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Increased production of inflammatory signalling mediators causally links overweight and 

obesity to the development of comorbidities including cardiovascular disease, the current leading 

cause of death worldwide. This thesis utilized both in vitro and in vivo methodologies to study 

the potential for apples, a widely available, accepted and consumed fruit with a rich nutrient, 

fibre and polyphenol profile, to mitigate inflammation in overweight and obesity. In a 

randomized controlled trial with participants with overweight and obesity, we showed the regular 

consumption of 3 whole Gala apples (~200 g edible parts)/day for 6 weeks as part of the habitual 

diet reduced concentrations of various inflammatory biomarkers in plasma and secreted from 

cultured peripheral blood mononuclear cells (PBMC), as well as increased plasma total 

antioxidant capacity (TAC), all despite no changes in anthropometric measurements. Likewise, 

in a randomized crossover trial with participants with overweight and obesity, we showed the 

one-time consumption of the same apple intervention in combination with a high fat meal 

(providing 1 g fat/kg body weight) modestly modulated the acute postprandial systemic 

inflammatory response and reduced various inflammatory biomarkers secreted from PBMC, 

again consistent with increased plasma TAC. Finally, to gain mechanistic insight into our 

observed anti-inflammatory effects of regular and one-time whole apple consumption, we 

established an in vitro model designed to recapitulate the inflammatory and hypoxic 

microenvironment characteristic of overweight and obese adipose tissue to study the bioactivity 

of the apple polyphenols phloretin (PT) and phlorizin (PZ). We showed PT reduced adipocyte 

production of inflammatory biomarkers via a peroxisome proliferator-activated receptor-γ 

dependent mechanism, which in turn blunted markers of macrophage polarization to the M1 

inflammatory phenotype; whereas PZ was less potent. Overall, these studies were the first to 

comprehensively investigate the potential anti-inflammatory effects of apples in conditions 

specific to overweight and obesity. This thesis provides support for apple consumption as a 



 

 

 

 

dietary strategy to disrupt the pathophysiology of overweight- and obesity-associated 

comorbidities driven by acute and chronic inflammation. 
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Chapter 1: Literature Review 

1.1 Introduction 

Increased production of inflammatory signalling mediators is suspected to causally link 

overweight and obesity to the development of comorbidities including cardiovascular disease 

(CVD) (1), which is amongst the most pervasive chronic metabolic diseases and current leading 

cause of death worldwide (2). Mechanistically, inflammation is driven by the interplay between 

the gut, immune cells and metabolic tissues in response to overconsumption of foods and 

beverages high in saturated fats and/or simple sugars (3), which are characteristic of the 

obesogenic Western dietary pattern associated with CVD risk (4), but also increasingly 

consumed in other countries (5). In particular, adipose tissue (AT) is now recognized to be a 

predominant source of inflammatory mediators in overweight and obesity as a consequence of 

dysfunctional lipid and glucose metabolism, impaired remodelling and hypoxia, and interactions 

between adipocytes and infiltrated immune cells (6). Hence, overweight and obesity are 

associated with a chronic state of low-grade inflammation wherein the natural acute postprandial 

inflammatory response to a high fat meal is also exaggerated (7, 8). With overweight and obesity 

affecting ~52% of adults worldwide (9), there is an urgent need to investigate preventative 

strategies against elevated systemic inflammatory tone in susceptible individuals.  

Consistent evidence indicates regular fruit and vegetable consumption reduces the risk of 

various chronic health detriments (10) including CVD and related events (11-15), which is 

reflected in Canadian and international dietary recommendations (16, 17). These effects may be 

attributable to increased intake of essential nutrients and fibre; however, increasing evidence also 

points to the health benefits of polyphenols (18, 19), non-nutritive compounds with anti-

inflammatory properties (20) found only in plant sources. Flavonoids are the most commonly 

studied class of polyphenols and of all fruit and vegetable flavonoid sources, apples are 

reportedly the most consumed in the Western diet (21) and have been consistently associated 

with a reduced risk of CVD (14, 22-26). Therefore, the overarching objective of this thesis is to 
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investigate the potential for apples, a widely available, accepted and consumed commodity with 

a rich nutrient, fibre and polyphenol profile (27-29), to mitigate acute postprandial and chronic 

inflammation, as well as the underlying mechanisms of action, in the context of overweight and 

obesity.  

1.2 Definition, prevalence and burden of overweight and obesity 

Overweight and obesity are a major public health issue, defined as the abnormal or 

excessive accumulation of AT that may impair health and reduce lifespan (30). The cause of 

overweight and obesity is complex, involving genetic and behavioural lifestyle factors, with the 

latter suspected to be the primary cause of the substantial increase in prevalence over the past 3 

decades. Indeed, in addition to reduced physical activity, overweight and obesity are partly 

attributed to overconsumption of processed foods and beverages high in saturated fats and/or 

simple sugars, which are characteristic of the Western diet (4) but also increasingly consumed 

elsewhere (5). The global incidence of overweight and obesity has reached epidemic proportions 

with 39% of adults classified as overweight and 13% as obese in 2016 (9). These statistics are 

even more striking in Western countries including Canada with 36% of adults classified as 

overweight and 27%, or ~1 in 4, classified as obese in 2018 (31). Projections estimate more than 

1 in 3 Canadian adults will be classified as obese in the next decade, by 2031 (32). 

Body mass index (BMI) is the most commonly used surrogate measure of adiposity, with a 

BMI of 25.0 - 29.9 kg/m2 classified as overweight and ≥30.0 kg/m2 classified as obese (30). 

However, BMI is often criticized as an inaccurate measure of adiposity since it does not 

discriminate between fat mass and lean mass (mostly comprising skeletal muscle mass) within 

body weight, thus individuals with the same BMI can widely differ in their body composition 

(33). Still, most known associations between abnormal or excess adiposity and impaired health 

and mortality are based on BMI measures of overweight and obesity (34, 35). Other 

anthropometric measures such as waist circumference, waist-to-hip ratio and skinfold measures 

are also used as simple, quick and inexpensive proxies to measure adiposity (30). Of these, waist 

circumference is most commonly used to assess excess visceral or abdominal adiposity (30), 
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which is more strongly associated with various chronic health detriments compared to 

subcutaneous adiposity (36). Waist circumference values used to define abdominal obesity differ 

by country and sex (30) with the Canadian thresholds being >102 cm (40 inches) in men and >88 

cm (35 inches) in women (37). Still, waist circumference has been shown to correlate with BMI 

(38). Analysis of the 2007-2009 Canadian health survey showed 35.3% of adults with an 

overweight BMI had abdominal obesity, as did 93.0% of adults with an obese BMI (39). Thus, 

short of gold standard methods to directly measure body composition, recent consensus indicates 

the integration of both BMI and waist circumference in clinical assessment may identify higher-

risk phenotypes better than either BMI or waist circumference alone, particularly in those 

individuals with a lower BMI (40-42). 

Overweight and obesity are associated with significant morbidity and mortality (34, 35), 

fueling recent efforts to identify obesity as a chronic disease (40-42). A meta-analysis of 89 

prospective cohort studies conducted in Western countries showed overweight and obesity, as 

measured by both BMI and waist circumference (separately), are associated with multiple 

chronic diseases including CVD, type 2 diabetes (T2D) and various types of cancer (34). 

Specifically, the analysis showed overweight increases the risk of CVD by 28 - 82%, T2D by 

127 - 292%, and cancer by 8 - 82%, while obesity increases the risk of CVD by 72 - 210%, T2D 

by 413 - 1141% and cancer by 13 - 222%, varying by specific disease type, BMI or waist 

circumference classification, and sex (34). Likewise, globally, ~22% of CVD, 53% of T2D and 

25% of cancers were attributable to overweight and obesity in 2017 (43). Accordingly, an 

analysis of 57 mostly Western prospective cohort studies showed each 5 kg/m2 increase in BMI 

above 25.0 kg/m2 is associated with an approximate 30% higher risk of all-cause mortality (35). 

Median survival is reduced by 0 - 2 years at a BMI of 25.0 - 29.9.5 kg/m2, by 2 - 4 years at a 

BMI of 30.0 - 34.9 kg/m2 (obesity class I) and by 8 - 10 years, comparable to the effects of 

smoking, at a BMI of 40.0 - 45.5 kg/m2 (obesity class III) (35). The progressive increase in 

mortality above 25.0 kg/m2 was mainly due to CVD (35). 
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1.3 Overweight/obesity and cardiovascular disease risk 

CVD is the current leading cause of death worldwide, representing 31% of all deaths in 

2016 (2). In Canada, CVD is the second leading cause of death after cancer (44). CVD is defined 

as a group of chronic disorders of the circulatory system (heart and blood vessels), including 

coronary artery disease (CAD, or ischemic heart disease) and cerebrovascular disease (2). Most 

CVD is driven by atherosclerosis, the chronic build-up of vessel-occluding plaques consisting of 

lipids, immune cells and coagulation factors in the subendothelial intimal layer of large and 

medium sized arteries, which restricts blood flow and causes critical tissue hypoxia and 

ischemia, and which may lead to thrombosis (1). Consequently, CVD commonly manifests in 

myocardial infarction and stroke events (2). Of all CVD-related deaths worldwide in 2016, 85% 

were attributable to myocardial infarction or stroke (2). 

Globally, an estimated 17% of CVD-related deaths were attributable to overweight and 

obesity in 2017 (43). Indeed, overweight and obesity are an independent risk factor for CVD (45-

47). Several consequences of overweight and obesity including dyslipidemia (increased 

triacylglycerol [TAG], increased low-density lipoprotein [LDL]-cholesterol and decreased high-

density lipoprotein [HDL]-cholesterol concentrations), hypertension and insulin resistance are 

also known risk factors for CVD (46, 47). Interestingly, a meta-analysis of 21 prospective cohort 

studies showed each 5-unit increase in BMI is associated with a 29% increased risk of 

specifically CAD and still with a 16% increased risk after further adjustment for circulating 

cholesterol concentration and blood pressure (45). Importantly, the adverse effects of overweight 

and obesity on cholesterol and blood pressure accounted for only ~45% of the associated 

increased risk of CAD, suggesting other consequences of abnormal and excessive adiposity also 

contribute to CVD risk (45). 
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1.4 Inflammation as a causal link between overweight/obesity and cardiovascular disease 

1.4.1 Chronic inflammation in overweight and obesity 

Overweight and obesity are associated with a chronic state of low-grade inflammation that 

causally links abnormal and excessive adiposity with CVD and other metabolic diseases (1). 

Acute inflammation is a normal immune system response to aid in damaged tissue repair 

processes and the restoration of homeostasis, whereas this response becomes dysregulated in the 

context of overweight and obesity, wherein metabolic tissues must adapt to ongoing challenges 

(1). Indeed, fasting circulating concentrations of various biomarkers of inflammation are higher 

in individuals with overweight and obesity compared to lean individuals (48-50). Among them, 

the cytokines interferon (IFN)-γ, interleukin (IL)-1β, IL-6, monocyte chemoattractant protein 

(MCP)-1 and tumor necrosis factor (TNF)-α, and the acute-phase reactant C-reactive protein 

(CRP), are commonly studied in overweight and obesity given their sensitivity to changes in 

dietary intake and impact on tissue metabolic function (51).  

Overweight and obesity-associated inflammation is driven by the interplay between the 

gut, immune cells and metabolic tissues such as adipose, liver and muscle in response to repeated 

high intake of saturated fat and/or simple sugar (52). Indeed, a Western dietary pattern is 

associated with chronic, low-grade inflammation (53) (Figure 1-1). Mechanistically, saturated 

fatty acids (SFA) derived from the diet and spillover from dysfunctional overweight and obese 

AT as well as endotoxin (lipopolysaccharide, LPS) derived from the characteristically dysbiotic 

gut stimulate the pattern recognition receptor Toll-like receptor (TLR)4 expressed by several cell 

types (3). TLR4 stimulation initiates an intracellular signalling cascade that culminates in 

activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

transcription factor complex which regulates the production of various inflammatory cytokines 

(3). In turn, IL-6, in addition to other inflammatory cytokines, stimulates liver production of CRP 

(54), which is measured clinically as a non-specific biomarker of chronic inflammation given its 

higher circulating concentration, longer half-life and stability compared to other biomarkers (55). 

Ultimately, inflammatory signalling intermediates dysregulate processes central to lipid and 



 

 

6 

 

glucose metabolism (3). One by-product of dysfunctional metabolism is the generation of 

reactive oxygen species (ROS) which directly damage DNA, lipids and proteins, thus 

perpetuating local and systemic inflammation and metabolic dysfunction (56).  

In otherwise healthy individuals and those with manifest atherosclerotic disease, 

prospective cohort studies have shown an increased risk of CVD and related events in 

association with increased fasting circulating concentrations of various biomarkers of 

inflammation (57-62). Mechanistically, ROS oxidize LDL-cholesterol and initiate the 

development of atherosclerotic plaques (1). Indeed, increased circulating oxidized LDL-

cholesterol has been shown in overweight and obesity (63), consistent with reduced plasma total 

antioxidant capacity (64). Inflammatory mediators further contribute to atherosclerosis and 

thrombosis by regulating the gene expression and function of endothelial, smooth muscle and 

infiltrated immune cells within arterial walls, promoting plaque rupture, and activating platelets 

to mediate coagulation (1). Indeed, evidence supports CRP to be a strong independent predictor 

of future myocardial infarction and stroke, with ≥3.0 mg/L indicative of high risk (55, 65, 66). In 

fact, CRP may be a stronger predictor of future CVD events than traditional CVD risk factors 

and provides additive prognostic information across the whole spectrum of LDL-cholesterol 

concentrations and Framingham risk scores (67-69).  

Taken together, chronic inflammation represents a promising dietary intervention target in 

overweight and obesity to mitigate the development of comorbidities including CVD (51). In 

particular, AT is now recognized to be a predominant source of inflammatory mediators in 

overweight and obesity and a pivotal endocrine organ in the pathophysiology of comorbidities 

(6). Hence, investigation into dietary bioactives that modulate inflammatory signalling cascades 

relevant to the overweight and obese AT microenvironment are warranted. 

 



 

 

7 

 

1.4.2 Acute inflammation 

Consumption of a single high fat meal promotes an acute inflammatory response within 

several metabolic tissues including AT (70), as well as systemically (71, 72) (Figure 1-1), 

secondary to increased circulating lipid concentrations (i.e. lipemia) (71, 72). The postprandial 

period is dynamic, involving metabolic trafficking, biosynthesis and oxidative metabolism of 

absorbed substrate that requires compensatory and adaptive mechanisms to manage the short-

term challenge and restore homeostasis. Although fasting lipid concentrations are classically 

measured to assess CVD risk (46, 47), the nature and magnitude of the postprandial lipemic 

response may be a more significant predictor of CVD events (73, 74). Hence, in the context of 

increased inflammatory tone in overweight and obesity, the natural, transient increase in 

circulating inflammatory biomarker concentrations following consumption of a high fat meal 

may be exaggerated (7, 8) and may contribute to CVD risk.  

Inconsistencies exist between study results with regard to the timing and magnitude of the 

inflammatory response following consumption of a high fat meal, perhaps due to differences in 

participant characteristics (e.g. age, sex, BMI), the composition and size of the high fat meal, 

duration of the postprandial assessment period, the method used to draw blood, as well as the 

specific inflammatory biomarkers measured (71, 72). Overall, IL-6 is most commonly 

considered and has the most consistent response compared to other measured inflammatory 

biomarkers, typically peaking within 2 - 6 hours post-consumption (71, 72). TNF-α has been 

shown to follow the same pattern but less consistently (71, 72), as has IFN-, though it is 

seldomly studied (75). Meanwhile, IL-1β and MCP-1 typically remain unchanged but are also 

less often studied (71, 72). CRP also typically remains unchanged during the commonly studied 

4 – 8-hour postprandial period until it slowly peaks at ~24 hours before returning to baseline 

over several ds (71, 72).  

Overall, given the current global paradigm of frequent high fat meal consumption (4, 5), 

the exaggerated postprandial inflammatory response in overweight and obesity may be 

perpetuated by the next high fat meal challenge (76). Hence, postprandial inflammation is a 
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promising target for dietary intervention to mitigate the development of chronic low-grade 

inflammation in overweight and obesity. Likewise, postprandial inflammation is a promising 

target to disrupt the direct association between frequent postprandial lipemia and increased CVD 

risk in overweight and obesity (77). 

1.4.3 Metabolic endotoxemia contributes to inflammation in overweight and obesity 

Compromised gut health, including a dysbiotic microbial community structure and 

function (78, 79) and impaired epithelial barrier integrity (80), is a suggested causal link between 

single and repeated high fat meal consumption and inflammation in overweight and obesity (3) 

(Figure 1-1). The human colon is dominated mainly by 2 phyla, the Firmicutes and 

Bacteroidetes, representing more than 90% of all phylotypes, followed by lower relative 

abundances of Actinobacteria, Proteobacteria, Fusobacteria and Verrucomicrobia (81). The gut 

microbiota is essential to human health by metabolizing nondigestible dietary components, 

synthesizing vitamins such as B12 and K, and reinforcing the host epithelial barrier against 

invading pathogens, amongst other functions (82). Importantly, amongst other lifestyle, 

environmental and genetic factors (83), the type and quantity of food components that reach the 

colon can impact the microbial composition and activity (84). An aberrant microbial community 

structure and function has been shown in overweight and obesity (85) and comorbidities 

including CVD (86), and studies in germ-free, inoculated and antibiotic-treated rodent models 

have shown the pivotal role of such compromised gut health in each pathophysiology (87-89). 

Although controversy exists, a recent systematic review of 32 observational studies and clinical 

trials showed individuals with overweight and obesity have increased abundances of the 

Firmicutes, Proteobacteria and Fusobacteria phyla and the Lactobacillus genus, and decreased 

Bacteroidetes (thus, an increased ratio of Firmicutes to Bacteroidetes) as well as the specific 

species Faecalibacterium prausnitzii, Akkermansia muciniphila, Methanobrevibacter smithii, 

and Bifidobacterium animalis compared to lean individuals (85). Collectively, these changes 

reflect a gut microbiota profile associated with increased energy harvest, pathogenic activity, and 

decreased production of various mediators that maintain the integrity of the epithelial barrier, 
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including the anti-inflammatory short-chain fatty acid butyrate and the mucus protein mucin 

(85). Conversely, gut epithelium-associated factors may also influence the local microbial 

composition, highlighting important cross-talk between the host and gut microbiota in health and 

disease (90). Meanwhile, other work suggests the functional diversity of the gut microbiota may 

be a more significant contributor to health and disease, rather than specific microbial species 

(91).  

Impaired gut epithelial barrier integrity in overweight and obesity permits translocation of 

bacterial components and metabolites into circulation, which may stimulate inflammatory 

signalling cascades (92) (Figure 1-1). Among them, LPS, a component of Gram-negative 

bacteria cell walls, is most commonly studied (92), and its 2 to 3-fold increased circulating 

concentration is a condition termed metabolic endotoxemia (93). Another mechanism of 

metabolic endotoxemia in overweight and obesity is increased LPS packaging into chylomicrons 

necessary for lipid absorption following consumption of a high fat meal (94-96). Indeed, 

individuals with overweight and obesity have increased fasting circulating LPS compared to lean 

individuals in both the fasted (97, 98) and postprandial state (95, 96). Likewise, increased 

circulating LPS is associated with an increased risk overweight- and obesity-associated 

comorbidities including CVD and related events, independently of established risk factors, CRP, 

and total energy or nutrient intake (99).  

LPS inflammatory action is mediated by its transport by LPS-binding protein (LBP), an 

acute phase reactant primarily produced by the liver (100), as well as by AT in overweight and 

obesity (101). The LPS-LBP complex then binds to cluster of differentiation (CD)14, which 

exists on monocyte and macrophage membranes as well as in soluble (sCD14) form following 

enzymatic cleavage of the membrane-bound form or production in the liver (100). Ultimately, 

the LPS-LBP-(s)CD14 complex stimulates TLR4 (100). Hence, both SFA and LPS stimulate the 

TLR4/NF-κB inflammatory signalling cascade (100), as has been shown in TLR4 knockout 

rodent models fed a high fat diet (93, 102-104) and subjected to lipid (102) and LPS (93) 

infusion. Likewise, in lean humans, both lipid (105, 106) and LPS (105, 107) infusion have been 
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shown to increase various biomarkers of inflammation measured in the blood, circulating 

immune cells, adipose tissue and skeletal muscle. Further, combined lipid and LPS 

administration was shown to synergistically increase the systemic inflammatory response (105). 

Given its role in mediating the inflammatory activity of LPS, combined with several 

limitations associated with the measurement of LPS in biological fluids, LBP is a suggested 

clinical marker of effective metabolic endotoxemia (108, 109). Indeed, increased circulating 

concentrations of LBP have also been shown in overweight and obesity in both the fasted (96, 

109, 110) and postprandial (96, 109) state, and have been shown to correlate with IL-6 in both 

states (96, 110). Likewise, evidence supports LBP to be an independent predictor of prevalent 

CAD (111) and related mortality (112), even after adjustment for established cardiovascular risk 

factors and biomarkers of systemic inflammation. Conversely, sCD14 is reportedly unaffected by 

overweight and obesity in both the fasted (109, 110) and postprandial (96, 109) state, though 

controversy exists (96, 113). Controversy also exists regarding the inflammatory nature of 

sCD14 as, in addition to its role in mediating LPS binding to TLR4 (100), sCD14 has also been 

shown to promote LPS detoxification via exchange with circulating HDL (114). Consistent with 

this, a below normal circulating HDL concentration is a risk factor for CVD (46, 47), and is 

characteristic of overweight and obesity (115). Interestingly, sCD14 was shown to be positively 

associated with percent body fat and waist circumference and negatively associated with insulin 

sensitivity in overweight individuals, yet positively associated with insulin sensitivity in 

individuals with morbid obesity (mean BMI  44.81 ± 7.2 kg/m2) (113), suggesting the 

inflammatory nature of sCD14 depends on the metabolic context. Hence, the ratio of LBP to 

sCD14 is suggested to be a better clinical biomarker of effective metabolic endotoxemia than 

either biomarker alone (108, 116). 

Taken together, LPS signalling represents a potential dietary intervention target to mitigate 

both acute postprandial and chronic inflammation in overweight and obesity. Measurement of 

metabolic endotoxemia is warranted in dietary intervention studies to provide insight into the 

effects of the bioactives on aspects of gut health implicated in the pathogenesis of 
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overweight/obesity and inflammation-driven comorbidities. Likewise, LPS should be utilized as 

a physiological inflammatory stimulus in studies investigating the mechanisms underlying their 

bioactivity. 

 

Figure 1-1. Overview of the interplay between the gut, immune cells and adipose tissue in 

the inflammatory response to a Western dietary pattern.  

Figure adapted from (117). 

1.5 Mechanisms of adipose tissue inflammation in overweight and obesity 

1.5.1.1 Overview of adipose tissue function and dysfunction in overweight and obesity 

AT plays a fundamental role in the regulation of whole-body metabolic homeostasis, 

serving as both an energy storage depot and an active endocrine organ (6). In the fed state, 

insulin stimulates adipocytes to store lipids (primarily non-esterified fatty acids, NEFA) in the 

form of neutral TAG through their esterification to glycerol (6). Likewise, adipocytes manage 
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insulin-stimulated glucose uptake and utilization as a substrate for de novo lipogenesis (6). As a 

dynamic tissue, adipocytes secrete cytokines and other mediators to promote AT remodelling to 

adjust its energy storage capacity to meet fluctuating demands (6). Hence, during energy deficit 

and in the absence of insulin, adipocytes also mobilize their TAG stores via lipolysis for 

transport back into the circulation (6). 

AT is distributed throughout the body in subcutaneous and visceral depots; the former is 

generally considered to be a safe, long-term lipid storage depot, whereas increased visceral AT is 

associated with the metabolic complications of obesity, including CVD risk (36). Anatomically, 

visceral AT is present mainly in the mesentery and omentum, and drains directly into the portal 

circulation to the liver (36). Hence, the aforementioned association between waist circumference 

and CVD risk (34). Compared to subcutaneous AT, visceral AT also contains more immune 

cells, lesser preadipocyte differentiating capacity, and thus a greater proportion of large 

adipocytes (36).  

To compensate for the continuous supply of NEFA during overnutrition, TAG accumulate 

in adipocytes of visceral AT, thus inducing adipocyte hypertrophy (6). Large adipocytes are 

characterized by decreased sensitivity to insulin and its lipogenic/anti-lipolytic effects, as well as 

dysregulated cytokine production (118, 119). Specifically, excessive NEFA overwhelm the lipid 

breakdown and storage processes within adipocytes, resulting in the accumulation of the lipid 

intermediates diacylglycerol and ceramides as well as ROS, a byproduct of metabolic 

dysfunction (3). These impair the insulin signalling cascade and promote activation of the NF-κB 

transcription factor complex (6). ROS also oxidize and damage deoxyribonucleic acid, lipids and 

proteins, which impairs their normal function and initiates an immune response upon recognition 

(3). In turn, inflammatory signalling mediators further impair processes central to lipid and 

glucose metabolism, creating a vicious cycle of inflammation and metabolic dysfunction (3). 

Eventually, adipocyte dysfunction leads to and is exacerbated by a ‘spillover’ of NEFA, 

primarily of the saturated class (SFA, (120)), which accumulate ectopically in tissues including 

the liver, skeletal muscle and heart, thus impairing their metabolic function (6). Therefore, AT 
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inflammation may be an early event in the pathophysiology of overweight- and obesity-

associated comorbidities including CVD and warrants investigation as a target for dietary 

intervention. 

1.5.2 Hypoxia 

Inflammation is also an adaptive response to hypoxia in adipocytes that become distant 

from the vasculature in expanding AT (121) (Figure 1-2). Hypertrophic adipocytes may reach up 

to 150 - 200 μm in diameter (122), which is larger than the normal diffusion distance of oxygen 

of 100 - 200 μm. Meanwhile, blood flow, volume, and therefore oxygen delivery remains 

unchanged despite the expansion of AT (123). A key regulator of the adipocyte adaptive 

response to hypoxia is the hypoxia-inducible factor (HIF)-1 transcription factor that promotes the 

mRNA expression of angiogenic cytokines (e.g. vascular endothelial growth factors [VEGF], 

angiopoietin-like peptides [Angptl], and leptin) (121). Neovascularization via angiogenesis is 

necessary for AT remodelling to increase its lipid storage capacity (124). However, in 

overweight and obese AT, the rate of angiogenesis is not sufficient to supply hypertrophic 

adipocytes with enough oxygen and nutrients (123). Thus, in conditions of sustained hypoxia, 

HIF-1 instead contributes to AT fibrosis, which restricts adipocyte (and AT) expansion and lipid 

storage and promotes inflammation (125). Indeed, hypoxia has been shown to promote NF-κB 

activation in adipocytes (73). Ultimately, sustained hypoxia promotes adipocyte apoptosis (121). 

In response, certain immune cells (particularly macrophages) are recruited to AT to remove the 

cellular debris (126). In fact, >90% of all AT macrophages are reported to co-localize with dead 

adipocytes to scavenge the residual lipids and other debris (126). Further, under hypoxic 

conditions, macrophages have been shown to polarize to the M1 inflammatory phenotype (127) 

and accordingly, were reported to be the major source of inflammatory cytokines amongst all AT 

immune cells (128). Hence, hypoxia may be an early event responsible for the initiation of AT 

inflammation and dysfunction, thus investigation into dietary strategies that mitigate this 

sequence of events are warranted. 
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Figure 1-2. A) Healthy adipose tissue expansion in response to fluctuating energy storage 

demands and B) unhealthy adipose tissue expansion in overweight and obesity. 

Figure adapted from (129). 

1.5.3 Adipocyte-immune cell cross-talk 

Adipocytes are estimated to comprise ~90% of AT volume yet only 20 - 40% of its cellular 

content (130-132). Hence, AT is heterogeneous, composed of mature adipocytes and cells of the 

stromal vascular fraction (SVF), including adipocyte progenitor cells and immune cell 

populations (e.g. macrophages, dendritic cells, natural killer cells, B cells, CD4+ T cells and 

CD8+ T cells) (133) (Figure 1-3). In lean AT, amongst other cytokines, adipocytes primarily 

secrete adiponectin, an anti-inflammatory and insulin-sensitizing cytokine that promotes 

activation of the peroxisome proliferator-activated receptor (PPAR)- transcription factor in 

target cells (6). Likewise, various immune cells including macrophages of the M2, alternatively 

activated phenotype and CD4+ T helper (Th)2 and regulatory T (Treg) cells are engaged in the 
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maintenance of insulin sensitivity, partly through their secretion of anti-inflammatory cytokines, 

including IL-4, IL-10 and IL-13 (133). However, overnutrition induces changes in the number 

and activity of visceral AT immune cell populations, which collectively direct development of 

the overweight and obese AT inflammatory phenotype (133). Macrophages of the M1, 

classically activated, inflammatory phenotype represent the hallmark of overweight and obese 

AT given they are reportedly ~20 - 30% more abundant in the SVF of obese compared to lean 

AT, and their degree of AT infiltration correlates with local and systemic insulin resistance (130, 

134-137). Accordingly, adipocyte and SVF production of macrophage chemotactic cytokines is 

increased in overweight and obese AT, namely MCP-1 (138, 139). In turn, M1 macrophages are 

reportedly the dominant cellular source of inflammatory cytokines, including IL-1β, IL-6 and 

TNF-α, amongst others (133). Increased abundance of infiltrating dendritic cells (140, 141), B 

cells (142, 143), natural killer cells (144, 145), CD4+ Th1 cells (132, 146-149) and CD8+ T cells 

(131, 148) are also reported to drive inflammation and metabolic dysfunction in overweight and 

obese AT. Meanwhile, the abundance of M2 macrophages (134-137), Th2 cells (132, 148) and 

Treg cells (132, 150-152) is reported to decrease in overweight and obese AT. Ultimately, 

paracrine interactions (i.e. cross-talk) between adipocytes and immune cells underlie increased 

inflammatory mediator production in overweight and obese AT and represent a target for dietary 

intervention to mitigate the ensuing local and systemic metabolic consequences (153). 
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Figure 1-3. Immune cell composition and immunomodulatory function in lean and obese 

adipose tissue. 

Figure adapted from (3). 

CD, cluster of differentiation; IL, interleukin; Th, T helper cell; TNF, tumor necrosis factor; 

Treg, regulatory T cell.  

1.6 Apples as a dietary strategy to mitigate inflammation and CVD risk in overweight 

and obesity 

Strategies to mitigate acute postprandial and chronic inflammatory signalling mechanisms 

in overweight and obesity are warranted to disrupt the causal link between a high fat diet, AT 

dysfunction and the development of comorbidities including CVD. Consistent evidence indicates 

that regular fruit and vegetable consumption reduces the risk of various chronic health detriments 

(10), which is reflected in Canadian and international dietary recommendations (16, 17). These 

effects may be attributable to increased intake of essential nutrients and fibre; however, 

increasing evidence also points to the health benefits of polyphenols (18, 19), non-nutritive 

compounds found only in plant sources. Thus, the focus of this thesis is the potential for apples, a 
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widely available, accepted and consumed fruit with a rich polyphenol profile (27-29), to mitigate 

inflammation in overweight and obesity. 

1.6.1.1 Health benefits of fruit and vegetable consumption 

Epidemiological evidence indicates the significant influence of regular fruit and 

vegetable consumption on the risk of various chronic health detriments (10), including 

overweight and obesity (154, 155), CVD and related events (11-15), as well as all-cause 

mortality (14, 156) (amongst others, e.g. metabolic syndrome (157, 158), T2D (159, 160), certain 

cancers (11, 14, 161)). Indeed, a meta-analysis of 15 randomized controlled trials showed diets 

rich in plant-based foods, including fruits and vegetables, are inversely associated with 

circulating CRP concentration, independent of adiposity as estimated by BMI (162). Therefore, 

meeting recommendations for fruit and vegetable consumption is an important component of 

overall diet quality.  

The World Health Organization recommends a minimum of 5 servings of fruit and 

vegetables per day (17). Canada’s Food Guide indicates to “eat plenty of fruits and vegetables”, 

showing half of a plated meal should comprise fruits and vegetables (16). However, only 28.6% 

of Canadians aged 12 years and older reported consuming fruits and vegetables ≥5 times per day 

in the 2017 Canadian Community Health Survey, and this rate has been decreasing since 2015 

(31.5% in 2015 and 30.0% in 2016) (163). Consistent with this, the most common adverse 

health-related behaviour reported in the Canadian Health Measures Survey, cycles 3 (2012–

2013) and 4 (2014 - 2015), was low (<4 servings/day) fruit and vegetable intake (69.1% of 

respondents ≥18 years old), amongst smoking, high alcohol consumption, inadequate sleep and 

inadequate physical activity (164). This is especially alarming as low fruit and vegetable intake 

has consistently been associated with various other adverse health-related behaviours in 

Canadian adults (164-166). These associations emphasize the need for efforts toward increasing 

fruit and vegetable intake to mitigate the risk of CVD and other chronic health detriments. More 

specifically, considering epidemiological data show the specific health benefits of fruit versus 

vegetable intake differ (10), as do the benefits of individual fruits and vegetables on CVD risk 
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(14) (unsurprisingly, given their different nutrient, fibre and polyphenol compositions), efforts 

towards increasing consumption of specific fruits and vegetables are warranted.  

