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Résumé  

L'obésité est un facteur de risque majeur pour le développement de maladies psychiatriques, 

telles que le trouble dépressif majeur et la schizophrénie. Une consommation excessive de 

graisses saturées est bien connue pour provoquer non seulement des troubles métaboliques, 

mais également des comportements anormaux chez les modèles animaux et les humains. Les 

acides gras saturés augmentent l'inflammation dans divers tissus. Plusieurs études ont 

démontré que l'activation de la microglie en tant qu'acteur central de la neuroinflammation 

joue un rôle crucial dans l'anxiété liée à l'inflammation et les comportements dépressifs dans 

les cas d'obésité. En outre, il existe de plus en plus de preuves démontrant l'effet bénéfique de 

la supplémentation en acides gras polyinsaturés n-3 (AGPI n-3) sur les comportements cognitifs, 

anxieux et dépressifs. Nous avons précédemment montré que la supplémentation en AGPI n-3 

via l'administration d'huile de poisson (FO) a des effets anxiolytiques sur les souris rendues 

obèses par une diète riche en gras saturés (SHFD). De plus, l'activation du récepteur couplé aux 

protéines G 120 (GPR120), un récepteur des AGPI n-3, dans le cerveau, attenue l'anxiété et les 

comportements dépressifs induits par la SHFD. Cependant, les mécanismes par lesquels 

GPR120 régule les changements induits par la SHFD dans les comportements liés à l'humeur ne 

sont toujours pas compris. Dans la présente étude, nous avons étudié le rôle du GPR120 dans 

les troubles anxieux et dépressifs reliés à la neuroinflammation. Parmi plusieurs types de 

cellules neurales, la microglie exprime fortement GPR120. Un agoniste de GPR120 (Compound 

A; CpdA) réduit la production et la libération de cytokines inflammatoires (IL-1B, IL-6, MCP1 et 

TNF-α) induites par les lipopolysaccharides (LPS) dans la microglie en culture. D'autre part, 

l'administration centrale de CpdA par injection intracérébroventriculaire (ICV) améliore le 

comportement anxieux et de malaise suite à l’injection de LPS systémique in vivo. De plus, 

l'acide eicosapentaénoique (EPA) et l'acide docosahexaénoique (DHA) sont des AGPI n-3 et des 

agonistes naturels du GPR120. L'EPA et le DHA suppriment l'inflammation dans un modèle de 

culture de microglies primaires, telle qu'évaluée par l'expression et la sécrétion de cytokines. 

Ces résultats suggèrent que l'activation du GPR120 contribue à l'amélioration de l'anxiété et 

des comportements de type dépressif liés à l'inflammation grâce à la régulation de la microglie. 
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Abstract 

Obesity is a major risk factor for the development of psychiatric diseases, such as major 

depressive disorder and anxiety. Excess intake of saturated fat is well known to cause not only 

metabolic diseases, but also abnormal behavior in humans and animal models. Saturated fatty 

acids enhance peripheral and central inflammation. Several studies have demonstrated that 

microglia activation as a central player in neuroinflammation plays a crucial role in 

inflammation-related anxiety and depressive-like behaviors in the case of obesity. Also, there is 

increasing evidence to demonstrate the beneficial effect of n-3 PUFAs supplementation on 

cognitive, anxiety and depressive-like behaviors. Previously, we reported that the n-3 PUFAs 

supplementation by the administration of fish oil (FO) has demonstrated anxiolytic effects on 

saturated high fat diet (SHFD)-induced obese mice and that, the activation of G-protein coupled 

receptor 120 (GPR120), a lipid sensor for n-3 poly-unsaturated fatty acids (n-3 PUFAs), in the 

brain rescued SHFD-induced anxiety and depressive-like behaviors. However, it is still unclear 

how GPR120 regulates SHFD-induced changes in mood-related behaviors. In the present study, 

we focused on the role of GPR120 on neuroinflammation in inflammation-related anxiety and 

depressive-like behaviors. Amongst the several types of brain cells, microglia demonstrated a 

high expression of GPR120. Compound A (CpdA), a selective agonist of GPR120, reduced 

lipopolysaccharide (LPS)-induced inflammatory cytokine (IL-1B, IL-6, MCP1, and TNF-a) 

expression and release in cultured microglia. Additionally, central administration of cpdA via 

intracerebroventricular (ICV) injection ameliorated neuroinflammation and systemic LPS 

injection-induced anxiety-like and sickness behavior in vivo. Furthermore, n-3 PUFAs 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) as natural agonists of GPR120 

suppressed inflammation in primary cultured microglia as assessed by cytokine expression. 

These results suggest that GPR120 activation contributes to the amelioration of inflammation-

related anxiety and depressive-like behaviors through the regulation of microglia. 

 

Keywords: Omega-3 fatty acids, obesity, neuroinflammation, GPR120, anxiodepressive 

behaviors 
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Chapter 1: INTROUDUCTION 

     1. Obesity and mood disorders: from pathophysiology to biological mechanisms 

           1.1. Epidemiology and Pathophysiology of obesity 

Obesity is a Latin word that is derived from Obēsus in meaning of fat, plump or stout. Over 

recent decades, multiple health challenges linked to overweight and obesity present one of the 

main global health threats. Overweight and obesity are characterized as abnormal or excessive 

fat accumulation that can have adverse consequences on an individual’s health (WHO, 2018). 

Obesity is known as a relapsing, progressive disease involving chronic low-grade inflammation 

[1] which is a predisposing factor for numerous pathological conditions and chronic diseases 

such as type 2 diabetes mellitus (T2D) [2], cardiovascular disease (CVD), musculoskeletal 

disorders, several types of cancers (e.g. breast, endometrium, liver, pancreas, prostate and 

kidney) [2, 3], and mental disorders such as dementia [4], depression, and anxiety [5-10]. 

 According to the World Health Organization’s latest data (WHO, 2018), the prevalence of 

obesity has nearly tripled since 1975 worldwide. In 2016, approximately half of the adults (18 

years and older) were obese or overweight, with over 650 million adults and 340 million 

children and adolescents having obesity [11]. Based on the predictions of the Kelly et al. study, 

if current trends continue, around 57.8% of the world population will be overweight or obese 

by 2030 [12]. Like many countries, Canada is no exception in this situation. According to a 

publication by the Public Health Agency of Canada, the prevalence of obesity in Canada has 

significantly increased over the past three decades. In 2018, around 63.1 percent of Canadian 

adults (18 and older) had excess weight (26.8% obese and 36.3% overweight). Several studies 

predict continued increases in obesity rates by country. For example, by two estimated reports, 

if the current trends continue among adults, the prevalence of obesity will rise to more than 

one-third of Canadian adults, by the year 2031 [13] and 42% of the adult population in United 

States by 2030 [14]. Taken together, these data point demonstrated an alarming trend of rising 

global obesity rates.  
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In humans, the simple and surrogate marker for diagnosis and classification of overweight and 

obesity is Body Mass Index (BMI). BMI is defined as a person's weight in kilograms divided by 

the square of height in meters (kg/m2). The categories of the range of BMI include normal BMI 

(defined as the range 18.5 to 24.9 kg/m2), overweight BMI (BMI ≥ 25 kg/m2), obese 

(BMI ≥ 30 kg/m2), and severe obesity (BMI ≥ 40 kg/m2), for both sexes in adults 18 years of age 

and older. The average BMI ranges in adults from 1975 to 2016 were 22.1 to 24.8 kg/m2 in 

women and 21.7 to 24.5 kg/m2 in men [15]. Although BMI guidelines are a useful tool for 

screening obesity, they have some limitations. For example, distinguishing lean muscle from fat 

mass or differences in fat distributions (visceral or subcutaneous) is not possible using BMI. 

Furthermore, individual body composition, which is a main factor to determining the risk of 

cardio-metabolic disease, varies with age, sex, and ethnicity, but BMI calculation is independent 

from these three factors [16]. Despite the low accuracy and sensitivity of BMI, it still remains a 

beneficial measurement for population health trends tracking obesity health risk and 

prevalence in epidemiological studies [6]. 

The etiology of obesity is highly complex. It can be related to the interaction between three 

groups of factors, including biological, environmental, and behavioral (Figure 1) [17].  

 

Figure 1. Multiple factors responsible for obesity. Copied from Hoda C. Kadouh et al., 2017 [17] 
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 In the past few decades, the global genetic basis has not fundamentally changed, but eating 

behavior and sedentary lifestyle have become more popular than ever before in worldwide. 

Dietary habits rapidly changing over the past few decades may be a key factor leading to 

growing rates of obesity predisposition and changes to whole-body physiology [18]. In 

particular, “Western diet” is a nutritional pattern including increased consumption of high-

calorie content, such as high-fat and cholesterol especially high levels of long-chain saturated 

fatty acids (LC-SFAs), which include myristate, palmitate, and stearate. Numerous costly 

diseases and disorders that can reduce quality of life and increase mortality are associated with 

obesity. According to the continued increases of obesity rates in many countries and its 

associated disorders, the development of new treatments for obesity seem imperative. 

 

      1.2. Relationship between obesity, metabolic and mood disorders  

Over recent decades, mental health disorder prevalence is greater than 20% within the 

population and is considered a rising threat in global health [19, 20]. Among mental disorders, 

depression and anxiety are most common [21]. According to a WHO report in 2016, depression 

is highly prevalent in all age groups of people in the world [22]. More than 300 million 

individuals across the world have been diagnosed with depression, equivalent to 4.4% of the 

world’s population [23]. Of note, women are twice as likely as men to experience depression 

[24].  According to the Global Burden of Disease Study (GBD), which includes the evaluation of 

195 countries between 1990 -2017, depressive disorder prevalence has increased in many age 

groups and communities, and was one of the top three leading causes of disability in 2017 [25]. 

In Canada, depression is a fairly frequent disease with a 11.2% lifetime prevalence rate [26]. 

According to the Mental Health Commission of Canada report in 2013, the total number of at-

risk individuals for developing depression was around 3.2 million Canadians in the age category 

of 12 to 19 years.  

Depressive disorders are characterized by a set of psychological conditions such as tiredness 

and loss of interest or pleasure, feelings of guilt, worthlessness, cognitive or somatic 

disturbance, including changes in sleep or appetite that can affect a person’s mood. The three 
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most common types of depression include: (1) major depressive disorder (MDD), which can be 

categorized as mild, moderate, and severe; (2) dysthymia (chronic form of mild depression); 

and (3) bipolar disorder [27].  

Anxiety disorders are another common class of mood disorders which is marked by excessive 

fear or persistent worrying, often in response to specific objects or without acceptable reason 

[28]. There are several types of anxiety disorders such as generalized anxiety disorder, panic 

disorder, and social anxiety disorder, among others [29]. Anxiety disorders are considered the 

sixth leading cause of disability worldwide in terms of years lived with disability worldwide [30, 

31]. The diagnosis of anxiety disorders are 1.5 to 2 times greater in women than men [32]. 

Furthermore, depression is the most common disorder comorbid with anxiety disorders among 

both sexes [33, 34]. 

 The available data suggest a strong link between obesity and mood disorders, especially 

depression and anxiety in a bidirectional manner [5, 35-40], even from the early stages of life 

[41]. For example, in a systematic review of population‐based samples by Fait et al, 80% of the 

studies reported a significant association of obesity‐to‐depression pathways and 53% for 

depression‐to‐obesity [42]. This suggests that weight gain and obesity may promote anxiety 

and depression, and that anxiety and depression may also frequently precede the development 

of obesity and eating disorders. 

On the other hand, Metabolic syndrome (MetS) is defined as a combination of abdominal 

obesity and metabolic abnormalities, including raised fasting plasma glucose, elevated blood 

pressure, and altered lipid metabolism that presents a major risk factor for metabolic and 

CVD [43]. Both obesity and T2D as important criteria of syndrome metabolic are growing public 

health problems [12, 44]. According to a statistics Canada report from 2018, the prevalence of 

T2D was higher among obese Canadians (13.4%) compared to normal weight (2.9%). Many line 

of evidence illustrate obesity (increases in BMI and/or waist circumstances) are considered a 

key player in metabolic dysregulation and coronary disease [12, 44-47]. Furthermore, MetS was 

shown to be associated with an increased prevalence of depression [48], and a growing body of 

evidence supports the link between obesity and metabolic syndrome risk 
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factors with depression [49-51]. In this regard, it was demonstrated in two large nationally 

representative samples of United States adults that both obesity and MetS (independent of 

each other) showed significant associations with depressive symptoms, with both conditions 

present together having a synergistic association with depression [43, 52]. All of these results 

support the strong linkage between obesity and metabolic syndrome with depression. 

 

    1.3. Biological mechanisms influencing obesity, metabolic disorder and depression 

Depression and obesity are multifactorial and complex, resulting from the interaction between 

biological, environmental, and behavioral factors [53]. These include genetics, chronic stress, 

unhealthy diet, and sedentary lifestyle which contribute to immune-metabolic dysregulations 

and increases in peripheral and central inflammation [53].  

Genetic factors may contribute to the development of both depression and obesity [54, 55]. 

Transcriptomic data analysis showed that genes near BMI-associated loci are highly expressed 

in the hypothalamus and pituitary gland, which are key sites of central appetite regulation and 

energy homeostasis, as well as the hippocampus and limbic system, which are brain regions 

involved in memory, learning and mood regulation [56].  

Dietary habits and the composition of dietary patterns are the most critical modifiable risk 

factor for obesity and mental health problems, a notion supported by a large body of evidence 

from several epidemiological studies [57, 58]. Unhealthy dietary patterns have been associated 

with more metabolic and psychiatric symptoms [59, 60]. A study on 1634 adults from 9-year 

follow-up assessment by Gibson-Smith et al., showed that subjects with depressive and anxiety 

disorders had the lowest diet quality score (poor diet) compared to healthy controls, suggesting 

a link between poorer diet quality and greater severity of mood disorder symptoms [61]. This 

evidence has supported the linkage between dietary habit and mood regulation. 

