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Effects of (-)-Epicatechin on Memory and Anxiety in High Fat Diet (HFD)-induced Obese Mice 

ABSTRACT 

Obesity is characterized by a condition of low-grade chronic inflammation and is associated with 

increased occurrence of cognitive and mood disorders. While consumption of high-fat diets (HFD) and 

associated obesity could have a detrimental impact on the brain structure and function, consumption of 

select dietary bioactives may help prevent these harmful effects. The overall aim of this thesis was to 

investigate the neuroprotective potential of the  dietary flavan-3-ol (-)-epicatechin (EC) in the context of 

HFD and associated obesity.  

 Our first study investigated the capacity of dietary EC to mitigate hippocampal inflammation and 

impaired cognition in HFD-fed obese mice. Healthy 6 weeks old male C57BL/6J mice were fed for 13 weeks 

either a control diet (10% total calories from fat), a high fat diet (60% total calories from fat), or the control  

and high fat diets supplemented with 20 mg EC/kg body weight. Between week 10 and 12 of the dietary 

intervention, object recognition memory and spatial memory were evaluated. Gene expressions related 

to inflammation, oxidative stress, and neurotrophic factor were analyzed in the hippocampus. Impaired 

recognition memory was observed in HFD-fed mice, which was prevented by EC supplementation. Neither 

HFD consumption nor EC supplementation affected mouse spatial memory. After 13 weeks of the dietary 

intervention, HFD-fed mice developed obesity, endotoxemia, and showed increased parameters of 

hippocampal inflammation. While not affecting body weight gain, EC supplementation prevented all the 

HFD-induced changes. Taken together, EC supplementation prevented short-term recognition memory in 

HFD-induced obese mice, which could be in part due to the capacity of EC to mitigate HFD-induced 

metabolic endotoxemia, inflammation and oxidative stress in the hippocampus. 

 To further understand the capacity of EC to mitigate obesity-induced changes in cognition and 

mood, we conducted a longer dietary intervention study (24 weeks) with a HFD that is more comparable 
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to the amount of fat consumed by humans. Healthy 8-week old male C57BL/6J mice were maintained on 

either a control diet (10% total calories from fat) or a HFD (45% total calories from fat), and were 

supplemented with EC at 2 or 20 mg/kg body weight. Between week 20 and 22, anxiety-related behavior, 

recognition memory, and spatial memory were measured. Underlying mechanisms were assessed by 

measuring the expression of selected genes in the hippocampus and by 16S rRNA sequencing and 

metabolomic analysis of the gut microbiota.  After 24 weeks of HFD feeding, mice developed obesity, 

which was not affected by EC supplementation. HFD-associated increase in anxiety-related behavior was 

mitigated by EC in a dose-response manner and was accompanied by increased hippocampal brain-

derived neurotrophic factor (BDNF), as well as partial or full restoration of glucocorticoid receptor, 

mineralocorticoid receptor and 11β-HSD1 expression. Higher EC supplementation (20 mg/kg body weight) 

also restored aberrant Lactobacillus and Enterobacter abundance altered by the HFD and/or the 

associated obesity. Together, EC mitigated HFD-induced anxiety-related behavior partly by modulating 

BDNF- and glucocorticoids-mediated signaling and mitigating HFD-associated dysbiosis.  

Next we conducted an untargeted hippocampal transcriptomic analysis that included mRNAs, 

miRNAs, and long non-coding RNAs to further understand the underlying neuroprotective mechanisms of 

EC against HFD-induced obesity. EC reversed the gene expression profile induced by the HFD, 

counteracting the effects of the HFD. Genes involved in neurofunction-related pathways including 

Alzheimer’s disease and neurodegeneration and cellular pathways such as insulin signaling pathway were 

dysregulated by the HFD, and EC counteracted the dysregulation. Functionality analysis revealed that the 

differentially expressed genes upon EC supplementation regulate processes involved in neurofunction, 

inflammation, endothelial function, and cell-cell adhesion. Taken together, the effect of EC to mitigate 

anxiety-related behavior in the HFD-induced obese mice can be, in part, explained by its capacity to exert 

complex genomic modifications in the hippocampus, counteracting changes driven by the consumption 

of the HFD and subsequent obesity. 
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In summary, this thesis contributes to the explanation of mechanisms related to the 

neuroprotective potential of EC in context of HFD and associated obesity. Our results suggest that EC could 

mitigate HFD-induced alterations in memory and anxiety, in part, by ameliorating neuroinflammation, 

modulating BDNF-and glucocorticoids-regulated signaling, mitigating dysbiosis, and counteracting the 

effects of HFD on the hippocampus at a multi-genomic level.  
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1. Introduction 

Obesity is a global phenomenon with its prevalence growing at an alarming rate [1]. Since 1975, 

the worldwide prevalence of obesity has nearly tripled [1]. Obesity is a major public health concern as it 

substantially increases the risk of developing metabolic diseases (type 2 diabetes, insulin resistance, and 

non-alcoholic fatty liver diseases), cardiovascular diseases (CVD) (hypertension, stroke, and myocardial 

infarction), and some types of cancer (colon, kidney, pancreas, uterus, and esophagus) [2]. Moreover, 

obesity and poor-quality diets have been associated with increased occurrence of cognitive and mood 

dysfunctions such as dementia and Alzheimer’s diseases (AD) [3-7]. Chronic high fat diet (HFD) 

consumption and associated obesity can induce low-grade systemic inflammation and metabolic 

disorders such as insulin resistance and dyslipidemia [8-11]. Obesity is also associated with metabolic 

endotoxemia, which triggers pro-inflammatory immune responses [12, 13]. Obesity-induced systemic 

inflammation, metabolic disorders, and metabolic endotoxemia are characterized by elevated 

concentrations of circulating pro-inflammatory molecules (i.e., cytokines, chemokines, 

lipopolysaccharides (LPS), free fatty acids (FFA) etc.) which all can in part contribute to the development 

of obesity-associated alterations in cognition and mood [14-18]. While obesity-derived neurological 

complications have been shown to affect different brain regions, the hippocampus – a region critical for 

learning and memory [19] and the regulation of mood and emotion [20, 21] – is particularly vulnerable to 

HFD-/obesity-induced changes [22-26]. Indeed, obesity is associated with a decrease in hippocampal 

volume [27-29] and impairment in hippocampus-dependent function as the inflammatory mediators can 

be transported across the blood brain barrier (BBB) and/or compromise its barrier function and 

subsequently infiltrate into different brain regions  [26, 30].  

While obesity can lead to negative health implications including cognitive and mood dysfunctions, 

dietary changes towards a higher intake of fruits and vegetables, and their derived products could mitigate 

these harmful effects [31]. Flavanols are a subgroup of polyphenols, which are naturally occurring 
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secondary metabolites found abundantly in fruits, vegetables, and cereals. They have been extensively 

studied because of their putative benefits on human health [32-34]. (-)-Epicatechin (EC) is one of the most 

widely consumed flavanols by humans which mainly derives from cocoa and tea products, and fruits such 

as grapes, berries, and apples [34, 35]. Epidemiological and dietary intervention studies suggest that EC-

rich cocoa flavanols can improve cognitive function primarily by increasing cerebral blood flow [36-39]. 

While evidence supports a relationship between obesity and brain dysfunction; and points to a 

neuroprotective potential for EC, the capacity of EC to exert neuroprotective actions in the context of 

diet-induced obesity has not yet been investigated. Moreover, although several studies have reported 

that EC exerts anti-inflammatory actions in various tissues/organs [40-44], its capacity to mitigate obesity-

induced neuroinflammation and the associated alterations in cognition and mood has not yet been 

explored. 

 This dissertation project assessed the neuroprotective potential of EC, particularly its capacity to 

mitigate obesity-induced neuroinflammation in the hippocampus and the associated alterations in 

cognition and mood using preclinical models of obesity. This section will highlight some of the key health 

benefits of EC – its role in promoting vascular, gastrointestinal (GI) and metabolic health, and anti-

inflammatory action – and discuss how these effects could be translated into the neuroprotective 

potential of EC in the context of HFD consumption and subsequent obesity. Although the mechanisms 

affecting the central nervous system (CNS) are mostly likely to be multifactorial, some of the potential 

mechanisms underlying the neurological alterations caused by consumption of HFD and/or obesity will be 

outlined, with a particular focus on the effects on the hippocampus. 

 

2. (-)-Epicatechin: structure, bioavailability, and metabolism 

Flavonoids are a large family of polyphenolic compounds. The general structure (C6–C3–C6) has 

two aromatic rings (A and B rings) connected by a three-carbon bridge, which gives rise to an oxygenated 
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heterocycle in between (C ring) [45]. The basic flavonoid structure can be substituted with different 

chemical groups, such as hydroxy, glycosidic, and methyl groups. These chemical arrangements define the 

different subgroups of flavonoids [45, 46] (Figure 1). 

 

 

Figure 1. Chemical structures of the flavonoid subgroups. Adapted from [46]. 

 

EC is a monomer that belongs to the flavan-3-ols subgroups. It has hydroxyl residues at C5 and C7 

(ring A), C3 (ring C), and C3ʹ and C4’ (ring B). Flavan-3-ols have two chiral centers at C2 and C3 (ring C) and 

thus produce four stereoisomers: (+)-catechin, (-)-catechin, (-)-epicatechin, and (+)-epicatechin (Figure 2). 

Among them, (+)-catechin (trans) and (-)-epicatechin (cis), are commonly found in nature [45]. 
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Figure 2. Flavan-3-ol stereoisomers:                 

(+)-catechin, (-)-catechin, (-)-epicatechin, and 

(+)-epicatechin. Adapted from [47]. 

 

The stereochemical characteristics of the flavan-3-ol monomers could also influence their 

bioavailability. EC reaches the highest postprandial level in the circulation when equimolar amounts of 

the flavan-3-ol monomers are ingested by human subjects [45, 48]. The high bioavailability of EC is also 

evidenced by urinary and feces recovery data, analyzed after ingestion of 300 mCi (207 mmol) of 

radiolabeled, stereochemically pure [2-14C]EC by human subjects (equivalent to the ingestion of 60 mg of 

EC) which indicate that approximately 95% of ingested EC is absorbed and excreted within 72 h, with the 

majority being excreted within 24 h [49]. Moreover, EC is extensively metabolized and conjugated upon 

ingestion. EC is glucuronidated, methylated, and sulfated in the small intestine and can be further 

conjugated in the liver [45, 46]. Further metabolism of unconjugated and conjugated EC can occur in the 

colon by the gut microflora [50, 51]. In fact, more than 20 14C-EC-derived metabolites were detected in 

urine and plasma which are classified as structurally related EC metabolites (SREM), 5-carbon side chain 

ring fission metabolites (5C-RFM), and 3- and 1-carbon-side chain ring fission metabolites (3/1C-RFM) [49]. 

The mean plasma concentration of SREMs peaks about 1 h after the ingestion which represents EC 

absorption in the small intestine (Table 1 and Figure 3). On the other hand, the mean plasma 

concentration of 5C-ring fission metabolites (5C-RFMs) reaches its peak after about 6 h post consumption, 

which derives from the microbiota-derived catabolism of EC in the large intestine (Table 1 and Figure 3). 
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The absorption in the small intestine corresponds to approximately 20% of EC intake whereas the 

majority, approximately 70%, of EC absorption occurs in the colon [49]. 

 

Table 1. Human [2-14C](−)-epicatechin metabolites present in plasma and their pharmacokinetic 

profiles. Adapted from [49]. 

 

Figure 3. Concentration and pharmacokinetic profiles of [2-14C](−)-epicatechin metabolites as a 

function of time. Adapted from [49]. 
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The high urinary and fecal recovery rates indicate that most of the metabolites are accumulated 

in the circulation with very low tissue accumulation upon acute EC consumption  [49, 52]. EC metabolites 

reach high-nanomolar to low-micromolar concentration in the blood, and lower concentrations are 

expected to be found in tissues/organs with an exception of the GI tract where high-micromolar 

concentration of EC and EC metabolites can have direct contact with upon EC consumption [46]. In the 

brain, some EC metabolites have been detected at measurable amounts, indicating that peripheral EC 

metabolites could cross the BBB and may directly modulate cell signaling events inside  the brain [53, 54]. 

Supplementation with a monomeric mixture of (+)-catechin and EC (17 mg/kg body weight) for 10 days 

resulted in accumulation of free EC and ~400 nM of glucuronidated EC metabolites in rat brain [54]. 

Moreover, the EC colonic metabolite 5-(hydroxyphenyl)-γ-valerolactone-sulfate was detected in the brain 

of rats after either intraperitoneal (IP) injection of the metabolite (2 mg/kg body weight) or upon grape 

consumption (100 mg/ kg body weight). 5-(hydroxyphenyl)-γ-valerolactone-sulfate was also detected in 

the brain of pigs following a cocoa powder consumption (410 mg flavan-3-ol) [53]. However, the primary 

route of EC metabolites crossing the BBB and their subsequent metabolism in the brain is not yet fully 

understood [55].  

 

3. Brain health benefits of (-)-epicatechin in context of HFD and/or associated obesity  

3.1. Regulation of vascular function   

Obesity is a known independent risk factor for the development of CVD [56, 57]. Evidence support 

that obesity is associated with endothelial dysfunction, which is a key early event in the pathogenesis of 

atherosclerosis [58]. Endothelial dysfunction is characterized by decreased bioavailability of vasodilators, 

particularly nitric oxide (NO), which inhibits key events in the pathogenesis of atherosclerosis such as 

adhesion and aggregation of platelets and leukocytes [59]. While compelling evidence suggest that 
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obesity is associated with endothelial dysfunction and the development of CVD [56, 57, 60, 61], 

consumption of flavanol rich foods can be beneficial on vascular functions. Recently, a large clinical trial 

(COcoa Supplement and Multivitamin Outcomes Study (COSMOS)), reported that daily supplementation 

of a cocoa flavanol (500 mg flavanols including 80 mg of EC) significantly reduces CVD-related death by 

27% during a median follow-up of 3.6 years [33]. Another clinical trial reported that consumption of an 

EC-rich cocoa product elicited NO dependent vasodilation whereas consumption of flavanol-poor cocoa 

did not induce the same response [62].  Consistently, ingestion of a flavanol-rich cocoa drink increased 

flow-mediated vasodilation (FMD) and circulating NO species, and improved microvascular function in 

human subjects [63]. Similar effects were emulated in the same individuals who ingested pure EC (1 or 2 

mg/kg body weight) [63], suggesting that the beneficial vascular effects of flavanol-rich cocoa products 

are largely attributed to the presence of EC. 

The capacity of EC to promote vascular health can also benefit the brain function as the brain is a 

highly vascular organ [64]. Epidemiological and dietary intervention studies suggest that EC-rich cocoa 

flavanols exert positive effects on cerebral blood flow and improve cognitive functions, implicating that 

the observed peripheral vascular effects are also present in the cerebral vascular system [36-39, 65]. For 

instance, in healthy adults (50-75 years), consumption of EC-rich cocoa flavanols (770 mg flavanols 

including 135 mg EC) for 12 weeks improved hippocampal-dependent learning suggesting that EC 

consumption may be associated with increased memory function in age-associated cognitive decline [36]. 

Consistently, intake of acute high-flavanol cocoa (681.4 mg flavanols including 150 mg EC) improved 

efficiency in blood oxygenation during hypercapnia in frontal cortical areas of young healthy subjects 

(mean age of 23.9 years) which was associated with higher performance during cognitive challenges [37]. 

In a genetic rat model of hypertension and ADHD, daily intake of pure EC for 2 weeks (100 mg/kg body 

weight) mitigated the development of hypertension and locomotor hyperactivity [66]. EC (1 mg/kg body 

weight) upregulated neurogenesis markers by increasing capillary density and nitrate/nitrite production 
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via endothelial NO synthase (eNOS) activation in mouse frontal cortex in parallel with an improvement in 

spatial working memory [67].  

The EC-mediated improvements in vascular function can be explained by its capacity to increase 

eNOS expression [68], induce eNOS activation [69, 70], and inhibit enzymatic activity of arginase which 

competes with NOS for the same substrate, L-arginine [71]. Additionally, EC can promote vasodilation by 

reducing plasma endothelin-1 (ET-1), a potent vasoconstrictor that stimulates superoxide production and 

vasoconstriction via activation of NADPH oxidases (NOX) [72, 73]. EC can also inhibit NOX 

expression/activity and subsequently limits production of superoxide and increases NO bioavailability [74-

76].  

 

3.2. Promotion of gastrointestinal health  

The GI tract provides one of the largest barriers in the body that plays a pivotal role in health and 

disease [13]. The intestinal barrier has a semipermeable structure that selectively allows entry of fluids, 

ions, and nutrients while restricts the passage of pathogenic molecules and bacteria [77]. Disturbances in 

GI barrier function increase paracellular translocation of pathogenic molecules such as bacterial LPS from 

the lumen to the circulation [13]. LPS is a major components of the outer membrane in gram-negative 

bacteria that initiates a strong innate immune response [78].  Toll-like receptor 4 (TLR4) is a pattern 

recognition receptor (PRR) that recognizes LPS, and its activation initiates downstream signaling cascades 

that lead to production of pro-inflammatory cytokines – such as tumor necrosis factor alpha (TNFα), 

interleukin (IL)-1β, and IL-6 [78, 79] – and systemic inflammation [80]. 

Obesity has been associated with alterations in the intestinal barrier function [81-84] and 

metabolic endotoxemia [12, 85], which is characterized by low-grade elevation in plasma LPS [80]. 

Considering that high-micromolar concentration of EC and EC metabolites can reach the lumen of the GI 
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tract [46], consumption of EC can participate in maintaining GI tract homeostasis. In fact, EC 

supplementation (2-20 mg/kg body weight) mitigated intestinal permeabilization and endotoxemia in 

HFD-fed obese mice [42]. These effects were attributed to the capacity of EC to mitigate HFD-induced 

alterations of the tight junction (TJ), a complex transmembrane protein structure that seals spaces 

between intestinal epithelial cells and regulates the permeability of the intestinal barrier [42]. EC 

preserves TJ structure and function in part by downregulating NOXs and the redox-sensitive activation of 

extracellular signal-regulated protein kinases (ERK) 1/2 and nuclear factor kappa B (NF-κB) [42, 86, 87] 

and by increasing plasma glucagon-like peptide 2 (GLP-2)  [42], a gut hormone involved in the preservation 

of GI mucosal trophism and function [88]. Although HFD- and obesity-induced alterations of the gut 

microbiota has been associated with an increase in intestinal permeability [85, 89], current evidence 

suggests that the EC-mediated barrier protection is not primarily due to the modulation of HFD-induced 

dysbiosis [42], and therefore further studies are warranted to confirm the role of EC in HFD-induced 

alternations of the gut microbiota. 

The capacity of EC to preserve intestinal integrity and limit the entry of LPS is also relevant for the 

brain since LPS is a neurotoxic molecule that can induce inflammation and alterations of brain function 

[16, 90, 91]. LPS induces microglial activation via the TLR4-dependent pathway leading to the production 

and release of pro-inflammatory cytokines in the brain [16]. Cytokines can trigger the activation of brain-

resident glial cells, microglia and astrocytes, and produce more pro-inflammatory cytokines, exacerbating 

brain inflammation [91]. Additionally, LPS can compromise the function of the BBB [92, 93], which tightly 

regulates the exchange of molecules between the peripheral blood and the CNS [94]. In a LPS-induced 

mouse model of sepsis, EC (50 mg/kg by gavage) decreased microglia activation and levels of pro-

inflammatory cytokines in the hippocampus [95]. Similarly, EC (0.01-0.3 μmol/L) significantly decreased 

the release of TNFα in LPS/interferon-gamma (IFN-γ)-challenged  glial cells [96].  
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Taken together, the capacity of EC to protect the intestinal barrier and mitigate metabolic 

endotoxemia could be beneficial to the brain structure and function in the context of obesity and other 

conditions that affect GI barrier function, since this action can limit the concentration of LPS reaching the 

brain. Interestingly, similar TJ structures to those found in the GI tract are also found in the cerebral 

endothelial cells of the BBB [97], which are also vulnerable to HFD [25, 98]. Although the physiological 

concentration of EC and EC metabolites reaching the BBB might be lower compared to the concentration 

reaching the intestinal barrier, EC may potentially have a direct protective effect on BBB TJ structure and 

function, similar those observed in the intestinal barrier [42]. 

