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ABSTRACT 
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INFLAMMATION IN HEALTHY POPULATIONS  
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University of Guelph, 2021           Dr. David W.L. Ma 

 

 Early exposure to dietary fats is thought to influence long-term health outcomes, 

particularly risk for developing a number of chronic diseases later in life. These include obesity, 

cardiovascular disease, diabetes, and certain types of cancers. A common risk factor among these 

diseases is chronic inflammation, which can be heavily influenced by diet and lifestyle factors. 

Specifically, it is thought that individual n-3 and n-6 polyunsaturated fatty acids (PUFA), both in 

the diet and circulating in the blood, may play a role mitigating or exacerbating the effects of 

chronic inflammation, beginning in very early life. Studies have shown that there is a role of n-3 

PUFA in reducing chronic inflammation and associated chronic disease outcomes. However, the 

majority of these studies examine the role of n-3 PUFA on disease prognosis and treatment, rather 

than disease prevention. Few studies have examined the role of dietary PUFA in reducing disease 

risk and prevention of chronic disease using dietary intervention with dietary PUFA in very early 

life. This thesis aimed to investigate the associations between early life exposure to PUFA and 

markers associated with chronic inflammation in human and experimental mouse studies. The 

findings of thesis revealed that intakes of n-3 PUFA are low in very young children and that 



 

circulating levels of EPA and DHA in the plasma of these children are associated with increased 

total dietary inflammatory potential, a measure that has been associated with increased levels of 

circulating inflammatory markers. In preclinical studies, this thesis found that in utero exposure to 

diets high in n-6 and n-3 PUFA resulted in significant differential incorporation of dietary PUFA 

into spleen and liver tissues, but did not impact the expression of enzymes involved in the 

production of pro-inflammatory mediators. This finding may be clinically relevant to humans, as 

increased levels of n-6 and n-3 PUFA in these tissues have been shown to impact inflammatory 

and immune response in individuals who are presented with an immunological challenge. 

Collectively, these findings highlight the importance of continued efforts to increase intakes of n-

3 PUFA in the diets of young children, as this is when early dietary and lifestyle habits are formed. 

As such, early dietary intervention with n-3 PUFA may have the potential to improve long-term 

health outcomes, particularly risk for developing chronic inflammation and a number of common 

chronic diseases later in life. 
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CHAPTER 1: REVIEW OF THE LITERATURE 

 

Investigating the Relationship Between Dietary Polyunsaturated Fatty Acids, 

Inflammation, and Long-term Disease Risk: Identifying Common Targets for Disease 

Risk Reduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 2 

1.1 Inflammation and Chronic Disease Risk 

 Chronic diseases account for a substantial portion of the global burden of disease, including 

cancer, cardiovascular disease (CVD), stroke, chronic respiratory diseases, and diabetes. The 

World Health Organization (WHO) has estimated that 60% of all deaths are due to chronic disease, 

with CVD being the leading cause of death from chronic disease, followed by cancer, chronic 

respiratory diseases, and type 2 diabetes mellitus (T2D) (1). Growing evidence suggests that a 

common thread between these chronic diseases is chronic inflammation.  

 Inflammation is a complex response that involves activation of the immune system in 

response to a stimulus and plays a critical role in defending against infectious diseases (2). 

However, a sustained inflammatory response can also contribute to long-term, or chronic, 

inflammation, a condition that can lead to oxidative stress, remodeling of the extracellular matrix, 

disruption of cellular signaling pathways, and tissue injury (2). These damaging effects can 

contribute to the development of a number of chronic diseases and conditions, including those 

listed above. Studies have shown that numerous biomarkers that are associated with a chronic 

inflammatory state, including inflammatory cytokines, transcription factors, pro-inflammatory 

enzymes, C-reactive protein (CRP), and other markers, have been associated with the incidence of 

chronic diseases including obesity, several types of cancer, CVD, and T2D (3,4). For this reason, 

inflammatory markers may be a good predictor of long-term disease risk, and the inflammatory 

process is a promising target for the prevention of chronic diseases.  

 

1.1.1 Inflammation and Obesity  

 Obesity-associated inflammation is highly complex and may be associated with a variety 

of dietary and lifestyle factors. Obesity is largely linked to chronic inflammation due to the 
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presence of excess adipose tissue. In individuals with obesity, adipose tissue is primarily 

comprised of adipocytes; however, among these adipocytes are a large number of macrophages, 

which comprise up to 40% of cells within the tissue (5,6). The presence of this large number of 

macrophages has been associated with elevated levels of pro-inflammatory cytokines, such as 

interleukin (IL)-6 and tumour necrosis factor (TNF)-a in the adipose tissue (5). Furthermore, the 

presence of these macrophages can result in the aggregations of macrophages around individual 

adipocytes, resulting in adipocyte cell death and the formation of crown-like structures. The 

formation of crown-like structures and associated adipocyte death has been associated with 

increased serum inflammatory biomarkers, including IL-1β, IL-6, TNF-a, and CRP (5,7,8). 

Additionally, obesity is a well-known risk factor for the development of many chronic diseases, 

including cancer, CVD, and T2D.  

 

1.1.2 Inflammation and Cancer 

 Certain types of cancer have been associated with chronic inflammation. More specifically, 

many studies have shown elevated levels of various inflammatory biomarkers in several types of 

cancers at various stages of disease progression (3). High levels of circulating CRP have been 

associated with the risk and progression of a number of different types of cancer. A number of 

case-control studies have shown associations between increase CRP and lung cancer, breast 

cancer, colorectal cancer, prostate cancer, and ovarian cancer risk (9–13). Elevated CRP levels 

have also been associated with overall cancer risk (14,15). 

 Elevated levels of circulating pro-inflammatory cytokines have also been associated with 

the development and incidence of a number of different types of cancer. For instance, high levels 

of IL-1, IL-1Ra, IL-6, IL-8, and TNF-a have been observed in patients with Hodgkin’s 
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Lymphoma, Acute Myeloid Leukemia, and Myelodysplastic Syndromes at the time of diagnosis, 

suggesting a potential role for these cytokines in early cancer development and onset (16–18).  

Furthermore, significantly higher levels of circulating inflammatory cytokines, most commonly 

IL-6, have been seen in soft-tissue sarcoma, adult bone sarcoma, breast cancer, pancreatic cancer, 

gastric cancer, kidney cancer, prostate cancer, and head and neck cancer (19–30). Additionally, 

pro-inflammatory transcription factors signal transducer and activator of transcription 3 (STAT3) 

and nuclear factor kappa B (NF-κB) have been shown to have increased activation and expression 

in patients with prostate cancer and colorectal cancer (31,32). Higher levels of STAT3 activation 

have also been associated with more severe prognosis and shorter patient survival times (31,33,34). 

Together, these findings suggest that inflammation may be a viable target for reducing cancer risk 

and improving prognosis.  

 

1.1.3 Inflammation and Cardiovascular Disease 

 It is thought that reducing chronic inflammation may play an important role in improving 

vascular function, thus reducing CVD symptoms and risk (35). Elevated levels of circulating 

inflammatory markers have been associated with increased risk for CVD. Plasma CRP 

concentrations have been shown to be a strong predictor of future cardiovascular events. 

Furthermore, elevated plasma CRP levels have been extensively studied and shown to be 

associated with Coronary Heart Disease (CHD), a condition that typically precedes major cardiac 

events (36,37). A 2004 retrospective case-control study examined baseline CRP levels in the blood 

of individuals who experienced a major cardiac event. This study found that individuals with the 

highest circulating CRP levels were at the greatest risk of developing CHD (38). Additionally, this 

study conducted a meta-analysis of 22 prospective studies, further suggesting that CRP is a reliable 
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predictor for CHD (38). Another study in individuals with known coronary artery disease (CAD), 

a precursor to CHD, found that these individuals had elevated CRP levels. Elevated CRP was 

associated with dyslipidemia, further suggesting that CRP and chronic inflammation may play a 

role in the development and pathogenesis of CHD, CVD, and risk of a major cardiac event (39). 

Additional studies have replicated these findings, consistently showing relationships between 

circulating CRP levels and CHD risk (40,41). 

 Circulating inflammatory cytokines, including IFN-γ, IL-1, IL-6, IL-8, MCP-1, and TNF-

a, have been shown to play a role in the pathogenesis of CHD and have been shown to predict 

future CVD risk (36,40). Multiple studies have shown direct associations between circulating IL-

6 and TNF-a with CHD risk (36,39,40). Studies have also shown associations between increased 

levels of circulating IL-6 and TNF-a with risk factors associated with CVD, including 

dyslipidemia and increased triglyceride levels (39). Circulating levels of IL-6 have also been 

associated with low-density lipoprotein (LDL) and very low-density lipoprotein (VLDL) 

cholesterol levels (39). These findings suggest that circulating inflammatory cytokines may be 

reliable predictors of future CHD and CVD risk.  

 

1.1.4 Inflammation and Diabetes 

 Chronic inflammation has been linked with the development of insulin resistance in T2D. 

Studies have consistently shown that individuals with glucose intolerance and insulin resistance 

display elevated levels of circulating CRP, IL-6, and TNF-a, even in the pre-diabetic state (42–

45). Elevated CRP levels have been associated with risk of developing T2D (46). A retrospective 

case-control study examined the relationship between baseline CRP levels and risk of developing 

T2D, finding that higher baseline CRP was associated with increased T2D risk (46). Additionally, 
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this study performed a meta-analysis of 7 cohort studies, collectively finding and supporting that 

there is a significant association between circulating CRP and T2D (42,46–52).  

 The relationship between inflammatory cytokines and T2D risk has also been studied. In 

two case-control studies, significantly higher levels of circulating IL-6 were seen in individuals 

with T2D when compared to controls (42,50). Similarly, elevated levels of circulating TNF-a has 

been associated with increased incidence of T2D (42). Furthermore, TNF-a has been associated 

with increased insulin resistance and elevated levels of plasma free fatty acids and triglycerides, 

which are known risk factors for developing T2D (53). These findings suggest a major role for 

inflammation in the early stages and development of T2D, thus, suggesting that chronic 

inflammation may be a link between dietary and lifestyle factors with the development of T2D 

(42,50,53).  

 
1.2 Modifiable Risk Factors for Chronic Inflammation and Associated Chronic Disease Risk 

 
 There are a number of modifiable risk factors for chronic inflammation and associated 

chronic disease risk. Early diet and lifestyle factors are known to influence long-term health 

outcomes, particularly long-term chronic disease risk. Obesity is a well-established risk factor for 

chronic inflammation and is a condition that can often be managed through dietary and lifestyle 

interventions, resulting in a reduction in excess adipose tissue and decreasing the potential for 

adipose tissue inflammation. Independent of obesity and adiposity, diet has also been shown to 

influence inflammatory status; with certain foods and nutrients inducing a pro-inflammatory or 

anti-inflammatory response through the mechanisms by which they are metabolized by the body. 
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1.2.1 Diet and Inflammation 

 Diet has long been known to play a significant role in mitigating or exacerbating chronic 

disease risk. As previously discussed, a common risk factor for these diseases is chronic inflammation, 

which can also be influenced by diet. Specifically, it is thought that consuming a pro-inflammatory 

diet may play a role in exacerbating the effects of this chronic inflammation and has been shown to be 

associated with elevated levels of circulating inflammatory markers in the blood. As such, examining 

how these dietary factors influence early markers of chronic inflammation may play an important role 

in identifying and decreasing the risk of developing chronic diseases later in life.  

 
 The dietary inflammatory index (DII) is a tool designed to assess the inflammatory potential 

of an individual’s diet (54). DII was developed by assessing the effects of nutrients and food 

parameters on their ability to increase circulating levels of pro-inflammatory mediators, IL-1β, IL-6, 

TNF-a, and CRP, or decrease circulating levels of anti-inflammatory mediators IL-4 or IL-10 (54). 

DII has been extensively studied and has been shown to be linked to various circulating markers of 

chronic inflammation, including CRP, IL-6, and TNF-a(55,56).  Given the evidence that DII has been 

shown to correlate with various blood markers of inflammation, it is thought to be an effective 

alternative method for assessing and expressing the inflammatory status and potential of an 

individual’s diet. 

 Elevated dietary inflammatory status has been associated with increased risk for obesity as 

well as breast and prostate cancers (55,57,58). Multiple cohort studies have also shown DII score to 

be associated with increased markers of CVD risk, increased risk of developing CVD, and increased 

risk of severe cardiac events (59–62). DII has also been associated with increased incidence and 

severity of T2D (63,64). Together these findings suggest a significant impact of dietary inflammatory 
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potential on chronic disease risk and further suggest that dietary inflammatory status is highly relevant 

when considering risk of developing chronic diseases.  

 

1.3 Dietary Polyunsaturated Fatty Acids: Significance, Metabolism, Sources, and 

Recommended Intakes 

 
 When considering the relationship between diet and inflammation, dietary fatty acids (FA) 

may play a key role in the association between diet and inflammation. FA play a number of critical 

roles in biological structure and function. Structurally, they are involved in the formation of nearly 

all tissues, through their incorporation into phospholipids that comprise the phospholipid bilayer 

of cell membranes. Functionally, they are involved in nutrient metabolism as well as numerous 

cell signaling pathways responsible for essential biological processes. In recent years, research on 

the relationship between dietary FA and inflammation has evolved; however, the details of this 

relationship are highly complex and remain poorly understood (65). Of these FA, polyunsaturated 

fatty acids (PUFA) are necessary for normal growth and development, cellular function and 

signaling, immune response, and may be critical for the prevention of chronic inflammation and 

disease (66).   

 Essential n-6 and n-3 PUFA, linoleic acid (LA) and alpha-linoleic acid (ALA), 

respectively, must be obtained directly from the diet, as they cannot be endogenously synthesized 

by humans (66). When essential n-6 and n-3 PUFA (LA and ALA) are consumed, they can be 

endogenously converted to AA and EPA + DHA, respectively, via the delta-6 desaturase (D6D) 

pathway (figure 1.1). The D6D enzyme is the first and rate-limiting enzyme in the desaturation 

and elongation of the shorter parental PUFA to their downstream metabolites (67). However, due 

to genetic polymorphisms in the fatty acid desaturase-2 gene (fads2), which encodes the D6D 
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enzyme, the metabolism of LA and ALA may be limited and may vary between individuals; 

suggesting that many individuals should not rely on intakes of essential n-3 and n-6 PUFA to 

provide sufficient levels of long-chain (LC) n-3 and n-6 PUFA (68). 
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Figure 1.1. The pathway for the desaturation and elongation of essential n-3 and n-6 
polyunsaturated fatty acids (PUFA) to long-chain n-3 and n-6 PUFA. 
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 According to the Institute of Medicine (IOM), the recommended daily allowance (RDA) 

n-6 PUFA is 12 to 17 g of LA for adult men and women, with the recommendation that AA 

contribute 10% of this intake, which corresponds to 1.2 to 1.7 g of AA (table 1.1). n-6 PUFA is 

typically found in high amounts in the Western diet. It has long been thought that elevated intakes 

of LA and AA may promote a pro-inflammatory response which, if prolonged, can lead to chronic 

inflammation (69,70). Despite this pro-inflammatory view, LA and AA remain critical for overall 

health, normal growth and development, and biological processes. 

 The RDA for n-3 PUFA is 1.1 to 1.6 g of alpha-linolenic acid (ALA) for adult men and 

women, with the recommendation that eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA) contributing to 10% of ALA intake, which corresponds to 110 to 160 mg/day of EPA plus 

DHA (table 1.1) (71). Globally, recommendations for n-3 PUFA vary significantly, particularly 

for EPA and DHA, which range from 90 to 250 mg of EPA plus DHA per day (72–76). However, 

a growing body of research suggests that these amounts may be insufficient. The National 

Institutes of Health’s (NIH) 1999 report recommended that EPA plus DHA contribute to 0.3% of 

daily energy intake in order to promote optimal health, which corresponds to 650 mg of EPA plus 

DHA per day; an amount that is nearly 2.5 times higher than the current recommendations (77,78). 

Insufficient dietary n-3 PUFA intake has been identified as the sixth leading risk factor for all-

cause mortality and has been linked to 72,000-96,000 annual deaths by preventable disease in the 

United States (79).  
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Table 1.1. Recommended Dietary Allowance (RDA) values for essential PUFA (linoleic acid and 
a-linolenic acid) and subsequent recommendations for intakes of non-essential PUFA (arachidonic 
acid, eicosapentaenoic acid, and docosahexaenoic acid).  
 

Fatty Acid  Children (0-8 years) Adolescents (9-18 years) Adults (19-50 years) 

Linoleic Acid 4.4-10 g 10-17 g 12-17 g 
Arachidonic Acid 0.4-1.0 g 1.0-1.7 g 1.2-1.7 g 
a-Linolenic Acid 500-900 mg 1.0-1.6 g 1.1-1.6 g 
Eicosapentaenoic Acid + 
Docosahexaenoic Acid 

50-90 mg 100-160 mg 110-160 mg 

Values for non-essential PUFA are based on a recommendation that LC PUFA comprise 10% of 
total intake of the corresponding short chain n-6 or n-3 PUFA. 

 

1.4 Dietary PUFA and Inflammation 

 In examining n-6 and n-3 PUFA in the Western diet, it is apparent that intakes of LA has 

increased dramatically over the past century due to a substantial increase in consumption of 

vegetable oils, while overall consumption of n-3 PUFA has simultaneously decreased (80,81). This 

trend may be particularly concerning, as it is generally accepted that n-6 PUFA LA and AA are 

precursors for pro-inflammatory metabolites and may induce a pro-inflammatory response in the 

blood and the tissues, whereas n-3 PUFA are thought to mitigate this response and provide anti-

inflammatory effects (82). Thus, this elevated intake of n-6 PUFA, coupled with low intake of n-

3 PUFA, may contribute to a pro-inflammatory response and can lead to cases of chronic 

inflammation, a known risk factor for the development of several chronic diseases, as previously 

discussed (69,70).  

 Extreme imbalance between high intakes n-6 PUFA and low n-3 PUFA intakes is a trend 

that is frequently seen in Western diets and is believed to cause an overproduction of compounds 

that promote inflammation, such as prostaglandins and cytokines (83). Membrane derived FA 

within the cell can affect inflammation by serving as an influence for nuclear factor kappa B (NF-

κB) and peroxisome proliferator-activated receptor gamma (PPARγ) transcription factor pathways, 
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or by being precursors for inflammatory-mediators, such as eicosanoids (84). Studies have shown 

that when diets are modified with supplementation of additional n-3 PUFA, the n-6 PUFA in the 

membranes are partially replaced by these n-3 PUFA (81). Thus, the PUFA makeup of cell 

membranes is largely determined by dietary intake (83). 

 Contrary to the classic view on n-6 PUFA and inflammation, recent studies have suggested 

that insufficient intakes of n-6 PUFA may also play a role in promoting an inflammatory response 

(85). This may be related to n-6 PUFA metabolism. The endogenous conversion of LA produces 

AA, which can serve as a precursor for lipoxins, which have been found to have anti-inflammatory 

and pro-resolving properties (82,85). These findings contradict previous notions concerning the 

largely negative role of dietary and circulating n-6 PUFA levels and suggest that the relationship 

between n-6 PUFA and chronic inflammation may be limited to instances of very high intakes of 

n-6 PUFA or very low intakes of n-3 PUFA, relative to n-6 PUFA.  

   

1.4.1 n-6 PUFA and Inflammation 

 As previously mentioned, n-6 PUFA has long been believed to induce an excessive pro-

inflammatory response. This has been fueled by the idea that the metabolism of LA results in 

higher concentrations of AA in the blood and tissues (85). In the tissue, AA can serve as a substrate 

for the production of pro-inflammatory eicosanoids, which have been shown to promote the 

production of pro-inflammatory mediators, such as TNF-a and IL-1 (85,86). However, previous 

studies have shown that tissue levels of AA are not dependent on dietary LA levels, suggesting 

that LA consumption from the diet may not affect inflammatory status via this mechanism, if at 

all (86,87). 
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 Based on the belief that the metabolism of LA can lead to a pro-inflammatory response, 

studies have examined the effects of both dietary and blood LA on levels of circulating 

inflammatory markers (88–90). However, several studies have found little-to-no evidence that LA 

impacts inflammatory status. One study examined the effects of PUFA on liver fat, systemic 

inflammation, and metabolic disorders in individuals with obesity (90). The study found that a 

high LA diet resulted in lower systemic inflammation, as determined by lower levels of TNF 

receptor-2 (TNF-R2) and IL-1 receptor agonist when compared to participants consuming a diet 

high in saturated fat (90). This study suggests that, contrary to popular belief, high intakes of LA 

may not cause any signs of inflammation or oxidative stress (90). Similarly, when the relationship 

between dietary n-6 PUFA and plasma concentrations of CRP, IL-6, TNF-R1, and TNF-R2 was 

examined, it was found that LA was not associated with circulating inflammatory markers; 

however, it was found that high LA intake was inversely associated with TNF-R1 and TNF-R2 

(89). Another study examined the relationship between erythrocyte n-3 and n-6 PUFA with plasma 

CRP and adiponectin (88). Interestingly, higher erythrocyte LA was related to lower plasma CRP 

and higher adiponectin, potentially indicating a protective response against inflammation (88). 

Furthermore, a 2012 systematic review examined 15 RCTs in healthy subjects found that none of 

the studies reported significant correlations between LA and CRP, inflammatory cytokines, or 

TNFa (91). Collectively, these findings challenge the belief that LA positively correlated with 

concentrations of circulating inflammatory markers and systemic inflammation.  

 As previously mentioned, lipid oxidation of AA can result in the production pro-

inflammatory eicosanoids, most notably, prostaglandin E2 (PGE2) and leukotriene B4 (LTB4), 

which are known to promote various pro-inflammatory responses (85). Lipid oxidation is the 

process by which oxidants, such as free-radicals, oxidize PUFA. These oxidation reactions can be 
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catalyzed by lipoxygenases (LOX), cyclooxygenases (COX), and cytochrome 450. Glycolipids, 

phospholipids, and cholesterol are the primary target species of these oxidation reactions. A major 

concern of excessive lipid peroxidation is the production of pro-inflammatory prostaglandins, 

eicosanoids, and leukotrienes by the lipid oxidizing enzymes described above. It is believed that 

persistent upregulation of the enzymes that catalyze these oxidation reactions, coupled with 

consistent exposure to the lipid substrates for these enzymes, may contribute to higher levels of 

pro-inflammatory mediators, potentially leading to a sustained inflammatory response in the body 

(92). AA is converted to prostaglandins and pro-inflammatory eicosanoids by the COX-2 and 5-

LOX, which are involved in modulating intensity and duration of response to inflammatory 

stimuli. As previously mentioned, the AA generated eicosanoids (PGD2, PGF2α, PGI2, TXA2 and 

PGE2) generally have pro-inflammatory effects and may contribute to chronic inflammation.  

 

1.4.2 n-3 PUFA and Inflammation 

 Many studies have found that high intakes of long-chain (LC) n-3 PUFA (EPA and DHA) 

contribute to decreases in inflammatory processes (93). There are both direct and indirect effects 

of EPA and DHA on the inflammatory response. The direct effects may be related to the ability of 

LC n-3 PUFA to replace AA in cell membranes, altering lipid oxidation metabolism. As previously 

discussed, eicosanoids and leukotrienes are inflammatory mediators and can be created via the 

oxidation of AA by the COX or the LOX pathways. LC n-3 PUFA EPA and DHA can replace AA 

as a substrate for these enzymes, producing resolvins and lipoxins, which, anti-inflammatory 

mediators that have been shown to have inflammation-resolving properties by blocking the 

production of pro-inflammatory mediators (93,94). In line with this theory, studies have shown 

that EPA may suppress the pro-inflammatory effects of COX-2 through competitive substrate 
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inhibition with AA for the enzyme’s catalytic site (figure 1.2) (95). Diets high in n-3 PUFA have 

also been shown to decrease synthesis of prostaglandins PGF1a and PGE2 as well as leukotrienes 

LTC4 and LTE4, further suggesting decreased production of pro-inflammatory mediators via the 

COX and LOX pathways, respectively (96,97).  

 Another, more indirect, mechanism by which n-3 PUFA decrease inflammation is by 

inhibiting the activity of PPARy, which inhibits the activation of transcription factor NF-κB and 

reduces the expression of several pro-inflammatory cytokines, including IL-1, IL-2, IL-6, IL-8, 

IL-12, and TNF-a (98). Studies have shown that supplementation with n-3 PUFA results in 

decreased concentrations of circulating inflammatory markers, including CRP, IL-1, IL-6, and 

TNF-a (figure 1.2) (99–106).  These inflammatory cytokines have also been shown to increase 

COX-2 activity; thus, inhibiting the production of inflammatory cytokines may also decrease the 

production of pro-inflammatory prostaglandins and eicosanoids.  
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2 n-3 PUFA in Inflammation-related Chronic Disease  
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Figure 1.2. Mechanisms by which n-3 PUFA may reduce chronic inflammation and inflammation-
related disease risk. Common targets associated for n-3 PUFA which have been associated with 
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1.5 n-3 PUFA, Inflammation, and Chronic Disease 

 As discussed, dietary n-3 PUFA may play a significant role in preventing chronic 

inflammation through a number of different mechanisms of action. These inflammation-reduction 

mechanisms largely overlap with those mechanisms that link chronic inflammation to chronic 

disease risk. Promisingly, dietary n-3 PUFA have also been shown to have favourable effects in 

prevention and improving prognosis and management of these diseases, possibly through the anti-

inflammatory effects that these n-3 PUFA exhibit.  

 

1.5.1 n-3 PUFA and Obesity 

 Dietary n-3 PUFA are thought to have a protective effect in obesity, particularly in the case 

of LC n-3 PUFA, EPA and DHA. Studies have shown that LC n-3 PUFA in the diet and the blood 

may be beneficial for reducing obesity and adiposity in individuals with obesity (107,108). This 

phenomenon may occur via various mechanisms, including appetite suppression, improvements 

in blood circulation, and changes in fatty acid metabolism (107). In addition to reducing obesity-

related adiposity, n-3 PUFA have been shown to reduce obesity-associated inflammation. N-3 

PUFA have been shown to prevent macrophage infiltration of adipose tissue, thus reducing the 

formation of crown-like structures and preventing associated inflammation (109). Furthermore, 

EPA has been shown to suppress adipose tissue inflammation by inhibiting the production of pro-

inflammatory cytokines, and both EPA and DHA have been shown to reduce pro-inflammatory 

prostaglandin and eicosanoid synthesis in the adipose tissue by replacing AA as a substrate for 

fatty acid oxidation (110). 
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1.5.2 n-3 PUFA and Cancer 

 n-3 PUFA have been shown to have a protective effect in the development and prognosis 

of several types of cancers. Particularly those that have been linked to increased levels of chronic 

inflammation, including breast, prostate, and colorectal cancers, particularly in the case of EPA 

and DHA (111–115). This protective effect may be related to the effect of n-3 PUFA on decreased 

NF-κB activation through upregulation of PPARy and decreased production of pro-inflammatory 

cytokines, as well as decreased expression of COX1 and COX2; all markers which have been 

found to be elevated in the microenvironment of tumour cells in these cancers (116). Furthermore, 

it is thought that n-3 PUFA may downregulate oncogenic protein signalling by disrupting lipid 

rafts in the membranes of tissue and tumour cells, resulting in cell growth inhibition, enhanced 

apoptosis, and anti-angiogenic effects (117).  

 

1.5.3 n-3 PUFA and Cardiovascular Disease 

 Perhaps the strongest evidence exists for the role of n-3 PUFA in the prevention and 

management of cardiovascular disease, particularly for EPA and DHA. EPA and DHA have been 

shown to have protective effects against atherosclerotic heart disease, a condition that has been 

associated with increased levels of inflammatory biomarkers, as well as sudden coronary death 

(118). Furthermore, n-3 PUFA have been shown to have beneficial effects on established cardio-

metabolic risk factors, including reducing blood pressure, improving cardiac function, lipid 

metabolism, reducing levels of pro-inflammatory cytokines (IL-1, IL-6, and TNF-a), eicosanoids, 

and prostaglandins, as well as increasing production of anti-inflammatory resolvins, and reducing 

oxidative stress (119–128).  
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1.5.4 n-3 PUFA and Type-2 Diabetes Mellitus 

 In the case of T2D, the anti-inflammatory effects of n-3 PUFA have been shown to impact 

cell membrane function and insulin transduction signalling (129). It has been proposed that this 

may occur via decreased activation of NF-κB and by competing with AA for COX-2 and 5-LOX 

enzymes, thus, decreasing the production of pro-inflammatory eicosanoids and prostaglandins and 

increasing the production of anti-inflammatory resolvins (129–131).  

 

1.6 Determinants of EPA and DHA intakes 

 As previously discussed, dietary EPA and DHA are believed to play a role in mitigating 

chronic inflammation and associated chronic disease risk. However, despite the significance of 

EPA and DHA in early development and disease mitigation, many Western populations fail to 

meet the daily recommended intake of DHA and EPA (132–138). As fish and seafood are the 

largest and most common dietary sources of EPA and DHA, determining the drivers and barriers 

to fish and seafood consumption plays a critical role in determining ways to increase intakes of 

these FA in these populations.  

 Several demographic and socioeconomic factors have been associated with fish and 

seafood consumption across a wide range of individuals from Western populations. Studies have 

shown that age is a major predictor of fish and seafood consumption, with increased age being 

positively correlated to fish and seafood consumption (139–143). Additionally, higher levels of 

education, as well as higher household incomes have been associated with increased consumption 

of fish and seafood (139–141,143–145). In line with this finding, perceived cost of fish and seafood 

dishes has been associated with decreased consumption of fish and seafood in individuals with 

lower household incomes (145). Another major determinant of fish and seafood consumption is 
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geographic location; individuals living in coastal regions have higher consumption of fish and 

seafood, particularly in the case of fatty fish such as salmon, which have higher EPA and DHA 

content than leaner or processed fish (139,141,143). This is further supported by the findings that 

accessibility to fresh, high quality fish and seafood is a major driver of fish and seafood 

consumption (145). Overall, these findings suggest that individuals that more educated and of 

higher socioeconomic status, living in coastal regions may have the highest intakes of fish and 

seafood.  