In general, depression and obesity are associated with metabolic alterations, including 

increased activation of the hypothalamo-pituitary-adrenal (HPA) axis, hyperinsulinemia, 

hyperleptinemia, and systemic low-grade inflammation, which may be driven by alterations in 
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gut and adipose tissues (Figure 2) [53, 62]. More detailed discussions of each relative biological 

mechanism pathway and the role they play in obesity and depression are below. 

 

Figure 2. Biological mechanisms linking depression and obesity copied from Milano et al., 2020 

[53] 

      1.3.1. Systemic/chronic low-grade inflammation 

Low-grade chronic inflammation is characterized by elevated circulating levels of inflammatory 

cytokines, an increase in macrophage infiltration in peripheral tissues, as well as increased 

circulating levels of C-reactive protein (CRP) (3 mg/L - 10 mg/L) [63-65]. Low-grade systemic 

inflammation is a common and important feature that may be present in a wide range of 

chronic conditions including obesity, metabolic syndrome, diabetes mellitus, cardiovascular  

disease [64, 65] and depression/anxiety disorders [34, 66, 67].  

The growing evidence of the associations between obesity, inflammation and depression is 

robust [68]. A recent UK Biobank large-scale study showed that the consumption of 

carbohydrate, fat, and saturated fat was significantly higher in people with MDD than in the 
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healthy control group, and additionally, that levels of dietary inflammation were significantly 

increased in people with MDD [66]. Furthermore, in many studies, both anxiety and depression 

present immune dysregulation, raised serum inflammatory marker levels and increased chronic 

inflammation [69-72].  

Long-term HFD feeding is known to produce systemic, chronic inflammation in animals and 

humans [73, 74]. Obesity in individuals [75] and animal models of obesity [76, 77] are closely 

associated with increased inflammatory cytokines including interleukin (IL)-1β, tumor necrosis 

factor (TNF)-α, and interleukin (IL)-6 in different organs, such as liver, adipose tissue, skeletal 

muscle, pancreatic islets, and brain [78]. The CNS can be affected by peripheral inflammation 

through increased blood-brain barrier (BBB) permeability [53, 79], which leads to 

neuroinflammation, considered a hallmark feature of depression/anxiety disorders. Together, 

these findings suggest obesity-related inflammation may have important impacts on the CNS 

that could provide a mechanistic basis for obesity-associated cognitive impairments. 

 

       1.3.2. Adipose tissue and metabolic dysregulation 

Obesity is characterized by an enlargement of white adipose tissue (WAT) [80]. White 

adipocytes not only are a main source of fat storage but are also considered an endocrine organ 

for their capacity to secrete adipokines [63]. Diet induced obesity (DIO) by accumulation of 

lipids in adipose tissue triggers an inflammatory response in adipocytes [81-83]. Also, HFD-

induced obesity is associated with increased infiltration and accumulation of M1-like adipose 

tissue macrophages (the active forms of macrophages) [84], that results in an increased 

secretion of several inflammatory cytokines [85]. For this reason, WAT is considered as the key 

site of beginning low-grade systemic inflammation [80]. The elevated of pro-inflammatory 

cytokines from adipose tissue can lead to different metabolic dysregulation, including increased 

insulin resistance, which causes increased hepatic glucose production and reduced glucose 

uptake in muscle and adipose tissue, as well as increased β-cell dysfunction and the synthesis of 

acute phase proteins (e.g. CRP) from hepatocytes [81-83, 86]. The elevated circulating levels of 

CRP as a systemic inflammation marker has a strong  association with obesity [87]. Consistently, 
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our previous study has shown that there is a significant increase in the plasma levels of CRP in 

HFD mice [88]. Similarly, plasma CRP levels are significantly elevated in patients with MDD, 

which suggests that this factor can serve as a pro-inflammatory biomarker in patients with MDD 

[89]. According to these results it seems that DIO is associated with adipocytes and macrophage 

activation to induce inflammation and altered regulation of endocrine hormones, which can 

lead to neuroinflammation, metabolic dysregulation and inflammatory related diseases. 

 

       1.3.3. Hypothalamic-Pituitary-Adrenal (HPA) axis dysfunction 

There is steady communication between the immune and neuroendocrine systems [83]. One of 

the connecting mechanisms between depression and obesity is hyper-activation of the 

hypothalamic-pituitary-adrenal (HPA) axis [84-86]. HPA activation causes the release of 

glucocorticoids (e.g. cortisol) from the adrenal glands into the circulation to affect 

inflammatory, cardiovascular, metabolic and behavioral processes [87]. Thus, hyper activation 

of this axis leads to chronic increases in circulatory glucocorticoids (hypercortisolism) [90]. 

Numerous studies have demonstrated that pro-inflammatory cytokines, such as IL-1β, IL-6, TNF-

α, and IFN-α can activate the HPA axis [91, 92]. In addition, DIO in mice aggravates HPA axis 

activation in response to immune threat, along with increased neuroinflammation, resulting in 

depressive-like behavior [91, 92]. In particular, in obesity and depression, chronic inflammation 

may reduce the sensitivity of the cortisol-binding receptor, which reduces the negative 

feedback response to cortisol, and thereby contributes to HPA axis dysfunction [93, 94].  

Also, different studies have shown that long term exposure to high cortisol leads to neuronal 

damage and death in the limbic regions (hippocampus and amygdalae) associated with stress 

and mood [95-97]. Moreover, HPA axis dysfunction reduces the synthesis of neurotransmitters 

such as serotonin (5-hydroxytriptamine, 5-HT), and norepinephrine (NE) which play role to 

regulate anxiety and mood [98]. In addition, HPA axis dysfunction may also be linked with 

reduced brain-derived neurotrophic factor (BDNF) expression, which acts as a regulator of 

neurogenesis, neural apoptosis [99] and neuroplasticity [100] and contributes to mood 

regulation, particularly under inflammatory conditions [101]. HPA axis hyperactivity and 
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glucocorticoids have recently been shown to sensitize microglia to immune challenges and 

induce the overproduction of brain pro-inflammatory cytokines in animal models of obesity [92, 

102], this phenomenon is also consistently observed in subjects with depressive disorders 

[103]. Taken together, these findings highlight DIO-related HPA axis hyper-activation may 

elevate microglial activity and neuroinflammation, as well as reduce synthesis of 

neurotransmitters associated with mood, which together may exacerbate mood dysregulation. 

 

      1.3.4. Gut-brain axis dysfunction in both obesity and depression  

There is a complex bidirectional communication network between the brain and the intestine. 

In the last years, increasing evidence suggests that obesity involves alterations of the 

permeability of the intestinal barrier [104], intestinal microbiota strains composition and their 

metabolites (e.g. GLP-1) [105]. Preliminary studies in animal models show that gut microbiota 

plays a role in depression and anxiety [103, 104]. Diet has been shown to be one of the most 

critical factors modulating gut microbiota composition in the short and long term, and plays a 

key role in the central regulation of food intake and behavior in the brain [105]. Consistent with 

this, unhealthy diets have been shown to increase the susceptibility of depression via dysbiosis 

of the gut microbiota [106].  For instance, western diets that contain high amounts of SFA alter 

the balance of different microbiota species [107, 108]. This leads to elevated intestinal 

permeability, which in turn will result in increased passage of bacterial endotoxin molecules 

such as lipopolysaccharides (LPS) into the bloodstream [109]. Gut-derived LPS may initiate an 

inflammatory cascade in adipocytes and the liver which leads to enhanced peripheral 

inflammatory tone [110]. In this regard, studies in mice and healthy human individuals have 

demonstrated that HFD feeding for 4 weeks increased plasma LPS levels by three fold [111, 

112]. Many lines of research have supported the important role of increased plasma levels of 

LPS in influencing systemic immunity in the pathophysiology of diet-induced obesity and 

metabolic disorders (e.g. T2D) in humans and mice, as well as in patients with anxiety and 

depressive symptoms [113-116].  
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In addition, the microbiome-gut–brain axis has been shown to modulate microglia proliferation 

and maturation. Also, gut microbiota dysbiosis via chronic activation of microglia in the CNS can 

result in neuroinflammation [117], which potentially contributes to the behavioral phenotype of 

high anxiety-like behavior in rats. In this context, Erny et al. demonstrated the role of gut 

microbiota in depression through modulation of microglial functions which may link microglia 

and associated neural circuitry as a potential factor in the onset of depression [118]. 

Overall, these results suggest that high fat diet impacts on gut microbiota strains and their 

metabolites may play a role in elevating the microglial activity and neuroinflammation in the 

brain with relevance to the onset of depression and mood disorders [117, 118]. However, 

further research is required to establish the mechanisms connecting high fat diets to 

gastrointestinal microbiota dysbiosis and resulting microglial activity, neuroinflammation 

induction and behavioral alterations. 

 

  2. Neuroinflammation, a central phenomenon in mood dysregulation 

          2.1. Neuroinflammation definition 

Neuroinflammation is the set of inflammatory responses originating in CNS (the brain and 

spinal cord) that are essential in maintaining and restoring homeostasis [119, 120]. The 

activities of endothelial, neuronal, and glial cells within the neurovascular unit play an 

important role in the regulation of neuroinflammation via pro- and anti-inflammatory 

mechanisms [119].  Neuroinflammation is considered as a two-sided sword with a dual role 

including neuroprotective and neurotoxic activity. Neural inflammation in the short term is 

considered neuroprotective and may have beneficial effects. Whereas, chronic 

neuroinflammation shifts the brain microenvironment towards a pro-inflammatory state that 

can be neurotoxic [119, 121], and it may lead to behavioral alterations such as sickness 

behavior [122].  

Neuroinflammation stands out as a crucial component of alterations of brain function and a 

hallmark feature of cognitive and emotional disorders including Alzheimer’s disease [123] and  
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depression [124]. Many factors can initiate neuroinflammation in the CNS, such as the ageing 

process, direct cell injury, obesity, hypertension, depression, diabetes, tumors, infections, and 

drugs [125]. Among them, peripheral infection and trauma are considered as two major 

processes that initiate inflammation in the brain. 

 There are various immune components (cellular and molecular) that contribute to neuro-

inflammatory processes. The pro-inflammatory mediators which are in the central nervous 

system are produced locally by either resident brain cells including endothelial cells, glia or 

neuronal cells [126]. Brain glial cells include astrocytes, microglia, and oligodendrocytes, which 

are the  most abundant cell types in the CNS and play a crucial role in the brain's immune 

response to both systemic and central inflammation [127]. Microglia act as a first immune 

defense in the CNS, playing the most important role in the brain’s innate immunity by acting as 

the primary cellular mediator of neuroinflammation [128]. Therefore, control of microglial 

function may be effective potential strategy to improve the neuroinflammation and its related 

diseases. 

 

    2.2. Diet-induced obesity augmented neuroinflammation and microglial activation 

Obesity is linked to peripheral metabolic dysregulation [62] and induces peripheral 

inflammation that results in sustained production of inflammatory factors with adverse effects 

on neuronal function [123, 124, 126]. It appears that the type of the diet has an effect on 

obesity-induced neuro-inflammation. Based on numerous studies, high-fat diet, especially 

excessive consumption of SFAs, can induce inflammation in brain regions [129-134]. High fat 

diet increases circulating levels of SFA and elicits peripheral bacterial responses that can disrupt 

BBB integrity. However, LPS does not (or only to a limited extent) cross the BBB [79] , but it can 

activate TLR-4 on the surface of brain endothelial and neural cells (e.g. microglial and astrocyte) 

and up-regulate pro-inflammatory transcription factors, including NF-κB (nuclear factor κB) and 

AP-1 (activator protein-1), as well as increase the production of pro-inflammatory mediators 

(cytokines, chemokines, and reactive oxygen species) in the brain [126, 135, 136]. Furthermore, 

microglial activation and cytokine production can upregulate the infiltration of innate immune 
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cells, such as monocytes and macrophages, into the CNS and recruitment of adaptive immune 

components, such as B cells [137]. These collective factors can contribute to neuroinflammation 

and associated diseases.  

 

2.3. Obesity, nucleus accumbens dysfunction and depression  

The brain reward circuitry mediates feelings of reward or pleasure. The structural and 

functional changes in this are associated with reward-related behavioral impairments in 

motivated and mood disorders [138]. These include the limbic and, cortical networks, as well as 

structures including hypothalamus, amygdala, prefrontal cortex (PFC), thalamus, striatum, 

nucleus accumbens (NAc), ventral tegmental area (VTA), and hippocampus [74, 139, 140]. Our 

previous results found chronic HFD elicits neuroplastic changes in the VTA and striatum, and 

promotes depressive-like behavior in mice [141]. The VTA and NAc are involved in reward and 

saliency. There are major connections (dopaminergic, glutamatergic and GABAergic) among  

VTA and NAc in brain [138]. Furthermore, another study demonstrated that chronic 

overconsumption of SFAs (palm oil) moderates NAc dopamine signaling [142]. Several 

evidences highlight the NAc as a major component of the ventral striatum which plays critical 

functional connection with the VTA, amygdala and hippocampus to mediate all forms of 

adaptive and pathological motivated behavior [140, 143-145].  

 

NAc activity is significantly enhanced in obesity-susceptible individuals [146]. Also, prolonged 

chronic inflammation by high-fat diet induced obesity elicited anxio-depressive behavior and 

NAc molecular adaptations that correlate with the extent of behavioral despair [142]. We 

previously demonstrate that SHFD increases peripheral inflammation, and multiple pro-

inflammatory signs in the NAc, including reactive gliosis, increased expression of cytokines, 

NFкB transcriptional activity as well as, trigger anxiodepressive behavior [147]. Metabolic 

inflammation and NFкB-mediated neuroinflammatory responses in the NAc contribute to the 

expression of anxiodepressive behavior caused by a diet high in saturated fat and sugar [147]. 