 

3.3. Anti-inflammatory action  

Obesity is characterized by excess adipose tissue and chronic low-grade systemic inflammation, 

including elevated circulating levels of pro-inflammatory molecules [99]. As discussed in section 3.2., LPS 

is one of the contributing factors of HFD- and/or obesity-associated systemic inflammation. Obesity-

induced systemic inflammation is also thought to derive from white adipose tissue (WAT), especially from 

the visceral adipose tissue. The visceral depot harbors numerous immune cells, and their composition 

drastically change during the development of obesity [100]. HFD- and/or obesity induce a shift in WAT 

adipokine production profile – from producing adiponectin to leptin and monocyte chemoattractant 

protein-1 (MCP-1) – and an increase in the number of immune cells in the adipose tissue, including 

macrophages, neutrophils, and natural killer (NK) cells. The immune cells produce pro-inflammatory 

molecules, recruiting more pro-inflammatory cells into the visceral adipose tissue and amplifying the 

immune response [101].  

On the other hand, EC can exert anti-inflammatory actions in the immunologically active adipose 

tissues [40, 41, 102]. For instance, EC mitigated HFD-induced recruitment of macrophages to the visceral 
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adipose tissue and decreased the elevated expression of TNFα and MCP-1 [40]. In differentiated 3T3-L1 

adipocytes exposed to palmitate, EC and EC metabolites decreased the secretion of IL-6, TNFα, and MCP-

1, and increased the secretion of adiponectin [40]. Additionally, EC decreased blood levels of FFA as its 

anti-inflammatory action reduced WAT lipolysis and the release of FFA into the circulation [103]. EC can 

also exert similar anti-inflammatory actions in different tissues/organs such as the liver [41] and ileum 

[42]. These effects can be in part explained by the capacity of EC to decrease elevated concentrations of 

LPS, pro-inflammatory cytokines, and FFA, and thus mitigating HFD-mediated upregulation of NOXs, 

protein oxidation, endoplasmic reticulum (ER) stress, and activation of NF-κB signaling pathway [41, 104].  

The brain is also vulnerable to the altered levels of such circulating inflammatory mediators [15, 

18].  For instance, circulating pro-inflammatory cytokines can elicit immune responses in the brain as 

select cytokines can be transported across the BBB into the brain via distinctive unidirectional saturable 

transport systems and/or via compromised BBB [18, 30]. By decreasing release of the inflammatory 

mediators and limiting their infiltration into the brain, EC could potentially exert neuroprotective effects 

and mitigate HFD-induced alteration in cognition and mood. Although the anti-inflammatory capacity of 

EC supplementation in the brain in context of obesity remains to be investigated, its anti-inflammatory 

potential has been previously described in the brain of doxorubicin-treated rats [105], aged mice [106], 

LPS-induced mouse model of sepsis [95], and LPS/IFN-γ-challenged glial cells [96]. 

 

3.4. Regulation of metabolic health  

Obesity is associated to an increased risk of developing metabolic diseases such as insulin 

resistance and type 2 diabetes [8, 9], dyslipidemia [10, 11], and non-alcoholic fatty liver disease [107]. 

Substantial increases in adipose depots, especially of visceral tissues, promote low-grade inflammation 

that underlies metabolic dysfunction. The increased levels of FFA, LPS, and pro-inflammatory chemokines 
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and cytokines in obese state are involved in the development of insulin resistance [8, 108] as they can 

activate c-Jun N-terminal kinase (JNK), inhibitor of NF-κB (IκB) kinase (IKK), and select protein kinase C 

(PKC) isoforms, which phosphorylate the insulin receptor substrate 1 (IRS1) peptide in serine residues, 

inactivating downstream events in the insulin signaling cascade [108]. Moreover, activation of NF-κB 

upregulates protein-tyrosine phosphatase 1B (PTP1B), which dephosphorylates the insulin receptor (IR) 

and subsequently desensitizes the insulin signaling pathway [109].   

Obesity and insulin resistance also contribute to alterations in lipid metabolism that can ultimately 

result in the development of fatty liver disease and CVD [108, 110, 111]. Pro-inflammatory molecules such 

as LPS, TNFα, and IL-6 stimulate adipose tissue lipolysis and lead to an increase in circulating level of FFA, 

a substrate for hepatic triglyceride (TG) synthesis [112]. In addition, insulin resistance blunts the lipogenic 

action of insulin in the adipose tissue and further induces release of FFAs into the circulation, exacerbating 

the dysregulation of lipid homeostasis [112]. Subsequently, these events increase TG synthesis and 

availability in the liver which stimulate overproduction of TG-enriched very low density lipoprotein (VLDL) 

particles, which contributes to an elevation in blood TG levels and hepatic lipid accumulation [112, 113]. 

A growing body of evidence supports protective effects of EC and EC-rich foods against alteration 

in lipid profiles and insulin resistance [114, 115]. For instance, a randomized, double-blind, placebo-

controlled, crossover trial reported that a daily supplementation of 100 mg of pure EC for 4 weeks 

improved insulin sensitivity in pre-hypertensive subjects [116]. In a similar experimental design, EC  

supplementation improved the TG/HDL-C ratio, an indicator for insulin resistance and cardiometabolic 

risk, in hypertriglyceridemic subjects [117]. A cross-over study also reported the capacity of pure EC 

(1 mg/kg body weight) to decrease postprandial plasma TG and glucose levels in healthy subjects [118]. 

Interestingly, the observed beneficial effects of EC were more pronounced in overweight subjects [118]. 

On the contrary, a relatively lower EC amount and shorter intervention duration (25 mg/day for 2 weeks) 

did not have any influence upon the metabolic parameters in overweight and obese subjects [119].  
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The beneficial effects of EC on metabolic parameters were also demonstrated in a number of 

preclinical models of obesity in which EC supplementations mitigate HFD-mediated increase in plasma TG, 

FFA, and glucose [42, 103, 120-122]. These effects are in part attributed to the capacity of EC to 

downregulate select inhibitory molecules in the insulin pathway – including JNK, IKK, PKC, and PTP1B -- 

and mitigate HFD-induced impairment of IR and IRS1 activating and inhibitory phosphorylation in the liver 

and adipose tissue [103]. EC also restores HFD-/palmitate-induced decrease in secretion of adiponectin 

[40, 121], which regulates glucose and lipid metabolism [123]. The improvement in insulin sensitivity can 

also be attributed to the action of EC to protect pancreatic β-cells [124, 125] and stimulate insulin 

secretion [126].  

The capacity of EC to promote metabolic health may be relevant for neuroprotective effect as 

metabolic diseases have been related to the development of cognitive and mood disorders [14, 17]. For 

example, oxidized low-density lipoprotein (oxLDL) induced neurotoxicity in striatal neurons while EC and 

3-O-methyl-EC inhibited oxLDL-induced neuronal cell death in part by inhibiting JNK and caspase-3 

activation [127]. In elderly adults with mild cognitive impairment, consumption of a high-flavanols (993 

mg flavanols including 185 mg EC) and an intermediate-flavanols cocoa drink (520 mg flavanols including 

95 mg EC) for 8 weeks improved cognitive function [128]. Interestingly, this improvement was associated 

with an improved insulin sensitivity [128], further supporting the potential role of EC in mitigating obesity-

associated cognitive and mood disorders by attenuating metabolic dysfunction.  

 

3.5. Neuroprotective action  

A number of randomized control trials reported beneficial effects on human cognition upon EC 

administration as part of cocoa flavanols [39].  However, there is no study yet conducted to investigate 

the neuroprotective effect of pure EC in humans. Most of the clinical trials attribute the improvement in 
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cognitive function to the capacity of cocoa flavanols to improve cerebrovascular function [39]. In vivo and 

in vitro studies investigating the effects of pure EC on cognition and mood suggest additional mechanisms 

that may explain the neuroprotective effects of EC. These mechanisms include the capacity of EC to 

modulate gene expression, protein synthesis, and cell signaling events relevant to synaptic plasticity [129, 

130], neurotrophic factor and monoaminergic system [131, 132],  neurodegeneration, and 

neuroinflammation [54, 67, 95, 106, 133, 134]. For instance, daily dietary supplementation of 2.5 mg EC 

for 6 weeks enhanced the retention of spatial memory, hippocampal angiogenesis, and neuronal spine 

density in mice [129]. These effects were accompanied by increased expression of genes associated with 

learning, synaptic plasticity, and angiogenesis and decreased expression of genes related to learning 

deficits and neurodegeneration in the hippocampus [129]. In agreement with these finding, EC (100-300 

nmol/L) activated cAMP-response element binding protein (CREB), a regulator of neuronal viability and 

synaptic plasticity, and subsequently increased CREB-mediated gene expression in cortical neurons [130]. 

EC also mitigated the decrease in synaptic proteins, neuronal loss, and neuroinflammation in the 

hippocampus of LPS-treated mice, improving recognition memory and spatial learning and memory [95]. 

Moreover, interventions with EC have been shown to ameliorate the pathogenesis of AD in 

rodents. Addition of EC to drinking water (approximately 15-20 mg of daily EC ingestion) for 3 weeks 

inhibited amyloid precursor protein (APP) processing [135] and reduced hyperphosphorylation of tau in 

mouse brain [133], mitigating the amyloid beta (Aβ) burden and AD progression. Daily ingestion of 40 mg 

EC/kg body weight for 9 months decreased Aβ accumulation in the brain and serum, and reduced 

circulating level of TNFα [136]; while daily intake of 50 mg EC/kg body weight for 4 months alleviated 

deficits in spatial learning and memory and upregulated brain-derived neurotrophic factor (BDNF) level in 

the hippocampus of APP/PS1 transgenic mice [132].  

EC appears to play a role in not only preserving memory and learning but also improving mood. 

EC (1 mg/kg body weight) oral gavage twice daily for 5 weeks induced resilience to stress-associated 
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depression in mice [137]. Four weeks of daily EC oral gavage (1 mg/kg body weight) improved object 

recognition memory as well as anxiety in aged mice [106]. The improvements in cognition and mood were 

in parallel with the decreases in systemic inflammation, neuroinflammation, and hyperphosphorylation 

of tau in the hippocampus [106]. Consistently, daily consumption of EC (4 mg in water) for 14 weeks 

reduced anxiety in mice, which is explained by the capacity of EC to upregulate tyrosine hydroxylase and 

BDNF and downregulate monoamine oxidase-A levels in the hippocampus [131]. 

The neuroprotective effects of EC can also be in part explained by its capacity to induce global 

genomic modifications [138, 139]. SREMs and gut microbiome-derived EC metabolites simultaneously 

modulated the expression of protein-coding genes (mRNA) and non-coding genes, including microRNAs 

(miRNA) and long non-coding RNAs (lncRNA) involved in cell adhesion and endothelial permeability in 

human brain vascular endothelial cells (HBMEC) [138, 139]. EC metabolites counteracted lipid stress- [138] 

and TNFα-induced [139] alterations of gene expression profiles in an in vitro model of the BBB, suggesting 

a role for EC in protecting the BBB barrier function via multi-genomic regulations. 

 

3.6. Mechanisms responsible for the neuroprotective effects of EC  

Although the exact mechanisms responsible for the neuroprotective effects of EC have not yet 

been fully elucidated, both direct and indirect effects of EC on the brain have been suggested. If the 

peripheral EC metabolites can cross the BBB, they could directly modulate cell signaling events inside of 

the brain. Indeed, some EC metabolites have been detected in the brain at measurable 

amounts supporting their direct actions in the CNS [53, 54]. The indirect neuroprotective mechanisms of 

EC could include its capacity to 1- improve cerebral blood flow, 2- reduce systemic inflammation and 

infiltration of pro-inflammatory molecules (i.e. cytokines, chemokines, LPS, FFA) into the CNS, 3- preserve 

the integrity of the BBB, 4- regulate levels and/or the activity of receptors at the BBB and brain structures 
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(i.e. EC mitigates overexpression of TLR4 receptor in the kidneys [44] and proanthocyanidins, oligomer of 

monomeric flavan-3-ols, block the binding of LPS to TLR4 in human embryonic kidney cells (HEK 293) [140] 

and 5-induce multi-genomic modifications. 

 

4. High fat diet and obesity: cognition and mood  

4.1. Inflammation 

Growing evidence support that HFD and/or associated obesity contribute to the development of 

neuroinflammation, which may underlie obesity-associated cognitive and mood dysfunction [141]. 

Studies with animal models provide evidence that the hypothalamus, a structure critical for regulating 

food intake and energy expenditure, is the first brain region affected by HFD consumption [142, 143]. The 

hypothalamus senses circulating nutrients and hormones important for energy homeostasis via the 

median eminence, an interface between the neural and peripheral endocrine systems that lacks the BBB 

[144, 145], which in part explains the early vulnerability of this structure HFD. Indeed, after only 1 to 3 

days of consuming a HFD, hypothalamic neuroinflammation is already observed along with activation of 

microglia and astrocytes in both rats and mice without any substantial weight gain [143]. Hypothalamic 

inflammation was transient upon acute HFD consumption; however, upon chronic consumption and body 

weight gain, inflammation and reactive gliosis were permanent [143]. In agreement with these findings in 

the animal model, hypothalamic gliosis was evident in obese human subjects [143].  

Chronic HFD consumption and the development of obesity can induce neuroinflammation and 

affect the structure and functions of other brain regions [141]. The hippocampus is particularly vulnerable 

to HFD-/obesity-induced alterations [22-26]. As discussed in the previous sections, obesity chronically 

alters the levels of numerous mediators (i.e. cytokines, chemokines, LPS, FFA, leptin, adiponectin, etc.) 

which can contribute to the development of neuroinflammation [14-18]. Long-term consumption of a HFD 
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(60% kcal from fat) induced insulin resistance and increases blood TNFα, alongside hippocampal 

inflammation and diminished spatial learning and memory in mice [22]. Similarly, HFD consumption (60% 

kcal from fat) induced hyperglycemia and increased levels of pro-inflammatory cytokines, IL-6, IL-1β, and 

TNFα, in the hippocampus of obese rats which was accompanied by anxiety- and depression-related 

behaviors  [23]. HFD-induced obesity also upregulated TLR4 and downstream signaling molecules 

(myeloid differentiation primary response protein 88 (MyD88), transforming growth factor-β activated 

kinase 1 (TAK1) and IκB) in rat hippocampus, in parallel with hippocampal neuroinflammation and 

impairment in working memory [146].  

Obesity-induced systemic inflammation and metabolic dysfunctions can also compromise 

hippocampal function as inflammatory mediators can be transported across the BBB and/or compromise 

its barrier function and subsequently infiltrate into the brain [30, 146]. The BBB in the hippocampus was 

shown to be compromised in rats chronically challenged with a HFD (40% kcal from fat), which was 

associated with an impairment in a hippocampus-dependent cognitive function [26]. In addition, the 

chronic low-grade inflammatory state contributes to the development of metabolic disorders, which can 

also contribute to the neuroinflammatory status and alterations in cognition and mood. Indeed, insulin 

resistance is associated with the development of cognitive impairment, neurodegeneration [147-149], 

and mood disorders [150-152]. Finally, hypertriglyceridemia also represents one of the potential 

mechanisms by which obesity can induce cognitive impairment [153, 154]. 

 

4.2. Glucocorticoids signaling  

 The hypothalamic–pituitary–adrenal (HPA) axis is a key neuroendocrine system that is critical 

during the stress response [155]. The HPA axis activity is regulated by the secretion of 

adrenocorticotrophic hormone-releasing factor (CRF) and vasopressin (AVP) from the hypothalamus, 
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which in turn stimulate the secretion of adrenocorticotrophic hormone (ACTH) from the pituitary gland. 

ACTH then signals the adrenal cortex to release the glucocorticoids (cortisol in humans, corticosterone in 

rodents) [155]. Two glucocorticoids receptors mediate the majority of the effects of cortisol and 

corticosterone in the brain to support adaptation to stress: high-affinity mineralocorticoid receptors (MR) 

and lower-affinity glucocorticoid receptors (GR) [156]. Both receptors are present in multiple target 

tissues including the hippocampus, which plays a significant role in negative feedback inhibition of the 

HPA axis [157]. Dysregulation of the feedback inhibition and subsequent hypersecretion of glucocorticoids 

are linked to impaired cognitive function and alterations in mood [158, 159].  

It has been suggested that obesity is associated with hyperactivity of the HPA axis [28, 160, 161], 

suggesting that the dysregulation of the axis may be involved in obesity-associated functional and 

structural alterations of the brain. For instance, obese individuals with type 2 diabetes showed impaired 

HPA axis feedback control in parallel with verbal memory deficits and reduction in hippocampal and 

prefrontal volumes [28]. Additional studies report a link between HFD/obesity and elevated levels of 

glucocorticoids [162-165], which is associated with decreased hippocampal neurogenesis [166], 

impairment in cognitive function [167], and alteration in mood [168]. In addition, altered levels of GR and 

MR has been observed upon HFD consumption. In female rats, HFD consumption (60% kcal from fat) for 

10 weeks induced anxiety-like behavior, which was associated with decreased MR and GR expression in 

the hippocampus [169]. Although the mechanisms that lead to the downregulation of the receptors in 

obesity are not fully understood, it is possible that it may be associated with increased secretion of 

glucocorticoids [170, 171]. In fact, administration of corticosterone significantly decreased both GR and 

MR in multiple brain areas of rats including the hippocampus [170, 171], which may represent a 

mechanism to compensate for glucocorticoid overexposure [172]. Prolonged downregulation of GR could 

be detrimental to the brain as deletion or deficit of GR in the multiple brain regions including the 

hippocampus was shown to be associated with impaired negative feedback regulation of the HPA axis and 
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increased anxiety- and depression-related behavior [173, 174]. Moreover, inhibition or genetic disruption 

of MR decreased adult rat hippocampal cell proliferation [175] and mouse neurogenesis [176].  

The HFD-/obesity-associated alteration in the brain function could be, in part, explained by the 

capacity of glucocorticoids to potentiate inflammatory responses in the hippocampus [161, 177, 178]. For 

example, a short-term HFD (60% kcal from fat) consumption elevated hippocampal corticosterone and 

upregulated the expression of neuroinflammatory priming signals [161]. A low-dose LPS immune 

challenge potentiated neuroinflammatory responses in the hippocampus of the rats and induced a 

memory decline [161]. Blocking the corticosterone action with mifepristone, a glucocorticoid receptor 

antagonist, prevented the priming, pro-inflammatory response to the LPS, and memory impairment, 

implying that these events are mediated by glucocorticoids signaling [161]. Consistently, 

hippocampal neuroinflammation manifested in obese and diabetic db/db mice was prevented by a 

pharmacological inhibition of corticosterone synthesis, which in turn mitigated microglial reactivity and 

accumulation of pro-inflammatory cytokines [162]. 

 

4.3. Brain-derived neurotrophic factor (BDNF) 

 The hippocampus has a critical role in learning and memory consolidation [19], as well as in 

regulation of mood and emotion [20, 21]. BDNF is abundantly expressed in the hippocampus and plays a 

pivotal role in the development, survival, and differentiation of many types of neurons [179]. BDNF 

expression is regulated by multiple signaling pathways, including CREB signaling, which regulates the 

expression of genes that promote synaptic and neural plasticity [180]. Activated CREB promotes the 

expression of BDNF, which can in turn leads to the activation of CREB through tropomyosin receptor 

kinase B receptors (TrkB) [180]. BDNF also plays a critical role in hippocampus-dependent learning and 

mood regulation as it promotes neurogenesis and facilitates long-term potentiation in the hippocampus 
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[20, 181, 182]. Indeed, a decrease in the hippocampal BDNF expression is associated with aging, 

neurodegeneration, and psychiatric disease [182-184].  

HFD consumption and obesity have been associated with downregulation of BDNF in the 

hippocampus, which may induce impairment in learning and memory [185-188], as well as alterations in 

mood [189, 190] by interfering with hippocampal function. For instance, rats fed with a high-fat/high-

glucose diet for 8 months exhibited impaired learning and long-term potentiation, and reduction in 

dendritic spine density with a significant decrease in hippocampal BDNF levels compared to the controls 

[185]. Similarly, two months on a diet rich in saturated fat and refined sugar reduced hippocampal BDNF 

levels and spatial learning performance. These alterations occurred along with a decrease in levels of 

hippocampal genes and protein important for neurotransmitter release (synapsin I), neuronal viability and 

synaptic plasticity (CREB), and axonal growth and neurotransmitter release (growth-associated protein 43 

(GAP-43)) [188]. In humans, patients with rare genetic disorders that cause BDNF haploinsufficiency or 

mutations inactivating the BDNF receptor exhibit severe early-onset of obesity, hyperphagia, intellectual 

disabilities, and hyperactivity [191].  