1.6.2 Apple composition, digestion and metabolism 

Apples are amongst the most consumed fruits worldwide (comprising ~13% of all (167)), 

likely due to their appealing taste, convenience, and year-round availability. Apples also have a 

rich nutrient, fibre and polyphenol profile, with amongst the greatest proportion of bioavailable 

polyphenols (168, 169) and total antioxidant capacity (168-170), making them an ideal 

commodity to investigate as a dietary strategy to mitigate acute postprandial and chronic 

inflammation in overweight and obesity. 

1.6.2.1 Pectin 

By weight, apples are composed of predominantly water (86%) and carbohydrate (14%), 

including sugar (10%, primarily fructose) and fibre (2%) (171). Protein and fat comprise <0.5% 

of apples, while apples also contain essential vitamins (primarily vitamin C and vitamin E) and 

minerals (primarily potassium) (171). Of apple fibre, 70% is insoluble fibre, including cellulose 

and hemicellulose, and 30% is soluble fibre, primarily pectin (172), of which apples are a rich 

source (171). Pectins are complex heteropolysaccharides with differing degrees of methylation of 

galacturonic acid residues (173), yielding different pectin compositions amongst its fruit, 

vegetable and other plant sources. Due to its gelling properties, pectin has been shown to delay 

gastric emptying (174), including in individuals with overweight and obesity (175), and hence, 

reduce cholesterol (176) and glucose absorption (174). Also due to its chemical characteristics, 

pectin is not metabolized in the upper digestive tract in humans and instead reaches the colon 

where it undergoes fermentation (173). Hence, pectin has been shown to beneficially modulate 

the gut microbiota composition by promoting growth of the Bacteroidetes phyla, and to promote 

the production of short chain fatty acids (177-181) which may exert anti-inflammatory actions in 

the gut and systemically post-absorption (182). In addition, pectin has also been shown to 

mitigate inflammatory signalling in the gut by sequestering LPS and avoiding TLR4 stimulation 
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(183, 184). These various effects of pectin have been shown in the context of overweight and 

obesity (178, 179, 181), though most results were derived from experiments in vitro and in 

rodent models, and thus require confirmation in humans.  

1.6.2.2 Polyphenols 

Apples are also amongst the largest dietary sources of phenolic compounds in the 

Western diet (168, 170), with a total polyphenol content of 66.2 - 211.9 mg/100 g of fresh weight 

(27-29), depending on the cultivar and growth and storage conditions (185). The largest and most 

widely researched subclass of polyphenols is flavonoids, of which apples contain 32 - 111 

mg/100 g (186, 187) and are reportedly the most consumed source of flavonoids in the Western 

diet (21). In fact, these apple polyphenol and flavonoid contents are suggested to be 

underestimated due to limitations in the processing techniques used (188). A systematic review 

of epidemiological studies showed the Western diet includes ~400 - 1400 mg/day of total 

polyphenols depending on coffee consumption, and ~200 - 275 mg/day of total flavonoids (189). 

Thus, 1 small, medium or large apple, corresponding to an estimated 152 g, 172 g or 200 g, 

respectively (171), would contribute to a significant proportion of daily polyphenol and 

flavonoid intake in the Western diet.  

Polyphenols have well-established anti-inflammatory effects, largely owing to their 

antioxidant actions (20) (Figure 1-4). Polyphenols may directly protect against oxidative damage 

to lipids, protein and deoxyribonucleic acid by scavenging ROS, and indirectly, by inhibiting 

enzymes that generate ROS and stimulating endogenous antioxidant defense systems (20). 

Polyphenols have also been shown to bind to LDL-cholesterol to prevent its oxidation (190, 

191). Further, polyphenols may exert anti-inflammatory effects by directly or indirectly (via 

modifying the redox balance of the cell) modulating intracellular signalling cascades (20). For 

example, polyphenols have been shown to block or downregulate cell membrane receptors and 

transcription factors involved in inflammatory signalling, including TLR4 and NF-κB (20). 

Meanwhile, polyphenols have also been shown to stimulate the PPAR-γ transcription factor (20) 

which promotes expression of the anti-inflammatory cytokine adiponectin and disrupts 
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TLR4/NF-κB signalling (192). Less well-studied mechanisms relate to the potential prebiotic 

effects of polyphenols in the gut, thus stimulating the growth of beneficial bacterial species and 

inhibiting pathogenic species, improving gut barrier integrity, and reducing concentrations of 

gut-derived inflammatory stimuli, including LPS (193). Further, polyphenols have been shown to 

improve glycemic control and the blood lipid profile, including in the context of overweight and 

obesity (194). Mechanistically, polyphenols may prevent hyperglycemia by reducing glucose 

absorption via the sodium-dependent glucose transporter-1 in the small intestine, suppressing 

glucose release from liver storage, and promoting glucose uptake into peripheral tissues via the 

glucose transporter 4 (194). Likewise, polyphenols may reduce lipid absorption in the small 

intestine by increasing the size of lipid emulsions, thus decreasing the specific surface area of 

contact with lipases, and by directly inhibiting lipases (194). In the liver, polyphenols may also 

reduce TAG and very-LDL cholesterol synthesis (194). 

Different fruits and vegetables have unique profiles of phenolic compounds, each with 

unique bioactivity. Compared to other fruits and vegetables, apples have amongst the highest 

antioxidant capacity and are the second largest contributor to antioxidant content in the Western 

diet (168-170). Red apples in particular, generally contain a higher antioxidant content compared 

to green and yellow varieties (29, 195). Despite the range of polyphenol concentrations amongst 

different apple varieties, the polyphenol profiles are similar  (27-29). Most apple polyphenols are 

of the flavanol class (e.g. catechin and proanthocyanidins; 71 - 90% of total polyphenols), 

followed by hydroxycinnamates (1 - 31%), flavonols (1 - 11%), dihydrochalcones (0.5 - 6%), 

and anthocyanins in red apples specifically (1 - 3%) (27-29). Amongst apple polyphenols, the 

flavonol quercetin is the most studied for its health effects, but it is widely distributed amongst 

fruits and vegetables whereas the dihydrochalcone phlorizin and its aglycone derivative phloretin 

are unique to apples (196). Most apple polyphenols are concentrated in the peel, with 2 - 6 times 

more abundance compared to the flesh, depending on the cultivar (27, 185, 197). Hence, apple 

juice contains significantly less polyphenols compared to whole apples (i.e. with the peel) (27-

29, 198). Specifically, clear apple juice contains the least polyphenols due to the oxidative 

conditions during pulping and pressing, and due to the final clarification process, whereas cloudy 
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apple juice maintains more polyphenols due to the anaerobic processing conditions and lack of a 

clarification step (199).   

Different phenolic compounds undergo different processes for digestion, absorption and 

metabolism (200). Dietary phenolics are generally classified as free, conjugated and insoluble 

bound phenolics (200). Free phenolics are present as phenolic aglycones and can be readily 

absorbed in the small intestine. Conjugated phenolics generally occur as phenolic glycosides, 

most of which are readily released (from the sugar moiety), forming an aglycone, by the 

mechanical action of mastication and the acidic and alkaline environments of the stomach and 

small intestine, respectively, or by brush border enzymes in the small intestine or the gut 

microbiota in the colon (200). The insoluble-bound phenolics are covalently bound to 

indigestible matrices such as fibre (e.g. pectin, hemicellulose, cellulose) which restrict their 

absorption in the small intestine and instead transport them to the colon, wherein they may be 

released via fermentation by the gut microbiota (200). In the colon, free phenolics may be 

absorbed or stimulate the growth of beneficial bacterial species and inhibit the growth of 

pathogenic species (200). Alternatively, free, conjugated or insoluble-bound phenolics that reach 

the colon may be excreted in feces, intact (200). Hence, the efficiency of phenolic absorption is 

often reduced in the colon. 

Amongst different fruits, the proportion of insoluble bound phenolics varies from 20 - 

90% (168, 169). Apples contain amongst the highest proportions of free phenolics (168, 169), 

suggesting their superior bioavailability in the small intestine. Indeed, apple polyphenols can be 

readily detected in human plasma and urine after consumption of whole apples (201), apple 

puree (202), apple juice (203) and apple polyphenol extract (202). Individual apple polyphenols 

have been shown to reach maximum plasma concentrations within 1 - 3 hours, with sustained 

increased concentrations up to 8 hours (201, 202). Meanwhile, plasma total phenolic content was 

shown to gradually increase over 6 hours (203). In the brush border of the small intestine and 

after absorption in the liver, polyphenols undergo phase II metabolism leading to the formation 

of glucuronides, sulphates or methylated derivatives (200). Absorbed polyphenols can either 



 

 

22 

 

circulate in the blood or be re-secreted into the small intestine via bile as a result of enterohepatic 

circulation (200). Then, the latter fraction can be either deconjugated by the gut microbiota and 

reabsorbed, or further metabolized by the gut microbiota (200). Circulating polyphenols can 

penetrate tissues and influence intracellular signalling mechanisms, while their accumulation 

within specific tissues requires further investigation (200). Then, this fraction of polyphenols can 

be eliminated in urine or bile (and perhaps undergo enterohepatic circulation) (200).  

 

Figure 1-4. Overview of potential anti-inflammatory mechanisms of apple polyphenols in 

overweight and obese AT. 

Angptl, angiopoietin-like peptide; AT, adipose tissue; HIF, hypoxia inducible factor; IFN, 

interferon; IL, interleukin; LPS, lipopolysaccharide; MCP, monocyte chemoattractant protein; 

NF-B, nuclear factor kappa-light-chain-enhancer of activated B cells; PPAR, peroxisome 

proliferator-activated receptor; PT, phloretin; PZ, phlorizin; ROS, reactive oxygen species; SFA, 

saturated fatty acid; TLR, Toll-like receptor; TNF, tumor necrosis factor; VEGFA, vascular 

endothelial growth factor A. 
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1.6.3 Evidence of the anti-inflammatory effects of whole apples and apple products 

1.6.3.1 Epidemiological evidence  

To our knowledge, only one epidemiological study has considered the association 

between apple consumption and inflammation. In a cross-sectional study of 8335 male and 

female participants (≥19 years of age; no BMI exclusion), 106 - 138 g and >138 g apples/day 

were associated with a 21% and 37% reduced risk of a circulating CRP concentration ≥3.0 mg/L, 

respectively, even after adjustment for BMI, total energy intake and other demographic and 

lifestyle factors (age, sex, ethnicity, smoking status, exercise, non-steroidal anti-inflammatory 

drug use, alcohol consumption and other indices of dietary intake) (204). Likewise, in a cross-

sectional study of 120 participants (mean age 20.8 ± 2.6 years; mean BMI 22.3 ± 2.8 kg/m2), 

apples were amongst the most consumed fruits and vegetables, and individuals in the highest 

tertile of fruit and vegetable consumption were found to have reduced PBMC mRNA expression 

of IL-6, TNF-α and NF-κB (205).  

Consistent with their potential anti-inflammatory effects, several studies suggest an 

association between regular apple consumption and reduced CVD risk. For instance, in a recent 

meta-analysis of prospective cohort studies showed high versus low apple (or pear) consumption 

reduces the risk of CVD incidence and mortality by 14% (7 studies), CAD by 15% (10 studies) 

and stroke by 12% (6 studies), as well as all-cause mortality by 20% (5 studies) (14). The 

benefits of high apple intake were the greatest or amongst the greatest of all 14 - 20 fruit and 

vegetable subtypes studied (14). Amongst the 95 studies included in the full analysis, ~1 in 4 

(27%) were conducted in the USA (14), while to our knowledge, no prospective cohort studies 

have considered the association between apple intake and CVD risk in Canada. In the USA, for 

example, amongst 2880 male and female participants (mean age 54.2, 95% confidence limits 

53.8 - 54.5; mean BMI 26.9, 95% confidence limits 26.7 - 27.0) of the Framingham Offspring 

Cohort followed for an average of 14.9 years, consumption of 1 - 4 small apples/week (118 - 138 

g each) and ≥5 small apples/week was associated with a 25% and 38% reduced risk of CVD 

events, respectively, after adjustment for age and sex (24). Although these associations were no 
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longer statistically significant after further adjustment for BMI, total energy intake and smoking 

status, the data still suggested an 18 - 26% reduced risk of CVD events associated with the 

consumption of 1 - 4 and ≥5 small apples/week, respectively, in this scenario (24). Likewise, 

amongst 16 678 male and female participants (aged ≥45 years) of the USA REasons for 

Geographic and Racial Differences in Stroke (REGARDS) cohort in the USA, followed for an 

average of 6.0 years, consumption of ≥3 small apples (undisclosed weight)/week was associated 

with a 26% reduced risk of CAD incidence compared to the lowest quintile of apple intake (25). 

Meanwhile, to our knowledge, a similar analysis has not been conducted for incident stroke in 

this cohort (26). As another example of the association between apple consumption and reduced 

CVD risk in the USA, in 38 445 females (aged ≥45 years) of the Women’s Health Study cohort, 

even ≤1 apple/week was associated with a 27% age-adjusted reduced risk of CVD incidence and 

a 27% reduced risk of CVD events (myocardial infarction, stroke and CVD death) compared to 

no apple consumption, with greater risk reductions associated with the consumption of 2 - 6 

apples/week (32% and 28% reduced risk, respectively) and ≥1 apple/day (42% and 51% reduced 

risk, respectively) (22). These associations were no longer statistically significant after further 

adjustment for BMI, indices of dietary intake and other demographic, lifestyle and clinical 

factors, though the data still suggested a 22% and 34% reduced risk of CVD and CVD events 

associated with the consumption of ≥1 apple/day in this scenario (22). Finally, in the Iowa 

Women’s Health Study cohort including 34 489 healthy postmenopausal women (aged 55 - 69 

years) followed for 16 years, consumption of >1 whole apple/week was associated with a 25% 

reduced risk of CVD mortality, and specifically a 26% reduced risk of CAD mortality and 27% 

reduced risk of stroke mortality, compared to <1 apple/week, after adjustment for age and energy 

intake (23). After further adjustment for BMI, waist-to-hip ratio, energy intake and other 

demographic and lifestyle factors (age, marital status, education, blood pressure, diabetes, 

physical activity, smoking, and estrogen use), the consumption of >1 whole apple/week was still 

associated with a 13% reduced risk of CVD mortality compared to <1 apple/week (23).  

Taken together, evidence suggests apple consumption mitigates the development of CVD 

while further study is required to understand the epidemiological effects of apple consumption 
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on inflammation. Meanwhile, the known associations between apple consumption, inflammation 

and CVD were not studied in the specific context of overweight or obesity, which warrants 

investigation given the increased susceptibility of this population.  

1.6.3.2 Evidence of apple consumption on chronic inflammation 

To our knowledge, only two human intervention studies have investigated the effects of 

regular whole apple consumption on inflammatory biomarkers, neither of which were conducted 

with a focus on overweight and obesity. In a randomized, controlled, crossover study with 23 

healthy participants (mean age 36.2 ± 17.9 years; mean BMI 22.3 ± 2.59 kg/m2), 4 weeks of 

daily consumption of 550 g whole Shampion apples did not affect plasma CRP compared to no 

apple product, nor did 22 g of Shampion apple pomace, 500 mL of cloudy Shampion apple juice 

and 500 mL of clear Shampion apple juice (206). Still, whole apple consumption increased 

plasma antioxidant activity compared to no apple product and apple pomace, more so than 

cloudy or clear apple juice did (206). Hence, these results signify synergistic health benefits of 

polyphenols and fibre as part of the whole apple matrix. Further, whole apple consumption was 

associated with a trend towards reduced total cholesterol and (particularly in females) LDL-

cholesterol concentrations following consumption of whole apples compared to no apple 

product, while HDL-cholesterol, TAG and other biomarkers of CVD risk remained unchanged 

(206). In another randomized, controlled, crossover intervention in 43 mildly 

hypercholesterolemic participants (mean age 51 ± 11 years; mean BMI 25.3 ± 3.7 kg/m2), 8 

weeks of 340 g of whole Renetta Canada apples daily did not affect circulating TNF-α or 

adiponectin compared to 500 mL of a sugar- and energy-matched beverage (207). Nonetheless, 

whole apples reduced serum concentrations of total and LDL-cholesterol and TAG, as well as 

modulated other biomarkers of CVD risk (207). Unfortunately, other inflammatory biomarkers 

were not measured in these studies.  

Human intervention studies of the regular consumption of other apple products 

resembling the matrix of whole apples have yielded contrasting results on inflammatory 

biomarkers, and none of which were conducted with a focus on overweight and obesity. In a 
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randomized, controlled intervention in 160 post-menopausal females (mean age 55.6 ± 5.0 years; 

mean BMI 24.8 ± 4.1 kg/m2), serum CRP and lipid hydroperoxide, a marker of oxidative stress, 

were reduced by daily consumption of 75 g of a non-described variety of whole dried apples for 

6 and/or 12 months compared to baseline, with no difference compared to the whole dried plum 

control (208). Whole dried apple also reduced serum total and LDL-cholesterol concentrations at 

3, 6 and 12 months compared to baseline whereas whole dried plum had no effect on these 

endpoints, and serum HDL and TAG remained unchanged in both dietary groups (208). In 

contrast, plasma CRP, antioxidant capacity, cholesterol and other biomarkers of CVD risk were 

unaffected compared to baseline in a randomized, crossover intervention in 30 

hypercholesterolemic males (mean age 52.6 ± 5.5 years; mean BMI 25.7 ± 2.6 kg/m2) who 

consumed 40 g of dried Marie Ménard (polyphenol-rich) or Golden Delicious (polyphenol-poor) 

apples daily for 4 weeks (209). Likewise, plasma CRP and cholesterol concentrations remained 

unchanged in a randomized, crossover intervention in 25 participants (mean age 42 ± 11 years; 

mean BMI 25.9 ± 4.2 kg/m2) who consumed 230 g of puree from whole Mitchalin (polyphenol-

rich) or Golden Delicious (polyphenol-poor) apples daily for 4 weeks (210). Interestingly, 

plasma TAG concentrations were reduced by the polyphenol-poor whole apple puree at 2 weeks 

but not 4 weeks, while TAG remained unchanged by the polyphenol-rich apple puree at 2 and 4 

weeks (210). Unfortunately, other inflammatory biomarkers were not measured in these studies. 

Human intervention studies of the regular consumption of cloudy apple juice and pure 

apple polyphenols have also yielded contrasting results on inflammatory biomarkers. In the 

aforementioned randomized, controlled, crossover study of different Shampion apple products 

compared to no apple products for 4 weeks, the cloudy apple juice increased plasma antioxidant 

capacity, though did not affect plasma CRP, lipids or other biomarkers of CVD risk (206). In 

another randomized, crossover study in 20 participants (aged 21 – 29 years; BMI ≤27.5 kg/m2), 

4-week daily consumption of 500 mL of 2 cloudy apple juices of differing polyphenol contents 

(derived from Cox Orange, Jonagold, Elstar, Gala, Braeburn, Delicious and Idared apple 

varieties) did not affect plasma CRP, IL-6, IL-8, IL-10, antioxidant capacity, lipids or other 

biomarkers of CVD risk compared to baseline (211). Likewise, in the only human intervention 
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study of the anti-inflammatory effects of an apple product conducted in the context of 

overweight and obesity, 4 weeks of daily consumption of 750 mL of cloudy apple juice of 

undisclosed variety did not affect plasma CRP, IL-6, TNF-α, adiponectin and other cytokines 

compared to an isocaloric control beverage in a randomized, controlled intervention in 68 males 

with overweight and obesity (mean age 49 years; BMI ≥27 kg/m2) (212). Plasma cholesterol 

concentrations were also unaffected whereas, interestingly, cloudy apple juice consumption 

actually increased TAG compared to baseline (212). Finally, in a randomized, controlled 

intervention with 71 participants (mean age 47.8 ± 10.8 years; mean BMI 25.9 ± 1.9 kg/m2), 12 

weeks of 600 mg/day pure apple polyphenols from an undisclosed variety increased plasma 

adiponectin as well as reduced total cholesterol, with no effect on other lipids (213). 

Overall, human intervention studies suggest potential anti-inflammatory effects of apples, 

though the results are inconsistent, likely due to differences in the apple products tested, 

including whole apples (206, 207), dried apples (208, 209), apple puree (210), apple pomace 

(206), cloudy and clear apple juice (206, 211, 212), and pure apple polyphenols (213), as well as 

the dosage of the bioactive components, study population characteristics and size, study duration, 

use of appropriate controls, and limited inflammatory biomarkers measured. Importantly, most 

studies were conducted with lean individuals who, theoretically, would not be expected to 

benefit from an anti-inflammatory dietary intervention. Hence, investigation into the anti-

inflammatory effects of regular apple consumption in individuals with overweight and obesity 

susceptible to inflammation-driven comorbidities is warranted. 

1.6.3.3 Evidence of apple consumption on postprandial inflammation 

To our knowledge, there are no reports of the effects of whole apples and apple products 

on postprandial inflammation following consumption of a high fat meal, neither in lean 

individuals nor individuals with overweight and obesity. Although not related to high fat meal 

consumption, in the only report of the postprandial effects of an apple product on factors related 

to inflammation, 230 g of puree from whole Mitchalin (polyphenol-rich) or Golden Delicious 

(polyphenol-poor) apples consumed with 72 g of white toast and 10 g of an undisclosed spread 
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attenuated ex vivo adenosine diphosphate- and epinephrine-induced platelet expression of two 

factors involved in atherosclerotic plaque formation, integrin-β3 and P-selectin, in a randomized, 

crossover intervention in 25 participants (mean age 42 ± 11 years; mean BMI 25.9 ± 4.2 kg/m2) 

(210). Likewise, scarce reports exist on the effects of whole apples and apple products on 

postprandial lipemia. In a randomized, crossover intervention with 26 participants (mean age 

45.5 ± 3.12 years; mean BMI 34.1 ± 1.18 kg/m2), we showed the consumption of 3 whole Gala 

apples (~200 g edible parts) in combination with a high fat meal providing 1 g fat/kg body 

weight did not affect postprandial TAG, whereas the relative effects on postprandial 

inflammation were not yet considered (214). Meanwhile, the only other report of the effects of 

an apple product on postprandial lipemia showed that consumption of capsules containing 600 

mg of pure apple polyphenols from an undisclosed variety in combination with a high fat meal 

containing 40 g of TAG reduced blood TAG concentrations at 6 hours in 6 healthy males (mean 

age 35.5 ± 1.2 years; mean BMI not reported), whereas, interestingly, capsules containing 1500 

mg of apple polyphenols did not (215).  

Other reports of the effects of whole apples and apple products in the postprandial state 

have primarily focused on the glycemic response to a high carbohydrate challenge. For instance, 

in the only report of whole apples, consumption of 143 g (edible parts) of Red Fuji apples in 

combination with and, more effectively, 30 minutes before 116 g of white rice reduced various 

measures of postprandial blood glucose including the incremental area under the curve (iAUC) 

of the blood glucose response, incremental peak of blood glucose concentration, and the 

maximum amplitude of glucose excursion in a randomized, crossover trial of 18 healthy 

participants (mean age 23.6 ± 1.1 years; mean BMI 20.3 ± 1.6 kg/m2) (216). In another 

randomized, crossover trial with 15 of the same participants, consumption of 30 g of dried Red 

Fuji apples 30 minutes before 116 g of white rice reduced the same measures of the postprandial 

blood glucose response, whereas combined consumption of dried apples and rice did not (217). 

Likewise, 38 g of dried apples of undisclosed variety reduced the same measures of the 

postprandial glucose response when consumed with 33 g of white rice in a randomized, 

crossover trial with 11 healthy participants (mean age 21.4 ± 2.4 years; mean BMI 20.5 ± 1.4 
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kg/m2) (218). Interestingly, dried apples were more effective in reducing the postprandial 

glucose response to white rice compared to servings of dried jujubes, dried apricots and raisons 

of equal available carbohydrate content (218). Finally, consumption of 25 g of a powder 

prepared from unripe Auksis apple pomace in combination with 50 g of an oral glucose tolerance 

test product reduced postprandial blood glucose concentrations at 15 and 30 minutes, though did 

not affect the AUC in a randomized, crossover trial with 6 healthy participants (mean age 45.3 ± 

9.7 years; mean BMI 27.3 ± 2.4 kg/m2) (219).  

Reports of the effects of apple polyphenol extracts on the postprandial glycemic response 

to a high carbohydrate challenge are consistent with those of whole apples and related products. 

For instance, in a randomized, crossover trial with 25 healthy participants (mean age 32.3 ± 14.4 

years; mean BMI 23.5 ± 2.8 kg/m2), consumption of a 200 mL beverage containing 1.2 g of 

apple polyphenols in combination with 100 g of white bread with 30 g of apricot jam reduced the 

postprandial blood glucose iAUC between 0 – 30 minutes (but not 0 – 120 minutes) and reduced 

the postprandial blood insulin iAUC between 0 – 30 and 0 – 120 minutes (220). Likewise, in a 

similar randomized, crossover trial conducted by the same research group with 30 healthy 

participants (mean age 33.9 ± 14.5 years; mean BMI 22.3 ± 3.0 kg/m2), consumption of 200 mL 

beverages containing 936, 702 and 468 mg of apple polyphenols in combination with 100 g of 

white bread with 43 g of apricot jam dose-dependently reduced the postprandial blood glucose 

and insulin iAUCs between 0 – 30 minutes, though not afterwards (221). Finally, in a 

randomized, crossover trial of 72 healthy participants (mean age 31.2 ± 5.5 years; BMI 22.1 ± 

2.0 kg/m2), consumption of 2 g of apple extract containing ≥80% total polyphenols in 

combination with 60 g of white rice reduced the postprandial blood glucose and insulin iAUCs to 

a similar or greater extent than mulberry fruit, mulberry leaf, white bean, elderberry and turmeric 

extracts (222). 

Taken together, in lieu of the lack of evidence on the effects of apples on postprandial 

inflammation, their consistent improvement of the postprandial glycemic response suggests 

support for their anti-inflammatory action given hyperglycemia stimulates inflammatory 
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signalling in the postprandial state (223, 224). However, investigation is warranted to confirm 

this theory, especially in the context of overweight and obesity wherein the postprandial 

inflammatory response may be exaggerated (7, 8).  

1.7 Conclusion 

With overweight and obesity affecting more than 1 in 2 adults (9) and accounting for 

almost 1 in 5 annual CVD-related deaths globally (43), there is an urgent need to investigate 

preventative strategies against the acute postprandial and chronic inflammation that causally 

links these pathologies. Apples are a widely available, accepted and consumed commodity with a 

rich nutrient, fibre and polyphenol profile (27-29). However, results of the few reports of the 

potential anti-inflammatory effects of apples and apple products are inconsistent, the study 

designs rarely reflected typical human dietary behaviours, and none were conducted in the 

specific context of overweight and obesity. To address this gap in knowledge, investigation into 

the potential for apples and apple-derived bioactives reflecting typical human consumption to 

mitigate inflammatory signalling in overweight and obesity is warranted. 
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Chapter 2: Thesis Rationale, Objectives and Hypotheses 

Overweight and obesity are a public health concern, affecting more than half of all adults 

globally (9) and increasing their risk of various debilitating and life-threatening comorbidities 

including CVD (34, 35), the current leading cause of death worldwide (2). One suspected 

pathological link is the increased inflammatory mediator production characteristic of overweight 

and obesity, driven by the interplay between a dysbiotic and leaky gut, specific immune cells and 

dysfunctional AT during consumption of a high fat diet (6). Hence, overweight and obesity are 

associated with a chronic state of low-grade inflammation, which may be a stronger predictor of 

future CVD events (e.g. myocardial infarction or stroke) than traditional CVD risk factors (67-

69). Likewise, consumption of a single high fat meal also promotes an acute inflammatory 

response, often manifesting secondary to lipemia, both locally within AT (70) and systemically 

(71, 72). This natural postprandial inflammation is exaggerated in the context of chronic low-

grade inflammation in overweight and obesity (7, 8) and may also underlie CVD event risk 

considering the nature and magnitude of the postprandial lipemic response may be a more 

significant predictor of CVD events than classically measured fasting lipid concentrations (73, 

74). With sustained, clinically significant (>5% (40)) weight loss difficult to achieve, 

investigation into alternative strategies to mitigate inflammation in overweight and obesity in the 

context of usual lifestyle behaviour is necessary. 

Apples are a promising commodity to consider as a dietary means of preventing 

inflammation-driven comorbidities in overweight and obesity given they are widely accepted and 

available, being amongst the most consumed fruits worldwide (167), in addition to their rich 

nutrient, fibre and polyphenol profile (168, 169, 171). Indeed, the few existing reports of the 

effects of apple polyphenols in in vitro (225-229) and rodent model (230, 231) experiments have 

shown their anti-inflammatory actions. Likewise, human intervention studies suggest potential 

anti-inflammatory effects of apples, though the results are inconsistent, likely due to differences 

in the apple products tested, including whole apples (206, 207), dried apples (208, 209), apple 

puree (210), apple pomace (206), cloudy and clear apple juice (206, 211, 212), and pure apple 
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polyphenols (213), as well as dosage of the bioactive components, study population 

characteristics and size, study duration, use of appropriate controls, and limited inflammatory 

biomarkers measured. Meanwhile, to our knowledge, no human intervention study has 

considered the effects of apple on the postprandial inflammatory response to a high fat meal, 

whereas whole apples (216), dried apples (217, 218), apple pomace (219) and apple polyphenol 

extract (220-222) have consistently been shown to improve postprandial glycemia following 

consumption of a high carbohydrate meal, which is also associated with postprandial 

inflammation (223, 224). However, none of these data were specifically collected in the context 

of overweight and obesity, which represents a major gap in current knowledge of dietary 

strategies to disrupt the pathophysiology of comorbidities including CVD. Therefore, the 

overarching goal of this thesis was to investigate the potential for apples to mitigate three related 

paradigms of inflammation relevant to overweight and obesity, including i) chronic systemic 

low-grade inflammation, ii) acute systemic postprandial inflammation following consumption of 

a high fat meal, and iii) inflammation localized to expanding and dysfunctional adipose tissue 

(AT), as well as investigate the underlying mechanisms. To achieve this, the following three 

studies were conducted: 

Study 1: 

Objective: To determine the effects of regular (daily for 6 weeks) consumption of 3 whole, small 

Gala apples (~200 g edible parts) as part of a habitual lifestyle on fasting biomarkers of chronic 

inflammation in a randomized, controlled dietary intervention study with individuals with 

overweight and obesity. 

Specific aims: 

• To measure fasting circulating concentrations of a comprehensive panel of inflammatory 

cytokines and C-reactive protein (CRP) before and after regular apple consumption or no 

apple consumption in individuals with overweight and obesity. 
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• To measure fasting circulating concentrations of biomarkers of metabolic endotoxemia 

before and after regular apple consumption or no apple consumption in individuals with 

overweight and obesity. 

• To measure secreted concentrations of a comprehensive panel of inflammatory, anti-

inflammatory, and macrophage chemoattractant cytokines in peripheral blood 

mononuclear cells (PBMC) isolated from individuals with overweight and obesity before 

and after regular apple consumption or no apple consumption and stimulated with or 

without LPS in vitro. 

Hypothesis: We hypothesized the consumption of 3 whole, small Gala apples (~200 g edible 

parts) daily for 6 weeks as part of a habitual lifestyle and without weight loss would reduce 

concentrations of circulating and PBMC-secreted biomarkers of inflammation (including 

cytokines, CRP and/or biomarkers of metabolic endotoxemia) in individuals with overweight and 

obesity. 

Study 2: 

Objective: To determine the effects of consuming 3 whole, small Gala apples (~200 g edible 

parts) on the acute postprandial inflammatory response to a high fat meal (providing 1 g fat/kg 

body weight) in 1 sitting, in a randomized, crossover dietary intervention study with individuals 

with overweight and obesity. 

Specific aims: 

• To measure fasting and postprandial circulating concentrations of a comprehensive panel 

of inflammatory cytokines and CRP over 6 hours after consumption of a high fat meal 

with and without apples in individuals with overweight and obesity. 

• To measure fasting and postprandial circulating concentrations of biomarkers of 

metabolic endotoxemia over 6 hours after consumption of a high fat meal with and 

without apples in individuals with overweight and obesity. 
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• To measure secreted concentrations of a comprehensive panel of inflammatory, anti-

inflammatory, and macrophage chemoattractant cytokines in PBMC isolated from 

individuals with overweight and obesity before and after consuming a high fat meal with 

and without apples, and stimulated with or without LPS in vitro. 