Selective NAc IKKβ inhibition, prevented anxiodepressive behavior via downregulated the 
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expression of inflammatory markers [147]. In summary, these line of evidences  highlight the 

major implications of the NAc in the response to stress [148] and regulation of DIO elicited 

anxio-depressive behavior [140, 144, 145]. We chose NAc to analyse the treatment ICV 

(Intracerebroventricular) injection on regulation of anxio-depressive behavior. 

 

 

3. Microglia a central player in neuroinflammation 

      3.1. Overview of microglia origin  

Microglia are immune cells in the brain that are located in both white and gray matter and 

comprise ∼5–20% of brain glial cells [127, 149]. Microglia cells are of mesodermal origin, they 

are derived from primitive myeloid progenitor cells in the extra-embryonic yolk sac (YS) that is 

the first site of hematopoiesis. Migration and colonization into neuro epithelium of the brain 

and the conversion to microglia starts in early embryogenesis, around E9.5. Microglia expands 

and colonizes the whole CNS. From E13.5, BBB formation begins and the developing brain is 

protected from fetal liver hematopoiesis. In the developing brain during the embryonic 

developmental period microglial cells proliferate, migrate, and localize to their destination and 

differentiate into ramified microglia (Figure 3). Additionally, microglia are long-lived cells and 

under steady-state conditions, and are predominantly self-maintained without replenishment 

from hematopoietic progenitors from the embryonic period until adulthood [150-153]. 

Throughout adulthood, microglia play critical roles in the development and function of the 

brain [149]. 
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     Figure 3. The diagram of microglial origin, CNS colonization of microglial progenitors and 

homeostasis during brain development in mouse, copied from Oluwaseun. F et al.,2020 [154]. 

In terms of in vitro cell selection, there are various microglia in vitro models that have been 

developed, including microglia cell lines, stem cell-derived microglia cultures, and primary 

dissociated cell cultures from mice, rats, macaques and humans [155, 156]. Each of these cell 

lines has some advantages and limitations. In the present study, we chose primary microglia 

cells from neonatal mouse brains (P1-P2) because primary microglia are easy to maintain, as 

well as their availability is greater in early age due to their unrestricted proliferative capacity. 

Therefore, these factors allow for better cell culture models of development to obtain a better 

understanding of microglia biology and post-mortem CNS tissue under more controlled 

conditions [155].  

 

3.2. Microglia phenotypes (resting and activated forms) 

Microglia consistently monitor the brain microenvironment and detect endogenous and 

exogenous stimuli which can activate microglia and stimulate the release of anti- or pro- 

inflammatory molecules [127]. Under physiological conditions, microglia usually are the first 

cell population involved in the regulation of CNS homeostasis through different pathways, such 

as phagocytosis of pathogens and cell debris, regulation of neurotransmitter recycling, neuronal 
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synaptic activity, and immune responses [157]. In the early stages of microglia activation, 

microglia help to remove pathogens and cell debris, thus facilitating tissue repair [158]. 

Microglial over-activation leads to de novo production of pro-inflammatory mediators, 

cytokines, and chemokines [109, 159].  

To date, there are two main cell states to describe microglial polarization, which include: the 

resting and activated forms. Normally, resting microglia (M0) exists in a ramified state, which is 

characterized by long, ramified processes with comparatively small cell bodies [160]. Resting 

microglia mostly maintain a steady state of the brain’s environment under a physiological state 

[151]. Microglia can be activated by various types of stimuli and dynamically alter their 

morphology and gene expression, allowing them to release a variety of inflammatory mediators 

to serve both pro-inflammatory and anti-inflammatory functions [161].  

During the course of inflammation or injury, activated microglia and their phenotype can switch 

to two different molecular and morphological profiles that are classically described for 

Microglia: M1 and M2. Microglia cells when exposed to pro-inflammatory stimuli such as LPS, 

interferon gamma (IFNγ) and TNF-α produce inflammatory cytokines, such as IL-1α/β, IL-6, TNF-

α, and IL-12, and chemokines, like monocyte chemoattractant protein-1 (MCP-1) and IFN- γ, 

resulting in production of active oxygen/nitrogen species (ROS/RNS), neurotoxic properties and 

express cell surface markers. These pro-inflammatory stimuli have been associated with 

morphological alterations from a ramified (M0) to an amoeboid or “M1” phenotype, which are 

characterized by a rounded morphology with no or few processes [160, 162-164]. This 

phenotype has strongly been associated with neuroinflammation, microglial apoptosis, and 

inhibited microglial phagocytic activity which can contributes to neuronal dysfunction, 

pathogenesis of neuroinflammatory and neurodegenerative diseases [165, 166].  

 

In contrast, the M2 phenotype occurs to resolve inflammation and increase phagocytic activity 

which is essential for the clearance of senescent cells and debris elimination of the M1 

phenotype in microglia [166, 167]. This anti-inflammatory phenotype is activated in response to 

anti-inflammatory stimuli such as IL-4, IL-13, Il-10 and transforming growth factor β (TGF-β) 
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results in expression of M2 polarized cells anti-inflammatory molecules such as Fizz-1, arginase-

1(Arg-1), and Ym1 [164, 168, 169]. M2 phenotype is involved in resolution of inflammation and 

restoring of homeostasis [166]. All these morphological profiles have the potential to transform 

into each other according to their received stimuli [166]. The different microglial phenotypes 

and their activating factors and released molecules illustrated in Figure 4.  

 

 

Figure 4. Different microglial phenotypes related to different functional states of microglia and 

their activating factors and released molecules, copied from Salvi et al.,2017 [166] 

 

      3.3. Microglia play active role in obesity and depression 

There is increasing evidence to demonstrate the crucial role of microglial activation with 

neuroinflammation and depression [170]. Chronic HFD consumption in mice has been 

demonstrated to elicit obesity and increase microglial activation [171, 172]. Moreover, an in 

vitro study on microglial cultures (BV-2 immortalized cell) demonstrated that SFA (palmitic acid) 

activated microglia and initiated pro-inflammatory mediator production by stimulation of the 

TLR4/NF-κB pathway [173]. Sustained stimulation of microglia promotes the synthesis and 
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secretion of a large number of inflammatory factors which lead to the recruitment of peripheral 

myeloid cells to the neural tissue, the suppression of astrocytic functions, and promotion of 

neural death [162, 163]. HFD-fed mice demonstrated more TNF-α release from microglia in 

comparison to the control group [171]. Also, TNF-α stimulation increases microglial phagocytic 

activity [174]. Further, Camara et al. demonstrated that TNF-α antagonists (Etanercept) 

inhibited microglial TNF-α expression and reduced hippocampal microglia numbers and brain 

inflammation, in addition to decreasing depression- and anxiety-like behavior in C57BL/6 mice 

[175]. On the other hand, over expression of microglia in the anterior cingulate cortex, 

hippocampus and PFC associated with the onset of depression through neuroinflammation in 

patients with depression (postmortem studies) and in a rat model of depression [176, 177]. In 

accordance with this, minocycline, an inhibitor of microglia, was shown to reduce microglial 

number and activation in the prefrontal cortex, while reversing sickness and depressive-like 

behaviors [110, 178]. Conversely, pharmacological antidepressant treatment inhibited 

microglial TNF-α production in murine microglial cell lines [179]. It seems that control of 

microglial activity may be involved in the propagation of neuroinflammation as an essential 

factor in the etiology of depression [180]. The combinations of these results clearly suggest 

microglia targeted therapies for depression and regulation of microglia activation in a 

controlled manner could be of interest for preventive or therapeutic strategies in CNS 

inflammatory diseases. For instance, anti-inflammatory agents have been proposed for 

depression treatment [181].  

 

     3.4. Inflammatory mechanisms in microglia  

Neuroinflammation in the CNS can be mediated by many of factors including exogenous 

pathogen-associated molecular patterns (PAMPs), and/or endogenous damage-associated 

molecular patterns (DAMPs), which are recognised by innate immune receptors expressed on 

the surface of microglia [182]. The other receptors responsible for pro/anti-inflammatory 

cytokine and chemokines responses are cytokine receptors, including IL-1R, TNFR, IL-10R, and 

TGFR [174, 183]. FFAs are involvement in the activation and production of inflammatory 
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cytokines includes action at pattern-recognition receptors (PRRs), such as toll-like receptors 

(TLRs), especially TLR4.  

         3.4.1. TLR4/Nuclear Factor-κB (NF-κB) signaling pathway 

TLR4 is widely expressed in different organisms and CNS cells [184]. This receptor has been 

suggested to serve as a mediator of neuropathological conditions such as depression [125, 

185]. Some evidence has shown that this receptor is predominantly expressed on microglia to 

control the induction of inflammatory signaling in the brain [185, 186]. Also, microglial cytokine 

production through TLR4-dependent signaling is regarded as a mediator of central immune 

signaling in LPS-induced sickness behavior [187]. Furthermore, the review on both in vitro and 

in vivo studies by Zhou et al., demonstrated that TLR4 is clearly implicated in SFA-induced 

inflammation [188]. The absence of TLR4 function protects against obesity induced by SHFD 

(palmitic acid and lard) in mice [189].  

LPS is an endotoxin component derived from gram-negative bacterial cell walls, and serves as a 

marker of TLR4. In obesity, SFAs [128, 173] and LPS are able to increase microglial TLR4 

activation followed by phosphorylation of MAPKs (JNK, ERK and p38) and p65-NF-κB which 

enhance inflammatory mediators contributing to the damage or death of neurons [128, 173, 

190-194]. In this regard, Seong and colleagues demonstrated LPS-impaired adult hippocampal 

neurogenesis through promotion of the microglial cells TLR4-NF-κB signaling pathway following 

LPS injection in mice [195]. In this context, Alshamari et al. showed that anxiety-like behavior is 

associated with systemic inflammation being increasing (via increased TNF-α/TLR-4 /NF-κB/IL-

17A signaling) in db/db mice [196]. Together, these results suggest that TLR4 and its 

downstream signaling pathway play one of the most important roles in DIO-induced peripheral 

and central inflammation and that their blockage might be considered as a therapeutic strategy 

for impeding the progression of neuroinflammation-mediated disease.  
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        3.4.2. NLRP3 inflammasome signaling pathway  

Nod-like receptor protein 3 (NLRP3) inflammasome is a cytoplasmic intracellular multiprotein 

complex that is mainly composed of three units: a receptor protein (NLRP3), an adaptor protein 

(ASC), and an effector protein (caspase 1) with crucial roles in innate and adaptive immunity. 

The NLRP3 inflammasome is considered the main regulator of the production of IL-1β pro-

inflammatory cytokines, which are involved in many obesity-associated diseases, such as type 2 

diabetes [197], atherosclerosis [198], and depression [199-201]. Also, activation of the NLRP3 

inflammasome by diverse metabolic stimuli can cause overexpression of the IL-1β bioactive 

form as a potent pro-inflammatory cytokine that may impair metabolic and immune function in 

different cells [202].  

A systematic review revealed that in obese individuals the expression of NLRP3 and IL-1β is 

elevated in the subcutaneous and visceral fat deposits [203]. In addition, gene expression of IL-

1β, caspase-1 and NLRP3 are increased in adipose tissues of mice consuming a HFD enriched 

with palmitic acid [197] and obese individuals with a higher ratio of visceral fat [204]. 

Moreover, blockade of NLRP3 expression reduces adipose tissue inflammation [205]. 

Furthermore, evidence from studies suggests that NLRP3 dysfunction is a common feature of 

chronic inflammatory diseases, such as depression [201, 206, 207]. Supporting this notion, 

NLRP3 inflammasome activation is not only observed in animal model of depression [208], but 

also in depressive patients [209].  

In the brain, LPS elicits mature IL-1β NLRP3-dependent levels [210]. Microglia is the main source 

of functional NLRP3 inflammasome formation and IL-1β secretion by LPS activation (in vivo and 

in vitro) between the glial cells of the mouse brain [211-213]. In a study of He et al, the NLRP3 

inflammasome was shown to have a mediating role in microglia inflammatory processes [214]. 

In this regard, Butler et al,  showed that short-term (3-day) consumption of a SHFD increased 

gene expression of microglial priming markers, including, CD11b, MHCII and  NLRP3, as well as 

the pro-inflammatory marker IL-1β in both hippocampus and amygdala-derived microglia [215]. 

Microglial-specific activation of NLRP3 plays an important role in neuro-inflammatory 

conditions in the brain [212]. Also, Zhao et al. experiment reported that NLRP3-IL-1β-IL-1R1 
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signaling does not participate in the initiation of acute neuroinflammation, but rather the 

critical role of NLPR3-generated IL-1β is to gate the transition of acute to chronic peripheral 

LPS-elicited neuroinflammation [210]. Thus, according to these results, microglial-dependent 

inflammasome activation seems to have a role in the brain, especially in neuro-inflammatory 

conditions and in the context of mood disorders, however, more studies are needed to 

determine if this pathway is responsible for obesity induced neuroinflammation and microglial 

function. 

 

     4. Types of dietary fat and their effect on the obesity - mood axis 

As the result of dietary habits alteration, the total fat content, SFAs composition, and the 

balance between n-3 and n-6 PUFAs has been disturbed. In particular the ratio of n-6 to n-3 

PUFAs has increased to around 16:1 and even greater [59, 216] which can promote the 

pathogenesis of many diseases, including obesity, metabolic syndrome and mood disorder [61, 

217]. Fatty acids (FAs) are simplest lipids that turn into other more complex lipid components, 

which are associated with various roles, including biological membrane structures by 

phospholipid synthesis, metabolic function by storage as triglycerides, degradation by β-

oxidation, enzymatic activity modulation, and substrates for cytokine synthesis [218].  