 In addition to the demographic and socioeconomic factors listed above, there are also a 

number of personal factors that have been shown to influence frequency of fish and seafood 

consumption, including personal perceptions and preferences. Many studies have shown that the 

perception that consuming fish and seafood is healthy is a major driver of intake, with those who 

perceive fish and seafood to be healthy having higher and more frequent intakes (140–142,145–

147). Furthermore, beliefs about lack of experience and confidence when selecting and preparing 

fish and seafood dishes have been associated with decreased fish and seafood consumption 

(139,145,147,148). In line with this finding, the perception that purchasing and preparing fish and 

seafood dishes is difficult or inconvenient has also been associated with decreased consumption 

(142,145–147). These findings are further supported by studies which have found that habitual 

consumption of fish and seafood or frequent consumption of fish and seafood as a child is a driver 

of fish and seafood consumption in adulthood (143,147). Together, these findings suggest that 

frequent consumption or a history of fish and seafood consumption may increase selection and 

cooking confidence in preparing and serving these dishes, leading to increased overall 

consumption of fish and seafood.  
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 Personal and family food preferences is another major determinant of fish and seafood 

consumption. Taste preferences of individuals and family members living in the same household 

have been shown to be major determinants of fish and seafood consumption 

(141,143,145,147,148). Households with at least one family member that does not enjoy eating 

fish and seafood have been shown to have lower consumption (141,143,148). As such, larger 

families with more family members have reported increased frequency of having at least one 

family members who does not enjoy fish and seafood, and subsequently, report lower consumption 

of fish and seafood dishes; suggesting that family size is a major determinant of fish and seafood 

consumption (141,143,148). Furthermore, couples with no children report higher intakes of fish 

and seafood than those with children (141,143,148). These findings suggest that taste and food 

preferences of individuals and family members are also major determinants of overall household 

frequency of fish and seafood consumption.  

 Overall, these findings indicate that the drivers and barriers to fish and seafood 

consumption are complex and multifaceted, with demographic and socioeconomic factors, 

personal perceptions, and personal preferences all contributing to frequency of fish and seafood 

consumption. Understanding the factors that influence fish and seafood consumption may help to 

address the global deficiency in n-3 PUFA intakes, particularly in the case of EPA and DHA. As 

such, increasing fish and seafood consumption, thus increased intakes of EPA and DHA, may 

further contribute to a reduction in risk of chronic inflammation and associated chronic diseases.  

 

1.7 Conclusions 

 This review highlights evidence to support the role of n-3 PUFA in reducing chronic 

inflammation and associated chronic disease outcomes. However, the majority of these studies 
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examine the role of n-3 PUFA in the diseased state and the impact of dietary intervention on 

disease prognosis and outcomes. Few studies have examined the role of dietary PUFA in reducing 

disease risk and prevention of chronic disease using dietary intervention starting in very early life. 

Future research should examine the role of lifelong dietary exposure to n-3 PUFA in preventing 

or reducing risk of developing chronic inflammation and inflammation-related chronic disease 

later in life.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 24 

CHAPTER 2: THESIS RATIONALE AND OBJECTIVES 
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2.1 Rationale and Overall Objective and Hypothesis 

 Early exposure to dietary fats is thought to influence long-term health outcomes, 

particularly risk for developing a number of chronic diseases later in life. These include obesity, 

cardiovascular disease, diabetes, and certain types of cancers. A common risk factor among these 

diseases is chronic inflammation, which can be heavily influenced by diet and lifestyle factors. 

Specifically, it is thought that individual n-3 and n-6 polyunsaturated fatty acids (PUFA), both in 

the diet and circulating concentrations in the blood, may play a role in mitigating or exacerbating 

the effects of chronic inflammation, beginning in very early life. As such, examining the 

relationship between these PUFA and early markers of chronic inflammation may play an 

important role in mitigating the risk of developing chronic diseases later in life. Overall, the 

objective of this thesis is to investigate the associations between early life exposure to PUFA 

and markers associated with chronic inflammation. We hypothesized that lower n-3 PUFA 

levels in the diet and the blood would be associated with decreased measures of 

anthropometry and markers of inflammation, beginning in early life. To address this 

hypothesis five independent studies were conducted, which are outlined in the next section.  

 

2.2 Specific Study Objectives and Hypotheses 

Study 1: Dietary Intakes of Fatty Acids are Associated with Diet Quality and Dietary Inflammatory 

Status in Canadian preschool-aged children in the Guelph Family Health Pilot Cohort (Data 

collected from December 2014 to August 2016). 

The specific objectives of this study were to: 

1. Determine current dietary intakes of fatty acids by preschool-aged Canadian children, with 

a focus on n-3 PUFA, n-6 PUFA, LA, AA, ALA, EPA, and DHA using 3-day food records. 
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2. Investigate the relationship between these dietary fatty acids and overall diet quality. 

3. Investigate the relationship between these dietary fatty acids and dietary inflammatory 

status. 

4. Investigate the relationship between body mass index (BMI) z-score, intakes of dietary fat 

and fatty acid, diet quality (Healthy Eating Index (HEI) Score), and dietary inflammatory 

status (Children’s Dietary Inflammatory Index (C-DII) Score). 

Given the objectives of Study 1, it was hypothesized that: 

1. Dietary intakes of n-3 PUFA would be low, specifically intakes of EPA and DHA. 

2. Dietary intakes of total PUFA, n-3 PUFA, ALA, EPA, and DHA would be positively 

associated with diet quality (HEI Score). Intakes of total saturated fat would be negatively 

associated with diet quality (HEI Score). 

3. Dietary intakes of n-3 PUFA, ALA, EPA, and DHA would be negatively associated with 

dietary inflammatory status (C-DII Score). Dietary intakes of saturated fat, n-6 PUFA, LA, 

and AA would be positively associated with dietary inflammatory status (C-DII Score).  

4. BMI z-score would be negatively associated with intakes of total PUFA, n-3 PUFA, ALA, 

EPA, and DHA. BMI z-score would be negatively associated with diet quality (HEI Score). 

BMI z-score would be positively associated with dietary inflammatory status (C-DII 

Score).  

 

Study 2: Dietary and Plasma Fatty Acids are Associated with Diet Quality and Dietary 

Inflammatory Status in Canadian Preschool-aged Children in the Guelph Family Health Study 

(Data collected from May 2017 to March 2020). 

The specific objectives of this study were to: 
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1. Determine current dietary intakes of fatty acids by preschool-aged Canadian children, with 

a focus on n-3 PUFA, n-6 PUFA, LA, AA, ALA, EPA, and DHA using ASA24. 

2. Investigate the relationship between these dietary fatty acids and overall diet quality. 

3. Investigate the relationship between dietary fatty acids and dietary inflammatory status (C-

DII Score). 

4. Investigate the relationship between diet quality (HEI Score) and dietary inflammatory 

status (C-DII Score). 

5. Investigate the relationship between BMI z-score, intakes of dietary fat and fatty acids, diet 

quality (HEI Score), and dietary inflammatory status (C-DII Score). 

6. Investigate the relationship between plasma fatty acid concentrations, intakes of dietary fat 

and fatty acids, diet quality (HEI Score), dietary inflammatory status (C-DII Score), and 

plasma CRP levels. 

 

Given the objectives of Study 2, it was hypothesized that: 

1. Dietary intakes of n-3 PUFA would continue to be low given past trends seen in previous 

studies and in study 1 of this thesis, specifically intakes of EPA and DHA. 

2. Dietary intakes of total PUFA, n-3 PUFA, ALA, EPA, and DHA would be positively 

associated with diet quality (HEI Score). Intakes of total saturated fat would be negatively 

associated with diet quality (HEI Score). 

3. Dietary intakes of n-3 PUFA, ALA, EPA, and DHA would be negatively associated with 

dietary inflammatory status (C-DII Score). Dietary intakes of saturated fat, n-6 PUFA, LA, 

AA would be positively associated with dietary inflammatory status (C-DII Score).  
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4. BMI z-score would be negatively associated with intakes of total PUFA, n-3 PUFA, ALA, 

EPA, and DHA, as well as diet quality (HEI Score). BMI z-score would be positively 

associated with dietary inflammatory status (C-DII Score).  

5. Plasma concentration of n-3 PUFA would be positively associated with dietary intakes of 

n-3 PUFA and diet quality (HEI Score). Plasma concentrations of n-3 PUFA would be 

negatively associated with dietary inflammatory status (C-DII Score). Plasma 

concentrations of n-3 PUFA would be associated with decreased plasma CRP levels. 

6. Plasma CRP levels would be positively associated with dietary inflammatory status (C-DII 

Score). 

 

Study 3: Parental positive perceptions, cooking confidence, and consumption of fish and seafood 

are associated with children’s consumption of fish and seafood.  

The specific objectives of this study were to: 

1. Determine how parental perceptions, preferences, and history of fish and seafood 

consumption are associated with fish and seafood consumption in Canadian children.  

Given the objectives of Study 3, it was hypothesized that: 

1. Parental intakes of fish and seafood would be associated with increased intakes of fish and 

seafood in children. 

2. Positive health perceptions around fish and seafood intake among parents would be 

associated with increased intakes of fish and seafood in children. 

3. Parental history of fish and seafood consumption would be associated with fish and seafood 

consumption in children. 
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4. Parental cooking competence in preparing fish and seafood dishes would be associated 

with increased intakes of fish and seafood in children. 

 

Study 4: Lifelong exposure to dietary n-3 and n-6 PUFA significantly alters tissue fatty acid 

composition, but does not impact expression of COX-2 or 5-LOX in 3 week-old C57BL/6 mice. 

The specific objectives of this study were to: 

1. Investigate the effects of exposure to diets with differential PUFA composition and how 

this may affect spleen and liver weight as well as fatty acid composition of these tissues. 

2. Investigate the impact of lifelong exposure to dietary fatty acids on protein expression of 

COX-2 and 5-LOX in spleen and liver tissues as indirect markers of lipid metabolism and 

inflammatory potential in very early life. 

3. Investigate the impact of lifelong exposure to dietary fatty acids on lipid peroxidation in 

very early life. 

 

Given the objectives of Study 4, it was hypothesized that: 

1. Lifelong exposure to diets high in n-3 PUFA, especially diets high in EPA and DHA, will 

result in lower spleen and liver weights. 

2. Lifelong exposure to different dietary n-3 and n-6 PUFA will result in differential 

incorporation of dietary fatty acids into spleen and liver tissues. 

3. Lifelong exposure to dietary n-3 PUFA, especially diets high in EPA and DHA, will result 

in decreased expression of COX-2 and 5-LOX in the spleen and the liver. 
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Study 5: Examining the differential effects of lifelong exposure to individual n-3 and n-6 PUFA 

on inflammatory status in 12 week-old adult Delta-6 Desaturase Knockout mice. 

1. Investigate the differential effects of lifelong exposure to individual PUFA on liver weight 

and fatty acid composition in adult delta-6 desaturase knockout mice 

2. Investigate the differential effects of lifelong exposure to individual PUFA on protein 

expression of COX-2 and 5-LOX as indirect markers of lipid metabolism and inflammatory 

potential in adult delta-6 desaturase knockout mice 

3. Investigate the differential effects of lifelong exposure to individual PUFA on lipid 

peroxidation in adult delta-6 desaturase knockout mice 

 

Given the objectives of Study 5, it was hypothesized that: 

1. Lifelong exposure to n-3 PUFA, especially EPA and DHA will result in lower spleen and 

liver weights. Lifelong exposure to AA will result in higher spleen and liver weights.  

2. Lifelong exposure to n-3 PUFA, especially EPA and DHA will result in lower expression 

of COX-2 and 5-LOX in the spleen and the liver. Lifelong exposure to AA will result in 

higher spleen and liver weights.  

3. Lifelong exposure to n-3 PUFA, especially EPA and DHA, will result in lower circulating 

markers of lipid peroxidation.  
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The methodologies and results associated with each of these studies are presented in the 

forthcoming chapters.  These studies will further contribute to our current understanding of the 

associations between early life exposure to PUFA and markers associated with chronic 

inflammation. 
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3.1 Abstract 

 Dietary fatty acids (FA) are important during early development and may affect long-

term disease risk. This study investigated dietary intakes of n-3 PUFA, n-6 PUFA, and trans fats 

in preschool-aged children. FA intake was collected from 109 children aged 1.5 to 5 years in the 

Guelph Family Health Study pilot. n-3 PUFA intake was low, with alpha-linolenic acid, 

eicosapentaenoic acid, and docosahexaenoic acid mean intakes of 605.1 mg, 36.1 mg, and 81.7 

mg, respectively. Alpha-linolenic acid intake did not meet recommendations and was lower than 

previously found in Canadian children. n-6 PUFA intake also did not meet recommendations, 

with linoleic acid and arachidonic acid mean intakes of 4.55 g and 0.16 g, respectively. Low 

intakes of n-3 and n-6 PUFA are concerning, given their essential role in early development and 

long-term health. Trans fat intake was 870 mg and within recommendations, likely reflecting 

regulatory changes reducing trans fats in the Canadian food supply. FA intakes were also 

compared to overall diet quality. Diet quality was negatively associated with intakes of total fat, 

saturated fat, and trans fat. Diet quality was positively associated with ratio of polyunsaturated 

fat to saturated fat intakes (P/S ratio). Children’s Dietary Inflammatory Index (C-DII) score was 

negatively correlated with intakes of total PUFA, total n-6 PUFA, LA, AA, and P/S ratio. C-DII 

score was also negatively correlated with diet quality. This study determined dietary intakes of 

important FA and highlights concerns about n-3 and n-6 PUFA intake in Canadian preschool-

aged children. 

Keywords: Polyunsaturated fatty acids (PUFA); n-3 polyunsaturated fatty acids (n-3 PUFA); n-6 

polyunsaturated fatty acids (n-6 PUFA); alpha-linolenic acid (ALA); linoleic acid (LA); 

eicosapentaenoic acid (EPA); docosahexaenoic acid (DHA); arachidonic acid (AA), trans fats. 
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3.2 Introduction 

 Early diet and lifestyle factors are known to influence long-term health outcomes, 

particularly risk for developing a number of common chronic diseases later in life. These include 

cardiovascular disease, diabetes, obesity, and certain types of cancers (149). A common risk factor 

for these diseases is chronic inflammation, which can be heavily influenced by diet and lifestyle 

factors. Specifically, it is thought that consuming a pro-inflammatory diet and elevated body mass 

index (BMI) may play a role in mitigating or exacerbating the effects of chronic inflammation, 

beginning in very early life (150,151). As such, examining how these lifestyle factors may 

influence early markers of chronic inflammation may play an important role in decreasing the risk 

of developing chronic diseases later in life.  

 Dietary fatty acids (FA) have been associated with the development of many chronic 

diseases, including obesity, diabetes, cardiovascular disease, and metabolic syndrome, as well as 

several types of cancer (149). Levels of essential FA may be of particular importance during early 

growth and development since they may be indicative of disease risk later in life. As such, the 

Developmental Origins of Health and Disease hypothesis posits that prenatal and early life 

nutrition may have permanent effects on development and be a predictor of disease later in life 

(149). This environmental stress may lead to gene-environment interactions resulting in epigenetic 

changes and increased susceptibility to chronic disease (152). 

 When considering dietary FA, intakes of n-3 and n-6 polyunsaturated fatty acids (PUFA) 

have been associated with chronic disease risk (149). Humans cannot endogenously synthesize n-

3 (alpha-linolenic acid, ALA) and n-6 (linoleic acid, LA) PUFA. Thus, they are essential and must 

be consumed in the diet (153). When ALA or LA are consumed, they are endogenously converted 
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via the rate limiting enzyme, delta-6 desaturase, to eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) or arachidonic acid (AA), respectively. However, due to genetic 

polymorphisms in the FADS2 gene, which encodes the delta-6 desaturase enzyme, evidence 

suggests that the conversion of LA and ALA to their downstream metabolites may be limited (80). 

This poor conversion rate may contribute to low circulating levels of EPA, DHA, and AA and, as 

such, direct intake of these FA may be more effective than relying on intakes of LA and ALA 

(154). Adequate intakes of AA and DHA are critical for normal growth and development, making 

intakes of these long-chain (LC) PUFA particularly important during early life (155).  

 According to the Institute of Medicine (IOM), the recommended dietary allowance (RDA) 

for n-3 PUFA is 700 mg and 900 mg of ALA for children ages 1-3 years and 4-8 years, 

respectively, with EPA and DHA contributing to 10% of ALA intake (i.e., 70-90 mg/day) (71). 

Globally, recommendations for n-3 PUFA intake for preschool-aged children vary significantly, 

particularly for EPA and DHA, which range from 40 to 250 mg of EPA plus DHA per day (73–

76,156). However, a growing body of research suggests that these amounts may be insufficient. 

The United States National Institutes of Health’s (NIH) 1999 report recommended that EPA plus 

DHA be 0.3% of daily energy intake to promote optimal health, which corresponds to 433 and 600 

mg of EPA plus DHA for children aged 1-3 years and 4-8 years, respectively (77,78). Insufficient 

dietary n-3 PUFA intake has been identified as the sixth leading risk factor for all-cause mortality 

and has been linked to 72,000-96,000 annual deaths by preventable disease in the United States 

(79). In contrast, n-6 PUFA is found in high amounts in the Western diet. While the n-6 PUFA, 

LA and AA are critical for normal growth and development, elevated intake of n-6 PUFA, coupled 

with low intake of n-3 PUFA, can promote a pro-inflammatory response and prolonged, can lead 

to chronic inflammation (69,70). The RDA for n-6 PUFA is 7-10 g for LA in children aged 1-8 
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years, and 10% may be contributed from AA, which corresponds to 0.7-1.0 g (71).  However, little 

is known about actual intakes of n-3 and n-6 PUFA in preschool-aged children, despite the critical 

role of these PUFA in early growth and development.  

 It is currently well accepted that a diet high in trans fat can increase circulating levels of 

low-density lipoprotein cholesterol, leading to an increased risk of cardiovascular disease (157). 

Additionally, increased intakes of trans fat have been linked to higher levels of circulating markers 

of inflammation (158). Based on these findings, it is recommended that intake of trans fat be 

limited to <1% of daily energy intake (159). In Canada, these concerns resulted in regulatory 

changes beginning in 2003, starting with mandatory labelling of foods with trans fat, which lead 

to encouraging reductions in trans fats intake (160). In 2018, trans fats from partially hydrogenated 

fats were banned in Canada (161). 

 The dietary inflammatory index (DII) is a tool that was developed to assess the 

inflammatory potential of an individual’s diet (54). DII has been extensively studied and has been 

shown to be linked to various circulating markers of chronic inflammation, including C-reactive 

protein (CRP), interleukin (IL)-6, tumour necrosis factor (TNF)-a, and homocysteine (55,56).  In 

2018, the children’s dietary inflammatory index (C-DII) was developed to account for the lower 

caloric intake in the diets of young children, as total energy intake is known to influence dietary 

inflammatory potential (162). C-DII has been validated against CRP in children aged 6-14 years 

and has been used among younger children (162). Given the evidence that DII and C-DII correlate 

with various blood markers of inflammation, these indexes are thought to be effective alternative 

methods for assessing inflammatory status of individuals when blood samples or analyses are not 

available or if sample size is limited. Furthermore, DII may also be an effective early predictor of 
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risk for developing inflammation-related chronic diseases, as DII has been associated with 

increased risk for obesity, cardiovascular disease, type 2 diabetes mellitus, as well as breast and 

prostate cancers (55,57,58,61,63,163).  

 To our knowledge, no studies have examined the relationship between diet quality (HEI 

score), C-DII, and intakes of PUFA and trans fat in preschool-aged children. Earlier findings in 

preschool-aged children aged 1.5 to 8 years suggest adequate intakes of ALA, EPA, and DHA, but 

inadequate intakes of LA and AA, according to current Canadian recommendations (164,165). 

This study aimed to build on this existing work by evaluating current dietary intakes n-3, n-6 

PUFA, and trans fats in preschool-aged Canadian children, with a focus on LA, ALA, EPA, DHA, 

AA, and total trans fats. This study also aimed to examine the relationship between diet quality, 

dietary inflammatory score, and intakes of dietary fatty acids of preschool-aged children. 

Additionally, this study examined plasma FA content in a subset of participants who provided 

voluntary blood samples (n=23) to assess the impact of dietary FA intake on circulating FA levels.  

3.3 Materials and Methods  

3.3.1 Study Participants 

 Baseline data were collected between December 2014 and August 2016 among children 

participating in phase 1 and phase 2 of the GFHS, a randomized controlled pilot trial of a home-

based obesity prevention intervention.  Families were eligible to participate if they had at least one 

child aged 18 months to 5 years, lived in the Guelph, Ontario, Canada area, and had a parent who 

could respond to questionnaires in English. Of the 117 child participants, 109 participants were 

included in this study. Children were excluded from analysis based on incomplete 3-day food 

records or if they were being breastfed. Parent’s highest level of education and household income 
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were reported by the parents of each child as part of an initial survey following enrolment in the 

study. This study was conducted according to the guidelines laid down in the Declaration of 

Helsinki, and all procedures involving humans were approved by the University of Guelph 

Research Ethics Board (REB14AP008) and registered on ClinicalTrials.gov (NCT02223234). 

Parents provided written informed consent for themselves and their children to participate in this 

research.  

 

3.3.2 Dietary Assessment 

 Dietary intake was assessed at baseline using 3-day food records that included 2 weekdays 

and 1 weekend day. Three-day food records are a common dietary assessment tool that correlates 

with observed dietary intake and averaging over 3 days reduces intra-individual variation (166). 

During their introductory home-visit with a GFHS team member, parents were oriented on how to 

complete a food record.  They were instructed to provide as much detail as possible in describing 

types and amounts of foods and beverages consumed by their children, were provided with a food 

record completion guide, and food record serving size guidelines. In this study, 109 participants 

provided complete food records and were included in this study. Food records were analyzed using 

the Food Processor Nutrition Analysis Software version 11.0.110 [ESHA Research, Salem, OR, 

USA] to determine 3-day average intakes of energy, macro- and micronutrients, FA (total fat, 

saturated fat, trans fat, monounsaturated FA (MUFA, total PUFA, total n-3 PUFA, ALA, EPA, 

DHA, total n-6 PUFA, LA, and AA).  The ESHA Food Processor software includes >72000 foods 

and 142 nutritional components and is commonly used to quantify fatty acid intake (167). Data 

was entered by one research assistant and independently verified by a second research assistant.  
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3.3.3 Healthy Eating Index Scores 

 Healthy Eating Index (HEI) scores were calculated for 99 participants, as HEI scoring has 

only been validated for children over the age of 2 years (168). Nine children were excluded from 

HEI scoring due to age and 1 was excluded due to incomplete dietary record for HEI scoring. HEI 

scoring was completed using the updated HEI-2015 method, as outlined by Krebs-Smith et al. 

2018 (169). This method determines individual HEI score based on consumption of whole fruit, 

total fruit, whole grains, dairy, total protein foods, seafood and plant proteins, greens and beans, 

total vegetables, FA, refined grains, sodium, and empty calories (169).  

 

3.3.4 Children’s Dietary Inflammatory Index  Score 

 C-DII score was calculated for 109 participants. Children’s dietary intake of total energy, 

protein, carbohydrates, total fibre, total fat, saturated fat, monounsaturated fat, polyunsaturated fat, 

trans fat, total cholesterol, Vitamin A, Beta Carotene, Vitamin B1, Vitamin B2, Vitamin B3, 

Vitamin B6, Vitamin B12, Vitamin C, Vitamin E, Folate, Folic Acid, Iron, Magnesium, Selenium, 

Zinc, total n-3 PUFA, total n-6 PUFA, Caffeine, and Alcohol were used to calculate C-DII score. 

Calculations were completed using the method developed by Drs James Hébert and Nitin Shivappa 

at the University of South Carolina (162,170).  

 

3.3.5 Body Mass Index z-score 

 Body mass index (BMI) z-score was assessed among 100 children, based on participant 

cooperation. BMI z-score was calculated using height and weight measurements collected at the 

baseline visit. All measurements were collected by GFHS staff, who were trained according to 

standard operating procedures described below. Height measurements were taken to the nearest 
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millimetre using a calibrated stadiometer (ShorrBoard, Olney, Maryland, USA). Weight was 

measured to the nearest 0.01 kg using a calibrated electronic scale by Tanita Corporation (Model 

BWB-627-A). BMI Z-score was calculated using the WHO Anthro 3.2.2 software (2011). Date of 

birth, height in centimetres (to two decimal places), and weight in kilograms (to two decimal 

places) were entered to calculate the BMI z-score.  

 

3.3.6 Blood Collection 

 Blood collection was optional for study participants. Twenty-three children provided blood 

samples. Participants were fasted overnight prior to blood collection. Venous blood was collected 

in a fasted state by a phlebotomist at Lifelabs Medical Laboratory Services. Participants fasted for 

a minimum of 12 hours before the blood sample was provided. Plasma and RBC were separated 

and stored at -80°C. FA were analyzed by gas-liquid chromatography (GLC).  

 

3.3.7 Plasma Total Fatty Acid Analysis 

 Total fatty acid analysis of serum and fatty acid composition of plasma was determined by 

GLC. Plasma samples were thawed on ice. 50µL of plasma was combined with 3mL of 2:1 

chloroform:methanol containing 3.33µg/mL of C19:0 FFA internal standard. 550µL KCl was 

added. Samples were spun at 1460rpm for 10min to separate phases. The chloroform layer was 

extracted and dried down under a gentle stream of nitrogen. Samples were methylated by 14% 

boron trifluoiride at 100 oC for 1 hour to form fatty acid methyl esters (FAME). Following 

methylation, samples were then run on a SP2560 column. Fatty acid methyl ester peaks were then 

identified by comparison to reference standards (171). FA peak areas were determined using 
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Agilent EZChrome OpenLAB Chromatography Data System. Individual fatty acid data was 

expressed as both absolute concentration (µg/ml) and % total fatty acid content.  

 

3.3.8 Statistical analysis 

 A Student’s t-test was used to examine differences in fatty acid consumption between sexes 

and BMI z-score classification. Relationships between C-DII score and HEI score and FA intake 

were assessed using linear regression analysis with generalized estimating equations. The 

generalized estimating equation approach was used to account for potential correlations between 

siblings as cohabitating participants. Analyses were also stratified by parent’s highest level of 

education and household income, as education and cost have been shown to impact intakes of EPA 

and DHA (143,172). Analyses were not stratified by age or sex, as this was an exploratory study 

with a small sample size. Statistical analyses were performed using SAS University Edition, 

version 3.8 (SAS Institute Inc., Cary, North Carolina, USA) with p<0.05 considered statistically 

significant.  

3.4 Results 

3.4.1 Participant Characteristics 

 A total of 109 children (55 males and 54 females) with a mean age of 3.7 ± 1.3 years were 

included in the study. The majority (88%) of participants were Caucasian, 2.9% were Chinese, 

1.9% were South Asian, and 6.8% identified as “other”. Household annual incomes ranged from 

$20,000 to >$150,000, and education levels ranged from some high school to post-graduate. BMI 

z-score for participants ranged from normal weight to overweight (>2), with a mean BMI z-score 
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of 0.55 ± 0.1, which is within the normal range (table 3.1). Fat, carbohydrate, and protein intakes 

were 31.7%, 54.2%, and 15.6% of total energy, respectively.  

 

3.4.2 Dietary Intake of Fatty Acids 

 Saturated fat was the greatest contributor to daily fat intake (12.0% of total energy intake), 

followed by MUFA (7.8%), PUFA (4.1%) and trans (0.50%) (table 3.2). Total n-6 PUFA intake 

was 2.7%, which was almost entirely from LA (2.6%) and a small amount from AA (0.1%) (table 

3.2).  Total n-3 PUFA intake was 0.5%, which was mainly from ALA (0.4%) and a small amount 

from EPA plus DHA (0.1%) (table 3.2). Total fat or fatty acid intakes did not significantly differ 

between males and females or across BMI z-score classifications (data not shown).  

 

3.4.3 Plasma Fatty Acid Content 

 In the plasma, n-6 PUFA comprised 39.8% of total plasma fatty acids, while n-3 PUFA 

comprised 3.5% (table 3.4). Among individual PUFA examined in this study, LA was the most 

prevalent (29.7%) followed by AA (7.22%), DHA (1.7%), ALA (0.7%), and EPA (0.6%) (table 

3.4). Trans FA contributed 1.4%, with 1.3% from monounsaturated trans FA and 0.2% from 

polyunsaturated trans FA (table 3.4).  

 

3.4.4 Healthy Eating Index Scoring 

 HEI average score was 69.0 ranging from 46.3 to 88.5 (table 3.3). HEI score was negatively 

correlated with intakes of total fat (p=0.0005, β=-0.087), saturated fat (p=0.0002, β=-0.225), and 
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trans fat (p=0.014, β=-3.523). HEI score was positively correlated with ratio of polyunsaturated 

fat to saturated fat intakes (P/S ratio) (p<0.0001, β=20.848). 

3.4.5 Children’s Dietary Inflammatory Index scoring 

 C-DII score was negatively correlated with intakes of total PUFA (p=0.012, β=-0.113) 

(table 3.3), total n-6 PUFA (p=0.009, β=-0.163), LA (p=0.008, β=-0.169), AA (p=0.0002, β=-

0.888), and P/S ratio (p<0.0001, β=-4.663). C-DII score was also negatively correlated with HEI 

score (p<0.0001, β=0.093). C-DII score was positively correlated with intakes of total fat 

(p=0.015, β=0.015), saturated fat (p<0.0001, β=0.043), and trans fat (p=0.008, β=0.473). 

 

3.4.6 Tables 

Table 3.1. Anthropometric and demographic characteristics of participants. 

*Weight, height, and BMI z-score was determined for 100 participants, based on participant cooperation. All values  
are expressed as Mean ± SD. 
 
