhibited fewer 

cellular lipid droplets compared to the cells treated with palmitic acid alone (Figure 5.5G). 
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Figure 5.4 Effect of lingonberry extract and C3Glu on Notch signaling and lipogenesis in the 

HepG2 cells.  

Relative mRNA expression of Notch1 was measured in the cells pretreated with different 

dilutions of (A) lingonberry extract (dilutions: 1:2000, 1:1000 or 1:500) or (B) various 
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concentrations of C3Glu (0.1 or 1.0 M) for 30 min and incubated with 0.3 mM palmitic acid for 

another 24 h. After selecting the optimum doses, the cells were pretreated with lingonberry 

extract (dilution 1:500) or C3Glu (1.0 M) for 30 min and incubated with 0.3 mM palmitic acid 

for 24 h. Relative mRNA expression of (C) HES1, (D) SREBP-1c and (E) ACC1 were measured 

using real-time qPCR. Separate sets of cells were treated with the same compounds as above but 

incubated with palmitic acid for 48 h. One set of cells was used to measure (F) intracellular 

triglyceride level, and the other set was used to stain with (G) Oil Red O to visualize intracellular 

lipids (Scale bar = 100 m, magnification = 400×). The results are expressed as mean ± SD (n = 

6). * p < 0.05 when compared with the value obtained from the control group. 
#
 p < 0.05 when 

compared with the value obtained from the palmitic-acid-treated group. 
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Figure 5.5 Effect of inhibition of the Notch signaling on lipid metabolism in the HepG2 cells.  

The cells were pretreated with vehicle or a -secretase inhibitor DAPT (10 M) or DAPT plus 

lingonberry extract (dilution 1:500) for 30 min followed by incubation with palmitic acid (0.3 
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mM) for another 24 h. Relative mRNA expression of (A) HES1, (B) SREBP-1c, (C) ACC1, (D) 

ACOX1 and (E) CPT was measured using real-time qPCR. Separate sets of cells were treated 

with DAPT as above but incubated with palmitic acid for 48 h. One set of cells was used to 

measure (F) intracellular triglyceride level, and the other set was stained with (G) Oil Red O to 

visualize intracellular lipids (Scale bar = 100 m, magnification = 400×). The results are 

expressed as mean ± SD (n = 6). * p < 0.05 when compared with the value obtained from the 

control group. 
#
 p < 0.05 when compared with the value obtained from the palmitic-acid-treated 

group. 

5.5 Discussion  

The current study investigated the impact of lingonberry supplementation on hepatic Notch1 

signaling and lipid metabolism using mice and hepatocytes. Our data indicate that 

supplementation with 5% (w/w) Manitoba wild lingonberry improved HFD-induced fatty liver 

by attenuating hepatic lipid accumulation. This was mediated, in part, through the inhibition of 

hepatic lipogenesis and the stimulation of fatty acid oxidation by suppressing Notch1 signaling 

in the liver. The favorable lipid-lowering effect of lingonberry was further supported by the in 

vitro results in hepatocytes treated with lingonberry extract or its anthocyanin (C3Glu). 

Elevated Notch1 signaling was shown to stimulate liver lipid accumulation by inducing hepatic 

de novo lipogenesis in NAFLD by upregulating transcriptional activation of fatty acid synthesis 

genes (315). The results from the current study are in line with those from previous studies that 

indicate HFD feeding results in activation of Notch1 signaling and lipid accumulation in the liver 

(310, 390). Lingonberry supplementation attenuated hepatic Notch1 expression and fatty liver in 

mice fed an HFD. To further understand the mechanism of lingonberry’s effect on Notch-

mediated lipid metabolism, an in vitro hepatocyte model (HepG2) was used. Cells were 

incubated with palmitic acid, the most common saturated fatty acid found in the HFD. Similar to 

the results observed in HFD-fed mice, incubation of cells with palmitic acid increased cellular 

lipid accumulation, lipogenesis and Notch1 signaling. Pretreatment of cells with lingonberry 

extract inhibited Notch1 signaling, lipogenesis and cellular lipid accumulation induced by 

palmitic acid. Lingonberry is an anthocyanin-rich berry, with particular abundancies of cyanidin-

3-galactoside (C3Gal), cyanidin-3-arabinoside (C3Ara) and cyanidin-3-glucoside (C3Glu) (349). 

Anthocyanins are a group of water-soluble polyphenols that have been shown to have beneficial 
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health effects against oxidative stress, inflammation and obesity (18). Pretreatment of cells with 

C3Glu inhibited cellular lipogenesis and Notch1 signaling in the cells treated with palmitic acid. 

However, the other two anthocyanins, C3Gal and C3Ara, did not significantly change the Notch1 

expression in palmitic-acid-treated cells (data not shown). 