The effects of different FAs on innate immunity are quite complex depending on the number of 

carbons, degree of saturation, and location of the double bond in the hydrocarbon chain. 

Saturated fatty acids (SFAs) containing no double bonds in their carbon backbone, include lauric 

acid (C12:0), myristic acid (C14:0), palmitic acid (C16:0) and stearic (C18:0), and others [219]. In 

particular, “Western diet” is a nutritional pattern including increased consumption of high-

calorie content, including high-fat and cholesterol, and especially high levels of long-chain 

saturated fatty acids (LC-SFAs), such as palm oil is enriched in palmitate [59, 216, 220]. 

In contrast, “Mediterranean diet” is characterized by high consumption of healthy components 

of fat like seafood (rich in n-3 fatty acids), olive oil (source of n-9, especially oleic acid), 

polyphenols, some vitamins, minerals and dietary fibers. The Mediterranean diet may help to 
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moderate the risk of chronic diseases like cardiovascular disease, metabolic disease, diabetes, 

and cancer [221, 222]. According to the recent cross-sectional study from the National Health 

and Nutrition Examination Survey (NHANES) 2009–2016 results, n-3 and n-6 PUFA intake was 

inversely associated with the risk of depressive symptoms, while a higher n-6/n-3 ratio was 

positively associated with the risk of depressive symptoms [223]. In addition, the finding from a 

meta-analysis of double-blind randomized placebo-controlled trials supports an overall 

beneficial effect of n-3 PUFA on the improvement of depression symptoms [224]. Moreover, 

our previous study demonstrated that FO supplementation, as a source of n-3 PUFAs, alleviates 

metabolic and mood disturbances associated with excess fat intake and obesity in male mice 

[88]. Together, these studies demonstrate that n-3 PUFAs have a protective effect against 

mood disturbances.  

 

      4.1. Unsaturated fatty acids (UFAs): Definition, biosynthesis and sources 

A subgroup of fatty acids that is known for its health benefits are unsaturated fatty acids, which 

includes monounsaturated fatty acids (MUFAs) with one double bond, and PUFA with two or 

more double bonds. Examples of MUFAs include oleic acid (C18:1, n-9), with 18 carbon 

atoms as the major MUFAs characteristic of the Mediterranean diet and that is enriched in olive 

oil [222, 225]. PUFAs are biologically active fatty acids involved in many bodily functions.  

Linoleic acid (LA) and alpha-linolenic acid (ALA) with 18 carbon atoms are two essential dietary 

PUFA in humans because the body cannot synthesize them due to lack of enzymes able to 

introduce double bonds before the 9th carbon from the methyl end of a fatty acid, thus they 

must be obtained from the diet. These essential fatty acids are found predominantly in fish, 

seeds, nuts, and vegetable oils such as walnuts, flaxseed, canola oil, soybean, corn oil and 

rapeseed oil [226].  

LA (C18:2 n-6) is considered a precursor of the long-chain n-6 PUFAs such as dihomo-γ-linolenic 

acid (DGLA: C20:3 n-6), arachidonic acid (AA: C20:4 n-6), and docosapentaenoic acid (DPA: 

C22:5 n-6). Indeed, AA as an n-6 fatty acid is the precursor for potent pro-inflammatory 

eicosanoids such as prostaglandins, leukotrienes, thromboxanes and lipoxin by cycloxygenase 
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(COX) and lipoxygenase (LOX) enzymes. Thus, high intake of n-6 may further promote oxidative 

stress, apoptosis, and neuro-inflammatory responses [227]. 

On the other hand, ALA (C18:3 n-3) is another essential fatty acid that can be converted to long-

chain n-3 PUFAs (LC-PUFAs, ≥20 carbon atoms) such as  eicosapentaenoic acid (EPA C20:5, and 

docosahexaenoic acid (DHAC22:6) [228]. DHA and EPA have anti-inflammatory roles in different 

cell types. In this regard, chronic dietary n-3 PUFA deficiency increases the production and 

release of IL-6 and TNF into the circulation [229]. Indeed, the derived compounds from DHA 

and EPA  such as resolvins and protectins [230], have shown anti-inflammatory, anti-apoptotic, 

and antioxidant properties [231]. Thus, n-6 and resolvins and protectins associated with n-3 

PUFAs can have opposing effects to modulate inflammatory processes. 

Biosynthetic processing of long chain UFAs  including DHA, EPA and AA from their main dietary 

precursors ALA and LA mainly occurs in the endoplasmic reticulum (ER) by elongation and 

desaturation, followed by β-oxidation in the peroxisome (Figure 5) [232, 233]. Since the same 

desaturation enzymes are used for both ALA and LA classes of fatty acids, there exists 

competition between them, resulting in competition for the synthesis of pro or anti-

inflammatory eicosanoids. Thus, higher concentrations of EPA and DHA than AA tip the 

eicosanoid balance towards less inflammatory activity  [234].  

However, EPA and DHA can be formed from ALA in humans, but the biological conversion rate 

of ALA and LA into DHA, EPA and AA within organisms is low, slow and insufficient [235]. Thus, 

dietary consumption is gently recommended through main sources such as foods (e.g., fish) 

and/or dietary supplements (e.g., fish oil) [233, 236-238]. All fish, especially fatty fish such as 

salmon, sardine, and tuna, are considered excellent dietary sources of EPA and DHA. Also, 

several EPA and DHA dietary enrichment supplement formulations include oil derived from fish, 

krill, cod liver and algae  [239]. Also, the fatty acid content of marine foods will be affected by 

factors like fish species, the geographical location and season of fishing, as well as the fish 

feeding sources and environment [240].  
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Figure 5. Unsaturated fatty acids and eicosanoids synthesis in mammals by enzymatic 

desaturase and elongase, modified  from Boer et al., 2012 [241]. 

 

       4.2. Beneficial effect of poly unsaturated fatty acids on anxiety and depression 

According to the many systematic reviews and meta-analyses of observational studies, 

evidence points towards an inverse association between Mediterranean diet and odds of 

depression and anxiety disorders [242-246]. A 2016 meta-analysis of 26 studies found that 

higher fish intake was associated with a 17% lower risk of depression [247]. Also, amongst 

unsaturated fatty acids, n-3 PUFAs have been reported to be of relevance for the treatment of 

several mental disorders such as schizophrenia, hyperactivity disorder [248], mood disorders 

and anxiety disorders [249, 250]. For example, Su et al. revealed that a high dose of 6.6 g/day n-

3 PUFAs (4.4 g EPA + 2.2 g DHA per day) was linked to a significant decrease on the score of the 

21-item Hamilton Depression Rating Scale (HDRS) [251]. But in another, double-blind, 

randomized controlled clinical trial by Mischoulon et al, neither oral EPA nor DHA enriched n-3 

fatty acids (1 mg/d) showed a superior anti-depressive effect over the placebo in MDD patients 
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[252]. These different observations may be related to the different consumption dosage 

between these two trial experiments. 

However, the majority of studies support the theory that EPA alone or in combination with DHA 

may be superior in moderating depression symptoms in comparison to DHA alone or placebo 

[253, 254]. In this regard, two different studies using single supplementations of DHA didn’t 

observe significant effects on depression and mood disorders, even with high doses of DHA 

[255, 256], while Nemet et al., reported patients undergoing antidepressant therapy treated 

with supplementation of single EPA (≤ 2 g/day) demonstrated significant improvement of 

depressive symptoms [257].  

An interesting research report by Rapaport et al., showed that subjects with major depression 

and a high number of inflammatory biomarkers had a better response to EPA than placebo and 

a lower response to DHA than placebo [258]. Indeed, our previous study has shown that, FO 

(rich in EPA and DHA) supplement ameliorates the metabolic and anxiodepressive behavior 

concurrent with excess pro-inflammatory brain lipids and reduced brain gliosis in SHFD male 

mice [88]. Further, we could hypothesize that the regulatory effect of n-3 PUFAs on brain 

inflammation and its associated depression and mood disorders may depend on the more 

potent anti-inflammatory effects of this fatty acid on microglia function as a main player in the 

regulation of neuroinflammation and depression symptoms. 

 

       4.3 Mechanisms underlying the protective effect of n-3 fatty acids on inflammation  

To date, the line of evidence has demonstrated that n-3 PUFAs contribute to an improved 

metabolic profile by various mechanisms in the different organs including adipose tissue, liver, 

and skeletal muscle [259]. In this regard, n-3 PUFAs have shown their potential in regulating 

adipocyte function by modulating lipid metabolism (lipolysis and lipogenesis); or by regulating 

energy expenditure, such as by impacting mitochondrial and peroxisomal fatty acid β-oxidation, 

and improving inflammation [260, 261]. 
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Several studies confirmed that n-3 fatty acids exert protective effects to reduce inflammation 

by various mechanisms including activation of peroxisome proliferator-activated receptor 

gamma (PPARγ) [262], inhibition of TLR-4, initiation of anti-inflammatory signaling through 

GPR120 (n-3 receptor) [263], inhibition of Nf-kB activation [264], and enzymatic mechanisms, 

such as the synthesis of specialized pro-resolving lipid mediators (SPMs), including resolvins, 

protectins, and maresins with anti-inflammatory effects [265, 266]. In the following section, we 

will describe in details the anti-inflammatory signaling through GPR120 as important 

mechanisms involved in the control of inflammation via PUFAs. 

 

5. Free Fatty Acid Receptors Family for long chain unsaturated fatty acids 

    5.1. Overview of the free fatty acid receptor (FFAR) family 

There are different receptors in neural cells to sense and transduce FFAs signals, including Free 

Fatty Acid Receptors (FFARs), which are plasma membrane receptors belonging to the G-

protein-coupled receptor (GPCR) family; the transcription factors Peroxisome Proliferator-

Activated Receptors (PPARs), which mediate FAs regulatory functions in the nucleus cytosolic 

transport, and Fatty Acid-Binding Proteins (FABPs) [218]. Between them, the GPCR family is the 

most attractive target class for pharmaceuticals with around one third of therapeutic drugs that 

are used clinically on the market belonging to this family [267]. However, current drugs include 

just 10% of all GPCRs encoded in the human genome; but remain the most popular target for 

drug discovery [268]. GPCRs are the largest group of protein cell-surface receptors in humans 

and other mammalian species with a total of 1265 GPCRs in the human genome [269].  

GPCRs are also known as seven transmembrane (7TM) domain receptors because seven 

membrane-spanning α-helices (TM) domains are a common structural part of all GPCRs, along 

with an extracellular N-terminus and intracellular C-terminus that are combined with variable 

extracellular and intracellular elements [267]. GPCRs are generally classified in six classes (A-F) 

according to their amino acid sequences and similarities in biological function. These classes are 

defined rhodopsin-like (class A), secretin-like (class B), metabotropic glutamate (class C), 
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pheromone (class D), cAMP (class E) and frizzled (class F) [270, 271]. Class A is considered a 

largest group of this receptor family, accounting for about 80% of GPCRs [272]. FFARs are a cell 

surface receptor family from class A that are activated by endogenous and dietary free-fatty 

acids [270]. FFAs act as a stimulator or ligand for these receptors depending on their chain 

length and degree of desaturation [273, 274]. FFARs are expressed in various types of tissues 

and cells, such as enteroendocrine cells, immune cells, adipocytes and pancreatic β-cells. They 

play a bio sensory role for different lipid groups and  are divided in five subclasses based on the 

corresponding ligands carbon length (short, medium and long chain fatty acids) including 

GPR40, GPR41, GPR43, GPR84, and GPR120 [274, 275]. GPR41 (FFAR3) and GPR43 (FFAR2) are 

activated by short chain fatty acids (C2-C6), GPR84 is activated by medium chain fatty acids (C9- 

C14), and GPR40 (FFAR1) and GPR120 (FFAR4) are activated by medium and long chain fatty 

acids (C8- C22)[276]. 

Natural PUFAs are all dual agonists for GPR120 and GPR-40. GPR120 exhibits high affinity for 

natural ligands, including SFAs of C14, C16 and C18, with affinities around EC50 = 30, 52 and 18 

μM, respectively and UFAs (C16–C22) [277, 278]. Based on evidence from studies, GPR120 was 

demonstrated to be more responsive to n-3 PUFA stimuli in the obese state [279-282]. 

Nevertheless, it has a greater affinity for PUFAs, particularly n-3 PUFAs, including ALA, DHA, and  

EPA [277].  

 

      5.2. Long Chain free Fatty Acid receptors (GPR-40 and GPR120) 

GPR120 (FFAR4) and GPR-40 (FFAR1) are categorized as two lipid sensing GPCRs that share 

similar endogenous ligands. There is limited homology (10% amino acid similarity) between 

these two receptors [283]. GPR120 and GPR40 gene expression and protein contents were 

detected in different tissues, such as adipose tissue [279], liver [284], hypothalamus [285], 

retina [282] and macrophages [279]. The presence of GPR40 and GPR120 has been observed in 

many cells and tissue types playing roles in metabolic and inflammation regulation [277]. In this 

regard, Oh et al. showed that GPR40 is weakly expressed in macrophages, while GPR120 is 

highly expressed in adipocytes and macrophages. Furthermore, Oh et al., and Dátilo et al. in 
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two different studies on macrophages and retinal cells in obese and type 2 diabetes mouse 

models demonstrated that GPR120, but not GPR40, can effectively respond to n-3 fatty acids 

[281, 282]. Also, Li et al. found that GPR120 has been expressed at much higher levels than 

GPR-40 in the mouse heart, and further that GPR120 activation via n-3 PUFAs demonstrated 

beneficial cardioprotective actions by mitigating vascular inflammation, thrombus formation, 

and neointimal hyperplasia [286]. 