 
 
 
 
 

 All Children 
(n=109) 

Males (n=55) Females (n=54) 

Age (years) 3.6 ± 1.3 3.6 ± 1.3 3.7 ± 1.3 
Weight (kg)* 16.1 ± 3.6 16.2 ± 3.4 15.9 ± 3.8 
Height (cm)* 99.1 ± 10.6 99.3 ± 10.9 98.7 ± 10.5 
BMI Z-score*  (-3.4 – 4.2)  (-3.4 – 2.9)  (-1.5 – 4.2) 
   Underweight (<-2) n=1 (1.0%)   
   Normal weight (-2 to 2) n=94 (93.0%)   
   Overweight (>2) n=5 (5.0%)   
Parent level of education (mean)    
   High school diploma or less n=9 (4.7%)   
   Some college or university n=16 (8.4%)   
   College diploma n=13 (6.8%)   
   University degree n=67 (35.3%)   
   Postgraduate training n=85 (44.7%)   
Household income (CAD)    
   < $60,000 n=21 (19.27%)   
   $60,000 to $99,999 n=32 (29.36%)   
   $100,000 to $150,000 n=36 (33.03%)   
   > $150,000 n=20 (18.35%)   
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Table 3.2. Total fat, n-3 PUFA, n-6 PUFA, and trans fat daily intakes of children from the Guelph Family Health 
Study (n=109).  
 

All values are expressed as mean ± SEM (n=103). Note that in some cases, ESHA is limited in its ability to quantify 
individual n-3 and n-6 PUFA; however, the extent of this inaccuracy is not likely to change the results of this study. 
*assessment of n-3 PUFA includes dietary ALA, SA, ETE, EPA, DPA, and DHA. 
**assessment of n-6 PUFA includes dietary LA and AA.  
***this is the recommendation for all longer chain n-6 PUFA.

 g/day % Energy Dietary recommended intake (DRI) 
   ALA 0.61 ± 0.05 0.35 ± 0.03 0.6-1.2% Energy 
   EPA 0.04 ± 0.01 0.02 ± 0.001  
   DHA  0.08 ± 0.02 0.05 ± 0.01  
   EPA plus DHA  0.12 ± 0.02 0.07 ± 0.01 0.06-0.12% Energy 
n-3 PUFA* 0.82 ± 0.06 0.47 ± 0.03  
    
   LA 4.55 ± 0.26 2.6 ± 0.1 5-10% Energy 
   AA  0.16 ± 0.03 0.10 ± 0.02 0.5-1.0%*** Energy 
n-6 PUFA** 4.67 ± 0.26 2.7 ± 0.1  
    
   Polyunsaturated  7.23 ± 0.38 4.1 ± 0.2  
   Monounsaturated  13.67 ± 0.72 7.8 ± 0.3  
   Trans  0.87 ± 0.06 0.50 ± 0.03  
   Saturated 21.04 ± 1.13 12.0 ± 0.4  
P/S Ratio 0.40 ± 0.02   
Total fat  56.01 ± 2.33 

 
31.9 ± 0.7 30-40% Energy for 1-3 years of age 

25-35% for 4-18 years of age 
Energy (kcal) 1570.2 ± 49.4   
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Table 3.3. Linear regression results of dietary fatty acid intake on HEI score (n=99) and DII score (n=109). 

*Denotes statistical significance (p<0.05). 
 
 
 
Table 3.4. Plasma fatty acid concentration (µg/ml) and % composition (n=23). 

 Fatty Acid 
Concentration 
(µg/ml) 

Fatty Acid Content 
(% Composition) 

American 
Children aged 26 
± 1.1 months 
n=28 (% 
Composition) [40] 

Spanish 
Children  
aged 5.1 ± 2.6 
years n=11 (% 
Composition) 
[39] 

   ALA (18:3n3) 18.1 ± 1.6 0.66 ± 0.04  0.29 
   EPA (20:5n3) 16.0 ± 2.0 0.55 ± 0.06  0.46 
   DHA (22:6n3) 48.7 ± 4.3 1.70 ± 0.14 1.87 ± 0.14 2.5 
   EPA plus DHA 63.4 ± 4.9 2.2 ± 0.1   
Total n-3 PUFA* 99.7 ± 6.8 3.5 ± 0.2  3.7 
     
   LA (18:2n6) 850.7 ± 35.7 29.7 ± 0.8  30.7 
   AA (20:4n6) 207.7 ± 11.5 7.2 ± 0.3 8.35 ± 0.38 7.2 
Total n-6 PUFA** 1147.7 ± 59.5 39.8 ± 0.6  40.6 
   Monounsaturated 
Trans 

 
34.3 ± 6.6 

 
1.3 ± 0.3 

  

   Polyunsaturated 
Trans 

 
4.5 ± 0.5 

 
0.2 ± 0.1 

  

Total Trans 38.8 ± 6.6 1.4 ± 0.3   
     

All values are expressed as mean ± SEM (n=23). 
*Total n-3 PUFA includes ALA (18:3n3), ETE (20:3n3), EPA (20:5n3), DPA (22:5n3), and DHA (22:6n3). 
**Total n-6 PUFA includes plasma LA (18:2n6), GLA (18:3n6), eicosadienoic acid (20:2n6), dihomo-γ-linolenic 
acid (20:3n6), AA (20:4n6), 13-16 docosadienoic (22:2n6), adrenic acid (22:4n6), and Osbond Acid (22:5n6). 
*** Total Trans does not include 18:1t11 or CLA. 

 HEI score (β, p-value) C-DII score (β, p-value) 
   ALA -0.194, 0.911  -0.206, 0.489  
   EPA -4.118, 0.683  -1.004, 0.637 
   DHA  -0.200, 0.967  -1.714, 0.215 
   EPA plus DHA -1.707, 0.566  -0.550, 0.468 
n-3 PUFA 0.213, 0.888  -0.533, 0.120 
   
   LA 0.476, 0.180  -0.169, 0.008* 
   AA  1.705, 0.442  -0.888, 0.0002* 
n-6 PUFA 0.450, 0.197  -0.163, 0.009* 
   
   Polyunsaturated  0.268, 0.308  -0.133, 0.004* 
   Monounsaturated  0.129, 0.264  -0.018, 0.388  
   Trans  -3.523, 0.014*  0.473, 0.008*  
   Saturated -0.225, 0.0002* 0.043, <0.0001* 
P/S Ratio 20.848, <0.0001* -4.663, <0.0001* 
Total fat  -0.087, 0.0005* 0.015, 0.015*  
HEI score -- -0.093, <0.0001* 
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3.5 Discussion 

 This study examined the intakes of n-6, n-3 PUFA, and trans fat among a sample of 

Canadian children aged 1.5 -5 years. This age range is important to study for two reasons.  Firstly, 

these early years are when early dietary and lifestyle habits are formed, and secondly, early life 

nutrition has been linked to disease outcomes later in life (149). Furthermore, low or insufficient 

intake of n-3 PUFA has been listed as the sixth leading contributor to mortality from disease, 

suggesting that early exposure to n-3 PUFA may be especially important for chronic disease 

prevention (79). Previous studies in Canadian children aged 1.5 to 8 years suggest adequate intakes 

of ALA, EPA, and DHA, but inadequate intakes of LA and AA, according to current Canadian 

recommendations (164,165). The present study found that children had intakes of EPA and DHA, 

which met the current RDA, but inadequate intakes of ALA, LA, and AA, when compared to the 

RDA and lower than has previously been found in Canadian children.  

 Daily intake of LA by GFHS children was 4.55g, 35.0% lower than the recommended 

amount of 7-10g. Daily intake of AA was 0.16 g, 77.1% below the recommended Institute of 

Medicine (IOM) amount of 0.7-1.0g (table 3.2) (71). Furthermore, intakes of LA and AA are 

48.1% and 26.9% lower, respectively, than previously found in Canadian children in the same age 

range (165). Inadequate intake of n-6 PUFA, especially AA, during early life, may have a negative 

impact, particularly in the case of early brain growth and development during infancy and the 

preschool years (175,176). One randomized controlled trial in 81 children (19 placebo, 62 

supplemented) reported that supplementation of infant formula with AA and DHA was associated 

with improved rule-learning, behavioural inhibition, vocabulary, and intelligence scores by the 

time these children reached preschool-age  (3-5 years) (176). These findings suggest a significant 

role of dietary LC n-6 and n-3 PUFA in very early cognitive development.  
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  Children in our sample consumed  605.1 mg/day of ALA, markedly lower than the current 

RDA  for ALA (700-900 mg) and earlier studies in Canadian preschool-aged children that reported 

ALA intakes between 1161 to 1700 mg/day (table 3.2) (164,177). Furthermore, 78.1% of children 

in the present study had ALA intakes below the RDA. Thus, this study suggests that not all 

Canadian preschool children may be meeting recommended ALA intakes. This finding is also 

surprising due to the availability of ALA, which is commonly found in edible oils, including canola 

oil, flaxseed oil, soybean oil, as well as processed foods containing these ingredients (154). Intakes 

of EPA plus DHA in GFHS children (117.9 mg) were also comparable to these studies, suggesting 

that over a 10 year period, intakes of EPA and DHA continue to remain low, despite advances in 

public education and public health recommendations to increase intakes of n-3 PUFA. However, 

73.5% of these children had EPA plus DHA intakes below the current recommendations of 70-

90mg, with 26.6% having EPA+DHA intakes of 0 mg. Other Western countries have similar EPA 

plus DHA intakes when compared to Canadian children, ranging from as low as 54 mg to 151 mg 

of EPA plus DHA per day (supplementary table 3.1). These low values are likely reflective of low 

intake of n-3 PUFA from seafood sources. Previous studies have shown that overall intakes of n-

3 PUFA in North American countries are particularly low due to low consumption of fish and 

seafood (178,179). To illustrate this point, a 2007 study found that  84% of children from the 

United States between 2 and 17 years of age consumed less than one serving of fish per week. 

(178). However, based on higher recommendations from international groups, corresponding to 

433 mg of EPA plus DHA for children aged 1-3 years and 600 mg in children aged 4-8 years 

(77,78),  the amount of EPA plus DHA consumed by children in this study is potentially only 

meeting a quarter of their needs. These findings are similar to those seen in European countries, 

where the recommended intakes of EPA plus DHA are >250mg/day. One 2017 systematic review 
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reported that a sample of 1797 children between the ages 1-3 years from Belgium and The 

Netherlands were not meeting the recommended intakes for EPA and DHA (180). From this same 

study, a sample of 10,102 children between the ages of 4-9 years from Austria and Sweden were 

not meeting recommended intakes for EPA plus DHA (180). Together, these findings suggest that 

low intake of long-chain n-3 PUFA is an issue that continues to impact many Western countries. 

Importantly, these levels are attainable, as observed in some Asian or coastal countries with access 

to seafood (supplemental table 3.1). In Japanese children aged 9-12 years, it was found that DHA 

intake was 410 mg/day  (165,181–185). It should be noted that this study utilized 3-day food 

records in order to determine dietary intakes of n-3 PUFA.  This method may be limiting because 

even one weekly serving of fatty fish would significantly increase average daily intake of EPA 

plus DHA. As such, servings of fatty fish may not be adequately captured in the 3-day data 

collection period. However, previous studies in the United States have shown that 84% of children 

consume less than one serving of fish per week, suggesting that intakes of EPA plus DHA would 

remain low, even if another method was used for dietary data collection (164,178). 

 In addition, to further understand the potential reason for low n-6 and n-3 PUFA intake, 

macronutrient intake was also evaluated. Total daily macronutrient intakes as a percent of total 

energy were within the recommended ranges for children in this age group.  Total fat intake (31.9% 

of daily energy) by GFHS children was within the acceptable macronutrient distribution range 

(AMDR) (30-40% for 1-3yrs and 25-35% for 4-8 years); however, total PUFA intake (2.6% of 

daily energy) was below the lower limit of the AMDR of 5-10%, while saturated fat intake (12.0% 

of daily energy) exceeded 10% of energy, as recommended by the IOM, WHO, and Canada’s Food 

Guide (186). Furthermore, total PUFA intake was 19.7% to 33.2% lower than total PUFA intakes 

reported in two previous studies of Canadian children between the ages of 1.5 to 8 years (164,165). 
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These findings suggest that high intake of saturated FA may account, in part, for the low intake of 

PUFA by these children.  

 This study also examined consumption of trans fat. In the 1990s, it was reported that 

Canadian dietary intakes of trans fat ranked high when compared to global levels (159). In 

response to this, in 2007, Health Canada recommended that levels of trans fat in vegetable oils be 

limited to <2% of total fat and <5% of total fat in all other foods in order to limit daily intakes of 

trans fat to <1% of total energy (159). Furthermore, all partially hydrogenated oils, which are a 

major source of trans fat, have been banned from all foods sold in Canada since 2018 (187). 

Children in this study had intakes of trans FA that comprised 0.87 g/day (0.50% of daily energy), 

which is within the recommended exposure level (table 3.2). This finding is substantially lower 

than trans fat intakes reported in a 2004 study of Canadian preschool-aged children, that reported 

intakes of 4.8 g/day. These findings suggest that intakes of trans FA in Canadian children have 

indeed decreased since the 1990s and early 2000s in this young age group.  

 Overall diet quality was also assessed using HEI scoring, which assigns participants with 

a score from 0-100 based on intakes of dietary intake components in relation to dietary 

recommendations. When examining the relationship between HEI score and dietary fatty acid 

intake, it was found that HEI score was negatively correlated with intakes of total fat (β=-0.058), 

saturated fat (β=-0.179), and trans fat (β=-2.827) (table 3.3). These findings agree with those of 

previous studies. A study in 5-year-old American girls compared HEI scores of girls who had 

intakes of total fat that were greater than 30% of daily energy to those who had intakes less than 

30% of daily energy intake, reporting that girls with lower intakes of total fat had significantly 

higher HEI scores than those with higher intakes of saturated fat (188). Similarly, lower saturated 

fat intakes have previously been associated with increased HEI scores. A study in Spanish children 
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aged 6-7 years, reported that children with the lowest intakes of saturated fat, by quartile, had 

significantly higher HEI scores when compared to those with the highest intakes of saturated fat 

(189). Although intakes of trans fat were low in this study (0.87g/day), with β=-2.827, this finding 

indicates that higher intakes of trans fat may have substantial negative effects on overall diet 

quality. This finding also further emphasizes the significance of the decrease in trans fat intakes 

fats seen in this study compared to earlier studies in Canadian preschool-aged children.  

 HEI score was positively correlated with P/S ratio, with β=20.5 (table 3.3). These findings 

suggest that increasing PUFA intake, coupled with decreasing saturated fat intake may heavily 

influence overall diet quality. Average P/S ratio in this study was 0.40 (table 3.2). These results 

are comparable with those previously seen in Canadian preschool-aged children, who also had a 

P/S ratio of 0.4 (177). However, one study in Canadian children between the ages of 4-8 years 

reported PUFA and saturated fat intakes that produced a P/S ratio of 0.7, when fatty acid intakes 

were directly quantified from the diet (164). P/S ratios greater than 0.4, and as high as 1.0, have 

been shown to have favourable effects in mitigating chronic disease risk (190–192). These findings 

reflect the 2015 updates to the HEI scoring method, which emphasizes the benefits of replacing 

saturated FA with unsaturated FA, such as MUFA and PUFA, as well as decreasing total intakes 

of saturated FA (193). No relationship was seen between HEI score and intakes of n-3 PUFA. This 

is not surprising given the low intake and hence low dynamic range of n-3 PUFA values. These 

findings suggest a significant role for dietary PUFA intake in overall diet quality. 

 Children’s dietary inflammatory status was assessed using C-DII scoring, which estimates 

the inflammatory potential of an individual’s diet by assessing intakes of specific nutrients and 

foods that have been associated with increased or decreased inflammatory markers in the blood. 

C-DII score was positively correlated with intake of total fat, saturated fat, and trans fat. Given 
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that saturated fat was the greatest contributor to total fat intake and that food that contain trans fats 

are often higher in saturated fat, these findings suggest that higher dietary inflammatory status is 

associated with high intakes of saturated fat (table 3.3). This agrees with earlier findings, as 

previously, a study in Mexican children aged 5-7 years reported that higher intakes of total fat and 

saturated fat were associated with higher C-DII scores (194). C-DII score was negatively 

correlated with intakes of total PUFA, total n-6 PUFA, LA, AA, and P/S ratio; these relationships 

were not reported in previous studies (table 3.3) (194). These findings suggest that dietary PUFA 

intake plays a major role in mitigating dietary inflammatory status and inflammatory potential. 

This is particularly interesting, as low intake of n-6 PUFA may play a role in promoting 

inflammatory responses (177). Although LA and AA are thought to be precursors for pro-

inflammatory metabolites, there is evidence that AA may serve as a precursor for lipoxins, which 

have been found to have anti-inflammatory and pro-resolving properties (82,85).  

 The relationship between C-DII score and HEI score was also assessed. There was a 

negative relationship (β=0.110) between diet quality and dietary inflammatory potential, 

suggesting a significant relationship between these two variables, both of which have been shown 

to play significant roles in overall health and chronic disease prevention (table 3.3). This finding 

is consistent with previous studies that have also seen inverse relationships between adult DII score 

and HEI score (170,195–197). However, to our knowledge, this is the first time this relationship 

has been shown in children using the C-DII scoring method. This finding suggests that the 

relationship between overall diet quality and dietary inflammatory potential begins in very early 

life (during the preschool-aged years). This is particularly concerning, given that these are 

modifiable risk factors for chronic disease development and life-long dietary habits are typically 



 

 52 

formed during these early years (198,199). These findings support the importance of and need for 

early dietary intervention for chronic disease prevention.  

 When examining plasma fatty acid content, total n-6 PUFA comprised a much greater 

percentage of total plasma FA than n-3 PUFA, reflective of dietary intakes of n-6 PUFA being 

much greater than n-3 PUFA (table 3.4). When compared to a cohort of Spanish children, children 

in this study had much higher levels of plasma ALA (0.66% in GFHS children vs. 0.29% in 

Spanish children) but much lower levels of DHA (1.70% in GFHS children vs. 2.5% in Spanish 

children) (174). Plasma DHA content was more comparable to a cohort of American children, 

which reported plasma DHA content of 1.87% of total fatty acid composition (173). This contrast 

between North American and Spanish children is likely reflective of cultural and dietary 

differences, as North American children have been shown to have very low intakes of fish and 

seafood, while Spain has been reported to have the highest intakes of fish when compared to other 

European countries (178,200).  

 This research highlights new perspectives on dietary intake of important FA, but there 

remain some limitations to our work. This research is limited by small sample size, particularly in 

the case of plasma FA analysis (n=23), and narrow demographic, including mainly Caucasian 

children from families of mid to high socioeconomic status, which may limit the generalizability 

of these results. This research is also limited by using three-day food records, which may 

underestimate EPA and DHA consumption as a measure of seafood consumption. Given that one 

weekly serving is recommended, a three-day diet record may miss intake if consumed on other 

days of the week.  
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3.6 Conclusions 

 Overall, this study highlights potential deficiencies in n-6 PUFA intakes that have not 

previously been identified in Canadian children. Additionally, this study determined that dietary 

intakes of n-3 PUFA, ALA, EPA, and DHA by preschool-aged children continue to remain low. 

ALA intake by these children was well below the recommended amounts and was much lower 

than in other Canadian children and children in other Western populations. It was also found that 

intakes of EPA and DHA met the current recommendations; however, Canadian dietary 

recommendations for EPA and DHA intakes are far lower than other countries, many of which 

recommend intakes upward of 200 mg of EPA plus DHA per day (201). Additionally, this research 

found that current dietary intakes of trans FA are much lower than previously seen in preschool-

aged Canadian children, but trans FA intake remains a concern from the perspective of diet quality. 

Additionally, this study highlights the relationship between dietary fatty acids, diet quality, and 

dietary inflammatory status, suggesting that dietary fatty acids play a significant role in overall 

diet quality and dietary inflammatory status, particularly when considering dietary P/S ratio. 

Future research should examine both n-3 and n-6 PUFA intakes in more socio-economically and 

racially diverse Canadian populations, including a broader range of ethnicity and different 

geographical locations. Our results support ongoing concerns about the low intakes of n-3 PUFA 

in Western populations and suggest that strategies to increase Canadian children’s consumption of 

seafood and DHA-enriched foods are needed. 
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Supplemental Table 3.1. Dietary fatty acid intakes in GFHS children compared to other populations. 
 

Population 18:2n6 
(mg) 

20:4n6 (mg) 18:3n3 
(mg) 

20:5n3 (mg) 22:6n3 (mg) 

GFHS (1.5-5 years; n=103)a 4 457 159 580 34 77 
Canadian (1.5-5 years; n=84) (177)b 8 770 219 1 700 54 88 
American (3 years; n=979) (182)b 10 380 131 1 020 37 93 
American (5 years; n=762) (182)b 10 650 133 1 020 45 106 
Australian (2-3 years; n=383) (183)c 6 100 16 680 10 24 
Australian (4-7 years; n=799) (183)c 7 500 22 810 19 47 
Flemish (2.5-3 years; n=197) (184)c 6 667 17 798 22 43 
Flemish (4-6.5 years; n=464) (184)c 7 018 18 904 26 49 
Chinese (1-3 years; n=126) (185)c 2 082 55 278 -- 34 
Chinese (4-5 years; n=70) (185)c 2 272 50 335 -- 23 
Japanese (9-12 years; n=83) (181)b   -- -- 410 

Letters indicate method of dietary assessment used: a 3-Day Food Records, b Food Frequency Questionnaire, c 24 Hour 
Recall 
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4.1 Abstract  

 It has been shown that dietary habits formed in early life are often predictors of dietary 

intakes of foods and nutrients later in life. Early life dietary intakes may contribute to long-term 

disease risk, particularly in the case of dietary intakes of fats and fatty acids (FA). This study 

examined dietary intakes of saturated fat, totally polyunsaturated acids (PUFA), n-3 PUFA, and n-

6 PUFA in 272 children aged 1.5-5 years. Additionally, this study examined the relationship 

between intakes of these FA and diet quality using the Healthy Eating Index (HEI), dietary 

inflammatory potential using the Children’s Dietary Inflammatory Index (C-DII), and plasma FA 

concentrations. Intakes of long-chain n-3 and n-6 PUFA did not meet current recommendations 

and were much lower than previously reported in Canadian children. HEI score was negatively 

correlated with intakes of total fat, saturated fat, and AA. HEI score was positively correlated with 

intakes of total n-6 PUFA, LA, and ratio of polyunsaturated fat to saturated fat intakes (P/S ratio). 

Additionally, plasma concentrations of ALA were positively correlated with HEI score and plasma 

concentrations of EPA plus DHA were negatively correlated with C-DII score. This study 

highlights ongoing concerns about very low intakes of long-chain n-3 and n-6 PUFA and overall 

diet quality in Canadian children.  

 

Keywords: Polyunsaturated fatty acids (PUFA); n-3 polyunsaturated fatty acids (n-3 PUFA); n-6 

polyunsaturated fatty acids (n-6 PUFA); alpha-linolenic acid (ALA); linoleic acid (LA); 

eicosapentaenoic acid (EPA); docosahexaenoic acid (DHA); arachidonic acid (AA). 
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4.2 Introduction 
 
 Studies have shown that lifelong dietary habits are often formed during the early years of 

growth and development (199). As such, habits formed during this time may be predictors of dietary 

intakes of foods and nutrients later in life (198,199). Furthermore, it is thought that early dietary 

exposures may directly impact chronic disease risk later in life (149). One mechanism by which diet 

may impact long-term disease risk is by contributing to chronic inflammation, a common risk factor 

for many chronic diseases. Specifically, it is thought that consuming a pro-inflammatory diet may play 

a role in exacerbating the effects of chronic inflammation and have been shown to be associated with 

elevated levels of circulating inflammatory markers in the blood (54,55,162). As such, these dietary 

factors may influence early markers of chronic inflammation and long-term chronic disease risk. 

Furthermore, elevated dietary inflammatory status has been associated with increased risk for obesity, 

breast and prostate cancers, cardiovascular disease, and type 2 diabetes mellitus (4-12). Together, these 

findings suggest that dietary inflammatory status is highly relevant when considering long-term 

chronic disease risk.  

 The children’s dietary inflammatory index (C-DII) is a tool that was developed to assess the 

inflammatory potential of a child’s diet (54). The C-DII has been linked to various circulating markers 

of chronic inflammation and chronic disease risk. C-DII has been validated against circulating C-

reactive protein (CRP) levels in children (162). Given the evidence that C-DII has been shown to 

correlate with various reliable blood markers of inflammation, it is a valuable alternative method for 

assessing inflammatory status of individuals when blood samples are not available or if sample size is 

limited. 

 Dietary fats play a critical role in dietary inflammatory potential, particularly dietary 

polyunsaturated fatty acids (PUFA). PUFA are necessary for normal growth and development, 
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cellular function and signaling, immune response, and may be critical for the prevention of chronic 

inflammation and many chronic diseases (66).  Essential n-6 and n-3 PUFA, linoleic acid (LA) 

and alpha-linoleic acid (ALA), respectively, must be obtained directly from the diet, as they cannot 

be endogenously synthesized by humans (66). It has long been believed that n-6 PUFA, LA, and 

arachidonic acid (AA) are precursors for pro-inflammatory metabolites and may induce a pro-

inflammatory response in the blood and tissues, whereas n-3 PUFA are thought to mitigate this 

response and have anti-inflammatory properties (82). Thus, elevated intake of n-6 PUFA, coupled 

with low intake of n-3 PUFA, may contribute to a pro-inflammatory response, resulting in 

increased risk of developing chronic inflammation (69,70). The imbalance between high n-6 

PUFA and low intakes of n-3 PUFA is a trend that is observed in Western diets (83). This may be 

particularly concerning in young children, as this dietary habit may carry into adulthood, 

potentially contributing to lifelong exposure to a pro-inflammatory diet. 

 This study aimed to determine intakes of dietary fatty acids (FA) in preschool-aged 

Canadian children, with a focus on PUFA, and to examine the relationship between dietary fatty 

acids (FA) intake and diet quality and dietary inflammatory potential in preschool-aged children. 

Additionally, this study examined plasma FA levels among a subsample of children (n=41) to 

assess the impact of dietary FA intake on circulating FA levels and the relationship between plasma 

FA levels, diet quality, dietary inflammatory potential, as well as circulating CRP levels. 

 
4.3 Methods 
 
4.3.1 Study Participants 

 Baseline data were collected between May 2017 and March 2020 among children 

participating in the GFHS, a randomized controlled trial of a home-based obesity prevention 

intervention.  Families were eligible to participate if they had at least one child aged 18 months to 
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5 years, lived in the Guelph, Ontario, Canada area, and had a parent who could respond to 

questionnaires in English. Of the 322 child participants, 272 participants were included in this 

analysis. Children were excluded from analysis based on incomplete or inaccurate food records. 

Additionally, 10 participants were excluded due to being breastfed. Parent’s highest level of 

education and household income were reported by the parents of each child as part of an initial 

survey following enrolment in the study. This study was conducted according to the guidelines 

laid down in the Declaration of Helsinki, and all procedures involving humans were approved by 

the University of Guelph Research Ethics Board (REB14AP008) and registered on 

ClinicalTrials.gov (NCT02223234). Parents provided written informed consent for themselves and 

their children to participate in this research.  

 

4.3.2 Dietary Assessment 

 Dietary intake was assessed at baseline using the ASA24 Canada-2016 version, a self-

administered 24-hour dietary recall tool (202). Families were provided detailed instructions on 

how to complete the ASA24 and instructed to provide as much detail as possible in describing 

types and amounts of foods and beverages consumed by their children in the 24 hour period. Food 

and beverages were analyzed by the ASA24 software to provide nutrient content data for the foods 

consumed in the 24 hour period. Diet analysis by ASA24-Canada-2016 was completed for 272 

children. 

 

4.3.3 Healthy Eating Index HEI Scores 

 Healthy eating index (HEI) scores were calculated for all 272 participants. HEI scoring 

was completed using the updated HEI-2015 method, as outlined by Krebs-Smith et al. 2018 (169). 
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This method determines individual HEI score based on consumption of whole fruit, total fruit, 

whole grains, dairy, total protein foods, seafood and plant proteins, greens and beans, total 

vegetables, FA, refined grains, sodium, and empty calories (169).  

 

4.3.4 Children’s Dietary Inflammatory Index Score 

 Children’s dietary inflammatory index score was calculated for all 272 participants. 

Children’s dietary intake of total energy, protein, carbohydrates, total fibre, total fat, saturated fat, 

monounsaturated fat, polyunsaturated fat, total cholesterol, Vitamin A, Beta Carotene, Vitamin 

B1, Vitamin B2, Vitamin B3, Vitamin B6, Vitamin B12, Vitamin C, Vitamin E, Folate, Folic Acid, 

Iron, Magnesium, Selenium, Zinc, total n-3 PUFA, total n-6 PUFA, Caffeine, and Alcohol were 

used to calculate C-DII score. Calculations were completed using the method developed by Drs 

James Hébert and Nitin Shivappa at the University of South Carolina (162).  

 

4.3.5 Blood Collection 

 Blood collection was optional for study participants. Forty-one children provided blood 

samples. Participants fasted for a minimum of 12 hours prior to blood collection. Venous blood 

was collected in a fasted state by a phlebotomist at Lifelabs Medical Laboratory Services. Plasma 

and RBC were separated and stored at -80°C. FA were analyzed by gas-liquid chromatography 

(GLC). Plasma CRP levels were determined and reported by Lifelabs Medical Laboratory 

Services. 
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4.3.6 Plasma Total Fatty Acid Analysis 

 Total FA analysis of serum and FA composition of plasma was determined by GLC. 

Plasma samples were thawed on ice. 50 µL of plasma was combined with 3 mL of 2:1 

chloroform:methanol containing 3.33µg/mL of C19:0 FFA internal standard. 550 µL KCl was 

added. Samples were spun at 1460 rpm for 10 min to separate phases. The chloroform layer was 

extracted and dried down under a gentle stream of nitrogen. FA were methylated by 14% boron 

trifluoride at 100 oC for 1 hour to form their fatty acid methyl ester (FAME). Following 

methylation, samples were then run on a SP2560 column. FAME were  identified by comparison 

to reference standards (171). FA peak areas were determined using Agilent EZChrome OpenLAB 

Chromatography Data System. Individual fatty acid data was expressed as both absolute 

concentration (µg/ml) and % total FA.  