Although the mechanism underlying HFD-/obesity-induced decrease in the hippocampal BDNF is 

not fully understood, evidence suggests that inflammation can partially explain the reduction in BDNF and 

associated alterations in cognition and mood [187, 192].  For instance, serum concentrations of BDNF 

decreases in patients undergoing IFN-α therapy [193]. Low BDNF and high pro-inflammatory cytokine 

levels are independently associated with the development of depressive symptoms in the patients [193]. 

Long-term activation of microglia induced by LPS in rats results in impairment in learning and memory 

along with increase in IL-1β and TNFα level and decrease in expression of BDNF and its receptor, TrkB in 

the hippocampus [194]. An in vitro study also showed that IL-1β inhibits the neuroprotective effects of 

BDNF by altering PI3-K/Akt and MAPK/ERK signaling pathways and decreasing the activity of the CREB 

transcription factor in neuronal cells [195].  
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4.4. Gut microbiota  

The GI tract harbors a complex and dynamic population of microorganisms, collectively termed 

the gut microbiota, which have significant influence on the host during homeostasis and disease states 

[196, 197]. A mounting body of evidence suggests that the gut microbiota mediates the host’s physiology 

including immune [198, 199], metabolic [200, 201], and neural [202, 203] function. Numerous factors 

contribute to shifts in gut microbiota composition such as diet, exercise, antibiotics, infection, and disease 

[204]. Studies suggest that alterations in gut microbiota diversity and composition are associated with 

metabolic abnormalities including obesity and insulin resistance [205-208]. For instance, colonization of 

germ-free wild-type mice with a gut microbiota from obese (ob/ob) mice [205] and humans [209] resulted 

in a significant increase in adiposity than colonization with a microbiota from lean subjects.  

The role of the gut microbiota is also implicated in obesity-associated cognitive dysfunctions [27, 

210, 211]. The gut microbiota and host nervous system communicates bidirectionally via neural, hormonal 

and immunological routes, and dysfunction of this brain-gut axis can lead to neuropathological 

consequences [206]. A recent study reported that a specific gut microbiome profile is linked to several 

memory domains and to the volume of hippocampus and prefrontal regions differentially in human 

subjects with and without obesity [27]. Mice receiving microbiota transplantation from obese subjects 

exhibited memory impairments similar to the impairment manifested in obese subjects [27]. Additionally, 

HFD-fed (60% kcal from fat) obese mice developed anxiety- and depression-like behaviors as well as 

central insulin resistance and neuroinflammation [210]. These HFD-induced alterations were transferable 

to germ-free mice by fecal transplantation and reversible with treatment with antibiotics [210], suggesting 

a consequential role of obese microbiome in the CNS. 

The gut microbiome can exert neural effects via several mechanisms [202]. Some gut microbes 

and their metabolites may target the brain through neuroendocrine mechanisms [206]. For example, 
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some gut bacteria produce neuroactive metabolites, such as serotonin and γ-aminobutyric acid (GABA), 

which plays significant role in mood regulation, cognitive functions, and appetite control [212]. Indeed, 

the HFD consumption significantly altered the levels of select metabolites (tryptophan, GABA, amino 

acids, and multiple acylcarnitines) as well as of BDNF in the brain and the plasma of the obese mice [210]. 

The intestinal microbiome can also act on the brain directly as some metabolites derived from gut 

microbes or neurotransmitters have the potential to stimulate the vagus nerve, which connects the 

enteric nervous system to the CNS, and subsequently influence brain function [202, 213]. Further research 

identifying the role of gut microbiota in the brain function in context of obesity and microbiota-targeted 

interventions for HFD- and obesity-associated alterations in the brain function is warranted. 

 

5. Summary of current knowledge  

 

Obesity is associated with increased occurrence of cognitive and mood disorders. While HFD and 

subsequent obesity can have detrimental impact on the brain [3-7, 15, 141], dietary bioactives may 

mitigate some of these harmful effects. EC is one of the most widely consumed flavanols by humans, and 

its beneficial effects in mitigating comorbidities of obesity have been reported [104]. The underlying 

mechanisms of the beneficial effects of EC in obesity are explained in part by its capacity to mitigate 

inflammation, oxidative and ER stress. EC also has a neuroprotective potential; EC-rich cocoa flavanols 

have shown to improve cognitive function by increasing cerebrovascular function. Additionally, EC may 

exert neuroprotective effects by mitigating endotoxemia and systemic inflammation and attenuating 

metabolic disorders in obesity. 

Although there are studies implicating relationship between obesity and cognitive impairment [3-

7, 15, 141]; and indicating beneficial neuroprotective effects of EC [39, 54, 67, 95, 106, 129-137], the anti-

inflammatory capacity of EC in the brain in obesity remains to be explored. Therefore, investigating the 
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capacity of EC to mitigate HFD- and/or obesity-associated neuroinflammation and alteration in cognition 

and mood; and understanding the underlying neuroprotective mechanisms will be of utmost relevant as 

EC has potential to intervene the neuropathological consequences of obesity.  

This dissertation project investigated the neuroprotective potential of EC, particularly its capacity 

to mitigate HFD-/obesity-associated alterations in cognition and mood using preclinical models of obesity. 

The specific objectives are to investigate 1- the effects of EC on memory and learning and its capacity to 

mitigate neuroinflammation in the hippocampus of HFD-fed obese mice, 2- long-term effects (24 weeks) 

of EC on HFD-induced alteration in memory and mood and gut-microbiota in obese mice, and 3- the 

underlying mechanisms of EC actions at the hippocampus using a multi-genomic and bioinformatic 

approach. This research work will contribute to the explanation of mechanisms related to the 

neuroprotective potential of EC in context of HFD and associated obesity.  
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Abstract 

Mounting evidence demonstrates that consumption of high fat diet (HFD) and subsequent 

development of obesity leads to alterations in cognition and mood. While obesity can affect brain 

function, consumption of select dietary bioactives may help prevent obesity-related cognitive decline. 

This study investigated the capacity of the dietary flavonoid (-)-epicatechin (EC) to mitigate HFD-induced 

obesity-associated alterations in memory and mood. Healthy 8-week old male C57BL/6J mice were 

maintained on either a control diet (10 kCal% from fat) or a HFD (45 kCal% from fat) and were 

supplemented with EC at  2 or 20 mg/kg body weight (B.W.) for a 24 week period. Between week 20 and 

22, anxiety-related behavior, recognition memory, and spatial memory were measured. Underlying 

mechanisms were assessed by measuring the expression of selected genes in the hippocampus and by 

16S rRNA sequencing and metabolomic analysis of the gut microbiota.  24 weeks of HFD feeding resulted 

in obesity, which was not affected by EC supplementation. HFD-associated increase in anxiety-related 

behavior was mitigated by EC in a dose-response manner and was accompanied by increased  

hippocampal brain-derived neurotrophic factor, as well as partial or full restoration of glucocorticoid 

receptor, mineralocorticoid receptor and 11β-HSD1 expression. Higher EC dosage (20 mg/kg B.W.) also 

restored aberrant Lactobacillus and Enterobacter abundance altered by HFD and/or the associated 

obesity. Together, these results demonstrate how EC mitigates anxiety-related behaviors, revealing a 

connection between BDNF- and glucocorticoids-mediated signaling. Our findings link changes in the 

hippocampus and the gut microbiota in a context of HFD-induced obesity and anxiety. 

Keywords: obesity, hippocampus, anxiety, memory, epicatechin, high fat diet 

Abbreviations: 

BDNF, brain-derived neurotrophic factor; CNS, central nervous system; EC, (-)-epicatechin; HFD, high fat 

diet; B.W., body weight; GR, glucocorticoid receptor; MR, mineralocorticoid receptor; 11β-HSD1, 11β-
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hydroxysteroid dehydrogenase type I; HPA, hypothalamic-pituitary-adrenal; OFT, open field test; 

NOR, novel object recognition; MWM, Morris water maze; OLM, object location memory. 

 

1. Introduction 

Obesity has reached epidemic proportions and is regarded as a major public health concern. 

Obesity deleteriously affects health, increasing the risk of many chronic diseases ultimately decreasing 

quality of life and life expectancy [1, 2].  Among them, obesity has been linked to impairments in the 

central nervous system (CNS) contributing to the development of neurological diseases and mood 

disorders such and dementia, anxiety, and depression [3-9]. Indeed,  obese individuals have a 55% higher 

risk of developing depression over their lifetime [10]. Similarly, animal models have also demonstrated 

that chronic consumption of high fat diets (HFD) and subsequent obesity leads to alterations in mood, 

anxiety, and depressive-like behavior [11-13].  

Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis has been reported in both obesity 

and emotional disorders. Glucocorticoids modulate HPA activity, targeting glucocorticoid receptors in 

limbic forebrain circuits to mediate psychological and behavioral stress [14]. In mice, chronic HFD induces 

anxiety-associated behaviors, accompanied by stress-induced activation of the HPA axis [15, 16]. Excess 

glucocorticoids impair adult neurogenesis, resulting in hippocampal atrophy, which in turn increases 

anxiety-like behaviors [17, 18]. The hippocampus has a well-defined central role in memory consolidation, 

but it is also involved in the regulation of mood and emotion [19, 20], which can be influenced by obesity 

and HFD [21-25].  

Changes in the gut microbiota and associated variations in derived metabolites are being 

intensively studied for their participation in the gut-brain crosstalk. The capacity of polyphenols to 

modulate the gut microbiota is also proposed as a mechanism involved in the capacity of select 

polyphenols to mitigate mood disorders [26]. It is currently proposed that select gut bacteria could be 
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associated with improvements in moods, including depression and anxiety [27]. Indeed, diet-induced 

obese mice exhibited altered insulin and inflammatory signaling in the brain and anxiety-associated 

behaviors, which were improved by antibiotic treatments [11].  

Plant bioactives such as flavonoids have consistently been shown to improve a range of behaviors 

in rodents and humans [28-30]. (-)-Epicatechin (EC) is a flavan-3-ol abundant in several fruits and 

vegetables, e.g. grapes, apples, berries, cocoa, tea, which is reported to beneficially influence cognition 

and mood. The benefits of EC upon the CNS are purportedly mediated through their capacity to modulate 

vascular function (increase angiogenesis/cerebral blood flow) [31, 32],  modulate cell signaling  (increase 

brain-derived neurotrophic factor (BDNF)) [29] and mitigate neuroinflammation [33].  

We previously observed that EC (20 mg/g B.W.) supplementation of mice fed a high fat diet (HFD) 

(60 kCal% from fat) for 13 weeks improved recognition memory [33]. This effect was associated with 

increased BDNF levels in the hippocampus and the prevention of HFD-induced endotoxemia and 

neuroinflammation. However, in this model, HFD-fed mice did not show other major behavioral changes 

[33] and EC did not improve HFD-induced dysbiosis [34]. To further understand the potential capacity of 

EC to mitigate obesity-induced changes in mood and behavior, the current study used a mouse model of 

obesity with a longer (24 weeks) exposure to a HFD with a level (45 kCal% from fat) more relevant to 

human consumption. EC was supplemented at two levels, one that can be extrapolated to average human 

dietary consumption (2 mg EC/kg B.W.) [35], and a higher amount (20 mg EC/kg B.W.) that could be 

reached in humans by supplementation [36].  Thus, the current study investigated the link between 

changes in the hippocampus and gut microbiota in a context of HFD-induced obesity and anxiety, and the 

role of EC mitigating the adverse effects associated with HFD-induced obesity in the CNS and shifts in the 

gut microbiota. Characterization of the microbiota and microbiome allowed investigation of the relevance 

of the gut-brain axis crosstalk in the beneficial effects of EC on HFD/obesity-induced alterations in 

behavior. 
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2. Materials and methods 

2.1 Animals and animal care 

All procedures were in agreement with standards for the care of laboratory animals as outlined 

in the NIH Guide for the Care and Use of Laboratory Animals. All procedures were administered under the 

auspices of the Animal Resource Services of the University of California, Davis. Experimental protocols 

were approved before implementation by the University of California, Davis Animal Use and Care 

Administrative Advisory Committee.   

Healthy 8 weeks old male C57BL/6J mice (20–22 g) (2-3 mice housed together, 10 mice per group) 

were fed for 24 weeks either: A - a control diet containing approximately 10% total calories from fat (C) 

(TD.06416, Envigo, Indianapolis, IN), B - a high fat diet containing approximately 45% total calories from 

fat (lard) (HF) (TD.06415, Envigo, Indianapolis, IN), the control diet supplemented with C - 2 mg EC (CE2) 

or D - 20 mg EC (CE20) per kg B.W., or the HFD supplemented with E - 2 mg EC (HFE2) or F - 20 mg EC 

(HFE20) per kg B.W.. The composition of the control and the high fat diet is listed in Supplementary Table 

S1. The EC-containing diet was prepared every two weeks to account for changes in body weight and food 

intake, and to prevent potential EC degradation.  All diets were stored at -20°C until use.       

Body weight and food intake were measured weekly throughout the study as previously described 

[37]. At 12 weeks, blood was collected from the submandibular vein to assess midpoint metabolic 

parameters. Body composition was measured at weeks 12 and 24 by EchoMRI (Echo Medical Systems, 

Houston, TX). After 24 weeks on the dietary treatments, and after 4 h fasting, mice were euthanized by 

cervical dislocation. Blood was collected from the submandibular vein into tubes containing EDTA, and 

plasma collected after centrifugation at 3,000 x g for 10 min at room temperature. Brains were extracted 

from the skulls, and the hippocampus isolated. Visceral, epididymal, retroperitoneal, subcutaneous, and 

brown fat pads were excised. The collected subcutaneous fat depot consisted of the posterior 

(dorsolumbar, ingunal and gluteal) and the anterior (cervical and axillar) subcutaneous fat. The visceral 
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fat isolated was the mesenteric adipose tissue. Tissues were dissected and flash frozen in liquid nitrogen 

and then stored at -80°C for further analysis.   

 

2.2 Determination of plasma metabolic parameters 

Plasma triglyceride and cholesterol concentrations were determined using kits purchased from 

Wiener Lab Group (Rosario, Argentina), glucose concentrations using a kit from Sigma-Aldrich Co (St. 

Louis, MO), and insulin concentration using a kit purchased from Crystal Chem Inc. (Downers Grove, IL), 

following the manufacturer’s protocols. The homeostasis model for insulin resistance (HOMA-IR) was 

calculated as (fasting blood glucose (mmol/L) × fasting plasma insulin (µU/ml) / 22.5) to assess insulin 

resistance. 

 

2.3 RNA isolation and quantitative PCR (q-PCR) 

For quantitative PCR studies, RNA was extracted from cells using TRIzol reagent (Invitrogen, 

Carlsbad, CA). cDNA was generated using high-capacity cDNA Reverse Transcriptase (Applied Biosystems, 

Grand Island, NY). Expressions of β-actin, Bdnf (brain-derived neurotrophic factor), GR (glucocorticoid 

receptor; Nr3c1), MR (mineralocorticoid receptor; Nr3c2), and 11β-Hsd1 (11β-hydroxysteroid 

dehydrogenase type I) were assessed by quantitative real-time PCR (iCycler, Bio-Rad, Hercules, CA) with 

the primers listed in Table 1. 

Table 1.   Primers used in the study.  

Gene Forward Primer (5’® 3’) Reverse Primer (5’® 3’) 

β-actin TCATGAAGTGTGACGTGGACATCCGC CCTAGAAGCATTTGCGGTGCACGATG 

Bdnf ATGGGACTCTGGAGAGCCTGAA CGCCAGCCAATTCTCTTTTTGC 

Nr3c1 (GR) TGGAGAGGACAACCTGACTTCC ACGGAGGAGAACTCACATCTGG 

Nr3c2 (MR) TGTGTGGAGATGAGGC GGACAGTTCTTTCTCCGAAT 

11β-Hsd1 GGGATAATTAACGCCCAAGC TCAGGCAGGACTGTTCTAAG 
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2.4 Animal Behavioral Test 

Behavioral tests were performed between week 20 and 22 of the dietary intervention. Animals 

were acclimated to a behavioral testing room separate from the housing room at least 1 hour prior to all 

handlings and behavioral tests. 

Open field test (OFT). After being exposed to the diets for 20 weeks, each animal was habituated 

in a white, square arena (40 × 40 cm) where the animal was naïve to. To evaluate anxiety-related behavior 

of mice, the amount of time traveled in the center zone and total distance traveled was measured during 

the first 5 minutes using EthoVision XT 13 (Noldus, Wageningen, The Netherlands). After each trial, the 

arena was cleaned with 70% ethanol. 

Novel object recognition (NOR) and object location memory (OLM) tasks. The day after the OFT, 

short-term object recognition memory was evaluated using the NOR task. On the following day, short-

term spatial memory was evaluated with the OLM task. For both tasks, each animal was allowed to explore 

two identical unfamiliar objects (A, Aʹ) in the square arena described above for 5 minutes (sample phase). 

After being placed in the home cage for 1 hour (retention phase), mice were reintroduced to the arena 

for 5 minutes (test phase). For the NOR task, one of the objects was changed to a novel object during the 

test phase (A, B). For the OLM task, location of one of the objects was changed to a novel location (A, B) 

and each arena had spatial cues made with construction papers mounted on the north and west side of 

walls. The time that each animal spent directly sniffing or whisking towards the familiar and the novel 

objects or locations was analyzed by blinded investigators. A preference index, a ratio of the amount of 

time spent exploring one of the identical object (Aʹ) in the sample phase or the novel object/location (B) 

in the test phase over the total amount of time spent exploring both objects was used to determine 

preference for novelty (Aʹ/(A + Aʹ) × 100% or B/(A + B) × 100% respectively) [38, 39]. A preference index 

above 50% indicates preference for novel object or location, below 50% for familiar object or location, 

and 50% null preference. Animals that did not spend more than 10 seconds total exploring both objects 
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during the testing phase were excluded from analysis. After each trial, all objects and the arena were 

cleaned with 70% ethanol.  

Morris water maze (MWM). At week 21, animals started training for the MWM to be evaluated 

for spatial learning and reference memory. Spatial learning and reference memory were assessed in a 

circular pool of 120 cm diameter containing water to a depth of 40 cm. The water temperature was 

controlled at 23±1°C. After every training and trial, each animal was gently scooped out of the pool, placed 

in a heated holding cage, and returned to the home cage. The pool was virtually divided into four 

quadrants: northeast (NE), northwest (NW), southeast (SE), and southwest (SW).  

(1) Handling (MWM day 0): mice were introduced to water for the first time. Each animal was allowed to 

swim in a clear plastic cage (23.5 × 14 × 13 cm) containing water to a depth of 0.5 cm for 20 seconds. 

Afterwards, the animal was transferred to a cage filled with a depth of 1 cm water for 20 seconds and 

then to a cage filled with a depth of 2 cm water for 20 seconds.  

(2) Pre-training (MWM day 1): mice were introduced to the pool described above and a plexiglass platform 

(10 cm top diameter). Each animal was placed on the platform, which was in the center of the pool and 1 

cm above the surface of the water, for 15 seconds. Afterwards, the animal was allowed to swim freely for 

30 seconds. Then, the animal was guided to climb on the platform and to stay there for 30 seconds.  

(3) Visible platform task (MWM day 2-3): non-spatial training was conducted to ensure that non-cognitive 

effects were not interfering with upcoming water maze performance. White curtains were hung around 

the pool to obscure any spatial cues in the room. Both locations of starting point of mice and platform 

were moved to new locations in each trial. The platform was 1 cm above the surface of the water and 

mounted with a flag that reached a height of 13 cm. Each animal was gently placed into the pool and 

allowed to swim freely for 60 seconds. Once the animal located the platform, the animal was allowed to 

stay on there for 20 seconds. If the animal failed to locate the platform within 60 seconds, experimenters 
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gently scooped the animals with a net and placed the animal on the platform for 20 seconds. Visible 

platform task was conducted 4 times daily with a 1-hour intertrial interval. 