However, there are not many experiments examining the expression of these receptors in 

central nervous system cells and their effect on the regulation of neuro-inflammatory 

responses. Our present study provides the first evidence of brain GPR120 expression, which is 

enriched in cultured human and mouse microglial cells isolated from fetal brains and pups brain 

respectively, in comparison to other glial cells (astrocytes and neurons) (Chapter2, Article 1). 

Additionally, our results demonstrated that the mRNA expression level for GPR40 is 

approximately four times lower compared to GPR120 in primary microglia. The relative gene 

expression of GPR120 and GPR40 is illustrated in Appendix 1. These results suggest GPR120 

may have a more effective role in response to n-3 anti-inflammatory responses than GPR40 in 

innate immune cells. 

 

      5.2.1. GPR120 (G protein-coupled receptor-120) 

GPR120, also known as free fatty acid receptor 4 (FFAR4), is a plasma seven-transmembrane 

protein receptor that was first described in 2003 by Fredriksson. The coding region of human 

GPR120 consists of four exons that are located on chromosome 10q23.33 and three exons for 

mice [287]. In humans, GPR120 is expressed in a multitude of tissues and cell types, with high 

expression in the small and large intestine, adipose tissue (both BAT and WAT), inflammatory 

macrophages, lungs, gastric mucosa, enteroendocrine L cells, endocrine-pancreas, Kupffer cells, 

and cells of the tongue [260, 288-290]. In the CNS, according to the Genotype-Tissue Expression 

(GTEx) Project and human protein atlas data report, higher mRNA expression levels of GPR120 

are found in the cerebral cortex, hypothalamus, amygdala, basal ganglia, hippocampal 

formation and spinal cord. Up to now, two protein isoforms for the FFA4 gene have been 
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reported in humans; FFA4-L (long; 377 amino acids) and FFA4-S (short; 361 amino acids), with 

distinct signaling functions. Rat and mice have only the short isoform of FFA4 and the sequence 

homologies of FFA4-S in human with the rat and mouse protein is 85% and 86%, 

respectively [291]. FFA4-S functions through both Gαq/11 and β-arrestin downstream signal 

cascades, while FFA4-L functions only through downstream β-arrestin signaling [292, 293]. 

Thus, both isoforms can activate β-arrestin-2, and recruit the transforming growth factor β-

activated kinase 1 (TAK1)-binding protein 1 (TAB1), which inhibits TAK1, leading to anti-

inflammatory effects [294].  

 

Figure 6. Amino acid diagram of GPR120 in humans. GPR120-S amino acid residues relative to 

initiating methionine. The insert shows the additional 16 amino acid residues to GPR120-L. Sites 

of the negative charge responsible for β-arrestin recruitment are shown in blue and sites of 

phosphorylation of FFA4-S are shown in orange. Copied from Senatorov et al. 2020 [295]. 

 

High expression of GPR120 in the adipose tissue, pro-inflammatory macrophages, and 

eosinophils, as well as in brain regions implicated in depression and mood regulation may 

indicate that GPR120 plays important roles in these tissues and cell types. In addition, a group 

of synthetic agonists for GPR120 was determined for potential therapeutic applications in 
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metabolic and inflammation-related diseases, such as diabetes, inflammatory bowel diseases, 

cancer, and obesity.  Together, these results may suggest a regulative potential of this receptor 

for the improvement of obesity, metabolic diseases, inflammation, and mood disorders [296]. 

 

         5.3. GPR120 biological and physiological functions  

There are accumulating data to support the various beneficial physiological and biological 

functions of GPR120  in the different cells types involved in the regulation of energy balance 

[297], the maturation of adipocytes and lipid accumulation, the regulation of gut hormone 

secretion [298], the regulation of insulin sensitivity and glucose metabolism [299], anti-

inflammation functions, [260, 300], and the regulation of neuronal functions [301]. Consistent 

with this context, both loss-of-function GPR120 gene variants (R270H) in humans and GPR120 

KO in mice result in development of obesity, increased inflammation, and insulin resistance 

[297, 299].  

 

           5.3.1. Functions of GPR-120 in insulin sensitization 

GPR120 was identified as a possible anti-diabetic and anti-obesity target. It could promotes 

glucagon-like peptide (GLP-1) secretion from the colon and also, increase circulating insulin 

levels in the mice model study [283]. Consistent with previous study, insulin resistance was 

higher in GPR120-KO mice compared with WT mice with a high-fat diet. It could be due to 

reduced insulin signaling as well as, increased pro-inflammatory gene expression in adipose 

tissue [281, 297].  

Oh and their collaborators in an interesting experiment in 2010 reported that the GPR-120 

specific agonist (CpdA) and DHA improved systemic insulin sensitivity by enhancing muscle and 

liver insulin action in HFD-fed mice (60% fat) [299]. Further, GPR120 agonist treatment 

improved insulin resistance and inflammation in high-fat-fed obese mice, and so for these 
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reasons the authors suggested GPR120 as a promising anti-diabetes and anti-obesity target 

[299]. 

In obesity, SFA and/or LPS activated inflammatory signaling via TLR4 or by pro-inflammatory 

cytokine receptors (IL-1βand TNF-α) can initiate upregulation of the NF-κB/IKKβ and MAPK/JNK 

pathway cascades that promote further inflammatory mediator release by macrophages and 

reduce insulin sensitivity in adipocytes [302, 303]. Insulin promotes the IRS-1/PI3K/AKT 

pathway, which is linked to insulin sensitivity and inflammatory signaling pathways (IKKβ and 

JNK), which could finally reduce the translocation of GLUT4 to the plasma membrane and lead 

to insulin resistance and reduced glucose uptake [304]. In parallel, this was confirmed in the 

brain where Glombik et al. showed that when depression (prenatal stress) and obesity (high-fat 

diet) coexist in rats models, the membrane form of GLUT4 is diminished in the frontal cortex 

which, could cause weaker insulin action in this region [305]. Peripherally, GPR120-Gq/11 

binding activation by n-3 fatty acids (DHA, EPA) induced the phosphorylation of the 

phosphoinositide 3-kinase PI3K/AKT pathways, which leads to the translocation of GLUT4 to the 

plasma membrane, thereby enhancing glucose intake in primary adipose tissue and adipocytes, 

leading to the regulation of adipogenesis and adipogenic differentiation [263, 297]. 

Furthermore, n-3 FAs suppress inflammation by reducing NLRP3 inflammasome activation via a 

GPR120-dependent pathway in macrophages, which has been shown to have beneficial effects 

in T2D [306, 307]. All of these results illustrate that GPR-120 plays a role in insulin sensitivity. 

 

    5.3.2. Functions of GPR-120 on energy homeostasis, appetite control, and food intake 

Some experiments have elucidated that GPR120 controls appetite and food intake by affecting 

the regulation of gut hormone secretions, including gut hormones GLP-1 [283], glucagon [308], 

and ghrelin [298]. Also, Ichimura et al. in 2012, showed that GPR120 plays a key role in sensing 

dietary fat and controlling energy balance in both humans and mice. Compared to WT mice, 

GPR120-KO mice exposed to a high fat diet have reduced basal metabolism and also gained 

more body weight. Moreover, GPR120 expression in the adipose tissue of obese humans was 
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higher than in lean individuals [297]. GLP-1 as an appetite suppressant is a gastrointestinal-

derived neuropeptide that is made primarily in gut cells and the caudal brainstem [309], and 

also is secreted from microglia [310]. GLP-1 has a potent, critical role is in body 

weight homeostasis maintenance by acting in the VTA/NAc to reduce high-fat diet intake [311, 

312] as well as important function regulating emotions, including anxiety and depression [313, 

314]. GLP-1 has been reported to improve glucose-dependent insulin action through its 

receptor, belonging to the G-protein-coupled receptor group [315]. In this context, rat models 

of depression and obesity had decreased GLP-1 receptor expression in the hippocampus [305]. 

These findings suggest a potential link between GPR-120’s regulatory function on energy 

homeostasis and mood disorders through impacts on GLP1, however, more experiments are 

needed to evaluate this possibility. Schilperoort et al. have reported that the GPR-120 agonist 

(TUG-891) induced brown adipose tissue (BAT) activity and increased lipid oxidation and 

combustion, therefore reducing body weight and fat mass in mice [260]. For this reason, it 

could be a contributing mechanism for weight loss, and targeting GPR120 may be a promising 

strategy to reduce obesity.  

 

       5.3.3. Functions of GPR120 on inflammatory responses 

GPR120 is highly expressed in innate immune cells, especially in peripheral macrophages. There 

are accumulating data to support the anti-inflammatory role of GPR120 in various cells. Oh et 

al. demonstrated anti-inflammatory functions of GPR120 in the presence of ligands (DHA and 

EPA) in RAW264.7 macrophage cells [279]. Additionally, GPR120 activation by DHA has been 

demonstrated to mediate anti-inflammatory actions in a hypothalamic neuronal line 

[316].GPR120  has been implicated in inducing an anti-inflammatory phenotype (a shift to M2) 

via increased expression of IL-10, and arginase (Arg-1) [263]. Also, three different parallel 

studies by Han et al., illustrated DHA could promote the proliferative activity of macrophages in 

mice and RAW264.7 cells. In addition, DHA and EPA treatment could activate macrophages by 
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stimulating GPR120/MAPKs to initiate NF-κB/p65 (in vivo and in vitro) and immunomodulatory 

activity in macrophages in a dose-dependent manner [317-319]. 

Indeed, our previous study in 2016 demonstrated that the direct activation of GPR120 via its 

agonist by ICV injections in the hypothalamus substantially reduced food intake 4-hours post 

injection, and central injections of a GPR-120 agonist (TUG-891) suppressed the short term 

rewarding effects of high-fat/-sugar food in chow-fed mice, as well as reduced SHFD-induced 

anxiety- and depressive-like behavior in mice [301]. However, our knowledge of the role of 

GPR120 in the central nervous system remains poorly understood, but collectively, these 

findings indicate the possible involvement of microglial GPR120 activation in the modulation of 

metabolic anti-inflammatory responses by their agonists, such as long chain unsaturated fatty 

acids (LC-UFA), which may control behavioral functions. Therefore in our current research, we 

directly examine the effect of activation GPR120 via specific agonist (cpdA) administration by 

ICV injections in the NAc on LPS-induced sickness behavior and neuro-inflammation. 

 

5.3.3.1 GPR120-Mediated Anti-Inflammatory Mechanisms 

              5.3.3.1.1. Inhibition of TLR4/Nuclear Factor-κB (NFκB) pathway 

Activation of toll-like receptor 4 (TLR4) or TNF-α receptor (TNFR) via binding with LPS or TNF-α, 

respectively, causes interactions between the transformation of growth factor-β-activated 

kinase 1 (TAK1) and the transformation of growth factor-β-activated kinase 1 binding protein 1 

(TAB1). Activation of TAK1 induces the phosphorylation of mitogen-activated protein kinase 

(MAPK) and induces JNK phosphorylation, as well as IKK-β and NF-κB/p65, which promotes the 

expression of various chemokines and cytokines, such as TNF-α, IL-6, IL-1β, MCP-1 and iNOS 

[302, 303]. On the other hand, the activation of GPR120 by DHA and EPA can lead to β-arrestin-

2 enhancement and recruitment of cytosolic β-arrestin 2 to the cell membrane, which detaches 

the TAK1-TAB1 protein complex formation and blocks interaction with TAK1 (Figure 7). This 

results in blockade of downstream activation of NF-κB and JNK inflammatory cascades, leading 

to anti-inflammatory effects in macrophages [281, 282, 299]. Also, Ren et al. demonstrated the 
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anti-inflammatory effects of DHA correlated with GPR120 interactions with β-arrestin2 in an in 

vitro model of oxygen-glucose deprivation (OGD)-induced inflammatory responses in primary 

microglia and murine microglial BV2 cells [320]. Of note, oxygen-glucose deprivation (OGD) is 

considered the most commonly used in vitro model for ischemia. Furthermore, n-3 FAs 

suppressed inflammation by reducing NLRP3 inflammasome activation by GPR120- β-arrestin-2 

in macrophages [306, 307]. 

 

Figure 7. Mechanism of anti-inflammation upon GPR120 activation by n-3 fatty acids in 

macrophages, Copied from Talukdar et al,2011 [321] 

 

          5.3.3.1.2. Inhibition of Nod-like receptor protein 3 (NLRP3) inflammasome 

Recently, targeting the inflammasome has been taken into consideration as a novel therapeutic 

approach in the prevention of obesity-related inflammatory diseases, with the ability for 

microglial GPR120 to alter NLRP3 inflammasome activation [322]. DHA and EPA have been 

demonstrated to induce an inhibitory effect on the NLRP3 inflammasome activation in primary 

human and mouse macrophages and macrophage cell lines [306, 307, 323] particularly by 

reducing gene expression of NLRP3 inflammasome gene [306, 323, 324] and/or inhibiting 

NLPR3 inflammasome activation via GPR120 and GPR40 downstream scaffold protein β-

arrestin-2 in macrophages [306, 307]. In addition, GPR120 activation via DHA was inhibited in 

NLRP3 inflammasome assembly/activity, NF-κB translocation, and IL-1β secretion in a manner 

dependent on both Gαq/11 and β-arrestin-2 signalling in macrophages [307, 324]. Lee and 
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colleagues in 2018, used human primary adipocytes and THP-1 macrophages treated with LC n-

3 PUFAs to demonstrate a reduction of the NLRP3 inflammasome via EPA and DHA in human 

adipose tissue through downregulation of gene expression in adipocytes and 

monocytes/macrophages [323]. In the most recent experiment by Mo et al., (2020) GPR40 and 

GPR120 played essential roles in the inhibition of NLRP3 inflammasome activation induced by 

EPA in mice and BV2 microglia cells [322]. Based on these recent results, it seems GPR120 and 

GPR40 play crucial roles to regulate the NLRP3 inflammasome by n-3 fatty acid activation in 

macrophages and microglia [306, 307, 322, 323]. Furthermore, Lin Chao et al., in 2017 showed 

that traumatic brain injury (TBI) increases NLRP3 inflammasome activation and 

neuroinflammation levels in human brains [325]. In addition, they showed n-3 FAs markedly 

ameliorated neuronal death and behavioral deficits after traumatic brain injury in rats by 

inhibiting inflammation via the activation of β-arrestin-2 through direct binding of this 

downstream scaffold protein with NLRP3 in the n-3 treatment group [325]. Although we still 

know very little about the precise mechanisms in microglia, it seems that GPR120 via n-3 fatty 

acids may inhibit NLRP3 activation by directly binding to β-arrestin-2. However, more 

experiments are needed to better support this hypothesis. 
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  Chapter 2: BACKGROUND AND HYPOTHESIS  

        2.1. Background 

This project is a part of an overarching effort aimed at proposing therapeutic alternatives based 

on nutritional (PUFAs) and pharmacological approaches targeting the GPR120 receptor to 

improve central neuroinflammatory outcomes and prevent the development of 

anxiodepressive behaviors associated with obesity. According to our previous study results 

(Appendix 3) [88], FO supplementation enriched in PUFAs improves energy homeostasis, 

glucose sensitivity, cerebral lipid composition, neuroinflammation and anxio-depressive 

behavior induced by DIO in mice. These findings support the beneficial effect of n-3 PUFA 

intake to alleviate metabolic dysregulation and mood disturbances associated with high fat 

intake and obesity. 