During Notch activation, the enzyme γ-secretase intracellularly cleaves the Notch receptor to 

yield NICD, the second messenger of the Notch pathway (304). To confirm the involvement of 

Notch signaling in lingonberry’s lipid-lowering effect, a -secretase inhibitor, DAPT, was used 

(482). Notch inhibition significantly lowered cellular lipid accumulation by ameliorating 

SREBP-1c-mediated lipogenesis and augmenting fatty acid oxidation. Similar findings were 

observed in HFD-fed mice with liver-specific RBPJ knockout (L-RBPJ) (315); recombination-

signal-binding protein for immunoglobulin kappa J region (RBPJ) is a DNA-binding protein that 

is essential for NICD to interact with its target DNA in the nucleus (311). Another study reported 

that Notch1 deficiency increased fatty acid oxidation in the liver by elevating the expression of 

fatty acid oxidation genes (390). In accordance with these findings, our results suggest that 

lingonberry extract or C3Glu reduced cellular lipid accumulation by decreasing lipogenesis and 

increasing fatty acid oxidation, in part through inhibiting Notch1 signaling. Further, elevated 

fatty acid oxidation might be a combined effect of Notch1 inhibition and involvement of other 

possible signaling pathways affected by lingonberry. Sirtuins (SIRTs 1–7) are a family of 

nicotinamide-adenine-dinucleotide (NAD)-dependent histone deacetylases that can regulate a 

variety of cellular processes, such as cellular energy metabolism and cell survival (483). It has 

also been reported that SIRT4 levels are significantly reduced in obese patients with NAFLD 

(484). Recent studies showed that SIRTs may play key roles in regulating insulin 

sensitivity/resistance and fatty acid -oxidation (483, 485, 486). Therefore, the effects of 

lingonberry on SIRT expression and insulin resistance in NAFLD warrant further research. 

Increased hepatic de novo lipogenesis is a characteristic of NAFLD (470). The formation of 

malonyl-CoA is the rate-limiting step of fatty acid biosynthesis, which is catalyzed by the 

enzyme ACC1 through the irreversible carboxylation of acetyl-CoA to form malonyl-CoA (177). 

Increased hepatic expression of ACC1 is an indicator for elevated lipogenesis in the liver (487). 

SREBP-1c promotes the expression of a family of genes involved in glucose utilization and fatty 

acid synthesis, including ACC1. Therefore, elevated hepatic SREBP-1c expression plays a major 
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role in fatty liver by stimulating de novo lipogenesis (430). In the current study, lingonberry 

supplementation attenuated lipogenesis by inhibiting the expression of SREBP-1c and ACC1 in 

the liver of HFD-fed mice. The rate of fatty acid conversion into triglycerides is increased in 

NAFLD due to the continuous uptake and de novo synthesis of free fatty acids (200). The 

enzymes DGAT1 and 2 catalyze the final step in triglyceride synthesis (481). Although DGAT 

(1 and 2) catalyze the same reaction, they are not redundant in their respective functions. 

Overexpression of DGAT1 is associated with higher triglyceride levels that are packed into very-

low-density lipoprotein (VLDL) particles. In contrast, DGAT2 is more related to the synthesis of 

triglycerides that are stored in the cytosol. Deletion or knock-out of hepatic DGAT (1 and 2) has 

shown improved fatty liver in HFD-fed mouse models (488). Therefore, together with SREBP-

1c-mediated fatty acid synthesis, the DGAT (1 and 2) enzymes also contribute to the 

development of the fatty liver. In the current study, lingonberry supplementation decreased the 

expression of DGAT1 and DGAT2, which might contribute to a low triglyceride content in the 

liver of mice fed an HFD. Furthermore, lingonberry supplementation inhibited the expression of 

CD36, a scavenger receptor for fatty acid uptake, which might lead to reduced hepatic fatty acid 

uptake in mice fed an HFD. Our findings are in line with those of Kowalska et al., who reported 

that lingonberry extract downregulates the gene expression of DGAT1 and other genes in the 

mouse adipocytes (476). Additionally, Ryyti et al. observed that supplementation of HFD with 

dry Finnish lingonberry powder significantly reduced hepatic mRNA expression of 

monoacylglycerol O-acyltransferase 1 (MGAT1), the enzyme that synthesizes diacylglycerols 

from monoacylglycerol (380). 

Free fatty acids present in the hepatocytes can also be oxidized for energy generation (169). 

Recent studies have shown that stimulation of hepatic fatty acid β-oxidation can function as a 

potential therapeutic approach to manage NAFLD (302). The two most important steps of fatty 

acid β-oxidation are the transportation of cytosolic fatty acids into the mitochondrial matrix and 

desaturation of acyl-coenzyme A (169). The mitochondrial matrix houses fatty acid β-oxidation, 

and therefore, cytosolic free fatty acids need to be transported across the two mitochondrial 

membranes to start their combustion. However, the mitochondrial membranes are impermeable 

for most fatty acids; this process is mediated through the carnitine palmitoyl shuttle (478). 

CPT is the gatekeeper and the rate-limiting enzyme of the mitochondrial fatty-acid-

transporting shuttle (478). At elevated concentrations, malonyl-CoA reduces fatty acid 
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-oxidation by inhibiting the carnitine palmitoyl shuttle (489). Therefore, increased lipogenesis 

indirectly suppresses fatty acid oxidation in the liver. On the other hand, ACOX1 plays a 

significant role in fatty acid oxidation by initiating the rate-limiting reaction of peroxisomal fatty 

acid -oxidation (479). Although HFD feeding did not change the expression of ACOX1 and 

CPT, lingonberry supplementation significantly increased the expression of these two genes in 

the liver. These results suggest that dietary supplementation of lingonberry attenuated HFD-

induced hepatic lipid accumulation by inhibiting de novo lipid synthesis and improving fatty acid 

oxidation in the liver. However, the lipid-lowering effect of lingonberry was independent of 

body weight change. 