(4) Hidden platform task (MWM days 4-8): large and high-contrast geometrical patterns made with 

construction papers were mounted on the walls of the testing room to serve as distant spatial landmarks. 

The platform was hidden from the mice; it was submerged 1 cm below the surface of the water, which 

was rendered opaque with non-toxic, white, powdered tempera paint. Starting point was moved to a new 

location for each trial while the location of the platform stayed in the center of the southwest (SW) 

quadrant throughout all trials. Hidden platform task was conducted 4 times daily with a 1-hour intertrial 

interval. Learning curves of the animals were analyzed by measuring time spent to reach the platform 

(escape latency) using EthoVision XT 13 (Noldus, Wageningen, The Netherlands).  

(5) Probe trial (MWM day 9): the testing environment for probe trial was the same as the hidden platform 

task except there was no platform placed in the pool. For this one-time trial, each animal was allowed to 

swim freely for 60 seconds. Spatial memory was analyzed by measuring the time spent by the animals in 

the target quadrant (SW) using EthoVision XT 13. 

 

2.5 Genomic DNA extraction and 16S rRNA amplicon sequencing 

Genomic DNA was extracted from all samples using a commercially available kit (Maxwell® RSC 

PureFood GMO and Authentication Kit, Cat. #AS1600). Around 50 mg of fecal pellet was used, following 

manufacturer's instructions, with an additional bead beating step using the FastPrep (MP Biomedicals, 

USA), protocol previously described by [40]. DNA concentrations of each sample were evaluated using 

Qubit® dsDNA High Sensitivity Assay Kit (Cat. Q32851) with Qubit® 2.0 Fluorometer, following 

manufacturer’s instructions. 

Quality assessment was performed by agarose gel electrophoresis to detect DNA integrity, purity, 

fragment size and concentration. The 16S rRNA amplicon sequencing of the V3-V4 hypervariable region 
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was performed with an Illumina NovaSeq 6000 PE250. Sequences analysis were performed by Uparse 

software (Uparse v7.0.1001) [41] using all the effective tags. Sequences with ≥97% similarity were 

assigned to the same OTUs. Representative sequence for each OTU was screened for further annotation. 

For each representative sequence, Mothur software was performed against the SSUrRNA database of 

SILVA Database [42]. OTUs abundance information were normalized using a standard of sequence number 

corresponding to the sample with the least sequences. 

 

2.6 1H NMR Metabolomic analysis 

Metabolites were analyzed and quantified by 1H NMR analysis. The preparation method was 

similar to that previously described [43]. Briefly, 500 µl NMR buffer [0.25g Na2HPO4, 1.44 g NaH2PO4, and 

17 mg trimethylsilylpropanoic acid [sodium 3-(trimethysilyl)-propionate-d4] in 100 ml deuterated water 

(Goss Scientifics, Crewe, United Kingdom] were added to 40-60 mg of defrosted fecal materials and 

thoroughly mixed with a pellet pestle attached to a cordless motor grinder, followed by centrifugation 

(18,000 x g for 1 min). Additional NMR buffer was added to each sample, to reach a final dilution factor of 

16. After vortexing, 550 µl were transferred into a 5-mm NMR tube for spectral acquisition. High 

resolution [1H] NMR spectra were recorded on a 600-MHz Bruker Avance spectrometer fitted with a 5-

mm TCI proton-optimized triple resonance NMR inverse cryoprobe and a 24-slot autosampler (Bruker, 

Coventry, England). Sample temperature was controlled at 300 K. Each spectrum consisted of 64 scans 

with a spectral width of 20.8 ppm (acquisition time 2.62 s). The noesypr1d presaturation sequence was 

used to suppress the residual water signal with low power selective irradiation at the water frequency 

during the recycle delay (D1 = 4 s) and mixing time (D8 = 0.01 s). Spectra were transformed with a 0.3-Hz 

line broadening and zero filling, manually phased, baseline corrected, and referenced by setting the 

trimethylsilylpropanoic acid methyl signal to 0 ppm. Metabolites were identified and quantified using the 

software Chenomx (V 8.6).  
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2.7 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7.04 (GraphPad Software, Inc., San 

Diego, CA). Pearson correlation analyses were conducted to assess relationships between time spent in 

the center zone (%) and BDNF mRNA levels. Body weight, metabolic parameters, behaviors, and 

hippocampal mRNA levels were analyzed by one-way analysis of variance (ANOVA) and Fisher’s Least 

Significant Difference (LSD) post hoc analysis. Differences were considered statistically significant at p < 

0.05. Data are shown as mean ± SEM. 

Alpha-diversity and beta diversity were assessed using Shannon H diversity index and weighted 

UniFrac distances analyses respectively. Statistical significance was determined by Kruskal–Wallis or 

Permutational Multivariate Analysis of Variance (PERMANOVA). Comparisons at the Phylum and Genus 

level were made using classical univariate analysis using Kruskal–Wallis combined with a false discovery 

rate (FDR) approach used to correct for multiple testing. Correlation analysis between metabolomics data 

and microbiome data was conducted using M2IA [44]. Missing values were filtered if present in more than 

80% of samples or the relative standard deviation was smaller than 30% [45]. Remaining missing data 

values were handled using random forest. Data was normalized using total sum scaling.  Correlation 

analysis between bacterial genus and metabolite profile across the different treatment groups was made 

using Spearman's rank-order correlation analysis [46].  

Statistical analysis of metabolomics data was carried out using Metaboanalyst 5.0 [47]. Data was 

normalized by median, scaled by Pareto scaling and log-transformed. Univariate Analysis was carried out 

by one way ANOVA, followed by Tukey HSD. Dendrogram and heatmaps were created with Pearson 

correlation and Ward hierarchical clustering.   
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3. Results 

3.1 Body weight and metabolic parameters 

Average daily food intake was 13% lower in the HFD-fed groups (3.22 g/day/mouse) compared to 

the control groups (3.72 g/day/mouse) (p < 0.01; Table 2), however, caloric intake remained similar across 

all groups (Figure 1A).  A significant increase in body weight emerged between the HFD-fed mice and the 

controls after one week of intervention (p < 0.001; Figure 1B). Body composition analysis highlighted a 

significantly greater percent body fat mass in the HFD-fed mice when compared to the control mice after 

both 12 and 24 weeks (p < 0.0001; Figure 1C). Addition of EC had no influence upon control nor HFD 

associated body weight gain and percent body fat throughout the experimentation. Consistent with the 

findings, an increased fat pad weight (except epididymal fat) was observed in the HFD-fed and the EC 

supplemented HFD-fed mice (Table 2). Total brain and hippocampal weight remained unchanged across 

all groups. 

 

Table 2.   Body and tissue weights after 24 weeks on the diets. 

Parameter C CE 2 CE 20 HF HFE 2 HFE 20 

Food intake (g/d) 3.67 ± 0.10
a
 3.65 ± 0.05

a
 3.83 ± 0.15

a
 3.28 ± 0.05

b
 3.25 ± 0.06

b
 3.13 ± 0.09

b
 

Body weight (g) 40.9 ± 1.0
a
 39.3 ± 1.0

a
 40.9 ± 1.1

a
 50.51 ± 0.6

b
 52.34 ± 0.6

b
 51.17 ± 0.7

b
 

Fat Mass (%) 30.5 ± 1.2
a
 30.4 ± 1.0

a
 31.1 ± 1.0

a
 39.4 ± 1.0

b
 41.4 ± 0.9

b
 41.5 ± 0.7

b
 

Brain (mg) 433 ± 7 444 ± 5 438 ± 4 443 ± 4 443 ± 5 445 ± 6 

Hippocampus (mg) 30.3 ± 4.1 28.2 ± 1.6 30.0 ± 1.5 30.6 ± 1.3 31.0 ± 3.1 27.5 ± 2.2 

Visceral Fat (g) 0.68 ± 0.11
a
 0.54 ± 0.07

a
 0.64 ± 0.05

a
 1.15 ± 0.04

b
 1.25 ± 0.04

b
 1.30 ± 0.05

b
 

Epididymal Fat (g) 1.81 ± 0.08
a
 1.45 ± 0.17

b
 1.76 ± 0.07

ac
 1.38 ± 0.07

b
 1.29 ± 0.04

b
 1.50 ± 0.08

bc
 

Retroperitoneal Fat (g) 0.78 ± 0.08
a
 0.66 ± 0.08

a
 0.73 ± 0.06

a
 1.61 ± 0.08

b
 1.71 ± 0.09

b
 1.57 ± 0.09

b
 

Subcutaneous fat (g) 2.9 ± 0.2
a
 2.5 ± 0.3

a
 2.6 ± 0.1

a
 4.8 ± 0.3

b
 5.1 ± 0.2

b
 5.2 ± 0.3

b
 

Brown Fat (g) 0.27 ± 0.03
a
 0.21 ± 0.03

a
 0.25 ± 0.02

a
 0.35 ± 0.03

b
 0.44 ± 0.02

c
 0.42 ± 0.03

bc
 

 

Results are shown as means ± SEM and are the average of 8-10 animals/group. Values having different 

superscripts are significantly different (p < 0.05, one-way ANOVA with Fisher’s LSD).  
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Figure 1.  Effects of supplementation with EC on body weight gain and body fat mass. A- Calorie intake, 

B- body weight gain, and C- % fat mass.  Mice were fed a control diet (empty circles), the control diet 

supplemented with 2 mg EC/kg (light blue circles) or 20 mg EC/kg (dark blue circles) B.W., a HFD (empty 

triangles), or the HFD supplemented with 2 mg EC/kg (pink triangles) or 20 mg EC/kg B.W. (red triangles). 

Body weight was measured weekly, and body composition was measured at weeks 12 and 24. Results are 

shown as mean ± SEM of 9-10 animals/group. *Differences between the HF and control body weight gain 

and % body fat values are significant (p < 0.05, one-way ANOVA with Fisher’s LSD). 
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Following the 24-week dietary intervention, analysis of 4h fasted plasma samples revealed 

significantly elevated plasma glucose, insulin and HOMA-IR (17%, 166% and 3-fold respectively) in 

response to the HFD when compared to the control (Table 3). EC Supplementation resulted in a full or 

partial amelioration of HFD-induced increase in plasma glucose and insulin, with HOMA-IR reduced 42% 

and 20% by supplementation with EC 2 and 20 mg/kg B.W., respectively. Despite this, EC had no significant 

impact upon the HFD-induced increase in plasma triglyceride and cholesterol levels after 24 weeks. 

 

Table 3.   Blood parameters after 12 and 24 weeks on the diets. 

Parameter C CE 2 CE 20 HF HFE 2 HFE 20 
 Week 12       

 Glucose (mg/dL) 187.9 ± 13.2
a
 173.9 ± 18.2

ab
 138.7 ± 6.5

b
 205.3 ± 13.4

a
 205.0 ± 8.4

a
 198.9 ± 13.9

a
 

 Insulin (ng/mL) 1.64 ± 0.21
a
 1.40 ± 0.10

a
 1.66 ± 0.35

a
 4.13 ± 1.03

bc
 4.31 ± 0.77

c
 2.67 ± 0.56

ab
 

 HOMA-IR  19.29 ± 2.71
ab

 15.36 ± 1.78
a
 14.30 ± 2.18

a
 45.53 ± 13.12

cd
 55.62 ± 12.20

c
 35.11 ± 6.49

bd
 

 Total Cholesterol (mg/dL) 190.6 ± 6.4
a
 183.4 ± 5.5

a
 181.8 ± 6.4

a
 241.6 ± 11.1

b
 237.1 ± 12.2

b
 194.8 ± 10.0

a
 

Triglyceride (mg/dL) 83.52 ± 7.31  71.14 ± 5.57 80.55 ± 3.45 74.91 ± 6.62 79.45 ± 6.10 70.82 ± 5.86 

 Week 24       

 Glucose (mg/dL) 178.1 ± 6.4
a
 186.3 ± 11.5

ab
 182.8 ± 5.4

ab
 208.1 ± 6.1

c
 173.2 ± 6.6

a
 200.6 ± 6.8

bc
 

 Insulin (ng/mL) 2.02 ± 0.24
a
 1.76 ± 0.26

a
 1.70 ± 0.22

a
 5.38 ± 0.47

b
 3.72 ± 0.21

c
 4.44 ± 0.44

c
 

 HOMA-IR  22.38 ± 2.84
a
 20.48 ± 3.51

a
 19.16 ± 2.38

a
 69.30 ± 6.95

b
 40.02 ± 3.07

c
 54.86 ± 5.61

d
 

 Total Cholesterol (mg/dL) 215.7 ± 6.9
a
 221 ± 8.2

a
 209.3 ± 6.5

a
 319.5 ± 12.6

b
 301.1 ± 12.5

b
 309.1 ± 13.2

b
 

 Triglyceride (mg/dL) 70.54 ± 4.34 71.77 ± 3.87 72.08 ± 2.80 79.24 ± 4.34 75.16 ± 5.07 70.12 ± 3.31 

 

Results are shown as means ± SEM and are the average of 8-10 animals/group. Values having different 

superscripts are significantly different (p < 0.05, one-way ANOVA with Fisher’s LSD).  

 

3.2 EC supplementation mitigates anxiety-related behavior in mice in a dose-dependent manner 

The OFT was conducted to evaluate anxiety-related behaviors. The test utilizes rodents’ naturally 

evolved behavioral preference to avoid brightly lit open areas and instead remain in close proximity to a 

darker less exposed protective wall [48]. Consumption of the HFD significantly decreased the percentage 
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time spent in the center zone compared to control (F(5, 53) = 2.49, p < 0.05; Figure 2A and 2B). A statistically 

significant difference in center exploration time was not found between HF and HFE2 groups; however, 

EC supplemented HFD groups increased the time in the center zone in a dose-dependent trend (HF vs 

HFE2: p = 0.31; HF vs HFE20: p = 0.023; Figure 2B). The total distance traveled in the open field was 

significantly lower in the HF group compared to the controls (F(5, 54) = 6.11, p < 0.001; Figure 2C); however, 

locomotor activity does not seem to confound emotional measure in the current study as EC 

supplementations in both control and HFD-fed groups had no influence upon total distance traveled 

throughout the 5 min time frame of the experiment while the addition of EC, particularly the high dose 

(20 mg/kg B. W.), increased center exploration time. 

 

Figure 2.  EC supplementation mitigates anxiety-

related behavior in mice in a dose-dependent manner. 

A- Representative tracks of C, CE2, CE20, HF, HFE2, and 

HFE20 mice in the open field arena over 5 min. B- EC 

supplemented mice exhibit reduced anxiety-like 

behavior, spending significantly more time in the center 

zone of the open field apparatus. C- Total distance 

traveled during the first 5 min in the arena. Results are 

shown as mean ± SEM of 9-10 animals/group. Values 

having different superscripts are significantly different 

(p < 0.05, one-way ANOVA with Fisher’s LSD). 
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3.3 EC supplementation does not affect recognition, spatial, and reference memory and spatial learning 

The NOR task was conducted to assess the short-term recognition memory of mice. During the 

sample phase, all groups spent a comparable amount of time exploring each of the two identical objects 

(F(5, 46) = 1.10, p = 0.38; Figure 3A). During the test phase (F(5, 46) = 1.56, p = 0.19), group means revealed 

that control group exhibited greater novel object preference compared to the control supplemented with 

the higher dose of EC (CE20) as measured by the preference index (p < 0.05). This could potentially indicate 

detrimental rather than protective effects of the higher dose of EC on the control group on recognition 

memory, decreasing the ability in recognizing the novel object from the familiar object.  

The OLM task was conducted to assess short-term spatial memory of mice. All groups performed 

similarly in both sample (F(5, 32) = 0.47, p = 0.80) and test (F(5, 32) = 0.95, p = 0.46) phases as measured by 

the preference index, indicating that EC did not affect the short-term spatial memory (Figure 3B). Spatial 

learning and reference memory was also evaluated in the MWM with the hidden platform task and the 

probe trial. Comparing the first (MWM day 4) and the last day (MWM day 8) of the hidden platform task, 

all groups found the hidden platform more quickly (Figure 3C). On the last day of the hidden platform 

task, all groups had similar escape latencies exhibiting comparable spatial learning (F(5, 54) = 1.11, p = 0.37). 

During the probe trial, group means revealed that the control group spent significantly more time in the 

target quadrant zone compared to the HF group (p < 0.05; Figure 3D). All the other groups spent a 

comparable amount of time in the target zone, indicating no differences in reference memory among the 

groups. 
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Figure 3. Effects of EC supplementation on short-term recognition, spatial, and reference memory and 

spatial learning. For both NOR and OLM tasks, animals explored two identical unfamiliar objects for 5 

minutes (sample phase). After being placed in the home cage for 1 hour (retention phase), they were 

reintroduced to the arena for 5 minutes (test phase). A- Control group supplemented with the highest 

dose of EC (CE20) exhibited decreased novel object preference compared to the C group as measured by 

the preference index. All the other groups performed similarly in both sample and test phases as 

measured by the preference index. B- All groups performed similarly in both sample and test phases as 

measured by the preference index. Dashed lines delineate 50% null preference. Results are shown as 

mean ± SEM of 4-10 animals/group. C- Learning curves of mice in the hidden platform task and D- time 

spent in the target quadrant during the probe trial. Results are shown as mean ± SEM of 10 animals/group. 

Values having different superscripts are significantly different (p < 0.05, one-way ANOVA with Fisher’s 

LSD).  
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3.4 EC supplementation increases the expression of BDNF  

We next measured mRNA levels of BDNF, a promoter of neuronal differentiation and survival and 

important mediator of synaptic plasticity in the hippocampus [49]. As previously observed [33], 

consumption of the HFD did not affect hippocampal BDNF mRNA content. However, BDNF mRNA levels 

were 32% higher in the HFE20 group compared to the HF group (p < 0.05; Figure 4A). There was a positive 

correlation between BDNF mRNA levels in the hippocampus and the percentage time spent in the center 

zone of the open field (r: 0.36, p < 0.05; Figure 4B). 

 

 

Figure 4.  Effects of EC supplementation on the anxiety-related behavior and its correlation with BDNF 

levels. A- BDNF mRNA levels in the hippocampus were determined by q-PCR and the relative gene 

expression was normalized to b-actin as housekeeping gene.  Determinations were done after 24 weeks 

on the respective diets. Results are shown as mean ± SEM of 6-9 animals/group. Data were normalized to 

control values. Values having different superscripts are significantly different (p < 0.05, one-way ANOVA 

with Fisher’s LSD). B- Correlations between the time spent in the center zone (%) and BDNF mRNA levels. 

The solid line represents the regression line and the gray area delineates the 95% confidence band. 
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3.5 EC supplementation increases the expression of the hippocampal glucocorticoid and mineralocorticoid 

receptors and decreases the expression of 11β-HSD1 in the HFD-fed animals 

 We next measured the hippocampal mRNA levels of receptors that mediate glucocorticoids action 

in the brain (GR and MR) and of the enzyme that catalyzes the regeneration of active glucocorticoids (11β-

HSD1). Compared to the control group, mRNA levels of GR were 19% lower (p < 0.05) and of MR were 

28% lower (p < 0.05) in the HFD-fed mice, and both doses of EC partially or fully prevented the decrease 

(Figure 5A and 5B). Interestingly, the high dose of EC (20 mg/kg B.W.) significantly decreased GR mRNA 

levels when fed to control mice (22% decrease; p < 0.05) while the same dose of EC significantly increased 

the mRNA levels when fed to HFD mice (55% increase; p < 0. 001). 11β-HSD1 mRNA levels were 33% higher 

in the HF mice compared to the control (p < 0.05), and this increase was mitigated by EC with a dose-

dependent trend (Figure 5C). No significant correlations between center exploration time in the open field 

and mRNA levels of GR, MR, and 11β-HSD1 were observed (data not shown). 