Hypothesis: We hypothesized the consumption of 3 whole, small Gala apples (~200 g edible 

parts) would reduce postprandial concentrations of circulating and PBMC-secreted biomarkers of 

inflammation (including cytokines, CRP and/or biomarkers of metabolic endotoxemia) following 

combined consumption with a high fat meal in individuals with overweight and obesity. 

Study 3: 

Objective: To determine the effects and underlying mechanism of the apple-specific polyphenols 

phloretin (PT) and phlorizin (PZ) in modulating the in vitro adipocyte response to inflammatory 

(LPS) and hypoxic (cobalt chloride, CoCl2) stimuli representative of the obese AT 

microenvironment. 

Specific aims: 

• To measure gene expression and secreted protein concentrations of inflammatory and 

angiogenic cytokines in adipocytes treated with PT or PZ and stimulated with LPS, CoCl2 or 

combined LPS and CoCl2. 

• To evaluate the impact of peroxisome proliferator-activated receptor (PPAR)-γ inhibition on 

the above endpoints. 

• To examine the consequent effects of adipocyte treatment with PT or PZ, stimulation with 

combined LPS and CoCl2, and PPAR-γ inhibition on mRNA expression of markers of 

macrophage polarization. 

Hypothesis: We hypothesized that PT and PZ would decrease inflammatory cytokine production 

and increase angiogenic cytokine production via a PPAR-γ-dependent mechanism in adipocytes 
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stimulated with LPS, CoCl2 and combined LPS and CoCl2, to ultimately decrease macrophage 

expression of markers of the inflammatory, M1, classically-activated phenotype.  
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Chapter 3:  

Daily Apple Consumption Reduces Plasma and Peripheral Blood 

Mononuclear Cell-Secreted Inflammatory Biomarkers in Adults 

with Overweight and Obesity: A 6-Week Randomized, Controlled, 

Parallel-Arm Trial 

 

Presented as published with minor modification: 

Danyelle M. Liddle, Xinjie Lin, Liam C. Cox, Emily M. Ward, Rufaida Ansari, Amanda J. 

Wright, Lindsay E. Robinson. Daily apple consumption reduces plasma and peripheral blood 

mononuclear cell-secreted inflammatory biomarkers in adults with overweight and obesity: A 6-

week randomized, controlled, parallel-arm trial. American Journal of Clinical Nutrition. 2021; 

114(2):752-63. doi: 10.1093/ajcn/nqab094. 
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3.1 Abstract 

Obesity-associated low-grade inflammation contributes to the development of 

cardiovascular disease (CVD). Apples are rich in anti-inflammatory bioactives including 

polyphenols and fibre. The objective of this study was to determine the effects of regular apple 

consumption on fasting plasma biomarkers of inflammation (primary outcome), endotoxemia 

and carbohydrate and lipid metabolism (glucose, insulin, triacylglycerol; secondary outcomes) as 

well as peripheral blood mononuclear cell (PBMC)-secreted cytokines (secondary outcome) in 

individuals with overweight and obesity. A randomized, controlled, parallel-arm trial was 

conducted with n=46 participants. After avoiding foods and beverages rich in polyphenols and 

fibre for 2 weeks, participants consumed 3 whole Gala apples (~200 g edible parts)/day as part of 

their habitual diet (n=23) or avoided apples (control, n=23) for 6 weeks. All participants limited 

consumption of polyphenols and fibre during the 6-week trial. Fasting blood samples were 

collected before and after 6 weeks for analysis of plasma biomarkers and isolation of PBMC, 

which were cultured for 24 hours unstimulated or stimulated with lipopolysaccharide (LPS; 10 

ng/mL). Forty-four participants completed the trial (30 female/14 male; mean age 45.4 ± 2.2 

years; mean body mass index [BMI] 33.4 ± 0.9 kg/m2). After analysis of covariance and 

correcting for multiple comparisons, apples decreased fasting plasma C-reactive protein (CRP) 

by 17.0% (range 14.3-19.6%, P=0.005), interleukin (IL)-6 by 12.4% (range 6.7-17.5%, P<0.001) 

and LPS-binding protein by 20.7% (range 14.1-26.4%, P<0.001) compared to control. Apples 

also decreased PBMC-secreted IL-6 by 28.3% (range 22.4-33.5%, P<0.001) and IL-17 by 11.0% 

(range 5.8-15.6%, P=0.003) in the unstimulated condition versus control. Exploratory analysis 

showed apples also increased plasma total antioxidant capacity by 9.6% (range 1.7-18.9%, 

P=0.002) compared to control. Meanwhile, apples had no effect on anthropometric or other CVD 

risk biomarkers. In conclusion, 6-week daily whole Gala apple consumption may be an effective 

dietary strategy to mitigate the obesity-associated inflammation that exacerbates CVD risk, 

without weight loss. 
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3.2 Introduction 

With overweight and obesity affecting ~52% of adults globally (9), there is an urgent need 

to investigate preventative strategies against development of comorbidities, including 

cardiovascular disease (CVD), the current leading cause of death worldwide (2). Linking 

overweight and obesity to such comorbidities, is chronic low-grade inflammation (55). The 

circulating inflammatory biomarker C-reactive protein (CRP) is increased in individuals with 

overweight and obesity (232) and is predictive of CVD with ≥3.0 mg/L indicative of high risk 

(55). Overweight and obesity are partly attributed to overconsumption of processed foods and 

beverages high in saturated fats and/or simple sugars, which are characteristic of the Western 

diet (4) but also increasingly consumed elsewhere (5). Indeed, a Western dietary pattern is 

associated with increased CRP (53). In contrast, epidemiological data indicates that diets rich in 

plant-based foods, including fruits, reduce CVD risk (14, 15) and mortality (233), and are 

inversely associated with circulating CRP concentration, independent of adiposity as estimated 

by BMI (162).  

Apples are amongst the most commonly consumed fruits worldwide (~13% of all fruits 

consumed (167)), likely due to their appealing taste, convenience and year-round availability. 

Regular apple consumption is inversely associated with CRP; individuals consuming >138 g (~1 

small) whole apples daily have a reduced risk of CRP ≥3.0 mg/L (204). Indeed, epidemiological 

evidence supports regular apple consumption in reducing CVD and related events, including 

mortality (22, 23). These associations may be attributable to the rich micronutrient and fibre 

content of apples (171), while increasing evidence linking fruit and vegetable intake with 

reduced risk of CVD and CVD-mortality points to polyphenols as the key bioactives (18, 19). 

Polyphenols in general have well-established anti-inflammatory effects, largely owing to their 

antioxidative actions and modulation of cell signalling cascades involved in inflammatory 

cytokine production (20). Apples are amongst the largest source of phenolic compounds in the 

Western diet (168, 170) and, compared to other fruits, have the highest proportion of free 

phenolics (169), suggesting their superior bioavailability. Red apples in particular, such as Gala, 
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are a major source of polyphenols (28, 195) with ~2 - 6 times more abundance in the peel versus 

the flesh (197), implying whole (i.e. with peel) red apples exert significant health benefits.  

Human intervention studies suggest potential anti-inflammatory effects of apples, though 

the results are inconsistent, likely due to differences in the apple products tested, including whole 

apples (206, 207), apple puree (210), dried apples (208, 209), apple pomace (206), apple juice 

(206, 211, 212) and pure apple polyphenols (213), as well as the dosage of the bioactive 

components, study population characteristics and size, study duration, use of appropriate 

controls, and limited inflammatory biomarkers measured. To our knowledge, no human 

intervention study has utilized whole apples in the context of overweight and obesity. Thus, we 

explored whether daily whole Gala apple intake for 6 weeks as part of the habitual diet in 

individuals with overweight and obesity would result in reduced concentrations of inflammatory 

biomarkers in plasma (primary outcome) and cultured peripheral blood mononuclear cells 

(PBMC; a secondary outcome). 

3.3 Methods 

3.3.1 Study design 

This was a randomized, parallel arm 6-week intervention study conducted at the Human 

Nutraceutical Research Unit at the University of Guelph. Recruitment was ongoing between 

January 2017 - October 2018 and the intervention was conducted during October 2017 - 

December 2018, in order to utilize apples from the same September 2017 harvest. The study was 

conducted in accordance with the Declaration of Helsinki, and all procedures were approved by 

the University of Guelph Human Research Ethics Board (REB no. 16JA013) and registered at 

clinicaltrials.gov (NCT03523403, The Apple Study: Investigating the effects of whole apple 

consumption on risk factors for chronic metabolic diseases in overweight and obese adults), 

which also includes details of a randomized, cross-over acute intervention study (Chapter 4, 

(214, 234)) conducted with a portion of the participants included in the current longer-term 

study. All participants provided written informed consent upon enrollment. The 6-week study 
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timeline is shown in Figure 3-1. Participants attended 2, 1-hour study visits at the beginning and 

end of 6 weeks, as well as 2, 15-minute check-in visits at week 2 and week 4 to ensure 

compliance to study protocols and to receive study products. 

 

Figure 3-1. Study timeline. 

3.3.2 Study outcomes 

The primary outcome included changes in fasting plasma inflammatory biomarkers, 

including CRP, interferon (IFN)-γ, interleukin (IL)-1β, IL-6, monocyte chemoattractant protein 

(MCP)-1 and tumor necrosis factor (TNF)-α. Change in the gut microbiota profile was also a 

primary outcome and will be the focus of a separate report after being partly published in 

abstract form (235). Changes in fasting plasma triacylglycerol (TAG) was removed as a primary 

outcome and included as a secondary outcome after it was not feasible to recruit hyperlipidaemic 

individuals who were otherwise eligible; however, changes in postprandial TAG was maintained 

as a primary outcome for the acute apple intervention study (214). Other secondary outcomes 

included changes in fasting plasma lipopolysaccharide (LPS)-binding protein (LBP), glucose and 

insulin, and cultured PBMC-secreted inflammatory cytokines. Exploratory outcomes included 
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changes in fasting plasma soluble cluster of differentiation (sCD)14, the LPS:sCD14 ratio, 

Homeostatic Model Assessment of Insulin Resistance (HOMA-IR), non-esterified fatty acids 

(NEFA), total, low-density lipoprotein (LDL)- and high-density lipoprotein (HDL)-cholesterol, 

and total antioxidant capacity (TAC). 

3.3.3 Participant recruitment 

Participants were recruited through flyer, internet, newspaper and radio advertisements in 

Guelph, Ontario, Canada and the surrounding communities. Inclusion criteria were 18 - 75 years 

of age; body mass index (BMI) ≥25.0 kg/m2 or waist circumference ≥102 cm (40 inches) for 

males or ≥88 cm (35 inches) for females; no diagnosis of diabetes or digestive, cardiovascular, or 

inflammatory diseases/disorders; and stable body weight (<5% fluctuation) for the previous 3 

months. Individuals were excluded if they were hospitalized for any major medical or surgical 

events in the last year; taking medications or natural health products that could interfere with the 

study outcomes; pregnant or breastfeeding; or for tobacco or recreational drug use, or alcohol 

consumption of >14 drinks (196 g ethanol)/week or >4 drinks (56 g ethanol)/sitting. A fasting 

TAG concentration ≥1.69 mmol/L was initially required as a biomarker of increased CVD risk, 

but this criterion was removed as it was not feasible to recruit hyperlipidaemic individuals who 

were otherwise eligible. Of the 214 individuals screened by a phone questionnaire, 73 were 

invited for an onsite screening visit, among which, 46 were enrolled in the study and allocated to 

the apple intervention and control groups in a 1:1 ratio (Figure 3-2). 
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Figure 3-2. Participant flow. 

3.3.4 Pre-study visit procedures and participant compliance 

Participants were counselled to completely avoid a list of foods and beverages rich in 

polyphenols and/or dietary fibres (e.g. coffee, red/purple/blue fruits, vegetables, grains and 

beans) for a 2-week run-in period before the first study visit and to limit consumption of the 

same foods and beverages (i.e. to 1 cup of coffee and/or 1 cup total of the listed fruits, 

vegetables, grains and beans) until the final study visit, but to otherwise maintain their usual 

dietary, exercise and other lifestyle habits to avoid weight loss or gain. To ensure compliance, 

and to ensure this dietary protocol and/or the apple intervention did not significantly affect 

participants’ total energy and nutrient intake, participants completed a 3-day food record on 3 

occasions, i) before the 2-week run-in period, to assess habitual dietary intake, ii) at baseline 

(week 0; i.e. the end of the 2-week run-in period), and iii) towards the end of the study, during 

week 5 or 6 (week 5/6). A trained study coordinator confirmed the details of the 3-day food 

records with participants (e.g. amounts, preparation methods, brand names) and all information 

was entered into ESHA Food Processor software version 9.12 for analysis of total daily energy, 
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macronutrient and fibre intake. Total daily polyphenol and flavonoid intakes were estimated 

using the Phenol-Explorer database (186), which contains data on the content of 500 polyphenols 

for over 400 foods. Participants also completed a questionnaire during the 2 check-in visits at 

weeks 2 and 4 during the 6-week study, detailing their recent health and dietary, exercise and 

other lifestyle habits. 

For 48 hours before each study visit, participants abstained from alcohol, exercise and 

over-the-counter medications. The evening before each study visit, participants consumed a 

standardized low fat (12.0 - 12.5 g fat/serving) meal consisting of 1 serving of vegetarian lasagna 

(President’s Choice Blue Menu), a cranberry almond granola bar (President’s Choice Chewy 

Trail Mix), a pudding (Hunt’s, chocolate or vanilla flavored), and a juice box (President’s 

Choice, apple or fruit punch). The nature of appealing low fat foods that would encourage 

participants’ compliance with the evening meal lent to the inclusion of a small portion of 

polyphenol-rich foods. Thus, participants were instructed to count the components of the evening 

meal towards their permitted limited consumption of polyphenol- and fibre-rich foods. 

Participants fasted for 10 - 12 hours overnight and water was encouraged for up to 1 hour before 

each study visit. To ensure compliance, participants completed a questionnaire at the beginning 

of each study visit, detailing their recent health and dietary, exercise, and other lifestyle habits. 

3.3.5 Study randomization and intervention 

Participants were randomized to either the apple intervention or control (i.e. no apples) 

group by covariate adaptive randomization, conducted by an individual not associated with the 

study to avoid selection bias. Covariate adaptive randomization is advantageous over other 

randomization techniques in that it is able to achieve balance over a large number of covariates 

when the sample size is small to medium (236). The covariates considered for randomization in 

this study were participants’ sex, BMI classification, and medication use as determined during 

the onsite screening visit. Due to the nature of the treatments, participants and researchers were 

not blinded during the study, though samples and data were coded based only on study visit 

number in order to conceal treatment allocation during their handling and analyses. Participants 
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in the intervention group were provided with and instructed to consume 3 whole, small Gala 

apples (~200 g edible parts in total, kindly provided by Martin’s Family Fruit Farm and Norfolk 

Fruit Growers Association in Ontario, Canada) daily for 6 weeks, as part of their habitual diet. 

Participants were instructed to consume the apples fresh and with the peel (but not the core), 

without any other foods or beverages, and to distribute their consumption throughout the day 

(e.g. at least 1 hour after breakfast, lunch and dinner). Participants were not instructed whether or 

not to replace any foods or beverages with apples since this approach could not be standardized 

across all participants, and to avoid further disruption of their habitual dietary pattern. As a 

measure of compliance, participants were instructed to record their apple consumption (i.e. time 

of day) in a diary. Three Gala apples were estimated to provide 115 kcal, 27.5 g carbohydrates 

(11.9 g fructose, 3.3 g glucose, 5.6 g sucrose), 1.2 g protein, and 0 g fat (171); and determined by 

colourimetric assays to provide 2.2 ± 0.1 g pectin and 0.2 ± 0.0 g total polyphenols (214). All 

Gala apples were provided from the same harvest and stored in the dark at 4°C to ensure 

consistency in their nutrient and polyphenol content, as previously suggested (237). Finally, 

participants in the control group were instructed to avoid apples for 6 weeks. 

3.3.6 Anthropometric measurements 

Anthropometric measurements were taken by a trained study coordinator at the beginning 

of the onsite screening visit and each study visit and check-in visit. Height was measured to the 

nearest millimeter using a stadiometer (SECA Portable Stadiometer 214) and the average of all 

height measurements was used to calculate BMI throughout the study. Body weight was 

measured to the nearest 0.05 kg on a digital scale (Acculab Sartorius Group SVI-200F, Sartorius 

Stedim Biotech). Waist circumference was measured to the nearest millimeter using a standard 

measuring tape. Blood pressure was measured in duplicate after participants had been seated for 

5 - 10 minutes (Omron Digital Blood Pressure Monitor, HEM-907 XL, Omron Healthcare Inc.).  
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3.3.7 Blood collection and analysis 

Fasting blood samples were taken from the antecubital vein and collected in 

ethylenediaminetetraacetic acid Vacutainer® tubes (Becton, Dickinson and Company) at each 

study visit. After centrifugation at 625 x g at 5°C for 10 minutes, plasma was aliquoted into 

cryovials in small volumes and immediately stored at -80°C until analysis by commercial assays. 

Inflammatory cytokines were measured by multiplex using a Human Cytokine/Chemokine Bio-

Plex Pro kit (Bio-Rad Laboratories) and the Bio-Plex 200 System and accompanying software, 

Bio-Plex Manager, Version 6.0 (Bio-Rad Laboratories). Colourimetric assays were used to 

determine high sensitivity CRP (R&D Systems), LBP (R&D Systems), sCD14 (R&D Systems), 

TAG (FUJIFILM Wako Diagnostics), NEFA (FUJIFILM Wako Diagnostics), glucose 

(FUJIFILM Wako Diagnostics), insulin (Mercodia AB) and TAC (Abcam) according to the 

manufacturers’ instructions. The intra-assay coefficients of variability were ≤10% for all 

biomarkers. The ratio of fasting LBP:sCD14 was determined as an exploratory outcome, as it is 

suggested to be a more accurate biomarker of endotoxin exposure than either marker alone (108). 

HOMA-IR was calculated as (fasting glucose (mmol/L) × fasting insulin (mU/L))/22.51. Finally, 

cholesterol concentrations were determined immediately from a drop of whole venous blood 

using the Cholestech LDX Lipid Analyzer (Cholestech).  

3.3.8 PBMC isolation, culture, and analysis 

Fasting venous blood samples were collected in sodium citrate Vacutainer® tubes 

(Becton, Dickinson and Company) for PBMC isolation via density gradient centrifugation. In 

brief, an equal volume of blood was overlaid onto Histopaque 1077 (Sigma-Aldrich) in 

SepMate tubes (StemCell Technologies) and centrifuged at room temperature for 10 minutes at 

1200 x g without deceleration. The PBMC layer over Histopaque was collected and washed with 

1X phosphate buffered saline after centrifugation at room temperature at 130 x g then 400 x g 

with deceleration. Isolated PBMC were re-suspended in Roswell Park Memorial Institute-1640 

media (Sigma-Aldrich) supplemented with 10 % (v/v) low-endotoxin fetal bovine serum (Sigma-
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Aldrich) and 1% (v/v) penicillin-streptomycin (HyClone). Cell viability was assessed by trypan 

blue exclusion and exceeded 95%. PBMC were seeded into 24-well plates at a density of 5 x 105 

cells/mL and cultured with or without 10 ng/mL LPS from Escherichia coli 055:B5 (Sigma-

Aldrich), a physiologically relevant dose that reproduces the endotoxin concentration reported in 

obese humans (5-6 endotoxin units/mL) (97). PBMC were maintained in a humidified incubator 

at 37 °C in 5% CO2. After 24 hours, supernatant was collected, centrifuged at 10 000 x g for 10 

minutes at 4 °C to remove cells and debris, then stored at -80 °C until analysis. Supernatant 

concentrations of inflammatory (IL-1β, IL-2, IL-5, IL-6, IL-7, IL-8, IL-12p70, IL-13, IL-17, 

IFN-γ, granulocyte colony-stimulating factor [G-CSF], granulocyte-macrophage colony-

stimulating factor [GM-CSF], TNF-α), anti-inflammatory (IL-4, IL-10), and macrophage 

chemoattractant (MCP-1, macrophage inflammatory protein [MIP]-1β) cytokines were 

determined by multiplex using the Plex Pro Human Cytokine 17-plex kit (Bio-Rad 

Laboratories) and the Bio-Plex 200 System and accompanying software, Bio-Plex Manager, 

Version 6.0 (Bio-Rad Laboratories). IL-8 and IL-13 were below the limit of detection in all 

samples. 

3.3.9 Data and statistical analysis 

The required number of participants was 19, based on an a priori calculation using a two-

tailed model for a 2 sample means comparison of CRP with a mean difference of 0.58 μg/mL, 

standard deviation difference of 0.08 μg/mL, probability of a type I error of 0.05 and a power of 

0.8. All measurements were completed in duplicate and analyzed using the Statistical Analysis 

System, Version 9.4 (SAS Institute Inc.) with P<0.05 considered statistically significant. Data 

normality was assessed using the Shapiro-Wilk test and logarithmic transformation was applied 

to nonnormally distributed data. Differences between groups in average daily dietary intake 

before the 2-week run-in period, at baseline (week 0; i.e. the end of the 2-week run-in period) 

and towards the end of the 6-week study (week 5/6) were analyzed by repeated measures 

analysis of variance (ANOVA) followed by Tukey’s post-hoc test for pairwise comparisons. 

Differences in week 0 data between the apple and control groups were analyzed by unpaired t-
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tests. Differences in week 6 data between groups were analyzed by analysis of covariance 

(ANCOVA). The centered baseline value (i.e. individual baseline value minus mean baseline 

value) was included in the model as a covariate to mitigate distortion of the within-subject effect 

and avoid dramatic increases in type I error rates and/or losses in power (238). Participant factors 

(age, sex, BMI, waist circumference and CRP value) were also included in the model as 

between-subject factors or covariates (for nominal or continuous values, respectively), but only 

those with significant effects were retained. As an exploratory outcome, when indicated, 

differences between week 0 and week 6 data within groups were analyzed by paired t-tests. 

When indicated, the Holm-Bonferroni method was applied to control the family-wise error rate 

for multiple testing (239). Using this approach, a new alpha cut-off was determined for each test 

within a designated family of tests, based on the ranking of each original P value. The new alpha 

cut-offs are presented as alphaHB. All data are presented as means ± standard error of the mean 

(SEM). 

3.4 Results 

3.4.1 Participant characteristics, dietary intake and compliance 

Of the 46 participants enrolled, 44 (30 female/14 male) completed the study (Figure 3-1). 

One participant dropped out due to a scheduling conflict and another was excluded due to a 

personal injury requiring anti-inflammatory medication. No adverse effects were reported. 

Participant characteristics and lifestyle factors relevant to the study outcomes are shown in Table 

3-1 and were balanced between the apple and control groups. A summary of participants’ 

average daily dietary intake is shown in Table 3-2 and confirms there were no differences in 

habitual intake between the apple and control group, and the low-polyphenol, low-fibre dietary 

protocol did not affect total energy or macronutrient intake throughout the study (P>0.05). Total 

polyphenol and flavonoid intake were reduced at baseline (week 0; i.e. after the 2-week run-in 

period) compared to habitual intake levels in both the apple (P=0.005 and P=0.004, respectively) 

and control groups (P=0.038 and P=0.040, respectively). At week 5/6, only total fibre (P=0.008), 

polyphenol (P=0.025) and flavonoid (P<0.001) intake were increased in the apple group 
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compared to habitual dietary intake levels, and compared to the control group at week 5/6 

(P<0.001). Meanwhile, in the control group, these measures did not differ at week 5/6 compared 

to habitual intake levels (P>0.05). Collectively, these data suggest participants complied with the 

dietary protocol and intervention, and apples replaced other foods with similar energy and 

macronutrient composition; however, this cannot be confirmed from this data. Participants’ 

compliance to the dietary protocol was further indicated by analysis of the biweekly dietary 

questionnaires (within the apple and control groups; data not shown) and daily apple intake 

diaries (within the apple group only; data not shown). 

Table 3-1. Participant characteristics. 

Characteristic Control (n=22) Apple (n=22) 

Age: mean years ± SEM (range) 48.0 ± 3.1 (24 - 69) 42.9 ± 3.2 (19 - 69) 

Sex: Female / Male 15 / 7 15 / 7 

Indications for medication use: n (%)   

   Depression 1 (4.5) 1 (4.5) 

   Anxiety 0 1 (4.5) 

   Hypertension 2 (9.1) 1 (4.5) 

   Asthma 2 (9.1) 1 (4.5) 

Physical activity: mean frequency/wk (n [%])1   

   Strength training 0.61 ± 0.22 (7 [31.8]) 0.86 ± 0.31 (8 [36.4]) 

   Walking 1 ± 0.35 (7 [31.8]) 1 ± 0.38 (7 [31.8]) 

   Other aerobic activity 1.14 ± 0.33 (11 [50.0]) 1.23 ± 0.35 (12 [54.5]) 

Sleep (h): n (%)    

   4-6 6 (27.3) 7 (31.8) 

   7-9 16 (72.7) 15 (68.2) 
1Physical activity was calculated as mean frequency/week amongst all 22 participants within 

each group as well as the number and proportion (n [%]) of participants within each group who 

were active at least once per week. 

SEM, standard error of the mean. 
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Table 3-2. Average daily dietary intake in participants with overweight and obesity before 

the 2-week run-in period (Wk -2), at baseline (Wk 0) and towards the end of 6 weeks (Wk 

5/6) of consuming no apples (Control) or 3 whole apples (~200g)/day (Apple).1 

Parameter 
Control (n=22) Apple (n=22) Group x Wk 

P value Wk -2 Wk 0 Wk 5/6 Wk -2 Wk 0 Wk 5/6 

Energy (kcal) 
1937. 2 ± 

112.1 

2117.8 ± 

130.5 

1992.9 ± 

124.4 

2134.7 ± 

153.5 

2113.0 ± 

143.8 

2172.9 ± 

148.6 
0.733 

Carbohydrate (g) 190.4 ± 15.2 214.2 ± 17.6 214.7 ± 19.0 264.7 ± 29.8 224.9 ± 19.0 263.9 ± 22.3 0.328 

Fibre (g) 20.1 ± 1.9a 19.9 ± 2.2b 18.6 ± 1.8a 21.7 ± 3.2a 18.6 ± 2.1b 27.7 ± 2.1c <0.001 

Fat (g) 86.0 ± 6.3 96.2 ± 7.8 88.0 ± 7.0 81.6 ± 7.4 92.0 ± 8.7 82.4 ± 5.5 0.891 

Saturated fat (g) 29.5 ± 2.4 33.8 ± 3.5 28.4 ± 2.8 31.3 ± 4.2 34.7 ± 4.5 27.6 ± 2.3 0.904 

Protein (g) 90.6 ± 7.4 95.7±13.3 82.9 ± 7.6 81.5 ± 4.3 82.6 ± 6.4 86.0 ± 7.3 0.564 

Polyphenols (mg) 
588.8 ± 

134.0a 

354.1 ± 

65.1b 

720.1 ± 

97.1a 

772.4 ± 

104.1a 

347.3 ± 

58.5b 

1088.1 ± 

75.3c 0.020 

Flavonoids (mg) 
144.3 ± 

37.1a 55.1 ± 15.8b 207.4 ± 

30.7a 

224.1 ± 

42.1a 81.3 ± 20.4b 436.1 ± 

25.7c <0.001 

1Values represent means ± SEM. Data were analyzed by repeated measures ANOVA followed 

by Tukey’s post-hoc test for pairwise comparisons. Means within groups or at the same 

timepoint between groups without a common letter differ, P<0.05.    

SEM, standard error of the mean. 

3.4.2 Participant anthropometrics and fasting plasma biomarkers of lipid and glucose 

metabolism 

Participants’ anthropometric measurements (body weight, BMI, waist circumference, 

blood pressure) are shown in Table 3-3 and did not differ between the apple and control groups 

at baseline or 6 weeks (P>0.05). Likewise, fasting plasma biomarkers of glucose (glucose, 

insulin, HOMA-IR) and lipid (total cholesterol, LDL cholesterol, HDL cholesterol, TAG, NEFA) 

metabolism are shown in Table 3-3 and did not differ between the groups at baseline or 6 weeks 

(P>0.05). 
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Table 3-3. Anthropometric measurements and fasting plasma biomarkers of lipid and 

glucose metabolism in participants with overweight and obesity at baseline (Wk 0) and 

after 6 weeks (Wk 6) of consuming no apples (Control) or 3 whole apples (~200g)/day 

(Apple).1 

Parameter 
Control (n=22) Apple (n=22) 

Apple vs. Control  

P value 

Wk 0 Wk 6 Wk 0 Wk 6 Wk 02 Wk 63 

Weight (kg) 94.9 ± 4.0 95.5 ± 4.2 96.6 ± 4.9 97.2 ± 5.1 0.340 0.318 

BMI (kg/m2) 33.3 ± 1.2 33.4 ± 1.2 33.2 ± 1.3 33.4 ± 1.4 0.612 0.832 

Waist circumference (cm) 109.7 ± 2.3 109.9 ± 2.4 108.9 ± 3.4 109.1 ± 3.4 0.094 0.932 

Blood pressure (mm Hg)       

   Systolic 121.0 ± 3.3 120.0 ± 4.1 116.5 ± 3.0 120.5 ± 2.5 0.608 0.512 

   Diastolic 80.5 ± 2.1 78.3 ± 2.2 75.6 ± 1.9 77.6 ± 2.0 0.561 0.261 

Total cholesterol (mmol/L) 4.7 ± 0.2 5.1 ± 0.2 4.9 ± 0.2 5.0 ± 0.2 0.525 0.283 

LDL cholesterol (mmol/L) 3.1 ± 0.1 3.2 ± 0.2 3.1 ± 0.2 3.3 ± 0.2 0.578 0.672 

HDL cholesterol (mmol/L) 1.1 ± 0.1 1.2 ± 0.1 1.0 ± 0.1 1.1 ± 0.1 0.235 0.351 

TAG (mmol/L) 1.4 ± 0.1 1.6 ± 0.1 1.5 ± 0.2 1.6 ± 0.2 0.636 0.785 

NEFA (mEq/L) 0.43 ± 0.02 0.44 ± 0.02 0.44 ± 0.02 0.41 ± 0.02 0.672 0.429 

Glucose (mmol/L) 5.4 ± 0.2 5.6 ± 0.2 5.2 ± 0.1 5.5 ± 0.1 0.271 0.960 

Insulin (pmol/L) 42.3 ± 4.5 49.2 ± 5.1 56.5 ± 9.8 69.3 ± 10.6 0.195 0.992 

HOMA-IR 1.7 ± 0.2 2.1 ± 0.3 2.3 ± 2.9 2.9 ± 0.5 0.273 0.916 
1Values represent means ± SEM.  
2Differences in week 0 data between groups were analyzed by unpaired t-tests with P<0.05 

considered statistically significant. 
3Differences in week 6 data between groups were analyzed by ANCOVA. The centered baseline 

value was included in the model as a covariate. Participant factors (age, sex, BMI, waist 

circumference and CRP value) were also included in the model as between-subject factors or 

covariates (for nominal or continuous values, respectively), but only those with significant 

effects were retained. P<0.05 was considered statistically significant. 

BMI, body mass index; HDL, high-density lipoprotein; HOMA-IR, Homeostatic Model 

Assessment of Insulin Resistance; LDL, low-density lipoprotein; NEFA, non-esterified fatty 

acid; SEM, standard error of the mean; TAG, triacylglycerol. 
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3.4.3 Fasting plasma biomarkers of inflammation  

Participants’ fasting plasma biomarkers of inflammation (CRP, IFN-γ, IL-1β, IL-6, MCP-

1, TNF-α) at baseline and 6 weeks are shown in Figure 3-3. All statistically significant analyses 

were corrected for multiple testing. Baseline concentrations did not differ between groups for 

any plasma inflammatory biomarkers measured (P>0.05). At 6 weeks, participants in the apple 

group had reduced CRP (-17.0%, P=0.005, alphaHB P<0.010; Figure 3-3A) and IL-6 (-12.4%, 

P<0.001, alphaHB P<0.008; Figure 3-3B) compared to the control group, but other biomarkers 

were not changed (P>0.05). When comparing baseline to 6 weeks measurements, inflammatory 

biomarkers were unchanged within the control group (P>0.05). In contrast, at 6 weeks, 

participants in the apple group had reduced CRP (-7.5%, P=0.009, alphaHB P<0.010; Figure 3-

3A) and IL-6 (-15.3%, P<0.001, alphaHB P<0.008; Figure 3-3B) compared to baseline (P>0.05). 
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Figure 3-3. Fasting plasma biomarkers of inflammation including A) CRP, B) IL-6, C) 

TNF-α, D) IFN-γ, E) IL-1β and F) MCP-1 in participants with overweight and obesity at 

baseline (Wk 0) and after 6 weeks (Wk 6) of consuming no apples (Control, n=22) or 3 

whole apples (~200g)/day (Apple, n=22).  