 

4.3.7 Body mass index z-score 

 Body mass index (BMI) z-score was assessed for 252 children, based on participant 

cooperation. BMI z-score was calculated using height and weight measurements collected at the 

baseline visit. All measurements were collected by GFHS staff, who were trained according to 

standard operating procedures described below. Height measurements were taken to the nearest 

millimetre using a calibrated stadiometer (ShorrBoard, Olney, Maryland, USA). Weight was 

measured to the nearest 0.01 kg using a calibrated electronic scale by Tanita Corporation (Model 

BWB-627-A). BMI Z-score was calculated using the WHO Anthro 3.2.2 software (2011). Date of 

birth, height in centimetres (to two decimal places), and weight in kilograms (to two decimal 

places) were entered to calculate the BMI z-score.  
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4.3.8 Statistical analysis 

 A Student’s t-test was used to examine differences in FA consumption between sexes and 

BMI z-score classification. Relationships between C-DII score and HEI score and FA intake were 

assessed using linear regression analysis with generalized estimating equations. The generalized 

estimating equation approach was used to account for potential correlations between siblings as 

cohabitating participants. Analyses were also stratified by parents’ highest level of education and 

household income, as education and cost have been shown to impact intakes of EPA and DHA 

(143,172). Statistical analyses were performed using SAS University Edition, version 3.8 (SAS 

Institute Inc., Cary, North Carolina, USA) with p<0.05 considered statistically significant.  

 
 
4.4 Results 
 
4.4.1 Participant Characteristics 
 
 A total of 271 children (131 males and 142 females) were included in this analysis, with a 

mean age of 3.48 ± 1.27 years. The majority of participants (72.2%) identified as white, 1.0% as 

Chinese, 1.0% as Korean or Japanese, 1.7% as Latin American, 3.1% as South Asian, 0.7% as 

South East Asian, 0.7% as West Asian, and 12.4% identified as mixed ethnicity or “other”. 

Household annual income ranged from less than $10,000 to higher than $150,000 and parent 

education levels ranged from some high school to postgraduate training. BMI z-score for 

participants ranged from normal weight (-2 to 2) to overweight (>2), with a mean BMI z-score of 

0.55 ± 0.88, which is within the normal range (table 4.1).  
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4.4.2 Dietary Intake of Fatty Acids 

 Saturated fat (12.3% of daily energy) was the greatest contributor to daily fat intake, 

followed by MUFA (11.8%) and PUFA (6.4%) (table 4.2). Total n-6 PUFA intake was 5.6%, while 

LA and AA contributed 5.5% and 0.05%, respectively (table 4.2). Total n-3 PUFA intake was 

0.8%, comprised of 0.7% and 0.03% from ALA and EPA plus DHA, respectively. Total fat or FA 

intakes did not significantly differ between males and females or across BMI z-score 

classifications (data not shown). As such, dietary data for males and females was pooled.   

 
4.4.3 Plasma CRP and Fatty Acid Content 
 
 Mean plasma CRP levels were 0.62mg/L. Plasma n-6 PUFA comprised 38.7% of total fatty 

acid content, while n-3 PUFA comprised 3.4%. Of the individual PUFA examined in this study, 

LA was the most prevalent in the plasma (28.6% of total FA) , followed by AA (7.0%), DHA 

(1.5%), ALA (0.7%), and EPA  (0.6%) (table 4.3). No associations were seen between plasma 

CRP and plasma FA concentrations.  

 
4.4.4 HEI and C-DII Scoring 

 Mean HEI score was 63.0 ± 0.7, with scores ranging from 28.2 to 89.6. Of the 272 children 

included in this study, 34 children (12.5%) had HEI scores below 50. HEI score was negatively 

correlated with intakes of total fat, saturated fat, and AA (table 4.4). HEI score was positively 

correlated with intakes of total n-6 PUFA, LA, EPA, and DHA, and ratio of polyunsaturated fat to 

saturated fat intakes (P/S ratio). Mean C-DII score was 0.06 ± 0.07, with scores ranging from -1.2 

to 3.2. C-DII was not associated with intakes of any dietary fats or FA.  

 When dietary FA, HEI score, and C-DII score were compared to plasma FA levels, between 

dietary and plasma EPA, ratio of n-3 to n-6 PUFA, saturated fat, and dietary P/S ratio. HEI score 
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was positively correlated with plasma ALA levels and C-DII score was negatively correlated with 

plasma EPA plus DHA (table 4.5). No associations were seen between plasma CRP levels and 

dietary FA intakes, HEI Score, C-DII score, or plasma FA levels. 

 
 
4.4.5 Tables  
 
Table 4.1. Anthropometric and demographic characteristics of participants (n=272). 

*Weight, height, and BMI z-score was determined for 270 participants, based on participant cooperation. All values  
are expressed as Mean ± SD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 All Children 
(n=272) 

Males (n=131) Females (n=141) 

Age (years) (n=272) 3.48 ± 1.26  3.56 ± 1.32 3.41 ± 1.20 
Weight (kg) (n=269) 15.58 ± 3.09 16.02 ± 3.21 15.17 ± 2.94 
Height (cm) (n=255) 98.34 ± 10.13 99.49 ± 10.58  97.25 ± 9.64 
BMI Z-score (mean) (n=252) 0.55 ± 0.88  0.58 ± 0.87 0.52 ± 0.89 
   Normal weight (-2 to 2) n=237 (94.05%)   
   Overweight (>2) n=15 (5.95%)   
Parent level of education (n=471)    
   High school diploma or less n=68 (14.44%)   
   College diploma n=83 (17.62%)   
   University degree n=156 (33.12%)   
   Postgraduate training n=164 (34.82%)   
Household income (CAD) (n=272)    
   < $60,000 n=43 (15.81%)   
   $60,000 to $99,999 n=79 (29.04%)   
   $100,000 to $150,000 n=80 (29.41%)   
   > $150,000  n=57 (20.96%)   
   Not reported n=13 (4.78%)   
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Table 4.2. Total fat, fatty acid, n-3 PUFA, and n-6 PUFA daily intakes of children from the Guelph Family Health 
Study (n=272).  

 g/day % Energy Recommended (DRI) 
   ALA 1.1 ± 0.04  0.7 ± 0.02 0.6-1.2% Energy 
   EPA 0.01 ± 0.003 0.008 ± 0.001   
   DHA  0.03 ± 0.005 0.02 ± 0.003   
   EPA plus DHA 0.05 ± 0.009 0.03 ± 0.004 0.06-0.12% Energy 
n-3 PUFA* 1.2 ± 0.04 0.8 ± 0.02   
      
   LA 8.6 ± 0.3 5.5 ± 0.1 5-10% Energy 
   AA  0.08 ± 0.004 0.05 ± 0.002 0.5-1.0%*** Energy 
n-6 PUFA** 8.7 ± 0.3 5.6 ± 0.1   
      
   Polyunsaturated  10.0 ± 0.3 6.4 ± 0.2    
   Monounsaturated  18.4 ± 0.4 11.8 ± 0.2   
   Saturated 19.3 ± 0.5 12.3 ± 0.3   
    
P/S Ratio 0.6 ± 0.02   
    
Total fat  52.7 ± 1.2 33.7 ± 0.5 30-40% Energy for 1-3 

years of age 
25-35% for 4-18 years of 
age 

Energy (kcal) 1400.6 ± 23.6    
 
All values are expressed as mean ± SEM (n=103). Note that in some cases, ESHA is limited in its ability to quantify 
individual n-3 and n-6 PUFA; however, the extent of this inaccuracy is not likely to change the results of this study. 
*assessment of n-3 PUFA includes dietary ALA, SA, ETE, EPA, DPA, and DHA. 
**assessment of n-6 PUFA includes dietary LA and AA.  
***this is the recommendation for all longer chain n-6 PUFA. 
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Table 4.3. Plasma fatty acid concentration (µg/ml) and relative fatty acid composition (%) (n=41). 
 Fatty Acid Concentration (µg/ml) Fatty Acid Content (% 

Composition) 
   ALA (18:3n3) 17.4 ± 0.9 0.7 ± 0.03 
   EPA (20:5n3) 14.7 ± 1.4 0.6 ± 0.04 
   DHA (22:6n3) 40.1 ± 2.4 1.5 ± 0.07 
   EPA plus DHA 54.8 ± 3.5  2.1 ± 0.09 
Total n-3 PUFA* 87.3 ± 4.3 3.4 ± 0.1 
   
   LA (18:2n6) 738.9 ± 23.3 28.6 ± 0.4 
   AA (20:4n6) 180.7 ± 6.7 7.0 ± 0.2 
Total n-6 PUFA** 987.1 ± 28.2 38.7 ± 0.4 
   
n-3/n-6 Ratio 0.09 ± 0.003  
   
Total Polyunsaturated 1086.0 ± 31.3 42.1 ± 0.4 
Total Trans 23.8 ± 0.9 0.9 ± 0.04 
Total Saturated 817.3 ± 21.5 31.7 ± 0.2 
   
P/S Ratio 1.3 ± 0.02  

All values are expressed as mean ± SEM (n=41). 
*Total n-3 PUFA includes ALA (18:3n3), ETE (20:3n3), EPA (20:5n3), DPA (22:5n3), and DHA (22:6n3). 
**Total n-6 PUFA includes plasma LA (18:2n6), GLA (18:3n6), eicosadienoic acid (20:2n6), dihomo-γ-linolenic 
acid (20:3n6), AA (20:4n6), 13-16 docosadienoic (22:2n6), adrenic acid (22:4n6), and Osbond Acid (22:5n6). 
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Table 4.4. Linear regression results of dietary fatty acid intake on HEI score and C-DII score (n=272). 

*Denotes statistical significance (p<0.05). 
 
 
 
 
Table 4.5. Linear results of the relationship between plasma fatty acid levels, HEI score, and C-DII score (n=41). 

 Dietary Fatty Acids (β, p-
value)  

HEI score (β, p-value) C-DII score (β, p-value) 

   ALA (18:3n3) 0.125, 0.095  17.864, 0.004* 0.009, 0.993  
   EPA (20:5n3) 2.378, 0.054*  5.858, 0.398  -0.761, 0.227  
   DHA (22:6n3) 0.282, 0.772  6.904, 0.078  -0.785, 0.071 
   EPA plus DHA 1.040, 0.325 4.293, 0.133  -0.505, 0.054* 
Total n-3 PUFA* 0.419, 0.012* 4.917, 0.065  -0.443, 0.061  
    
   LA (18:2n6) 0.044, 0.577  -0.842, 0.318  0.027, 0.803  
   AA (20:4n6) -3.963, 0.095  2.779, 0.065  0.249, 0.189  
Total n-6 PUFA** 0.049, 0.509  -0.413, 0.650  0.095, 0.433  
    
n-3/n-6 Ratio 0.138, 0.013*  149.128, 0.072  -14.417, 0.103  
    
Total Polyunsaturated 0.077, 0.271  0.029, 0.977  0.071, 0.614  
Total Saturated 0.034, 0.046*  -1.579, 0.207  -0.110, 0.498  
    
P/S Ratio 0.130, <0.0001* 13.417, 0.463  2.074, 0.403  

*Denotes statistical significance (p<0.05). 
 
 
 
 

 HEI score (β, p-value)  C-DII score (β, p-value) 
   ALA 1.166, 0.344  -0.083, 0.896  
   EPA 12.433, 0.015*  -0.247, 0.685  
   DHA  12.550, 0.034*  -0.466, 0.242  
   EPA plus DHA 7.037, 0.031*  -0.232, 0.311  
n-3 PUFA 1.348, 0.228  -0.022, 0.824  
   
   LA 0.583, <0.0001* -0.010, 0.505  
   AA  -20.276, 0.053* -0.737, 0.493  
n-6 PUFA 0.575, 0.0001* -0.010, 0.500 
   
   Polyunsaturated  0.482, 0.0005* -0.007, 0.609  
   Monounsaturated  0.028, 0.810  -0.014, 0.198  
   Saturated -0.512, <0.0001* 0.002, 0.829 
P/S Ratio 13.533, <0.0001* -0.160, 0.394  
Total fat  -0.091, 0.018* -0.002, 0.673  
HEI score -- -0.796, 0.198  
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4.5 Discussion 

 This study examined intakes of dietary FA in Canadian preschool-aged children and 

highlights ongoing concerns about very low intakes of long-chain n-3 and n-6 PUFA and overall 

diet quality in Canadian children.  

 This study determined that intake of total PUFA was 10.0 g/day. This is similar to what 

has previously been seen in Canadian children, as earlier studies have reported intakes of 9.0g/day 

and 10.8g/day (164,165). Interestingly, total PUFA intake was 28% higher than was seen in study 

1 of this thesis. Intakes of essential n-6 and n-3 PUFA, LA and ALA, were within the 

recommendations of 5-10% and 0.6-1.2% of total daily energy intake, respectively.  Intake of LA 

contributed to 5.5% of daily energy (8.6 g), and ALA contributed to 0.7% of daily energy (1.1 g). 

Both LA and ALA intakes were similar to those previously reported intakes in Canadian children 

(164,165). However, LA and ALA intakes in this study were twice as high as those seen in study 

1 of this thesis. Intakes of long-chain n-6 and n-3 PUFA, AA, and EPA plus DHA were below the 

recommendations of 0.5-1.0% and 0.06-0.12% of total daily energy intake, respectively. Intake of 

AA contributed to just 0.05% of total daily energy (0.08 g), and EPA plus DHA contributed to 

0.03% (0.05g) of total daily energy. Intakes of both AA and EPA plus DHA were much lower than 

previously reported in Canadian children and lower than was seen in study 1 of this thesis 

(153,164). AA intakes were 50-63% lower than previously reported, and EPA plus DHA intakes 

were 38-65% lower when compared to previous studies (164,165). These findings, coupled with 

the increased intakes of LA and ALA seen in this study (compared to study 1), suggest that dietary 

PUFA intakes are largely coming from essential n-6 and n-3 PUFA, LA, and ALA, rather than 

long-chain PUFA AA, EPA, and DHA. This is particularly alarming, given the critical role that 

long-chain n-6 and n-3 PUFA play in early growth and development and the role that EPA and 
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DHA may play in early disease prevention. More specifically, very low intakes of AA and DHA 

are concerning, as early exposure to AA and DHA have been associated with improved rule-

learning, behavioural inhibition, vocabulary, and intelligence scores by preschool-aged children 

(176).  

 This study also determined overall diet quality (HEI score), dietary inflammatory potential 

(C-DII score), and assessed the potential associations between intakes of dietary fat and FA with 

overall diet quality and dietary inflammatory potential. In this study, mean HEI score was 63.0, 

which is lower than observed in study 1. Furthermore, 15.1% of children had “poor” diet quality 

(HEI scores below 51), 77.9% had diet quality that “needs improvement” (HEI scores between 51 

and 80), and only 7.0% had diet quality that was “good” (HEI scores >80) (203). Alarmingly, these 

findings suggest that 93% of Canadian preschool-aged children could benefit from improved 

overall diet quality. Mean C-DII score for this study was 0.06, with 64% of children having C-DII 

scores below 0.4 and only 4.8% of children having C-DII scores above 2.07. C-DII scores below 

0.04 have been associated with lower levels of circulating CRP levels and decreased dietary 

inflammatory potential, while C-DII scores greater than 2.07 have been associated with increased 

circulating levels of CRP, which is a known risk factor for chronic disease (162). These findings 

indicate that although overall diet quality could use improvement, the majority of children in this 

study are consuming diets that are unlikely to be associated with increased CRP levels, increased 

inflammatory potential, and increased risk for chronic disease.  

 Positive associations were seen between HEI score and P/S ratio, as well as intakes of total 

PUFA, total n-6 PUFA, LA, EPA, and DHA. HEI score was negatively associated with intakes of 

total fat, saturated fat, and AA. The associations observed between HEI score and P/S ratio, total 

PUFA, and saturated fat intake were unsurprising, given that the method used to calculate HEI 
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score accounts for differences in type of dietary fat being consumed; with higher intakes of PUFA, 

relative to intakes of saturated fat, contributing to a higher HEI score (193). Associations between 

HEI score and P/S ratio yielded β=13.5, suggesting that substantial increases in total PUFA intake, 

coupled with decreased saturated fat intake can strongly improve overall diet quality. Higher 

dietary P/S ratios have also been associated with decreased chronic disease risk; however, there is 

conflicting evidence for associations between HEI score and chronic disease outcomes; thus, these 

findings suggest that P/S ratio may be a useful tool when linking HEI score to chronic disease risk 

(190–192,204,205).  HEI score was also negatively associated with intakes of saturated fat and 

positively associated with total PUFA, independent of P/S ratio. This further supports the validity 

of the relationship seen between HEI score and P/S ratio. Intakes of total n-6 PUFA and LA were 

the greatest contributors to total PUFA intake; as such, it was expected that these FA would also 

be associated with increased HEI score. The negative association seen between intakes of AA and 

HEI score was surprising, given that intakes of AA were very low. However, foods that are higher 

in saturated fats often contain higher levels of AA (such as fatty meats and full-fat dairy). Upon 

further investigation, it was seen that higher intakes of saturated fat were indeed positively 

associated with higher intakes of AA in this study (p<0.0001), potentially explaining the negative 

relationship between intakes of AA and HEI score. The relationships seen between dietary FA and 

HEI score in the present study are further supported by previous findings, which reported that 

higher dietary intakes of EPA and DHA were positively associated with HEI score in American 

children between 7 and 12 years of age (206). The previous study utilized the HEI-2010 scoring 

method, while our present study used the HEI-2015 scoring method, which puts a greater emphasis 

on replacing dietary saturated fats with PUFA and MUFA and does not directly account for 

differences in intakes of n-6 and n-3 PUFA; however, the HEI-2015 method does account for 
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intakes of fish and seafood, which are the main dietary sources of EPA and DHA (193). The 

consistent results seen between the present study and the previous study, despite using different 

methods of HEI score determination, further emphasize the significant role that n-3 PUFA, 

especially EPA and DHA, play in supporting a healthy diet, likely through consumption of fish 

and seafood (206). It has also previously been reported that HEI score is positively associated with 

ratio of n-3 to n-6 PUFA intake (206). The present study determined that ratio of n-3 to n-6 PUFA 

intake was negatively associated with HEI score (data not shown); however, this relationship is 

likely driven by the positive correlation seen between total intake of n-6 PUFA and HEI score, as 

no relationship was seen between total intake of n-3 PUFA and HEI score. Furthermore, n-6 PUFA 

was the greatest contributor to total PUFA intake, which is a variable used in the determination of 

HEI score. No associations were seen between intakes of dietary fats and FA or HEI score, when 

compared to C-DII score, contrary to the findings for study 1, which reported C-DII score was 

negatively correlated with intakes of total PUFA, total n-6 PUFA, LA, AA, P/S ratio, as well as 

HEI score. Differences in FA intakes, HEI scores, and C-DII scores may be related to differences 

in methods used for the collection of dietary data between study 1 and the present study. These 

differences will be discussed further in chapter 8 of this thesis.  

 This study also examined the relationship between plasma FA concentrations and dietary 

intakes of FA, diet quality (HEI score), and dietary inflammatory potential (C-DII score). A direct, 

positive relationship was seen between dietary and plasma EPA, total n-3 PUFA, ratio of n-3 to n-

6 PUFA, saturated fat, and dietary P/S ratio, suggesting that dietary intakes of PUFA and saturated 

fat may have a direct impact on circulating levels of PUFA and saturated fat, even in the fasted 

state. Studies have found dietary EPA and DHA to be correlated with plasma EPA and DHA levels, 

albeit weakly (207–209). Furthermore, dietary intakes of LA and ALA, the two major dietary n-6 
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and n-3 PUFA, have been directly correlated with circulating total PUFA levels; as such, these FA 

may be driving the relationship seen between dietary and plasma ratio of n-3 to n-6 PUFA (209). 

Previous studies have also shown total dietary PUFA to be directly correlated with plasma total 

PUFA levels (208,209). However, studies have reported conflicting results on the impact of dietary 

saturated fat on plasma saturated FA levels (207–209).  Two studies have shown that dietary 

intakes of saturated fat may be weakly correlated with circulating levels of saturated FA, while 

another found no relationship between dietary intakes of saturated fat and plasma saturated FA 

concentrations (207–209).  This evidence, coupled with the findings in the present study, suggests 

that both total dietary PUFA and dietary saturated fat intakes may be driving the associations seen 

between dietary P/S ratio and plasma P/S ratio.  

 Plasma ALA levels were positively associated with HEI score, despite no relationship 

being seen between dietary ALA and HEI score, or between dietary ALA and plasma ALA levels. 

Due to the fact that ALA can only be obtained through dietary sources, dietary ALA has been 

thought to be directly correlated with circulating ALA levels. However, studies have reported 

conflicting results on this relationship. One study reported a direct relationship between dietary 

ALA and plasma ALA, and two others reported no associations for ALA specifically, but did 

report associations between total dietary n-3 PUFA and total plasma n-3 PUFA, with ALA 

typically being the greatest contributor to total dietary n-3 PUFA intake (207–209). This evidence 

suggests that usual dietary intakes of ALA may, in fact, be associated with diet quality; however 

more research is needed on the relationship between dietary intakes of ALA and plasma ALA 

levels (207). This relationship may not have been seen when directly comparing dietary ALA to 

HEI score, as usual ALA intakes may not have been captured given that 24-hour dietary recall was 

used to assess dietary intake in this study.  
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 Plasma EPA plus DHA levels were negatively associated with C-DII score, suggesting that 

circulating levels of EPA and DHA may be associated with decreased dietary inflammatory 

potential. Again, this finding may not have been observed in the dietary data, due to the fact that 

usual EPA and DHA intake may not have been adequately captured using 24-hour recall for 

assessment of dietary intakes. Furthermore, the dynamic range of dietary intakes of EPA and DHA 

was very low in this study, which may make it difficult to examine the relationship between dietary 

intakes of these FA and other dietary assessment tools, such as HEI score and C-DII score. To 

further emphasize this, studies have found dietary EPA and DHA to be correlated with plasma 

EPA and DHA levels, albeit weakly (208,209). To our knowledge, this is the first study to assess 

the relationship among circulating FA, HEI score, and C-DII score in children.  

 This study is limited by the use of 24-hour dietary recall (ASA24) for dietary assessment. 

This method presents challenges when assessing dietary intakes of PUFA, as the quantities of 

PUFA consumed during a 24 hour period may not be reflective of average or usual PUFA intakes. 

For instance, 1-2 servings of fatty fish per week would greatly increase average daily intakes of 

EPA and DHA. This may not have been adequately captured in the 24-hour recall period. This 

study is further limited by a small sample size of individuals who provided blood samples (n=41), 

as blood collection was optional in this study.  

  

4.6 Conclusions 

 Overall, this study further highlights the impact of low intakes of long-chain n-6 and n-3 

PUFA in Canadian preschool-aged children, including AA, EPA, and DHA. Additionally, this 

study highlights the relationships between dietary P/S ratio, intakes of saturated fat, intakes of n-6 

PUFA, and diet quality, suggesting that individuals with higher PUFA intakes have higher overall 
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diet quality. Finally, this study examined the relationship between plasma FA concentration and 

dietary FA intakes, diet quality, and dietary inflammatory status, showing potential relationships 

between ALA and increased diet quality as well as EPA and DHA and dietary inflammatory 

potential. Collectively, these findings suggest a role for dietary FA in determining diet quality and 

dietary inflammatory potential and may be helpful in determining long-term chronic disease risk.  
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Parental positive perceptions of fish and seafood, cooking confidence, and consumption of 
fish and seafood are associated with children’s consumption of fish and seafood 
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5.1 Abstract 

 It is well established that fish and seafood consumption by North American children is low. 

This is particularly concerning, given the critical role of the fatty acids, eicosapentaenoic acid, and 

docosahexaenoic acid, found in fish and seafood, in early development and growth. This study 

aimed to determine how parental perceptions of fish and seafood consumption influence the 

frequency of fish and seafood consumption in Canadian children. A subgroup of parents (n=29) 

participating in the Guelph Family Health Study Pilot were asked to provide responses for 

themselves and their children (n=40) on perceptions of fish and seafood consumption, confidence 

in preparing fish and seafood, and fish and seafood consumption. This study found that 80% of 

children consumed less than one serving of fish or seafood per week. Additionally, parental 

cooking confidence when preparing fish and seafood dishes, an overall positive perception of fish 

and seafood by parents, and parental fish and seafood intake were associated with higher fish and 

seafood intakes in children. These findings suggest that a lack of parental food skills specific to 

the preparation of fish and seafood dishes is a barrier to fish and seafood intake in children. 
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5.2 Introduction 

A significant body of research supports the health benefits of consuming n-3 

polyunsaturated fatty acids (PUFA); however, intake remains low, especially in many Western 

countries. Despite the significance of EPA and DHA in early development and disease mitigation, 

much of the population fails to meet the daily recommended intake of DHA and EPA (132–138). 

Alarmingly, 84% of children in the United States between the ages of 2 and 17 years were reported 

to consume less than one serving of fish or seafood a week, despite the fact that it is currently 

recommended that individuals consume at least two servings of fish or seafood per week 

(77,178,210). This is further supported by a Canadian study in children aged 4-7 years which 

reported average intakes of fish/shellfish to be 3.8 servings per month (211). This is particularly 

concerning, given that in these early years of growth and development, children develop life-long 

dietary habits and patterns, which highlights the need for healthy influences during this 

foundational dietary stage (212). 

Efforts have been made to identify potential barriers of seafood intake to address concerns 

about low fish and seafood intake in Western populations; however, these barriers have not been 

studied in young children or specifically in families with young children. The most current studies 

on this topic have been conducted in Australian cohorts and coastal regions. Studies in adults have 

shown that taste preferences and culinary competence play a role in seafood intake, as these factors 

can be potent drivers or barriers for fish and seafood consumption (145). Specifically, studies in 

Australian adults have reported that individuals who dislike the taste are less likely to purchase 

and consume seafood, as well as those who lack confidence in their ability to cook and prepare 

fish and seafood in the home (145,148). Other studies suggest that adults who are more health-

conscious and are aware of the associated health benefits of seafood are more likely to include 



 

 78 

seafood in their diet (140). Additionally, age and education level have been positively correlated 

with seafood consumption in adults (143). Studies have also observed that smaller families 

typically have greater fish and seafood consumption (144). This is believed to be partially 

attributed to stronger financial capability when there are fewer family members to support; 

furthermore, the presence of more family members increases the likelihood that there is that at 

least one individual in the family that dislikes fish and seafood, thus reducing the frequency of 

consumption by the entire household (148). Overall, larger family size has been associated with 

increased financial burden, as well as increased risk that at least one family member may have a 

taste aversion to fish and seafood, which are both factors that have been associated with decreased 

fish and seafood consumption (148). This finding is further supported by another study in 

Australian adults, which found that couples without children were the highest consumers of fish 

and seafood (213). Another factor that has been shown to impact fish and seafood consumption is 

geographic location. On average, coastal populations consume 15 times more seafood per capita 

than inland populations (214). Early habits and perceptions of food have been identified as factors 

that influence the diets of coastal populations later in life (214).  

Understanding the factors influencing child fish and seafood consumption may help 

address the global deficiency in n-3 PUFA consumption as early fish and seafood intake 

perpetuates dietary tendencies and preferences that have a long-term influence on not only the 

individual’s diet, but those of their family members and children. It is well established that parents 

are the primary influencers of early habits and perceptions surrounding the development of dietary 

lifestyle habits in their children (212,215). This suggests that parental preference and perception 

of fish and seafood consumption is a major driver or barrier to fish and seafood consumption by 

their children. However, the barriers to fish and seafood consumption by families with young 
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children have yet to be explored in Canadian children (148,213). This study aims to determine the 

barriers and drivers of fish and seafood consumption in children by assessing how parental 

perceptions toward and parental history of fish and seafood consumption influences the frequency 

of fish and seafood consumption in inland Canadian children.  

  

5.3 Methods 

 This study collected survey data among parents participating in the Guelph Family Health 

Study pilot, a randomized control trial of home-based obesity prevention intervention (216). 

Families were eligible to participate if they had at least one child aged 18 months to 5 years at the 

time of enrollment, lived in Wellington County (an inland region located in Ontario, Canada), and 

had a parent who could respond to questionnaires and surveys in English. This study received 

approval by the University of Guelph Research Ethics Board (REB14AP008) and registered on 

ClinicalTrials.gov (NCT02223234).  

 The present study examined data from 29 parents (40 children) who responded to an online 

survey administered between March 2019 and May 2020 and identified as the primary parent 

responsible for grocery shopping and cooking in the home. The survey was sent to the participants 

online, and one parent was asked to provide responses on parental perceptions of fish and seafood 

consumption, parental confidence when preparing fish and seafood dishes, parental intakes of fish 

and seafood during childhood, parental intakes of fish and seafood currently, and child intakes of 

fish and seafood currently (table 4.2). All survey questions and Likert scale coding can be found 

in table 4.2.  
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Statistical Analysis  

Associations between parental perceptions surrounding fish and seafood consumption, 

parental cooking confidence, parental fish and seafood consumption as children, and current fish 

and seafood consumption with child frequency of fish and seafood consumption were examined 

using linear regression analysis with generalized estimating equations. The generalized estimating 

equation approach was used to account for potential correlations between siblings as cohabitating 

participants. Analyses were not stratified by age or sex, as this was an exploratory study with a 

small sample size and all available data was included in analyses. Statistical analyses were 

performed using SAS University Edition, version 3.8 (SAS Institute Inc., Cary, North Carolina, 

USA).  

 

5.4 Results 

5.4.1 Participant Characteristics        

 Parent participant ages ranged from 28 to 48 years, with children aged 5.1 to 9.9 years 

(table 5.1). All parents reported having some post-secondary education, with parent’s highest level 

of education ranged between some college training and a postgraduate degree.  Annual household 

income ranged from $40,000 to $150,000, with 59% of participants having an annual household 

income over $100,000. Parental age, parent’s highest level of education, and total household 

income were not associated with child’s fish and seafood consumption.   

 

5.4.2 Seafood Intakes of Children 

 None of the children or parents in this study reported daily consumption of fish or seafood. 