In addition, long chain fatty acids such as n-3 are considered as potent activators of GPR120 

receptors in different cells, and are involved in regulating different metabolic, pain, and 

inflammation responses. Previously, we reported that the activation of GPR120 in the brain 

substantially reduced SHFD-induced anxiety- and depressive-like behavior in mice [301]. 

Therefore, this receptor in brain cells, particularly in microglia as a critical cell type involved in 

neuroinflammation, can be activated by n-3 fatty acid in FO supplementation to reduce 

inflammatory tone in the brain, along with improved cognition and reduced sickness behavior 

related to induce neuroinflammation.  

 

    2.2. Hypothesis  

      Global hypothesis 

The negative impacts on metabolic and inflammatory parameters and anxio-depressive 

behaviors induced by neuroinflammation related to DIO or LPS administration are modulated 

by microglial GPR120 receptor activation. 
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Specific hypotheses 

1- Activation of GPR120 by a synthetic agonist (cpdA) in primary microglial cells subjected to 

acute inflammation (LPS) in vitro will reduce the levels of pro-inflammatory cytokine in a 

manner similar to the effects of PUFA application. 

2- Activation of GPR120 by a synthetic agonist (cpdA) in mice subjected to acute inflammation 

in vivo will reduce anxio-depressive behaviors and levels of pro-inflammatory markers in NAc. 

 

   Objectives 

- To identify the effects of n-3 (DHA, EPA ,ALA) and n-9 (OA) fatty acids and GPR120 agonist 

application in primary microglial cells to alter neuroinflammatory processes elicited by acute 

LPS administration. 

- To determine the impact of central GPR120 agonist treatment on the behavioral and 

neuroinflammatory effects caused by LPS administration in vivo. 

 

2.3. Contribution to the project  

As a part of this project, I completed several experiments that were conducted in vivo and in 

vitro. In the previous study (Appendix 3), we show that a prolonged saturated HFD elicits 

metabolic dysfunction and anxiodepressive behavior concurrent with excess pro-inflammatory 

brain lipids. Fish oil supplementation initiated following obesity development was found to 

improve certain negative metabolic and mood corollaries of a saturated HFD in conjunction 

with higher brain levels of anti-inflammatory fatty acids and reduced neuroglia activation. I 

contributed to mouse housekeeping and data collection of food intake and energy balance in 

DIO mice and associated statistical analyses.  

In the microglial GPR120 study (inserted manuscript), we elucidated the role of microglial 

GPR120 stimulation in integrating anti-inflammatory signals in microglial cells and anxio-
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depressive behavior. The experiments were conducted in collaboration with Arturo Israel 

Machuca parra, a postdoctoral fellow, and former MSc students Genevieve Demers and Diane 

Bairamian. In this study, I evaluated the protective role of the synthetic agonist of GPR120 on 

LPS induced inflammation in primary microglial cultures in vitro, as well as the effect of n-3 as a 

natural agonist for GPR120 in primary microglia cultures. The in vitro experiments involved the 

isolation of the microglial cells from pups, establishment of microglial cell cultures, treatments, 

and measurements of mRNA gene expression of inflammatory cytokines by qPCR, and 

measurements of cytokine secretion by ELISA, as well as completed the statistical analysis data 

(in vitro) which were performed completely by me. I also contributed to the writing of the 

presented manuscript as well as published manuscript. All in vivo experiments and behavioral 

tests were conducted by Genevieve Demers.  
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Abstract 

GPR120 is a G protein-coupled receptor for long-chain fatty acids (LCFAs) including omega-3 

polyunsaturated fatty acids (n-3 PUFA) that are known to have beneficial effects on 

inflammation, metabolism and mood. GPR120 partly mediates the anti-inflammatory and 

insulin-sensitizing effects of n-3 PUFA in peripheral tissues, findings that are generating 

considerable interest in GPR120 as a therapeutic target. Despite these results, the contribution 

of brain GPR120 to neuroimmune responses and associated behavioral changes is largely 

unknown. The aim of this study was to characterize the expression pattern of brain GPR120 and 

to investigate the impact of GPR120 agonism (Compound A, CpdA) on acute LPS-induced 

neuroinflammation in primary microglia and compare to the effects of n-3 PUFA and the 

monounsaturated fatty acid oleate. We also explored the influence of central in vivo GPR120 

activation on anxiety and sickness-like behaviors elicited by LPS and on inflammation in the 

nucleus accumbens (NAc), a region involved in mood and motivation. We found that GPR120 is 

highly expressed in mouse primary microglia and microglia isolated by fluorescent-activated cell 

from CX3CR1CreER-YFP mice. In primary microglial cultures, GPR120 agonism attenuated 

morphological signs of microglia activation and substantially decreased mRNA expression of 

several LPS-induced pro-inflammatory mediators in a manner similar to or exceeding the effects 

of n-3 PUFA and Oleate. Intracerebroventricular administration of CpdA alleviated LPS-induced 

anxiety-like behavior and hypolocomotion and reduced cytokine mRNA expression in the NAc. 

Collectively, these findings suggest that GPR120 plays a key role in neuroimmune function by 

offsetting microglia-mediated inflammatory behavioral changes in response to systemic 

infection. GPR120 may well participate in the protective effects of n-3 PUFAs at the neural and 

behavioral levels and hold promise as a target for treating chronic neuroinflammatory 

conditions. 

Keywords: Microglia, GPR120, free fatty acids, neuroinflammation, anxiety, sickness behavior 
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Highlights 

 Brain GPR120 is predominantly expressed in mouse microglia

 Unsaturated fatty acids reduce LPS-induced pro-inflammatory responses in primary

microglia

 GPR120 activation reduces LPS-induced pro-inflammatory responses in primary

microglia

 Central GPR120 agonist treatment prevents LPS-induced anxiety and sickness-like

behaviors
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Introduction 

Neuroimmune responses ensuing from systemic inflammation are a fundamental mechanism 

underlying sickness-like behaviors, including psychomotor slowing and mood disturbances. As 

the intrinsic immune cells of the brain, microglia play a key role in the regulating 

neuroinflammation. Microglia activation can be triggered by a poor diet that includes excess 

consumption of saturated fat and sugars and ensuing metabolic inflammation associated with 

adipose expansion and/or gut-derived endotoxemia [1, 2]. Long-chain unsaturated fatty acids, 

particularly omega-3 polyunsaturated fatty acids (n-3 PUFA), are well described to have central 

actions that mitigate neuroinflammation, in part by suppressing microglial cytokines and 

chemokines[3]. Elevated n-3 PUFA consumption or central n-3 administration is well-

documented to alleviate behavioral dysfunction associated with neuroinflammation, including 

anxiety-like behaviors [4]. N-3 PUFA dietary supplementation can protect against the pro-

inflammatory effects of endotoxin-derived lipopolysaccharides (LPS), diet-induced obesity, 

neural injury and chronic stress both at the peripheral and central levels [5].  

GPR120, also known as free fatty acid receptor 4 (FFAR4), is a G protein-coupled receptor 

preferentially activated by long-chain unsaturated fatty acids [6] such as the n-3 PUFA α-

linolenic acid (ALA; 18:3n-3), eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid 

(DHA; 22:6n-3) [7-9]. GPR120 is expressed in the intestine and lung  [10] among other peripheral 

tissues, and is particularly enriched in tissue-derived immune cells such as macrophages and 

dendritic cells [11]. GPR120 mRNA is also localized in several regions of the mouse brain, 

including in regions controlling motivation and mood such as the nucleus accumbens (NAc) [12]. 

GPR120 protein has been detected in neurons [13] and microglia [14] of hypothalamus, 

however the cellular expression profile of brain GPR120 remains uncertain due lack of antibody 

specificity. GPR120 activation has been shown to mediate the macrophage-mediated tissue 

inflammation and improve insulin resistance [15]. In addition, diet-induced obese mice 

receiving a GPR120 agonist exhibit reduced adipose tissue inflammation and improved glucose 

homeostasis [16], and thus GPR120 has garnered attention as a potential target for the 

treatment of metabolic disorders [17].  
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In view of implication of macrophage GPR120 in the resolution of systemic inflammation, we 

investigated the impact of GPR120 on acute LPS-induced neuroimmune activation in male mice. 

To this end, the present study set out to determine: (1) the cellular expression of GPR120 in 

mouse brain, (2) the effects of long-chain unsaturated FA, including n-3 PUFA and the 

monounsaturated FA oleate, and a GPR120 agonist to modulate the pro-inflammatory effects 

of LPS in primary microglial, and (3) the influence of central GPR120 agonism on LPS-induced 

anxiety- and sickness-like behaviors and neuroinflammation in the NAc. 

Methods 

Animals 

All experiments were approved by the Institutional Animal Care Committee of the CRCHUM in 

accordance with the standards of the Canadian Council on Animal Care. Nine to ten-week-old 

C57Bl/6 male mice from Jackson Laboratories (Bar Harbor, Maine, USA) were used for gene 

expression and secretion measurements in culture and for in vivo experiments. Eight to ten-

week-old CX3C chemokine receptor 1 (CX3CR1)-CRE-ER-YFP mice (Cx3cr1CreER; stock 021160, 

Jackson Laboratories) were also used. Cx3cr1CreER mice express YFP in microglia and were used 

for fluorescence-activated cell sorting (FACS) of microglia (YFP+) and non-microglia (YFP-) 

neural cells. All animals were maintained in an environmentally controlled room (22–24ºC) with 

ad libitum access to standard chow and water. Mice were acclimatized to a reverse light/dark 

cycle for at least seven days prior to initiation of experiments. 

Chemicals and reagents 

LPS from Escherichia coli (L-4516, serotype 0127:B8), ALA (L2376), EPA (E2011) DHA (D2534) 

and OA (O1008) were purchased from Sigma–Aldrich (St. Louis, MO, USA) and aliquoted for 

single freeze-thaw use. Compound A (CpdA) was purchased from Cayman Chemical (Ann Arbor, 

MI, USA). CpdA was selected for its high affinity and selectivity for GPR120 [18]. For cell culture, 
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LPS was dissolved in phosphate-buffered saline (PBS) and diluted to a final concentration of 100 

ng/mL on testing days. DHA, EPA, ALA, OA and CpdA were dissolved in ethanol for stock 

solution at 100 mM and diluted in the culture media to a final concentration of 10 μM in 0.1% 

ethanol. For in vivo use, CpdA was dissolved in saline with 0.1% ethanol. Fatty acid (FA) doses 

were selected according to our previously studies [19, 20]. The CpdA dose selected for culture 

experiments was based on doses applied to cultured macrophages [16] whereas the dose 

applied in vivo was based on the report of Oh and colleagues and was adapted for ICV 

administration (peripheral vs ICV dose ratio: 10:1) [16, 21].    

Microglial Cell Culture and Treatment 

Primary cultures of microglia were derived from male and female wild type pups (P1-P2 

postnatal day) (Supplemental Figure 1A). Briefly, after decapitation and meninges removal, 

whole brains were dissected and mechanically dissociated. Mixed glial cells were cultured in 

T75 flask and maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 25mM of 

glucose and supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS) and 1% of 

antibiotics (Penicillin G (10,000U/ml)-Streptomycin Sulfate (10,000 μg/ml) at 37°C in 5% CO2. 

Media was replaced with fresh medium twice per week (every three days) to reach astrocyte 

confluence (10-14 days). Subsequently, microglia start growing on top of a single layer of 

astrocytes as small rounded cells. Primary microglia were finally harvested by transferring the 

supernatant (without shaking, centrifuging or enzymatic solution) and cultured in poly-L-lysine 

coated 24-well plates for a maximum of five days prior to treatment. To evaluate the expression 

of GPR120 in different neural cell types in culture, primary astrocytes derived from the 

procedures above and an immortalized hypothalamic cell line (N46; Cellutions Biosystems, 

Toronto, ON, Canada) were used.  

For FA and CpdA treatments, microglial cells were cultured in the DMEM without FBS and 

antibiotic for 24h as a starvation. Microglial cells were exposed to DHA, EPA, ALA, OA or CpdA 

(10μM) 1 h before adding LPS (100 ng/ml) for 6 hours. Between starvation, pre-treatment and 

treatment steps, cells were washed with 500 µl of DMEM without FBS and antibiotic (Appendix 
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2). As CpdA may rapidly react with albumin, serum-free medium was used in these steps. 