Values represent means ± SEM. Differences in week 0 data between groups were analyzed by 

unpaired t-tests. Differences in week 6 data between groups were analyzed by ANCOVA. The 

centered baseline value was included in the model as a covariate. Participant factors (age, sex, 

BMI, waist circumference and CRP value) were also included in the model as between-subject 

factors or covariates (for nominal or continuous values, respectively), but only those with 

significant effects were retained. Differences between week 0 vs. week 6 data within groups 

were analyzed by paired t-tests. Only statistically significant P values are reported after 

correction for multiple testing using the Holm-Bonferroni method. ANCOVA, analysis of 

covariance; BMI, body mass index; CRP, C-reactive protein; IFN, interferon; IL, interleukin; 

MCP, monocyte chemoattractant protein; SEM, standard error of the mean; TNF, tumor necrosis 

factor. 
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3.4.4 Fasting plasma biomarkers of endotoxin exposure  

Participants’ fasting plasma biomarkers of endotoxin exposure (LBP, sCD14, 

LBP:sCD14 ratio) at baseline and 6 weeks are shown in Figure 3-4. All statistically significant 

analyses were corrected for multiple testing. Baseline measurements did not differ between the 

apple and control groups (P>0.05). At 6 weeks, participants in the apple group had reduced LBP 

(-20.7%, P<0.001, alphaHB P<0.017; Figure 3-4A) compared to those in the control group, 

while the other biomarkers of endotoxin exposure remained unchanged (P>0.05). Within the 

control group, LBP tended to increase at 6 weeks compared to baseline (P=0.026, alphaHB 

P<0.017; Figure 3-4A). Meanwhile, within the apple group, LBP was reduced (-5.2%, P<0.001, 

alphaHB P<0.017; Figure 3-4A) at 6 weeks compared to baseline. 
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Figure 3-4. Fasting plasma biomarkers of endotoxin exposure including A) LBP, B) sCD14 

and C) LBP:sCD14 ratio in participants with overweight and obesity at baseline (Wk 0) 

and after 6 weeks (Wk 6) of consuming no apples (Control, n=22) or 3 whole apples 

(~200g)/day (Apple, n=22).  

Values represent means ± SEM. Differences in week 0 data between groups were analyzed by 

unpaired t-tests. Differences in week 6 data between groups were analyzed by ANCOVA. The 

centered baseline value was included in the model as a covariate. Participant factors (age, sex, 

BMI, waist circumference and CRP value) were also included in the model as between-subject 

factors or covariates (for nominal or continuous values, respectively), but only those with 

significant effects were retained. Differences between week 0 vs. week 6 data within groups 

were analyzed by paired t-tests. Only statistically significant P values are reported after 

correction for multiple testing using the Holm-Bonferroni method. ANCOVA, analysis of 

covariance; BMI, body mass index; CRP, C-reactive protein; LBP, lipopolysaccharide-binding 

protein; sCD14, soluble cluster of differentiation 14; sCD, soluble cluster of differentiation; 

SEM, standard error of the mean. 

3.4.5 Fasting plasma TAC 

Participants’ fasting plasma TAC is shown in Figure 3-5 and did not differ between the 

apple and control groups at baseline (P>0.05). At 6 weeks, TAC was increased in participants in 

the apple group (9.6%, P=0.002) compared to control. Within the control group, TAC was 

unchanged at 6 weeks compared to baseline (P>0.05). Meanwhile, within the apple group, TAC 

was increased (18.5%, P<0.001) at 6 weeks compared to baseline. 
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Figure 3-5. Fasting plasma TAC in participants with overweight and obesity at baseline 

(Wk 0) and after 6 weeks (Wk 6) of consuming no apples (Control, n=22) or 3 whole apples 

(~200g)/day (Apple, n=22).  

Values represent means ± SEM of Trolox Equivalents. Differences in week 0 data between 

groups were analyzed by unpaired t-tests. Differences in week 6 data between groups were 

analyzed by ANCOVA. The centered baseline value was included in the model as a covariate. 

Participant factors (age, sex, BMI, waist circumference and CRP value) were also included in the 

model as between-subject factors or covariates (for nominal or continuous values, respectively), 

but only those with significant effects were retained. Differences between week 0 vs. week 6 

data within groups were analyzed by paired t-tests. P<0.05 was considered statistically 

significant. ANCOVA, analysis of covariance; BMI, body mass index; CRP, C-reactive protein; 

SEM, standard error of the mean; TAC, total antioxidant capacity. 

3.4.6 PBMC-secreted cytokines 

Unstimulated condition. Secreted cytokine concentrations in PBMC isolated from 

participants at baseline and 6 weeks and cultured for 24 hours are shown in Figure 3-6 and Table 

3-4. All statistically significant analyses were corrected for multiple testing. Baseline cytokine 

concentrations did not differ between the apple and control groups for any cytokines measured 

(P>0.05). At 6 weeks, compared to the control group, participants in the apple group had reduced 

IL-6 (-28.3%, P<0.001, alphaHB P<0.003; Figure 3-6A) and IL-17 (-11.0%, P=0.003, alphaHB 

P<0.004; Figure 3-6B), while IFN-γ also tended to decrease (P=0.005, alphaHB P<0.004; Figure 

3-6C). There were no differences in PBMC-secreted concentrations of the other cytokines 

measured between the apple and control groups at 6 weeks (P>0.05; Table 3-4). Within the 

control group, PBMC-secreted cytokine concentrations remained unchanged at 6 weeks 
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compared to baseline (P>0.05). Meanwhile, participants in the apple group had reduced IL-6 (-

16.2%, P<0.001, alphaHB P<0.003; Figure 3-6A), IL-17 (-13.6%, P<0.001, alphaHB P<0.003; 

Figure 3-6B) and IFN-γ (-11.9%, P=0.002, alphaHB P<0.004; Figure 3-6C) at 6 weeks 

compared to baseline.  

 

Figure 3-6. Cytokines including A) IL-6, B) IL-17 and C) IFN-γ secreted from PBMC 

cultured for 24 hours after isolation from participants with overweight and obesity at 

baseline (Wk 0) and after 6 weeks (Wk 6) of consuming no apples (Control, n=22) or 3 

whole apples (~200g)/day (Apple, n=22).  

Values represent means ± SEM. Differences in week 0 data between groups were analyzed by 

unpaired t-tests. Differences in week 6 data between groups were analyzed by ANCOVA. The 

centered baseline value was included in the model as a covariate. Participant factors (age, sex, 

BMI, waist circumference and CRP value) were also included in the model as between-subject 

factors or covariates (for nominal or continuous values, respectively), but only those with 

significant effects were retained. Differences between week 0 vs. week 6 data within groups 

were analyzed by paired t-tests. Only statistically significant P values are reported after 

correction for multiple testing using the Holm-Bonferroni method. ANCOVA, analysis of 

covariance; BMI, body mass index; CRP, C-reactive protein; IFN, interferon; IL, interleukin; 

PBMC, peripheral blood mononuclear cell; SEM, standard error of the mean. 
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Table 3-4. Additional cytokines secreted from PBMC cultured for 24 hours after isolation 

from participants with overweight and obesity at baseline (Wk 0) and after 6 weeks (Wk 6) 

of consuming no apples (Control) or 3 whole apples (~200g)/day (Apple).1 

Cytokine 

(pg/mL) 

Control (n=22) Apple (n=22) 
Apple vs. Control 

P value 

Wk 0 Wk 6 Wk 0 Wk 6 Wk 02 Wk 63 

IL-1β 197.5 ± 18.3 189.6 ± 15.6 190.7 ± 17.8 186.8 ± 15.8 0.797 0.201 

IL-2 54.3 ± 10.6 55.2 ± 12.1 48.7 ± 8.3 42.8 ± 7.3 0.6896 0.077 

IL-4 4.9 ± 0.9 4.4 ± 0.6 4.1 ± 0.9 4.2 ± 0.7 0.510 0.623 

IL-5 25.9 ± 3.9 25.0 ± 3.9 26.2 ± 3.5 22.0 ± 3.0 0.953 0.648 

IL-7 5.8 ± 0.6 6.1 ± 0.5 5.5 ± 0.8 6.4 ± 0.5 0.760 0.737 

IL-10 17.6 ± 2.9 16.9 ± 3.6 18.8 ± 5.1 18.1 ± 4.4 0.837 0.182 

IL12p70 3.2 ± 0.3 3.6 ± 0.2 3.0 ± 0.3 3.5 ± 0.3 0.535 0.763 

G-CSF 172.3 ± 14.5 175.9 ± 8.7 170.9 ± 12.7 173.0 ± 9.7 0.945 0.910 

GM-CSF 1.9 ± 0.2 1.7 ± 0.2 1.8 ± 0.4 1.9 ± 0.3 0.731 0.338 

MCP-1 608.2 ± 39.2 620.7 ± 30.3 613.5 ± 32.1 617.2 ± 37.1 0.953 0.792 

MIP-1β 1928.5 ± 290.6 1883.1 ± 287.8 1687.4 ± 346.8 1420.9 ± 262.4 0.824 0.129 

TNF-α 2435.6 ± 426.7 2063.4 ± 375.7 2573.9 ± 493.7 2140.7 ± 390.3 0.848 0.217 
1Values represent means ± SEM.  
2Differences in week 0 data between groups were analyzed by unpaired t-tests with P<0.05 

considered statistically significant.  
3Differences in week 6 data between groups were analyzed by ANCOVA. The centered baseline 

value was included in the model as a covariate. Participant factors (age, sex, BMI, waist 

circumference and CRP value) were also included in the model as between-subject factors or 

covariates (for nominal or continuous values, respectively), but only those with significant 

effects were retained. P<0.05 was considered statistically significant and the Holm-Bonferroni 

method was applied to control the family-wise error rate for multiple testing. 

ANCOVA, analysis of covariance; BMI, body mass index; CRP, C-reactive protein; G-CSF, 

granulocyte colony stimulating factor; GM-CSF, granulocyte-macrophage colony stimulating 

factor; IL, interleukin; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory 

protein; PBMC, peripheral blood mononuclear cell; SEM, standard error of the mean; TNF, 

tumor necrosis factor. 
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LPS-stimulated condition. Secreted cytokine concentrations in LPS-stimulated PBMC at 

baseline and 6 weeks are shown in Figure 3-7 and Table 3-5. All statistically significant analyses 

were corrected for multiple testing. Baseline and 6 weeks measurements did not differ between 

the apple and control groups for any cytokines measured, though IL-6 (P=0.005, alphaHB 

P<0.003; Figure 3-7A) and TNF-α (P=0.006, P<0.004; Figure 3-7B) tended to decrease in the 

apple group compared to the control group at 6 weeks. Within the control group, LPS-stimulated 

PBMC-secreted cytokine concentrations remained unchanged at 6 weeks compared to baseline 

(P>0.05). Within the apple group, participants had reduced IL-6 (-7.7%, P=0.001, alphaHB 

P<0.004; Figure 3-7A), TNF-α (-9.5%, P=0.001, alphaHB P<0.004; Figure 3-7B), IFN-γ (-

15.6%, P<0.001, alphaHB P<0.003; Figure 3-7C) and MCP-1 (-7.8%, P<0.001, alphaHB 

P<0.003; Figure 3-7D).  
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Figure 3-7. Cytokines including A) IL-6, B) TNF-α, C) IFN-γ and D) MCP-1 secreted from 

PBMC stimulated with 10 ng/mL LPS for 24 hours after isolation from participants with 

overweight and obesity at baseline (Wk 0) and after 6 weeks (Wk 6) of consuming no 

apples (Control, n=22) or 3 whole apples (~200g)/day (Apple, n=22).  

Values represent means ± SEM. Differences in week 0 data between groups were analyzed by 

unpaired t-tests. Differences in week 6 data between groups were analyzed by ANCOVA. The 

centered baseline value was included in the model as a covariate. Participant factors (age, sex, 

BMI, waist circumference and CRP value) were also included in the model as between-subject 

factors or covariates (for nominal or continuous values, respectively), but only those with 

significant effects were retained. Differences between week 0 vs. week 6 data within groups 

were analyzed by paired t-tests. Only statistically significant P values are reported after 

correction for multiple testing using the Holm-Bonferroni method. ANCOVA, analysis of 

covariance; BMI, body mass index; CRP, C-reactive protein; IFN, interferon; IL, interleukin; 

LPS, lipopolysaccharide; MCP, monocyte chemoattractant protein; PBMC, peripheral blood 

mononuclear cell; SEM, standard error of the mean; TNF, tumor necrosis factor. 

 

 



 

 

60 

 

Table 3-5. Additional cytokines secreted from PBMC stimulated with 10 ng/mL LPS for 24 

hours after isolation from participants with overweight and obesity participants at baseline 

(Wk 0) and after 6 weeks (Wk 6) of consuming no apples (Control) or 3 whole apples 

(~200g)/day (Apple).1 

Cytokine 

(pg/mL) 

Control (n=22) Apple (n=22) 
Apple vs. Control 

P value 

Wk 0 Wk 6 Wk 0 Wk 6 Wk 02 Wk 63 

IL-1β 2132.0 ± 139.2 2156.8 ± 134.6 2071.5 ± 99.5 2078.1 ± 93.5 0.720 0.105 

IL-2 297.9 ± 13.9 285.1 ± 22.5 294.5 ± 12.3 262.6 ± 15.1 0.854 0.207 

IL-4 24.7 ± 0.8 22.9 ± 1.0 25.0 ± 1.3 25.6 ± 1.2 0.995 0.064 

IL-5 83.7 ± 1.9 79.3 ± 2.3 84.0 ± 2.0 79.8 ± 3.9 0.910 0.896 

IL-7 7.3 ± 0.7 7.1 ± 0.7 6.8 ± 0.9 6.4 ± 0.9 0.608 0.266 

IL-10 380.4 ± 47.6 356.4 ± 38.2 414.2 ± 45.1 373.9 ± 45.7 0.609 0.436 

IL-12p70 7.1 ± 0.6 6.6 ± 0.7 7.6 ± 0.6 5.8 ± 0.5 0.294 0.186 

IL-17 179.0 ± 6.6 168.3 ± 10.3 174.1 ± 4.9 160.8 ± 5.8 0.546 0.446 

G-CSF 1 931.6 ± 177.4 1 813.5 ± 146.4 1 985.6 ± 167.4 1 849.2 ± 148.4 0.828 0.476 

GM-CSF 34.4 ± 2.9 34.1 ± 4.1 37.5 ± 4.3 36.1 ± 3.4 0.546 0.581 

MIP-1β 
20 090.3  

± 5 406.9 

22 153.8 

± 4 305.0 

21 076.4 

± 4 142.6 

23 380.0 

± 4 549.2 
0.887 0.385 

1Values represent means ± SEM.  
2Differences in week 0 data between groups were analyzed by unpaired t-tests with P<0.05 

considered statistically significant.  
3Differences in week 6 data between groups were analyzed by ANCOVA. The centered baseline 

value was included in the model as a covariate. Participant factors (age, sex, BMI, waist 

circumference and CRP value) were also included in the model as between-subject factors or 

covariates (for nominal or continuous values, respectively), but only those with significant 

effects were retained. P<0.05 was considered statistically significant and the Holm-Bonferroni 

method was applied to control the family-wise error rate for multiple testing. 

ANCOVA, analysis of covariance; BMI, body mass index; CRP, C-reactive protein; G-CSF, 

granulocyte colony stimulating factor; GM-CSF, granulocyte-macrophage colony stimulating 

factor; IL, interleukin; LPS, lipopolysaccharide; MIP, macrophage inflammatory protein; PBMC, 

peripheral blood mononuclear cell; SEM, standard error of the mean. 

3.5 Discussion 

In the current study, consumption of 3 whole, small Gala apples (~200 g edible parts) daily 

for 6 weeks reduced circulating biomarkers of inflammation and endotoxin exposure, including 

CRP, IL-6 and LBP. These findings were supported by decreased PBMC-secreted IL-6 and IL-

17 as well as increased plasma TAC. Taken together, these results are significant given the 

established link between chronic low-grade inflammation in overweight and obesity and the 

development of chronic diseases, including CVD (55). To our knowledge, this is the first study 
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of the effects of regular whole apple consumption on biomarkers of inflammation and endotoxin 

exposure in the context of overweight and obesity. Overall, it provides support for the regular 

consumption of a widely available and accepted whole food in mitigating the development of 

comorbidities associated with excess adiposity despite no efforts toward weight loss. 

Increased circulating inflammatory biomarkers such as CRP and IL-6 are associated with 

overweight and obesity (48) and may be effective targets for dietary intervention to mitigate 

development of chronic metabolic diseases, including CVD (51). In the current study, consuming 

~200 g (edible parts) whole Gala apples daily for 6 weeks resulted in reduced CRP and IL-6 in 

participants with overweight and obesity. Mechanistically, expanding adipose tissue (AT) is 

characterized by changes in the number and activity of AT immune cell populations and their 

consequent paracrine interactions with adipocytes, which leads to over-secretion of inflammatory 

cytokines (e.g. IFN-γ, IL-1β, IL-6, MCP-1 and TNF-α) that impair local and systemic tissue 

metabolic function (153). Indeed, AT represents a major source of increased circulating IL-6 in 

overweight and obesity (240), which in turn regulates hepatic CRP production (241). To our 

knowledge, only 2 human studies have investigated the effects of whole apples on inflammatory 

biomarkers, neither of which focused on participants with overweight and obesity. In a 

randomized, controlled, crossover study with 23 healthy participants with a mean BMI of 22.3 

kg/m2 (>30 kg/m2 excluded), 4-week consumption of 550 g whole Shampion apples daily did not 

affect CRP, while other inflammatory biomarkers were not measured (206). In another 

randomized, controlled, crossover intervention in 43 hypercholesterolemic participants with a 

mean BMI of 25.3 kg/m2 (maximum 33.0 kg/m2), 8 weeks of ~340 g (edible parts) of whole 

Renetta Canada apples daily did not affect circulating TNF-α, while other inflammatory 

biomarkers were not measured (207). In the current study, TNF-α (and IL-1β and MCP-1) was 

also unaffected by 6 weeks of daily Gala apple consumption. Meanwhile, studies of dried and 

pureed whole apple have also yielded contrasting CRP results in participants with a mean BMI 

up to 25.9 kg/m2, while other inflammatory biomarkers were not measured (208-210). Overall, 

the specific anti-inflammatory effects of regular whole apple consumption in overweight and 

obesity requires further study given the limited and inconsistent data in this population. 
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Among fruits and vegetables, apples are the second largest contributor to antioxidant 

consumption in the Western diet (170), owing to their rich polyphenol content. The Western diet 

is suggested to include ~400 - 1400 mg/day of total polyphenols depending on coffee 

consumption, and ~200 - 275 mg/day of total flavonoids (189). Our participants habitually 

consumed within these estimates and towards the lower end of polyphenol intake, thus the 

inclusion of Gala apples providing ~200 mg of total polyphenols provided 10 - 30% of their total 

polyphenol intake. After 6 weeks, daily Gala apple intake increased plasma TAC which is in 

agreement with the aforesaid study of Shampion apples (206). This is significant considering 

expanding AT creates a vicious cycle between inflammation and oxidative stress in CVD 

development (242); meanwhile, individuals with overweight and obesity have lower plasma 

TAC (64).   

Mechanistically, LPS is an endotoxin that links changes in gut health to obesity-associated 

comorbidities, including CVD (243). In the current study, 6 weeks daily apple consumption 

reduced plasma LBP, a surrogate marker of bioactive LPS (108). The intestinal 

microenvironment of lean versus obese individuals differs dramatically including impaired 

epithelial barrier integrity (80), allowing for LPS translocation into the circulation. LPS is 

transported by LBP as well as membrane-bound or sCD14 to the Toll-like receptor 4/myeloid 

differentiation protein-2 complex, thus stimulating a signalling cascade that leads to activation of 

the master regulator of inflammatory cytokine transcription, nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) (100). Indeed, circulating LBP is increased in overweight 

and obesity (110) and increases LPS inflammatory activity (100). LBP is also positively 

associated with circulating IL-6, whereas sCD14 is not (110) and thus may not be an appropriate 

biomarker of endotoxemia alone. Hence, sCD14 and the LBP:sCD14 ratio were unaffected by 

apple consumption in the current study. To our knowledge, there are no other studies on the 

effects of apple consumption on human endotoxemia biomarkers; thus, this concept requires 

further study. 
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Our observed anti-inflammatory effects of daily Gala apple consumption were supported 

by findings in isolated PBMC, which are mainly composed of lymphocytes and monocytes; cells 

that play key roles in the development of chronic low-grade inflammation in overweight and 

obesity by infiltrating AT (153). In the current study, daily apple intake reduced PBMC-secreted 

IL-6 and IL-17 after 24 hours of culture. To our knowledge, there are no other human studies on 

the effects of apples on the PBMC response in overweight and obesity, and scarce studies have 

considered the effects of fruit (and/or vegetable) consumption on PBMC. In 120 healthy 

participants (mean BMI 22.3 kg/m2), apples were amongst the most consumed fruits and 

vegetables, and individuals in the highest tertile of fruit and vegetable consumption had reduced 

PBMC mRNA expression of IL-6, TNF-α and NF-κB (205). Other studies have considered the 

effects of regular consumption of freeze-dried strawberry (244) or grape powder (245) 

(equivalent to 4 frozen and 2 fresh fruit servings, respectively), or citrus fruit extract (246) on 

PBMC in overweight and obesity, with varying results on individual immune cell responses to 

inflammatory stimulation, including LPS. Collectively, the results may reflect alterations in the 

immune cell composition characteristic of overweight and obese AT, though further study is 

required. 

A strength of this study was the focus on participants with overweight and obesity, a 

known CVD risk factor in part due to increased inflammatory signalling (100), whereas other 

similar studies have focused on those with a lower BMI (206-210). However, the fact that 

participants were not recruited based on inflammatory status is a potential limitation. While their 

baseline inflammatory biomarker concentrations were higher than those reported for lean 

individuals (49, 50), future work should include those with known CVD risk factors as this may 

impact the findings. Another strength is our correction for multiple testing in our analyses using 

the Holm-Bonferroni method, which supports the significance of our findings within the study 

parameters. However, several of our findings were of secondary and exploratory outcomes which 

limits their validity and therefore future work should aim to replicate them independently. 

Further, while a 6-week intervention is within the higher range of other apple-related studies 

(206-210), this also limits the validity of our findings to longer-term apple intake. Also, although 
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surrogate markers of bioactive endotoxin exposure were examined (108), circulating LPS was 

not directly measured and should be included in future work. Likewise, while dietary analysis 

provided insight into the effects of apples within the context of participants’ habitual dietary 

intake, the lack of other measures of changes in dietary intake limits the interpretation of our 

findings. Finally, while the use of a single apple variety, all from the same growing season, was a 

strength, this may limit the external validity of the findings to other apple varieties given known 

differences in bioactive nutrients, including polyphenols (28).  

3.6 Conclusion 

Overall, this is the first study to show that 6 weeks whole Gala apple consumption as part of 

the habitual diet may be an effective strategy to mitigate inflammation in overweight and 

obesity, in the context of potential other changes in dietary and lifestyle factors during a human 

study. It provides support for the regular consumption of apples, a widely available and accepted 

whole food, in mitigating the development of comorbidities associated with excess adiposity 

such as CVD, despite no changes in anthropometric measures. 
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Chapter 4:  

Apple Consumption Reduces Markers of Postprandial 

Inflammation Following a High Fat Meal in Overweight and Obese 

Adults: A Randomized, Crossover Trial 

 

Presented as published with minor modification: 

Danyelle M. Liddle, Xinjie Lin, Emily M. Ward, Liam C. Cox, Amanda J. Wright, Lindsay E. 

Robinson. Apple consumption reduces markers of postprandial inflammation following a high 

fat meal in overweight and obese adults: A randomized, crossover trial. Food & Function. 2021; 

12(14):6348-62. doi: 10.1039/d1fo00392e. 
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4.1 Abstract 

High fat meal-induced postprandial inflammation is exacerbated in overweight and obesity 

and may contribute to cardiovascular disease (CVD) risk. This study aimed to determine the 

effects of apples, rich in anti-inflammatory polyphenols and fibre, on biomarkers of postprandial 

inflammation in individuals with overweight and obesity. A randomized, crossover trial was 

conducted with n=26 participants (17 female/9 male; mean age 45.5 ± 3.12 years; mean BMI 

34.1 ± 1.18 kg/m2) to assess the effects of 3 whole Gala apples (~200 g edible parts) on the 2-, 4- 

and 6-hour postprandial response to a high fat meal providing 1 g fat/kg body weight. Changes in 

plasma biomarkers of inflammation (as the primary outcome), endotoxin exposure, non-

esterified fatty acids (NEFA) and total antioxidant capacity (TAC) were measured. Fasting (0-

hour) and 4-hour peripheral blood mononuclear cells (PBMC) were also isolated from whole 

blood and stimulated with or without a physiological dose (10 ng/mL) of lipopolysaccharide 

(LPS) to measure secreted cytokines. Apples modulated postprandial plasma interferon-γ and 

reduced its peak concentration (-12.8%), and increased both 4-hour (14.4%) and peak (10.5%) 

TAC (P<0.05). In unstimulated and LPS-stimulated PBMC, apples reduced secreted interleukin 

(IL)-6 (-49.3% and -17.1%) and tumor necrosis factor-α (-43.3% and -14.7%) and increased IL-4 

(93.1% and 15.8%) in both the unstimulated and LPS-stimulated conditions, as well as decreased 

granulocyte-macrophage colony-stimulating factor (-26.0%) and IL-17 (-47.9%) in unstimulated 

PBMC and granulocyte colony-stimulating factor (-19.8%) in LPS-stimulated PBMC (P<0.05). 

These data suggest acute whole Gala apple consumption may be an effective dietary strategy to 

mitigate high fat meal-induced postprandial inflammation that exacerbates CVD risk in 

overweight and obesity. 
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4.2 Introduction 

Inflammation is suspected to causally link overweight and obesity to the development of 

cardiovascular disease (CVD) (1), which is amongst the most pervasive chronic metabolic 

diseases and current leading cause of death worldwide (2). With overweight and obesity 

affecting ~52% of adults worldwide (9), there is an urgent need to investigate preventative 

strategies against elevated systemic inflammatory tone in susceptible individuals. 

Mechanistically, inflammatory signalling pathways are stimulated by overconsumption of foods 

and beverages high in saturated fats (72), which are characteristic of the obesogenic Western 

dietary pattern associated with CVD risk (4), but also increasingly consumed in other countries 

(5). Though fasting lipid concentrations are classically measured to assess CVD risk, the nature 

and magnitude of the postprandial lipemic response is a more significant predictor of 

atherosclerotic events (73, 74). Lipemia induced by consumption of a high fat meal has been 

shown to increase systemic biomarkers of inflammation (72), which may be exaggerated in states 

of metabolic dysfunction, including overweight and obesity (7, 8). Thus, targeting postprandial 

inflammation may disrupt the direct association between frequent postprandial lipemia and 

increased atherosclerotic CVD risk in overweight and obesity (77).  

Epidemiological evidence supports regular apple consumption for reducing CVD and 

related atherosclerotic events, including mortality (22, 23). In addition to the rich micronutrient 

content of apples (171), these associations may be attributable to postprandial effects of their 

primary soluble fibre pectin, which has been shown to delay gastric emptying in individuals with 

obesity (175) and alter lipid digestion in vitro (247). Meanwhile, increasing evidence linking 

fruit and vegetable consumption with reduced CVD risk and CVD mortality points to 

polyphenols as the principal bioactives involved (18, 19). Polyphenols in general have well-

established anti-inflammatory effects, largely owing to their antioxidative actions and 

modulation of cell signalling cascades involved in inflammatory cytokine production (20). 

Apples are amongst the largest dietary source of phenolic compounds in the Western diet (168, 

170) and, compared to other common fruits, have the highest proportion of free phenolics (168, 
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169), suggesting their superior bioavailability (200). Red apples in particular, such as the Gala 

variety, are a significant source of polyphenols (28, 29, 195) which are ~2 - 6 times more 

abundant in the peel versus the flesh (197), implying that whole (i.e. including the peel) red 

apples exert significant health benefits. 

Human intervention studies show regular apple consumption improves fasting biomarkers 

of lipid metabolism and/or inflammation (206, 207), while studies on their postprandial effects 

are scarce. We previously showed that consumption of 1 large fruit serving of whole Gala apples 

did not affect the postprandial lipemic response to a high fat meal in individuals with overweight 

and obesity (214), though the effects on postprandial inflammation in this metabolic context 

remain unknown. Thus, in this acute dietary intervention study, we explored the effects of whole 

Gala apple consumption in combination with a high fat meal on postprandial concentrations of 

biomarkers of inflammation detected in plasma (primary outcome) and cultured peripheral blood 

mononuclear cells (PBMC; a secondary outcome).  

4.3 Methods 

4.3.1 Study design 

This was a randomized, cross-over intervention study conducted at the Human 

Nutraceutical Research Unit at the University of Guelph. Recruitment was ongoing between 

January 2017 - September 2018 and the intervention was conducted during October 2017 - 

September 2018, in order to utilize apples from the same September 2017 harvest. The study was 

conducted according to the guidelines laid down in the Declaration of Helsinki and all 

procedures involving human participants were approved by the University of Guelph Human 

Research Ethics Board (REB no. 16JA013). It was registered at clinicaltrials.gov 

(NCT03523403, The Apple Study: Investigating the effects of whole apple consumption on risk 

factors for chronic metabolic diseases in overweight and obese adults), which also includes 

details of a randomized, parallel arm 6-week apple intervention study conducted with additional 

participants (Chapter 3, (248)). Written informed consent was obtained from all participants. The 



 

 

70 

 

study timeline is shown in Figure 4-1. After a 2-week run-in period, participants attended 2, 7-h 

study visits separated by a 4 - 7-day washout period.  

 

Figure 4-1. Study design. 

4.3.2 Study outcomes 

The primary outcome included changes in postprandial plasma inflammatory biomarkers, 

including interferon (IFN)-γ, interleukin (IL)-1β, IL-6, monocyte chemoattractant protein 

(MCP)-1, tumor necrosis factor (TNF)-α and C-reactive protein (CRP). Secondary outcomes 

included changes in postprandial plasma lipopolysaccharide (LPS)-binding protein (LBP) and 

cultured PBMC-secreted inflammatory cytokines. Exploratory outcomes included changes in 

postprandial plasma soluble cluster of differentiation (sCD)14, the LPS:sCD14 ratio, non-

esterified fatty acids (NEFA) and total antioxidant capacity (TAC). Changes in postprandial 

plasma triacylglycerol (TAG), glucose and insulin were reported separately (214). The primary 

outcomes of the 6-week apple intervention study, including changes in fasting plasma 

inflammatory biomarkers (Chapter 3, (248)) and the gut microbiota profile (235), are reported 

separately.  



 

 

71 

 

4.3.3 Participant recruitment 

Participants were recruited through flyer, internet, newspaper and radio advertisements in 

Guelph, Ontario, Canada and the surrounding communities. Inclusion criteria were 18 - 75 years 

of age; body mass index (BMI) ≥25.0 kg/m2 or waist circumference ≥102 cm (40 inches) for 

males or ≥88 cm (35 inches) for females; no diagnosis of diabetes or digestive, cardiovascular or 

inflammatory diseases/disorders; and stable body weight (<5% fluctuation) for the previous 3 

months. Individuals were excluded if they were hospitalized for any major medical or surgical 

events in the last year; taking medications or natural health products that could interfere with the 

study outcomes; pregnant or breastfeeding; or for tobacco or recreational drug use, or alcohol 

consumption of >14 drinks (196 g ethanol)/week or >4 drinks (56 g ethanol)/sitting. A fasting 

TAG concentration of ≥1.69 mmol/L was initially required as a biomarker of increased CVD 

risk, but this criterion was removed as it was not feasible to recruit hyperlipidaemic individuals 

who were otherwise eligible. Of the 165 individuals screened by a phone questionnaire, 51 were 

invited for an onsite screening visit, among which, 28 were enrolled in the study (Figure 4-2).  