Furthermore, four parents reported to never consume fish or seafood. All of the children in the 
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study consumed fish and seafood at least once annually. Saltwater fish was the most common 

category of seafood consumed. In this study, 90% of parents and 75% of children consumed 

saltwater fish less than once a week. Note, salmon was included as an example of a saltwater fish 

although recognized as anadromous. Freshwater fish was the least commonly consumed as all of 

the children in the study consumed freshwater fish less than once a week. The final category was 

shellfish in which 93% of children consumed less than one serving per week. Across all categories, 

80% of children consumed less than one serving of fish or seafood per week. 

 

5.4.3 Associations between parent and child variables 

 This study found that child seafood intake was significantly and positively correlated to 

parental fish and seafood intake (β=0.417, 95% CI [1.782-4.052]) (table 5.3; p=0.001), parental 

fish and seafood cooking confidence (β=0.450, 95% CI [3.073-3.992]) (table 5.3; p=0.001), and 

the overall positive perception of fish and seafood consumption by the parents (β=0.108, 95% CI 

[1.751-4.352]) (table 5.3; p=0.05). Parent’s history of seafood consumption, willingness to spend 

money on seafood, and perceptions about the time commitment required to prepare seafood were 

not associated with child seafood consumption. 

All parents agreed with the statement “it is healthy to eat fish and seafood”, however this 

did not significantly influence child seafood consumption.  Most families reported that they are 

willing to spend between 10 and 20 Canadian dollars on a fish or seafood meal for their family, 

however willingness to spend more money on a seafood meal did not significantly impact 

frequency of consumption.  
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5.4.4 Tables 

Table 5.1. Participant characteristics (n=29 families, n=29 parents, n=40 children). 
  
Parent Age (years) 39.9 ± 4.6 (28-48) 
Child Age (years) 7.3 ± 1.4 (5.1-9.9) 
Household Income (CAD)  
   < $60,000 n=3 (7.5%) 
   $60,000 to $99,999 n=7 (17.5%) 
   $100,000 to $150,000 n=9 (22.5%) 
   > $150,000 n=19 (47.5%) 
   Not reported n=2 (5.0%) 
Parent Highest Level of Education  
   Some college or university n=3 (7.5%) 
   College diploma n=1 (2.5%) 
   University degree n=18 (45.0%) 
   Postgraduate training n=18 (45.0%) 

Values are expressed as mean +/- SEM (minimum – maximum). 
 

 

 
Table 5.2. Survey questions, Likert scale coding, and mean participant response.  

Question 
Number 

 Response Coding Mean Response 

1 As a child, I ate fish and seafood each 
week. 
 

5 = strongly agree 
4 = somewhat agree 
3 = neither agree nor disagree 
2 = somewhat disagree 
1 = strongly disagree 
 

3.1 ± 1.5 
 

2 It takes a long time to prepare fish 
and seafood for meals. 
 

5 = strongly disagree 
4 = somewhat disagree 
3 = neither agree nor disagree 
2 = somewhat agree 
1 = strongly agree 
 

4.0 ± 1.0 
 

3 I am confident in my ability to 
prepare fish and seafood. 
 

5 = strongly agree 
4 = somewhat agree 
3 = neither agree nor disagree 
2 = somewhat disagree 
1 = strongly disagree 
 

3.6 ± 1.6 
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4 It is healthy to eat fish and seafood. 
 

5 = strongly agree 
4 = somewhat agree 
3 = neither agree nor disagree 
2 = somewhat disagree 
1 = strongly disagree 
 

4.6 ± 0.5 
 

5 How much money are you willing to 
pay for fish or seafood for one meal 
for your family? 
 

6 = $40 + 
5 = $30 - $40 
4 = $20 - $30 
3 = $15 - $20 
2 = $10 - $15 
1 = $5 - $10 
 

2.9 ± 0.9 
 

6 How often do you usually eat 
saltwater fish, such as salmon, tuna, 
or fish sticks? 
 

6 = daily 
5 = 2 times per week or more 
4 = 1 time per week 
3 = 1-3 times per month 
2 = 1-3 times per year 
1 = never 
 

3.0 ± 1.1 
 

7 How often do you usually eat 
freshwater fish, such as trout, 
walleye, or pickerel? 

6 = daily 
5 = 2 times per week or more 
4 = 1 time per week 
3 = 1-3 times per month 
2 = 1-3 times per year 
1 = never 
 

2.0 ± 0.8 

8 How often do you usually eat 
shellfish, such as shrimp, mussels, 
scallops, lobster, clams, oyster, or 
crab? 

6 = daily 
5 = 2 times per week or more 
4 = 1 time per week 
3 = 1-3 times per month 
2 = 1-3 times per year 
1 = never 
 

2.4 ± 1.0 

9 How often does child [x] usually eat 
saltwater fish, such as salmon, tuna, 
or fish sticks? 

6 = daily 
5 = 2 times per week or more 
4 = 1 time per week 
3 = 1-3 times per month 
2 = 1-3 times per year 
1 = never 
 

2.9 ± 0.9 
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10 How often does child [x] usually eat 
freshwater fish, such as trout, 
walleye, or pickerel? 

6 = daily 
5 = 2 times per week or more 
4 = 1 time per week 
3 = 1-3 times per month 
2 = 1-3 times per year 
1 = never 
 

2.2 ± 0.5 

11 How often does child [x] usually eat 
shellfish, such as shrimp, mussels, 
scallops, lobster, clams, oyster, or 
crab? 

6 = daily 
5 = 2 times per week or more 
4 = 1 time per week 
3 = 1-3 times per month 
2 = 1-3 times per year 
1 = never 
 

2.3 ± 0.8 

 Overall Parental Perception Cumulative Scores from 
Questions 1-5 (Maximum 
possible score of 26) 
 

17.4 ± 4.5 
 

 Overall Parental Frequency of Fish 
and Seafood Consumption 
 

Cumulative Scores from 
Questions 6-8 (Maximum 
possible score of 18) 
 

7.1 ± 2.5 

 Overall Child Frequency of Fish and 
Seafood Consumption 

Cumulative Scores from 
Questions 9-11 (Maximum 
possible score of 18) 

7.5 ± 1.8 

Values are expressed mean +/- SD. 
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Table 5.3. Linear regression with GEE results of parental intakes, perceptions, and history of fish and seafood on 
child frequency of fish and seafood consumption.  

Parental Variable (Question 
Number) 

Mean Response Association with child intake  
(β, p-value) 

Parental history of fish and seafood 
consumption (1) 
 

3.1 ± 1.5 
 

0.223, 0.262  

Perceived time commitment when 
preparing fish and seafood dishes 
(2) 
 

4.0 ± 1.0 
 

-0.206, 0.408 

Cooking confidence when 
preparing fish and seafood dishes 
(3) 
 

3.6 ± 1.6 0.450, 0.001* 

Perceived health benefits of 
consuming fish and seafood (4) 
 

4.6 ± 0.5 
 

-0.072, 0.938  

Willingness to pay for fish and 
seafood dishes (5) 
 

2.87 ± 0.9 
 

0.162, 0.707  

Overall parental perception of fish 
and seafood consumption (1-5) 
 

13.6 ± 4.6 
 

0.108, 0.043* 

Parental frequency of fish and 
seafood consumption (6-8) 

4.0 ± 2.6 0.417, 0.001* 

Parental variables are reported as description of variable and corresponding survey question number in parentheses. 
* Denotes statistical significance (p<0.05).  
 
 

5.5 Discussion 

This study examined parental determinants of fish and seafood consumption in Canadian 

children. Previous studies have shown that dietary intakes of EPA and DHA by North American 

children are very low, with many children not meeting the RDA of 70-90 mg of EPA+DHA per 

day (71). As fish and seafood are the most common dietary sources for EPA and DHA, this 

deficiency is likely due to inadequate intake of these foods (164,165).  In line with this, a study of 

seafood intakes in the United States reported that 84% of children consume less than 1 serving of 

fish or seafood per week (178). This agrees with our findings, as across all seafood categories, 

80% of child participants consumed less than one serving per week per category of fish or seafood. 

This is also in line with previous studies, which have found that families with children often report 
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lower consumption of fish and seafood than couples without children (143,148,213). This may be 

due to several factors, including family food and taste preferences and the cost of preparing a meal 

of fish and seafood for a larger family (148,172,217). One Australian study of 262 parents of 

children between the ages of 9-13 years reported that cost and taste preferences of children were 

major barriers to fish and seafood consumption (217). Similarly, a qualitative study in 38 

Australian mothers of young children aged 4-6 years reported that cost, freshness, 

accessibility/availability, and food preferences of family members were all barriers to fish and 

seafood consumption (172). The present study found that perceived cost of fish and seafood did 

not influence frequency of consumption. In this study, children who enjoyed eating fish and 

seafood were more likely to have higher intakes of fish and seafood; however, this did not 

influence parental consumption of fish and seafood (data not shown). Previous studies have shown 

that geographical location may impact frequency of fish and seafood consumption and that 

individuals living in coastal regions may consume fish and seafood more frequently than those 

living in inland regions due to cultural differences and accessibility to high quality, fresh products 

(141,143,214). Wellington County is an inland region in Canada, and this geographical location is 

likely a contributor to the low consumption of fish and seafood seen in this study. 

This study found that child seafood intake was significantly and positively correlated to 

parental fish and seafood intake (β=0.417, 95% CI [0.165-0.668]) and the overall positive 

perception of fish and seafood consumption by the parents (β=0.108, 95% CI [0.004-0.212]). 

These findings suggest an important role for parental behavioural modelling in increasing fish and 

seafood consumption in children. Previous studies have shown that parents’ modelling of healthy 

food behaviours improves nutrition outcomes in children (218). As such, it is likely that modelling 

of fish and seafood consumption and positive perceptions of fish and seafood consumption by 
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parents is likely a major driver of increased consumption by children. This study also found that 

parental cooking confidence was positively correlated to child intakes of fish and seafood 

(β=0.450, 95% CI [0.178-0.722]). These findings suggest that if parent cooking confidence were 

to increase, then child fish and seafood consumption may also increase in low consumers, 

indicating that there is an important need to improve food and cooking skills in parents as a means 

of increasing fish and seafood consumption by their children. This agrees with earlier findings, as 

previously, qualitative studies have shown that cooking competency when preparing fish and 

seafood meals is a significant determinant of frequency of fish and seafood consumption 

(148,172). One study conducted in 29 Australian adults found that individuals who reported 

finding fish and seafood dishes difficult to cook tended to prepare these dishes less frequently in 

their home (148). Furthermore, several of these participants indicated that they lacked the skills 

and confidence to prepare fish and seafood dishes (148). Another study conducted in 38 Australian 

mothers of young children aged 4-6 years found that parents who agreed with the statement “I am 

confident in my ability to prepare fish and seafood” were significantly more likely to prepare and 

serve fish and seafood dishes to their children (172). This finding suggests that to increase fish and 

seafood consumption, Canadian families may require support and education around recipes and 

food skills for preparing these dishes at home. This support may be especially important for parents 

with young children, as this is a critical time for growth and development, making it essential to 

obtain adequate dietary sources of EPA and DHA (153).  

Interestingly, parental age, parent’s highest level of education, household income, and 

parent’s history of eating fish and seafood as a child did not significantly impact frequency of fish 

and seafood consumption. Additionally, all parents agreed (either somewhat or strongly) with the 

statement “it is healthy to eat fish and seafood”. Due to the fact that all participants had the same 
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response to this question, it did not fish and seafood consumption. Health Canada has promoted 

regular consumption of fish and seafood as part of a healthy, balanced diet for many years, likely 

resulting in Canadians having good overall knowledge of the health benefits of consuming these 

foods. However, this study found that this health knowledge did not impact fish and seafood 

consumption. This may be a result of geographic location and lack of access to fresh fish and 

seafood sources due to this study being conducted in an inland region of Canada. Perceived lack 

of access to these foods has been shown to decrease frequency of consumption (145,172). Previous 

studies have consistently found that the perception that eating fish and seafood is healthy 

significantly impacts frequency of fish and seafood consumption (139–141,143,144). This 

discrepancy may be related to differences in country of study and geographic locations, potential 

differences in health promotion of including fish and seafood in the diet, and differences in access 

to fresh fish and seafood sources. Many of these previous studies were conducted in other Western 

populations, including Norway, Belgium, and Australia, and assessed intakes and perceptions of 

individuals living in coastal communities.  

This study is limited by a low variability in parental age, education level, and 

socioeconomic status, as well as low sample size. Furthermore, the present study reports low ethnic 

variability, with 86% of parents reporting that they identify as white. All participants were required 

to reside in Wellington County, an inland region located in Ontario, Canada.  

 

5.6 Conclusions  

 To our knowledge, this is the first study to examine how parental perceptions, practices 

and food skills impact consumption of fish and seafood among Canadian children. This study 

reports low frequency of fish and seafood consumption by Canadian children. Recommendations 



 

 89 

by Health Canada to increase fish and seafood consumption have largely focused on the health 

benefits of increased dietary intakes of n-3 PUFA to encourage intake; however, this study found 

that parental health perceptions did not influence consumption of fish and seafood in their children 

(210). In contrast, fish and seafood consumption among children was positively correlated with 

parental consumption, parental cooking confidence, and an overall positive parental perception of 

fish and seafood. Based on these findings, future research should examine methods for improving 

cooking competency and parental intakes of fish and seafood as a means to increase intake in 

children.   
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CHAPTER 6 

 

Lifelong exposure to dietary n-3 and n-6 PUFA significantly alters tissue fatty acid 

composition, but does not impact expression of COX-2 and 5-LOX in 3 week-old C57BL/6 

mice 

 

Jessie L. Burns, Aritra Bhattacharjee, Jennifer M. Monk, and David W.L. Ma 
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6.1 Abstract 

 Dietary n-3 and n-6 polyunsaturated fatty acids (PUFA) have been associated with the 

development of chronic inflammation. These PUFA may impact risk of developing chronic 

inflammation and associated chronic disease risk later in life. However, the effect of very early 

exposure is currently unknown. Therefore, this study investigated the effects of lifelong exposure 

to dietary n-3 and n-6 PUFA, beginning in utero, on tissue weights, tissue fatty acid (FA) 

incorporation, and tissue expression of COX-2 and 5-LOX in the spleen and the liver of healthy 3 

week-old mice. Mice were fed one of 3 experimental enriched diets containing safflower oil 

(linoleic acid, LA), flaxseed oil (alpha-linolenic acid, ALA), or menhaden oil (eicosapentaenoic 

acid, (EPA) and docosahexaenoic acid (DHA)) and terminated at 3 weeks of age. Spleen and liver 

weights were recorded, FA composition and protein expression of COX-2 and 5-LOX were 

determined in the spleen and the liver. Body weight and tissue weights differed across dietary 

groups, suggesting an impact on early growth and development. Differential FA incorporation was 

seen in spleen and liver tissue based on dietary FA composition. No differences were seen in 

protein expression of COX-2 and 5-LOX across diets. Overall, this study determined that lifelong 

exposure to dietary n-3 and n-6 PUFA significantly alters FA composition of spleen and liver 

tissue but does not significantly impact protein expression of COX-2 or 5-LOX in 3 week-old 

mice.  
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6.2 Introduction 

 Chronic low-grade inflammation is believed to be an important modulator in a number 

of inflammation-related chronic diseases, including obesity, cardiovascular disease, type-2 

diabetes mellitus, and several types of cancers (3,4). The prevalence of these inflammatory 

diseases may be related to the disproportionate intakes of n-6 and n-3 polyunsaturated fatty acid 

(PUFA) in the North American diet (219). n-6 PUFA can be found in meats, corn, and safflower 

oil, while n-3 PUFA can be found in flaxseeds and fatty fish. Dietary n-6 PUFA include linoleic 

acid (LA, 18:2n-6) and arachidonic acid (AA, 20:4n-6) and dietary n-3 PUFA include α-

linolenic acid (ALA, 18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3), and docosahexaenoic 

acid (DHA, 22:6n-3).  Endogenously, LA and ALA can be elongated and desaturated leading to 

the synthesis of AA, EPA, and DHA. This means that even if AA, EPA, and DHA are not directly 

present in high amounts in the diet, they can accumulate through the metabolic conversion of LA 

to AA and ALA to EPA and DHA. 

 High levels of dietary AA or LA being converted to AA may contribute to chronic 

inflammation, as AA can be metabolized into pro-inflammatory mediators through the activity of 

cyclooxygenase (COX) and lipoxygenase (LOX) enzymes, potentially contributing to increased 

inflammation in the body and associated disease risk. More specifically, AA is converted to 

prostaglandins and pro-inflammatory eicosanoids by the COX-2 and 5-LOX enzymes, which are 

involved in modulating intensity and duration of response to inflammatory stimuli (85,92). The 

AA-generated prostaglandins and eicosanoids (PGD2, PGF2α, PGI2, TXA2 and PGE2) generally 

have pro-inflammatory effects and may contribute to risk of chronic inflammation and 

inflammation-related chronic diseases (85,92). However, the presence of longer chain n-3 PUFA, 

EPA and DHA, can competitively inhibit this metabolism by competing with AA for the enzymes’ 
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catalytic site, subsequently decreasing the production of pro-inflammatory mediators. As such, 

diets high in n-3 PUFA have also been shown to decrease synthesis of prostaglandins PGF1a and 

PGE2 as well as leukotrienes LTC4 and LTE4, further suggesting decreased production of pro-

inflammatory mediators via the COX-2 and 5-LOX pathways, respectively (96,97). Additionally, 

EPA and DHA are metabolized by COX-2 and 5-LOX enzymes to produce anti-inflammatory 

eicosanoids and resolvins, and have been shown to attenuate COX-2 pathways (95–

97). Furthermore, n-3 PUFA have been shown to decrease the expression of COX-2 and 5-LOX 

at both the protein and the gene level, further attenuating their inflammatory potential (95).  

 Studies have also shown that supplementation with n-3 PUFA results in decreased 

concentrations of circulating inflammatory markers, including CRP, IL-1, IL-6, and TNF-a (99–

106).  These inflammatory cytokines have also been shown to increase COX-2 activity, thus, 

inhibiting the production of inflammatory cytokines may also decrease the production of pro-

inflammatory prostaglandins and eicosanoids (92–94). This is highly relevant to chronic disease 

risk, as any previous studies have shown elevated expression and activity of cyclooxygenase and 

lipoxygenase enzymes have been associated with elevated levels of pro-inflammatory mediators 

and cytokines in the chronic disease state (95,220) 

 It has long been hypothesized that proper nutrition during critical periods of growth and 

development may significantly impact an individual’s short and long-term health (149). As such, 

lifelong dietary exposure, beginning in utero, may have the ability to impact fetal development 

and disease outcomes later in life. However, many of the studies that have assessed the relationship 

between dietary exposures, specifically dietary PUFA, and disease outcomes have not examined 

the impact of lifelong exposure, as dietary interventions are typically introduced in the post-

weaning period (221,222). Of the limited studies that have examined the relationship between 
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lifelong dietary exposures and disease outcomes, results have shown that lifelong exposure to 

dietary n-3 or n-6 PUFA impacts tissue fatty acid (FA) composition and tissue development by as 

young as 3 weeks of age (223,224), but have not examined potential inflammatory effects. 

Furthermore, studies have also shown that lifelong exposure to n-3 PUFA has been linked to 

decreased risk and improved outcomes in breast cancer, suggesting a critical role for lifelong 

exposure to n-3 PUFA in disease outcomes (134,135,223,224). The present study aimed to build 

on previous work by further examining the mechanisms of action linking lifelong exposure to 

dietary n-3 and n-6 PUFA to early differences in tissue development and immune response in 

healthy animals. As such, this study aimed to determine the effects of diets high in n-3 and n-

6 PUFA on spleen and liver weights, spleen and liver FA composition, and spleen and liver 

expression of COX-2 and 5-LOX proteins in healthy 3 week-old C57B/l6 mice. These tissues were 

selected as the spleen is the primary site of immune response, and the liver is the primary site of 

lipid and FA metabolism. 

 

6.3 Methods 

6.3.1 Mice, housing, and diet 

 Mice were housed in ventilated cages in a temperature and humidity-controlled 

environment. Mice were fed one of three isocaloric AIN-93 G diets purchased from Research 

Diets, Inc. Diets differed in their fat sources, which consisted of the following: 10% fat from 

safflower oil, 7% fat from safflower oil and 3% fat from flaxseed oil, or 7% fat from safflower oil 

and 3% fat from menhaden oil. Diet pellets were stored at -20°C and thawed pellets were replaced 

every 2 days to minimize oxidation of FA.  
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 Parent harems consisted of 1 male and 3 female adult C57Bl/6 mice. Harems were 

randomized to one of the three aforementioned diets; offspring were later maintained on the same 

diets as parents. Thus, offspring were exposed to diet from conception and throughout life. 

Offspring were terminated at 3 weeks of age. Only mice that reached a final body weight of 8g 

were included in this study. Immediately following termination, blood and tissue samples were 

collected. Whole spleen and livers were weighed after extraction. Tissues were flash frozen in 

liquid nitrogen and stored at -80° C. All animal protocols and procedures are approved by the 

institutional animal care committee (University of Guelph). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Breakdown of mouse study design and dietary groups.  
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Table 6.1. Composition of modified AIN-93 G rodent diets (Research Diets). 
 10% Safflower Oila 

(D04092701) 
3% Menhaden Oilb 

(D04092703) 
3% Flaxseed Oilc 

(D04092711N) 
Macronutrient g % kcal % g % kcal % g % kcal % 
Protein 21 20 21 20 21 20 
Carbohydrate 60 58 60 58 60 58 
Fat 10 22 10 22 10 22 
Ingredient g/kg kcal g kcal g kcal 
Casein 200 800 200 800 200 800 
L-Cystine 3 12 3 12 3 12 
Corn starch 337 1347 337 1347 337 1347 
Maltodextrin 10 132 528 132 528 132 528 
Sucrose 100 400 100 400 100 400 
Cellulose, BW200 50 0 50 0 50 0 
Safflower Oil 97 873 68 611 68 611 
Menhaden Oil 0 0 29 263 0 0 
Flax Oil 0 0 0 0 29 263 
t-Butylhydroquinone 0.02 0 0.02 0 0.02 0 
Mineral Mix S10022 G 35 0 35 0 35 0 
Vitamin Mix V10037 10 40 10 40 10 40 
Choline bitartrate 2.5 0 2.5 0 2.5 0 
Total 966 4000 966 4000 966 4000 

AIN-93G rodent diets (Research Diets catalogue number) modified to contain a) 10% safflower 
oil, b) 3% menhaden oil + 7% safflower oil, or c) 3% flax oil + 7% safflower oil. 
 

 

 
Table 6.2. Fatty acid composition of modified AIN-93G rodent diets. 

Fatty Acid 
 (% of total fatty acids) 

10% Safflower  3% Menhaden  3% Flax 

12:0 0.04 0.08 0.03 
14:0 0.24 2.69 0.22 
16:0 6.92 10.18 6.52 
16:1c9 0.15 4.02 0.13 
18:0 2.59 2.87 2.89 
18:1c9 15.27 13.86 16.60 
18:1c11 0.80 1.48 0.78 
18:2n6 72.00 52.04 53.84 
18:3n6 0.11 0.16 0.00 
18:3n3 0.31 0.87 17.31 
18:4n3 0.13 0.90 0.14 
20:0 0.36 0.36 0.51 
20:1c11 0.22 0.49 0.34 
20:2n6 0.05 0.12 0.09 
20:3n6 0.00 0.10 0.00 
20:4n6 0.00 0.50 0.00 
20:3n3 0.00 0.20 0.00 
20:5n3 0.05 4.22 0.00 
22:0 0.30 0.27 0.28 
22:1n9 0.02 0.09 0.02 
22:2n6 0.00 0.28 0.00 
22:4n6 0.11 0.14 0.00 
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22:5n3 0.00 0.75 0.00 
24:0 0.14 0.02 0.16 
22:6n3 0.00 3.10 0.00 
24:1 0.17 0.23 0.15 
Total % 100 100 100 
% Saturated 10.59 16.46 10.61 
% Monounsaturated 16.63 20.16 18.02 
% n-3 Polyunsaturated 0.49 10.05 17.45 
% n-6 Polyunsaturated 72.28 53.33 53.93 

Values are means and represent percent of total fatty acids in each diet. Analyses were performed 
from randomly selected pellets in duplicate and fatty acid composition was determined by gas 
chromatography.  
 

 

6.3.2 Fatty Acid Analysis  

 Lipid Extraction. Lipids were extracted from spleens and livers. Spleens and livers were 

thawed on ice. 0.01g of spleen tissue and 0.1g of liver tissue were homogenized in 1.0mL of 0.1M 

KCl until solution was homogenous. 4mL of a freshly made 2:1 chloroform:methanol mixture was 

then added to homogenate and samples were allowed to sit overnight at 4° C. The following 

morning, samples were centrifuged at 1460 rpm for 10 minutes at 21° C. Following centrifugation, 

the lower (chloroform-containing) layer was extracted and was placed under a gentle stream of 

nitrogen until completely dry.  

 

 Total Fatty Acid Analysis. Total FA analysis was performed on spleen tissue. Dried spleen 

samples were reconstituted in 2mL of freshly made KOH in methanol and were then saponified at 

100° C for 60 minutes. After cooling, 2 mL of hexane and 2 mL of 14% Boron Trifluoride in 

Methanol (BF3-MeOH) was added to each sample (Sigma, #B1252-1L) and samples were 

methylated at 100° C for 60 minutes. After samples had cooled, 2mL of double distilled water was 

added in order to stop methylation. Samples were centrifuged at 1460 rpm for 10 minutes. The 

upper (hexane-containing layer) was extracted and placed under a gentle stream of nitrogen until 
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completely dry. Samples were reconstituted in 50 µL of hexane. FA methyl esters were analyzed 

using a gas chromatography system (Agilent Technologies, 6890). Chromatograms were analyzed 

and FA peak areas were determined using Agilent EZChrome OpenLAB Chromatography Data 

System. FA composition was expressed as a percentage of total FA (225). 

 

 Fatty Acid Analysis by Lipid Class. Liver FA analysis was performed by separating FA 

classes using thin layer chromatography (TLC) (226). Dried liver samples were reconstituted in 

100 µL of chloroform, which was spotted on an activated silica TLC G-plate (Analtech, #P01011), 

then placed in a glass tank with TLC solvent. The TLC solvent was made fresh and was comprised 

of 80mL petroleum ether, 20mL ethyl ether, and 1 mL glacial acetic acid. After remaining in the 

solvent for approximately 30 minutes, The TLC plate was lightly sprayed with 0.1% (w/v) ANSA 

(Fluka, #10417) and visualized under UV light. Triglyceride and phospholipid fractions were 

collected for analysis. Samples were then methylated to form FA methyl esters. 2mL of hexane 

and 2mL of 14% Boron Trifluoride in Methanol (BF3-MeOH) was added to each sample (Sigma, 

#B1252-1L) and samples were methylated at 100° C for 90 minutes. After samples had cooled, 

2mL of double distilled water was added in order to stop methylation. Samples were centrifuged 

at 1460 rpm for 10 minutes. The upper (hexane-containing layer) was extracted and placed under 

a gentle stream of nitrogen until completely dry. Samples were reconstituted in 100µL of hexane. 

FA methyl esters were analyzed using a gas chromatography system (Agilent Technologies, 6890) 

as previously described (225). Chromatograms were analyzed and FA peak areas were determined 

using Agilent EZChrome OpenLAB Chromatography Data System. FA composition was 

expressed as a percentage of total FA (225). 
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6.3.3 Protein Analysis  

 Protein Extraction from Spleen and Liver Tissue. Lysis buffer was prepared fresh by 

combining 500µL of RIPA Lysis buffer (VWR Life Science AMRESCO, #N653) and 5µL of 

protease inhibitors (Sigma, #P8340) per sample. 20mg of tissue was homogenized in 500µL of 

lysis buffer until homogenous. Samples were placed on a rotator at 4° C for 120 minutes. Samples 

were centrifuged at 10,000xg at 4° C for 10 minutes and supernatant was removed. Centrifugation 

and removal of supernatant was then repeated to yield protein extract.   

 Protein Determination by Bradford Protein Assay. Protein extracts were diluted 10:1. 

10µL of diluted protein extract was added to a 96 well plate in duplicate. 300µL of Bradford 

reagent (Thermo Scientific, #1856209) was added to each well. Plate was allowed to sit at room 

temperature for 10 minutes. Absorbance of samples was then read using a plate reader (Bio-Rad 

iMark Microplate Reader) at 595nm. Protein concentrations of samples was then determined by 

linear regression using a standard curve of serially diluted BSA.  

 Western blotting. 50µg of protein extract (made up to 20µL with phosphate buffered saline 

(PBS)) was combined with 5µL of SDS loading buffer dye. Samples were boiled in a water bath 

for 15 minutes. After cooling, samples were loaded into a 10% acrylamide gel. The gel was then 

placed in an electrophoresis unit filled with 1X gel running buffer and run at 120 volts for 

approximately 90 minutes. Protein was then transferred from the gel to a PVDF membrane (Roche, 

#03010040001) in a transfer electrophoresis unit. Transfer was completed in a methanol-

containing transfer buffer (pH 8.3) at 100 volts over 1 hour. Transfer unit remained on ice for the 

duration of the transfer.  

 Following the transfer, the PVDF membrane was rinsed with 5% blocking buffer (skim 

milk powder in tris buffered saline) and incubated in 20mL of 5% blocking buffer at 4° C overnight 
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with shaking. The next morning, 5% blocking buffer was replaced with primary antibody (COX-

2 (Proteintech, #12375-1-AP), 5-LOX (Proteintech, #10021-1-lg), or b-Actin (Proteintech, 

#20536-1-AP)) diluted 1:2500 in 5% blocking buffer at room temperature for 90 minutes with 

shaking. The PVDF membrane was then quickly rinsed with TBST twice, then placed in 10mL of 

TBST at room temperature 15 minutes with shaking. TBST was replaced and rinsed 4 times. TBST 

was then replaced with secondary antibody (Peroxidase-conjugated anti-Rabbit IgG, Jackson 

ImmunoResearch, #111035003) diluted 1:50 000 in 5% blocking better at room temperature for 

60 minutes with shaking. The PVDF membrane was then quickly rinsed with tris buffered saline 

(TBST) twice, then placed in 10mL of TBST at room temperature 15 minutes with shaking. TBST 

was replaced and rinsed 4 times.  