The strengths and weaknesses of the current study should be considered. To the best of our 

knowledge, this is the first study to suggest that lingonberry supplementation can improve 

hepatic fatty acid synthesis and oxidation via inhibition of hepatic Notch1 signaling. Further, we 

identified that the anthocyanin C3Glu (found in lingonberry) could be one of the potential 

bioactive compounds responsible for the observed hepatoprotective effects against HFD feeding. 

However, future studies are warranted to determine the impact of other bioactive compounds that 

may contribute to such beneficial effects. Although we have shown Notch inhibition caused a 

significant elevation in fatty acid oxidation gene expression, the upstream mediators of Notch 

and fatty acid oxidation pathways have yet to be studied. 

5.6 Conclusion  

In conclusion, the results of the current study demonstrate that lingonberry improved fatty liver 

by reducing liver lipid accumulation. Such lipid-lowering effects of lingonberry were mediated, 

in part, through improving hepatic lipid metabolism by inhibiting Notch1 signaling (Figure 5.6). 

Suppression of hepatic Notch1 signaling decreased SREBP-1c mediated de novo lipogenesis and 

increased the expression of key genes involved in fatty acid oxidation (Figure 5.6). Further, we 

identified that C3Glu, as one of the potential active compounds, was responsible for these 

beneficial effects. However, lingonberry’s lipid-lowering effect was independent of body weight 

change. As the global prevalence of NAFLD increases with the higher prevalence of obesity and 

sedentary lifestyles, alternative treatment options are required for NAFLD. Therefore, the 

incorporation of lingonberry into the regular diet might be an alternative option to manage 

NAFLD. 
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Figure 5.6 Graphical illustration and proposed mechanism for lingonberry’s effect on hepatic 

Notch signaling and lipid metabolism in HFD-induced NAFLD.  

Lingonberry protects HFD-induced fatty liver by suppressing Notch1 signaling and stimulating 

fatty acid oxidation. Inhibition of Notch1 signaling attenuates SREBP-1c-mediated lipogenesis 

and increases fatty acid oxidation identified by elevated expression of CPT and ACOX1. 
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Decreased fatty acid synthesis and increased oxidation of fatty acids diminish available free fatty 

acids to synthesize triglycerides in the hepatocytes, depleting triglyceride stores in the liver. This 

will ultimately improve the fatty liver. The circled + and − symbols stand for stimulation and 

inhibition, respectively. Abbreviations: HFD = high-fat diet; Notch1 = Notch1 receptor; NICD1 

= Notch1 intracellular domain; HES1 = hairy and enhancer of split-1; SREBP-1c = sterol 

regulatory element-binding transcription factor 1c; ACC1 = acetyl-CoA carboxylase 1; CPT = 

carnitine palmitoyltransferase-I-alpha; ACOX1 = acyl-CoA oxidase1; DGAT1 = diacylglycerol 

acyltransferase 1; DGAT2 = diacylglycerol acyltransferase 2. 
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Chapter 6 
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6.1 General discussion  

CKD is the progressive loss of kidney function over time that can cause serious health issues 

such as CVD, anemia, and mineral and bone disease (37). CKD prevalence has been alarmingly 

increased during the last three decades with the rapid increase of obesity and metabolic 

syndrome (3). The kidney-liver axis has been identified as a crucial mediator in CKD 

pathogenesis, whereas NAFLD is the most common cause of chronic liver disease in the world, 

with more than 25% of global prevalence (12, 387). Further, NAFLD is an independent risk 

factor for CKD, which is commonly observed among obese CKD patients (13). Large-scale 

clinical assessments conducted in multiple countries suggest that NAFLD is associated with a 

nearly two-fold increase in CKD risk (14). HFD feeding (45 - 60% energy from fat) for 5 to 8 

weeks induces fatty liver and hepatic damage in mice, in contrast to 10-16 weeks to develop 

CKD (85, 402, 405, 416, 490, 491). Therefore, the development of NAFLD might occur earlier 

than CKD in obesity/HFD induced CKD. Additionally, both CKD and NAFLD share common 

risk factors such as obesity, diabetes, and hypertension (492). Lipotoxicity and chronic low-

grade inflammation are primary insults that progress CKD and NAFLD into their advanced 

stages (10, 232, 276, 469). Furthermore, NAFLD is associated with elevated plasma lipid 

profiles and systemic inflammation (11, 493).  

Lingonberry is an anthocyanin-rich fruit that has shown antioxidant, anti-inflammatory, 

anticancer, antidiabetic, neuroprotective, and lipid-lowering properties in various in vitro and in 

vivo models (27, 30, 349, 452, 453, 474). Wild lingonberry grown in Manitoba has shown 

significantly higher antioxidant capacity compared to the other commonly consumed berries 

such as blueberry and cranberry (349).  Currently, there is no specific treatment found for CKD 

other than dialysis or renal transplantation. Further, there is no FDA approved treatment for 

NAFLD (494, 495). Therefore, finding alternative treatment options to manage these diseases is 

needed. This thesis examined the effect of dietary supplementation of Manitoba wild lingonberry 

on CKD and impaired hepatic lipid metabolism caused by HFD feeding in male C57BL/6J mice. 