 

Figure 4-2. Participant flow. 
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4.3.4 Pre-study visit procedures and participant compliance 

Participants were counselled to completely avoid a list of foods and beverages rich in 

polyphenols and/or dietary fibres, including coffee, black and green tea, red wine, pistachios and 

primarily red/purple/blue fruits (e.g. berries, grapes, tomatoes), vegetables (e.g. potatoes, 

carrots), grains (red, black and wild rice) and beans (red kidney and black beans) for a 2-week 

run-in period before the first study visit and until the second study visit, but to otherwise 

maintain their usual dietary, exercise and other lifestyle habits. Compliance was confirmed by 

participants completing a 3-day food record before and after the 2-week run-in period, which 

showed calculated polyphenol intake decreased while energy and macronutrient intake remained 

stable during this time period (248). For 48 hours before each study visit, participants abstained 

from alcohol, exercise and over-the-counter medications. The evening before each study visit, 

participants consumed a standardized low fat (12.0 - 12.5 g fat/serving) meal consisting of 1 

serving of vegetarian lasagna (President’s Choice Blue Menu), a cranberry almond granola bar 

(President’s Choice Chewy Trail Mix), a pudding (Hunt’s, chocolate or vanilla flavored), and a 

juice box (President’s Choice, apple or fruit punch). The nature of appealing low fat foods and 

beverages that would encourage participants’ compliance with the evening meal lent to the 

inclusion of a small portion of polyphenol-rich ingredients, providing ~135 mg of 

polyphenols/meal in total (186). This was justified considering participants consumed the same 

meal before each study visit with and without apples. Also, 135 mg represents ~one-third of 

participants’ polyphenol intake at the end of the 2-week run-in period, thus the evening meal was 

assumed to provide a polyphenol content similar to participants’ typical evening meals during 

this time period (249). Participants fasted for 10 - 12 hours overnight and water was encouraged 

for up to 1 hour before each study visit. Participant compliance was confirmed via a 

questionnaire at the beginning of each study visit, detailing their recent health and dietary, 

exercise and other lifestyle habits. 



 

 

73 

 

4.3.5 Study randomization and intervention 

Participants were randomized based on their order of study enrolment using a random 

number table (generated by an individual not associated with the study to avoid selection bias, 

using Excel, Microsoft Ltd.) to consume either a dairy-based high fat meal alone or the same 

high fat meal with apples at each visit. Due to the nature of the study interventions, participants 

and researchers were not blinded at each study visit, though samples and data were coded based 

only on study visit number in order to conceal treatment allocation during their handling and 

analyses. The high fat meal was a 500 mL mixture of 35% fat whipping cream and skimmed 

milk, standardized with additional skim milk powder such that each meal provided 1 g fat/kg 

body weight and 14.6 g protein. Extra Strength Tylenol® (00559407) containing 1500 mg 

acetaminophen was ground and added to each high fat meal shortly before participant 

consumption for indirect assessment of gastric emptying, reported separately (214). Fat 

consumption was based on body weight to account for the larger blood volume in participants 

with overweight and obesity, with 1 g fat/kg body weight commonly provided in studies of 

postprandial lipemia (250). Protein consumption was constant between participants to avoid its 

differing effects on postprandial lipemia (251), as was acetaminophen to avoid potential 

overdose in participants with extreme obesity (i.e. acetaminophen intake should not exceed 4000 

mg/day (252)). The high fat meal was well-tolerated by all participants except 1 who vomited 20 

minutes after its consumption and discontinued participation. At 1 of the 2 study visits, 3 Gala 

apples (provided by Martin’s Family Fruit Farm and Norfolk Fruit Growers Association in 

Ontario, Canada) were cored and sliced without removing the peel, providing ~200 g total for 

participants to consume with the high fat meal. All Gala apples were provided from the same 

harvest and stored in the dark at 4°C to ensure consistency in their nutrient and polyphenol 

content, as previously suggested (237). The nutrient compositions of the study intervention are 

provided in Table 4-1.  
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Table 4-1. Nutrient composition of the study interventions.1  

Nutrients 
High fat meal (500 mL) 

High fat meal (500 mL)  

+ Apples (~200 g) 

Energy (kcal) 792.7 - 1524.1 

 

906.7 - 1638.1 

 

 g % kcal g % kcal 

Carbohydrate2 20.3 - 21.5 5.3 - 10.8 47.7 – 48.9 11.6 – 21.6 

   Glucose -  3.3  

   Fructose -  11.9  

   Sucrose -  5.6  

   Total fibre -  4.6  

      Pectin3 -  2.2  

Fat2 71.6 - 154.0 81.0 - 91.5 71.6 - 154.0 70.8 – 84.7 

Protein 14.6 3.8 – 7.4 15.8 3.9 – 7.0 

Total polyphenols4 -  0.2  

Acetaminophen 1.5  1.5  
1Values calculated based on product labels (for the high fat meal) and nutrient reports in Health 

Canada Nutrients Database (for apples) (171). 
2Depended on participant body weight. The high fat meal provided 1 g fat/kg body weight. 
3Determined by colourimetric assay (214) and presented as galacturonic acid equivalents. 
4Determined by colourimetric assay (214) and presented as gallic acid equivalents. 

4.3.6 Anthropometric measurements 

Anthropometric measurements were taken by a trained study coordinator at the beginning 

of the onsite screening visit and each study visit. Height was measured to the nearest millimeter 

using a stadiometer (SECA Portable Stadiometer 214) and the average of all height 

measurements was used to calculate BMI throughout the study. Body weight was measured to 

the nearest 0.05 kg on a digital scale (Acculab Sartorius Group SVI-200F, Sartorius Stedim 

Biotech). Waist circumference was measured to the nearest millimeter using a standard 

measuring tape.  

4.3.7 Blood collection and analysis  

Participants remained seated during each study visit, with only short breaks permitted to 

use the washroom. Fasting and 2-, 4-, and 6-hour postprandial blood samples were taken from 

the antecubital vein and collected in ethylenediaminetetraacetic acid Vacutainer® tubes (Becton, 

Dickinson and Company) via an intravenous line at each study visit. Baseline (i.e. 0-hour) was 
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set to when participants started to consume the study intervention, which they finished within 15 

minutes. After centrifugation at 625 x g at 5 °C for 10 minutes, plasma was aliquoted into 

cryovials in small volumes and immediately stored at -80 °C until analysis by commercial 

assays. Inflammatory cytokines were measured by multiplex using a Human 

Cytokine/Chemokine Bio-Plex Pro kit (Bio-Rad Laboratories) and the Bio-Plex 200 System 

and accompanying software, Bio-Plex Manager, Version 6.0 (Bio-Rad Laboratories). 

Colourimetric assays were used to determine high sensitivity CRP (R&D Systems), LBP (R&D 

Systems), sCD14 (R&D Systems), TAG (FUJIFILM Wako Diagnostics), NEFA (FUJIFILM 

Wako Diagnostics), glucose (FUJIFILM Wako Diagnostics), insulin (Mercodia AB) and TAC 

(Abcam) according to the manufacturers’ instructions. The intra-assay coefficients of variability 

were ≤10% for all biomarkers. The ratio of fasting LBP:sCD14 was determined as an 

exploratory outcome, as it is suggested to be a more accurate biomarker of endotoxin exposure 

than either marker alone (108). Homeostatic Model Assessment of Insulin Resistance (HOMA-

IR) was calculated as (fasting glucose (mmol/L) × fasting insulin (mU/L))/22.51. Finally, fasting 

cholesterol concentrations were determined immediately from a drop of whole venous blood 

using the Cholestech LDX Lipid Analyzer (Cholestech).  

4.3.8 PBMC isolation, culture, and analysis 

Fasting and 4-hour postprandial venous blood samples were collected in sodium citrate 

Vacutainer® tubes (Becton, Dickinson and Company) for PBMC isolation via density gradient 

centrifugation. In brief, an equal volume of blood was overlaid onto Histopaque 1077 (Sigma-

Aldrich) in SepMate tubes (StemCell Technologies) and centrifuged at room temperature for 

10 minutes at 1200 x g without deceleration. The PBMC layer over Histopaque was collected 

and washed with 1X phosphate buffered saline after centrifugation at room temperature at 130 x 

g then 400 x g with deceleration. Isolated PBMC were re-suspended in Roswell Park Memorial 

Institute-1640 media (Sigma-Aldrich) supplemented with 10 % (v/v) low-endotoxin fetal bovine 

serum (Sigma-Aldrich) and 1% (v/v) penicillin-streptomycin (HyClone). Cell viability was 

assessed by trypan blue exclusion and exceeded 95%. PBMC were seeded into 24-well plates at 
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a density of 5 x 105 cells/mL and cultured with or without 10 ng/mL LPS from Escherichia coli 

055:B5 (Sigma-Aldrich), a physiologically relevant dose that reproduces the endotoxin 

concentration reported in obese humans (5-6 endotoxin units/mL) (97). PBMC were maintained 

in a humidified incubator at 37 °C in 5% CO2. After 24 hours, supernatant was collected, 

centrifuged at 10 000 x g at 4 °C for 10 minutes to remove cells and debris, then stored at -80 °C 

until analysis. Supernatant concentrations of inflammatory (IL-1β, IL-2, IL-5, IL-6, IL-7, IL-8, 

IL-12p70, IL-13, IL-17, IFN-γ, granulocyte colony-stimulating factor [G-CSF], granulocyte-

macrophage colony-stimulating factor [GM-CSF], TNF-α), anti-inflammatory (IL-4, IL-10) and 

macrophage chemoattractant (MCP-1, macrophage inflammatory protein [MIP]-1β) cytokines 

were determined by multiplex using the Plex Pro Human Cytokine 17-plex kit (Bio-Rad 

Laboratories) and the Bio-Plex 200 System and accompanying software, Bio-Plex Manager, 

Version 6.0 (Bio-Rad Laboratories).  

4.3.9 Data and statistical analysis  

As previously reported (214), the required number of participants was 34, based on an a 

priori calculation using a two-tailed model for a matched-pairs mean comparison in TAG Cmax, 

with a medium effect size (Cohen’s d coefficient = 0.5), a probability of a type I error of 0.05 

and a power of 0.80. One participant had missing data for the final 6-hour timepoint during the 

study visit they consumed apples, due to inability to draw more blood. All measurements were 

completed in duplicate and analyzed using the Statistical Analysis System, Version 9.4 (SAS 

Institute Inc.) with P<0.05 considered statistically significant. Data normality was assessed using 

the Shapiro-Wilk test and logarithmic transformation was applied to non-normally distributed 

data. Fasting endpoints were compared between study visits 1 and 2 using paired-sample t tests. 

Postprandial plasma time-wise endpoints were compared between study visits with and without 

apples using a two-factor repeated measures ANCOVA for the main effects of apples, time and 

apples × time interaction. In cases where a significant apple effect or apples-by-time interaction 

were detected, Tukey’s post-hoc test was performed to determine apple effects at each timepoint. 

Net incremental area under the curve (iAUC) was calculated for plasma outcomes using the 
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linear trapezoidal method. Maximum concentrations (Cmax) of each plasma outcome were 

identified as the greatest value in a participant’s data set. Plasma net iAUC and Cmax data and 

PBMC 4-hour data were compared between study visits using ANCOVA for the main effect of 

apples. In both ANCOVA models, participant was designated as a random factor and participant 

characteristics (age, sex, BMI and waist circumference) were included as fixed between-

participant factors or covariates (for nominal or continuous values, respectively). Results from 

analyses based on the most parsimonious models (i.e. retaining only the variables that 

contributed significantly to variations in any given study outcome) are shown. All data are 

presented as means ± standard error of the mean (SEM). 

4.4 Results 

4.4.1 Participant characteristics 

Of the 28 participants enrolled, 26 (17 female/9 male; mean age 45.1 ± 3.12 years) 

completed the study (Figure 4-2). Participant anthropometric and fasting blood characteristics are 

shown in Table 4-2 (as previously reported (214)), with no differences between the 2 study visits 

(P>0.05 for all measurements; data not shown).  
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Table 4-2. Anthropometric and fasting blood characteristics for female (n=17) and male 

(n=9) participants. 

Characteristic 
Mean ± SEM1 Range 

Weight (kg) 100.0 ± 4.49 71.6 - 154.0 

BMI (kg/m2) 34.1 ± 1.18 25.4 - 48.2 

Waist circumference (cm) 112.8 ± 2.04 87.0 - 149.0 

Total cholesterol (mmol/L) 4.88 ± 0.12 2.59 - 6.70 

LDL-cholesterol (mmol/L) 3.14 ± 0.09 1.75 - 4.27 

HDL-cholesterol (mmol/L) 1.11 ± 0.05 0.57 - 2.06 

TAG (mmol/L)2 1.38 ± 0.08 0.66 - 2.31 

Glucose (mmol/L)2 4.98 ± 0.18 3.49 - 6.76 

Insulin (pmol/L) 61.2 ± 9.54 14.5 - 183.5 

HOMA-IR 1.14 ± 0.17 0.30 – 3.30 
1Values represent means ± SEM of both study visits combined. 
2n=25 (214). 

BMI, body mass index; HDL, high-density lipoprotein; HOMA-IR, homoeostatic model 

assessment of insulin resistance; LDL, low-density lipoprotein; SEM, standard error of the mean; 

TAG, triacylglycerol. 

4.4.2 Postprandial plasma biomarkers of inflammation 

Variations in plasma biomarkers of inflammation (IFN-γ, IL-1β, IL-6, MCP-1, TNF-α, 

CRP) over the 6-hour postprandial period are shown in Figure 4-3. There was an independent 

overall effect of apple consumption on postprandial IFN-γ (Papples=0.035), as well as an effect of 

time (Ptime<0.001), but no apples-by-time interaction (Papples x time>0.05). However, there was no 

difference in IFN-γ at any specific timepoint when study visits with and without apples were 

compared (Papples>0.05). There was an effect of time on postprandial TNF-α (Ptime<0.001) and a 

non-significant trend towards an effect of apples (Papples=0.079), but no apples-by-time 

interaction (Papples x time>0.05). Changes in postprandial IL-1β, IL-6 and MCP-1 did not differ 

between study visits with and without apples (P>0.05), though all varied by time (Ptime<0.05). 

There were no effects of apples or time on postprandial CRP (P>0.05). Postprandial net iAUC 

and Cmax values of plasma inflammatory biomarkers are shown in Table 4-3. Apple consumption 

reduced plasma IFN-γ Cmax by 12.8% compared to the study visit without apples (Papples=0.018) 

but did not affect the Cmax of any other inflammatory biomarker measured, or the net iAUC of 

any inflammatory biomarkers measured (Papples>0.05). 
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Figure 4-3. Postprandial plasma biomarkers of inflammation including A) IFN-γ, B) IL-1β, 

C) IL-6, D) MCP-1, E) TNF-α and F) CRP in n=26 participants with overweight and 

obesity who consumed a high fat meal with and without 3 whole apples (~200g).  

Values represent mean ± SEM. One participant had missing data for the final 6-hour timepoint 

during the study visit they consumed apples. Differences between study visits with and without 

apples were compared using repeated measures ANCOVA for the main effect of apples, time, 

and apples × time interaction, followed by Tukey’s post-hoc test. Participant was designated as a 

random factor and participant characteristics (age, sex, BMI and waist circumference) were also 

included in the model as fixed between-participant factors or covariates (for nominal or 

continuous values, respectively), but none were significant. P<0.05 was considered statistically 

significant. Without apples; With apples. ANCOVA, analysis of covariance; BMI, 

body mass index; CRP, C-reactive protein; IFN, interferon; IL, interleukin; MCP, monocyte 

chemoattractant protein; SEM, standard error of the mean; TNF, tumor necrosis factor. 
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Table 4-3. Net iAUC and Cmax of biomarkers of inflammation and endotoxemia, NEFA and 

TAC in n=26 participants with overweight and obesity who consumed a high fat meal with 

and without 3 whole apples (~200g). 

Biomarker 

 

Measure Without apples Apples Papples
1 

Biomarkers of inflammation 

IFN-γ iAUC (pg/mL·h) 0.43 ± 0.15 0.15 ± 0.08 0.108 

 Cmax (pg/mL) 2.03 ± 0.09 
 

1.77 ± 0.05 0.018 

IL-1β iAUC (pg/mL·h) 0.13 ± 0.04 0.14 ± 0.11 0.916 

 Cmax (pg/mL) 0.76 ± 0.03 
 

0.82 ± 0.11 0.608 

IL-6 iAUC (pg/mL·h) 0.39 ± 0.08 0.28 ± 0.08 0.442 

 Cmax (pg/mL) 1.35 ± 0.07 
 

1.22 ± 0.05 0.118 

MCP-1 iAUC (pg/mL·h) 3.42 ± 1.34 0.66 ± 0.97 0.157 

 Cmax (pg/mL) 4.45 ± 0.37 
 

4.21 ± 0.39 0.327 

TNF-α iAUC (pg/mL·h) 1.44 ± 0.48 0.76 ± 0.30 0.322 

 Cmax (pg/mL) 6.36 ± 0.38 
 

5.80 ± 0.23 0.210 

CRP iAUC (μg/mL·h) -0.20 ± 0.22 0.25 ± 0.20 0.156 

 Cmax (μg/mL) 
 

3.12 ± 0.16 3.13 ± 0.16 0.954 

Biomarkers of endotoxemia 

LBP iAUC (μg/mL·h) -0.01 ± 1.11 -0.30 ± 1.16 0.838 

 Cmax (μg/mL) 12.2 ± 0.90 
 

11.8 ± 0.82 0.158 

sCD14 iAUC (μg/mL·h) 0.35 ± 0.13 0.74 ± 0.38 0.330 

 Cmax (μg/mL) 1.90 ± 0.20 
 

2.09 ± 0.23  0.605 

LBP:sCD14 iAUC -0.53 ± 1.58 -2.13 ± 3.63 0.659 

 Cmax 10.2 ± 1.08 
 

10.7 ± 1.38 0.777 

NEFA iAUC (mEq/L·h) -0.07 ± 0.05 -0.06 ± 0.05 0.893 

 Cmax (mEq/L) 0.70 ± 0.02 
 

0.68 ± 0.02 0.300 

TAC iAUC (mmol/L TE) -9.04 ± 9.33 23.3 ± 12.2 0.083 

 Cmax (mmol/L TE) 183.4 ± 7.58  202.7 ± 7.53  0.032 
1Values represent means ± SEM. One participant had missing data for the final 6-hour timepoint 

during the study visit they consumed apples. Differences between study visits with and without 

apples were compared using ANCOVA for the main effect of apples. Participant was designated 

as a random factor and participant characteristics (age, sex, BMI and waist circumference) were 

also included in the model as fixed between-participant factors or covariates (for nominal or 

continuous values, respectively), but only sex was significant for sCD14 Cmax. P<0.05 was 

considered statistically significant. 

ANCOVA, analysis of covariance; BMI, body mass index; CRP, C-reactive protein; IFN, 

interferon; IL, interleukin; LBP, lipopolysaccharide binding protein; MCP, monocyte 

chemoattractant protein; NEFA, non-esterified fatty acid; TAC, total antioxidant capacity; TAG, 

triacylglycerol; TE, Trolox Equivalents; SEM, standard error of the mean; TNF, tumor necrosis 

factor. 
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4.4.3 Postprandial plasma biomarkers of endotoxin exposure 

Variations in plasma biomarkers of endotoxin exposure (LBP, sCD14, LBP:sCD14 ratio) 

over the 6-hour postprandial period are shown in Figure 4-4. Baseline measurements did not 

differ between study visits (P>0.05). Changes in postprandial sCD14 and LBP:sCD14 did not 

differ between study visits with and without apples (P>0.05), though both varied by time 

(Ptime<0.05). There were no effects of apples or time on LBP (P>0.05). Postprandial net iAUC 

and Cmax of plasma biomarkers of endotoxin exposure are shown in Table 4-3 and did not differ 

between study visits with and without apples (Papples >0.05). Overall, during both study visits 

with and without apples, females had higher postprandial plasma sCD14 (Psex=0.031; Figure 4-5) 

consistent with a higher sCD14 Cmax (2.30 ± 0.26 vs. 1.33 ± 0.20 without apples and 2.37 ± 0.25 

vs. 1.56 ± 0.44 with apples; Psex=0.018) and lower LBP:sCD14 (Psex=0.026; Figure 4-5) 

compared to males. 
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Figure 4-4. Postprandial plasma biomarkers of endotoxin exposure including A) LBP, B) 

sCD14 and C) LBP:sCD14 ratio in n=26 participants with overweight and obesity who 

consumed a high fat meal with and without 3 whole apples (~200g).  

Values represent means ± SEM. One participant had missing data for the final 6-hour timepoint 

during the study visit they consumed apple. Differences between study visits with and without 

apples were compared using repeated measures ANCOVA for the main effect of apples, time, 

and apples × time interaction, followed by Tukey’s post-hoc test. Participant was designated as a 

random factor and participant characteristics (age, sex, BMI and waist circumference) were also 

included in the model as fixed between-participant factors or covariates (for nominal or 

continuous values, respectively), but only those with significant effects were retained. P<0.05 

was considered statistically significant.  Without apples; With apples. ANCOVA, 

analysis of covariance; BMI, body mass index; LBP, lipopolysaccharide binding protein; sCD, 

soluble cluster of differentiation; SEM, standard error of the mean. 
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Figure 4-5. Postprandial plasma biomarkers of endotoxin exposure including A) sCD14 

and B) LBP:sCD14 ratio for female (n=17) and male (n=9) participants with overweight 

and obesity who consumed a high fat meal with and without 3 whole apples (~200g).  

Values represent means ± SEM. One participant had missing data for the final 6-hour timepoint 

during the study visit they consumed apple. Differences between study visits with and without 

apples were compared using repeated measures ANCOVA for the main effect of apples, time, 

and apples × time interaction, followed by Tukey’s post-hoc test. Participant was designated as a 

random factor and participant characteristics (age, sex, body mass index and waist 

circumference) were also included in the model as fixed between-participant factors or covariates 

(for nominal or continuous values, respectively), but only those with significant effects were 

retained. P<0.05 was considered statistically significant. Male, without apples; 

Male, with apples; Female, without apples; Female, with apples. ANCOVA, 

analysis of covariance; BMI, body mass index; LBP, lipopolysaccharide binding protein; sCD, 

soluble cluster of differentiation; SEM, standard error of the mean. 

4.4.4 Postprandial plasma NEFA 

Variations in plasma NEFA over the 6-hour postprandial period are shown in Figure 4-6 

and the net iAUC and Cmax are shown in Table 4-3. There was no difference in baseline 

measurements between study visits (P>0.05). Postprandial NEFA varied by time (Ptime=0.005) 

but was not affected by apple consumption (P>0.05), consistent with no differences between 

study visits in its net iAUC or Cmax values (Papples>0.05). Meanwhile, variations in postprandial 

TAG, glucose and insulin were previously reported, with only insulin increased following apple 

consumption (214).  



 

 

84 

 

 

Figure 4-6. Postprandial plasma NEFA in n=26 participants with overweight and obesity 

who consumed a high fat meal with and without 3 whole apples (~200g).  

Values represent means ± SEM. One participant had missing data for the final 6-hour timepoint 

during the study visit they consumed apple. Differences between study visits with and without 

apples were compared using repeated measures ANCOVA for the main effect of apples, time, 

and apples × time interaction, followed by Tukey’s post-hoc test. Participant was designated as a 

random factor and participant characteristics (age, sex, BMI and waist circumference) were also 

included in the model as fixed between-participant factors or covariates (for nominal or 

continuous values, respectively), but none were significant. P<0.05 was considered statistically 

significant. Without apples; With apples. ANCOVA, analysis of covariance; BMI, 

body mass index; NEFA, non-esterified fatty acids; SEM, standard error of the mean. 

4.4.5 Postprandial plasma TAC  

Variations in plasma TAC over the 6-hour postprandial period are shown in Figure 4-7 

and the net iAUC and Cmax are shown in Table 4-3. Baseline measurements did not differ 

between study visits (P>0.05). There was an apples-by-time interaction for postprandial TAC 

(Papples x time=0.013) which was increased at the 4-hour timepoint during the study visit with 

apples compared to without (14.4%, Papples=0.013) consistent with an increased Cmax (10.5%, 

Papples=0.032). However, apples did not affect its net iAUC (Papples>0.05) compared to the study 

visit without apples.  
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Figure 4-7. Postprandial plasma TAC in n=26 participants with overweight and obesity 

who consumed a high fat meal with and without 3 whole apples (~200g).  

Values represent means ± SEM. One participant had missing data for the final 6-hour timepoint 

during the study visit they consumed apple. Differences between study visits with and without 

apples were compared using repeated measures ANCOVA for the main effect of apples, time, 

and apples × time interaction, followed by Tukey’s post-hoc test. Participant was designated as a 

random factor and participant characteristics (age, sex, BMI and waist circumference) were also 

included in the model as fixed between-participant factors or covariates (for nominal or 

continuous values, respectively), but none were significant. P<0.05 was considered statistically 

significant. Without apples; With apples. ANCOVA, analysis of covariance; BMI, 

body mass index; SEM, standard error of the mean; TAC, total antioxidant capacity. 

4.4.6 Postprandial PBMC-secreted cytokines 

Unstimulated condition. Secreted cytokines from PBMC isolated from participants at 

baseline (0-hour) and the 4-hour postprandial timepoint during both study visits (with and 

without apples) and cultured for 24 hours are shown in Figure 4-8 (statistically significant 

results) and Table 4-4 (nonsignificant results). Baseline measurements did not differ between 

study visits (P>0.05). At 4 hours, apples decreased GM-CSF (-26.0%, Papples=0.031), IL-6 (-

49.3%, Papples=0.008), IL-17 (-47.9%, Papples=0.007) and TNF-α (-43.3%, Papples<0.001), and 

increased IL-4 (93.1%, Papples=0.033) compared to the study visit without apples. There were no 

differences in other measured cytokines between study visits with and without apples (P>0.05), 

while IL-7, IL-12p70, IL-13 and G-CSF were undetected in the unstimulated condition. 
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Figure 4-8. Cytokines including A) GM-CSF, B) IL-6, C) IL-17, D) TNF-α and E) IL-4 

secreted from PBMC cultured for 24 hours after isolation from n=26 participants with 

overweight and obesity at baseline (0-hour) and 4 hours after consumption of a high fat 

meal with and without 3 whole apples (~200g).  

Values represent means ± SEM. Differences in 0-hour data between study visits with and 

without apples were compared using paired t-tests but none were significant. Differences in 4-

hour data between study visits with and without apples were compared using ANCOVA for the 

main effect of apples. Participant was designated as a random factor and participant 

characteristics (age, sex, BMI and waist circumference) were also included in the model as fixed 

between-participant factors or covariates (for nominal or continuous values, respectively), but 

none were significant. P<0.05 was considered statistically significant.  Without apples;  With 

apples. ANCOVA, analysis of covariance; BMI, body mass index; GM-CSF, granulocyte-

macrophage colony-stimulating factor; IL, interleukin; PBMC, peripheral blood mononuclear 

cells; SEM, standard error of the mean; TNF, tumor necrosis factor. 
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Table 4-4. Cytokines secreted from PBMC cultured for 24 hours after isolation from n=26 

participants with overweight and obesity at baseline (0-hour) and 4 hours after 

consumption of a high fat meal with and without 3 whole apples (~200g)/day. 

Cytokine 

(pg/mL) 

Without apples Apples Papples 

0 h 4 h 0 h 4 h 0 h1 4 h2 

IFN-γ 65.3 ± 11.7 84.3 ± 12.8 69.6 ± 9.39 74.0 ± 12.6 0.611 0.331 

IL-1β 170.2 ± 36.2 209.8 ± 42.2 152.6 ± 28.4 195.7 ± 36.9 0.574 0.622 

IL-2 62.6 ± 14.3 85.9 ± 17.9 75.5 ± 16.2 61.8 ± 11.2 0.483 0.101 

IL-5 33.7 ± 7.29 43.1 ± 8.62 35.6 ± 6.16 33.8 ± 6.00 0.986 0.157 

IL-8 
15 575.1 ± 

1652.2 

16 973.9 ± 

1572.9 

16 771.0 ± 

1881.3 

15 968.1 ± 

1275.5 
0.795 0.435 

IL-10 25.1 ± 5.11 23.5 ± 3.97 23.9 ± 4.40 29.8 ± 5.20 0.487 0.094 

MCP-1 2591.3 ± 719.1 2934.8 ± 798.2 2431.0 ± 694.9 2736.6 ± 743.6 0.480 0.257 

MIP-1β 3924.0 ± 910.0 4207.3 ± 880.1 4685.6 ± 1475.8 3589.1 ± 749.5 0.617 0.138 
1Differences in 0-hour data between study visits with and without apples were compared using 

paired t-tests with P<0.05 considered statistically significant. 
2Differences in 4-hour data between study visits with and without apples were compared using 

ANCOVA for the main effect of apples. Participant was designated as a random factor and 

participant characteristics (age, sex, BMI and waist circumference) were also included in the 

model as fixed between-participant factors or covariates (for nominal or continuous values, 

respectively), but none were significant. P<0.05 was considered statistically significant.  

ANCOVA, analysis of covariance; BMI, body mass index; IFN, interferon; IL, interleukin; 

MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; PBMC, 

peripheral blood mononuclear cell; SEM, standard error of the mean. 

LPS-stimulated condition. Secreted cytokines from baseline (0-hour) and 4-hour 

postprandial LPS-stimulated PBMC are shown in Figure 4-9 (statistically significant results) and 

Table 4-5 (nonsignificant results). Baseline measurements did not differ between study visits 

(P>0.05). At 4 hours, apples decreased G-CSF (-19.8%, Papples=0.023), IL-6 (-17.1%, 

Papples<0.001) and TNF-α (-14.7%, Papples=0.007), and increased IL-4 (15.8%, Papples=0.020) 

compared to the study visit without apples. Apples also tended to decrease IL-1β (Papples=0.052) 

and IL-17 (Papples=0.056) compared to the study visit without apples. There were no differences 

in other measured cytokines between study visits with and without apples (P>0.05), while IL-13 

was also undetected in the LPS-stimulated condition. 
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Figure 4-9. Cytokines including A) G-CSF, B) IL-6, C) TNF-α and D) IL-4 secreted from 

PBMC cultured and stimulated with 10 ng/mL LPS for 24 hours after isolation from n=26 

participants with overweight and obesity at baseline (0-hour) and 4 hours after 

consumption of a high fat meal with and without 3 whole apples (~200g).  

Values represent means ± SEM. Differences in 0-hour data between study visits with and 

without apples were compared using paired t-tests but none were significant. Differences in 4-

hour data between study visits with and without apples were compared using ANCOVA for the 

main effect of apples. Participant was designated as a random factor and participant 

characteristics (age, sex, BMI and waist circumference) were also included in the model as fixed 

between-participant factors or covariates (for nominal or continuous values, respectively), but 

none were significant. P<0.05 was considered statistically significant.  Without apples;  With 

apples. ANCOVA, analysis of covariance; BMI, body mass index; G-CSF, granulocyte colony-

stimulating factor; IL, interleukin; LPS, lipopolysaccharide; PBMC, peripheral blood 

mononuclear cells; SEM, standard error of the mean; TNF, tumor necrosis factor.     
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Table 4-5. Cytokines secreted from PBMC cultured and stimulated with 10 ng/mL LPS for 

24 hours after isolation from n=26 participants with overweight and obesity at baseline (0-

hour) and after 4 hours after consumption of a high fat meal with and without 3 whole 

apples (~200g)/day. 

Cytokine 

(pg/mL) 

Without apples Apples Papples 

0 h 4 h 0 h 4 h 0 h1 4 h2 

IFN-γ 188.5 ± 18.3 203.2 ± 20.3 189.4 ± 18.7 196.9 ± 19.5 0.881 0.398 

IL-1β 6388.1 ± 1626.6 7051.5 ± 1757.4 6293.2 ± 1592.3 6519.3 ± 1614.5 0.558 0.052 

IL-2 433.5 ± 56.8 411.0 ± 52.6 464.0 ± 66.8 420.1 ± 60.4 0.110 0.501 

IL-5 128.2 ± 17.2 123.5 ± 16.4 128.6 ± 17.4 125.3 ± 17.2 0.908 0.469 

IL-7 7.84 ± 1.50 6.68 ± 1.34 7.63 ± 1.49 7.20 ± 1.50 0.616 0.197 

IL-8 
21 893.1 ± 

1889.2 

21 820.2 ± 

1752.2 

21 707.4 ± 

1563.5 

22 612.8 ± 

1891.0 
0.897 0.582 

IL-10 702.9 ± 136.0 665.4 ± 126.7 694.4 ± 148.5 653.8 ± 132.8 0.888 0.880 

IL-12p70 16.8 ± 3.97 14.2 ± 3.65 14.2 ± 3.05 13.9 ± 3.41 0.186 0.877 

IL-17 284.5 ± 45.9 300.6 ± 49.0 283.2 ± 45.9 285.0 ± 43.3 0.836 0.056 

GM-CSF 267.4 ± 96.6 205.1 ± 67.0 289.9 ± 102.0 210.6 ± 70.6 0.123 0.704 

MCP-1 2853.7 ± 785.8 2872.9 ± 783.9 2833.4 ± 785.1 2828.5 ± 766.2 0.788 0.501 

MIP-1β 
20 637.8 ± 

2120.8 

24 765.6 ± 

2398.5 

20 547.7 ± 

1523.1 

21 007.3 ± 

2141.5 
0.933 0.138 

1Differences in 0-hour data between study visits with and without apples were compared using 

paired t-tests with P<0.05 considered statistically significant. 
2Differences in 4-hour data between study visits with and without apples were compared using 

ANCOVA for the main effect of apples. Participant was designated as a random factor and 

participant characteristics (age, sex, BMI and waist circumference) were also included in the 

model as fixed between-participant factors or covariates (for nominal or continuous values, 

respectively), but none were significant. P<0.05 was considered statistically significant.  