Supernatants were harvested for ELISA and cells were processed for RNA extraction. 

Microglial Fluorescence-Activated Cell Sorting 

As detailed by Legroux and colleagues [22], deeply anesthetized (Isoflurane, 5%) adult male 

Cx3cr1CreER-YFP mice were perfused with 50ml of saline 0.9% (w/v). Brains were collected in 

hibernate medium (Life technologies, Burlington, ON, Canada) and kept on ice. Organs from 

pooled mice (n=3) were finely minced with a scalpel followed by a 15 min digestion with a 

mixture of collagenase D (2mg/mL, Roche Diagnostic) and DNase I (14μg/mL, Roche Diagnostic) 

in a water-bath at 37°C. After homogenization and centrifugation by PercollTM to remove 

myelin, microglial cells were isolated using a CD11b positive (remove no microglial brain cells) 

selection kit according to the instructions provided by the manufacturer (Stemcell 

Technologies, #18000). After, CD11b positive cells were incubated with blocking solution 

(0.02μg/mL of rat anti-mouse CD16/CD32, BD Bioscience) and FACS buffer was added 

(PBS+1%FBS+0.1% sodium azide) containing PECy7-conjugated antibody recognizing mouse 

CD45 prior to cell sorting (Microglial cells are CD45intCD11b+ and macrophages are 

CD45hiCD11b+). The gene encoding CreER for Cx3cr1CreER  mice was followed by an IRES-YFP 

element [23]. This insertion, as already observed [24], revealed that YFP+ cells are microglia 

(Iba1+) (Supplementary Figure 1B). Data were acquired on an Arya III flow cytometer and data 

were analyzed using Diva software (BD Biosciences). 

Immunocytochemistry 

To evaluate microglial morphology changes induced by LPS treatment, we performed Iba-1 

immunochemistry revealed by Vectastain Elite ABC HRP kit using DAB (3, 3’-diaminobenzidine) 

peroxidase (HRP) substrate (with nickel) purchased from Vector Laboratories (CA, USA). After 

treatment, microglia cell cultures were post-fixed in 4% paraformaldehyde. After blocking 

endogenous peroxidase (30 minutes in H2O2 0,3% + 0,3% normal goat serum (NGS)) and non-

specific sites (30 minutes in 3% NGS + 0,1% Triton + 0,02% Azide in PBS 1X). Samples were 
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blocked and incubated with primary antibodies overnight (3% NGS + 0,1% Triton + 0,02% Azide 

in PBS 1X + Iba1:500 ; 1 ug/ml; Wako chemicals, Richmond, VA, USA) at 4°C followed by 2 h 

incubation at 22°C with a secondary biotinylated anti-rabbit IgG antibody (provided in the DAB 

kit: vector BA-1000 (rabbit). After the incubation with the peroxidase substrate solution and 

dehydration, coverslips were mounted and imaged with a Zeiss fluorescent microscope (Carl 

Zeiss AG, Jena, Germany) at a 20-fold magnification. Morphometric analysis of microglia images 

(Zeiss AxioImager.M2 ApoTome.2) were converted to 8-bit and measured using the analyze 

particles function of ImageJ. The total number of processes per cell and percentage of cells with 

processes was counted; in addition to the length of each process was measured (border of the 

soma to the end of the process). 

Quantitative PCR 

To examine inflammatory marker expression in the NAc, a brain region important for 

controlling locomotion and anxiodepressive behavior, microdissections from fresh brain 

sections derived from the mice used for behavioral testing were immediately frozen on dry ice 

before RNA extraction using TRIzol (Invitrogen). For cell culture, TRIzol was directly added into 

the wells (75-90% cell confluence). RNA concentration was quantified and 1000 ng of total RNA 

was reverse-transcribed by M-MuLV reverse transcriptase (Invitrogen) with random hexamers 

following the manufacturer's protocol. Quantitative gene expression was measured from 1:5 

cDNA dilutions. RT-PCR were performed using the QuantiFast SYBR Green PCR kit (Qiagen, 

Valencia, CA, USA) according to the manufacturer's guidelines on a Corbett Rotor-Gene 6000. 

Quantitative real-time PCR for GPR120, glial fibrillary acid protein (GFAP, astrocyte marker), 

NeuN (neuronal marker), interleukin 1B (IL-1ß), interleukin 16 (IL6), tumor necrosis factor-alpha 

(TNF-α), monocyte chemoattractant protein-1 (MCP-1), ionized calcium binding adaptor 

molecule 1 (Iba-1, microglia marker), interleukin 10 (IL-10) and 18S (reference gene) was 

carried out using the primer sequences below. Each PCR reaction was performed in triplicate 

and relative gene expression was calculated using the ΔΔCT method using 18S as the 

housekeeping gene.  
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Primer sequences 

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

18S TAG CCA GGT TCT GGC CAA CGG AAG GCC CCA AAA GTG GCG CA 

GPR120 TTT ACA GAT CAC GAA AGC ATC GC GTG CGG AAG AGT CGG TAG TC 

Iba-1 GGA TTT GCA GGG AGG AAA AG TGG GAT CAT CGA GGA ATT G 

GFAP AAC GAC TAT CGC CAA CTG CTC TTC CTG TTC CGC CAT TTG 

NeuN CCA GGC ACT GAG GCC AGC ACA CAG C CTC CGT GGG GTC GGA AGG GTG G 

IL-1β GAC CCC AAA AGA TGA AGG GCT ATG TGC TGC TGC GAG ATT TG 

IL6 CAG AGT CCT TCA GAG AGA TAC AGC TTA TCT GTT AGG AGA GC 

TNF-α CAC GCT CTT CTG TCT ACT G AAG ATG ATC TGA GTC TGA GG 

MCP1 ATT GGG ATC ATC TTG CTG GT CCT GCT GTT CAC AGT TGC C 

IL-10 CTG GCT CAG CAC TGC TAT GC ACT GGG AAG TGG GTG CAG TT 

 

Microglial culture ELISA 

After starvation and exposure to treatments, microglial cell culture media (75-90% confluency) 

was collected before the addition of TRIzol and immediately frozen. Murine TNF-α, IL-1β, IL6 

and MCP-1 cytokines were measured using the antibodies and reference standards contained in 

R&D Systems (Minneapolis, MN, USA) enzyme-linked immunoabsorbent assay (ELISA) Duokits 

according to the manufacturer’s protocol. 

Intracerebroventricular Cannula Implantation 

Animals were individually housed one week prior to ICV cannula implantation. Mice were 

anesthetized with Isoflurane (3% induction; 1–2% maintenance) and positioned in an 

Ultraprecise Mouse stereotaxic apparatus (Kopf Instruments). A single ICV cannula (guide 

cannula: C315GS-5-SP, 5 mm, 26 gauge, Plastics One) was implanted into the right cerebral 

ventricle using stereotaxic coordinates (+0.5 mm caudal and +1 mm lateral; -1.4 mm ventral 

from dura). The cannula was secured to the skull with cyanoacrylate glue and dental cement 

and closed with an adapted dust cap (Dummy cannula: C315DCS-5-SPC, 5 mm, Plastics One). 
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Correct positioning of the cannula was verified seven days after surgery by the drinking 

response elicited by injection of angiotensin II (20 ng/μL; Sigma). Behavioral testing and 

sacrifices were performed at the end of the light cycle and during the dark cycle, respectively. 

Mice were decapitated under Isoflurane anesthesia. Brains and blood samples were harvested 

and stored at -80oC. 

 

Behavioral Tasks 

To assess the behavioral effects of central GPR120 agonism in the context of acute 

inflammation, mice were injected IP with LPS (0.83 mg/kg) after receiving daily 

intracerebroventricular (ICV) injections of CpdA (10 μg/day) or vehicle (DMSO) during three 

consecutive days. On day three, mice were euthanized 2h (gene expression studies) or 12h 

(behavior studies) after LPS injection. The LPS dose was chosen based on a report showing it is 

the minimal effective dose to induce anxiety and depressive-like behavior [25]. The CpdA dose 

was selected based on Oh et al. and was adapted for ICV administration (peripheral vs ICV dose 

ratio: 10:1) [16, 21].  Control mice received an IP injection of vehicle (endotoxin-free saline 

solution). 

 

Light/Dark Box 

The light/dark box (LDB) was used to assess anxiety-like behavior. The apparatus (Med 

Associates, Inc.) consisted of an illuminated compartment made of transparent plastic and a 

dark compartment made of black plastic, covered by a lid (both 13.7 cm X 13.7 cm X 20.3 cm). 

The two boxes were separated by a partition wall, with an opening at the bottom to allow the 

animal to pass freely between compartments. Number of entries and time spent in the lit 

compartment of the box were measured by an overhead video camera connected to a PC with 

Ethovision XT software (Med Associates, Inc.) for a period of five minutes. 
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Elevated-Plus Maze 

The elevated-plus maze (EPM) was used as a second test of anxiety-like behavior as previously 

reported [26]. In brief, each mouse was placed in the center of the maze facing an open arm 

opposing the experimenter. Distance travelled, velocity and percentage of time spent in open 

arms were measured by an overhead video camera connected to a PC with Ethovision XT 

software (Med Associates, Inc.) for a period of five minutes. 

 

Statistical Analyses 

All data are expressed as mean ± SEM. Data were analyzed using GraphPad Prism 9 (San Diego, 

CA, USA). Between group comparisons were performed by ANOVA with Bonferroni or Sidak 

(Figure 4) posthoc tests. Criteria for statistical significance was set at p≤0.05. 
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Results 

GPR120 is predominantly expressed in microglia 

We first set out to determine the expression profile of GPR120 in different neural cell types 

using cultured cells. GPR120 mRNA was highly enriched in primary microglia derived from 

newborn mouse pups as compared to primary astrocytes and neurons (Figure 1A). We then 

investigated GPR120 cell type expression in adult mice using whole brain FACS-sorting of 

microglia and non-microglia cells isolated from Cx3cr1CreER-YFP mice. As shown is Figure 1B, we 

validated the cell sorting approach by verifying mRNA expression of a microglial marker (Iba1), 

but not astrocyte (GFAP) and neuronal (NeuN) markers, in the YFP+ cell fraction. In contrast, 

Iba-1 mRNA was almost absent in the YFP- fraction that expressed high levels of GFAP and 

NeuN. Corroborating findings in culture, we found that GPR120 expression is much higher in 

microglia (YFP+) as opposed to non-microglial cells isolated from adult Cx3cr1CreER-YFP mice 

(Figure 1B). 

 

 

  

 

 

  

                                                                     

A B 

Figure 1. GPR120 expression in neonatal and adult mouse brain. (A) GPR120 RNA expression in primary 

microglia, primary astrocytes, immortalized hypothalamic neurons (N46) and whole brain by real time PCR. 

Fold change vs microglia (n=5-6/group). (B) Expression of GPR120 and cell-type markers for microglia (Iba1), 

astrocytes (GFAP) and neurons (NeuN) in FACS-sorted cells derived from adult Cx3cr1CreER-YFP mice. n=4-

6/group. Mean ± SEM.  
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Figure 2. Effects of acute GPR120 activation on LPS-induced changes in microglial morphology (A) 

Image shows microglia in resting state (Ctrl), activated by acute LPS incubation and pre-treated with 

CpdA. (B) Percentage of cells with processes, (C) Number of processes per cell. Mean ± SEM; One-

way ANOVA, Bonferroni post hoc; * p≤ 0.05, ** p≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001vs Ctrl/ctrl vs 

Ctrl/LPS. N=7-9 per condition. 

 

GPR120 activation attenuates morphological signs of microglial activation 

We next set out to study the effects of GPR120 activation on morphological parameters of LPS-

treated primary microglia. Using chromogen-based immunocytochemistry to stain microglial 

cells, we found that LPS decreased microglial process protrusions, a feature characteristic of 

active amoeboid microglia (Figure 2A). Accordingly, LPS-treated cultures had a lower 

percentage of cells with processes (Figure 2B) and a higher number of processes per cell (Figure 

2C) indicating microglia reactivity. Pro-inflammatory morphological changes were attenuated 

by acute GPR120 activation (Figure 2A-C). 
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GPR120 agonism by CpdA decreases LPS-induced microglial inflammatory markers 

To study the effect of GPR120 agonism on cytokine gene expression and protein release we 

treated primary cultures as above and collected cells and culture medium for analysis.  Pre-

treatment with the CpdA reduced LPS-induced mRNA expression and protein secretion of IL-1β, 

TNF-α and MCP-1 (Figures 3A-F). IL1B mRNA expression was also inhibited (Figure 3G) but not 

IL1B protein secretion (Figure 3H).   
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Figure 3. GPR120 activation downregulates LPS-

induced pro-inflammatory gene expression and 

cytokines secretion in cultured microglia. Effect of 

GPR120 activation on LPS-induced gene expression 

(left) and protein secretion (right) for (A-B) IL6; (C-

D) TNF-α; (E-F) MCP-1; (G-H) IL1B. Mean ± SEM; 

One-way ANOVA, Bonferroni post hoc; * p≤ 0.05, 

** p≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. n=4-8 / 

condition 
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GPR120 agonism by CpdA has effects that exceed or are similar to the effects of LCUFA to 

suppress LPS-induced microglial inflammatory markers 

We next studied the impact of GPR120 agonism and compared to the effects of long-chain 

unsaturated fatty acids (LCUFA). As above, cell cultures were pretreated with CpdA, DHA, EPA, 

ALA or OA (n-9) prior to LPS application. There was a significant reduction in LPS-induced gene 

expression for IL6, IL1B, MCP-1 and NFkB by LCUFA, and particularly n-3 PUFA and CpdA (Figure 

4A, C, D, F). Notably, CpdA had greater effects on inflammatory marker expression than most 

LCUFA on these inflammatory markers, but never exceeded the attenuating effect of EPA.  