The general objective of the research was to examine the effect of Manitoba wild lingonberry 

supplementation on HFD-induced CKD and impaired hepatic lipid metabolism. This main 

objective was achieved by conducting three separate studies, and the key findings of these three 

studies were; 1) Dietary supplementation of lingonberry significantly reduced HFD-induced 
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CKD through reducing renal damage and inhibiting inflammatory response governed by NF-B 

signaling; 2) Lingonberry supplementation improved HFD-induced fatty liver by suppressing 

hepatic lipogenesis, inflammation, and restoring antioxidant defense through Nrf2/GSH 

signaling; 3) Lingonberry’s effect on reduced hepatic lipid accumulation was mediated, in part, 

by suppressing SREBP-1c mediated lipogenesis and increasing fatty acid oxidation through 

inhibiting hepatic Notch1 signaling. In the following paragraphs, the significance of major 

findings of the three studies listed will be discussed in the context of HFD-induced CKD and 

fatty liver. 

Study I: Inhibition of inflammatory cytokine expression prevents high-fat diet-induced kidney 

injury: role of lingonberry supplementation 

Chronic inflammation is a hallmark of CKD (400). Lipotoxicity and oxidative stress caused by 

chronic hyperlipidemia damages nephrons (glomeruli and tubules), which activates inflammatory 

response in the renal cells and attracts phagocytic leukocytes such as neutrophils and monocytes 

(398). Additionally, proteinuria triggers local inflammation in the tubular cells, due to protein 

accumulation resulted by elevated protein absorption from the glomerular filtrate (118). Initially, 

the inflammatory response is activated as a protective mechanism to these harmful stimuli and to 

remove damaged and dead cells for restoring tissue homeostasis. However, prolonged and 

uncontrolled inflammation triggers tubular and glomerular damage in the kidney, leading to a net 

loss of the functioning nephrons (271). Therefore, this study examined the effect of lingonberry 

supplementation on renal inflammation in HFD-induced CKD.  

Feeding mice a HFD for 12 weeks induced kidney injury with increased inflammatory cytokine 

expression that resembled the characteristics of CKD. Local and systemic inflammation plays a 

crucial role in obesity and metabolic syndrome induced CKD (271). Significantly higher 

expression levels of inflammatory cytokines MCP-1, TNF-, and IL-6 are commonly observed 

among obese CKD patients (271). MCP-1 secreted from the vascular smooth muscle cells, 

mesangial cells, and the tubular cells during the early stages of the renal damage attract 

neutrophils and lymphocytes to the inflammation site. These leukocytes further aggravate tissue 

injury boosting inflammation (398). Additionally, locally produced MCP-1 initiates the 

progression of tubulointerstitial damage and glomerular lesions (496). Chronic exposure to 

hyperlipidemia induces synthesis and secretion of TNF- and IL-6 from the kidney cells, which 
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further activates secretion of inflammatory cytokines and reduces insulin sensitivity, provoking 

development or aggravation of the metabolic syndrome (497). TNF- produced by the renal 

tubular cells changes renal hemodynamics and damages glomeruli through increased secretion of 

renin, which induces glomerular hyperfiltration and hypertension (498). Supplementation of 

Manitoba wild lingonberry (5% w/w) significantly reduced the kidney damage and inflammation 

along with reduced infiltration of macrophages into the glomeruli. NF-B is an essential 

transcription factor to regulate the expression of most of the inflammatory cytokines, including 

MCP-1, TNF-, and IL-6 (282). Lingonberry extract or C3Glu significantly reduced 

inflammatory response via inhibiting NF-B/DNA binding activity in palmitic acid-treated 

tubular cells.  

For the first time, this study elucidated that lingonberry protects fatty HFD-induced CKD by 

attenuating renal and systemic inflammation. Such a renal protective effect by lingonberry is, in 

part, mediated through the NF-κB signaling pathway. Further, lingonberry significantly 

improved plasma glucose and lipid profiles with no notable change in the body weights of the 

animals. This study suggests that hyperlipidemia and impaired lipid metabolism might cause 

renal inflammation and kidney damage. Therefore, apart from inhibiting renal inflammatory 

response, lingonberry might exhibit beneficial effects on lipid metabolism.  

Study II: Lingonberry improves NAFLD by reducing hepatic lipid accumulation, oxidative 

stress and inflammatory response.  