ANCOVA, analysis of covariance; BMI, body mass index; IFN, interferon; IL, interleukin; GM-

CSF, granulocyte-macrophage colony stimulating factor; LPS, lipopolysaccharide; MCP, 

monocyte chemoattractant protein; MIP, macrophage inflammatory protein; PBMC, peripheral 

blood mononuclear cell; SEM, standard error of the mean. 

4.5 Discussion 

While scarce human intervention studies have examined the effects of whole apples on 

fasting biomarkers of inflammation (206, 207), the current study is the first to investigate their 

impact on the postprandial inflammatory response. Postprandial inflammation following a high 

fat meal contributes to the independent association between postprandial lipemia and CVD risk 

(77), processes which may be exacerbated in the context of overweight and obesity (7, 8). In the 
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current randomized crossover trial in 26 males and females with overweight and obesity, 

consumption of 3 whole, small Gala apples equivalent to 1 large fruit serving (~200 g edible 

parts) reduced various biomarkers of high fat meal-induced postprandial inflammation over 6 

hours, including the magnitude of plasma IFN-γ and various PBMC-secreted cytokines, 

consistent with increased plasma TAC. Overall, this study provides support for the inclusion of a 

widely available and accepted whole food as part of a mixed high fat meal to mitigate the 

development of comorbidities associated with excess adiposity. 

Given the current global paradigm of frequent high fat meal consumption (4, 5), 

postprandial inflammation is a promising target for dietary interventions to mitigate the 

development of overweight and obesity-associated chronic metabolic diseases, including CVD 

(77). The significance of apples in reducing postprandial IFN- signalling can be inferred from 

reports of IFN- stimulation and inhibition in in vitro and in vivo models of overweight and 

obesity (146, 253-255). Our findings may be attributable to the rich micronutrient and fibre 

contents of apples (171), though we previously reported no effect on gastric emptying by the 

acetaminophen marker method (214), which the effects of fibre would be expected to delay 

(175). Meanwhile, increasing evidence linking fruit and vegetable consumption with reduced 

inflammation and CVD risk points to polyphenols as the principal bioactives involved (18, 19). 

Most apple polyphenols are of the flavanol class (e.g. catechin and proanthocyanidins; 71-90% 

of total polyphenols), followed by hydroxycinnamates (4-18%), flavonols (1-11%), 

dihydrochalcones (2-6%), and anthocyanins in red apples specifically (1-3%) (28). These 

collectively contribute to a total polyphenol content of 66.2 - 211.9 mg/100 g of fresh weight 

(28, 29), depending on the cultivar, and growth and storage conditions (185). Although not 

measured in the current study, others have shown individual and total apple phenolic compound 

concentrations remain increased for at least 6 hours following consumption (201-203). These 

findings align with the timing of the observed anti-inflammatory effects of apples in the current 

study.  
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Studies of the effects of other polyphenol-rich fruits on the postprandial response to a high 

fat meal have shown varying anti-inflammatory effects in overweight and obesity (256-261). For 

example, 10 g of freeze-dried strawberries reduced 6-hour IL-6 and CRP, but not IL-1β or TNF-

α (256), while another study of 20 g freeze-dried strawberries had no effect on 6-hour IL-6 (258). 

Single and double servings of freeze-dried blueberries (24.1 g and 48.2 g) also did not affect 3.5-

hour IL-6, IL-8 or TNF-α (259). Meanwhile, 250 g of raspberry puree reduced 4-hour IL-6 and 

TNF-α, but did not affect IL-1β or CRP (260). Finally, 60 g freeze-dried grapes did not affect IL-

6, MCP-1 or TNF-α over 5 hours (261), nor did 300 mg of grape seed extract affect IL-6 or TNF-

α over 6 hours (257). Collectively, these data provide support for the addition of polyphenol-rich 

fruits, including apples, to high fat meals to mitigate postprandial inflammation. However, more 

research is required to reconcile these anti-inflammatory effects given the demonstrated 

heterogeneity in fruit form (e.g. raw vs. freeze-dried) and inflammatory biomarkers studied. 

IFN- has been shown to increase following consumption of a high fat meal in individuals 

with overweight and obesity (75), but is otherwise seldomly considered in studies of postprandial 

inflammation. Meanwhile, IL-6 is most consistently considered and has the most consistent 

response compared to other measured inflammatory biomarkers, peaking within 2 - 6 hours post-

meal, as in the current study (71, 72). TNF-α follows the same pattern but less consistently, and 

IL-1β and MCP-1 remain unchanged but are less often considered (71, 72). CRP also remains 

unchanged during the commonly studied 4 - 8-hour postprandial period until it slowly peaks at 

~24 hours before returning to baseline over several days (71, 72). In this respect, elevated CRP is 

considered to be the classic biomarker of inflammation and its concentration is predictive of 

CVD and related events (55), which further demonstrates the significance of the postprandial 

period in contributing to chronic low-grade inflammation and ensuing comorbidities in 

overweight and obesity. Still, considerable inter-individual variability exists in the postprandial 

inflammatory response, dependent on more than age, sex, BMI or the test meal fat or energy 

content (71), urging the need for further research to better understand each potential dietary 

intervention target in states of overweight and obesity.  
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Changes in PBMC surface markers, mRNA and proteins are suggested to be more reliable 

indicators of high fat meal-induced systemic and tissue-specific immunometabolism compared 

with plasma biomarkers (71). Indeed, postprandial inflammation has been characterized in obese 

AT (70) and the PBMC transcriptome was shown to be representative of the AT immune cell 

component following high fat meal consumption (262). Mechanistically, increased circulating 

TAG, NEFA (i.e. saturated fatty acids) and endotoxin (e.g. LPS) concentrations facilitated by 

increased chylomicron formation following consumption of a high fat meal, are suggested to 

promote activation of the Toll-like receptor (TLR)4/nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) inflammatory signalling cascade (96, 263) common to several cell 

types. In the current study, consuming the equivalent of 1 large Gala apple with a high fat meal 

reduced 4-hour postprandial PBMC-secreted inflammatory IL-6 and TNF-α, and increased anti-

inflammatory IL-4 after 24 hours of culture with or without an obese physiological dose of LPS. 

Apples also reduced PBMC-secreted GM-CSF and IL-17 in the unstimulated condition and G-

CSF in the LPS-stimulated condition. Importantly, these findings were not dependent on changes 

in NEFA or endotoxemia biomarkers, consistent with our previous report of no effect of apples 

on postprandial TAG or chylomicron count (214), suggesting apple bioactives, namely 

polyphenols, may influence postprandial inflammatory signalling mechanisms directly. Indeed, a 

mixed polyphenol extract from Gala apples and other varieties was shown to blunt NF-κB 

transcriptional activity (264). Likewise, our research group (265) and others (227, 228) have 

shown that various individual apple polyphenols blunt NF-κB signalling in cell types implicated 

in overweight/obesity and CVD risk, including macrophages, adipocytes, and gut and aortic 

endothelial cells, in the unstimulated condition and when stimulated with LPS and various 

inflammatory cytokines. Still, the mechanism underlying the anti-inflammatory effects of whole 

apples on postprandial PBMC observed herein requires further research given a comparison of 

whole apples, puree and polyphenol extract in minipigs challenged with a high fat meal revealed 

differences in the specific inflammatory genes expressed in isolated PBMC (266). 

Increased circulating oxidative stress products (e.g. oxidized LDL-cholesterol) following 

consumption of a high fat meal also contribute to postprandial inflammation, in part by 
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TLR4/NF-κB signalling and by promoting foam cell development (267). Compared to other 

fruits and vegetables, apples have amongst the highest antioxidant capacity and are the second 

largest contributor to antioxidant content in the Western diet (170). Polyphenols exert 

antioxidant effects via directly scavenging reactive oxygen species, and indirectly, via 

stimulating endogenous antioxidant defense systems (20). In the current study, consuming the 

equivalent of 1 large Gala apple with a high fat meal increased postprandial plasma TAC, 

specifically at 4 hours which coincided with peak postprandial lipemia (214). Indeed, apple 

phenolic compounds have been shown to blunt LDL-cholesterol oxidation in vitro (268). 

However, while long-term whole apple consumption has been shown to reduce circulating total 

and LDL cholesterol in healthy and hypercholesterolaemia participants (207, 208, 269), the 

effect of whole apples on oxidized LDL-cholesterol has not been consistently confirmed in 

humans (208, 270-272), and has not yet been studied in the context of overweight, obesity or the 

postprandial state. Nonetheless, our results support apple antioxidant activity as another 

mechanism potentially underlying the anti-inflammatory effects of whole apples following high 

fat meal consumption in overweight and obesity. 

This study builds on our previous work (214) to provide comprehensive insight into the 

effects of apples following consumption of a high fat meal in overweight and obesity. Our use of 

a whole food intervention and mixed meal scenario augments the generalizability of our findings 

to typical dietary patterns. However, it is worth noting that the high fat meal combined with 

apples provided a greater proportion of energy from fat at 71-85% compared to participants’ 

typical dietary intake of ~37% fat (249). From this perspective, our observed effects of apples are 

impressive, while the supraphysiological fat content may have compromised other expected 

benefits of apple consumption when combined with a physiological meal fat content. Also, while 

the use of a single apple variety, all from the same growing season, was a strength, this may limit 

the relevance to other apple varieties given known differences in bioactive nutrients, including 

polyphenols (28, 29). Apple polyphenol content and bioactivity may also be affected by storage 

conditions, which was standardized to refrigeration at 4°C in the current study and thus may 

jeopardize the generalizability of our findings to apples stored at room temperature. While the 
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total phenol content of 5 of 6 apple varieties remained unchanged, total antioxidant capacity was 

reduced in those stored at 20°C for 2 weeks after cold storage (1°C) for 4.5 months, compared to 

only cold storage (273). Thus, future work should include a high fat meal more representative of 

typical obesogenic dietary intake and consider diverse apple varieties. To address another 

limitation of the current study, future studies should also analyze the apple polyphenol profile 

and their circulating postprandial concentrations to elucidate their impact on the findings. 

Another study strength was the focus on participants with overweight and obesity, a known CVD 

risk factor in part due to increased baseline inflammatory signalling (100). However, the fact that 

participants were not recruited based on inflammatory or metabolic status introduces a potential 

limitation. Participants’ baseline concentrations of CRP and various inflammatory cytokines 

were higher than those reported for lean individuals (49, 50), but future work should recruit 

participants with other known CVD risk factors that may impact the postprandial response.  

4.6 Conclusion 

Overall, this is the first study to demonstrate that the addition of Gala apple to a high fat 

meal may be an effective dietary strategy to mitigate postprandial inflammation in overweight 

and obesity through reduced plasma IFN-γ and various PBMC-secreted cytokines, consistent 

with increased plasma TAC. It provides support for the regular consumption of apples, a widely 

available and accepted whole food, in mitigating the development of comorbidities associated 

with excess adiposity such as CVD. 
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Chapter 5:  

Apple Flavonoids Mitigate Adipocyte Inflammation and Promote 

Angiogenic Factors in Lipopolysaccharide- and Cobalt Chloride-

Stimulated Adipocytes, in part by a Peroxisome Proliferator-

Activated Receptor-γ-Dependent Mechanism 

 

Presented as published with minor modification: 

Danyelle M. Liddle, Meaghan E. Kavanagh, Amanda J. Wright, Lindsay E. Robinson. Apple 

flavonoids mitigate adipocyte inflammation and promote angiogenic factors in LPS- and cobalt 

chloride-stimulated adipocytes, in part by a peroxisome proliferator-activated receptor-γ-

dependent mechanism. Nutrients. 2020;12(5):1386. doi: 10.3390/nu12051386. 
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5.1 Abstract 

Adipose tissue (AT) expansion induces local hypoxia, a key contributor to the chronic low-

grade inflammation that drives overweight and obesity-associated chronic diseases. Apple-

specific flavonoids phloretin (PT) and phlorizin (PZ) are suggested anti-inflammatory molecules 

but their effectiveness in overweight and obese AT is inadequately understood. Using in vitro 

models designed to reproduce the overweight and obese AT microenvironment, 3T3-L1 

adipocytes were cultured for 24 hours with PT or PZ (100 μM) concurrent with the inflammatory 

stimulus lipopolysaccharide (LPS; 10 ng/mL) and/or the hypoxia mimetic cobalt chloride 

(CoCl2; 100 μM). Within each condition, PT was more potent than PZ and its effects were 

partially mediated by peroxisome proliferator-activated receptor (PPAR)-γ (P<0.05), as tested 

using the PPAR-γ antagonist bisphenol A diglycidyl ether (BADGE). In LPS-, CoCl2-, or LPS + 

CoCl2-stimulated adipocytes, PT reduced messenger ribonucleic acid (mRNA) expression and/or 

secreted protein concentrations of inflammatory and macrophage chemotactic cytokines, and 

increased that of anti-inflammatory and angiogenic cytokines, which was consistent with reduced 

mRNA expression of M1 polarization markers and increased M2 markers in RAW 264.7 

macrophages cultured in media collected from LPS + CoCl2-simulated adipocytes (P<0.05). 

Further, within LPS + CoCl2-stimulated adipocytes, PT reduced reactive oxygen species 

accumulation, nuclear factor-κB activation, and apoptotic protein expression (P<0.05). Overall, 

apple flavonoids attenuate critical aspects of the obese AT phenotype. 
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5.2 Introduction 

In diet-induced overweight and obesity, adipose tissue (AT) expansion is accompanied by 

metabolic dysfunction (6). Several mechanisms have been proposed to explain the pathogenesis 

of overweight and obese AT dysfunction, including dysregulated adipocyte production of 

inflammatory cytokines (e.g., interleukin [IL]-1β and IL-6, monocyte chemoattractant protein 

[MCP]-1, tumor necrosis factor [TNF]-α) (274) via activation of toll-like receptor 4 by dietary 

saturated fatty acids (102), or dysbiotic gut-derived endotoxin (i.e., lipopolysaccharide [LPS]) 

(93), the induction of metabolic stress (275) and increased activities of reactive oxygen species 

(ROS) (276), and the activation and consequent paracrine interactions with specific immune cell 

populations, particularly M1 macrophages (135). A common intermediate amongst these 

mechanisms is activation of the nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB) transcription factor that regulates inflammatory cytokine expression (6, 277). Indeed, 

overweight and obesity is characterized by a chronic low-grade inflammatory state that drives 

the development of chronic metabolic diseases such as cardiovascular disease (CVD) (277). 

Another causative factor underlying overweight and obese AT inflammation is hypoxia 

(121). When hypertrophic adipocyte size exceeds the diffusional limit of oxygen from the blood 

(122), the low oxygen tension induces both NF-κB and hypoxia-inducible factor (HIF)-1 

accumulation (278-280). As a transcription factor, HIF-1 regulates the adipocyte molecular 

response to hypoxia, mainly promoting gene expression of angiogenic cytokines (e.g., vascular 

endothelial growth factors [VEGF], angiopoietin-like peptides [Angptl], and leptin) to form new 

blood vessels (278, 279). However, in overweight and obese AT, the rate of angiogenesis is not 

sufficient to supply hypertrophic adipocytes with enough oxygen and nutrients (123), eventually 

leading to adipocyte apoptosis (281). In response, certain immune cells (particularly 

macrophages) are recruited to AT to remove the cellular debris (126); however, the increased 

and sustained immune cell infiltration and paracrine signaling with adipocytes drives local AT 

inflammation, leading to its dysfunction (133). In this context, hypoxia may be an early event 
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responsible for the initiation of AT inflammation and dysfunction, and strategies aimed at 

mitigating this sequence of events are warranted. 

One possible dietary strategy is the intake of flavonoids, a group of plant-derived phenolic 

compounds associated with a reduced risk of metabolic diseases (282). Of all fruit and vegetable 

flavonoid sources, apples are reportedly the most consumed in the Western diet (21) and have 

been consistently associated with a reduced risk of CVD and related events(22, 23). Phlorizin 

(PZ) and its aglycone derivative phloretin (PT) are the major dihydrochalcone flavonoids found 

exclusively in apples, primarily in the peel (28). PT has been shown to promote adipogenic 

messenger ribonucleic acid (mRNA) transcription via the peroxisome proliferator-activated 

receptor (PPAR)-γ transcription factor which also regulates the transcription of the anti-

inflammatory cytokine adiponectin (225) and angiogenic cytokines (283). Indeed, both PT and 

PZ have been shown to exert anti-inflammatory and anti-oxidant activities in vitro (225-229) and 

in vivo (230, 231), but these effects and the underlying mechanisms have not been studied in the 

context of the overweight and obese AT inflammatory and hypoxic microenvironment. Thus, the 

purpose of this study was to investigate the effects of PT and PZ in modulating the adipocyte 

response to inflammatory and hypoxic stimuli, as well as their consequent effects on macrophage 

polarization, and to discern the role of PPAR-γ in mediating those responses. 

5.3 Methods 

5.3.1 3T3-L1 cell culture and differentiation 

3T3-L1 murine pre-adipocytes (American Type Culture Collection [ATCC]; CL-173) 

were grown in basic Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 4 

mmol/L L-glutamine, 4500 mg/L glucose (HyClone), 1% (v/v) penicillin-streptomycin 

(HyClone), and 10% low-endotoxin fetal bovine serum (Sigma–Aldrich). 3T3-L1 pre-adipocytes 

were maintained in a humidified incubator at 37 °C in 5% carbon dioxide and passaged at ~70% 

confluence as per the manufacturer’s instructions. Pre-adipocytes were seeded (3000 cells/cm2) 

into 6-well plates and differentiation was induced 2 days post-confluence (day 0; ~1.2 x106 cells) 
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with basic DMEM containing 1 µmol/L dexamethasone, 10 µg/mL insulin, and 0.5 mmol/L 3-

isobutyl-1- methylxanthine (Sigma–Aldrich). Two days post-differentiation (day 2), cells were 

maintained in basic DMEM with 10 µg/mL insulin and this media was changed every 2 days 

(days 4 and 6) until complete differentiation had occurred. Finally, mature adipocytes were 

cultured in fetal bovine serum-free for 12 hours to ensure quiescence prior to experiments. 

5.3.2 Treatments 

All treatments were performed in triplicate and replicated independently 3 times (i.e., n = 

9/treatment). All cells were treated for 24 hours with 100 μM of the apple flavonoids PT or PZ 

(from apple wood, ≥99% pure; Sigma-Aldrich) in combination with 10 ng/mL of the 

inflammatory stimulus LPS (from Escherichia coli 055:B5; Sigma-Aldrich) or 100 μM of the 

hypoxia mimetic cobalt chloride (CoCl2; Sigma-Aldrich) (278, 279), or in combination with both 

LPS + CoCl2. PT and PZ were dissolved in lab-grade ethanol and LPS was dissolved in fetal 

bovine serum-free media. For PT and PZ, 100 μM was chosen as the optimal dose shown to 

modulate adipocyte gene expression when in indirect co-culture with macrophages, without 

affecting cell viability (228). Further, 100 μM PT is reportedly representative of the maximum 

concentration of total PT that was achieved in the plasma of PT- and PZ-red rodents (284). We 

chose 10 ng/mL of LPS to mimic circulating endotoxin concentrations in overweight and obese 

humans (97) and rodents (93). For CoCl2, we chose 100 μM to mimic the effects of low (1%) 

oxygen tension in adipocytes over 24 hours without affecting cell viability (279). Unstimulated 

adipocytes served as the negative control for each culture condition. To investigate the 

mechanism by which PT and PZ exert their effects, a PPAR-γ antagonist, bisphenol A diglycidyl 

ether (BADGE; Cayman Chemical) was added to a subset of each culture condition. BADGE 

was diluted in lab-grade ethanol and added to culture wells at 100 μM, as described (285). Cell 

viability, assessed by trypan blue exclusion, exceeded 90% for all culture conditions, which was 

supported by no differences in total cellular protein content compared to unstimulated adipocytes 

(data not shown). After 24 hours, supernatant samples were collected, and cells were lysed to 
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isolate RNA and protein using the RNA/Protein Purification Kit as per the manufacturer’s 

instructions (Norgen Biotek Corp.). 

5.3.3 RAW 264.7 macrophage culture in LPS + CoCl2-stimulated adipocyte conditioned 

media 

RAW 264.7 macrophages (ATCC; TIB-71) were maintained according to the 

manufacturer’s instructions, in DMEM supplemented with 4 mmol/L L-glutamine, 4500 mg/L 

glucose (HyClone), 1% (v/v) penicillin-streptomycin (HyClone), and 10% low-endotoxin fetal 

bovine serum (Sigma–Aldrich), and in a humidified incubator at 37 °C in 5% carbon dioxide. 

Macrophages were split, centrifuged and resuspended in fresh media 4 hours prior to treatment 

with conditioned media from LPS + CoCl2-stimulated cultures ± BADGE (n = 9/treatment). Cell 

viability, assessed by trypan blue exclusion, exceeded 95%. We seeded 1 × 105 macrophages into 

96-well plates and allowed them to adhere before being cultured in conditioned media. After 6 

hours, supernatant samples were collected and macrophages were lysed to isolate RNA using the 

RNA/Protein Purification Kit as per the manufacturer’s instructions (Norgen Biotek Corp.). 

5.3.4 mRNA expression analysis 

We used 2 μg of isolated RNA from all adipocyte and macrophage cultures to synthesize 

complementary deoxyribonucleic acid (cDNA) using a high-capacity cDNA reverse transcription 

kit (Applied Biosystems) and real time polymerase chain reaction was performed using the 

7900HT Fast Real Time PCR system (Applied Biosystems), as described (286). Primer 

sequences for inflammatory (Il1β, Il6, Mcp1, Tnfα), anti-inflammatory (adiponectin, Il10), and 

angiogenic (Angptl4, leptin, Vegfa) cytokines, additional M1 (cluster of differentiation [Cd]11b, 

Cd11c, inducible nitric oxide synthase [iNos]) and M2 (Cd206, arginase [Arg]1, transforming 

growth factor [Tgf]β) macrophage polarization markers, and related transcription factors (Hif1α, 

Nfκb, Pparγ) are shown in Table 5-1. Target gene expression was normalized to the expression 

of the ribosomal protein, large, P0 (Rplp0) housekeeping gene, and the relative differences in 
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gene expression between groups were determined using the ∆∆Ct method in comparison to 

unstimulated adipocytes. All reported fold-changes are relative to unstimulated adipocytes. 

Table 5-1. Primer sequences. 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

Adiponectin caggcatcccaggacatc tctcacccttaggaccaagaag 

Angptl4 agaaaacatgggctcgaggg tgggaaccacagttagcacc 

Arg1 acgccaggaattgttgctat ccgtgggttcttcacaattt 

Cd11b agccccacactagcatcaa tccatgtccacagagcaaag 

Cd11c gagccagaacttcccaactg tcaggaacacgatgtcttgg 

Cd206 ccacagcattgaggagtttg acagctcatcatttggctca 

Hif1a aggctgggaaaagttaggagtg ggcagcgatgacacagaaac 

Il1β agttgacggaccccaaaag agctggatgctctcatcagg 

Il6 aacgatgatgcacttgcaga gagcattggaaattggggta 

Il10 ggttgccaagccttatcgga acctgctccactgccttgct 

iNos tcctgttgtttctatttcctttgtt catcaaccagtattatggctcct 

Lepin cagctgcaaggtgcaagaag gataccgactgcgtgtgtga 

Mcp1 gcctgctgttcacacagttgc caggtgagtggggcgtta 

Nfκb gagaccggcaactcaagac ctcaggtccatctccttgggt 

Ppar tgctgttatgggtgaaactctg ctgtgtcaaccatggtaatttctt 

Rplp0 actggtctaggacccgagaag tcccaccttgtctccagtct 

Tgfβ1 tcagacattcgggaagcagt acgccaggaattgttgctat 

Tnfα catcttctcaaaattcgagtgacaa tgggagtagacaaggtacaaccc 

Vegfa ctcggttccagaagtcccat cactccagggcttcatcgtt 

 

5.3.5 Secreted protein analysis 

Secreted protein concentrations of inflammatory (IL-1β, IL-6, TNF-α), anti-inflammatory 

(adiponectin, IL-10), macrophage chemotactic (MCP-1, MCP-3, macrophage inflammatory 

protein [MIP]-1α, MIP-1β), and angiogenic (Angptl4, leptin, VEGF-A) cytokines were measured 

in supernatant samples collected at 24 hours from LPS + CoCl2-stimulated adipocytes using a 

Mouse Cytokine/Chemokine Bio-Plex Pro kit (Bio-Rad Laboratories) and analyzed using the 

Bio-Plex 200 system/Bio-Plex Manager software Version 6.0 (Bio-Rad Laboratories). 
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5.3.6 ROS accumulation analysis 

ROS was detected in LPS + CoCl2-stimulated adipocytes (n = 9/treatment) at 24 hours by 

a nitro blue tetrazolium (NBT; Sigma-Aldrich) assay as described (287), with minor 

modification. NBT is reduced by ROS to formazan, a dark-blue and insoluble form of NBT. 

Adipocytes were incubated with 0.1% (w/v) NBT dissolved in 1X phosphate buffered saline 

(Sigma-Aldrich) for 1 hour. The insoluble blue formazan-NBT was dissolved in 480 μL of 2 

mmol/L potassium hydroxide and 560 μL of dimethylsulfoxide, and the absorbance was 

measured at 620 nm. 

5.3.7 NF-κB p65 activation analysis 

Total cellular protein was quantified using the bicinchoninic assay according to the 

manufacturer’s instructions (Fisher Scientific) and an equal amount of protein (10 μg)/sample 

was utilized. NF-κB p65 activation was determined in LPS + CoCl2-stimulated adipocytes from 

the ratio of phosphorylated (i.e. activated) NF-κB p65 (Ser536) to total NF-κB p65 by enzyme-

linked immunosorbent assay as per the manufacturer’s instructions (eBioscience). 

5.3.8 Cellular apoptotic protein analysis 

Cellular concentrations of the B-cell lymphoma 2 (BCL-2) protein family including 

apoptotic (BCL-2-associated agonist of cell death [BAD], BCL-2-like protein 11 [BIM]) and 

anti-apoptotic (BCL-2/BCL-2-like protein 4 [BAX], B-cell lymphoma-extra-large [BCL-XL], 

induced myeloid leukemia cell differentiation protein [MCL-1]) proteins were measured in LPS 

+ CoCl2-stimulated adipocytes at 24 hours using a Mouse Bio-Plex Pro Apoptosis kit (Bio-Rad 

Laboratories) and analyzed using the Bio-Plex 200 system/Bio-Plex Manager software, Version 

6.0 (Bio-Rad Laboratories). 



 

 

104 

 

5.3.9 Data and statistical analysis 

All statistical analyses were performed using the Statistical Analysis System, Version 9.4 

(SAS Institute Inc.) with P<0.05 considered statistically significant. Data collected from LPS, 

CoCl2, and LPS + CoCl2-stimulated adipocytes were compared to data collected from 

unstimulated adipocytes using unpaired t-tests to confirm the adipocyte inflammatory and/or 

hypoxic response in each model (data not shown). Data collected from each culture condition 

were analyzed using a two-way analysis of variance (ANOVA) for the main effects of flavonoid 

and BADGE treatment. The Shapiro-Wilk test confirmed normality for all endpoints and the 

Tukey post-hoc test was used to identify significant differences between groups. All data are 

presented as means ± standard error of the mean (SEM). 

5.4 Results 

5.4.1 Adipocyte response to LPS-stimulated inflammation 

To determine the effects of PT and PZ in modulating the adipocyte response to 

overweight and obese AT inflammation, PT- and PZ-treated adipocytes were co-stimulated for 

24 hours with a physiological dose of LPS. Compared to LPS-stimulated adipocytes, PT reduced 

mRNA expression of leptin, Il1β, Il6 and Mcp1, while PZ less potently reduced only Il6 and 

Mcp1 (P<0.05; Table 5-2). Both PT and PZ increased adiponectin mRNA expression (P<0.05; 

Table 5-2) with PT being more potent, while neither affected Vegfa, Angptl4, Tnfα, Il10, Hif1α, 

Nfκb or Pparγ mRNA expression (P>0.05; Table 5-2). Interestingly, in LPS-stimulated 

adipocytes, PPAR-γ antagonism with BADGE further increased leptin expression (P<0.05; Table 

5-2) but did not affect any other endpoints (P>0.05; Table 5-2). The anti-inflammatory effects of 

PT and PZ were completely reversed by BADGE (P<0.05; Table 5-2) with the exception of Il1β 

in PT-treated adipocytes wherein BADGE only partially reversed this anti-inflammatory effect 

(P<0.05; Table 5-2). 
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Table 5-2. mRNA expression in LPS-stimulated adipocytes treated with PT or PZ with and 

without PPAR-γ antagonism by BADGE.1 

Gene 
− BADGE + BADGE 

No flavonoids PT PZ No flavonoids PT PZ 

Inflammatory cytokines 

Il1β 2.25 ± 0.07a 1.95 ± 0.07b 1.98 ± 0.03b 2.27 ± 0.08a 2.16 ± 0.04b,* 2.24 ± 0.05a 

Il6 2.69 ± 0.08a 0.94 ± 0.06b 1.25 ± 0.05c 2.71 ± 0.09 2.58 ± 0.05* 2.67 ± 0.06* 

Mcp1 5.40 ± 0.16a 1.89 ± 0.11b 2.52 ± 0.10c 5.43 ± 0.18 5.36 ± 0.13* 5.36 ± 0.13* 

Tnfα 1.06 ± 0.03 0.99 ± 0.03 1.00 ± 0.04 1.01 ± 0.03 1.04 ± 0.05 1.00 ± 0.03 

Anti-inflammatory cytokines 

Adiponectin 0.77 ± 0.03a 1.39 ± 0.02b 1.21 ± 0.04c 0.79 ± 0.03 0.84 ± 0.02* 0.83 ± 0.03* 

Il10 1.06 ± 0.04 1.01 ± 0.02 0.98 ± 0.03 1.01 ± 0.02 1.01 ± 0.03 0.97 ± 0.03 

Angiogenic cytokines 

Vegfa 1.23 ± 0.05 1.27 ± 0.04 1.24 ± 0.04 1.26 ± 0.04 1.26 ± 0.08 1.25 ± 0.05 

Angptl4 1.21 ± 0.05 1.20 ± 0.03 1.20 ± 0.02 1.21 ± 0.03 1.21 ± 0.06 1.21 ± 0.04 

Leptin 2.56 ± 0.13a 1.72 ± 0.11b 2.51 ± 0.13a 2.93 ± 0.14* 2.88 ± 0.09* 2.84 ± 0.05* 

Transcription factors 

Hif1α 1.05 ± 0.03 0.98 ± 0.03 1.00 ± 0.04 1.00 ± 0.03 1.03 ± 0.05 0.99 ± 0.03 

Nfκb  1.28 ± 0.07 1.31 ± 0.05 1.36 ± 0.05 1.34 ± 0.07 1.30 ± 0.10 1.38 ± 0.07 

Pparγ 1.08 ± 0.04 1.10 ± 0.03 1.03 ± 0.02 1.05 ± 0.03 1.03 ± 0.02 0.99 ± 0.02 

1Values are means ± SEM; n = 9/culture condition. Data were normalized to Rplp0 mRNA 

expression and are presented as fold-changes relative to unstimulated adipocytes. Data were 

analyzed by two-way ANOVA. Means without a common letter differ within cultures treated ± 

BADGE, P<0.05. *Different from − BADGE, P<0.05. 

Angptl angiopoietin-like peptide; ANOVA, analysis of variance; BADGE, bisphenol A 

diglycidyl ether; Hif, hypoxia inducible factor; Il, interleukin; LPS, lipopolysaccharide; Mcp, 

monocyte chemoattractant; Nfb, nuclear factor kappa-light-chain-enhancer of activated B cells; 

Ppar, peroxisome proliferator-activated receptor; PT, phloretin; PZ, phlorizin; Rplp0, ribosomal 

protein, large, P0; SEM, standard error of the mean; Tnf, tumor necrosis factor; Vegfa, vascular 

endothelial growth factor A. 