 The PVDF membrane was the imaged under chemiluminescence using ECL detector 

(Cytiva, #RPN2232) to visualize protein bands.  

 

6.3.4 Statistical Analysis 

 Spleen and liver weights were adjusted for total body weight. Spleen and liver expression 

of COX-2 and 5-LOX was adjusted for total tissue protein content. All data were analyzed by 1-

way analysis by diet, with Tukey post-hoc analysis. P £ 0.05 was considered statistically 

significant.  

 

6.4 Results 

6.4.1 Body Weights and Tissue Weights 

 The flaxseed oil diet resulted in significantly higher final body weights by 3 weeks of age. 

No differences in body weight were seen between the safflower oil diet and the menhaden oil diet. 
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Spleen and liver weights were expressed relative to total body weight to control for differences in 

body weight. No differences were seen in spleen weight, relative to body weight. The menhaden 

oil diet resulted in significantly lower liver weights, relative to body weights. No differences in 

liver weights were seen in between the safflower oil and flaxseed diets (table 6.3). 

 

6.4.2 Fatty Acid Analysis 

 In the spleen, the safflower oil diet resulted in significantly higher tissue incorporation of 

AA as well as significantly higher levels of total tissue n-6 PUFA. The flaxseed oil diet resulted 

in significantly higher ALA incorporation as well as higher EPA and DHA levels and higher total 

n-3 PUFA levels than the safflower oil diet. The menhaden oil diet resulted in the highest EPA 

and DHA incorporation as well as the highest total tissue n-3 PUFA levels (table 6.4).  

 In the triglyceride lipid fraction of liver tissue, the highest tissue LA, AA, and total n-6 

PUFA incorporation was seen in the safflower oil diet. The highest levels of ALA was seen in the 

flaxseed oil diet. The flaxseed oil diet also had higher EPA, DHA, and total n-3 PUFA than the 

safflower oil diet. The menhaden oil diet had the highest DHA incorporation as well as the highest 

total n-3 PUFA levels (table 6.5).  

 In the phospholipid lipid fraction of liver tissue, the highest tissue AA, and total n-6 PUFA 

incorporation was seen in the safflower oil diet. The highest levels of ALA were seen in the 

flaxseed oil diet. The flaxseed oil diet also had higher EPA, DHA, and total n-3 PUFA than the 

safflower oil diet. The menhaden oil diet had the highest EPA and DHA incorporation as well as 

the highest total n-3 PUFA levels (table 6.6). 
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6.4.3 Western Blotting 

 No significant differences were seen in COX-2 or 5-LOX protein expression in the spleen 

(figures 6.1 and 6.2). Additionally, no significant differences were seen in COX-2 or 5-LOX 

protein expression in the liver (figures 6.3 and 6.4). 

 

Table 6.3. Body weight, spleen weight relative to body weight, and liver weight relative to body 
weight of mice fed diets high in Safflower Oil, Flaxseed Oil, or Menhaden Oil (n=8).  

Fatty Acid Safflower Oil Flaxseed Oil Menhaden Oil 
Body Weight (g) 8.42 ± 0.13b 10.30 ± 0.11a 9.01 ± 0.19b 

Relative Spleen Weight (%) 0.82 ± 0.04 0.96 ± 0.04 0.87 ± 0.05 
Relative Liver Weight (%) 4.69 ± 0.15a 5.14 ± 0.10a 4.20 ± 0.17b 

Spleen and liver weights are expressed as percentage of total body weight. 1-way analysis comparing weights between 
diets, followed by Tukey post-hoc analysis. Values are presented as mean ± SEM (p-value < 0.05).  n=8 per group.  
 
 
 
Table 6.4. Total fatty acid composition (%) of spleens from 3 week-old mice fed diets high in 
Safflower Oil, Flaxseed Oil, or Menhaden Oil.  

Fatty Acid Safflower Oil Flaxseed Oil Menhaden Oil 
LA (18:2n6) 17.34 ± 1.90 14.39 ± 1.37 13.15 ± 1.13 
ALA (18:3n3) 0.02 ± 0.02b 1.71 ± 0.35a 0.09 ± 0.02b 
ARA (20:4n6) 15.68 ± 1.13a 11.46 ± 0.84b 10.68 ± 0.57b 
EPA (20:5n3) 0.02 ± 0.02c 1.05 ± 0.09b 1.59 ± 0.11a 
DHA (22:6n3) 1.26 ± 0.11c 4.60 ± 0.26b 7.96 ± 0.43a 
Total n-3 PUFA 1.67 ± 0.10c 11.07 ± 0.37b 13.16 ± 0.67a 
Total n-6 PUFA 44.60 ± 0.41a 30.78 ± 1.45b 28.15 ± 0.91c 
n-6:n-3 PUFA 26.30 ± 1.78a  2.77 ± 0.07b 2.18 ± 0.13b 

Values are expressed as relative % composition of total fatty acid content. One-way analysis comparing relative levels 
of fatty acids between diets, followed by a Tukey post-hoc analysis. Values are presented as mean ± SEM (p value < 
0.05). n = 8 per group. 
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Table 6.5. Triglyceride fatty acid composition of livers from 3 week-old mice fed diets high in 
Safflower Oil, Flaxseed Oil, or Menhaden Oil (n=8).  

Fatty Acid Safflower Oil Flaxseed Oil Menhaden Oil 
LA (18:2n6) 36.86 ± 1.61a 26.62 ± 0.84c 31.81 ± 0.63b 

ALA (18:3n3) 0.02 ± 0.02b 5.23 ± 0.32a 0.27 ± 0.04b 

ARA (20:4n6) 5.23 ± 0.32a 1.39 ± 0.06b 1.80 ± 0.10b 

EPA (20:5n3) 0.06 ± 0.04c 0.91 ± 0.10b 2.54 ± 0.13a 

DHA (22:6n3) 0.24 ± 0.04c 2.69 ± 0.18b 11.17 ± 0.45a 

Total n-3 PUFA 0.73 ± 0.12c 10.53 ± 0.28b 17.22 ± 0.62a 

Total n-6 PUFA 50.65 ± 2.42a 30.81 ± 0.91c 36.79 ± 0.71b 

n-6:n-3 PUFA 81.01 ± 12.25a 2.93 ± 0.91b 2.16 ± 0.09b 

Values are expressed as relative % composition of total fatty acid content. One-way analysis comparing relative levels 
of fatty acids between diets, followed by a Tukey post-hoc analysis. Values are presented as mean ± SEM (p value < 
0.05). n = 8 per group. 
 
 
 
Table 6.6. Phospholipid fatty acid composition of livers from 3 week-old mice fed diets high in 
Safflower Oil, Flaxseed Oil, or Menhaden Oil (n=8).  

Fatty Acid Safflower Oil Flaxseed Oil Menhaden Oil 
LA (18:2n6) 18.80 ± 0.58a 18.41 ± 0.42a 16.81 ± 0.23b 

ALA (18:3n3) 0.01 ± 0.01b 0.76 ± 0.05a 0.02 ± 0.01b 

ARA (20:4n6) 20.35 ± 0.63a 13.35 ± 0.58b 11.95 ± 0.41c 

EPA (20:5n3) 0.03 ± 0.02c 1.26 ± 0.06b 1.81 ± 0.17a 

DHA (22:6n3) 2.22 ± 0.11c 11.74 ± 0.27b 15.03 ± 0.25a 

Total n-3 PUFA 2.38 ± 0.11c 15.03 ± 0.25b  18.68 ± 0.55a 

Total n-6 PUFA 48.29 ± 0.39a 34.42 ± 0.21b 30.74 ± 0.34c 

n-6:n-3 PUFA 20.65 ± 0.96a 2.29 ± 0.03b 1.66 ± 0.05b 

Values are expressed as relative % composition of total fatty acid content. One-way analysis comparing relative levels 
of fatty acids between diets, followed by a Tukey post-hoc analysis. Values are presented as mean ± SEM (p value < 
0.05). n = 8 per group. 
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Figure 6.2. Protein expression of COX-2 in the spleen.  
  

 

 
Values are expressed as arbitrary units. Protein expression was adjusted for total tissue protein content in order to 
account for differences in tissue weight and total body weight. 1-way analysis comparing relative protein expression 
between diets, followed by Tukey post-hoc analysis. n = 8 per group, p=0.479.  
 

Figure 6.3. Protein expression of 5-LOX in the spleen. 

 

 
Values are expressed as arbitrary units. Protein expression was adjusted for total tissue protein content in order to 
account for differences in tissue weight and total body weight. 1-way analysis comparing relative protein expression 
between diets, followed by Tukey post-hoc analysis. n = 8 per group,  p=0.793.  
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Figure 6.4. Protein expression of COX-2 in the liver. 

 

 
Values are expressed as arbitrary units. Protein expression was adjusted for total tissue protein content in order to 
account for differences in tissue weight and total body weight. 1-way analysis comparing relative protein expression 
between diets, followed by Tukey post-hoc analysis. n = 8 per group, p=0.107.  
 

Figure 6.5. Protein expression of 5-LOX in the liver. 

 

 
Values are expressed as arbitrary units. Protein expression was adjusted for total tissue protein content in order to 
account for differences in tissue weight and total body weight. 1-way analysis comparing relative protein expression 
between diets, followed by Tukey post-hoc analysis. n = 8 per group, p=0.197.  
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6.5 Discussion 
 
 This study examined the effects of lifelong n-3 and n-6 PUFA supplementation, beginning 

in utero, on spleen and liver FA composition and eicosanoid protein expression as markers of lipid 

metabolism and inflammatory status in 3 week-old offspring. This study also examined tissue and 

body weight, as a reflection of growth and development. It was determined that lifelong exposure 

to dietary n-3 and n-6 PUFA significantly alters FA composition of spleen and liver tissue, as well 

as body weight and liver weight, but does not significantly impact protein expression of COX-2 

or 5-LOX in 3 week-old mice. This has the potential to drive physiological changes in immune 

and inflammatory response.  

Tissue FA composition of 3 week-old offspring directly reflected dietary exposure to 

mothers during pregnancy and lactation. Furthermore, metabolism of the essential n-6 and n-3 

PUFA, LA, and ALA resulted in expected changes in downstream metabolic products of these FA. 

In spleens, the safflower oil diet resulted in significantly higher tissue incorporation of AA as well 

as significantly higher levels of total tissue n-6 PUFA. These findings are due to the metabolism 

of LA to AA via sequential desaturation and elongation, as the safflower oil diet had the highest 

percentage of LA (72%) content when compared to the flaxseed (54%) and menhaden oil (52%) 

diets (86). The flaxseed oil diet resulted in significantly higher ALA incorporation in the spleen 

due to the presence of high levels of ALA (17%) in the flaxseed oil diet as compared to the 

safflower and menhaden oil diets (<1%). The flaxseed oil diet also led to higher EPA, DHA, and 

total n-3 PUFA than the safflower oil diet due to the elongation and desaturation of dietary ALA 

to EPA and DHA. The menhaden oil diet resulted in the highest spleen EPA and DHA 

incorporation as well as the highest total tissue n-3 PUFA levels due to the presence of high levels 

of EPA and DHA in this diet. These findings reflect previous work in adult mice that has shown 
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diets high in corn oil (high in LA), flaxseed oil, and menhaden oil contribute to increased 

incorporation of LA, ALA, EPA, and DHA in spleen tissue, respectively (222). Further suggesting 

that in utero and lifelong exposure to dietary PUFA have a significant impact on spleen FA 

composition. 

In addition to the total lipid analysis of spleen tissue, a more in-depth analysis of liver lipid 

fractions revealed differential incorporation of FA in both triglycerides and phospholipids, based 

on dietary exposure; however, these changes were more sensitive within the phospholipid fraction. 

In both the triglyceride and phospholipid lipid fractions of liver tissue, the safflower oil diet yielded 

the highest AA and total n-6 PUFA incorporation. The flaxseed oil diet had the highest levels of 

ALA, as well has higher levels of EPA, and DHA incorporation and total n-3 PUFA than the 

safflower oil diet. The menhaden oil diet had the highest EPA and DHA incorporation, as well as 

the highest total n-3 PUFA levels. These findings mirror those seen in the FA analysis of the 

spleens and, as such, can similarly be explained by differences in dietary FA composition and 

normal FA metabolism. Similar findings have also been shown in previous studies that have 

examined the FA profiles of phospholipid fractions of liver tissue in both juvenile and adult mice 

(221). One study in adult mice fed diets high in safflower oil and menhaden oil for 5 weeks post-

weaning showed higher incorporation of ALA, EPA, and DHA in the flaxseed oil diet and higher 

incorporation of EPA and DHA from the menhaden oil diet in the phosphatidylcholine fraction of 

liver tissue (221). These findings further support the significance of exposure to dietary PUFA on 

tissue FA composition and the potential of these FA to impact tissue function.   

Of the 3 experimental diets examined in the present study, the safflower oil diet resulted in 

higher AA content in the spleen, liver phospholipids, and liver triglycerides. The safflower oil diet 

is analogous to the high LA content found in the North American diet (83). The liver plays a major 
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role in n-6 and n-3 PUFA metabolism and export of lipids.  Thus, high exposure to dietary LA 

results in both higher liver content of LA and AA,  as well as circulating LA and AA delivered to 

peripheral tissues, such as the spleen. Thus, there is a potential concern for both liver inflammation 

and increased whole body inflammatory potential, as AA in a phospholipid form is one of the 

preferred targets for lipid oxidation by COX-2 and 5-LOX enzymes (92). The findings of 

differential tissue FA incorporation, based on in utero dietary exposure reported in the present 

study also mirror similar effects observed in studies examining in utero exposure on changes in 

brain and circulating FA composition (227–229). As such, these findings reinforce results from 

human studies demonstrating that a mother’s dietary intake of n-3 PUFA has an impact on 

offspring health outcomes related to immunity, IQ, and visual acuity (230–232). Collectively, 

these findings support the importance of maternal exposure to dietary PUFA in offspring 

development and the potential to impact immune function and inflammatory response. 

Due to the known relationship between dietary and tissue PUFA levels and production of 

inflammatory mediators by COX-2 and 5-LOX enzymes, this study also examined the expression 

of COX-2 and 5-LOX in the spleens and livers of mice. However, no significant differences were 

seen in expression of COX-2 or 5-LOX proteins in the present study. Although these findings did 

not reach significance, expression of COX-2 and 5-LOX was highest in the spleens and livers of 

mice fed the safflower oil diet and lowest in the livers of mice fed the flaxseed oil diet, suggesting 

a potential trend in COX-2 and 5-LOX expression that may not be detectable at such a young age. 

Previous studies have shown that n-3 PUFA may attenuate the expression and activity of COX and 

LOX enzymes (95,220). Furthermore, these enzymes have been associated with elevated levels of 

pro-inflammatory mediators in the chronic disease state  (95,220). The evidence for this is 

particularly strong in the case of a variety of cancers (233,234).  It has also been shown that dietary 
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EPA and DHA may be associated with downregulated splenic immune response, a process that is 

believed to contribute to the long-term development of chronic inflammation (235). This 

downregulated splenic immune response has also been associated with decreased levels of 

phospholipid AA in the spleen, suggesting lower substrate availability for the metabolism of AA 

by COX-2 and 5-LOX to form pro-inflammatory mediators and further highlighting the critical 

role of tissue FA composition in modulating immune response (235).  It should be noted that 

studies that have reported changes in immune response and reductions in the expression of COX 

and LOX enzymes in the presence of dietary n-3 PUFA have generally been conducted over longer 

exposure periods and in adult mice, with animal studies allowing exposure to dietary PUFA for a 

minimum of 7 weeks (95,235). Furthermore, many previous studies investigating the impact of n-

3 PUFA on COX-2 and 5-LOX expression have been conducted in immune-challenged or diseased 

states, where baseline COX-2 and 5-LOX expression is likely to be elevated.  

When examining body weight in young mice, studies have reported conflicting findings. 

Previously, one study that did not involve a dietary fat treatment reported that lower body weights 

at 8 weeks of age were associated with decreased circulating leptin levels in transgenic mice fed a 

standard chow diet (236). However, another study that also fed a standard chow diet reported that 

by 8 weeks of age, lower body weight was associated with increased levels of circulating IL-6 in 

mice that received induced overexpression of IL-6 compared to those that did not (237). Further, 

a study on the effects of high fat vs. low fat diets in younger mice reported that dietary fat had no 

effect on body weight before 5 weeks of age; however, these mice began the dietary intervention 

at 3 weeks of age and did not experience lifelong exposure to these fats (238). To our knowledge, 

this is the first study to report a relationship between lifelong exposure to n-3 and n-6 PUFA and 

total body weight in 3 week-old mice. When final body weight was compared across dietary groups 
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in the present study, it was seen that mice fed the flaxseed oil diet had significantly higher body 

weights than mice fed the corn oil or menhaden oil diet. This agrees with previous findings, which 

reported higher body weights in healthy adult mice fed a flaxseed oil diet, when compared to mice 

fed a corn oil diet (high in LA) (239). Another study that examined the effects of lifelong exposure 

to diets high in safflower oil and menhaden oil reported that by 9 weeks of age, mice fed the 

menhaden oil diet had higher body weights than mice fed the safflower oil diet (223). Although 

this was not seen in the present study, it does further suggest a role for n-3 PUFA in regulation of 

body weight. Due to this difference in body weight, spleen and liver weights were expressed as a 

percentage of total body weight before comparing across dietary groups. Mice fed the menhaden 

oil diet had lower liver weights than mice fed the corn oil or flaxseed oil diet. The differences seen 

in relative liver weights may be physiologically significant, as previous studies have shown that 

higher liver weights may be associated with increased liver inflammation (240,241). This also 

agrees with previous studies, which have found lower relative liver weights in mice fed a 

menhaden oil diet (41).  However, previous findings have also reported higher relative liver 

weights in mice fed a flaxseed oil diet than mice fed a safflower oil diet (high in LA) (239). This 

difference may be related to the fact that mice used in the previous study were adults (14 weeks 

old), rather than very young (3 weeks old) mice, as used in this study (239). Overall, the exact 

relationship between lifelong exposure to dietary PUFA, body weight, and tissue weight remain 

inconclusive; however, it is clear that dietary PUFA may differentially affect body and tissue 

weights, but these differences may not be consistently detectable until mice are older.  

Potential limitations of this study include the use of very young, healthy mice. As such, 

differences in expression of COX-2 and 5-LOX may not be detectable. However, the production 

of inflammatory mediators by these enzymes may be affected by the differential FA composition 
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of the tissues of these mice, due to the impact this has on substrate availability for COX-2 and 5-

LOX activity. Thus, future work should further investigate the effects of dietary PUFA on lipid 

oxidation through analysis of the products of metabolism of FA by COX-2 and 5-LOX to achieve 

a more in-depth analysis of the effect that these FA are having on the activity of these enzymes. 

As previously described, this activity can result in the production of pro-inflammatory 

prostaglandins, eicosanoids, and leukotrienes, or anti-inflammatory resolvins, depending on the 

type of FA that is serving as the substrate for these lipid oxidation reactions (85). As such, 

examining the production of these inflammatory mediators, in conjunction with tissue FA 

composition, may provide additional insight into the true inflammatory potential of dietary n-3 

and n-6 PUFA beyond just protein expression.  

 

6.6 Conclusions 

In conclusion, the results from this study indicate that lifelong exposure to dietary n-3 and 

n-6 PUFA significantly alter tissue FA composition by as young as 3 weeks of age. This finding 

suggests that lifelong dietary exposure can impact tissue FA composition very early in life and 

during critical times for growth and development. As such, this altered FA composition during 

early development may impact tissue development and associated disease outcomes later in life. 

Despite the differences observed in tissue FA composition, dietary exposure to n-3 and n-6 PUFA 

did not impact protein expression of COX-2 and 5-LOX by 3 weeks of age. Nevertheless, these 

findings in otherwise healthy animals highlight potential differential effects on inflammatory 

responses that may arise later in life that merits further study. 
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7.1 Abstract 

 Dietary polyunsaturated fatty acids (PUFA) are known to play a role in numerous pathways 

involved in inflammatory response. However, the impact of individual n-3 and n-6 PUFA on 

inflammatory responses remain poorly understood. This study investigated the effects of lifelong 

exposure to high levels of dietary n-3 and n-6 PUFA on tissue weights, tissue fatty acid (FA) 

incorporation in the liver, and liver expression of FA oxidation enzymes COX-2 and 5-LOX, using 

the delta-6 desaturase knockout (D6KO) mouse model. This mouse model is unable to convert n-

6 PUFA linoleic acid (LA) and n-3 PUFA alpha-linolenic (ALA) acid to their longer chain 

metabolites arachidonic acid (AA) and eicosapentanoic acid (EPA) and docosahexaenoic acid 

(DHA), respectively, allowing for the study of individual PUFA. Wild-type (WT) and D6KO mice 

were fed one of 4 experimental diets high in corn oil (LA), flaxseed oil (ALA), ARASCO (AA), 

or menhaden oil (EPA/DHA) beginning in utero and were terminated at 12 weeks of age. Spleen 

and liver weights were recorded, FA composition of serum and livers was determined, and protein 

expression of COX-2 and 5-LOX were determined in the liver. Differential FA incorporation was 

seen in serum and liver tissue based on dietary FA composition as well as genotype. D6KO mice 

fed the corn oil diet showed lower serum and liver levels of AA than their WT counterparts. 

Similarly, D6KO mice fed the flaxseed oil diet had lower serum and liver levels of EPA and DHA 

than their WT counterparts. No differences were seen in protein expression of COX-2 and 5-LOX 

across diets or genotypes.  Overall, this study found that dietary n-3 and n-6 PUFA significantly 

alters FA composition of liver tissue, but does not significantly impact liver protein expression of 

COX-2 or 5-LOX in D6KO mice.  
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7.2 Introduction 

 Dietary and circulating polyunsaturated fatty acids (PUFA) are known to be associated 

with the development or prevention of many common chronic diseases (66). One mechanism by 

which PUFAs may play a role in this development is through inflammatory pathways that may 

either mitigate or exacerbate chronic inflammation (65).  Essential n-6 and n-3 PUFA, linoleic acid 

(LA) and alpha-linolenic acid (ALA), respectively, cannot be endogenously synthesized by 

humans and thus, must be obtained from dietary sources. When these 18 carbon n-6 and n-3 PUFA 

are consumed, they may be metabolized to their longer chain forms, arachidonic acid (AA) and 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), respectively, via the action of the 

rate limiting enzyme, delta-6 desaturase (D6D). The conversion of LA and ALA to AA, EPA, and 

DHA is thought to be limited in humans and may vary between individuals (242). Furthermore, 

these individual fatty acids (FA) have been shown to have independent immunomodulatory and 

inflammatory effects, independent of their downstream metabolites (222). However, the impact of 

precursor vs. products on inflammatory status has not yet been assessed in otherwise healthy, 

unchallenged individuals.  

 The products of essential PUFA metabolism are thought to play a major role in 

inflammation. Specifically, AA is thought to contribute to a pro-inflammatory response, while 

EPA and DHA are thought to have anti-inflammatory properties. In the body, AA can serve as a 

substrate for lipid oxidizing enzymes, including cyclooxygenase-2 (COX-2) and 5-lipoxygenase 

(5-LOX) to produce pro-inflammatory mediators (85,92). These mediators include pro-

inflammatory prostaglandins, eicosanoids, and leukotrienes and can also contribute to increased 

production of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumour necrosis factor 

alpha (TNF-a) (85). Alternatively, EPA and DHA can decrease production of these pro-
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inflammatory mediators, through substrate inhibition of COX and LOX and by serving as 

substrates for these enzymes for the synthesis of anti-inflammatory resolvins (93,94). 

Phospholipids are one of the primary lipid targets for FA oxidation by COX-2 and 5-LOX and, as 

such, the role of these enzymes in tissues that are involved in lipid and FA metabolism and immune 

response are of particular interest (92).  

 The delta-6 desaturase knockout (D6KO) mouse model is lacking the fads2 gene that 

encodes the  D6D enzyme, thus preventing the conversion of LA and ALA to AA and EPA+DHA, 

respectively and allowing for the examination of the effects of individual n-3 and n-6 PUFA (67). 

This disruption in metabolism allows for the study of individual FA and is a useful tool for 

examining and differentiating between the roles of essential PUFAs and their longer chain 

metabolites. This study aimed to examine the individual effects of lifelong exposure to dietary LA, 

ALA, AA, EPA, and DHA on tissue weights, tissue FA incorporation in the liver, and liver 

expression of FA oxidation enzymes COX-2 and 5-LOX using the D6KO mouse model.  

 

7.3 Methods 

7.3.1 Mice, housing, and diet 

 Mice were housed in ventilated cages in a temperature and humidity-controlled 

environment. The development of the transgenic D6KO mouse strain and colony maintenance was 

previously described (3,4). Mice were fed one of four modified isocaloric AING93G diets were 

purchased from Research Diets, Inc (D03090904P, Research Diets, New Brunswick, NJ, USA). 

Diets differed in their fat sources which consisted of the following: 7% fat from flaxseed oil (ALA 

diet), 7% fat from menhaden oil (EPA and DHA diet), 7% fat from corn oil (LA diet), or 7% fat 

from ARASCO (AA diet). Diet FA composition was described previously (4). None of these 
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experimental diets were devoid of essential FA or LC PUFA. Diet pellets were stored at -20°C and 

thawed pellets were replaced every two days to minimize oxidation of FA.  

 Parent harems consisted of heterozygous D6KO male and female mice, producing three 

types of genetically variant offspring: heterozygous D6KO (het), wild-type C57BL6 (WT), or 

homozygous D6KO (KO) mice. All offspring were weaned at three weeks of age. Male and female 

WT and KO offspring were used in this study. 

  

 D6KO harems were randomized onto one of the four aforementioned diets, offspring were 

later maintained on the same diets as parents. Thus, offspring were exposed to diet from conception 

and throughout life. Food intake and body weight measurements were recorded every two days 

and weekly, respectively. Offspring were terminated by carbon dioxide asphyxiation at 12 weeks 

of age through random selection. Immediately following termination, blood and tissue samples 

were collected. Whole spleen and livers were weighed after extraction. Tissues were flash frozen 

in liquid nitrogen and stored at -80° C. All animal protocols and procedures are approved by the 

institutional animal care committee (University of Guelph). 
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Figure 7.1. Breakdown of mouse study design and dietary groups. 
 
Table 7.1. Diet Composition. 

Diet constituent Corn Oila ARASCOb Flaxseed Oilc Menhaden Oild 

Macronutrient (g %)     
   Protein 20 20 20 20 
   Carbohydrate 64 64 64 64 
   Fat 7 7 7 7 
   kcal/g 4 4 4 4 
Ingredient (g/kg)     
   Casein 200 200 200 200 
   L-cystine 3 3 3 3 
   Corn Starch 397.5 397.5 397.5 397.5 
   Maltodextrin 10 132 132 132 132 
   Sucrose 100 100 100 100 
   Cellulose, BW200 50 50 50 50 
   S10022G Mineral Mix 35 35 35 35 
   V10037 Vitamin Mix 10 10 10 10 
   Choline Bitartrate 2.5 2.5 2.5 2.5 
   Tertiary butylhydroquinone 0.014 0.014 0.014 0.014 
   Corn Oil 66.25 0 0 0 
   Flaxseed Oil 0 0 66.25 0 
   Menhaden Oil 0 0 0 70 
   ARASCO (40% AA) 0 66.25 3.75 0 
   DHASCO (40% DHA) 3.75 3.75 0 0 

Composition of diets provided by manufacturer, Research Diets.  

Harems +/- 
D6KO 

7% Corn Oil 7% Flaxseed Oil 7% ARASCO 7% Menhaden Oil  

WT KO 

Offspring Offspring Offspring Offspring 

12 Weeks 
n = 8 

12 Weeks 
n = 8 

12 Weeks 
n = 8 

12 Weeks 
n = 8 

WT KO WT KO WT KO 
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Table 7.2. Diet Fatty Acid Composition. 
Fatty Acid (% of total fatty 
acids) 

Corn Oil ARASCO Flaxseed Oil Menhaden Oil 

LA (18:2n6) 52.4 6.9 14.8 2.2 
ALA (18:3n3) 1.0 0.3 54.6 1.9 
AA (20:4n6) 0.0 38.2 2.3 1.8 
EPA (20:5n3) 0.0 0.0 0.0 15.0 
DHA (22:6n3) 2.0 2.1 0.0 11.6 
% Saturated fatty acids 15.7 21.4 10.3 33.5 
% Monounsaturated fatty acids 28.5 24.5 17.3 25.4 
% Polyunsaturated fatty acids 55.8 54.1 72.4 41.1 
% n-6 Polyunsaturated fatty acids 52.8 51.7 17.6 6.3 
% n-3 Polyunsaturated fatty acids 3.0 2.4 54.8 34.8 

 
7.3.2 Genotyping 

At 3 weeks of age, offspring were weaned and tail snips were obtained for genotyping. DNA 

extraction and polymerase chain reaction (PCR) analysis were used to determine genotype (134). 

Tail snips were digested with proteinase K and 1% sodium dodecyl sulphate overnight at 55°C. 

DNA was extracted with buffer saturated phenol, precipitated with ethanol washings, and re-

suspended in Tris-EDTA buffer. Master mix was composed of 0.3mM dNTP, 1.5mM MgCl2, 

1.25 units of Platinum Taq and 10x PCR buffer, as well as primers for the fads2 gene, which 

encodes the D6D enzyme. The PCR primer sequences that were used are as follows: D6D WT 

forward (CGGTGGGAGGAGGAGTAGAAGAC); D6D WT reverse 

(CCTCTCCCTGGTTACCTCCCTTC); D6D KO forward (GCTATGACTGGGCACAACAG); 

and D6D KO reverse (TTCGTCCAGATCATCCTGATC). DNA samples were amplified with a 

thermal cycler (Applied Biosystems Veriti 96 Well Thermal Cycler). Amplified DNA samples 

were run on a 2% agarose gel containing ethidium bromide and visualized under UV light.  