Fatty liver is a major contributor of systemic inflammation (432). According to the multiple 

parallel hits hypothesis, lipotoxicity caused by increased FFA concentration in the hepatocytes 

initiates the pathogenesis of NAFLD (231). Subsequently, oxidative stress and inflammation 

progress simple steatosis to NASH and fibrosis (231). In this study, feeding a HFD for 12 weeks 

caused fatty liver, hepatic oxidative stress, inflammation with increased body weight gain, and 

impaired liver function. At higher concentrations, FFA overwhelms mitochondrial function and 

increases the production of ROS (460). Once the ROS concentration exceeds the neutralization 

capacity of the hepatic antioxidant system, they would damage cellular macromolecules such as 

lipids, proteins, and nucleic acids (252). Disturbed membrane integrity due to lipid peroxidation 

in oxidative stress exposes the internal environment of cellular organelles and the cell itself to 
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the external environment, leading to cell death. Further, release of mitochondrial proteins and its 

DNA (mtDNA) triggers inflammation and apoptosis (499). Protein oxidation changes their 3-

dimensional structure, which alters the catalytic activity of many hepatic enzymes (460). In 

addition to the oxidative stress, increased ROS levels and production of toxic metabolic 

intermediates such as diacylglycerol and ceramides due to fatty acid overload and impaired 

mitochondrial function trigger inflammatory response in NAFLD (460). Supplementation of 

lingonberry significantly reduced HFD-induced fatty liver, hepatic oxidative injury and liver 

damage, and inflammation in mice.  

Glutathione (GSH) is the most abundant non-enzymatic antioxidant that plays a crucial role in 

the detoxification and antioxidant defense in the liver (444). NAFLD is associated with 

significantly reduced hepatic and plasma GSH levels and increased systemic and hepatic 

inflammation (433, 446, 447). Hepatic GSH production is under the transcriptional control of 

Nrf2 (443). Feeding lingonberry restored diminished hepatic GSH level during HFD feeding 

through increasing Nrf2 signaling. A significant increase in hepatic de novo lipogenesis has been 

observed in the individuals with NAFLD compared to the healthy control subjects (500). 

SREBP-1c controls hepatic de novo lipogenesis by regulating the expression of genes involved 

in fatty acid synthesis (430). In contrast, AMPK is a master regulator of energy metabolism that 

stimulates fatty acid oxidation and energy generation (467). Lingonberry supplementation abated 

SREBP-1c and activated AMPK signaling. Although lingonberry did not change the body 

weight, it reduced triglyceride and cholesterol levels in the plasma and the liver. Therefore, 

dietary supplementation of lingonberry would be an effective alternative treatment option to 

improve NAFLD and to reduce hyperlipidemia, the initial insults to start CKD development. 

Study III: Lingonberry improves hepatic lipid metabolism by targeting Notch1 signaling. 

Hepatic lipid accumulation depends on four primary processes, 1) FFA influx to the liver, 2) 

hepatic de novo lipogenesis, 3) fatty acid oxidation in the liver, and 4) hepatic export of lipids 

(301). A growing number of studies have highlighted the importance of improving hepatic lipid 

metabolism as a therapeutic target for NAFLD (438). Study II demonstrated that lingonberry 

reduced plasma lipid profile and attenuated hepatic lipid accumulation. These beneficial lipid 

lowering effects were accompanied with significantly decreased hepatic SREBP-1c expression 

and elevated AMPK phosphorylation. Notch signaling has been identified as an important 
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mediator in energy homeostasis during NAFLD (501). Activation of hepatic Notch signaling and 

increased expression levels of Notch1 (Notch receptor 1) are observed in human NAFLD 

subjects and diet induced NAFLD mice (310). Inhibition of Notch1 in the liver has increased 

insulin sensitivity and reduced gluconeogenesis in HFD fed mice (316). Further, liver-specific 

deletion of Notch1 is associated with decreased fatty liver in diet-induced obese mice (315). 

Therefore, the third study of this thesis was designed to examine whether lingonberry’s lipid-

lowering effect was mediated through Notch signaling in the liver.  

HFD feeding developed fatty liver along with increased Notch1 signaling and elevated 

lipogenesis in the liver. Interestingly, lingonberry supplementation significantly decreased 

hepatic Notch1 signaling and lipogenesis, while increasing fatty acid oxidation. Inhibition of 

Notch signaling in the palmitic acid-treated hepatocytes diminished intracellular triglyceride 

accumulation and SREBP-1c mediated lipogenesis. Moreover, it stimulated the expression of 

fatty acid oxidation genes. Similar results were observed when palmitic acid treated hepatocytes 

were incubated with lingonberry extract or C3Glu. However, pretreatment of hepatocytes with 

other lingonberry anthocyanins C3Gal or C3Ara did not have a significant inhibitory effect on 

Notch signaling (Appendix III). Therefore, the results of study 3 indicated that lingonberry’s 

lipid-lowering properties in the liver were mediated, in part through inhibiting Notch1 signaling.  

Dyslipidemia is a characteristic feature of NAFLD, which damages the glomerular basement 

membrane and tubular cells as well as triggers oxidative stress and inflammation in the kidney 

(199). Chronic low-grade inflammation caused by lipotoxicity is a primary pathophysiological 

mediator in the progression of CKD (502). The results of the first study indicated that 

lingonberry protected HFD induced chronic kidney damage by decreasing renal and systemic 

inflammation. The results of the second and third studies identified that lingonberry reduces fatty 

liver and dyslipidemia by improving hepatic lipid metabolism. Further, we identified that C3Glu 

is one of the potential bioactive compounds, which is responsible for those beneficial effects. 

Therefore, this thesis suggests that lingonberry’s renal protective effect in HFD-induced CKD is 

not only by improving renal pathology but also by reducing the fatty liver and improving hepatic 

lipid metabolism. 