 

5.4.2 Adipocyte response to CoCl2-stimulated hypoxia 

To determine the effects of PT and PZ in modulating the adipocyte response to 

overweight and obese AT hypoxia, PT- and PZ-treated adipocytes were co-stimulated for 24 

hours with the hypoxia mimetic CoCl2. In general, compared to LPS-stimulated cultures, CoCl2 

increased the adipocyte angiogenic and inflammatory response (P<0.05; Table 5-2, Table 5-3). 

Within CoCl2-stimulated cultures and compared to CoCl2-stimulation alone, PT reduced mRNA 

expression of leptin, Il1β, Il6, Mcp1 and Nfκb, and increased that of Vegfa, Angptl4, adiponectin 

and Pparγ (P<0.05; Table 5-3), with no effect on Tnfα, Il10 or Hif1α (P>0.05; Table 5-3). 
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Likewise, PZ reduced mRNA expression of leptin, Il1β, Il6 and Mcp1, and increased Vegfa and 

adiponectin (P<0.05; Table 5-3), but with less potency compared to PT (P<0.05; Table 5-3). PZ 

did not affect Angptl4, Tnfα, Il10, Hif1α, Nfκb, or Pparγ mRNA expression (P>0.05; Table 2). 

Interestingly, PPAR-γ antagonism with BADGE further increased leptin and Nfκb mRNA 

expression in CoCl2-stimulated adipocytes (P<0.05; Table 5-3) but did not affect any other 

endpoints (P>0.05; Table 5-3). The angiogenic and anti-inflammatory effects of PT on leptin, 

adiponectin, Nfκb and Pparγ mRNA expression were totally reversed by BADGE (P<0.05; 

Table 5-3), whereas the effects on Vegfa, Angptl4, Il1β, Il6 and Mcp1 were only partially 

reversed (P<0.05; Table 5-3). Finally, the effects of PZ were totally reversed by BADGE with 

the exception of leptin mRNA expression, which was only partially reversed (P<0.05; Table 5-

3).  
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Table 5-3. mRNA expression in CoCl2-stimulated adipocytes treated with PT or PZ, with 

and without PPAR-γ antagonism by BADGE.1 

Gene 
− BADGE + BADGE 

No flavonoids PT PZ No flavonoids PT PZ 

Inflammatory cytokines 

Il1β 5.96 ± 0.24a 2.93 ± 0.09b 5.39 ± 0.16c 5.96 ± 0.14a 3.78 ± 0.06b,* 5.95 ± 0.13a,* 

Il6 5.03 ± 0.20a 2.48 ± 0.07b 3.70 ± 0.11c 5.03 ± 0.12a 3.48 ± 0.08b,* 5.03 ± 0.11a,* 

Mcp1 10.5 ± 0.32a 4.98 ± 0.15b 7.42 ± 0.22c 10.1 ± 0.24a 6.99 ± 0.16b,* 10.1 ± 0.21a,* 

Tnfα 1.07 ± 0.03 1.01 ± 0.03 0.99 ± 0.03 1.03 ± 0.02 1.03 ± 0.03 1.00 ± 0.03 

Anti-inflammatory cytokines 

Adiponectin 0.56 ± 0.02a 0.91 ± 0.02b 0.66 ± 0.02c 0.58 ± 0.02 0.60 ± 0.02* 0.57 ± 0.02* 

Il10 0.72 ± 0.02 0.73 ± 0.03 0.69 ± 0.02 0.70 ± 0.03 0.74 ± 0.03 0.72 ± 0.03 

Angiogenic cytokines 

Vegfa 3.25 ± 0.16a 5.30 ± 0.26b 3.97 ± 0.16c 3.33 ± 0.12a 4.15 ± 0.11b,* 3.28 ± 0.16a,* 

Angptl4 2.35 ± 0.11a 4.89 ± 0.13b 2.30 ± 0.03a 2.38 ± 0.07a 3.84 ± 0.07b,* 2.28 ± 0.06a 

Leptin 3.60 ± 0.18a 2.71 ± 0.13b 3.03 ± 0.07c 4.14 ± 0.10a,* 3.63 ± 0.15b,* 3.43 ± 0.15b* 

Transcription factors 

Hif1α 1.07 ± 0.03 1.01 ± 0.03 1.00 ± 0.03 1.03 ± 0.02 1.04 ± 0.03 1.00 ± 0.03 

Nfκb  1.62 ± 0.08a 1.39 ± 0.09b 1.61 ± 0.06a 1.84 ± 0.09* 1.69 ± 0.07* 1.84 ± 0.10* 

Pparγ 0.60 ± 0.03a 0.86 ± 0.03b 0.63 ± 0.03a 0.64 ± 0.04 0.69 ± 0.02* 0.63 ± 0.02 

1Values are means ± SEM; n = 9/culture condition. Data were normalized to Rplp0 mRNA 

expression and are presented as fold-changes relative to unstimulated adipocytes. Data were 

analyzed by two-way ANOVA. Means without a common letter differ within cultures treated ± 

BADGE, P<0.05. *Different from − BADGE, P<0.05. 

Angptl angiopoietin-like peptide; ANOVA, analysis of variance; BADGE, bisphenol A 

diglycidyl ether; CoCl2, cobalt chloride; Hif, hypoxia inducible factor; Il, interleukin; Mcp, 

monocyte chemoattractant; Nfb, nuclear factor kappa-light-chain-enhancer of activated B cells; 

Ppar, peroxisome proliferator-activated receptor; PT, phloretin; PZ, phlorizin; Rplp0, ribosomal 

protein, large, P0; SEM, standard error of the mean; Tnf, tumor necrosis factor; Vegfa, vascular 

endothelial growth factor A. 

5.4.3 Adipocyte response to combined LPS + CoCl2 stimulation 

To determine the effects of PT and PZ in modulating the adipocyte response to a combined 

inflammatory and hypoxic microenvironment which best represents overweight and obese AT, 

PT- and PZ-treated adipocytes were co-stimulated for 24 hours with a physiological dose of LPS 

and CoCl2. In general, compared to separate LPS- and CoCl2-stimulated cultures, combined LPS 

+ CoCl2 stimulation decreased the adipocyte angiogenic response and increased the 

inflammatory response (P<0.05; Tables 5-2 – 5-4), thus confirming this model as best 

representative of the overweight and obese AT adipocyte phenotype (6). Importantly, PPAR-γ 

antagonism with BADGE did not affect LPS + CoCl2-stimulated adipocyte mRNA expression 
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(Table 5-4) or secreted cytokine concentrations (P>0.05; Figure 5-1). Within LPS + CoCl2-

stimulated adipocytes and compared to LPS + CoCl2 stimulation alone, PT reduced mRNA 

expression of leptin, Il1β, Il6, Mcp1, Tnfα, Hif1α and Nfκb, and increased Vegfa, Angptl4, 

adiponectin and Pparγ (P<0.05; Table 5-4), with no effect on Il10 (P>0.05; Table 5-4). 

Meanwhile, PZ only increased Vegfa mRNA expression, and less potently so than PT (P<0.05; 

Table 5-4). Consistent with this data, PT decreased secreted IL-6 (Figure 5-1A), MCP-1, MCP-3, 

MIP-1α (Figure 5-1B), and leptin (Figure 5-1C), and increased VEGF-A (Figure 5-1C) and 

adiponectin concentrations (P<0.05; Figure 5-1A), but did not affect TNF-α (Figure 5-1A) or 

MIP-1β (P>0.05; Figure 5-1B). In contrast, PZ did not affect the secreted concentrations of any 

cytokines compared to LPS + CoCl2-stimulation alone (P>0.05; Figure 5-1). BADGE partially 

reversed the angiogenic and anti-inflammatory effects of PT (Table 5-4) with the exception of 

adiponectin and Pparγ mRNA expression and secreted adiponectin and leptin, wherein BADGE 

totally reversed the effects of PT on adiponectin (P<0.05; Table 5-4, Figure 5-1A) and had no 

effect on Pparγ mRNA expression (Table 5-4) or secreted leptin (P>0.05; Figure 5-1C). Further, 

BADGE totally reversed the effect of PZ on Vegfa mRNA expression (P<0.05; Table 5-4). 

Finally, the secreted concentrations of IL-1β and Angptl4 were undetectable in LPS + CoCl2-

stimulated adipocytes.  
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Table 5-4. mRNA expression in LPS + CoCl2-stimulated adipocytes treated with PT or PZ, 

with and without PPAR-γ antagonism by BADGE.1 

Gene 
− BADGE + BADGE 

No flavonoids PT PZ No flavonoids PT PZ 

Inflammatory cytokines 

Il1β 9.04 ± 0.23a 4.51 ± 0.12b 8.81 ± 0.17a 8.97 ± 0.19a 6.41 ± 0.11b,* 8.85 ± 0.13a 

Il6 9.07 ± 0.26a 4.52 ± 0.12b 8.84 ± 0.17a 9.00 ± 0.19a 7.91 ± 0.14b,* 8.88 ± 0.13a 

Mcp1 22.8 ± 0.50a 11.2 ± 0.31b 21.9 ± 0.43a 22.2 ± 0.5a 18.4 ± 0.33b,* 22.0 ± 0.32a 

Tnfα 2.45 ± 0.07a 1.61 ± 0.04b 2.42 ± 0.06a 2.40 ± 0.06a 2.08 ± 0.06b,* 2.48 ± 0.06a 

Anti-inflammatory cytokines 

Adiponectin 0.59 ± 0.02a 0.78 ± 0.02b 0.55 ± 0.03a 0.59 ± 0.02 0.57 ± 0.03* 0.56 ± 0.02 

Il10 0.70 ± 0.02 0.73 ± 0.01 0.70 ± 0.03 0.72 ± 0.01 0.71 ± 0.02 0.73 ± 0.03 

Angiogenic cytokines 

Vegfa 1.69 ± 0.08a 2.39 ± 0.14b 2.08 ± 0.08c 1.62 ± 0.08a 1.90 ± 0.08b,* 1.61 ± 0.04a,* 

Angptl4 1.92 ± 0.09a 3.41 ± 0.21b 1.89 ± 0.06a 1.84 ± 0.09a 2.90 ± 0.08b,* 1.87 ± 0.06a 

Leptin 7.14 ± 0.19a 4.13 ± 0.10b 7.10 ± 0.14a 7.19 ± 0.11a 5.10 ± 0.16b,* 7.05 ± 0.11a 

Transcription factors 

Hif1α 2.88 ± 0.08a 1.90 ± 0.05b 2.86 ± 0.07a 2.83 ± 0.07a 2.45 ± 0.07b,* 2.92 ± 0.08a 

Nfκb  4.13 ± 0.12a 2.56 ± 0.13b 4.08 ± 0.26a 4.17 ± 0.08a 3.67 ± 0.11b,* 4.15 ± 0.10a 

Pparγ 0.50 ± 0.04a 0.68 ± 0.02b 0.49 ± 0.01a 0.45 ± 0.03a 0.68 ± 0.05b 0.48 ± 0.04a 

1Values are means ± SEM; n = 9/culture condition. Data were normalized to Rplp0 mRNA 

expression and are presented as fold-changes relative to unstimulated adipocytes. Data were 

analyzed by two-way ANOVA. Means without a common letter differ within cultures treated ± 

BADGE, P<0.05. *Different from − BADGE, P<0.05. 

Angptl angiopoietin-like peptide; ANOVA, analysis of variance; BADGE, bisphenol A 

diglycidyl ether; CoCl2, cobalt chloride; Hif, hypoxia inducible factor; Il, interleukin; LPS, 

lipopolysaccharide; Mcp, monocyte chemoattractant; Nfb, nuclear factor kappa-light-chain-

enhancer of activated B cells; Ppar, peroxisome proliferator-activated receptor; PT, phloretin; 

PZ, phlorizin; Rplp0, ribosomal protein, large, P0; SEM, standard error of the mean; Tnf, tumor 

necrosis factor; Vegfa, vascular endothelial growth factor A. 
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Figure 5-1. Secreted protein concentrations of A) inflammatory and anti-inflammatory, B) 

macrophage chemotactic, and C) angiogenic cytokines in LPS + CoCl2-stimulated 

adipocytes co-treated with PT and PZ, with or without PPAR-γ antagonism by BADGE.  

Values are means ± SEM; n = 9/treatment. Data were analyzed by two-way ANOVA and means 

without a common letter differ within cultures treated ± BADGE, P<0.05. ANOVA, analysis of 

variance; BADGE, bisphenol A diglycidyl ether; CoCl2, cobalt chloride; IL, interleukin; LPS, 

lipopolysaccharide; MCP, monocyte chemoattractant; MIP, macrophage inflammatory protein; 

PPAR, peroxisome proliferator-activated receptor; PT, phloretin; PZ, phlorizin; SEM, standard 

error of the mean; TNF, tumor necrosis factor; VEGF-A, vascular endothelial growth factor A. 
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5.4.4 NF-κB activation and ROS accumulation in LPS + CoCl2-stimulated adipocytes 

NF-κB p65 activation and ROS accumulation were measured in LPS + CoCl2-stimulated 

adipocytes to determine additional mechanisms through which PT exerts its angiogenic and anti-

inflammatory effects. As expected, LPS + CoCl2 stimulation increased the adipocyte ratio of 

phosphorylated (i.e. activated) to total NF-κB p65 (Ser536) (P<0.05; Figure 5-2A), and 

increased ROS accumulation compared to the unstimulated condition (P<0.05; Figure 5B). 

Compared to LPS + CoCl2-stimulated adipocytes, PT reduced the ratio of phosphorylated to total 

NF-κB p65 (P<0.05; Figure 5-2A); an effect that was partially reversed by PPAR-γ antagonism 

with BADGE (P<0.05; Figure 5-2A). Likewise, PT reduced ROS accumulation (P<0.05; Figure 

5-2B) while BADGE had no relative effect (P>0.05; Figure 5-2B). In contrast, PZ did not affect 

the adipocyte ratio of phosphorylated to total NF-κB p65 (Figure 5-2A) or ROS accumulation 

(Figure 52-B) compared to the LPS + CoCl2-stimulated condition (P>0.05).  

 

Figure 5-2. A) Activated (i.e. phosphorylated) NF-κB p65 (Ser536):total NF-κB p65 and B) 

cellular ROS accumulation in LPS + CoCl2-stimulated adipocytes co-treated with PT or 

PZ, with or without PPAR-γ antagonism by BADGE.  

Values are means ± SEM; n = 9/treatment. Data were analyzed by two-way ANOVA and means 

without a common letter differ within cultures treated ± BADGE, P<0.05. ANOVA, analysis of 

variance; BADGE, bisphenol A diglycidyl ether; CoCl2, cobalt chloride; LPS, 

lipopolysaccharide; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; 

PPAR, peroxisome proliferator-activated receptor; PT, phloretin; PZ, phlorizin; ROS, reactive 

oxygen species; SEM, standard error of the mean. 
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5.4.5 Cellular regulators of apoptosis in LPS + CoCl2-stimulated adipocytes 

Cellular regulators of apoptosis of the BCL-2 family were measured in LPS + CoCl2-

stimulated adipocytes to determine the effects of PT and PZ on markers of cell survival in an 

inflammatory and hypoxic microenvironment reflective of overweight and obese AT. In general, 

LPS + CoCl2 stimulation increased cellular apoptotic and decreased anti-apoptotic protein 

concentrations compared to the unstimulated condition (P<0.05; Figure 5-3). Interestingly, 

PPAR-γ antagonism with BADGE further increased apoptotic BAD concentration and further 

decreased anti-apoptotic BCL-2/BAX and BCL-XL concentrations in LPS + CoCl2 stimulated-

adipocytes (P<0.05; Figure 5-3), with no effect on apoptotic BIM (P>0.05; Figure 5-3). 

Consistent with the anti-inflammatory and angiogenic effects of PT in the LPS + CoCl2-

stimulated condition, PT reduced BAD and BIM, and increased BCL-2/BAX and BCL-XL 

(P<0.05; Figure 5-3). The anti-apoptotic effects of PT on BAD, BCL-2/BAX, and BCL-XL were 

partially reversed by BADGE (P<0.05; Figure 5-3), whereas BADGE had no effect on BIM 

(P>0.05; Figure 5-3). Finally, PZ did not affect cellular concentrations of regulators of apoptosis 

compared to LPS + CoCl2-stimulated adipocytes (P>0.05; Figure 5-3), and anti-apoptotic MCL-

1 was only minimally detected in LPS + CoCl2-stimulated cultures and was unaffected by 

treatment (P>0.05; Figure 5-3). 
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Figure 5-3. Cellular concentrations of regulators of apoptosis in LPS + CoCl2-stimulated 

adipocytes co-treated with PT or PZ, with or without PPAR-γ antagonism by BADGE.  

Values are means ± SEM; n = 9/treatment. Data were analyzed using a two-way ANOVA and 

means without a common letter differ within cultures treated ± BADGE, P<0.05. ANOVA, 

analysis of variance; BAD, B-cell lymphoma 2-associated agonist of cell death; BADGE, 

bisphenol A diglycidyl ether; BCL-2/BAX, B-cell lymphoma 2/B-cell lymphoma 2-like protein 

4; BCL-XL, B-cell lymphoma-extra-large; BIM, B-cell lymphoma 2-like protein-11; CoCl2, 

cobalt chloride; LPS, lipopolysaccharide; MCL-1, induced myeloid leukemia cell differentiation 

protein; PPAR, peroxisome proliferator-activated receptor; PT, phloretin; PZ, phlorizin; SEM, 

standard error of the mean.  

5.4.6 Macrophages cultured in LPS + CoCl2-stimulated adipocyte conditioned media 

Macrophages were cultured in conditioned media collected from adipocytes stimulated 

with LPS + CoCl2 to determine the effects of (adipocyte treatment with) PT and PZ in 

modulating mRNA expression of markers of macrophage polarization in response to adipocyte 

inflammation and hypoxia. Conditioned media collected from LPS + CoCl2-stimulated 

adipocytes in turn increased macrophage mRNA expression of markers of M1 polarization and 

decreased that of M2 polarization compared to the effects of unstimulated adipocyte conditioned 

media on macrophages (P<0.05; Table 5-5). Consistent with our secreted inflammatory and 

macrophage chemotactic cytokine (Figure 5-1) data in LPS + CoCl2-stimulated adipocytes, PT 

(co-treatment of adipocytes) reduced macrophage mRNA expression of the M1 polarization 
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markers iNos, Il6 and Tnfα, and increased expression of the M2 polarization markers Arg1, Il10 

and Tgfβ (P<0.05; Table 5-5). Unexpectedly, despite no effects on secreted cytokines in LPS + 

CoCl2-stimulated adipocytes, PZ (co-treatment of adipocytes) also reduced macrophage mRNA 

expression of Il6 and Tnfα (P<0.05; Table 5-5). Interestingly, adipocyte PPAR-γ antagonism 

with BADGE in turn further increased macrophage mRNA expression of iNos, Il6 and Tnfα 

(P<0.05; Table 5-5) but did not affect expression of M2 polarization markers (P>0.05; Table 5-

5). The effects of PT on macrophage mRNA expression of M1 and M2 polarization markers 

were partially reversed by BADGE (P<0.05; Table 5-5) with the exception of Tfgβ which was 

unaffected by BADGE (P>0.05; Table 5-5); whereas, in contrast, the effects of PZ on M1 

polarization markers were totally reversed by BADGE (P<0.05; Table 5-5).  

Table 5-5. mRNA expression in macrophages cultured in conditioned media from LPS + 

CoCl2-stimulated adipocytes co-treated with PT or PZ, with and without PPAR-γ 

antagonism by BADGE.1 

 − BADGE + BADGE 

Gene No flavonoids PT PZ No flavonoids PT PZ 

M1 polarization markers 

Cd11b 2.89 ± 0.05 2.73 ± 0.08 2.81 ± 0.13 2.94 ± 0.19 2.93 ± 0.12 2.87 ± 0.12 

Cd11c 3.45 ± 0.12 3.41 ± 0.13 3.55 ± 0.12 3.59 ± 0.11 3.50 ± 0.11 3.59 ± 0.10 

iNos 10.1 ± 0.27a 6.49 ± 0.29b 10.8 ± 0.32a 13.4 ± 0.61a,* 10.7 ± 0.46b,* 12.8 ± 0.39a,* 

Il6 6.16 ± 0.12a 4.31 ± 0.11b 5.60 ± 0.08c 9.46 ± 0.28a,* 6.53 ± 0.20b,* 9.20 ± 0.19a,* 

Tnfα 9.10 ± 0.14a 5.42 ± 0.11b 7.61 ± 0.17c 14.9 ± 0.13a,* 9.18 ± 0.18b,* 14.6 ± 0.12a,* 

M2 polarization markers 

Cd206 0.96 ± 0.02 1.05 ± 0.04 0.99 ± 0.02 0.98 ± 0.02 1.01 ± 0.03 1.01 ± 0.02 

Arg1 0.51 ± 0.03a 0.73 ± 0.01b 0.57 ± 0.03a 0.53 ± 0.03a 0.66 ± 0.03b,* 0.58 ± 0.02a 

Il10 0.61 ± 0.01a 0.91 ± 0.02b 0.64 ± 0.02a 0.58 ± 0.01a 0.84 ± 0.02b,* 0.61 ± 0.01a 

Tgfβ 0.65 ± 0.01a 0.89 ± 0.02b 0.68 ± 0.01a 0.69 ± 0.01a 0.84 ± 0.03b 0.71 ± 0.01a 
1Values are means ± SEM; n = 9/culture condition. Data were normalized to Rplp0 mRNA and 

are presented as fold-changes relative to macrophages cultured in conditioned media collected 

from unstimulated adipocytes. Data were analyzed by two-way ANOVA. Means without a 

common letter differ within cultures treated ± BADGE, P<0.05. *Different from − BADGE, 

P<0.05. ANOVA, analysis of variance; Arg, arginase; BADGE, bisphenol A diglycidyl ether; 

Cd, cluster of differentiation; CoCl2, cobalt chloride; Il, interleukin; iNos, inducible nitric oxide 

synthase; LPS, lipopolysaccharide; PPAR, peroxisome proliferator-activated receptor; PT, 

phloretin; PZ, phlorizin; SEM, standard error of the mean; Tgf, transforming growth factor; Tnf, 

tumor necrosis factor. 
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5.5 Discussion 

Chronic AT inflammation, as an adaptive response to adipocyte hypoxia (121), represents 

a pivotal target for dietary intervention to mitigate the development of overweight and obesity-

associated metabolic diseases, such CVD (277). Using culture conditions reflective of the 

overweight and obese AT hypoxic and inflammatory microenvironment, we provide evidence 

that the apple flavonoids PT and PZ reduce adipocyte inflammation and promote the production 

of angiogenic factors; effects which have been shown to contribute to preserving AT function 

(288). Importantly, the anti-inflammatory and angiogenic effects of PT were consistently more 

potent than PZ. Further, we showed the effects of PT and PZ were partly or totally mediated 

through a PPAR-γ-dependent mechanism, with reduced NF-κB activation and ROS 

accumulation as potential additional interrelated mechanisms through which PT exerts its more 

potent effects. Finally, the ability of PT to promote angiogenesis and reduce ROS accumulation, 

a by-product of metabolic stress (276), was supported by altered concentrations of cellular 

mediators of apoptosis towards an anti-apoptotic profile. Collectively, our data provide 

mechanistic insight into the potential for apple-derived flavonoids to attenuate critical aspects of 

the overweight and obese AT phenotype, and thus suggest a relatively common dietary 

component as a useful strategy for preventing chronic metabolic diseases. 

To our knowledge, this is the first report of the effects of PT and PZ in LPS-stimulated 

(mature) adipocytes, and the first report under hypoxic conditions in any cell type. Nonetheless, 

the PT- and PZ-mediated anti-inflammatory effects observed herein are consistent with other in 

vitro evidence. In 1 report of unstimulated adipocytes, treatment with 50 μM PT reduced mRNA 

expression of IL-6 and MCP-3 and increased mRNA expression of both adiponectin and its 

receptor (226). In another report, in TNF-α-stimulated adipocytes, pre-treatment with 10, 30 and 

100 μM PT or 100 μM PZ reduced secreted MCP-1 and/or another immune cell chemotactic 

cytokine, regulated on activation, normal T-cell expressed and secreted (228). Likewise, in LPS-

stimulated macrophages, pre-treatment with 10, 30 and 100 μM PT or 100 μM PZ reduced 

secreted IL-6 and/or TNF-α concentrations (227), as did pre-treatment with 10 and 30 μg/mL PT 
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or PZ (289). Notably, the high concentration of LPS (1000 ng/mL) in these works compared to 

the overweight and obese physiological dose (10 ng/mL) used in our cultures suggests the high 

anti-inflammatory potency of PT and, to a lesser extent, PZ. Further, the timing of PT and PZ 

treatment and inflammatory stimulation (with LPS or TNF-α) differed between these studies 

(227, 228, 289) and ours; it is possible that PT or PZ pre-treatment in these studies primed the 

adipocyte/macrophage response to the inflammatory stimuli towards an anti-inflammatory 

phenotype. Still, similar to the current study design, co-treatment with 45 μM PT or PZ was 

estimated to be effective at reducing secreted TNF-α concentrations in (500 ng/mL) LPS-

stimulated macrophages (290). While macrophages are the primary cellular source of TNF-α in 

AT (130), its mRNA expression and secreted protein concentration were reportedly doubled in 

adipocytes isolated from overweight and obese compared to lean humans (291). Interestingly, in 

the current study, TNF-α mRNA expression and secreted protein concentration were only 

increased and influenced by PT in the LPS + CoCl2-stimulated condition, thus further supporting 

these aforementioned data on the anti-inflammatory potential of PT and PZ in the complex 

overweight and obese AT microenvironment. 

The preventative effects of PT and PZ on overweight and obese AT inflammation as 

supported by the current and aforementioned (226-228, 289) in vitro work are consistent with the 

limited in vivo reports (230, 231). To our knowledge, there are no in vivo comparisons of PT and 

PZ in the context of overweight and obesity-associated inflammation and hypoxia. However, it is 

conceivable that PT would be more effective, as PZ is suggested to be hydrolyzed by gut lactase 

PZ hydrolase, yielding the PT aglycone for absorption (284). Indeed, a near equal plasma 

concentration of total PT was observed in PT- and PZ-fed rodents, whereas PZ was not detected 

in the plasma of either dietary group (284). Further, in addition to the C-4′ hydroxyl group which 

PT and PZ share, and as our results would support, PT may be a more effective PPAR-γ agonist 

given its free C-2′ hydroxyl group where PZ is instead glycosylated (292), and which is also 

suggested to participate in stabilizing ROS (293). PT has also been shown to mitigate ROS via 

endogenous antioxidant pathways involving nuclear factor erythroid 2-related factor 2, 

superoxide dismutase, and glutathione (294). Collectively, these kinetic and structural 
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differences between PT and PZ may explain the PPAR-γ-dependent and -independent inhibitory 

effects of PT on NF-κB activation, ROS accumulation, and ensuing cytokine regulation, whereas 

PZ was relatively inert in the LPS + CoCl2-stimulated condition. 

Another novel aspect of the current study is the addition of CoCl2 to adipocyte cultures 

alone and in combination with LPS to measure the effects of PT and PZ in mediating the hypoxic 

response. In the overweight and obese AT condition of sustained hypoxia, HIF-1 contributes to 

AT fibrosis instead of angiogenesis, thus restricting adipocyte (and AT) expansion and lipid 

storage, and inducing inflammation (125) and eventual apoptosis (281). In the current study, PT 

increased angiogenic cytokine expression and/or secreted concentrations, whereas PZ was 

relatively inert. Interestingly though, PT reduced leptin mRNA expression in all culture 

conditions, as well as secreted leptin in the LPS + CoCl2-stimulated condition, perhaps to 

mitigate the potential inflammatory effects of leptin despite its angiogenic effects (295), but 

further study is required. Nonetheless, PT also modulated cellular concentrations of apoptotic 

proteins towards an anti-apoptotic profile. Although these data were unsupported by any 

differences in cell viability (and we did not measure apoptosis directly), these PT-mediated 

effects may represent an early, protective response to sustained hypoxia in obese AT, though 

further study is required. 

Hypoxic areas of AT are classically co-localized with macrophages, indicating an 

association between hypoxia and immune cell recruitment and infiltration (128). Further, under 

hypoxic conditions, macrophages polarize to the M1 inflammatory phenotype (127) and are the 

major source of inflammatory cytokines amongst all AT immune cells (128). In contrast, anti-

inflammatory M2 but not M1 macrophages contribute to angiogenesis (296). In the current 

study, PT co-treatment of LPS + CoCl2-stimulated adipocytes in turn modulated macrophage 

mRNA expression of polarization markers towards the M2 phenotype, most of which was 

partially dependent on adipocyte PPAR-γ activity. Unexpectedly, despite no effects on secreted 

cytokines in LPS + CoCl2-stimulated adipocytes, PZ also reduced macrophage IL-6 and TNF-α 

mRNA expression, which was totally dependent on adipocyte PPAR-γ activity. In addition to 
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reducing inflammatory cytokine production and increasing adiponectin, it is conceivable that PT 

and PZ activation of adipocyte PPAR-γ also interfered with LPS- and hypoxia-induced lipolysis 

and instead promoted lipogenesis (297). Indeed, adipocyte-derived fatty acids have been shown 

to promote macrophage polarization towards the M1 phenotype (298). However, further study is 

required to understand the role of PT and PZ in mediating adipocyte lipogenesis and paracrine 

interactions with macrophages as controversy exists (228). 

Despite our efforts to design cell culture models that are physiologically relevant to 

overweight and obese AT in vivo, it must be acknowledged that dietary flavonoids are rarely 

consumed in isolation, but rather as part of complex food matrices containing fibre, phytosterols, 

vitamins, minerals, and other molecules that may synergize or antagonize them directly or 

through secondary signaling pathways. Further, while 100 μM PT (as utilized in the current 

study) is reportedly representative of the maximum plasma concentration of total PT that was 

achieved in PT- and PZ-supplemented rats, the majority of plasma PT was conjugated in the 

form of glucuronides and sulfates (284) which exert health effects separate from PT. Similarly, 

our timing of LPS and CoCl2 stimulation may not adequately reflect the pathology of expanding 

AT in that AT hypoxia is suggested to precede inflammation in overweight and obesity (288). 

Finally, the effects of CoCl2 on some inflammatory and angiogenic cytokine mRNA expression 

have been shown to peak at 8 - 16 hours of stimulation, but to be lost at 24 hours as employed in 

the current study; whereas the effects of ambient hypoxia peaked at 24 hours (279). 

5.6 Conclusion 

This study provides evidence for the anti-inflammatory and angiogenic effects of the apple 

flavonoids PT in models designed to mimic the overweight and obese AT microenvironment, 

including inflammation and hypoxia, which are interrelated conditions that drive AT metabolic 

dysfunction and contribute to CVD (121, 277). We showed PT consistently mitigates 

inflammatory cytokines whilst increasing adiponectin and angiogenic cytokine production in 

LPS-, CoCl2-, and LPS + CoCl2-stimulated adipocytes. This data was complimented by blunted 

adipocyte NF-κB activation and ROS accumulation, and alterations in the expression of 
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apoptotic mediators towards an anti-apoptotic profile. In turn, LPS + CoCl2-stimulated adipocyte 

co-treatment with PT mitigated macrophage expression of M1 polarization markers and 

promoted expression of M2 polarization markers. Finally, we confirmed the effects of PT are 

partially dependent on PPAR-γ activity and confirmed the superior effectiveness of PT compared 

to PZ towards these endpoints. Collectively, our findings provide mechanistic support for the 

consumption of apples, a relatively common dietary component, in the prevention of overweight 

and obesity-associated metabolic disease. 
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Chapter 6: Integrative Discussion and Conclusions 

6.1 Summary of thesis objectives and main findings  

The overarching objective of this thesis was to investigate the potential for apples and 

apple-derived bioactives, a widely available, accepted and consumed commodity, to mitigate 

inflammation in overweight and obesity, as well as to elucidate the underlying mechanisms of 

action. Inflammation is suspected to causally link overweight and obesity to comorbidities, 

including cardiovascular disease (CVD) (1). Three related inflammatory paradigms relevant to 

overweight and obesity were considered in this thesis, including i) chronic systemic low-grade 

inflammation, ii) acute systemic postprandial inflammation following consumption of a high fat 

meal, and iii) inflammation localized to expanding and dysfunctional adipose tissue (AT), to 

provide comprehensive insight into the anti-inflammatory effects of apple consumption in the 

context of abnormal and excessive adiposity. Likewise, both in vitro and human in vivo 

methodologies were applied, allowing for both mechanistic and clinically relevant conclusions. 

Overall, the goal of this thesis was to advance current knowledge of dietary strategies to disrupt 

the pathophysiology of overweight- and obesity-associated comorbidities driven by 

inflammation. 