 

7.3.3 Fatty Acid Analysis 

 Lipid Extraction. Lipids were extracted from serum and livers. Serum and livers were 

thawed on ice. 50 µL of serum was combined with 950 µL of 0.1 M KCl. 0.1 g of liver tissue was 
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homogenized in 1.0 mL of 0.1M KCl until solution was homogenous. 4 mL of a freshly made 2:1 

chloroform:methanol mixture was then added to homogenate and samples were allowed to sit 

overnight at 4°C. The following morning, samples were centrifuged at 1460 rpm for 10 minutes at 

21°C. Following centrifugation, the lower (chloroform-containing) layer was extracted and was 

placed under a gentle stream of nitrogen until completely dry.  

 

 Total Fatty Acid Analysis. Total FA analysis was performed on serum. Dried serum 

samples were reconstituted in 2mL of freshly made KOH in methanol and were then saponified at 

100°C for 60 minutes. After cooling, 2 mL of hexane and 2 mL of 14% Boron Trifluoride in 

Methanol (BF3-MeOH) was added to each sample (Sigma, #B1252) and samples were methylated 

at 100°C for 60 minutes. After samples had cooled, 2mL of double distilled water was added in 

order to stop methylation. Samples were centrifuged at 1460 rpm for 10 minutes. The upper 

(hexane-containing layer) was extracted and placed under a gentle stream of nitrogen until 

completely dry. Samples were reconstituted in 50 µL of hexane. FA methyl esters were analyzed 

using a gas chromatography system (Agilent Technologies, 6890). Chromatograms were analyzed 

and FA peak areas were determined using Agilent EZChrome OpenLAB Chromatography Data 

System. FA composition was expressed as a percentage of total FA. 

 

 Fatty Acid Analysis by Lipid Class. Liver FA analysis was performed by separating FA 

classes using thin layer chromatography (TLC). Dried liver samples were reconstituted in 100 µL 

of chloroform, which was spotted on an activated silica TLC G-plate (Analtech, #P01011), then 

placed in a glass tank with TLC solvent. The TLC solvent was made fresh and was comprised of 

80mL petroleum ether, 20mL ethyl ether, and 1mL glacial acetic acid. After remaining in the 
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solvent for approximately 30 minutes, The TLC plate was lightly sprayed with 0.1% (w/v) ANSA 

(Fluka, #10417) and visualized under UV light. Triglyceride and phospholipid fractions were 

collected for analysis. Samples were then methylated to form FA methyl esters. 2mL of hexane 

and 2mL of 14% Boron Trifluoride in Methanol (BF3-MeOH) was added to each sample (Sigma, 

#B1252-1L) and samples were methylated at 100°C for 90 minutes. After samples had cooled, 

2mL of double distilled water was added in order to stop methylation. Samples were centrifuged 

at 1460 rpm for 10 minutes. The upper (hexane-containing layer) was extracted and placed under 

a gentle stream of nitrogen until completely dry. Samples were reconstituted in 100µL of hexane. 

FA methyl esters were analyzed using a gas chromatography system, as previously described 

(Agilent Technologies, 6890) (243). Chromatograms were analyzed and FA peak areas were 

determined using Agilent EZChrome OpenLAB Chromatography Data System. FA composition 

was expressed as a percentage of total FA. 

 

7.3.4 Protein Analysis 

 Protein Extraction from Liver Tissue. Lysis buffer was prepared fresh by combining 500 

µL of RIPA buffer (VWR Life Science AMRESCO, #N653) and 5 µL of protease inhibitors 

(Sigma, #P8340) per sample. 20 mg of tissue was homogenized in 500 µL of lysis buffer until 

homogenous. Samples were placed on a rotator at 4° C for 120 minutes. Samples were centrifuged 

at 10,000xg at 4°C for 10 minutes and supernatant was removed. Centrifugation and removal of 

supernatant was then repeated to yield protein extract.   

 Protein Determination by Bradford Protein Assay. Protein extracts were diluted 10:1. 

10µL of diluted protein extract was added to a 96 well plate in duplicate. 300 µL of Bradford 

reagent (Thermo Scientific, #1856209) was added to each well. Plate was allowed to sit at room 



 

 121 

temperature for 10 minutes. Absorbance of samples was then read using a plate reader (Bio-Rad 

iMark Microplate Reader) at 595nm. Protein concentrations of samples was then determined by 

linear regression using a standard curve of serially diluted BSA.  

 Western blotting. 50 µg of protein extract (made up to 20 µL with phosphate buffered saline 

(PBS)) was combined with 5 µL of SDS loading buffer dye. Samples were boiled in a water bath 

for 15 minutes. After cooling, samples were loaded into a 10% acrylamide gel. The gel was then 

placed in an electrophoresis unit filled with 1X gel running buffer and run at 120 volts for 

approximately 90 minutes. Protein was then transferred from the gel to a PVDF membrane (Roche, 

#03010040001) in a transfer electrophoresis unit. Transfer was completed in a methanol-

containing transfer buffer (pH 8.3) at 100 volts over 1 hour. Transfer unit remained on ice for the 

duration of the transfer.  

 Following the transfer, the PVDF membrane was rinsed with 5% blocking buffer (skim 

milk powder in tris buffered saline) and incubated in 20 mL of 5% blocking buffer at 4° C 

overnight with shaking. The next morning, 5% blocking buffer was replaced with primary antibody 

(COX-2 (Proteintech, #12375-1-AP), 5-LOX (Proteintech, #10021-1-lg), or b-Actin (Proteintech, 

#20536-1-AP)) diluted 1:2500 in 5% blocking buffer at room temperature for 90 minutes with 

shaking. The PVDF membrane was then quickly rinsed with tris buffered saline (TBST) twice, 

then placed in 10mL of TBST at room temperature 15 minutes with shaking. TBST was replaced 

and rinsed 4 times. TBST was then replaced with secondary antibody (Peroxidase-conjugated anti-

Rabbit IgG, Jackson ImmunoResearch, #111035003) diluted 1:50 000 in 5% blocking better at 

room temperature for 60 minutes with shaking. The PVDF membrane was then quickly rinsed with 

tris buffered saline (TBST) twice, then placed in 10mL of TBST at room temperature 15 minutes 

with shaking. TBST was replaced and rinsed 4 times.  
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 The PVDF membrane was the imaged under chemiluminescence using ECL detector 

(Cytiva, #RPN2232) to visualize protein bands. 

 

7.3.5 Statistical Analysis 

 Spleen and liver weights were adjusted for total body weight. Liver expression of COX-2 

and 5-LOX was adjusted for total liver protein content. All data were analyzed by 1-way analysis 

by diet and genotype, with Tukey post-hoc analysis. P £ 0.05 was considered statistically 

significant.  

 

7.4 Results 

7.4.1 Body Weights and Tissue Weights 

 KO mice fed the flaxseed oil diet had significantly lower final body weights than WT mice 

fed the corn oil diet or menhaden oil diet. Spleen and liver weights were expressed relative to total 

body weight, in order to control for differences in body weight. WT mice fed the corn oil diet 

resulted in significantly lower relative spleen weights than all mice fed the ARASCO and 

menhaden oil diets and WT mice fed the flaxseed oil diet. Within the corn oil diet, WT mice had 

significantly lower relative spleen weights than KO mice. KO mice fed the ARASCO diet had 

significantly lower relative liver weights than the corn oil diet and WT mice fed the menhaden oil 

diet. KO mice fed the corn oil diet also had higher liver weights than KO mice fed the menhaden 

oil diet. Within the corn oil diet, WT mice had significantly lower relative liver weights than KO 

mice (table 7.3). 
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7.4.2 Fatty Acid Analysis 

  Dietary FA composition was reflected in serum and tissue FA profiles of the mice based 

on their respective diets. Mice fed the corn oil diet had the highest serum LA, mice fed the flaxseed 

oil diet had the highest serum ALA, mice fed the ARASCO diet had the highest serum AA, and 

mice fed the menhaden oil diet had the highest serum EPA and DHA. Within the corn oil diet, WT 

mice had lower levels of LA and higher levels of AA than KO mice. In the flaxseed oil diet, WT 

mice had lower levels of LA and higher levels of EPA and DHA than KO mice. In the ARASCO 

diet there were no differences in FA levels between genotypes. In the menhaden oil diet, WT mice 

had lower levels of DHA than KO mice (table 7.4). 

 Dietary FA were also mirrored in the triglyceride fractions of liver tissue. Mice fed the 

corn oil diet had the highest triglyceride LA, mice fed the flaxseed oil diet had the highest 

triglyceride ALA, mice fed the ARASCO diet had the highest triglyceride AA, and mice fed the 

menhaden oil diet had the highest triglyceride EPA and DHA. Within the corn oil diet, WT mice 

had higher AA levels than the KO mice. In flaxseed oil diet, WT mice had higher EPA levels than 

the KO mice. No differences in FA levels were seen between WT and KO mice in the ARASCO 

or menhaden oil diets (table 7.5). 

 Dietary FA were also differentially incorporated into the phospholipid fractions of liver 

tissue. Mice fed the corn oil diet had the highest triglyceride LA, mice fed the flaxseed oil diet had 

the highest phospholipid ALA, mice fed the ARASCO diet had the highest phospholipid AA, and 

mice fed the menhaden oil diet had the highest phospholipid EPA and DHA. Within the corn oil 

diet, the WT mice had lower levels of LA and higher levels of AA than the KO mice. Within the 

flaxseed oil diet, the WT mice had lower levels of LA, ALA, and AA and higher levels of EPA 
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and DHA than the KO mice. No differences in FA levels were seen between WT and KO mice in 

the ARASCO or menhaden oil diets (table 7.5). 

 

7.4.3 Western Blotting 

 No significant differences were seen in COX-2 or 5-LOX protein expression in the liver 

(figures 7.1 and 7.2).
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Table 7.3. Body weight, spleen weight relative to body weight, and liver weight relative to body weight of mice fed diets high in Corn 
Oil, Flaxseed Oil, ARASCO or Menhaden Oil.  
 

Fatty Acid Corn Oil Flaxseed Oil ARASCO Menhaden Oil 
 WT KO WT KO WT KO WT KO 
Body Weight (g) 25.8 ± 0.8a 25.4 ± 0a,b 23.6 ± 0.8a,b 22.4 ± 0.6b 22.9 ± 0.6a,b 25.3 ± 1.1a,b 26.3 ± 0.8a 25.0 ± 0.8a,b 
Relative Spleen Weight 0.3 ± 0.02b 0.4 ± 0.04a 0.5 ± 0.02a 0.4 ± 0.04a,b 0.6 ± 0.03a 0.5 ± 0.03a 0.5 ± 0.02a 0.5 ± 0.02a 
Relative Liver Weight 4.4 ± 0.08b 5.0 ± 0.2a 4.2 ± 0.2b,c 4.4 ± 0.2b,c 4.3 ± 0.a,b,c 3.9 ± 0.1c 4.7 ± 0.1a,b 4.2 ± 0.1b,c 

Spleen and liver weights are expressed as percentage of total body weight. 1-way analysis comparing weights between diets and genotypes, followed by Tukey 
post-hoc analysis. Letters denote statistically significance between diets genotypes (p-value < 0.05). Values are presented as mean ± SEM.  n=28-31 per group.  
 

 

Table 7.4. Total Fatty Acid Analysis of Serum. 

Fatty Acid Corn Oil Flaxseed Oil ARASCO Menhaden Oil 
 WT KO WT KO WT KO WT KO 
LA (18:2n6) 23.99 ± 0.99b 33.00 ± 0.75a 10.82 ± 0.91c 15.36 ± 0.76b 3.04 ± 0.34d 2.67 ± 0.20d 2.76 ± 0.14d 3.41 ± 0.26d 

ALA (18:3n3) 0.18 ± 0.02b 0.27 ± 0.03b 6.94 ± 0.77a 7.88 ± 0.53a 0.10 ± 0.02b 0.10 ± 0.02b 0.45 ± 0.03b 0.45 ± 0.03b 

ARA (20:4n6) 10.90 ± 0.73b  0.47 ± 0.03d 12.55 ± 1.10b 16.73 ± 0.87b,c 35.03 ± 2.89a 34.91 ± 2.56a 7.34 ± 1.51c 5.90 ± 0.48c 

EPA (20:5n3) 0.45 ± 0.06c 0.78 ± 0.10c 3.76 ± 0.33b 0.41 ± 0.35c 0.12 ± 0.02c 0.09 ± 0.02c 13.80 ± 2.23a 14.81 ± 1.14a 

DHA (22:6n3) 6.90 ± 0.22c 6.02 ± 0.28c 3.89 ± 0.26d 0.75 ± 0.42e 4.67 ± 0.36c,d 4.79 ± 0.41c,d 9.34 ± 0.68a 12.59 ± 1.08b 

Total n-3 PUFA 8.12 ± 0.25c 7.97 ± 0.37c 16.56 ± 1.17b 10.56 ± 1.10c 5.21 ± 0.43c 5.41 ± 0.49c 25.69 ± 2.45a 30.64 ± 2.02a 

Total n-6 PUFA 37.28 ± 0.70a,n 31.28 ± 3.08b 24.20 ± 2.08c 33.92 ± 1.39a,b 40.79 ± 3.17a 39.96 ± 2.46a,b 11.01 ± 1.62d 10.64 ± 0.74c 

Values are expressed as relative % composition of total fatty acid content. 1-way analysis comparing weights between diets and genotypes, followed by Tukey post-
hoc analysis. Letters denote statistically significance between diets genotypes (p-value < 0.05). Values are presented as mean ± SEM. n = 8 per group. 
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Table 7.5. n-6 and n-3 Fatty Acid Composition of Liver Triglycerides 

Fatty Acid Corn Oil Flaxseed Oil ARASCO Menhaden Oil 
 WT KO WT KO WT KO WT KO 
LA (18:2n6) 18.68 ± 1.44a  19.62 ± 0.77a 7.80 ± 0.49b 8.01 ± 1.76b 5.28 ± 0.48b,c 5.00 ± 0.32b,c 1.97 ± 0.12c 2.29 ± 0.11c 

ALA (18:3n3)  0.23 ± 0.02b 0.41 ± 0.01b 16.27 ± 1.21a 15.13 ± 2.00a 0.16 ± 0.02b 0.28 ± 0.07b 0.78 ± 0.05b 0.95 ± 0.07b 

ARA (20:4n6) 2.59 ± 0.49b 0.02 ± 0.004c 0.85 ± 0.08b 0.42 ± 0.12c 16.53 ± 0.86a 16.77 ± 0.61a 0.83 ± 0.08b,c  0.94 ± 0.05b,c 

EPA (20:5n3) 0.15 ± 0.02c 0.09 ± 0.006c 0.92 ± 0.08b 0.18 ± 0.15c 0.27 ± 0.06b,c 0.24 ± 0.07b,c 4.84 ± 0.33a 5.47 ± 0.30a 

DHA (22:6n3) 1.96 ± 0.35b,c 0.51 ± 0.08c 1.31 ± 0.34b,c 0.15 ± 0.12c 3.04 ± 0.42b 2.58 ± 0.36b 10.12 ± 0.73a 12.31 ± 1.17a 

Total n-3 PUFA 2.66 ± 0.40b 1.27 ± 0.12b 20.40 ± 1.28a 16.60 ± 3.75a 4.18 ± 0.48b 3.82 ± 0.43b 19.34 ± 0.99a 22.89 ± 1.41a 

Total n-6 PUFA 22.20 ± 1.79a 20.20 ± 0.80a 9.05 ± 0.54b 8.13 ± 2.03b,c 26.27 ± 1.46a 25.57 ± 0.84a 3.67 ± 0.29c 4.04 ± 0.18b,c 

Values are expressed as relative % composition of total fatty acid content. 1-way analysis comparing weights between diets and genotypes, followed by Tukey post-
hoc analysis. Letters denote statistically significance between diets genotypes (p-value < 0.05). Values are presented as mean ± SEM. n = 8 per group. 
 
 
 

Table 7.6. n-6 and n-3 Fatty Acid Composition of Liver Total Phospholipids  

Fatty Acid Corn Oil Flaxseed Oil ARASCO Menhaden Oil 
 WT KO WT KO WT KO WT KO 
LA (18:2n6)  15.23 ± 0.49b 26.22 ± 0.27a 8.79 ± 0.41d 14.11 ± 0.56c 2.77 ± 0.20e 2.59 ± 0.14e 1.99 ± 0.07e 2.22 ± 0.10e 

ALA (18:3n3)  0.07 ± 0.006c 0.14 ± 0.02c 2.80 ± 0.25b  4.08 ± 0.24a 0.05 ± 0.007c 0.09 ± 0.02c 0.15 ± 0.009c 0.18 ± 0.009c 

ARA (20:4n6) 15.03 ± 0.41d 1.61 ± 0.12f 16.77 ± 0.39c 22.08 ± 0.49b 28.73 ± 0.62a 29.90 ± 0.44a 8.04 ± 0.14e 7.91 ± 0.34e 

EPA (20:5n3) 0.38 ± 0.03c 1.97 ± 0.07c 5.28 ± 0.42b 0.13 ± 0.04c 0.07 ± 0.02c 0.06 ± 0.02c 8.67 ± 0.90a 9.46 ± 0.70a 

DHA (22:6n3) 14.32 ± 0.20b 14.99 ± 0.37b 9.95 ± 0.58c 0.88 ± 0.06d 13.28 ± 0.53b 12.95 ± 0.58b 20.34 ± 0.39a 20.76 ± 0.82a 

Total n-3 PUFA 15.02 ± 0.21c,d 17.68 ± 0.39b,c 19.78 ± 0.63b 6.16 ± 0.31e 12.28 ± 1.45d 13.38 ± 0.60d 30.66 ± 0.84a 32.19 ± 0.43a 

Total n-6 PUFA 31.76 ± 0.31b,d 28.68 ± 0.27b 26.26 ± 0.69c 37.43 ± 0.97d 29.93 ± 3.36a 34.12 ± 0.44a 10.75 ± 0.24e 10.85 ± 0.33e 

Values are expressed as relative % composition of total fatty acid content. 2-way analysis comparing relative levels of fatty acids between diets and genotypes, 
followed by Tukey post-hoc analysis. * denotes statistically significance between genotypes (p-value < 0.05). Values are presented as mean ± SEM. n = 8 per 
group. 
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Figure 7.2. Protein expression of COX-2 in the liver. 

 

 

 
Values are expressed as arbitrary units. Protein expression was adjusted for total tissue protein content in order to 
account for differences in tissue weight and total body weight. 1-way analysis comparing relative protein expression 
between diets and genotypes, followed by Tukey post-hoc analysis. n = 8 per group.  
 
 
Figure 7.3. Protein expression of 5-LOX in the liver. 

 

 

 
Values are expressed as arbitrary units. Protein expression was adjusted for total tissue protein content in order to 
account for differences in tissue weight and total body weight. 1-way analysis comparing relative protein expression 
between diets and genotypes, followed by Tukey post-hoc analysis. n = 8 per group.  
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7.5 Discussion 

 This study examined the effects of high intakes of n-3 and n-6 PUFA on spleen weights, 

liver weights, liver FA composition, and liver protein expression of COX-2 and 5-LOX in healthy 

12 week-old D6KO mice. Using novel D6KO mice, this study showed that individual dietary n-3 

and n-6 PUFA significantly alters FA composition of liver tissue, but does not significantly impact 

liver protein expression of COX-2 or 5-LOX.  

 n-3 and n-6 PUFA are known substrates for the lipid oxidizing enzymes COX-2 and 5-

LOX. Oxidation of PUFA by these enzymes can have differential effects on inflammatory status, 

with AA leading to the production of pro-inflammatory eicosanoids and EPA and DHA leading to 

the production of anti-inflammatory resolvins. This study did not find any significant differences 

in protein expression of COX-2 or 5-LOX in the livers across diets or genotypes. This consistency 

in COX-2 and 5-LOX expression, regardless of dietary influence was surprising, given that 

previous studies have shown that EPA and DHA can decrease COX-2 expression (95). This 

decrease is hypothesized to be related to the ability of n-3 PUFA to increase PPARg activation, 

resulting in decreased activation of NF-κB and decreased expression of COX-2. Furthermore, it 

has been suggested that increased tissue AA may increase expression of COX-2 and 5-LOX, as 

AA is for the direct precursor for these enzymes (235).  This association between increased levels 

of AA and increased expression of COX-2 and 5-LOX has also been associated with increased 

production of pro-inflammatory prostaglandins, eicosanoids, and leukotrienes (235).  

 The present study was performed in healthy D6KO mice that were not immunologically 

challenged. A previous study conducted in these mice isolated and cultured mononuclear cells 

from spleens, before adding a pro-inflammatory stimulus to the cells (222).  Following stimulation, 

levels of secreted pro-inflammatory cytokines were measured, showing increased secretion of 
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TNF-a, IL-6, IFN-g in cells from mice fed the ARASCO diet. Additionally, increased secretion of 

IL-1b and decreased secretion of IL-10 were observed in cells from mice fed the corn oil and 

ARASCO diets. These findings were associated with higher tissue incorporation of AA. Within 

the corn oil diet, cells from WT mice had higher secretion of IFN-g than KO mice, these mice also 

had higher levels of tissue AA incorporation than their KO counterparts (222). These findings 

suggest that differences in inflammatory response may have been evident had the mice in the 

present study been presented with an immunological challenge.  

 EPA and DHA can also act competitively with AA as substrates for COX-2 and 5-LOX, 

producing anti-inflammatory resolvins. As such, the presence of either AA or DHA in all 

experimental diets provides substrate availability for these enzymes and may explain the 

similarities in COX-2 and 5-LOX expression across groups. While the present study examined 

protein expression of COX-2 and 5-LOX, it did not measure the activity of these enzymes or the 

products of these enzymes. It is known that the inflammatory mediators produced by these 

enzymes are dependent on substrate, as such, dietary FA may impact the inflammatory potential 

of these enzymes, based on substrate availability. Future research should examine production and 

species of prostaglandins, eicosanoids, leukotrienes, and resolvins to determine which FAs are 

serving as primary substrates for these COX-2 and 5-LOX enzymes. This will help elucidate 

whether the consistency in protein expression is truly reflective of the production of pro- and anti-

inflammatory mediators via these enzyme pathways. Future research may also investigate 

activation of PPARg and NF-κB as regulators of COX-2 expression, as n-3 PUFA is known to act 

as a moderator in the activity of these transcription factors (95).  

 Despite the fact that COX-2 and 5-LOX expression remained unchanged in these overwise 

healthy mice, the presence of differing levels of n-3 and n-6 PUFA in the tissues of these mice 
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may impact the inflammatory potential of these enzymes if presented with an immunological or 

inflammatory challenge. As such, to investigate the use of diets high in LA, ALA, AA, and 

EPA+DHA, coupled with the use of the novel D6KO mouse model, serum and liver FA 

composition were determined. Overall, serum and tissue FA levels were reflective of dietary FA 

intakes and genotype. The effectiveness of the D6KO was demonstrated when KO mice were fed 

the corn oil diet, LA was not converted to AA, as evidenced by lower AA levels in the serum, liver 

triglycerides, or liver phospholipids of KO mice when compared to WT mice. Similarly, when KO 

mice were fed the flaxseed oil diet, ALA was not converted to EPA and DHA, as determined by 

lower levels of EPA and DHA in the serum, liver triglycerides, or liver phospholipid compared to 

WT mice. This agrees with previous studies that have shown differential FA incorporation and 

blocking of LA and ALA conversion in D6KO mice (67,80,222). Differences in liver n-3 and n-6 

PUFA incorporation across diets and genotypes were more apparent in the phospholipid fraction 

of the livers than the triglyceride fraction. This is due to the fact that phospholipids are highly 

enriched with PUFA, whereas triglycerides are enriched with monounsaturated and saturated FA 

(244,245). Due to the very high levels of dietary PUFA used in this study, some differences in n-

3 and n-6 PUFA incorporation in triglycerides can be seen across dietary groups, however, the 

highly enriched phospholipids provide a more sensitive reflection of dietary intakes of n-3 and n-

6 PUFA as well as D6KO status.  As such, future studies should examine phospholipid FA content 

to assess tissue FA content when using the D6KO mouse model.  

 Interestingly, when examining the FA composition of the serum and liver phospholipids, 

increased levels of LA were seen in the KO mice fed the flaxseed oil diet. This is due to this diet 

containing 14.8% LA (table 2). WT mice are able to metabolize this LA via the D6D enzyme, 

whereas KO mice cannot, resulting in LA accumulation and higher LA levels in the KO mice. 
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Additionally, increased levels of AA were seen in the liver phospholipids of KO mice fed the 

flaxseed oil diet. The flaxseed oil diet contained trace amounts of AA, so this may have been due 

to further elongation and desaturation from LA to AA, via the functional D6D enzyme in WT 

mice. Finally, lower levels of DHA were seen in the serum of WT mice fed the menhaden oil diet. 

This phenomenon has also been seen in human subjects that were supplemented with EPA, 

resulting in higher plasma DHA concentrations in females vs. males (246). The authors report that 

this difference is likely due to differences in SNPs in the Fatty Acid Elongase 2 (ELOVL2) gene, 

which is involved in the elongation of FA (246). Although no differences in serum DHA levels 

were seen between sexes in the present study (data not shown), the differences in serum DHA seen 

between KO and WT mice may be explained by variations in ELOVL2 SNPs, which may be 

impacting FA metabolism outside of D6D activity. This hypothesis is further supported by the 

presence of lower (non-significant) levels of AA  in the serum of KO mice compared to WT mice 

fed the menhaden oil diet, suggesting that increased DHA enrichment is replacing AA in the serum. 

Higher levels of species of dietary n-3 PUFA typically increase phospholipid n-3 PUFA content 

at the expense of AA, these findings suggest that DHA may have a particularly potent effect on 

this enrichment, when compared to other n-3 PUFA (247). Serum phospholipid FA composition 

should be assessed to further understand this relationship.  

 Finally, in order to further examine the impact of individual dietary and tissue levels of n-

3 and n-6 PUFA, body weights, spleen weights, and liver weights were compared across dietary 

groups and genotypes. When final body weights were compared across dietary groups and 

genotypes, it was seen that the KO mice fed the flaxseed oil diet had significantly lower final body 

weights than WT mice fed the corn oil diet or menhaden oil diet. This differs from previous studies 

in adult D6KO mice, which have shown no differences in body weight across dietary groups 
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(221,222). Both the corn oil diet and the menhaden oil diet contained DHA, but the flaxseed oil 

diet did not; nor can D6KO mice produce DHA from ALA, thus, the lower body weights seen in 

the flaxseed oil KO mice may be related to low levels of DHA. Due to this difference in body 

weight, spleen and liver weights were expressed as a percentage of total body weight before 

comparing across dietary groups.  

 When spleen and liver weights were compared across dietary groups, it was seen that WT 

mice fed the corn oil diet had significantly lower relative spleen weights compared with all mice 

fed the ARASCO and menhaden oil diets and WT mice fed the flaxseed oil diet. Within the corn 

oil diet, WT mice had significantly lower relative spleen weights than KO mice, suggesting that 

the metabolism of LA to AA may result in lower spleen weights. This was surprising, as higher 

AA levels are thought to be associated with increased tissue inflammation, additionally, increased 

spleen weights have also been associated with increased tissue inflammation (248). Similarly, KO 

mice fed the ARASCO diet had significantly lower relative liver weights than the corn oil diet and 

WT mice fed the menhaden oil diet. KO mice fed the corn oil diet also had higher liver weights 

than KO mice fed the menhaden oil diet. This partially agrees with previous studies, which have 

shown lower relative liver weights in mice fed a menhaden oil diet, as was seen in study 4 (chapter 

6) of this thesis (41).  Furthermore, within the corn oil diet, WT mice had significantly lower 

relative liver weights than KO mice. KO mice fed a corn oil diet had significantly lower 

phospholipid AA content, further suggesting that AA may, in fact, contribute to lower tissue 

weights. These results are consistent with previous findings in healthy adult D6KO mice, which 

have also found that KO mice have had higher relative liver weights than their WT counterparts 

(221). This was also surprising, as increased liver weight has also been associated with increased 

liver inflammation (240,241). The lower tissue weights seen in the ARASCO group and WT corn 
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oil group suggest a potential role for AA in mitigating inflammatory potential, contrary to previous 

beliefs. Despite the pro-inflammatory potential of AA, it has also been shown to serve as a 

precursor for lipoxins, which have been found to have anti-inflammatory and pro-resolving 

properties, which may be driving the differences seen in the present study (82,85). Overall, this 

study demonstrates a role for dietary PUFA and genotype in body weight and tissue weights, 

however more work is needed in order to better understand this relationship. The potential impact 

of this relationship on inflammation remains to be determined, but the differential weights 

observed between WT and KO mice highlights biological differences between n-6 and n-3 FA 

precursors and products. 

 This study is limited by the use of healthy, unchallenged adult mice. This study is further 

limited by the use of diets that are very high in PUFA, likely inducing supraphysiological levels 

of PUFA that would not be found in a typical human diet, particularly in the case of the menhaden 

oil diet. The experimental diets used in this study contained 7% (wt/wt) fat from PUFA-containing 

oil. This is much higher than the range of fish oil typically consumed by humans, especially in 

Western populations. It has been hypothesized that in animal feeding studies, 4% (wt/wt) fish oil, 

corresponding to ~2.4% of total energy as n-3 PUFA may be more appropriate to use to attain 

levels of EPA and DHA that are possible in a typical human diet (249).   

  

7.6 Conclusions 

 Overall, dietary exposure to n-3 and n-6 PUFA did not impact protein expression of COX-

2 and 5-LOX in the liver in this study, however, this may be due to the fact that these are healthy, 

unchallenged mice. This study reports a relationship between dietary n-3 and n-6 PUFA and body 

weight, spleen weight, and liver weight. Furthermore, this study identified differences between 
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tissue weights in WT versus KO mice, with KO mice having higher spleen and liver weights in 

mice fed the corn oil diet. This finding suggests potential differences between endogenously 

synthesized AA versus AA obtained directly from the diet. This study also reports differential 

incorporation of FA into serum and liver tissues that are reflective of dietary intakes and FA 

metabolism, as determined by genotype. Overall, individual dietary n-3 and n-6 PUFA were found 

to differentially impact tissue FA composition, but did not significantly impact inflammatory status 

in healthy, unchallenged mice.  
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CHAPTER 8: INTEGRATIVE DISCUSSION 
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8.1 Thesis Objectives 
 
 This thesis aimed to investigate the associations between early life exposure to PUFA and 

markers associated with chronic inflammation in human and experimental mouse studies. Three 

overall objectives were addressed:  

1. To determine current dietary intakes of fatty acids by preschool-aged Canadian children 

participating in the Guelph Family Health Study (GFHS) and investigate the factors that 

may contribute to these intakes (chapters 3, 4, and 5);  

2. To investigate the relationship between children’s intake of dietary fatty acids and overall 

diet quality, dietary inflammatory status, and plasma fatty acid levels (chapters 3 and 4);  

3. To investigate the effects of diets with differential PUFA composition on tissue 

development, tissue fatty acid composition, and tissue expression of proteins related to 

lipid metabolism and inflammation (chapters 6 and 7).  