There are several studies that have reported the lipid-lowering and anti-diabetic properties of 

European wild and commercial lingonberry strains (28, 29, 341, 380, 453, 474, 476, 503). 
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However, all these studies have used 20% (w/w) dry lingonberry powder or more to supplement 

their HFD diets. This might be achievable in Scandinavian regions where lingonberry is 

regularly consumed as juice, jam, stew or deserts. However, consuming lingonberry about one-

fifth of the daily diet (20% w/w) is challenging for the majority of the world. Our results, for the 

first time, showed that only 5% (w/w) of dried lingonberry powder could exert above mentioned 

beneficial effects. When the above animal dose is calculated into the human equivalent diet 

(HED), a daily consumption of about 107 g of fresh lingonberries by an average human weighing 

60 kg (with a surface area of 1.6 m
2
) is obtained (see Appendix IV for calculations). This is 

equivalent to less than a cup of fresh lingonberries (~146.0 g), which is an easily consumable 

daily amount. Therefore, regular consumption of a handful of Manitoba wild lingonberry would 

be an effective alternative treatment option for CKD and NAFLD.        

6.2 Conclusions  

Our results identified that chronic low-grade inflammation resulting from lipotoxicity plays a 

significant role in CKD progression in HFD fed mice. CKD is a complex disorder interrelated 

with various other diseases such as diabetes, CVD, and NAFLD. Renal lipotoxicity resulting 

from hyperlipidemia contributes to the chronic inflammatory response at HFD-induced CKD. 

Fatty liver and impaired hepatic lipid metabolism caused by HFD feeding might have provoked 

systemic inflammation and lipotoxicity in the kidney, further aggravating renal inflammation and 

nephron damage. The capability of lingonberry and its anthocyanin C3Glu to suppress kidney 

damage, renal inflammation, and diminish fatty liver by improving hepatic lipid metabolism may 

play a therapeutically important role in managing CKD and its risk factors such as metabolic 

syndrome and NAFLD. This thesis suggests that patients with obesity are at a higher risk of 

developing CKD and NAFLD. As commonly consumed fruit, lingonberry may serve as an 

alternative therapeutic approach to manage obesity-related CKD and NAFLD. Figure 6.1 

graphically illustrates lingonberry’s protective effect against CKD and NAFLD induced by HFD 

feeding. 
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Figure 6.1 Protective effect of lingonberry against CKD and NAFLD induced by HFD feeding. 

Abbreviations: ACOX1 = acyl-CoA oxidase1; CPT = carnitine palmitoyltransferase-I-alpha; 

FFA = free fatty acids; SREBP-1c = sterol regulatory element-binding transcription factor 1c; 

ACC1 = acetyl-CoA carboxylase 1; TNF- = Tumor necrosis factor-alpha; IL-6 = interleukin-6; 

MCP-1 = macrophage chemoattractant protein-1; MDA = malondialdehyde; GSH = reduced 

glutathione; Nrf2 = nuclear factor erythroid 2–related factor 2; CKD = chronic kidney disease.  
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6.3 Strengths, limitations, and future studies 

Inflammation is a primary pathological mediator of nephron damage in obesity/HFD-induced 

lipotoxicity, whereas NF-B is a transcription factor essential for activating inflammatory 

responses (276, 290). One of the novel findings of this thesis is that supplementation of 

lingonberry reduced HFD-induced kidney inflammation and improved renal function by 

inhibiting NF-B signaling. Additionally, C3Glu, one of the three anthocyanins found in 

lingonberry, was identified as a potential bioactive compound responsible for these renal 

protective effects in human proximal tubular cells against palmitic acid-induced lipotoxicity. 

Besides anthocyanins, lingonberry also contains several other groups of plant bioactive 

compounds such as proanthocyanidins, tannins, flavanols, phenolic acids, and stilbenes (392). 

The contribution of these other potentially bioactive compounds in lingonberry to the 

renoprotective effect is unclear and further studies are required. 

Regardless of the initial insult, hypertension is the ultimate driving force that progresses CKD to 

its advanced stages causing nephron damage (7). Various pathological agents such as 

inflammation and oxidative stress damage glomeruli and renal tubules, causing nephron loss. Net 

loss of functional nephrons will exert an additional workload on the remaining nephrons, which 

elevates the resistance of renal circulation and induces hypertension (504). Hypertension 

increases glomerular filtration and damages the filtering mechanism of the nephron, advancing 

the vicious cycle of nephron injury (504). Because of the pathophysiological importance of 

hypertension, blood pressure regulation is considered one of the essential clinical practices in 

CKD management (1). Therefore, uncovering the role of lingonberry on hypertension might be 

an essential avenue to continue future lingonberry research on kidney diseases.     

Another novel finding of this thesis is that lingonberry supplementation reduced hyperlipidemia 

by improving NAFLD in HFD-fed mice. NAFLD is an independent risk factor for CKD 

development and is associated with hyperlipidemia, hyperglycemia, insulin resistance, and 

systemic inflammation, which are critical pathological agents in CKD pathogenesis (192). 