In Study 1 (Chapter 3), we conducted a randomized, controlled trial with 44 participants 

with overweight and obesity to investigate the effects of regular whole apple consumption on 

fasting biomarkers of chronic inflammation, a characteristic state of overweight and obesity 

known to increase CVD event risk (55, 65, 66), perhaps even more than traditional CVD risk 

factors (67-69). 22 participants consumed 3 whole, small Gala apples (~200 g edible parts) 

equivalent to 1 large fruit serving daily for 6 weeks while another 22 participants in the control 

group avoided apples for 6 weeks, all while maintaining their usual dietary and lifestyle habits. 

All participants adhered to a low-polyphenol, low-fibre dietary protocol throughout the study, 

though it did not affect their habitual total polyphenol, flavonoid or fibre intake beyond the apple 

intervention, and did not affect their total energy or macronutrient intake. In line with our 
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hypothesis, regular whole apple consumption decreased various fasting plasma biomarkers of 

chronic inflammation compared to control, including interleukin (IL)-6, which is abundantly 

secreted from AT in overweight and obesity (240); C-reactive protein (CRP), the acute phase 

reactant released from the liver in response to inflammatory stimuli, primarily IL-6 (54) and 

clinical biomarker of non-specific chronic inflammation (55); and lipopolysaccharide (LPS)-

binding protein (LBP), a surrogate biomarker of metabolic endotoxemia (i.e. increased 

circulating LPS) (108, 109) as a result of gut dysbiosis and/or impaired epithelial barrier integrity 

(92) (with no effect on interferon [IFN]-γ, IL-1β, monocyte chemoattractant protein [MCP]-1, 

tumor necrosis factor [TNF]-α or soluble cluster of differentiation [sCD]14). Likewise, in 

isolated peripheral blood mononuclear cells (PBMC) stimulated with or without a physiological 

dose of LPS in vitro, regular whole apple consumption reduced secreted concentrations of 

various cytokines compared to control, including IFN-γ, IL-6, IL-17 and/or TNF-α (but did not 

affect IL-1β, IL-2, IL-4, IL5, IL-7, IL-8, IL-10, IL-12p70, IL-13, granulocyte colony-stimulating 

factor [G-CSF], granulocyte-macrophage colony-stimulating factor [GM-CSF], MCP-1 or 

macrophage inflammatory protein [MIP]-1β). However, only the reductions in IL-6 and IL-17 

secreted from unstimulated PBMC remained statistically significant after correction for multiple 

testing, which may signify reduced abundance or activation of inflammatory M1 macrophages 

and CD4+ T helper 17 cells, respectively (133). Consistent with these anti-inflammatory effects, 

regular whole apple consumption also increased plasma total antioxidant capacity compared to 

control, pointing to another potential underlying mechanism given oxidative damage to cellular 

deoxyribonucleic acid, proteins and lipids may initiate an immune response (56). Interestingly, in 

addition to reducing fasting biomarkers of chronic inflammation compared to control, regular 

whole apple consumption also reduced many of these measurements in individual participants 

within the intervention group after 6 weeks, which is of clinical significance. Meanwhile, regular 

whole apple consumption did not affect fasting plasma concentrations of glucose, insulin or 

lipids, nor anthropometric measurements. Collectively, these findings provide the first support 

for regular whole apple consumption as an effective dietary strategy to mitigate the chronic low-

grade inflammation specific to overweight and obesity, without weight loss, to potentially disrupt 
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the causal link between abnormal and excessive adiposity and CVD (1). These data also point to 

various interrelated mechanisms underlying the anti-inflammatory actions of regular whole apple 

consumption in overweight and obesity.  

In Study 2 (Chapter 4), we explored the effects of apple consumption on another paradigm 

of overweight- and obesity-associated inflammation in vivo – acute postprandial inflammation 

following consumption of a high fat meal, which may be exaggerated in overweight and obesity 

(7, 8) and contribute to the characteristic chronic low-grade inflammatory state. In this context, 

postprandial inflammation is suspected to underly the lipemic response, the nature and 

magnitude of which has been shown to be a more significant predictor of CVD events compared 

to the classically measured fasting lipid concentrations (73, 74). We conducted a randomized, 

crossover trial wherein 26 participants with overweight and obesity consumed a high fat dairy 

beverage (standardized as per typical oral fat tolerance test methods to provide 1 g fat/kg body 

weight (250)) with and without (control) the same 3 whole, small Gala apple (~200 g edible 

parts) intervention used in Study 1 (Chapter 3), but in 1 sitting. In support of our hypothesis, 

whole apple consumption modulated the postprandial plasma response and peak concentration of 

IFN-γ, an inflammatory cytokine primarily secreted by CD4+ T helper 1 cells (133), though 

contrary to our hypothesis, apple consumption did not affect postprandial plasma concentrations 

of other biomarkers of inflammation, including IL-1β, IL-6, MCP-1, TNF-α, CRP, LBP and 

sCD14, compared to control. In PBMC isolated before and 4 hours after each intervention, which 

corresponded with the timing of peak postprandial triacylglycerol (TAG) and chylomicrons (as 

reported and discussed separately (214)), then stimulated with or without a physiological dose of 

LPS in vitro, whole apple consumption reduced secreted concentrations of various inflammatory 

cytokines compared to control, including G-CSF, GM-CSF, IL-6, IL-17, and/or TNF-α, as well 

as increased the anti-inflammatory cytokine IL-4, suggesting an altered immune cell profile 

consistent with reduced inflammation (133) (but did not affect IFN-γ, IL-1β, IL-2, IL-5, IL-7, IL-

8, IL-10, IL-12p70, IL-13, MCP-1 or MIP-1β). Interestingly, these anti-inflammatory effects of 

whole apple consumption occurred despite no effect on postprandial lipemia (NEFA, shown in 

Study 1, and TAG and chylomicrons, reported and discussed separately (214)), or glycemia 
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(reported and discussed separately (214)), whilst whole apple consumption did increase 

postprandial insulinemia compared to control, as reported and discussed separately (214). 

Finally, whole apple consumption also increased both 4-hour and peak plasma antioxidant 

capacity compared to control, pointing to another potential mechanism underlying our observed 

anti-inflammatory effects. Overall, these findings provide the first support for whole apple 

consumption as an effective dietary strategy to mitigate acute postprandial inflammation 

following consumption of a high fat meal, to potentially uncouple the disordered postprandial 

lipemic response associated with overweight and obesity, and increased CVD risk (73, 74). 

These data also point to various interrelated mechanisms underlying the anti-inflammatory 

effects of whole apples in the overweight and obese postprandial state.  

Finally, Study 3 (Chapter 5) was conducted to gain mechanistic insight into our observed 

anti-inflammatory effects of regular and one-time whole apple consumption in the context of 

overweight and obesity in Studies 1 and 2, respectively. Using in vitro models designed to 

recapitulate the inflammatory and hypoxic microenvironment characteristic of overweight and 

obese AT (6), we investigated the anti-inflammatory and related angiogenic potential of the 

apple polyphenols phlorizin (PZ) and phloretin (PT) in adipocytes. We first characterized the 

effects of PZ and PT on the adipocyte response unique to inflammation and hypoxia separately, 

then to combined inflammation and hypoxia to best mimic the in vivo overweight and obese AT 

scenario (6). In all culture conditions, we also investigated the role of the peroxisome 

proliferator-activated receptor (PPAR)-γ transcription factor in mediating the effects of PZ and 

PT. Finally, to provide insight into the ensuing effects of modulating the adipocyte response to 

combined inflammation and hypoxia on macrophages, the AT cell types and interactions 

suspected to drive inflammation in overweight and obesity (133), we investigated macrophage 

polarization status after culture in adipocyte conditioned media. We hypothesized that PZ and PT 

would decrease inflammatory cytokine production and increase angiogenic cytokine production 

via a PPAR-γ-dependent mechanism in adipocytes cultured under separate and combined 

inflammatory and hypoxic conditions, to ultimately decrease macrophage expression of 

biomarkers of the inflammatory, M1, classically-activated phenotype. Our findings agreed with 
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our hypothesis as, in all adipocyte culture conditions, PZ and, more potently, PT reduced mRNA 

expression and/or secreted protein concentrations of inflammatory and macrophage chemotactic 

cytokines, and increased that of anti-inflammatory and angiogenic cytokines. PT was especially 

more potent in the combined inflammatory and hypoxic condition wherein it reduced mRNA 

expression and/or secreted protein concentrations of the inflammatory cytokines IL-1β, IL-6 and 

TNF-α, and the macrophage chemokines MCP-1, MCP-3 and MIP-1α, whilst it increased that of 

the anti-inflammatory cytokine adiponectin (133) and the angiogenic cytokines angiopoietin like 

protein 4 and vascular endothelial growth factor A (121), whereas PZ was relatively inert. PT but 

not PZ also reduced adipocyte nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB) activation and reactive oxygen species (ROS) accumulation in the combined 

inflammatory and hypoxic condition, all of which was supported by altered concentrations of 

cellular mediators of apoptosis towards an anti-apoptotic profile. In macrophages, both PZ and, 

more potently, PT treatment of adipocytes cultured in a combined inflammatory and hypoxic 

microenvironment in turn reduced mRNA expression of M1 polarization biomarkers (inducible 

nitric oxide synthase, IL-6, TNF-α) and increased M2 biomarkers (arginase 1, IL-10, 

transforming growth factor-β) (133). Finally, most of the effects of PZ were totally mediated via 

a PPAR-γ-dependent mechanism while most effects of PT were only partially mediated via 

PPAR-γ, with the exception of reduced ROS accumulation which was independent of PPAR-γ 

activity. Overall, these findings highlight the bioactivity of the polyphenols PZ and PT unique to 

whole apples and provide further support for their consumption as a dietary strategy to mitigate 

AT inflammation in overweight and obesity. 

6.2 Strengths, limitations and future directions 

To our knowledge, the studies in this thesis were the first to comprehensively investigate 

the potential anti-inflammatory effects of apples and apple-derived bioactives in conditions 

specific to overweight and obesity. Prior to Study 1 (Chapter 3) of this thesis, the few existing 

studies of the effects of regular consumption of whole apples or other apple products (e.g. dried 

apples, apple puree, apple juice, apple pomace, apple polyphenols) on chronic inflammation all 
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included participants with a lean body mass index (BMI) in addition or exclusive to participants 

with an overweight or obese BMI, as well as considered a minimal number of immunological 

endpoints. For example, most relevant to Study 1 of this thesis, the only two reports on regular 

whole apple consumption – one on 4 weeks of daily whole Shampion apple (550 g) consumption 

(206) and one on 8 weeks of daily whole Renetta Canada apple (340 g) consumption (207) – 

excluded participants with an obese BMI >30 kg/m2 or >33 kg/m2, respectively, and only 

considered one or two biomarkers of inflammation (CRP, or TNF-α and adiponectin, 

respectively). The inflammatory response in any context is a complex process involving several 

mediators and signalling mechanisms, and thus cannot be described by any one or two 

biomarkers. In contrast, Study 1 of this thesis focused on participants with an overweight or 

obese BMI (≥25.0 kg/m2) or waist circumference (≥102 cm for males or ≥88 cm for females) to 

determine the effects of 6-week daily consumption of 200 g of whole Gala apples on 8 plasma 

biomarkers of chronic inflammation (IFN-γ, IL-1β, IL-6, MCP-1, TNF-α, CRP), including 

biomarkers of metabolic endotoxemia (LBP, sCD14), as well as 17 PBMC-secreted biomarkers 

of inflammation (G-CSF, GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-

12p70, IL-13, IL-17, MCP-1, MIP-1β, TNF-α). Likewise, Study 2 (Chapter 4) of this thesis was 

the first to consider the effects of one-time consumption of whole apples or any apple product on 

the acute postprandial inflammatory response to a high fat meal, and also focused on the 

overweight and obese population as well as the same thorough profile of biomarkers of 

inflammation as in Study 1. Finally, mechanistically, most reported in vitro and rodent in vivo 

explorations of the anti-inflammatory effects of polyphenols relevant to apples in conditions 

representative of overweight and obesity have utilized quercetin compounds, an abundant group 

of polyphenols (~2.23 - 8.32 mg/100 g), concentrated in the peel of apples (27-29), but also 

common to several other fruits and vegetables. Thus, anti-inflammatory effects and mechanisms 

of action unique to apples cannot be gleaned from this work. Meanwhile, similar reports of the 

explicitly apple-derived polyphenols PZ and PT in vitro (225-229) and in rodent models of high 

fat diet-induced obesity (230, 231) are scarce, and prior to Study 3 (Chapter 5) of this thesis, 

none considered their effects on the adipocyte response to the overweight and obese AT 
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microenvironment, nor the consequent effects on macrophages; the AT cell types and 

interactions suspected to drive inflammation in overweight and obesity (133). Taken together, 

this thesis advances prior knowledge of the anti-inflammatory effects and related mechanisms of 

apple consumption and provides the foundation for further investigation into the health benefits 

of apples and apple-derived bioactives in overweight and obesity. 

6.2.1 Use of in vitro models representative of overweight and obesity in vivo 

We made several efforts in each study of this thesis to advance prior models and designs 

used to investigate the anti-inflammatory effects of apple consumption in order to support the 

generalizability of these thesis results to the overweight and obese population. For instance, in 

previous work most relevant to Study 3 of this thesis, adipocytes were treated with up to 100 μM 

PZ or PT for 1 hour prior to stimulation with a supraphysiological dose of TNF-α (5 ng/mL vs. 

2.8 - 9.7 pg/mL detected in human plasma in Studies 1 and 2) for 24 hours (228). Adipocytes and 

macrophages were also indirectly co-cultured and treated with up to 100 μM PZ or PT, but 

without any immunomodulatory stimuli (228). While we utilized a similar design in Study 3 in 

treating adipocytes with 100 μM PZ and PT and culturing macrophages in adipocyte conditioned 

media, we also utilized a physiologically relevant dose of LPS (10 ng/mL (97)) and a dose of 

CoCl2 (100 μM) shown to mimic the effects of low (1%) oxygen tension (279). Hence, our cell 

culture models were designed to recapitulate the metabolic endotoxemia and hypoxia 

characteristic of the overweight and obese AT microenvironment. 

Similar to Study 3 of this thesis, the PBMC isolated from participants with overweight and 

obesity before and after regular and one-time whole apple consumption in Studies 1 and 2, 

respectively, were also stimulated with and without the same physiological dose of LPS. 

Consistent with increased fasting plasma concentrations of various biomarkers of inflammation 

(48-50), PBMC isolated from individuals with overweight and obesity have been shown to 

express more inflammatory mediators compared to PBMC from lean individuals (299). PBMC 

are mainly composed of lymphocytes and monocytes (i.e. undifferentiated macrophages), cells 

that play key roles in the development of chronic low-grade inflammation in overweight and 
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obesity by infiltrating AT (133), and in the progression to CVD by infiltrating and exacerbating 

atherosclerotic lesions (1). Due to their residence in circulation, PBMC are exposed to both 

exogenous and endogenous stimuli from tissues throughout the body, including dietary-derived 

bioactives and endotoxins, respectively. PBMC are also in continuous interaction with most 

tissues of the body, and thus can reflect the immune cell component of various tissues, including 

AT (262). Hence, our use of PBMC in Studies 1 and 2 allowed for insight, albeit from a systemic 

perspective, into the anti-inflammatory effects of regular and one-time whole apple consumption 

on overweight and obese AT. Taken together, the in vitro models utilized in this thesis provide 

the foundation for future mechanistic research on the physiologically relevant anti-inflammatory 

effects of not only whole apple consumption, but the consumption of other dietary interventions 

in overweight and obesity.  

6.2.2 Focus on individuals with overweight and obesity 

While only participants with overweight and obesity were recruited for Studies 1 and 2, 

their relatively healthy fasting baseline inflammatory and metabolic status may limit the 

generalizability of these thesis findings to individuals without comorbidities. While participants’ 

mean fasting baseline plasma CRP concentration was 2.98 ± 0.11 μg/mL in Study 1 and 2.89 ± 

0.12 μg/mL in Study 2, which is reportedly higher than in lean individuals (50) and indicative of 

chronic low-grade inflammation and a moderate risk of future CVD events (55, 65, 66), 

individual participants’ CRP ranged from low risk (< 1 μg/mL) to high risk (≥3.0 μg/mL) (1.02 - 

4.34 μg/mL in Study 1; 0.85 - 4.57 μg/mL in Study 2). Participants’ mean fasting baseline 

plasma concentrations of IFN-γ, IL-1β, IL-6, MCP-1 and TNF-α were also higher in Studies 1 

and 2 than reported in lean individuals (49, 50), though clinical threshold concentrations 

indicative of chronic inflammation and increased CVD event risk have not yet been established 

for these biomarkers. This represents a major gap in knowledge towards identifying individuals 

at increased risk of overweight- and obesity-associated comorbidities as well as effective 

preventative strategies. Further, according to Canadian and international guidelines (46, 47, 300, 

301), participants’ mean fasting baseline plasma glucose, insulin and lipid concentrations (total 
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cholesterol, low-density lipoprotein-cholesterol, TAG) were also within healthy ranges, with the 

exception of high-density lipoprotein-cholesterol that was classified as poor (<1.3 mmol/L) in 

most females (1.14 ± 0.07 mmol/L in Study 1; and 1.20 ± 0.07 mmol/L in Study 2). Overall, the 

anti-inflammatory effects of regular and one-time whole apple consumption observed in Studies 

1 and 2, respectively, are impressive in the context of participants’ relatively healthy fasting 

baseline inflammatory and metabolic status, which may in part explain the small effect sizes and 

lack thereof for other endpoints. Especially in Study 2, the natural postprandial inflammatory 

response to a high fat meal was expected to be exaggerated by the chronic low-grade 

inflammation associated with overweight and obesity (7, 8), though this concept remains difficult 

to define without a lean control group in Studies 1 and 2, and given there are also no established 

clinical threshold concentrations indicative of an abnormal acute postprandial inflammatory 

response. Hence, future research should recruit a lean control group for comparison as well as 

recruit participants based on their baseline inflammatory and metabolic status in addition to their 

anthropometric measurements, to investigate the anti-inflammatory effects of consumption of 

whole apples and other apple products in individuals with overweight and obesity at risk of 

CVD. 

6.2.3 Generalizability of the study interventions 

Human interventions. As another example of our efforts to optimize the generalizability 

of these thesis findings, the apple interventions used in each study reflect typical human dietary 

behaviours. Most obviously, the 3 whole, small Gala apple intervention of Studies 1 and 2 is 

equivalent to 1 serving of the ~200 g large apples commonly sold in North American grocery 

stores. Further, Gala apples are amongst the most widely grown and consumed varieties in North 

America, and thus can be easily incorporated into the Western diet. Indeed, in Study 1, 

participants consumed the apple intervention as part of their typical diet and lifestyle, as 

evidenced by no changes in their energy or macronutrient intake, physical activity, sleep, and 

anthropometric measurements throughout the study. Participants’ habitual diet also reflected the 

low total polyphenol (~400 - 1400 mg/day) and flavonoid (~200 - 275 mg/day) content 
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characteristic of the Western diet (189), given it was unchanged in the control group (i.e. without 

apple consumption) by the low-polyphenol, low-fibre dietary protocol throughout the study. This 

thesis also explored both timings of apple consumption relevant to typical human dietary 

behaviours as, in Study 1, participants were instructed to consume their apples as a snack without 

other foods, whereas in Study 2, participants consumed their apples as part of a mixed meal with 

high fat content (1 g fat/kg body weight). However, albeit consistent with previous oral fat 

tolerance tests used to study postprandial lipemia (250), the high fat dairy beverage utilized in 

Study 2 provided a greater proportion of energy from fat at 71 - 85% compared to the typical 50 

- 60% (range 30 - 85%) used to study postprandial inflammation following consumption of a 

high fat meal, though the total energy content (792.7 - 1524.1 kcal) was consistent with previous 

studies (range 600 - 2200 kcal) (72). The high fat content of the meal was also 

supraphysiological compared to participants’ typical dietary intake of ~37% fat, shown in Study 

1. Still, participants’ postprandial peak plasma concentration of IL-6, the most commonly 

measured inflammatory biomarker in studies of high fat meal-induced postprandial 

inflammation, was consistent with that of previous studies at 1.35 ± 0.07 pg/mL compared to 

2.85 ± 1.85 pg/mL (72). Excess dietary lipids may compromise polyphenol absorption (200), 

which may underscore the discrepancies in our observed anti-inflammatory effects of regular and 

one-time apple consumption in Studies 1 and 2, respectively. Hence, future research on the 

postprandial anti-inflammatory effects of apple consumption should utilize a high fat meal 

intervention representative of the typical Western diet, as well as consider utilization of a 

representative high carbohydrate meal to provide the first insight into the anti-inflammatory 

effects of apples in the context of postprandial hyperglycemia, also known drive an acute 

inflammatory response (223, 224). While the results of Studies 1 and 2 add to the existing 

knowledge of the chronic anti-inflammatory effects of consumption of whole Shampion (206) 

and Renetta (207) apples, dried Marie Ménard (209) and Golden Delicious (209) apples and 

dried apples of undisclosed variety (208), pureed Mitchalin and Golden Delicious apples (210), 

Shampion apple pomace (206), and juice from Shampion apples (206), mixed Cox Orange, 

Jonagold, Elstar, Gala, Braeburn, Delicious and Idared apples (211), and an undisclosed variety 
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of apples (212), future research should consider comparisons between apple varieties within the 

same study design. Indeed, each apple variety contains a unique nutrient, fibre and polyphenol 

profile (27-29), and the digestion, absorption, metabolism and bioactivity of each polyphenol 

differs (200). Hence, in vitro studies have shown the polyphenol fraction of different apple 

varieties produce varying anti-inflammatory (264) and anti-oxidant effects (168-170). Not to 

mention, apple polyphenol content and bioactivity may be affected by storage conditions (273), 

which were standardized to refrigeration at 4°C in Studies 1 and 2 of this thesis and should be 

modified in future research to optimally reflect typical storage conditions prior to purchase and 

consumption of apples. 

In vitro interventions. We also attempted to mimic physiological apple consumption in 

Study 3. The utilized 100 μM concentration of PZ (molecular weight 472.4 g/mol) corresponded 

to an absolute amount of 0.094 mg of PZ in each adipocyte culture well (containing 2 mL of 

media), which represents only ~6.2% of the PZ content of the large whole apple equivalent 

(~200 g) of the Gala apple interventions of Studies 2 and 3, and 0.5 - 7.3% of the PZ content of a 

large apple of other varieties, as estimated from previous reports (27-29). This discrepancy 

reflects the true low bioavailability of polyphenols wherein <10% of consumed polyphenols are 

estimated to be absorbed while the remainder are metabolized by the gut microbiota or excreted 

(200). PZ, however, is suspected to undergo metabolism by lactase phlorizin hydrolase in the 

brush border of the small intestine, yielding the PT aglycone for absorption or further 

metabolism by the gut microbiota (284, 302). PZ may also be transported by the sodium-glucose 

linked transporter-1 in the small intestine, followed by deglycosylation and glucuronidation or 

sulfation in the intestinal epithelium or liver (303). Indeed, a near equal plasma concentration of 

total PT, mostly comprised of its glucuronide and sulfate derivatives, was shown in rats fed a 

single meal containing 0.25% w/w PZ or 0.157% w/w PT (corresponding to the consumption of 

22 mg of phloretin equivalents), whereas PZ was not detected in the plasma of either dietary 

group (284). Hence, the 100 μM concentration of PT utilized in Study 3 was representative of the 

maximum plasma concentration of total PT that was achieved in both dietary groups (284). 

Likewise, studies in otherwise healthy human participants with ileostomy showed only PT, 
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phloretin 2’-O-xyloglucoside and phloretin 2’-O-glucuronide reach the colon after consumption 

of apple cider, cloudy apple juice and apple puree (303-305). However, to our knowledge, the 

bioavailability of PZ following consumption of whole apples has not been studied in humans and 

points to a limitation of Studies 1 and 2 of this thesis (as well as other similar studies of the anti-

inflammatory effects of whole apples and apple products), in that neither the polyphenol content 

of the apple intervention nor participants’ plasma post-intervention were characterized. This is an 

important consideration for future research given that the efficiency of phenol absorption was 

shown to vary by ~64% amongst 35 healthy participants (aged 19 - 42 years; BMI <25 kg/m2) 

who drank 500 mL of cloudy apple juice from a combination of undisclosed varieties (203). 

Thus, the bioavailability of apple polyphenols from food and beverage sources of different 

matrices requires further investigation and will be useful to the understanding of mechanisms 

underlying the immunomodulatory effects of apple consumption in specific populations, 

including individuals with overweight and obesity. 

6.2.4 Anti-inflammatory mechanisms of apple bioactives 

 Polyphenols. The results of Study 3 provide mechanistic insight to the results of Studies 

1 and 2 wherein the anti-inflammatory effects of regular and one-time whole apple consumption 

in the context of metabolic endotoxemia characteristic of overweight and obesity may have been 

driven, at least in part, by the ability of apple polyphenols to activate the PPAR-γ transcription 

factor and reduce oxidative stress, perhaps by directly scavenging reactive oxygen species, and 

indirectly, via stimulating endogenous antioxidant defense systems (20) (Figure 1-4). Indeed, we 

showed plasma total antioxidant capacity was reduced by regular apple consumption in Study 1 

and by one-time whole apple consumption in Study 2, specifically at 4 hours following 

consumption of a high fat meal when plasma TAG and chylomicrons reached peak postprandial 

concentrations (as reported and discussed separately (214)), yet whole apple consumption 

reduced PBMC-secreted inflammatory cytokines at the same time. Mechanistically, activation of 

the NF-κB transcription factor which regulates the production of various inflammatory cytokines 

downstream of LPS-TLR4 signalling (3) can be modulated by both PPAR-γ and ROS. PPAR-γ 
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agonism has been shown to inhibit NF-κB activity (306), while a vicious cycle exists between 

ROS accumulation and NF-κB activation (307). Accordingly, in Study 3 of this thesis, the apple 

polyphenol PT reduced ROS accumulation via a mechanism independent of PPAR-γ, as well as 

reduced NF-κB activation via a mechanism partially dependent on PPAR-γ.  

Fructose. It is possible the ability of regular and one-time whole apple consumption to 

increase plasma total antioxidant capacity in Studies 1 and 2, respectively, was due, at least in 

part, to other whole apple components. PT and PZ have been shown to have lower antioxidant 

capacity compared to other representative apple polyphenols and all apple polyphenols 

accounted for <20% of the total antioxidant capacity of Red Delicious, Granny Smith, and Fuji 

whole apple extracts in in vitro analyses (271). Further, in the aforementioned study with 35 

healthy participants (aged 19 - 42 years; BMI <25 kg/m2) who drank 500 mL of cloudy apple 

juice from a combination of undisclosed varieties, increases in postprandial plasma total phenol 

content over time did not correlate with the increases in plasma total antioxidant capacity (203). 

As one alternative explanation, apples are rich in fructose (~6% (171)), the metabolism of which 

has been shown to increase circulating concentrations of uric acid (as a byproduct) (308, 309), a 

powerful scavenger of ROS (271). In a randomized, crossover trial with 12 healthy participants 

(mean age 32 ± 5 years; mean BMI not reported), plasma total antioxidant capacity increased 

following the consumption of 1 L of clear apple juice, clear apple juice without polyphenols, and 

cloudy apple juice compared to 1 L of water, which was correlated with increased plasma uric 

acid, whereas no changes in plasma phenol content were observed (309). Likewise, in a non-

randomized crossover trial of 6 healthy participants (mean age 36 ± 3 years; mean BMI 27 ± 2 

kg/m2), the increased plasma total antioxidant capacity following consumption of 5 Red 

Delicious apples (~1037 g) was also correlated with plasma urate (308). Further, consumption of 

a fructose amount equivalent to that in 5 Red Delicious apples (~63.9 g) mimicked the effects of 

the apple intervention on plasma total antioxidant capacity (308). Interestingly, however, in 

another in vitro analysis, phenols from Red Delicious, Granny Smith, and Fuji whole apple 

extracts increased the half-life of plasma urate (271), suggesting synergism between whole apple 

components. Albeit, this potential synergism was not observed in vivo following the 5 Red 
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Delicious apple intervention (271). The rich Vitamin C content of whole apples (~6 mg/100 g) 

may also contribute to their antioxidant capacity. Although Vitamin C did not to contribute to 

plasma total antioxidant capacity following the 5 Red Delicious apple intervention (308), another 

randomized, crossover trial with 20 participants (aged 21 – 29 years; BMI ≤27.5 kg/m2) showed 

plasma total antioxidant capacity increased following 4-week daily consumption of 500 mL of a 

Vitamin C rich cloudy apple juice (derived from Cox Orange, Jonagold, Elstar, Gala, Braeburn, 

Delicious and Idared apple varieties) with moderate polyphenol content (60 mg/L and 510 mg 

epicatechin equivalents/L, respectively), but not following 500 mL of a polyphenol-rich cloudy 

apple juice with moderate Vitamin C content (993 mg epicatechin/L and 22 mg/L, respectively) 

(211). Hence, future research should measure circulating concentrations of all potential whole 

apple bioactives to provide further insight into the mechanisms underlying the 

immunomodulatory effects of apple consumption in specific populations, including individuals 

with overweight and obesity. 

Pectin. The anti-inflammatory effects of regular and whole apple consumption observed in 

Studies 1 and 2, respectively, may have also been due, at least in part, to the rich pectin content 

of the whole apple intervention (2.2 ± 0.1 g). However, in a separate report of Study 2 (214), 

whole apple consumption did not affect gastric emptying nor postprandial lipemia, which the 

effects of pectin would be expected to influence (175, 247). Still, evidence suggests synergistic 

health benefits of polyphenols and pectin as part of the whole apple matrix as 4-week daily 

consumption of 550 g of whole Shampion apples increased plasma antioxidant activity compared 

to no apple product and 22 g apple pomace, and more so than 500 mL of cloudy or clear apple 

juice did in a randomized, controlled, crossover study with 23 healthy participants (mean age 

36.2 ± 17.9 years; mean BMI 22.3 ± 2.59 kg/m2) (206). However, while this concept is supported 

by work in rodents (310), additional comparisons between whole apples and apple products and 

components with different matrices and derived from different apple varieties are required in 

humans to elucidate the relative health benefits associated with each option of apple 

consumption.  
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6.2.5 Potential effects of apple consumption on gut health 

Potential synergism between whole apple polyphenols and pectin would be expected to 

occur in the gastrointestinal tract given pectin is undigestible and unabsorbable (173). Indeed, the 

reduced fasting circulating concentrations of LBP, a surrogate biomarker of effective metabolic 

endotoxemia (108, 109), observed in Study 1 suggests regular whole apple consumption 

improves the gut microbiota profile and/or gut epithelial barrier integrity. This theory is 

supported by work in rodent models of high fat diet-induced obesity (179, 311, 312) whereas 

human data is scarce. For example, the gut microbiota profile was unaffected by the 

aforementioned 4-week daily Shampion apple interventions (550g whole apples, 22 g apple 

pomace, 500 mL cloudy apple juice, 500 mL clear apple juice) (206). Meanwhile, in the 

aforementioned study of 8-week daily whole Renetta Canada apple (340 g) consumption, various 

urine, but not plasma, metabolites were correlated with changes in the fecal microbial profile, 

including decreased abundance of the Granulicatella and Dehalobacterium genera and 

Rikenellaceae family, and increased abundance of the Clostridiales order (207, 313). Likewise, 

in an uncontrolled intervention trial with 8 healthy males (aged 21 – 60 years; mean BMI not 

reported), daily consumption of 2 apples of undisclosed variety or size for 2 weeks increased the 

number of fecal Bifidobacteria and decreased Enterobacteriaceae and lecithinase-positive 

Clostridia (314). These results suggest whole apple consumption modulates the gut microbiota 

community structure and function, and point to potential benefits therein, but measures of gut 

epithelial barrier integrity, metabolic endotoxemia or other biomarkers of host health were not 

considered and require further investigation. To address this need, we also collected fecal 

samples in Study 1, and will report on the effects of regular whole apple consumption on the gut 

microbiota community structure and function in a separate manuscript not included in this thesis.  
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6.3 Conclusion 

This thesis provides comprehensive insight into the anti-inflammatory effects and 

underlying mechanisms of action of whole apple consumption in overweight and obesity. Using 

both in vitro and in vivo methodologies to study three related inflammatory paradigms relevant to 

overweight and obesity, we showed i) regular whole apple consumption reduces biomarkers of 

chronic inflammation, ii) one-time whole apple consumption reduces biomarkers of acute 

postprandial inflammation following consumption of a high fat meal, and iii) the exclusive apple 

polyphenols PZ and, more potently, PT, reduce inflammation localized to expanding and 

dysfunctional AT.  This work has implications for individuals with overweight and obesity, to 

potentially help reduce their risk of CVD and other inflammation-driven comorbidities with a 

natural, widely available and accepted whole food, as well as implications for the apply industry 

in targeting their products and messaging to consumers. 
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