 

Figure 5.  Effects of EC consumption on the mRNA levels of the 

glucocorticoid receptors (GR; Nr3c1), the mineralocorticoids 

receptor (MR; Nr3c2), and 11β-HSD1. The mRNA levels of the 

A- GR, B- MR, and C- 11β-HSD1 in the hippocampus were 

determined by q-PCR and the relative gene expression was 

normalized to b-actin as housekeeping gene. Determinations 

were done after 24 weeks on the respective diets. Results are 

shown as mean ± SEM of 4-6 animals/group. Data were 

normalized to control values. Values having different 

superscripts are significantly different (p < 0.05, one-way 

ANOVA with Fisher’s LSD). 
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3.6 EC supplementation affects microbiota structure and metabolism 

The overall composition of the gut bacterial community in the different diet groups was assessed 

by 16S r RNA sequencing to investigate the degree of bacterial taxonomic similarity groups and 

treatments. Alpha diversity measured by the Shannon index was significantly increased following the HFD 

(p< 0.04; Figure 6A) indicating a greater richness and evenness within samples. EC supplementation 

further increased Shannon alpha diversity index with only the higher dose (EC 20 mg/kg B.W.) reaching 

significance (p< 0.05). Bacterial communities were then clustered using a principal coordinates analysis 

(PCoA) of weighted Unifrac distances which distinguished microbial communities based on their diet. The 

statistical significance of the clustering pattern was further evaluated using a permutational ANOVA 

(PERMANOVA). As depicted in Figure 6B, there was a clear separation of the diet groups along the axis 1 

of the PcoA (58.6%) indicating a strong effect of the HF feeding diets versus the control diets (p<0.001). 

EC addition only seemed to have a small effect on the overall microbial communities. Comparison of 

relative abundance at the Phylum level identified several changes. HFD significantly reduced 

Verrucomicrobia, Bacteroidetes, Epsilonbacteraeota and Tenericutes while marginally increasing the 

abundance of Deinococcus Thermus (p=0.06) (Figure 6C and Supplementary Table S2). At the genera 

level, the HFD led to the modulation of 67 taxa including a significant increase of Romboustsia, Solibacilus, 

Sporosarcina and a decrease of Akkermansia, Dubosiella and Planococcus (Figure 6D and Supplementary 

Table S3). Supplementation with EC (2 and 20 mg/kg B.W.) to both control- and HFD-fed mice affected 

the microbiota composition (Supplementary Figure S1). In particular, EC 20 mg/kg B.W. significantly 

increased the abundance of Firmicutes, Acidobacteria, Bacteroidetes and Nitrospirae and decreased the 

abundance of Actinobacteria in the HF group (Figure 6E and Supplementary Table S4). At the genera level, 

EC significantly modulated up to 139 taxa of which Lechevalieria, Nitrospira, Opitutus, Sphingomonas and 

Lactobacillus were significantly increased (Figure 6F and Supplementary Table S5).   
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In addition to the microbial analysis, 1H-NMR metabolomic profiling was conducted on the same 

fecal samples to gain insights into the metabolomic environment. Consistent with the microbiota, 

Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) of the metabolome showed 

clear separations of control versus HFD-fed mice (Figure 7A). This was further supported by hierarchical 

clustering using Spearman and Ward which resulted in the formation of 2 robust clusters representing 

each dietary intervention (Figure 7B). The HFD significantly increased the concentration of amino acids 

(histidine, ornithine, tryptophan, 5-aminopentanoate, 2-oxoisocaproate), organic acids (3-

phenylpropionate, 4-hydroxybenzoate, nicotinate, tartrate, 3-methyl-2-oxovalerate, 4-

hydroxyphenyllactate) along with methylamines (dimethylamine and trimethylamine), methanol, 

lactaldehyde and acetate (Figure 7B and Supplementary Table S6). Presence of these metabolites was 

negatively correlated with the abundance of Verrucomicrobia and positively correlated with Deinococcus-

Thermus abundance (Figure 7C and Supplementary Table S8). 

Supplementation with EC 20 mg/kg B.W. to HFD-fed mice had a profound impact on the 

metabolomic profile. In particular organic acids (3-(3-hydroxyphenyl)propanoate and  4-

hydroxyphenylacetate), nucleotides (2’-deoxyguanosine, 2’-deoxyinosine, 2’-deoxyuridine, uridine) along 

with the fatty acid isobutyrate were significantly increased in the EC group. Alanine, valerate, cytosine and 

citrate were decreased in this diet group (Figure 7B and Supplementary Table S7). Correlation analysis 

between the microbiome and metabolome indicated that nucleotides and organic acids increases were 

strongly correlated to increased abundances of Nitrospirae, Firmicutes, Acidobactaeia, Elusimicorbia, 

Latescibacteria, Entotheonellaeota and Rokubacteria and a decrease in Actinobacteria (Figure 7D and 

Supplementary Table S9). Further analysis revealed that the fecal  content of cytosine, a metabolite 

strongly associated with the reported microbiome shift, was significantly and negatively correlated with 

center exploration time in the OFT (r: -0.4652, p = 0.0096).  
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Figure 6. Effect of EC supplementation on microbiota diversity. A- α diversity as assessed by Shannon 

index showed a higher diversity in HF and HF treated with EC 20 mg/kg B.W.. B- β diversity, assessed using 

weighted Unifrac distance and PERMANOVA analyses showed a robust separation of control versus high-

fat dietary groups. EC addition to either dietary treatment had subtle effect on the microbiota diversity. 

C, D- Classical univariate analysis highlighted key differences at the phylum (C) and genera levels (D) in 

control and high fat fed groups. E, F- Classical univariate analysis highlighted key differences at the phylum 

(E) and genera levels (F) in high fat and high fat supplemented with EC 20 mg/kg B.W. fed groups.  
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Figure 7. Effect of EC supplementation on the fecal metabolome. A- Orthogonal Projections to Latent 

Structures Discriminant Analysis (OPLS-DA) score plot of all metabolite features showed a clear separation 

of the fecal metabolites in the different treatment groups. B- Clustering result shown as heatmap 

(distance measure using Spearman, and clustering algorithm using Ward). C- Interactions between the 

metabolome and microbiome (Phylum) of control and high fat diet groups were made using Spearman 

correlation analysis, and highlighted key changes in organic acids, nucleotides and amino acids. D- 

Interactions between the metabolome and microbiome (Phylum) of high fat and high fat supplemented 

with EC 20 mg/kg B.W. groups were made using Spearman correlation analysis, and highlighted key 

changes in organic acids, nucleotides and carbohydrates.   
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4. Discussion 

EC has been shown to influence cognition and behavior in both humans and rodents. Among the 

described mechanisms, increased brain BDNF concentration has been consistently described [29, 33] 

along with the promotion of vasodilation [31, 50-52],  mitigation of neuroinflammation [33] and activation 

of ERK1/2/CREB [53]. The present study supports a potential role for EC in the mitigation of anxiety-related 

behaviors, which is in part mediated through BDNF, GR, and MR upregulation and 11β-HSD1 

downregulation in the hippocampus and mitigation of HFD-mediated dysbiosis.  

The HFD induced significant increase in body weight and percent body fat in mice after 24 weeks 

which was not prevented by EC supplementation. The increase in adiposity in the HFD-fed animals was 

reflected by a higher weight of fat pads, except the epididymal fat. Consistent with our finding, previous 

studies have shown that obese mice fed  a HFD for 20 weeks have a reduced epididymal fat mass 

compared to controls [54, 55]. This decrease in mass was attributed to increased deaths of adipocytes 

and associated immune cell infiltration and activity. Thus, the rate of adipocyte death caused by chronic 

HFD consumption would exceed the rate of tissue repair resulting in net loss of epididymal fat pads. 

Obesity is associated with increased risk of neuropsychiatric conditions, including cognitive 

impairment and mood disorders [56, 57]. This is also apparent in preclinical models of obesity in which 

HFD diet-induced obesity results in deterioration of learning and memory [22, 58], as well as anxiety and 

depression [11, 12]. Like obesity, type 2 diabetes (a prevalent comorbidity of obesity), results in an 

increased risk of neuropsychiatric disorders [59, 60]. This is consistent with the present evidence, in which 

HFD-induced obese and insulin resistant mice spent less time in the center of the OF maze (increased 

anxiety) and less time in the target quadrant of the MWM (impaired spatial memory). Although not 

significant, there was an additional drop in object location performance (spatial memory) in response to 

HFD, while NOR (recognition memory) remained unaffected. This may suggest that spatial memory 

performance, and therefore specific brain regions such as hippocampus are particularly sensitive to diet-
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induced metabolic changes. Surprisingly, supplementation with EC had no beneficial impact upon learning 

and memory and did not mitigate HFD-induced spatial memory deficits. In fact, control animals receiving 

EC supplementation displayed even poorer performance on the NOR task, particularly at 20 mg EC/kg 

B.W.. Interestingly this decline was absent in HFD animals suggesting that high doses of EC are better 

tolerated by mice in combination with a high fat meal.  Despite this, EC ameliorated the HFD-induced 

increase in anxiety in a dose-dependent manner with the high EC dose (20 mg/kg B.W.) restoring center 

exploration time (anxiety measure) back to control levels. This suggests that the mechanisms leading to 

learning and memory impairment are uncoupled from those associated with anxiety. The lack of spatial 

memory improvement following EC supplementation may potentially relate to EC’s inability to mitigate 

the HFD-induced insulin resistance.  As such, the contrasting improvement in anxiety observed with 20 

mg EC/kg B.W., must therefore relate to an alternative mechanism.  

Gut microbial composition has been suggested as a potential contributor to the neurobehavioral 

abnormalities associated with HFD consumption. Changes in gut microbiota and derived metabolites are 

being intensively studied for their participation in the gut-brain crosstalk that could lead to the 

improvements of behavior, including depression and anxiety [27]. In this regard, the capacity of 

polyphenols to modulate the microbiota is proposed as a mechanism in which polyphenols may mitigate 

mood disorders [26]. In the present study, the HFD surprisingly increased species richness as assessed via 

Shannon α-diversity when compared to the control diet. Although not expected, this phenomenon has 

been described by others and has recently been reported to arise from the higher fiber content (cellulose) 

present in HFD [61]. This additionally explains some of the unexpected increases of bacterial phyla and 

genera considered to be beneficial. Despite this, evidence of HFD-induced dysbiosis was also apparent 

with several genera including Akkermansia, Lactobacillus and Lachnochlostridium, that were altered by 

the HFD. In agreement with our findings, which show a decrease in Akkermansia abundance in the HFD-

fed mice, previous studies have shown that the colonization of Akkermansia muciniphila in the gut has 



 77 

protective effect in diet-induced obesity [62, 63]. Similarly, Akkermansia has been identified as a key 

player in the metabolic disorders and can influence glucose metabolism. Indeed, an inverse association 

between Akkermansia and insulin resistance is well established [64]. EC did not increase/restore 

Akkermansia which may account for EC’s inability to improve HFD-induced insulin resistance and 

subsequent cognitive decline. In contrast to Akkermansia, Lactobacillus and Enterobacter were restored 

through EC supplementation. Enterobacter, which is linked to HFD-induced obesity and hepatic damage 

[65], was reduced by EC supplementation. Enterobacter has been linked to bipolar disorders and 

depression [66, 67] in which higher abundance leads to greater risk. Furthermore, Lactobacillus has been 

consistently recognized for its role in HFD-induced anxiety [68], with ingestion of Lactobacillus strains 

linked to gamma-aminobutyric acid (GABA) and acetylcholine production [69]. In our experiments, HFD-

mediated Lactobacillus decrease was mitigated by EC (20 mg/kg B.W.). Thus, modulation of microbial 

species, such as Enterobacter and Lactobacillus may in part explain EC-mediated improvement of HFD-

mediated anxiety-related behavior.  

Supplementation with EC 20 mg/kg B.W. to HFD-fed mice also had a profound impact on the 

metabolomic profile. Cytosine, a metabolite associated with the reported microbiome shift, was 

significantly decreased in the HFE20 group compared to the HF group. Further analysis revealed that 

cytosine levels correlated with the anxiety-associated behavior observed in the OFT. In agreement with 

this finding, changes in cytosine levels were observed in a mouse model of anxiety, which were proposed 

to reflect changes in oxidative stress-related pathways and mitochondrial function [70]. In addition, oral 

administration of an EC-rich grape seed polyphenol extract (GSPE) significantly increased the brain 

content of the gut derived 3-(3ʹ-hydroxyphenyl) propionic acid (3-HPP). Accumulation of this metabolite 

was also observed to interfere with the assembly of β-amyloid (Aβ) peptides into neurotoxic Aβ 

aggregates [71]. Our finding of increased fecal 3-HPP concentration in HFE20 compared to HF mice, may 
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in part contribute to the capacity of EC to modulate anxiety. While these changes in cytosine and 3-HPP 

are interesting, related evidence is limited, and further research is needed to confirm such connections. 

 Obesity is associated with altered BDNF expression, which has been proposed to be in part 

mediated by dysbiosis [72].  Dysregulation of BDNF has been linked to anxiety disorders [73, 74], and 

circulating BDNF indeed represents a potential biomarker for several psychiatric disorders [75]. 

Consumption of flavanols increase circulating and hippocampal BDNF levels in humans and animal 

models. High serum levels of BDNF were found in a group of subjects aged between 62 and 75 years 

consuming a high-flavanol cocoa drink daily for 12 weeks [76]. EC supplementation mitigated anxiety-

related behavior which was associated with increased hippocampal BDNF levels in adult male mice [29]. 

Consistent with our previous finding [33], EC significantly increased BDNF mRNA levels in the hippocampus 

of both control and HFD-fed animals. Although HFD-induced alterations of BDNF levels were not observed, 

hippocampal BNDF levels were positively correlated with center exploration time in the OFT, which 

suggests that EC may in part mitigate HFD-induced anxiety by promoting BDNF upregulation.  

Dysregulation of neural glucocorticoid signaling has been also suggested to be a potential 

mediator of the adverse neurological consequences of obesity and associated pathologies [77-79]. 

Glucocorticoids exert multiple effects within the CNS via MR and GR, which are located in different brain 

regions, including the hippocampus [80]. The present study found that consumption of the HFD decreased 

hippocampal mRNA levels of MR and GR while EC reversed the decreases. Consistent with these findings, 

high hippocampal MR expressions have been linked to low-anxiety phenotype [81]. Conversely, inhibition 

of MR is linked to anxiety-like behavior, which is accompanied by decreased adult hippocampal cell 

proliferation [82]. The currently observed anxiety-related behavior observed in HFD-fed mice could also 

be explained by decreased hippocampal cell proliferation. Indeed, consumption of a HFD reduced cell 

proliferation in the hippocampus of preclinical models of obesity [83]. On the other hand, EC 

supplementation upregulate proteins involved in neurogenesis, i.e. NeuN, DCX, NGF, and MAP2 [84]. 
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Current evidence on the role of the hippocampal GR on anxiety-related behavior is conflicting. The present 

study showed that EC consumption increased mRNA levels of GR in the hippocampus. In agreement with 

our finding, upregulation of GR expression has been correlated with decreased anxiety-related behavior 

[85], and increased resistance to stress and inflammation [86, 87]. On the other hand, transgenic mice 

with disrupted brain GR expression showed anxiety-related behaviors [88]. These conflicting results 

suggest that either too little or too much GR activity or expression could be detrimental to mood 

regulation [89]. Interestingly, supplementation with 20 mg EC/kg B.W. to mice fed the control diet showed 

significantly decreased mRNA levels of GR while did not show mood alterations. As shown by the NOR 

data, it is possible that long-term consumption of the higher dose of EC tested may be toxic to mice fed 

the control diet, while the same dosage is well tolerated by HFD-fed animals. As the relationship between 

levels of GR and cognition/mood regulation is not clear, further research on the potential neurotoxicity of 

high EC doses is warranted. 

Concentrations of glucocorticoids are also determined by intracellular 11β-Hydroxysteroid 

dehydrogenases, which regenerate active glucocorticoids from inert 11-keto forms [90]. The type 1 

isozyme, 11β-HSD1, is widely expressed throughout the adult CNS, and its increase in the hippocampus 

has been associated with cognitive decline [91]. Thus, inhibition of 11β-HSD1 has been proposed to 

provide neuroprotective effects. Indeed, carbenoxolone, an effective inhibitor of 11β-HSDs, improved 

cognitive function in healthy elderly men and T2D patients [79]. Although not significant, a trend for 

reduced anxiety score with carbenoxolone treatment was reported. The present study showed that EC 

consumption significantly mitigated HFD-induced increase in 11β-HSD1 levels in the hippocampus. The 

potential mechanism of EC in decreasing the levels of 11β-HSD1, and its role in mood regulation in obesity 

is an interesting prospective to further investigate as inhibition of 11β-HSD1 hold therapeutic potential 

for obesity, T2D, and neuropsychiatric decline [77-79].  
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It is suggested that EC can exert neuroprotective effects both directly, inside of the brain [92, 93], 

and indirectly, by improving cerebral blood flow [31, 32] and/or affecting select receptors present at the 

blood-brain barrier (BBB) [33, 93, 94]. Ingested EC is highly bioavailable and extensively metabolized into 

a wide range of metabolites [95], and some metabolites were shown to cross the BBB and detected in the 

brain [92, 93, 96]. However, the primary route by which EC metabolites cross the BBB and their further 

metabolism in the brain is not yet completely understood [97]. EC can also have indirect neuroprotective 

actions. For instance, EC mitigated neuroinflammation and improved recognition memory in mice in part 

by reducing metabolic endotoxemia and preventing the hippocampal upregulation of TLR4, an innate 

immune receptor for endotoxin [33]. As suggested by other authors, it is also possible that EC may act via 

a specific receptor expressed in the brain, similar to the one described in arterial endothelial cell 

membrane [93, 94]. Further studies investigating both direct and indirect effects of EC are needed to fully 

understand the mechanisms underlying the neuroprotective benefits of EC. 

In summary, EC supplementation mitigated anxiety-related behavior in a model of diet (HFD)-

induced obesity in mice, which can be in part mediated through the modulation of BDNF- and 

glucocorticoids-mediated signaling. The reported findings on BDNF and glucocorticoid signaling are 

entirely based on gene expression analyses. Thus, further studies should evaluate the protein and 

activation levels of these pathways.  Additionally, EC modulated select microbial species, i.e. Enterobacter 

and Lactobacillus, altered by the consumption of the HFD and/or the associated obesity.  This mechanism 

may also be involved in EC-mediated improvement of anxiety-related behavior in HFD-fed obese mice.  

Clinical studies will be essential to support the concept that consumption of EC-rich foods could contribute 

to mood improvement in obesity. Moreover, as the safety of long-term supplementation with high EC 

doses and its effects on the CNS is not clear, further research on EC potential neurotoxicity is warranted.  
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Supplementary materials  

Supplementary Figure S1. Relative abundance at the Phylum level using weighted Unifrac distances of all 

the treatment groups 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 88 

Supplementary Table S1. Composition of control and high fat diet. The original recipe is from Envigo 

(Envigo, Indianapolis, IN). The product codes are TD.06415 (high fat diet) and TD.06416 (control diet). The 

original documents containing nutrient information and ingredients are found in Envigo 

(www.envigo.com). All ingredients are purchased from Dyets, Inc. (Dyets, Inc., Bethlehem, PA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
High Fat Diet   

(4.6kcal/g) 
Control Diet  
(3.7kcal/g) 

Nutrient Information % kcal from  % kcal from  

Protein  19.0 20.1 
Carbohydrate 36.2 69.8 
Fat 44.8 10.2 
Ingredient g/kg g/kg 

Casein 245.0 210.0 
L-Cystine 3.5 3.0 
Corn Starch  85.0 280.0 
Dextrose 115.0 50.0 
Sucrose 200.0 325.0 
Lard 195.0 20.0 
Soybean Oil 30.0 20.0 
Cellulose 58.0 37.15 
Mineral Mix 43.0 35.0 
Calcium Phosphate, dibasic 3.4 2.0 
Vitamin Mix 19.0 15.0 
Choline Bitartrate 3.0 2.75 
Yellow Food Color   0.1 
Pink Food Color 0.1   
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Supplementary Table S8. Spearman correlation analysis between the microbiome (Phylum) and 

metabolomics data for the high fat diet versus control (only Spearman R values >0.5 or <-0.5 are reported) 
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Supplementary Table S9. Spearman correlation analysis between the microbiome (Phylum) and 

metabolomics data for the high fat diet versus high fat + EC 20mg/Kg body weight (only Spearman R values 

>0.5 or <-0.5 are reported) 
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Chapter 4 

 

(-)-Epicatechin exerts positive effects on anxiety in high fat diet-induced obese mice through multi-

genomic modifications in the hippocampus 
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Abstract 

Obesity is associated with increased occurrence of cognitive and mood disorders. While 

consumption of high-fat diets (HFD) and associated obesity could have a detrimental impact on the brain, 

dietary bioactives may mitigate these harmful effects. We previously observed that (-)-epicatechin (EC) 

can mitigate HFD-induced anxiety-associated behaviors in mice. The aim of our study is to investigate the 

molecular mechanisms of EC actions in the hippocampus which underlies its anti-anxiety effects in HFD-

fed mice using a multi-genomic approach. Healthy eight-weeks old male C57BL/6J mice were fed for 24 

weeks either: A) a control diet containing 10% total calories from fat; B) a HFD containing 45% total 

calories from fat; or C) the HFD supplemented with 20 mg EC/kg body weight. Hippocampi were isolated 

for genomic analysis using Affymetrix arrays, followed by in-depth bioinformatic analyses. Genomic 

analysis demonstrated that EC induced significant changes in mouse hippocampal global gene expression. 