However, the adipose tissues and the intestine also play vital roles in lipid metabolism and 

systemic inflammation during obesity/HFD feeding (133, 505). Lipid overload in the adipose 

tissues converts adipocytes into inflammatory cells and triggers the production and secretion of 

proinflammatory cytokines such as TNF- and IL-6 into the circulation, causing systemic 
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inflammation (49). Leptin, adiponectin, and resistin are hormones secreted by the adipose tissue, 

which regulate satiety, energy balance, and insulin resistance (506). Obese and overweight 

individuals have elevated leptin and resistin levels and diminished adiponectin contents in the 

plasma (506). Further, significantly higher concentrations of LPS levels are detected in patients 

with obesity and fatty liver due to increased permeability of the gut (507). LPS is a bacterial 

endotoxin that activates NF-B signaling and stimulates inflammation in the tissues via TLRs 

(508). Therefore, the impact of lingonberry on adipose tissues and gut health during HFD 

feeding should be revealed in future studies.     

Persistent oxidative stress and inflammation progress from simple steatosis to NASH and fibrosis 

(231). For the first time in the scientific literature, our study showed that lingonberry alleviated 

hepatic inflammation and increased antioxidant defense by activating Nrf2/GSH signaling in the 

liver. Another novel finding of this thesis is identifying the inhibitory effect of lingonberry on 

hepatic Notch1 signaling to suppress SREBP-1c mediated de novo lipogenesis in the liver. 

Notch1 activation has been shown to increase hepatic lipid accumulation and provoke fatty liver 

(315). It has been suggested that upon activation, the cleaved Notch receptor (NICD) stabilizes 

mTORC1 complex, which is an upstream regulator of SREBP-1c (315). Additionally, Notch1 

activation triggers inflammatory responses via NF-B signaling. HES1 is a downstream target of 

Notch signaling, whose overexpression has been demonstrated for elevated nuclear translocation 

of NF-B via sustaining IKK in T cell acute lymphoblastic leukemia (509). Since lingonberry 

exhibited inhibitory effects on both NF-B and Notch1 signaling, future research is warranted to 

uncover whether lingonberry’s anti-inflammatory effect in the liver and the kidney is mediated 

by suppressing Notch signaling. 

Intestinal lipid uptake accounts for the majority of the lipids present in the circulation. In the 

intestine, dietary lipids taken up by the enterocytes are packed in chylomicrons for distribution 

throughout the body. This process is regulated by specific proteins and enzymes, such as luminal 

lipases, bile acids, Niemann-Pick C1-Like 1 (NPC1L1), DGAT, and microsomal triglyceride 

transfer protein that are required to digest and absorb lipids as well as pack them into 

chylomicrons (510). Pharmacological targeting of these molecules has been identified as 

potential agents to modulate intestinal lipid uptake and treat dyslipidemia (510). Moreover, HFD 

feeding and obesity affect the quality of the intestinal microbiome, which hinders intestinal lipid 
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metabolism. Several studies have shown that lingonberry improves the composition of gut 

microbiota in rodents (381, 511, 512). Therefore, studying the effect of lingonberry on intestinal 

lipid uptake will help to address lingonberry’s lipid lowering properties more accurately.   

In addition to the inhibition of renal inflammation, the results of this thesis suggest that 

improvement of fatty liver and hepatic lipid management by lingonberry might play a significant 

role in protecting against HFD-induced chronic kidney damage. Distant organ damage, 

especially the heart-kidney axis at CKD has drawn the attention of researchers during the last 

few decades. The results of the CRIC Study indicate that higher plasma bicarbonate levels (> 26 

mmol/L) in CKD are associated with elevated risks for heart failure (513). Notwithstanding the 

disease etiology, CVD is the most common cause of death among patients with CKD or NAFLD 

(273, 514). We have previously demonstrated that lingonberry anthocyanins protected cardiac 

cells from ischemia reperfusion induced apoptosis by hindering caspase-3 activation (27). 

Lowering the CVD risk is an essential component of CKD management. Having strong 

cardioprotective effects along with hepatoprotective and renal protective properties will make 

lingonberry a powerful candidate that can be used as an alternative treatment option against 

CKD. Therefore, investigation of the effect of lingonberry on heart-kidney cross-talk will be an 

important area of future lingonberry research.  

One of the exciting findings of the studies listed in this thesis is that lingonberry supplementation 

did not change the body weight of the mice. Although several studies have reported weight loss 

in mice fed a HFD (35-65% kcal from fat for 6-13 weeks) supplemented with 20% (w/w) 

lingonberry powder obtained from European varieties (380, 453, 474), in our studies, feeding 

mice a HFD (62% kcal from fat) supplemented with 5% (w/w) Manitoba wild lingonberry 

powder did not significantly affect the body weight or feed consumption. However, we could 

observe marked reduction of liver weight and hepatic lipid accumulation in the lingonberry 

supplemented mice compared to the HFD group. Therefore, the fate of the fat in the animals that 

received a lingonberry supplemented HFD remains to be solved. Addressing these research 

questions will provide a better understanding about lingonberry’s renal protective and lipid 

lowering effects, which would strengthen the potential use of lingonberry as an alternative 

treatment option to manage CKD and other chronic metabolic disorders.   
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Appendix I 

 

 

Supplementary Figure 1. Immunohistochemical staining of frozen sections of mouse kidneys. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry for 

12 weeks. Kidney frozen sections were stained with (A) anti-F4/80 to detect macrophages or (B) 

anti-MPO to detect neutrophils in the kidney tissues. Arrows point to the infiltrated macrophages 

and neutrophils; the images were captured at 200X. (Scale bar = 100 m). 
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Appendix II 

 

 

Supplementary Figure 2. Expression of transforming growth factor- in the mouse kidneys. 