 

The following is a discussion of the major findings of this thesis, suggestions for future research, 

and overall conclusions.  

 

8.2 Summary and discussion of major findings 

8.2.1 Dietary Intakes of Fatty Acids by preschool-aged Canadian children 

 
 Over the past century, intakes of n-6 PUFA have risen dramatically, while intakes of n-3 

PUFA have fallen in Western populations (83). Previous studies in Canadian and American 

children have shown that intakes of n-3 PUFA, particularly EPA and DHA, are low, largely due 

to low intakes of fish and seafood (164,177,178). Dietary habits formed in childhood are often 

carried over into adulthood and may impact chronic disease risk later in life (149,198,199). These 
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trends are particularly alarming, given that insufficient n-3 PUFA intake has been linked to 

increased risk for all-cause mortality and increased risk of death from preventable disease (79,216).  

 Studies in this thesis reported low intakes of n-3 PUFA among children, with study 1 

reporting intakes of ALA that were below current recommended intake levels and intakes of EPA 

+ DHA that were within the Institute of Medicine’s recommended intake range, but that may not 

be high enough to promote optimal health and reduce chronic disease risk (77). Study 2 reported 

slightly higher intakes of ALA that were within the recommended range, but lower intakes of EPA 

+ DHA that were below current recommended intake levels. These differences were surprising, 

given the similar demographics between cohorts in study 1 and study 2. However, these differences 

may be accounted for by differences in dietary data collection methods.  Study 1 used 3-day food 

records, while study 2 used a single 24-hour recall collected via ASA24. Using a 24-hour recall 

may not accurately assess intake of fish and seafood, as 2-3 servings of fish or seafood per week 

can substantially impact average daily intakes of EPA + DHA; these servings may not have been 

captured in the 24-hour recall period. Intakes of EPA + DHA by GFHS children were 0.07% of 

daily energy in study 1 and 0.04% of daily energy study 2, while the National Institutes of Health 

has recommended that intakes of EPA + DHA should comprise 0.3% of daily energy intake to 

promote optimal health and mitigate preventable disease risk (77,78). The intakes of EPA + DHA 

reported in this thesis (120 mg and 60 mg in studies 1 and 2, respectively) are in line with intakes 

reported in other Western countries, which have reported intakes ranging from 54 to 151 mg of 

EPA + DHA per day (164,177,181–185,250).  

 Another concerning finding in this thesis was very low intakes of AA. In study 1, intake of 

AA was 0.1% of daily energy (0.16 g) and in study 2 intake of AA was much lower, at just 0.06% 

of daily energy (0.09 g). Intakes of AA were 77.1-87.1% below the recommended amount of 0.7-
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1.0g (71). Furthermore, intakes of AA were 26.9-58.9% lower than was previously found in 

Canadian children in the same age range (165).  

 Intakes of total PUFA, LA, and ALA were 29.1%, 48.3%, and 44.6% higher in study 2 

than study 1, respectively.  This major increase in essential PUFA intake (LA and ALA), coupled 

with decreased intakes of long-chain PUFA (AA, EPA, and DHA), suggest that dietary PUFA 

intakes are largely coming from essential n-6 and n-3 PUFA in study 2 compared to study 1. This 

is particularly alarming, given the critical role that long-chain n-6 and n-3 PUFA play in early 

growth and development and the role that EPA and DHA are thought to play in early disease 

prevention. Very low intakes of AA and DHA are concerning, as early exposure to AA and DHA 

have been associated with improved rule-learning, behavioural inhibition, vocabulary, and 

intelligence scores by preschool-aged children (176). Furthermore, dietary EPA and DHA have 

also been shown to have favourable effects in the prevention of many chronic diseases, including 

several types of cancers, cardiovascular disease, and type 2 diabetes mellitus (129,251–253). 

 

8.2.2 The relationship between parental perceptions, preferences, and history of sigh and seafood 

consumption influence frequency of fish and seafood consumption in Canadian children 

 The low intakes of EPA + DHA found in studies 1 and 2 are likely a result of low or 

infrequent fish and seafood consumption, as these are the major dietary sources of EPA and DHA. 

North American children have been shown to have low intakes of fish and seafood, in fact, one 

study in the United States reported that 84% of children consumed less than 1 serving of fish or 

seafood per week (178). These low intakes are further emphasized by another study in Canadian 

children, which reported average intakes of fish/shellfish to be 3.8 servings per month (211). In 

order to address these low intakes of fish and seafood, study 3 was conducted to determine the 
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barriers to and drivers of fish and seafood consumption by children and how parental perceptions 

and practices surrounding fish and seafood consumption may influence child consumption of these 

foods. Similar to previous findings, it was found that 80% of children consumed less than one 

serving of fish or seafood per week from freshwater, saltwater, or shellfish sources. This is also in 

line with previous studies, which have found that families with children often report lower 

consumption of fish and seafood than couples without children (143,148,213). This may be due to 

several factors, including family food and taste preferences (i.e., if one family member does not 

enjoy fish or seafood, then it may not be served at mealtimes) or the cost of preparing a meal of 

fish and seafood for a larger family (148,172,217). Studies in Australian parents have reported that 

cost, accessibility/availability, and taste preferences of children were major barriers to fish and 

seafood consumption (172,217).  

Study 3 also uncovered that overall positive perception of fish and seafood by parents and 

parental fish and seafood consumption were associated with higher intakes of fish and seafood by 

children. These findings suggest that modelling of fish and seafood consumption and positive 

perceptions of fish and seafood consumption by parents are likely major drivers of increased fish 

and seafood consumption by children. This finding is supported by previous studies, which have 

shown that modelling of healthy food behaviours by parents encourages healthy eating and 

improves nutrition outcomes in children (218). Study 3 also found that parental cooking 

confidence when preparing fish and seafood dishes was positively correlated to child consumption 

of fish and seafood. This finding suggests that food and cooking skills in parents may be a major 

driver of fish and seafood consumption by children. This is consistent with earlier findings, as 

previously, qualitative studies have shown that cooking competency when preparing fish and 

seafood meals is a significant determinant of frequency of fish and seafood consumption in adults 
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and children alike (148,172). Studies have reported that adults who indicate that they find fish and 

seafood dishes difficult to prepare and indicated that they lacked the skills and confidence to 

prepare these dishes may prepare, serve, and consume fish and seafood less frequently in their 

home (148,172). Together, the findings of study 3, coupled with the findings of previous studies, 

suggests that in order to increase fish and seafood consumption families may require support and 

education around recipes and food skills for preparing these dishes at home. This support may be 

especially important for parents with young children, as this is a critical time for growth and 

development, making it essential to obtain adequate dietary sources of EPA and DHA (153). 

Furthermore, the low intakes of fish and seafood by children observed in study 3 is consistent with 

the low intakes of EPA + DHA observed in studies 1 and 2, given that fish and seafood are the 

most common dietary sources of EPA + DHA. 

 

8.2.3 Dietary Fatty Acid Intake and Overall Diet Quality 

 Overall diet quality, as determined by Healthy Eating Index (HEI) score is determined 

based on consumption of whole fruit, total fruit, whole grains, dairy, total protein foods, seafood 

and plant proteins, greens and beans, total vegetables, fatty acids, refined grains, sodium, and 

empty calories (169). Study 1 found that average HEI Score was 69.0, while study 2 reported lower 

average HEI Score, at 63.0. Study 1 found that HEI Score was negatively correlated with intakes 

of total fat, saturated fat, and trans fat, while HEI Score was positively correlated with ratio of 

polyunsaturated fat to saturated fat intakes (P/S Ratio). Study 2 found that HEI Score was 

negatively correlated with intakes of total fat, saturated fat, and arachidonic acid, which HEI Score 

was positively correlated with intakes of total n-6 PUFA, LA, and P/S Ratio. Both studies found 
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that HEI Score was negatively correlated to intakes of total fat and saturated fat, and positively 

correlated to P/S ratio.  

 Both studies indicated that children’s diet quality “needs improvement” (with the majority 

of HEI scores falling between 51 and 80), suggesting that Canadian preschool-aged children would 

likely benefit from improved overall diet quality (203). Additionally, both study 1 and study 2 

reported negative associations between HEI Score, total fat intake, and saturated fat intake. As 

saturated fat was the largest contributor to total fat intake, these findings suggest that saturated fat 

intake may be a predictor of overall diet quality. This finding is further supported by the fact that 

both study 1 and study 2 reported a positive correlation between HEI Score and P/S Ratio. This 

relationship was unsurprising, given that the method used to calculate HEI Score accounts for 

differences in type of dietary fat being consumed, with higher intakes of PUFA, relatively to 

saturated fat, contributing to a higher HEI Score (193). Higher dietary P/S ratios have also been 

associated with decreased chronic disease risk; however, there is conflicting evidence for 

associations between HEI score and chronic disease outcomes (190–192,204,205); thus, these 

findings suggest that P/S ratio may be a useful tool when linking HEI score to chronic disease risk. 

Average P/S ratio was 0.40 in study 1 and 0.60 in study 2. The increase in P/S ratio observed in 

study 2 may be attributed to increased intake of total PUFA. These results are highly comparable 

with those previously reported in Canadian children, which have reported P/S ratio of 0.4-0.7 

(164,177). These numbers are promising, as P/S ratios greater than 0.4 have been shown to have 

favourable outcomes in mitigating chronic disease risk (190–192). 
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8.2.4 Dietary Fatty Acid Intake and Dietary Inflammatory Status 

 Children’s dietary inflammatory status was assessed using children’s Dietary 

Inflammatory Index (C-DII) scoring, which estimates the inflammatory potential of an individual’s 

diet by assessing intakes of specific nutrients and foods that have been associated with increased 

or decreased inflammatory markers in the blood. Children’s inflammatory potential was 

determined using C-DII score. Study 1 found that C-DII score was negatively correlated with 

intakes of total PUFA, LA, AA, and P/S ratio. C-DII score was also negatively associated with 

HEI Score. However, study 2 did not find any associations between C-DII score dietary fatty acid 

intakes or HEI Score. The findings of study 1 suggest that dietary PUFA intake may play a role in 

reducing dietary inflammatory potential. The relationship observed between C-DII and P/S ratio 

is supported by earlier findings, which reported that higher intakes of total fat and saturated fat 

were associated with higher C-DII score (194).  

 The relationship between C-DII score and HEI score observed in study 1 is supported by a 

number of previous studies that have reported inverse relationships between adult DII score and 

HEI score, suggesting that dietary inflammatory potential and diet quality are closely linked 

(170,195–197). The correlation observed between C-DII score and HEI score in study 1 suggests 

a relationship between overall diet quality and dietary inflammatory potential, beginning in very 

early life. This is particularly concerning, given that these are modifiable risk factors for chronic 

disease development, and life-long dietary habits are often formed during these early years 

(198,199). These findings support the need for early dietary intervention for chronic disease 

prevention. To our knowledge, this is the first time this relationship has been shown in children 

using the C-DII scoring method. 
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8.2.5 Dietary Fatty Acid Intakes, Plasma Fatty Acid Concentrations, Diet Quality, and Dietary 

Inflammatory Status  

 Although no relationship was observed between dietary fatty acid intakes and C-DII score 

in study 2, this study also examined the relationship between plasma FA and C-DII score as a 

means to account for dietary FA that may not have been captured within the 24-hour recall period. 

Plasma DHA, as well as plasma EPA plus DHA levels, were negatively associated with C-DII 

score, suggesting that circulating levels of EPA and DHA may be associated with decreased dietary 

inflammatory potential. This finding may not have been observed in the dietary data, due to the 

fact that usual EPA and DHA intake may not have been adequately captured using 24-hour recall 

for assessment of dietary intakes; a concern that will be discussed further in section 8.2.5. This is 

supported by previous studies, which have found that dietary EPA and DHA were correlated with 

plasma EPA and DHA levels, albeit weakly (208,209). Furthermore, the dynamic range of dietary 

intakes of EPA and DHA were very low in this study, making it difficult to examine the 

relationship between dietary intakes of these PUFA and other dietary assessment tools, such as 

HEI score and C-DII score. To our knowledge, this is the first study to assess the relationship 

between circulating FA, HEI score, and C-DII score in children. 

 

8.2.6 Discussion and comparison of dietary assessments in Studies 1 and 2 

 As previously discussed, there were key differences in the associations observed in study 

1 and study 2; in particular, differences were seen in the relationships between intakes of individual 

dietary FA, HEI score, and C-DII score. This may be due to the different methods of collection of 

dietary data used in these studies. Study 1 used 3-day food records, while study 2 used 24-hour 

dietary recall. It has previously been shown that the use of 3-day food records for dietary 
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assessment may result in differences in nutrient outcomes when compared to 24-hour recall, with 

24-hour recall resulting in higher incidence of reporting error (166). This method also presents 

challenges when assessing dietary intakes of PUFA, as the quantities of PUFA consumed during 

a 24 hour period may not be reflective of average or usual PUFA intakes. For instance, 1-2 servings 

of fatty fish per week would greatly increase average daily intakes of EPA and DHA. This was 

likely not adequately captured in the 24-hour recall period. These differences may also impact 

subsequent dietary data that was calculated from the dietary intakes determined by 24-hour recall, 

such as HEI score and C-DII score. Determination of HEI score emphasizes the benefits of 

replacing saturated FA with unsaturated FA, such as MUFA and PUFA, as well as decreasing total 

intakes of saturated FA (193). Similarly, determination of C-DII score uses intakes of saturated 

FA, total PUFA, total n-3 PUFA, and total n-6 PUFA (162). As such, discrepancies in PUFA 

intakes during the collection of dietary intake data have the potential to heavily impact HEI scores 

and C-DII scores.  

 Another difference in nutrient intake reporting between study 1 and study 2 is the nutrient 

analysis software used to analyze dietary data. In study 1, 3-day food records were analyzed using 

the Food Processor Nutrition Analysis Software (ESHA) to determine 3-day average nutrient 

intakes. Whereas study 2 utilized using the ASA24 Canada-2016 version, a self-administered 24-

hour dietary recall tool (202). As such, study 1 allowed for the analysis of dietary intakes of trans 

FA, as well as determination of total n-3 and n-6 PUFA intakes, while study 2 did not. In study 2, 

intakes of total n-3 and n-6 PUFA were determined using the sum of intakes of individual n-3 and 

n-6 FA. These differences may have contributed to differences observed in C-DII scores between 

these studies, as these FA (trans FA, total n-3, and total n-6 PUFA) are nutrient variables that are 

used in the calculation of C-DII score. 
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8.2.7 Lifelong exposure to diets with differential PUFA composition, body weight, and tissue 

weights 

Studies 4 and 5 investigated the relationship between dietary PUFA intake, body weight, 

tissue weights, and inflammation. In study 4, the impact of dietary PUFA LA, ALA, EPA, and 

DHA were examined in healthy 3 week-old mice. Study 5 builds on study 4 by further examining 

these dietary PUFA in older, more developed mice and by using the delta-6 desaturated knockout 

mouse model, allowing for the study of individual n-3 and n-6 PUFA. Studies 4 and 5 reported 

conflicting results when comparing body weights, spleen weights, and liver weights across dietary 

groups.  

In study 4, when final body weight was compared across dietary groups, it was observed 

that mice fed a flaxseed oil (high in ALA) diet had significantly higher body weights than mice 

fed the safflower oil (high in LA) or menhaden oil diets (high in EPA + DHA). This is consistent 

with previous findings, which reported higher body weights in healthy adult non-transgenic mice 

fed a flaxseed oil diet than mice fed a corn oil diet, which is also high in LA (239). However, in 

study 5, when final body weights were compared across dietary groups and genotypes, it was found 

that the KO mice fed the flaxseed oil diet had significantly lower final body weights than WT mice 

fed the corn oil diet or menhaden oil diet. This differs from the findings of study 4, as well as 

previous studies in adult D6KO mice, which have shown no differences in body weight across 

dietary groups (221,222). The differences between study 4 and study 5 may simply be related to 

the fact that study 4 utilized much younger, smaller, developing mice, suggesting that the impact 

of dietary n-3 and n-6 PUFA on body weight may remain in flux until adulthood.  

In study 4, no significant differences were observed in relative spleen weights across 

dietary groups. However, in study 5, WT mice fed the corn oil diet resulted in significantly lower 
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relative spleen weights than all mice fed the ARASCO and menhaden oil diets, and WT mice fed 

the flaxseed oil diet. Furthermore, within the corn oil diet, wild-type (WT) mice had significantly 

lower relative spleen weights than knockout (KO) mice. This is consistent with previous findings 

in the D6KO mouse, which also reported lower spleen weights in WT mice fed a diet high in LA 

when compares with KO mice (254). Together, these findings suggest that the metabolism of LA 

to produce some AA may play a role in normal spleen development, resulting in lower spleen 

weights. This theory may only apply to lower levels of AA, as higher spleen weights were observed 

in the ARASCO diet, which contained very high levels of AA, resulting in high levels of 

circulating and tissue levels of AA. These findings support the idea that small amounts of AA are 

necessary for normal tissue development and inflammatory response, while higher levels are 

associated with pro-inflammatory responses (86). Previously, AA has been shown to shown serve 

as a precursor for lipoxins, which have been found to have anti-inflammatory and pro-resolving 

properties at low levels (82,85). Furthermore, many studies have shown that at normal biological 

levels, AA may even decrease risk of chronic inflammation and chronic disease  (254,255). 

Alternatively, very high levels of tissue AA and increased spleen weights have been associated 

with increases in markers of circulating and tissue inflammation (222,248,256). Studies in mice 

have also shown increased spleen weight to be associated with increased levels of circulating IL-

6 and MCP-1, as well as poorer prognosis in breast cancer and colon cancer models (248,256). 

This nuanced relationship between levels of dietary AA, metabolism, inflammation, and spleen 

development, suggests a more complex, dose-dependent relationship between AA inflammation. 

Collectively, these findings suggest a potential relationship between dietary and tissue fatty acid 

levels, spleen weights, and chronic disease outcomes.  
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In study 4, mice fed the menhaden oil diet had lower liver weights than mice fed the corn 

oil or flaxseed oil diets. In study 5, KO mice fed the ARASCO diet had significantly lower relative 

liver weights than the corn oil diet, and WT mice fed the menhaden oil diet. KO mice fed the corn 

oil diet also had higher liver weights than KO mice fed the menhaden oil diet. The differences 

observed in relative liver weights may be physiologically significant, as previous studies have 

shown that higher liver weights may be associated with increased liver inflammation (240,241). 

Previous studies have report lower liver weights in mice fed a menhaden oil diet (41). In study 5, 

within the corn oil diet, WT mice had significantly lower liver weights than KO mice. KO mice 

fed a corn oil diet had significantly lower phospholipid AA content. These findings are consistent 

with the trends observed in the spleen weights of mice, further suggesting that small amounts of 

AA may, in fact, contribute to lower tissue weights and inflammatory potential, as observed in the 

spleen weight data. Together, these findings further suggest that the relationship between AA and 

inflammation may be more complex than previously thought. 

The differences in liver weights seen in this thesis may be physiologically relevant when 

considering inflammatory status, as increased liver weight has also been associated with increased 

liver inflammation (240,241). It has previously been shown that mice fed a high fat (lard) diet had 

increased liver weight when compared to those fed a low fat diet, regardless of body weight (257). 

Increased liver weight was associated with increased circulating levels of TNF and IL-6 by 24 

weeks of high fat diet feeding and increased expression of Tnf, Il-1b, Il-10, and Mcp1 in the liver 

by 40 weeks of high fat diet feeding (257). Although this study was completed in mice fed a high 

fat lard diet, rather than a diet high in PUFA, it does suggest a relationship between dietary FA, 

liver weight, and several markers of inflammation (257). This study also did not find differences 

difference in inflammatory markers in the plasma or liver until 24 and 40 weeks of high fat diet 
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feeding, respectively, suggesting that longer-term feeding protocols may be necessary in order to 

influence inflammatory markers (257).   

 Together, the inconsistent findings observed in tissue weights in these studies suggest that 

3 weeks of age may not allow for enough time for dietary PUFA to have adequate time to impact 

on body weight and tissue weights. However, by 12 weeks of age, we see consistently lower spleen 

and liver weights in WT mice fed the corn oil diet, suggesting a potentially anti-inflammatory 

effect from the conversion of LA to AA. The challenges traditional beliefs about the pro-

inflammatory nature of AA and aligns with emerging work, which suggests that small amounts of 

AA may be necessary in order to support normal immune response and the production of some 

inflammation resolving metabolites. Furthermore, these differences may be related to differences 

in genotypes of the mice used in these studies, as previous findings in D6KO mice have found that 

KO mice have had higher tissue weights than their WT counterparts (221). 

 

8.2.8 Lifelong exposure to diets with differential PUFA composition and tissue fatty acid 

composition 

 Although a direct relationship was not observed between dietary intakes of individual FA 

and plasma FA levels in humans (Studies 1 and 2), this thesis also examined the relationship 

between dietary intakes of FA with circulating and tissue levels of FA in animal models. Studies 

4 and 5 showed direct relationships between dietary PUFA intakes and levels of PUFA in the 

serum (study 5), the spleen (study 4), and the liver (studies 4 and 5). This is consistent with 

previous studies that have shown differential dietary PUFA incorporation in the serum, spleens, 

and livers of mice (67,80,221,222). 
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 The spleen is the organ that is primarily responsible for regulating inflammation-related 

immune response; however, the liver has also been shown to play a pivotal role in regulating 

inflammatory responses (258,259). It has previously been shown that diets high in n-3 PUFA 

(resulting in significant n-3 PUFA incorporation into spleen tissue) may drive regulation of 

immune-related genes in the spleen, potentially influencing immune function and inflammatory 

response (260). Furthermore, higher splenic incorporation of AA has been linked to increased 

inflammatory response, as measured by increased secretion of pro-inflammatory cytokines in 

cultured splenic mononuclear cells in the face of an immunological challenge (222). This is further 

supported by study 5, which reported higher spleen weights in mice fed the ARASCO diet; as 

previously mentioned, higher spleen weights have also been associated with increased levels of 

circulating and tissue inflammatory markers.  

 These findings may be relevant in a human context, as studies have demonstrated dietary 

enrichment of n-3 PUFA of the phospholipid membrane composition of human mononuclear cells 

(247,261,262). This is significant, as enrichment of phospholipid membranes by n-3 PUFA 

typically leads to lower incorporation of AA (247,261,262). As such, increased dietary n-3 PUFA 

may result in higher tissue incorporation of n-3 PUFA, while simultaneously lowering tissue AA 

and subsequently decreasing inflammatory cytokine production. Furthermore, phospholipids are 

one of the primary target species of lipid oxidation reactions, catalyzed by COX and LOX 

enzymes.  As such, increased phospholipid AA can result in the production of pro-inflammatory 

eicosanoids, most notably, prostaglandin E2 (PGE2) and leukotriene B4 (LTB4), which are known 

to promote various pro-inflammatory responses (85). AA is converted to prostaglandins and pro-

inflammatory eicosanoids by the COX-2 and 5-LOX, which are involved in modulating intensity 

and duration of response to inflammatory stimuli. Replacing AA with long-chain n-3 PUFA in cell 
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membranes has been shown to alter this lipid oxidation metabolism. EPA and DHA can replace 

AA as a substrate for COX-2 and 5-LOX, producing resolvins and lipoxins, which, anti-

inflammatory mediators that have been shown to have inflammation-resolving properties by 

blocking the production of pro-inflammatory mediators (93,94). 

To further investigate the relationship between tissue PUFA composition and lipid 

oxidation metabolism, Studies 4 and 5 also examined protein expression of COX-2 and 5-LOX in 

the spleen (study 4) and the liver (Studies 4 and 5). No differences were observed in protein 

expression of COX-2 or 5-LOX in these tissues. This may be related to the young age and healthy 

status of these mice. Furthermore, many previous studies investigating the impact of n-3 PUFA on 

COX-2 and 5-LOX expression have been conducted in immune-challenged or diseased states, 

where baseline COX-2 and 5-LOX expression is likely to be elevated (95,222,235).  

Altogether, the findings of studies 4 and 5 consistently show differential incorporation of 

dietary PUFA into the tissues of mice, regardless of age. Given the role that these PUFA are known 

to play in tissue function and immune response, this suggests an important role for lifelong 

exposure to dietary n-3 and n-6 PUFA, beginning in utero. Given that there is a known relationship 

between age and chronic inflammation and that many common chronic inflammation-related 

diseases arise during older adulthood in humans, perhaps future studies should examine the 

longitudinal effects of lifelong exposure to n-3 and n-6 PUFA on markers of chronic inflammation 

in much older adult mice (263). Overall, these findings must be further examined in older and 

immune challenged mice to better understand the true effects of lifelong exposure to PUFA on 

chronic inflammation and immune response.  
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8.3 Limitations 

 Studies 1, 2, and 3 are limited by small sample size and narrow participant demographic, 

including mainly Caucasian children from families of mid to high socioeconomic status, which 

may limit the generalizability of these results. These studies are further limited by a small sample 

size of individuals who provided blood samples (n=23 for study 1 and n=41 for study 2), as blood 

collection was optional in these studies. These small subgroups may not be reflective of the entire 

sample populations. Additionally, study 2 is limited by the use of 24-hour dietary recall (ASA24) 

for dietary assessment.  

 Studies 4 and 5 are limited by the use of healthy, immunologically unchallenged mice, 

particularly in study 4, which used healthy 3 week-old mice. The majority of studies that have 

reported relationships between dietary and tissue PUFA levels with markers of inflammation have 

been conducted in immune challenged mice, likely explaining why no changes in inflammatory 

markers were observed in this thesis. Study 5 is further limited by the use of diets that are very 

high in PUFA, likely inducing supraphysiological levels of PUFA that would not be found in a 

typical human diet, especially when comparing human intakes of EPA + DHA to the Menhaden 

Oil diet. The experimental diets used in this study contained 7% (wt/wt) fat from PUFA-containing 

oil. This is much higher than the range of fish oil typically consumed by humans, especially in 

Western populations. It has been suggested that in animal feeding studies, 4% (wt/wt) fish oil, 

corresponding to ~2.4% of total energy from n-3 PUFA, may be more appropriate to use in order 

to attain levels of EPA and DHA that are possible in a typical human diet (249).   

 
8.4 Future directions 
 
 This thesis reported very low intakes of EPA and DHA, as well as low intakes of fish and 

seafood by preschool-aged children. This thesis also revealed that this low intake may be related 
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to parental feeding practices and food skills, which were shown to be directly associated with 

intake of fish and seafood by children. Future work should investigate methods to improve feeding 

practices and the food skills of parents when as ways to potentially increase fish and seafood 

consumption in children. Furthermore, these findings should be replicated in larger, more 

socioeconomically and racially diverse populations.  

Future work should further investigate the effects of dietary PUFA on lipid peroxidation 

through analysis of malondialdehyde (MDA) levels in the blood of both mice and human 

participants. MDA is a product of lipid peroxidation and is thought to be a very early marker of 

inflammatory potential.  Thus quantifying circulating MDA may be a helpful method for 

quantifying lipid peroxidation and associated inflammatory potential. This analysis would help to 

provide more detailed information about the activity of COX-2 and 5-LOX and other lipid-

oxidizing enzymes beyond just protein expression.  

The studies in this thesis suggest that dietary PUFA alone may not influence inflammatory 

status in healthy individuals, based on the expression of COX-2 and 5-LOX in the spleens and 

livers of healthy mice. As such, future studies should present mice with an immunological 

challenge before assessing inflammatory markers, as no differences were observed in healthy, 

unchallenged mice. This would allow for assessment of the relationship between dietary and tissue 

PUFA levels with the ability of an individual to respond to immunological challenges or illnesses.  

 
8.5 Conclusions 
 
 In examining n-6 and n-3 PUFA in the Western diet, it is apparent that intakes of LA has 

risen dramatically over the past century, while overall consumption of n-3 PUFA has 

simultaneously decreased (80,81). Extreme imbalance between high intakes n-6 PUFA and low n-

3 PUFA intakes is a trend that is frequently observed in Western diets and is believed to cause an 
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overproduction of compounds that promote inflammatory responses in the body, such as 

prostaglandins and cytokines (83). This inflammatory response can occur when the imbalance of 

n-6 and n-3 PUFA in the diet is reflected in PUFA levels in the blood and the tissues, potentially 

impacting gene and protein expression of proteins and enzymes that are responsible for the 

regulation of inflammatory response.  

 This thesis revealed that intakes of n-3 PUFA are low in preschool-aged Canadian children 

and that circulating levels of EPA and DHA in the plasma of these children was associated with 

increased total dietary inflammatory potential, a measure that has been associated with increased 

levels of circulating inflammatory markers.  

 In preclinical studies, this thesis found that diets high in n-6 and n-3 PUFA resulted in 

significant differential incorporation of dietary PUFA into spleen and liver tissues. This finding 

may be clinically relevant to humans, as increased levels of n-6 and n-3 PUFA in these tissues 

have been shown to impact inflammatory and immune response in individuals who are presented 

with an immunological challenge (222). Although this thesis did not find significant differences 

in the expression of enzymes involved in the production of pro-inflammatory mediators in these 

tissues in healthy mice, previous studies have shown that tissue FA composition may play a role 

in moderating inflammatory response in the face of an immunological challenge.  

 Collectively, the findings in this thesis support the importance of continued efforts to 

increase intakes of n-3 PUFA in the diets of Canadians, particularly in the case of young children, 

as this is when early dietary and lifestyle habits are formed (199,216). Early diet and lifestyle 

factors are known to influence long-term health outcomes, particularly risk for developing a 

number of common chronic diseases later in life (149). 
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