We observed changes in the expression of 1001 protein-coding genes, 241 miRNAs, and 167 long non-

coding RNAs. Opposite gene expression profiles were observed when the gene expression profile obtained 

upon EC supplementation was compared to the profile obtained after consumption of the HFD. 

Functionality analysis revealed that the differentially expressed genes regulate processes involved in 

neurofunction, inflammation, endothelial function, cell-cell adhesion, and cell signaling. In summary, the 

capacity of EC to mitigate anxiety-related behaviors in HFD-induced obese mice can be in part explained 

by its capacity to exert complex genomic modifications in the hippocampus, counteracting changes driven 

by consumption of the HFD and/or associated obesity. 
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1. Introduction 

More than 2.1 billion adults are estimated to be overweight or obese worldwide, of which 640 

million are obese [1]. It is predicted that in the US nearly 1 in 2 adults will be obese and 1 in 4 adults will 

be severely obese by 2030 [2]. Obesity is a serious public health concern given that it raises risks for several 

diseases including type 2 diabetes, cardiovascular diseases, nonalcoholic fatty liver disease, and certain 

types of cancer. Obesity is also a risk factor for the development of metabolic and vascular disorders, 

which have emerged as risk factors to mood and cognitive disorders [3-5].  HFD and/or associated obesity 

induce chronic low-grade inflammation and the circulating pro-inflammatory molecules can cross the 

blood-brain-barrier (BBB), eliciting neuroinflammation [3, 6]. Systemic inflammation can also disrupt the 

BBB, leading to infiltration of inflammatory molecules into the central nervous system and subsequently 

neuroinflammation, which can contribute to alterations in cognition and mood [5, 7].  

While HFD and obesity can have detrimental effects on the brain, consumption of select 

flavonoids have neuroprotective effects [4, 8, 9]. (-)-Epicatechin (EC) is one of the most widely consumed 

flavan-3-ols, being abundantly found in cocoa, berries, apples, and tea [10].  A considerable body of 

evidence supports the beneficial effects of dietary EC at the nervous system, which includes its capacity 

to improve cognition and mood [9, 11-14]. For example, in healthy adults (50-75 years), EC improves 

hippocampal-dependent learning suggesting that EC consumption may be associated with increased 

memory function in age-related cognitive decline [15].  

We recently observed that HFD-fed obese mice show significantly increased anxiety-related 

behaviors which were mitigated by EC consumption (under revision). The capacity of EC to improve 

anxiety was in part explained by its capacity to modulate BDNF- and glucocorticoids (GC)-regulated 

signaling and to mitigate HFD-induced dysbiosis.  However, a full understanding of EC actions at the 

hippocampus is missing. Previous evidence showed that EC protects brain vascular endothelial cell 
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integrity and reduces the risk of neurodegenerative conditions by exerting multi-genomic actions, 

modulating the expression of protein-coding genes as well as non-coding genes, particularly microRNA 

(miRNA) and long non-coding RNA (lncRNA) [16, 17].  

The use of cutting edge untargeted genomic methodologies represents a significant breakthrough 

in nutrigenomics, as these methods enable detailed insights into the involved molecular mechanisms. 

Moreover, the implementation of multi-omics approaches allows integration of different levels of 

regulation of cellular functions and to obtain a comprehensive understanding of the molecular 

mechanisms of action of polyphenols. miRNAs are small noncoding RNA molecules, in average 22 

nucleotides long, that act as post-transcriptional regulators of gene expression, in most cases by 

degradation or inhibition of translation of their target mRNAs. miRNAs regulate a wide spectrum of 

biological processes and are therefore involved in the physiopathology of diseases, including age-related 

and neurodegenerative diseases [18]. LncRNAs are single strand RNAs with over 200 nucleotides in length. 

Although they do not directly encode proteins, LncRNAs are involved in the regulation of cellular functions 

through various mechanisms, such as regulation of gene expression by sequestering miRNAs and 

subsequently reducing the number of miRNAs available for their target mRNA [19]. LncRNAs play an 

important role in the pathophysiology of diseases, such as cardiovascular [20], cardiometabolic [21], and 

neurodegenerative diseases [22]. The expressions of lncRNAs can be affected by diet. For example, in mice 

fed a HFD, changes in the expression of 52 lncRNAs are proposed to play a significant role in diabetes 

mellitus [23]. Recent studies also showed that polyphenols can affect the expressions of non-coding genes 

[16, 17, 24]. Taken together, integrated multi-genomic analysis coupled with bioinformatics represent an 

insightful approach to obtain detailed information about underlying molecular mechanisms of action of 

dietary components.  

 In the present work, we investigated the molecular mechanisms underlying the neuroprotective 

effects of EC against HFD- and obesity-induced anxiety behaviors in mice. For this purpose, we evaluated 
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EC-mediated multi-genomic modifications, including changes in the expression of protein-coding and non-

coding genes in the hippocampus. We characterized affected molecular pathways and key regulators to 

better understand the neuroprotective actions of EC. 

 

2. Material and methods 

2.1. Animals and animal care 

All procedures were in agreement with standards for the care of laboratory animals as outlined 

in the NIH Guide for the Care and Use of Laboratory Animals. All procedures were administered under the 

auspices of the Animal Resource Services of the University of California, Davis. Experimental protocols 

were approved before implementation by the University of California, Davis Animal Use and Care 

Administrative Advisory Committee. Healthy 8 weeks old male C57BL/6J mice (20–22 g) were fed for 24 

weeks either: a diet containing 10% total calories from fat (C group) (TD.06416, Envigo, Indianapolis, IN), 

a diet containing 45% total calories from lard fat (HF group) (TD.06415, Envigo, Indianapolis, IN), and the 

HFD supplemented with 20 mg EC/kg body weight (HFE group). The EC-containing diet was prepared every 

two weeks to account for changes in body weight and food intake, and to prevent potential EC 

degradation. All diets were stored at −20 °C until use. Body weight and food intake were measured weekly 

throughout the study. After 24 weeks on the dietary treatments, and after 4 h fasting, mice were 

euthanized by cervical dislocation. Blood was collected from the submandibular vein into tubes containing 

EDTA, and plasma collected after centrifugation at 3,000 x g for 10 min at room temperature. Hippocampi 

were dissected and flash frozen in liquid nitrogen and then stored at −80 °C for further analysis. 

 

2.2. RNA extraction from the hippocampus 

Total RNA was extracted from the right hippocampus from three animals per experimental group 

(C, HF, HFE) using the miRNeasy Mini Kit (Qiagen, Hilden, Germany), and small residual amounts of DNA 
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were removed using an on-column RNase-Free DNase Set (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions. The quality and quantity of the extracted RNA was assessed by NanoDrop 

One (Thermo Scientific, Waltham, MA), and integrity by 2100 Agilent Bioanalyzer (Agilent Technologies, 

Santa Clara, CA). Quality and integrity assessments showed that A260/A280 ratios were 2 or higher and 

the RNA integrity number (RIN) was 8 or higher for all samples.  

 

2.3. Microarray hybridization and transcriptome analysis 

Clariom D mouse assays (Affymetrix, Santa Clara, CA) were used for transcriptomics analysis. Total 

RNA (200 ng per sample) for 9 RNA samples (3 samples per group) was used to prepare cRNA (15 ug) and 

then sscDNA (5.5 ug) using GeneChip WT PLUS Reagent Kit (Thermo Scientific, Waltham, MA). Purified 

sscDNA (5.5 ug) was fragmented by uracil-DNA glycosylase (UDG) and apurinic/apyrimidinic endonuclease 

1 (APE 1) at the unnatural dUTP residues and labeled by terminal deoxynucleotidyl transferase (TdT) using 

the DNA Labeling Reagent that is covalently linked to biotin. Fragmented and labeled sscDNA samples 

were submitted to the UC Davis Comprehensive Cancer Center's Genomics Shared Resource (GSR) core 

for hybridization, washing, staining, and scanning using the GeneChip Hybridization, Wash, and Stain Kit 

(Thermo Scientific, Waltham, MA) following the manufacturer’s instruction. Hybridization of fragmented 

and labeled sscDNA samples was done using GeneChip Hybridization oven, and the arrays were washed 

then stained using GeneChip Fluidics Station. The arrays were scanned using GeneChipTM Scanner 3000 

7G (Thermo Fisher Scientific, Santa Clara, CA). Quality control of the microarrays was performed using the 

Affymetrix Transcriptome Analysis Console (TAC) 4.0.2. (Thermo Fisher Scientific, Santa Clara, CA). 

 

2.4. Bioinformatic analysis 

2.4.1. Comparisons of gene expression profiles 
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The TAC software was used to determine differential gene expression of HF vs. C and HFE vs. HF 

groups using the SST-RMA normalization method and to create volcano plots. All genes from microarray 

with p < 0.05 and ±1.1-fold change was considered as differentially expressed. Partial Least-Squares 

Discriminant Analysis (PLS-DA) plot was built using MetaboAnalyst (https://www.metaboanalyst.ca; [25]), 

and heatmap using Hmisc package in R (https://www.r-project.org/). Gene types of the differentially 

expressed genes (mRNA, miRNA, and lncRNA) were identified using ShinyGO v0.66 

(http://bioinformatics.sdstate.edu/go; [26]). Steps of bioinformatic analyses are presented in Figure 1. 

Figure 1. A flow-chart describing the steps implemented in the genomic and bioinformatic analysis. The 

hippocampus (n = 3/group) was isolated from control, HFD, and HFE groups for microarray analysis. For 

the differentially expressed mRNAs, functional pathways analysis was conducted followed by 

identification of transcription factors and docking analysis. Next, target genes of the differentially 

expressed miRNAs and lncRNAs were identified. Subsequently, network and functional analysis were 



 116 

performed with the identified targets. Integrating them together, network analysis of mRNA, miRNA, 

lncRNA, target genes, and transcription factors was conducted. Differentially expressed genes and 

pathways in the hippocampus of the HFD-fed and EC supplemented animals were also compared. Lastly, 

the identified genomic profile upon EC supplementation was compared with genomic signatures 

identified in patients with generalized anxiety disorder. 

 

2.4.2. Database-predicted miRNA and lncRNA targets 

Validated target genes of the identified miRNAs were searched with miRWalk 

(http://mirwalk.umm.uni-heidelberg.de/; [27]). Network-based visualization of miRNA-gene target 

enrichment was performed with MIENTURNET (http://userver.bio.uniroma1.it/apps/mienturnet/; [28]). 

Target genes of the lncRNAs were identified using LncRRIsearch that enables retrieval of lncRNA-gene 

target interactions (http://rtools.cbrc.jp/LncRRIsearch/; [29]).  

 

2.4.3. Pathway enrichment analysis 

 The pathways involving differentially expressed genes and targets of significantly regulated 

miRNAs and lncRNAs from HF vs. C and HFE vs. HF comparisons were obtained using Genetrail2. Over-

representation analysis was used to obtain the pathways from Kyoto Encyclopedia of Genes and Genomes 

(KEGG), Biocarta, and WikiPathways databases. Additionally, top 30 pathways identified by KEGG 

database search were added to the list of pathway enrichment analysis. Histograms were generated using 

Microsoft Excel and Venn diagrams by Venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/).  

Interaction networks were constructed with Cytoscape software, version 3.7.2. (https://cytoscape.org; 

[30]).  

 

2.4.4. Transcription factor analysis  
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Potential transcription factors which activity could be modulated by polyphenols were identified 

with bioinformatic tool Enrichr (https://amp.pharm.mssm.edu/Enrichr/) [31, 32]. TRRUST [33] and 

TRANSFAC [34] databases were used to search for the potential transcription factors.  

 

2.4.5. Docking analysis 

Potential binding interactions between identified transcription factors, their regulatory cell 

signaling proteins, and major circulatory EC metabolites were examined by molecular docking using the 

SwissDock docking analysis tool (http://www.swissdock.ch/docking). Protein 3D structures were obtained 

from UniProt Data Bank (https://www.uniprot.org) and chemical structures of metabolites from PubChem 

database (https://pubchem.ncbi.nlm.nih.gov). 

 

2.4.6. Associated and correlated diseases 

The association of identified differentially expressed genes with human diseases was analyzed 

using the Comparative Toxicogenomics Database (https:// ctdbase.org/) [35]. To explore correlations 

between the identified genes in the study and genes associated with mood disorder, we first searched the 

GEO (https://www. ncbi.nlm.nih.gov/gds) for suitable dataset of gene expression profiles in human with 

mood disorder. The available raw datasets were further analyzed with GEO2R. Pearson’s correlation 

coefficients between gene expression profiles in patients with anxiety disorder and genes which 

expression had been identified as modulated by EC was calculated using R (https://www.r-project.org/). 

 

3. Results 

3.1. HFD modulates the expression of protein-coding and non-coding genes in the hippocampus. 

To assess the molecular mechanisms involved in HFD-induced behavioral changes (under 

revision), the effects of the HFD on the global expression of genes in the hippocampus was evaluated 
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comparing data from the HF and the C groups. Gene expression analysis showed that the HFD caused 

significant changes in global hippocampal gene expression. There were 10,778 probes identified as 

differentially expressed. Volcano plot of the significantly up- or down-regulated genes in the hippocampus 

of HFD-fed mice showed the upregulation of 3295 probes and downregulation of 7483 probes compared 

to C mice (Supplemental Figure 1A). Among them, 6510 genes were identified and classified by ShinyGO 

v0.66, 47% corresponded to protein-coding genes (3030 mRNAs), 10% to miRNAs (629 miRNAs), and 5% 

to lncRNAs (353 lncRNAs) (Supplemental Figure 1B).  

Gene expression analysis demonstrated that consumption of the HFD induced significant changes 

in the expression of 3030 hippocampal protein-coding genes. The fold-change values of protein-coding 

genes varied from -3.26 to 1.97 with an average fold-change of -1.29 for the downregulated genes and 

1.24 for the upregulated genes. To understand the biological functions of identified genes, the 

differentially expressed mRNAs were used to perform enrichment analysis and obtain pathways related 

to the protein-coding genes. The analysis showed that they are involved in different biological processes 

such as neurofunction-related pathways, which include pathways involved in Alzheimer’s disease, 

dopaminergic synapse, GABAergic synapse, glutamatergic synapse, and neurodegeneration. Genes 

identified in these pathways include Atf4, Calm4, Calm5, Drd1, Gnb2, Gng7, Nos1, and Th. The 

bioinformatic analysis also revealed that the differentially expressed protein-coding genes can impact 

inflammation-related pathways (chemokine signaling pathway, cytokine-cytokine receptor interaction, 

Jak-STAT signaling pathway, NF-κB signaling pathway, TNFα signaling pathway, Toll-like receptor signaling 

pathway), cell-cell adhesion (adherens junction, focal adhesion, gap junction, PI3K-Akt signaling pathway, 

tight junction), cell signaling pathways (insulin signaling pathway, MAPK signaling pathway, mTOR 

signaling pathway, PPAR signaling pathway), metabolic pathways (N-glycan biosynthesis, nuclear 

receptors involved in lipid metabolism and toxicity, TCA cycle), and other cellular processes (apoptosis, 
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endocytosis, oxidative phosphorylation, regulation of autophagy, ubiquitin mediated proteolysis) 

(Supplemental Figure 1C). 

The expression of 629 miRNAs was also modulated upon consumption of the HFD. The fold-

change values of miRNA non-coding genes varied from -2.27 to 2.61 with an average fold-change of -1.38 

for the downregulated genes and 1.32 for the upregulated genes. The next step of our analysis was to 

identify target genes of observed differentially expressed miRNAs. MIENTURNET and miRWalk identified 

1745 target genes of 68 differentially expressed miRNAs. Networks between differentially expressed 

miRNAs and their target genes shows a complex interconnectivity (Supplemental Figure 1D). Next, we 

performed enrichment analysis and obtained pathways in which identified targets of differentially 

expressed miRNAs are involved in. Pathway enrichment analysis showed that several functional pathways 

are modulated by the miRNAs target genes, being the most over-represented pathways those involved in 

axon guidance, neuroactive ligand-receptor interaction, neurodegeneration, chemokine signaling, 

cytokine-cytokine receptor interaction, focal adhesion, PI3K-Akt signaling, apelin signaling, foxO signaling, 

mitogen-activated protein kinases (MAPK) signaling, apoptosis, cellular senescence, endocytosis, and non-

odorant GPCRs (Supplemental Figure 1E). Genes identified to be involved in these pathways include Akt1, 

blc2, Ccr9, Cx3cr1, Gabrb2, Gsk-3β,  Il1r1, Il18r1, L1cam, Mapk11, Nr3c1, Plcβ1, Sod2, and Stat1. 

In addition, consumption of the HFD induced changes in expression of 353 lncRNAs. The fold-

change values of lncRNA non-coding genes varied from -1.74 to 1.63 with an average fold-change of -1.26 

for the downregulated genes and 1.25 for the upregulated genes. Subsequently, using the differentially 

expressed lncRNAs identified in the microarray study, we retrieved 2588 target genes of the IncRNAs from 

LncRRIsearch database. Pathway enrichment analysis of the target genes showed that they can also 

regulate pathways involved in various biological processes. The most over-represented pathways include 

neuroactive ligand-receptor interaction, neurodegeneration, cytokine-cytokine receptor interaction, 

calcium signaling, focal adhesion, PI3K-Akt signaling, regulation of actin cytoskeleton, cAMP signaling, 
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MAPK signaling, endocytosis, and non-odorant GPCRs (Supplemental Figure 1F). Key genes identified in 

these pathways include C5ar1, Calm1, Camk2α, Ccr5, ccr9, Cxcr11, Egfr, Gabra2, Gsk-3β, Igfr1, Mapk10, 

Mc1r, Nos1, and Xcr1. 

There were 43 common genes among the differentially expressed mRNAs, target genes of the 

differentially expressed miRNAs, and target genes of differentially expressed lncRNAs (Figure 2A). The 

common genes identified include Stat1, Crp, Tyw3, Gmeb1, Hist4h4, Ceacam20, Ceacam1, Nav2, Ntrk3, 

Ncan, Ccr9, Neurod2, Cd300a, Atf7, Rab11b, Sema6a, and Tcf7l2. Comparison of pathways identified for 

differentially expressed mRNAs, miRNAs target genes, and lncRNA target genes identified 54 common 

pathways. These pathways are related to neurofunction (Alzheimer’s disease, axon guidance, cholinergic 

synapse, dopaminergic synapse, glutamatergic synapse, pathways of neurodegeneration), inflammation 

(chemokine signaling pathway, cytokine-cytokine receptor interaction, Jak-STAT signaling pathway, TNFα 

signaling pathway, Toll-like signaling pathway), cell-cell adhesion (adherens junction, focal adhesion, PI3K-

Akt signaling pathway, Rap1 signaling pathway, Ras signaling pathway, regulation of actin cytoskeleton), 

cell signaling (insulin signaling pathway, MAPK signaling pathway, mTOR signaling pathway, Wnt signaling 

pathway), metabolism (purine metabolism, sphingolipid metabolism), and other cellular processes 

(apoptosis, endocytosis, non-odorant GPCRs, spliceosome, type II diabetes mellitus) (Figure 2B). 

 

 

 

 

 

 

 

 

A 



 121 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 



 122 

Figure 2. Functional pathway analysis of differentially expressed genes in the hippocampus of HFD-fed 

mice compared to control diet-fed mice. A) Venn diagram showing 43 common genes among the 

differentially expressed mRNAs, target genes of the differentially expressed miRNAs, and target genes of 

differentially expressed lncRNAs identified from comparing HFD-fed mice to control diet-fed mice. B) 

Comparison of pathways obtained from differentially expressed mRNAs (blue), miRNAs target genes 

(yellow), and lncRNA target genes (green) identified 54 common pathways. These pathways indicate that 

the identified genes are involved in various processes related to neurofunction, inflammation, cell-cell 

adhesion, cell signaling, metabolism, and other cellular processes. The most enriched top 30 pathways 

were identified using KEGG (*). Additional KEGG (**), Biocarta (***), and WikiPathway (****) pathways 

were identified using the Genetrial2 online database. 