Mice were fed a control diet, high-fat diet (HFD) or HFD supplemented with lingonberry for 

12 weeks. The mRNA expression of TGF-in kidneys were measured by using qPCR analysis. 

The results are expressed as the means ± SEM (n=6). *p < 0.05 when compared with the value 

obtained from the control group. 
#
p < 0.05 when compared with the value obtained from the 

HFD group. 
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Appendix III 

 

 

Effect of C3Gal and C3Ara on palmitic acid induced Notch1 signaling in HepG2 cells. Relative 

mRNA expression of Notch1 was measured in the cells pretreated with different concentrations 

of C3Gal and C3Ara (0.1 and 1.0 M) for 30 min and incubated with 0.3 mM palmitic acid for 

another 24 h. Relative mRNA expression of Notch1 was measured using real-time qPCR. The 

results are expressed as mean ± SD (n = 6). * p < 0.05 when compared with the value obtained 

from the control group.  

 

 

 

 

 

 

 

 



207 

 

Appendix IV 

Practicability of lingonberry consumption in a daily diet for humans 

Despite being mammals, mice and humans share differences in their basic biological and 

physiological processes such as basal metabolism, caloric expenditure, oxygen utilization, blood 

volume, circulating plasma proteins, and renal function (515). Therefore, extrapolating the 

amount of lingonberry required to translate the results observed in mice to humans is 

challenging. Thus the method used to calculate human equivalent dose (HED) from mouse 

should best represent these biological and physiological differences between the two species. 

Generally, an animal's body surface area (BSA) exhibits a linear relationship with most of the 

above biological and physiological processes (515). Thus, HED can be accurately estimated from 

animal dose by normalizing with their BSA values. The United States’ Food and Drug 

Administration (FDA) also suggests that the extrapolation of animal dose to human dose is 

correctly performed only through normalization to BSA (516). The FDA recommended and the 

most widely used equation to extrapolate HED from animal dose is as below (3). 

 

The ratio of the body weight/BSA for a given species is called the correction factor (Km) for that 

species. Therefore, above equation can be simplified as;  

  HED (mg/kg) = Animal Dose (mg/kg) x (Animal Km/Human Km)  

For example, taking the value of the average human weighing 60kg with a surface area of 1.6 m
2
, 

the Km = 37.5 kgm
-2

 (60 kg/1.6 m
2
) (515, 516). Similarly, for an average mouse weighing 0.02 

kg and having a surface area of 0.007 m
2
, the Km is 2.86 kgm

-2
 (0.02 kg/0.007 m

2
) (515, 516). 

Since, Animal Km/Human Km is a ratio with no units, the second equation can be further 

simplified as below; 

  HED (mg/kg) = Animal Dose (mg/kg) x Km Ratio 
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Considering above calculation, the Km ratio between mouse and human is 0.076 (2.86 kgm
-2

/37.5 

kgm
-2

). Further, these Km ratios for most commonly used species have been calculated and 

available in the literature (516, 517).  

First, the mouse (animal) dose of lingonberry has to be calculated in order to determine the HED. 

Although it looks simple, mice’s feed intake and body weights have fluctuated during the 12 

weeks period of feeding. Therefore, an average daily feed intake of a mouse for the entire 12 

weeks and the median average body weight of a mouse during the 12 weeks were used to 

calculate the animal dose.   

   

Figure 1. Average feed intake of a mouse had a HFD supplemented with lingonberry per day 

during the 12 weeks.  

 

Figure 2. Average body weight of a mouse had a HFD supplemented with lingonberry per day 

during the 12 weeks.  
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Average daily feed intake of a mouse for the entire 12 weeks  = 2.60 g 

Average lingonberry powder consumed by a mouse per day      = 2.6 g x 5/100 

          = 130 mg 

Median of the average body weights of a mouse during the 12 weeks = 36.80 g 

          = 0.0368 kg 

Animal dose         = 130 mg/0.0368 kg 

          = 3532.6 mg/kg 

Using the calculation demonstrated in the second equation (515, 516),  

the Km ratio to convert mouse dose to HED     =  0.076 

 

HED of dry lingonberry powder     = 3532.6 mg/kg x 0.076 

         = 268.5 mg/kg 

Therefore, for an average human weighing 60 kg, the HED  = 268.5 mg/kg x 60 kg 

         = 16.11 g 

 

The moisture content of LB is 85%. To calculate the fresh weight of lingonberries one should 

consume to get the dry weight of 16.11 g of lingonberry powder.  

 

Accounting for the moisture content, one should eat fresh lingonberries = 16.11 g x 100/15 

          = 107.4 g 

Thus, daily consumption of 107 g of fresh lingonberries by an average human weighing 60 kg 

(with a surface area of 1.6 m
2
) might exhibit beneficial health effects observed in our animal 

studies. Since a cup of fresh lingonberries weigh only 146.0 g, the calculated HED is less than a 

cup of lingonberries per day, which is an easily consumable amount in daily basis.  

 

 