 

3.2. EC modulates the expression of protein-coding and non-coding genes in the hippocampus of HFD-

fed mice.  

 A comparison of gene expression profiles in the hippocampus of mice fed the control diet, HFD, 

and HFD supplemented with 20 mg EC/kg body weight, showed a distinct separation among the three 

groups, as evaluated by PLS-DA (Figure 3A). Gene expression analysis also showed that EC 

supplementation caused significant changes in hippocampal gene expression in mice fed the HFD (HFE vs. 

HF groups). There were 5085 probes identified as differentially expressed, and of these, 3927 probes were 

identified as upregulated and 1158 as downregulated (Figure 3B). Among them, 2635 genes were 

identified and classified by ShinyGO v0.66, 38% corresponded to protein-coding genes (1001 mRNAs), 9% 

to miRNAs (241 miRNAs), and 6% to lncRNAs (167 lncRNAs) (Figure 3C). 
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Figure 3. Global genomic modifications induced by EC supplementation in the hippocampus of HFD-fed 

mice.  A) 3D Partial least squares discriminant analysis (PLS-DA) plot of the genomic profiles obtained in 

samples from 3 experimental groups, control, HFD, and HFD supplemented with (20 mg EC/kg body 

weight), showing a distinct group separation. B) Volcano plot representing the distribution of differentially 

expressed genes, mapping the up- (red) and down-regulated (green) genes in the hippocampus of EC 

supplemented HFD-fed mice when compared to the genes obtained from the hippocampus of HFD-fed 

mice.  C) Pie chart showing the distribution of different types of RNAs that are identified as differentially 

expressed in EC supplemented mice compared to the non-supplemented mice. 
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3.2.1 EC modulates the expression of protein-coding genes in the hippocampus of HFD-fed mice.  

Gene expression analysis showed that EC supplementation caused significant changes in 

expressions of 1001 hippocampal protein-coding genes. The fold-change values of protein-coding genes 

varied from -1.57 to 18.27 with an average fold-change of -1.23 for the downregulated genes and 1.33 for 

the upregulated genes. Functionality analysis revealed that the differentially expressed mRNAs mainly 

regulate processes involved  in neurofunction (alcoholism, Alzheimer’s disease, amyotrophic lateral 

sclerosis, neuroactive ligand-receptor interaction, neurodegeneration), inflammation (chemokine 

signaling pathway, complement and coagulation cascade, cytokine-cytokine receptor interaction, NOD-

like receptor signaling pathway), cell-cell adhesion (focal adhesion-PI3K-Akt-mTOR signaling pathway), cell 

signaling (foxO signaling pathway), and other cellular processes (non-odorant GPCRs, phagosome) (Figure 

4). Genes involved in the pathways include Calm5, Ccl2, Ccr4, Drd1, Gabrr1, Gngt2, Irs1, Kras, Slc2a4, 

Stat1, and Psma2. 
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Figure 4.  Histogram of pathway subsets identified from differentially expressed protein-coding genes 

in the hippocampus of HFD-fed mice supplemented with EC. Pathways were identified using differentially 

expressed genes in the hippocampus from the EC supplemented mice compared to the hippocampus from 

HFD-fed mice. Functional pathway analysis revealed that the differentially expressed mRNAs mainly 

regulate processes involved  in neurofunction, inflammation, cell-cell adhesion, cell signaling, and other 

cellular processes.  The most enriched top 30 pathways were identified using KEGG (*). Additional KEGG 

(**), Biocarta (***), and WikiPathway (****) pathways were identified using the Genetrial2 online 

database. 
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3.2.2 EC modulates the expression of miRNAs in the hippocampus of HFD-fed mice.  

Modulation of hippocampal miRNA expression was also identified upon EC supplementation. A 

total of 241 miRNA were differentially expressed with a fold-change range of -1.49 to 2.41 and an average 

fold-change of -1.25 for the downregulated genes and 1.38 for the upregulated genes. Next, MIENTURNET 

and miRWalk database analysis identified a total of 1177 target genes of differentially expressed 30 

miRNAs. Networks between differentially expressed miRNAs and their target genes forms a complex 

interconnectivity (Figure 5A). Pathway enrichment analysis of the identified target genes of differentially 

expressed miRNAs shows that the target genes are involved in the regulation of various processes 

including Alzheimer’s disease, axon guidance, neuroactive ligand-receptor interaction, 

neurodegeneration, chemokine signaling, interleukin-3 signaling, natural killer cell mediated cytotoxicity, 

T cell receptor signaling pathway, calcium signaling, focal adhesion, PI3K-Akt signaling, Rap1 signaling, Ras 

signaling, foxO signaling, MAPK signaling, Wnt signaling, cellular senescence, endocytosis, and non-

odorant GPCRs (Figure 5B). Modulated target genes include Blc2, Ccr9, Cd4, Cnr1,Cx3cr1, Gabra2, Gsk-3β, 

Il3, Insr, L1cam, Mapk1, Mapk11, Mylk, Nr3c1, Plcβ1, Rac1, Stat1, and Tacr1. 
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Figure 5. Modulation of hippocampal miRNA expression in the hippocampus of HFD-fed mice upon EC 

supplementation. A) Network presentation of differentially expressed miRNAs (blue circles) and their 

potential target genes (yellow circles). B) Histogram of pathway subsets identified with miRNA target 

genes. The target genes are involved in the regulation of various processes such as Alzheimer’s disease, 

axon guidance, neuroactive ligand-receptor interaction, neurodegeneration, chemokine signaling, 

interleukin-3 signaling, natural killer cell mediated cytotoxicity, T cell receptor signaling pathway, calcium 

signaling, focal adhesion, PI3K-Akt signaling, Rap1 signaling, Ras signaling, foxO signaling, MAPK signaling, 

Wnt signaling, cellular senescence, endocytosis, and non-odorant GPCRs. The most enriched top 30 

pathways were identified using KEGG (*). Additional KEGG (**), Biocarta (***), and WikiPathway (****) 

pathways were identified using the Genetrial2 online database. 

 

3.2.3 EC modulates expression of long non-coding RNAs in mouse hippocampus  

In addition, EC supplementation of HFD-fed mice caused changes in expression of 167 lncRNAs. 

The fold-change values of lncRNA non-coding genes varied from -1.60 to 2.06 with an average fold-change 

of -1.27 for the downregulated genes and 1.26 for the upregulated genes. LncRRIsearch database analysis 

retrieved 1481 lncRNA target genes from the identified differentially expressed lncRNAs. The differentially 

expressed lncRNAs and their target genes together forms a complex network (Figure 6A). Pathway 

enrichment analysis of the target genes reveals that the most over-represented pathways include 

neuroactive ligand-receptor interaction, neurodegeneration, chemokine signaling, cytokine-cytokine 

receptor interaction, calcium signaling, focal adhesion, PI3K-Akt signaling, regulation of actin 

cytoskeleton, cAMP signaling, MAPK signaling, and non-odorant GPCRs (Figure 6B). The target genes 

identified for these pathways include Atp2b2, Bace1, Cacna1c, Ccr4, Ccr5, Creb5, Cx3cr1, Grin2a Gsk-3β, 

Lpl, Igfr1, Mapk10, Mylk4, Nos1, Ryr3, Tacr1, Taok2, Taok3, and Tnr.   
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Figure 6. Modulation of hippocampal lncRNA expression in the hippocampus of HFD-fed mice upon EC 

supplementation. A) Network presentation of differentially expressed lncRNA (purple rectangles) and 

their potential target genes (blue circles). B) Histogram of pathway subsets identified with lncRNA target 

genes. The target genes are involved in processes including neuroactive ligand-receptor interaction, 

neurodegeneration, chemokine signaling, cytokine-cytokine receptor interaction, calcium signaling, focal 

adhesion, PI3K-Akt signaling, regulation of actin cytoskeleton, cAMP signaling, MAPK signaling, and non-

odorant GPCRs. The most enriched top 30 pathways were identified using KEGG (*). Additional KEGG (**), 

Biocarta (***), and WikiPathway (****) pathways were identified using the Genetrial2 online database. 

 

3.2.4 Transcription factors affected by EC and their interactions with EC metabolites     

Following identification of differentially expressed protein-coding genes, we used bioinformatic 

tools to identify potential transcription factors, which could be involved in the regulation of our identified 

genes and therefore could be affected by EC (Figure 7A). Seven significant transcription factors were 

identified, NR5A2, RBPJ, GATA4, RARα, FLI1, HNF4α and SREBF1. Our next step was to assess if major 

circulating EC metabolites could interact with these transcription factors and modify their activities, by 

performing in-silico 3d docking analysis between the proteins and the metabolites. Using such approach, 

we observed that (−)-epicatechin-7-O-β-D-glucuronide (E7G) presents a high potential binding capacity to 

RARα transcription factor (-10.1 kcal/mol) (Figure 7B). We also observed that (−)-epicatechin-3ʹ-sulfate 

(E3ʹS) also presents binding capacity to RARα (-8.8 kcal/mol). Moreover, the docking analyses revealed 

that E3ʹS and (−)-epicatechin-5-O-β-D-glucuronide (E5G) could bind to HNF4α transcription factor, with 

binding capacity of -7.9 kcal/mol and -9.3 kcal/mol, respectively (Figure 7B). Taken together, these 

bioinformatic analyses allowed identification of potential transcription factors involved in the genomic 

modifications induced by EC in the hippocampus by interacting with the major EC metabolites found in 

mice. 
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Figure 7. Transcription factors involved in the observed genomic modifications and their potential 

interactions with EC metabolites. A) List of identified potential transcription factors, which could be 

involved in the regulation of the identified differentially expressed protein-coding genes and therefore 

could be affected upon EC supplementation. B) In-silico docking analysis of interactions between EC 

metabolites and transcription factors showing that major circulating EC metabolites found in mice could 

interact with select identified transcription factors. RARα demonstrated energetically favorable binding 

to (-)-epicatechin-7-O-glucuronide (E7G) and (-)-epicatechin-3ʹ-sulfate (E3’S), and HNF4α to E3’S and (-)-

epicatechin-5-O-β -D-glucuronide (E5G). 
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3.2.5 Integration of multi-genomic modifications by EC in the hippocampus   

 The next step of our analysis was to integrate data obtained from different genomic analysis. 

Comparison between differentially expressed protein-coding genes, targets of differentially expressed 

miRNAs and of differentially expressed lncRNAs identified 5 genes in common (Figure 8A). Also, 28 of 

differentially expressed protein-coding genes were in common with targets of differentially expressed 

miRNAs and 26 were identified in common with targets of differentially expressed lncRNAs. These 

observations suggest that expression levels of the mRNA of these genes can be affected by the capacity 

of EC metabolites to regulate the expression of protein non-coding genes. Because EC could affect the 

activities of transcription factors which will result in changes in expression of genes and non-coding RNAs 

that can interact with mRNAs, we aimed to build a network of interactions between identified 

differentially expressed genes, gene targets, and potential transcription factors (Figure 8B). This analysis 

allowed us to observe global interactivities between the studied types of RNAs and potential transcription 

factors, showing complex, multi-omic mode of action of EC in mice hippocampus in vivo.   

Together with the comparison of identified differentially expressed genes and target genes of 

non-coding RNAs, we also compared the pathways identified as enriched in the 3 omic analyses. We 

observed that 3 pathways were in common between protein-coding genes and targets of lncRNAs and 40 

pathways in common between targets of miRNAs and of lncRNAs (Figure 8C). The identified pathways 

were involved in cellular functions including cell signaling pathways, neuronal cell function, and cellular 

metabolism. Moreover, 18 pathways were identified to be regulated by all three types of RNA which 

included pathways related to neurodegenerative diseases, like Alzheimer’s disease, pathways regulating 

endothelial cell functions like focal adhesion, or pathways related to inflammation and cell signaling 

transduction. This suggests that these common pathways can be affected simultaneously by mRNA and 

targets of miRNAs and lncRNAs. An example presented is a pathway related to neurodegeneration where 
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we identified 15 differentially expressed genes, 24 targets of miRNAs, and 17 as targets of lncRNAs (Figure 

8D).  

To further investigate the observed interactions between different omic effects, we also 

combined pathways identified for each omic analysis and grouped them into functional groups (Figure 

8E). We observed that these pathways are involved in the regulation of neurological functions and 

diseases, inflammation, cell-cell adhesion, cell signaling, and metabolic pathways. This suggests that, by 

regulating the expression of different types of RNAs, EC can affect pathways in the hippocampus 

regulating these cellular functions. For each functional pathway group, we identified differentially 

expressed genes and target genes involved in each pathway with the aim to construct a network. Example 

networks of neurofunction-related and cell-cell adhesion functional groups show that pathways and 

involved genes within each functional group are interconnected (Figure 8E). This demonstrates that 

regulation of different types of RNAs can exert multitudinous effects on cellular functions.  
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Figure 8. Integrative analyses of multi-genomic data and networks of gene obtained from the 

hippocampus of EC supplemented HFD-fed mice. A) Venn diagram comparison of the differentially 

expressed mRNA, target genes of miRNA, and target genes of lncRNA identified from comparing EC 

supplemented HFD-fed mice to the HFD-fed mice. The comparison shows 5 genes were commonly 

modulated by all three types of RNAs upon EC supplementation. B) Integrative network showing 

interactions of differentially expressed protein-coding genes, transcription factors, miRNAs and lncRNAs. 

The network reveals global interactivities between the studied types of RNAs and potential transcription 

factors. Gray rectangles = lncRNAs; Red rectangles = transcription factors; Green rectangles = miRNAs; 

White circles = differentially expressed mRNAs, and miRNA and lncRNA targets. C) Venn diagram 

comparison of common pathways obtained from differentially expressed protein-coding genes, target 

genes of differentially expressed miRNAs and target genes of differentially expressed lncRNAs. This 

suggests that these common pathways can be affected simultaneously by mRNA and targets of miRNAs 

and lncRNAs. D) A representative integrated analysis of differentially expressed genes and target genes of 

differentially expressed miRNAs and lncRNA indicated in a pathway related to neurodegeneration. Blue = 

differentially expressed genes; Yellow = target genes of differentially expressed miRNAs, Green = target 

genes of differentially expressed lncRNAs. E) Integrated histogram of pathway subsets obtained from 

differentially expressed protein-coding genes, targets of differentially expressed miRNAs and lncRNAs. 

These pathways are involved in the regulation of neurological functions and diseases, inflammation, cell-

cell adhesion, cell signaling, and metabolic pathways. Pathway and gene interaction networks implicated 

in neurofunction-related and cell-cell adhesion functional group show that pathways and involved genes 

within each functional group are interconnected. The most enriched top 30 pathways were identified 

using KEGG (*). Additional KEGG (**), Biocarta (***), and WikiPathway (****) pathways were identified 

using the Genetrial2 online database. 
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3.3 Comparison of the effect of HFD (HF vs. C) and EC (HFE vs. HF) 

The expression profile of genes identified in the EC supplemented group was compared to the 

expression profile identified as differentially expressed by the HFD group. The heatmap analysis showed 

that the expressions of genes obtained following the EC supplementation have the opposite expression 

profile when compared to the gene expression profile obtained after consumption of the HFD (Figure 9A). 

This implies that most of the genes identified as upregulated by the HFD were identified as downregulated 

by the EC consumption and vice versa. This finding suggests that EC consumption can reverse HFD-induced 

changes of protein-coding and non-coding gene expression profiles in the hippocampus. There was a total 

of 270 protein-coding genes in common that are differentially expressed by consumption of the HFD and 

EC (Figure 9B). Expression profiles of the common protein-coding genes also demonstrate that EC 

consumption can reverse the effect of the HFD-induced changes in the protein-coding gene expressions 

in the hippocampus. In agreement with the finding, the fold changes of the differentially expressed genes 

induced by the EC consumption show strong inverse correlation with the ones differentially expressed by 

consumption of the HFD (Figure 9C). 
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Figure 9. Comparison of global genomic modifications induced by the HFD and by EC supplementation 

in the hippocampus. The expression profile of genes identified in the EC supplemented group was 

compared to the expression profile identified as differentially expressed by the HFD group. A) Heatmap 

analysis shows that the expressions of genes obtained following the EC supplementation (HFE vs. HF) have 

the opposite expression profile when compared to the gene expression profile obtained after 

B C 
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consumption of the HFD (HF vs. C), suggesting EC consumption can reverse HFD-induced changes of 

protein-coding and non-coding gene expression profiles in the hippocampus. B) Venn diagram shows a 

total of 270 protein-coding genes in common that are differentially expressed by consumption of the HFD 

and EC. Expression profiles of the common protein-coding genes demonstrate that EC consumption can 

reverse the effect of the HFD-induced changes in the protein-coding gene expressions in the 

hippocampus. C) Correlation plot of differentially expressed protein-coding genes identified from HF vs. C 

and HFE vs. HF comparisons confirming the significant inverse relationship (r = -0.89, p < 2.2x10-16).  

 

The pathway enrichment analysis indicated that 36 pathways were identified to be commonly 

modulated by both EC and HFD consumption (Figure 10A). Consistent with the findings observed in the 

heatmap (Figure 9A and B), expressions of select genes obtained upon EC supplementation show the 

opposite expression profile when compared to the ones obtained following consumption of the HFD. For 

example, Drd1 and Gngt2 genes implicated in the pathway related to neuronal consequences of 

alcoholism were downregulated in the hippocampus of mice fed the HFD while their levels were restored 

by EC supplementation (Figure 10B). Similarly, a couple of genes implicated in the Alzheimer’s disease 

pathway showed opposite expression profiles. Psme2b (26S proteasome), Irs1, and Tubb4b were 

upregulated and Calm5 downregulated in the HFD group while they all show opposite expression profiles 

upon EC supplementation (Figure 10C). In the insulin signaling pathway, the HFD downregulated the 

expression of Slc2a4 and upregulated the expression of Irs1 in the hippocampus while EC reversed these 

effects (Figure 10D). 
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Figure 10. Comparison of enriched pathways and protein-coding genes modulated by the HFD and by 

EC supplementation in the hippocampus. A) Venn diagram and lists of the common enriched pathways 

identified in HF vs. C and HFE vs. HF comparison. The pathway enrichment analysis indicated that 36 

pathways were identified to be commonly modulated by both EC and HFD consumption. Drd1 and Gngt2 

genes implicated in the pathway related to neuronal consequences of B) alcoholism were downregulated 

(green) in the hippocampus of HFD-fed mice. In the C) Alzheimer’s disease pathway, Psme2b (26S 

proteasome), Irs1, and Tubb4b were upregulated (red) and Calm5 downregulated in the HFD group. In the 

D) insulin signaling pathway, the HFD downregulated the expression of Slc2a4 and upregulated the 

expression of Irs1. Their levels were all reversed by EC supplementation. 

 

3.4. Association of the genomic data with human diseases 

Next, we aimed to identify associations of the identified genes in the present study with known 

human diseases. The Comparative Toxicogenomics Database, a database that interrelates differentially 

expressed genes with diseases, was used to understand the potential roles of the identified genes in 

prevention or development of human diseases. Using this approach, we found that genes identified as 

differentially expressed by the HFD, compared to control diet, are shown to be involved in neurological 

diseases, such as nervous system malformations, neurodegenerative diseases, and peripheral nervous 

system diseases. Genes that were identified as modulated by EC on the HFD were also associated with 

diseases related to neurodegeneration, such as brain injuries, cerebrovascular disorders, intracranial 

arterial diseases, movement disorders or Parkinson’s disease. Comparison of the diseases identified in the 

2 groups revealed 4 neurological conditions in common which include nervous system diseases, brain 

diseases, central nervous system diseases, and neurologic manifestations (Figure 11A).  

As cognitive analyses performed on these mice identified anxiolytic effect of EC (under revision), 

we next aimed to assess how the global gene expression profile in the hippocampus induced by EC is 
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correlated with anxiety in humans. Correlation analysis of gene expression changes obtained in the 

hippocampus following EC supplementation and genomic signatures identified in patients with anxiety 

disorder indicated a significant inverse relationship (r =-0.15; p < 0.05) (Figure 11B). This suggests that EC-

induced changes in hippocampal gene expressions may explain its neuroprotective actions against 

anxiety-related behavior, an observation that is in accordance with our previous findings for the same 

animal set (under revision). 
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Figure 11. Association of identified differentially expressed genes with human neurological disorders. 

A) Comparison of neurological disorders in humans associated with differentially expressed genes 

following HFD and following EC diet. Comparison of the diseases identified in the diet groups revealed 4 

neurological conditions in common which include nervous system diseases, brain diseases, central 

nervous system diseases, and neurologic manifestations. B) Correlation analysis between gene expression 

changes obtained in the hippocampus following EC supplementation and genomic signatures identified in 

patients with anxiety disorder. The correlation plot indicates a significant inverse relationship (r =-0.15; p 

< 0.05), suggesting that EC-induced changes in hippocampal gene expressions may in part explain its 

neuroprotective actions against anxiety-related behavior. 

Figure 12. Summary of functional analysis of multi-genomic data. EC can modulate the expression of 

protein-coding and non-coding genes that are involved in various processes such as pathways regulating 

BBB permeability, neuroinflammation, neurodegeneration, and neuronal function which may in part 

explain the neuroprotective capacity of EC.  

Blood brain barrier permeability

Neurodegenerative diseases

Neuronal function

Neuroinflammation Black: only RNA
Red: all 3
Blue: miRNA/lncRNA
Grey: mRNA/miRNA
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4. Discussion 

HFD and associated obesity can contribute to cognitive and mood dysfunction [36].  We previously 

reported that chronic consumption of a HFD induced anxiety-related behavior in mice which was 

mitigated by EC supplementation (under revision). To better understand the underlying the anti-anxiety 

mechanisms of EC, the present study conducted multi-genomic analysis that included analyses of mRNAs, 

miRNA, and lncRNA in the hippocampus of HFD-fed obese mice. Both HFD consumption and EC 

supplementation induced significant changes in the expression of protein-coding and non-coding genes. 

For the first time, the capacity of EC to regulate the expression of hippocampal protein-coding and non-

coding transcripts in a preclinical model of obesity was investigated. We observed a significant inverse 

relationship between hippocampal gene expression profiles of HFD-fed and EC-supplemented mice. This 

suggests that EC can counteract changes driven by consumption of the HFD and/or associated obesity in 

the hippocampus.  

Several studies reported that EC can exert beneficial effects by triggering complex multi-omic 

modifications. Consumption of a cocoa flavanols drink (containing 64 mg EC) for one month improved 

vascular function in healthy middle-aged volunteers compared to control subjects [37]. This improvement 

was accompanied by significant changes in whole blood cell expression profiles of genes involved in the 

regulation of inflammation, cell adhesion, and chemotaxis of immune cells [38]. Similarly, in a 4-week 

randomized, double-blind, placebo-controlled crossover trial, EC supplementation (100 mg/day) 

downregulated groups of genes involved in inflammation, PPAR signaling, and adipogenesis in PBMCs 

from prehypertensive subjects aged between 30 and 80 [39]. This change in gene expression profiles was 

accompanied by EC-mediated decrease in plasma insulin and improvement in insulin resistance.  

Our pathway enrichment analysis revealed that differentially expressed mRNAs and targets of 

differently expressed miRNAs and lncRNAs upon EC supplementation are involved in different biological 

processes regulating neurofunction, inflammation, and cell-cell adhesion, metabolism, and cell signaling 
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pathways. Interestingly, these transcripts were particularly enriched in the pathways regulating BBB 

permeability, neurofunction, inflammation, and neurodegeneration in the hippocampus. Recently, it has 

been shown that a western-type diet given to mice induces not only increased BBB permeability but also 

decreased cognitive function [40], phenotypic changes found to be associated with significant changes in 

the expression of protein-coding as well as non-coding RNAs in hippocampal microvasculature of male 

[41] and female mice [42]. On the other hand, studies have suggested the capacity of EC to mitigate BBB 

dysfunction and protect from neurodegeneration via multi-omic regulation. For instance, gut microbiome-

derived EC metabolites, 5-(4’-hydroxyphenyl)-γ-valerolactone-3’-sulfate and 5-(4’-hydroxyphenyl)-γ-

valerolactone-3’-O-glucuronide, exerted neuroprotective action in TNF-α-stimulated human brain 

microvascular endothelial cell by modulating the expressions of mRNAs, miRNAs, lncRNAs, and proteins 

involved in the regulation of cell adhesion, cytoskeleton organization, focal adhesion, and interaction with 

immune cells [17]. Similarly, in brain microvascular endothelial cells stimulated by lipid stress, a model of 

BBB dysfunction, structurally related EC metabolites (SREM) and gut microbiome-derived EC metabolites 

simultaneously modulated the expression of mRNA, miRNA, and lncRNAs involved in VEGF signaling, cell 

adhesion, and permeability [16]. An inverse correlation was identified between gene expression profiles 

of the lipid-stressed cells and cells exposed to EC metabolites mixtures, suggesting the capacity of EC to 

counteract the adverse effects of lipotoxic stress on gene expressions [16].  

We also identified 36 common enriched pathways comparing HF vs. C and HFE vs. HF, and several 

genes involved in pathways modulated by HFD consumption that were inversely modulated by EC 

supplementation. This supports the capacity of EC supplementation to reverse the effect of HFD on gene 

expressions. In the pathway related to neuronal consequences of alcoholism, Drd1 and Gngt2 are 

downregulated following the consumption of the HFD while both were upregulated by EC 

supplementation. Drd1 encodes the D1 subtype of the dopamine receptor. Interestingly, studies report 

robust antidepressant-like effects upon D1R activation [43]. For instance, levo-stepholidine (l-SPD), an 
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antipsychotic medication, has antidepressant effects on rats with depressive- and anxiety-like behaviors. 

The antidepressant effect was attributed to activation of D1R that leads to activation of downstream 

PKA/mTOR signaling pathway, which in turn increases synaptic proteins and enhances synaptic plasticity.  

Similarly, EC-induced restoration of Drd1 may in part explain the observed anxiolytic effects of EC in HFD-

fed mice. Although a direct relevance of Gngt2, a member of Gi/o family, in anxiety has not been 

established, it has been reported that Gi/o levels decrease with aging, particularly in age-vulnerable brain 

regions like the hippocampus [44]. Similarly, several genes implicated in the Alzheimer’s disease pathway 

showed opposite expression profiles. Psme2b (26S proteasome), Irs1, and Tubb4b were upregulated and 

Calm5 downregulated in the hippocampus of HFD group while they all showed opposite expression 

profiles upon EC supplementation. It has been shown that the proteosome [45] and IRS1 [46] play 

important role in the development of Alzheimer’s disease. In the insulin signaling pathway, consumption 

of the HFD downregulated hippocampal gene expression of Slc2a4, which encodes GLUT4, an insulin-

regulated glucose transporter that plays an important role in glucose uptake and utilization in the brain 

[47]. Reduced hippocampal GLUT4 expression has been proposed to be responsible for inducing anxiety-

like behavior in diabetic rats [48]. The capacity of EC to reverse HFD-induced downregulation of Slc2a4 

also may in part explain its capacity to protect HFD-fed mice from anxiety. Interestingly, the HFD 

upregulated the expression of Irs1 in the hippocampus while EC downregulated its expression. It is 

possible that the observed downregulation is due to the mitigation of HFD-induced increase in plasma 

insulin levels upon EC supplementation observed in this set of animals (under revision). Consistent with 

our result, EC-mediated improvements of plasma insulin were observed in HFD-fed mice [49, 50]. 

Similarly, downregulation of select genes involved in the insulin signaling cascade was found in immune 

cells of prehypertensive adults upon EC supplementation [39].  

In addition to the modulation of protein-coding genes, we observed that EC modulated the 

expression of non-coding RNAs, including miRNAs and lncRNAs. Studies have shown that several miRNA 
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are modulated in patients with neurodegenerative diseases suggesting that non-coding RNA also play a 

role in the pathogenesis of neurodegeneration [18]. Indeed, miRNAs such as miR-15b, miR-127-3p, miR-

let-7f-5p, miR-124, miR-219, miR-342-3p, and miR-455-3p are involved in the development of Alzheimer’s 

diseases [18]. Similarly, several miRNAs, including miR-34a, miR-16, miR-34c, miR-182, and miR-124, are 

associated with the pathogenesis as well as treatment of depression and anxiety [51-55]. For instance, 

targeted deletion of the miR-34-family resulted in increased resilience to stress-induced anxiety in mice 

[52]. Similarly, chronic corticosterone administration induced depressive behavior and increased miR-34a 

levels in the hippocampus while miR-34a downregulation exerted antidepressant-like effects [53]. Among 

the miRNAs identified as differentially expressed by EC, miR-467 has been reported to promote 

inflammation and insulin resistance in mice [56]. EC supplementation downregulated miR-467 expression 

in the hippocampus of HFD-fed mice which may partly explain the beneficial effect of EC. Moreover, miR-

669, which plays a protective role in ischemic stroke in mice [57], was increased by EC. EC also modulated 

lncRNAs expressions. Although the role of many lncRNAs in regulating biological functions are unknown, 

studies have suggested that lncRNAs are involved in the pathogenesis of Parkinson’s disease [58], 

Alzheimer’s [59], and depression [60]. Interestingly, a study reported that expression of the lncRNA 

Gm15628, which we identified as modulated by EC, was altered in the brain of mice following a stroke 

[61]. Taken together, our findings suggest that mRNAs, miRNAs and for the first time lncRNAs, may 

contribute to the neuroprotective properties of EC in the hippocampus.  

In-silico docking analysis suggests that certain EC metabolites could bind to some of the identified 

transcription factors, potentially affecting their activity and the expressions of related genes. Among the 

identified transcription factors, RARα demonstrated energetically favorable binding to (-)-epicatechin-7-

O-glucuronide (E7G) and (-)-epicatechin-3ʹ-sulfate (E3’S), and HNF4α to E3’S and (-)-epicatechin-5-O-β-D-

glucuronide (E5G). RARα modulates several pathways crucial for synaptic plasticity [62], which when 

disrupted increase susceptibility to depression [63]. It has been proposed that RARα has anti-
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inflammatory effects and can promote clearance of amyloid beta (Aβ) [64]. HNF4α also plays a critical role 

in emotional behaviors. A TNFα inhibitor, infliximab, was effective in ameliorating depressive symptoms 

in patients, especially in those with a high inflammatory condition [65]. Genomic studies proposed that 

HNF4α anti-depressive effects are linked to the regulation of gluconeogenesis, lipid homeostasis, and 

serotonin metabolism [66, 67]. 

In conclusion, our multi-genomic data including transcriptomic, microRNomic, and lncRNomic of 

the hippocampus of EC supplemented HFD-fed mice revealed that EC can exert neuroprotective effects 

by regulating pathways that modulate BBB permeability, neurofunction, inflammation, and 

neurodegeneration in the hippocampus (Figure 12). HFD and associated obesity can be detrimental to the 

brain, eliciting BBB dysfunction and neuroinflammation, and consequently cognitive impairment and 

mood disorders. Our results indicate that EC can counteract HFD-induced alterations of hippocampal gene 

expression profiles. Additionally, we observed that gene expression profiles upon EC supplementation are 

negatively correlated with gene expression profiles associated with symptoms of anxiety disorder in 

humans. This suggests that EC could elicit neuroprotective action and reduce the risk of HFD-induced or 

obesity-associated mood disorders. The present study does not establish a direct causal link between the 

observed changes in gene expression levels of protein-coding and non-coding genes and alteration in 

cognitions and mood. However, the bioinformatic analyses provide valuable insights and biological 

networks possibly affected by consumption of EC. Although the causal relationship was not investigated, 

protein-coding genes, miRNA, lncRNA, and transcription factors that have been described in 

neurofunction were identified. Further studies elucidating the direct role of the identified transcripts and 

proteins in mood and cognition upon EC consumption are warranted.  
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Supplementary materials  

Supplementary Figure S1. Genomic modifications induced by consumption of the HFD in the 

hippocampus. (A) Volcano plot representing the distribution of differentially expressed genes, mapping 

the up- (red) and down- (green) regulated genes in the hippocampus of HFD-fed mice when compared to 

those obtained from the hippocampus of control diet-fed mice. (B) Pie chart showing the distribution of 

different types of RNAs that are identified as differentially expressed. (C) Histogram of a subset of 

pathways obtained from the differentially expressed protein-coding genes in the hippocampus of HFD-

fed mice compared to the control mice. (D) Network of differentially expressed miRNAs (blue circles) and 

their target genes (yellow circles). Histogram of subset of significant gene pathways of (E) miRNA target 

genes and (F) lncRNA target genes identified in the hippocampus of HFD-fed mice compared to the ones 

identified in the control diet-fed mice. The most enriched top 30 pathways were identified using KEGG 

(*). Additional KEGG (**), Biocarta (***), and WikiPathway (****) pathways were identified using the 

Genetrial2 online database. 
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This dissertation project investigated the neuroprotective potential of EC, particularly its capacity 

to mitigate HFD-/obesity-associated alterations in cognition and mood using preclinical models of obesity. 

The specific objectives of this thesis were to 1-assess the effects of EC on memory and learning and its 

capacity to mitigate neuroinflammation in the hippocampus of HFD-fed obese mice, 2- assess long-term 

effects (24 weeks) of EC on HFD-induced alterations in memory and mood and gut-microbiota in obese 

mice, and 3- investigate the underlying mechanisms of EC in the hippocampus using a multi-genomic and 

bioinformatic approach. 

The flavan-3-ol EC was previously shown to have anti-inflammatory actions in various 

tissues/organs [1-5]. As obesity is characterized by a condition of low-grade chronic inflammation that can 

potentially lead to neuroinflammation and alterations in cognition [6-8], we first investigated the capacity 

of dietary EC (20 mg/kg body weight) to mitigate hippocampal inflammation and impaired learning and 

memory in HFD-fed (60% kcal from fat) mice. After 13 weeks on the dietary intervention, HFD-fed mice 

developed obesity, which was not affected by EC supplementation. On the other hand, EC 

supplementation significantly improved short-term recognition memory in HFD-fed mice while neither 

HFD consumption nor EC supplementation affected mouse spatial memory and learning. The HFD 

consumption caused metabolic endotoxemia and increases in parameters of inflammation in the 

hippocampus, which were all mitigated by EC supplementation. There was a strong positive correlation 

between plasma endotoxin concentration and hippocampal TLR4 mRNA levels, suggesting that the 

hippocampal inflammation induced by the HFD consumption can be, in part, explained by increased 

activation of LPS-mediated TLR4 signaling pathway while this was attenuated by EC supplementation. 

Moreover, BDNF mRNA levels were significantly increased in the EC supplemented groups compared to 

the groups without the supplementation, suggesting the capacity of EC to exert neuroprotective actions 

in part by upregulating this neurotrophic factor.  This finding is in agreement with other previous report 

on EC regulating BDNF [9].  
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Although HFD consumption for 13 weeks impaired short-term object recognition memory, the 

HFD-fed mice did not show other major behavioral changes. To further understand the potential capacity 

of EC to mitigate obesity-induced changes in cognition, we conducted a longer dietary intervention study 

(24 weeks) with a HFD (45% kcal from fat) that is more comparable to the amount of fat consumed by 

humans. EC was supplemented at two levels, one that can be extrapolated to average human dietary 

consumption (2 mg/kg body weight) [10], and a higher amount (20 mg/kg body weight) that could be 

reached in humans by supplementation [11]. Consistent with the first study, the HFD consumption 

induced obesity while EC had no influence upon body weight and body composition. The HFD had adverse 

effects on metabolic parameters, and both doses of EC improved glucose homeostasis. Surprisingly, 

supplementation with EC had no beneficial impact upon learning and memory and did not mitigate HFD-

induced spatial memory impairment. In fact, control mice supplemented with the higher amount of EC 

displayed even poorer object recognition memory compared to the non-supplemented controls 

suggesting that higher doses of EC might not always be better for brain function. Interestingly, this decline 

was absent in HFD animals indicating that high doses of EC are better tolerated by mice in combination 

with a high fat meal. Despite this, EC ameliorated the HFD-induced increase in anxiety in a dose-

dependent manner with the high EC dose restoring open field center exploration time back to the levels 

observed in control diet-fed mice. This implies that the mechanisms leading to learning and memory 

impairment are uncoupled from those associated with anxiety.  

The neuroprotective effect of EC decreasing HFD-induced anxiety-related behavior may be, in 

part, explained by its capacity to mitigate alterations in glucocorticoid signaling in the hippocampus.  In 

fact, the HFD consumption significantly decreased mRNA levels of both GR and MR, while EC mitigated 

these alterations. Consistent with our findings, high hippocampal MR expressions have been linked to a 

low-anxiety phenotype [12] while inhibition of the MR was linked to anxiety-like behavior as well as 

decreased adult hippocampal cell proliferation [13]. Although current evidence on the role of the 
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hippocampal GR on anxiety-related behavior is conflicting, upregulation of GR expression was correlated 

with decreased anxiety-related behavior [14]. EC also mitigated increased hippocampal mRNA level of 

11β-HSD1. As inhibition of 11β-HSD1 has been proposed to provide neuroprotective effects in humans 

[15], its role in mood regulation in obesity would be an interesting area to further investigate. Moreover, 

hippocampal BNDF mRNA levels were positively correlated with center exploration time in the open field, 

consistent with the previous findings that the neuroprotective capacity of EC is partly mediated via BDNF 

upregulation [9, 16]. Additionally, we investigated whether the anxiolytic effects of EC could be explained 

by shifts in the microbiota. Similar to a previous 15-week dietary EC and HFD study [3], EC (20 mg/kg body 

weight) did not significantly affect the overall microbial community in HFD-fed mice. However, the long-

term EC supplementation modulated select microbial species that have putative roles in mood regulation 

(i.e., Enterobacter and Lactobacillus) altered by the HFD consumption.  This may be in part involved in EC-

mediated improvement of the anxiety-related behavior.  

The mechanisms affecting the CNS are mostly likely to be multifactorial and a full understanding 

of EC actions in the hippocampus remains to be elucidated. Thus, we conducted an untargeted genomic 

study to gain more detailed insights into the molecular mechanisms underlying the neuroprotective 

effects of EC against HFD- and obesity-induced anxiety in mice. Hippocampal gene expression following 

EC supplementation (20 mg/kg body weight) showed the opposite profile when compared to the gene 

expression profile obtained after consumption of the HFD. This suggests that EC could counteract HFD-

induced alterations of hippocampal gene expression profiles. Additionally, we observed that gene 

expression profiles upon EC supplementation are negatively correlated with gene expression profiles 

associated with symptoms of anxiety disorder in humans. The multi-genomic data, including 

transcriptomic, microRNomic, and lncRNomic of the hippocampus of EC supplemented HFD-fed mice, 

revealed that EC could exert neuroprotective effects by regulating pathways that modulate BBB 

permeability, neurofunction, inflammation, and neurodegeneration. 
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Overall, this thesis contributes to the explanation of mechanisms related to the neuroprotective 

potential of EC in the context of HFD and associated obesity. Our results suggest that EC could mitigate 

HFD-induced alterations in memory and anxiety, in part, by ameliorating neuroinflammation, modulating 

BDNF- and glucocorticoids-regulated signaling, mitigating dysbiosis, and counteracting the effects of HFD 

on the hippocampus at a multi-genomic level. It is important to consider that the reported findings are 

entirely based on gene expression analyses and do not establish a direct causal link between the observed 

changes and alteration in cognition and mood. Therefore, further studies analyzing protein levels of the 

identified genes and functional validation of the proteins are warranted to support the underlying 

mechanisms of EC in the brain. Moreover, the fact that the composition of circulating EC metabolites 

found in humans differs from the composition found in mice [17] should be considered when 

interpretating the results obtained from the animal models. In addition, in humans, obesity results from 

complex interaction of individual factors (i.e., genetic background, medications, infection, gut-brain-

hormone axis, sleep) and the environment (i.e., culture, social media, policies, food marketing, economic 

systems) [18]. Therefore, clinical studies will be essential to support the concept that consumption of EC 

could contribute to improvement in cognition and mood in obesity. Further research to understand safe 

EC doses is also warranted as the safety of long-term supplementation with high EC doses and its effects 

on the brain is not clear. 
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