CpdA treatment produced a greater suppression of: IL-6 expression (Fig. 4A) relative to OA 

(p<.0001) and ALA (p<.001), TNFα expression (Fig. 4B) relative to OA (p<.0001), ALA (p<.01) and 

DHA (p<.05), MCP1 expression (Fig. 4C) relative to OA (p<.0001), ALA (p<.01), and DHA 

(p<.0001), IL1B expression (Fig. 4D) relative to OA (p<.0001) and ALA (p<.001), and NFkB 

expression (Fig. 4F) relative to OA (p<.0001) and ALA (p<.001). CpdA had effects similar to 

LCUFA to reduce Iba1 expression (Fig. 4F). Only DHA had substantially increased IL10 (Fig. 4E) 

and GPR120 (Fig. 4H) expression. 
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Figure 4. GPR120 activation suppresses LPS-induced pro-inflammatory gene expression and cytokines 

secretion in cultured microglia. (A) Effect of GPR-120 agonists CpdA, DHA, EPA, ALA and OA on LPS-

induced gene expression of IL6 (A), TNFα (B), MCP-1 (C), IL-1β (D), IL-10 (E), Nf-kb (F), Iba-1 (G) and GPR-

120 (H) in primary microglial cells derived from WT pups. Data are expressed as the mean ± SEM. *, P<0.05 

versus LPS treatment in WT mice to OA+LPS or DHA+LPS or EPA+LPS or ALA+LPS or CpdA + LPS. Data is a 

representative image from four independent experiments. One way ANOVA with Bonferroni post hoc test, 

**** p ≤ 0.0001, * p≤ 0.05, ** p≤ 0.01, *** p ≤ 0.001, vs LPS. n= 6-8 / condition 

 



55 
 

Central GPR120 activation inhibits NAc neuroinflammation and LPS-induced sickness 

behaviors 

We next evaluated if central administration of CpdA could blunt LPS-induced decreases in 

locomotion and anxiety-like behavior using two well-established tests. Three days of ICV CpdA 

pretreatment completely prevented systemic LPS-induced hypolocomotion (distance) (Figure 

5A) and reduced locomotor velocity (Figure 5b); however, LPS and CpdA did not significantly 

alter the proportion of time spent in the open arms (Figure 5C). Mice demonstrated anxiety-like 

behavior in the light-dark box test following LPS injection as shown by reduced time spent 

(Figure 5D) and entries made (Figure 5E) in the lit compartment. Increased anxiety-like 

responses were abrogated by CpdA administration in the light-dark box suggesting that CpdA 

has anxiolytic actions (Figure 5D,E).    

As a final step we measured two inflammatory markers in the NAc, a region in which we 

previously demonstrated neuroimmune activation elicited by diet-induce obesity and it role in 

anxiety-like behavior [27]. Systemic LPS administration significantly increased NAc mRNA 

expression of IL6 and IL1B 2-hour post-injection whereas three day CpdA pretreatment blocked 

this elevation: mice receiving CpdA resembled controls (Figure 5F, G).   
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Figure 5. Central GPR120 activation diminishes LPS-induced hypolocomotion, anxiety-like responses 
and NAc inflammation. (A)Total distanced travelled, (B) locomotor velocity, and (C) open arm time in the 
elevated plus maze. (D) Light compartment time and (E) light compartment entries in the light-dark box 
(n=7-9/group). CpdA prevented LPS-induced increases in NAc mRNA expression of (F) IL6 and (G) IL1B 
(n=7-8/group). Mean ± SEM; One-way ANOVA, Tukey post hoc; * p≤ 0.05, ** p≤ 0.01, **** p ≤ 0.0001. 
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Discussion 

The present study provides the first evidence that brain GPR120 is enriched in microglial cells 

and has a considerable impact on acute microglia-mediated inflammation. These results are 

consistent with Dragano et al. showing that GPR120 protein expression in hypothalamic 

microglia [28]. Further, we showed that activation of GPR120 by the specific agonist CpdA was 

effective in abrogating LPS-induced inflammation of primary microglia whereas central GPR120 

activation suppressed anxiety- and sickness-like behaviors elicited by LPS. Together, these 

results suggest brain GPR120 could be a valuable target for the improvement of 

neuroinflammation associated with systemic infections and show promise for its use in the 

treatment of neuroinflammatory disorders. 

Microglia morphology is highly associated with its function [29-31] and neuronal activity in the 

microenvironment [32, 33]. Here we established an association between GPR120 activation and 

a state of microglia surveillance. While LPS reduced the number of cell processes, leading to 

amoeboid shaped microglia, CpdA visibly blunted these characteristic microglia morphological 

changes. Our results are in agreement with previous findings demonstrating the activation of 

expression and release of pro-inflammatory cytokines following an LPS administration [34]. LPS-

induced microglial IL-1β, IL-6, MCP-1 and TNF-α expression was reduced by GPR120 selective 

agonist treatment. We report here an absence of correlation between IL-1β expression and 

secretion levels. IL-1β does not follow the conventional ER-Golgi secretion mechanism, as 

opposed to IL-6 and TNF-α [35, 36]. We can hypothesize that our results are consistent with 

other teams who have observed an excursion of IL-1β secretion, and this, minutely 2 hours 

after administration of LPS in primary microglia [37]. 

DHA and EPA have been shown to inhibit inflammatory responses in macrophages [16]. In the 

present study we also, demonstrated that LCUFAs reduced LPS-induced inflammation in 

primary microglial cultures. EPA showed more potent to inhibit microglial activation and 

inflammation in compare with the other fatty acids ligands. In the current experience, OA 

decreases IL-1β, IL-6, and MCP-1 pro-inflammatory cytokine expression but it has shown much 

less anti-inflammatory potent than n-3. Both two presented in vitro experiments in primary 



58 
 

microglia culture suggest that the activation Gpr-120 may be a potent regulator for 

neuroinflammation. 

Our study has shown that GPR120 activation by LCUFAs and CpdA is strongly decreased Iba-1 

gene expression in microglial cultures. The anti-inflammatory effects of GPR-120 agonist may 

be accompanied by microglia deactivation [37]. EPA has been shown better regulatory effect 

than DHA on microglial activation caused by chronic unpredictable mild stress and 

neuroinflammation by down-regulating NF-ΚB expression in rats, which is consistent with our 

primary culture study [38]. The gene expression of GPR-120 and anti-inflammatory cytokine 

interleukin (IL-10) was strongly induced by DHA in cultured microglia. However the exact 

mechanism of activation in microglia is not clear but IL-10 was able to disrupt the expression of 

TNF-α, IL-1β and IL-6 in microglia by inducing anti-inflammatory elements, like Bcl3 (anti-

apoptotic factor) and Socs3 to subsequently inhibit NF-κB-dependent signals [39].  

These results support the idea that n-3 fatty acids may have a role to the reduction of 

neuroinflammation in the context of acute inflammation by the activation of microglial GPR120. 

This results not only in reducing the expression of inflammatory cytokines, but also in change of 

polarization of cells of microglia. Microglial morphological alteration and activation may have 

influence on brain function [40].  

At the brain levels, neuroinflammation is associated with a myriad of complications including 

sickness and depressive-like behaviors [41, 42]. In animal studies, an activation of immune 

system through the administration of LPS as shown increased pro-inflammatory cytokines levels 

[43], These cytokines mediate a pattern of responses termed sickness behaviors that include 

weakness, hypolocomotion and increased anxiety and depressive-like behaviors [42, 44-48]. In 

agreement, we found that peripheral LPS administration promoted anxiety-like behaviors and 

induced the expression of IL6 and IL-1ß gene expression in the NAc [43]. The pro-inflammatory 

response to LPS in the NAc is similar to the effect of LPS reported in the prefrontal cortex and 

hippocampus [43, 49, 50]. Our data show that LPS significantly evoked characteristics of sickness 

behaviors as evidenced by a decrease in velocity and distance travelled during the EPM test as 

well as fewer entries and percentage of time spent in lit compartment of the LDB test. 
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Remarkably, ICV pre-treatment with CpdA significantly blunted LPS-induced anxiety and IL-1β 

expression in the NAc. There was a non-significant trend towards reduced IL-6 expression. 

These results suggest that GPR120 agonism restricted to the brain has beneficial effects on 

sickness behavior that may be dependent on its central anti-inflammatory effect. Therefore, 

these findings suggest that central GPR120 activation is sufficient to abrogate sickness behavior 

in the context of an acute whole body inflammation. Also, peripheral cytokines promoted by 

LPS injection can access the central nervous system and increase the production of local 

inflammatory mediators including IL-1β and TNF-α by endothelial cells, perivascular 

macrophages, microglia and astrocytes [51]. Moreover, increased IL-1β and TNF-α expression in 

the brain is one of the hallmarks of rodent depressive-like behavior enhanced by LPS [52-55]. 

Consistently, several investigations highlight the major implication of the NAc in the response 

to stress [56] and the regulation of anxiety and depressive-like behavior [57, 58] that are highly 

associated to neuroplasticity. We previously found that prolonged chronic inflammation by 

high-fat feeding resulting in diet-induced obesity elicits anxiodepressive behavior and NAc 

molecular adaptations that correlate with the extent of behavioral despair [59]. 

 Immune-to-brain communication also occurs in humans by generating mood changes that are 

associated with modified activity in particular brain regions, following systemic inflammation or 

infection [60-62]. While these modifications are part of and homeostatic process, it is 

increasingly evident that inflammation has a detrimental effect that can promote numerous 

psychiatric and neurological conditions in human [63, 64]. Several studies provide evidence that 

communication from the site of inflammation to the brain is systemically generated via a 

response in the perivascular macrophages and microglia [46, 65, 66]. In rodents, depressive-like 

behaviors, secondary to an elevation of pro-inflammatory cytokines, develop over a 

background of sickness behavior, similar to those observed in depressed patients [42, 45, 47]. 

Importantly, our findings suggest that CpdA treatment can abolish LPS-induced locomotor 

impairments and anxiety-like traits. We argue that these protective effects of CpdA are due to 

its capacity to subdue neural inflammation via GPR120 activation in microglia, but cannot rule 

of that other cell populations expressing GPR120, such as astrocytes and neurons, could be 

involved given evidence of some expression in these cell types. 
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Conclusion 

Taken together, this work demonstrates the enrichment of GPR120 in microglial cells and its 

capacity to moderate inflammatory responses. These findings identify GPR120 as a promising 

target for the prevention of microglia-mediated neuroinflammation. In a consistent manner, 

these results also suggest a role of central GPR120 agonism in the prevention of inflammation-

related sickness behaviors. Collectively, this work implicates GPR120 targeting in moderating 

immune response following systemic inflammation and potentially offers an innovative 

therapeutic approach for neuroinflammation-associated diseases such as anxiety and 

depression. Further studies will be required to elucidate the role of GPR120 activation in the 

resolution of obesity and associated metabolic inflammation. 
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Supplementary Figure 1 

Figure S1. A. Protocol for primary microglia cell culture. B. Validation of microglia 
cultures derived from Cx3cr1CreER-YFP mice that express a YFP fusion protein (yellow) in 
microglia. Microglia were labeled with an Iba-1 antibody coupled to a secondary 
fluorescent antibody (green) to validate the purity of cultures and specificity of the YFP 
reporter. 
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Appendix 1. 

 Microglia GPR120 and GPR-40  mRNA expression 

Appendix 1. GPR120 and GPR-40 mRNA expression in primary microglia cell culture from 

neonatal mouse brain by RT-PCR. Results are expressed as mean ± SEM, fold change vs 

GPR120 N=4-6. 
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Appendix 2. 

 Microglial cell culture isolation and treatment flow chart (in vitro) 
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Abstract
Objective Obesity significantly elevates the odds of developing mood disorders. Chronic consumption of a saturated high-
fat diet (HFD) elicits anxiodepressive behavior in a manner linked to metabolic dysfunction and neuroinflammation in mice.
Dietary omega-3 polyunsaturated fatty acids (n-3 PUFA) can improve both metabolic and mood impairments by relieving
inflammation. Despite these findings, the effects of n-3 PUFA supplementation on energy homeostasis, anxiodepressive
behavior, brain lipid composition, and gliosis in the diet-induced obese state are unclear.
Methods Male C57Bl/6J mice were fed a saturated high-fat diet (HFD) or chow for 20 weeks. During the last 5 weeks mice
received daily gavage (“supplementation”) of fish oil (FO) enriched with equal amounts of docosahexaenoic (DHA) and
eicosapentaenoic acid (EPA) or control corn oil. Food intake and body weight were measured throughout while additional
metabolic parameters and anxiety- and despair-like behavior (elevated-plus maze, light–dark box, and forced swim tasks)
were evaluated during the final week of supplementation. Forebrain lipid composition and markers of microglia activation
and astrogliosis were assessed by gas chromatography–mass spectrometry and real-time PCR, respectively.
Results Five weeks of FO supplementation corrected glucose intolerance and attenuated hyperphagia in HFD-induced obese
mice without affecting adipose mass. FO supplementation also defended against the anxiogenic and depressive-like effects
of HFD. Brain lipids, particularly anti-inflammatory PUFA, were diminished by HFD, whereas FO restored levels beyond
control values. Gene expression markers of brain reactive gliosis were supressed by FO.
Conclusions Supplementing a saturated HFD with FO rich in EPA and DHA corrects glucose intolerance, inhibits food
intake, suppresses anxiodepressive behaviors, enhances anti-inflammatory brain lipids, and dampens indices of brain gliosis
in obese mice. Together, these findings support increasing dietary n-3 PUFA for the treatment of metabolic and mood
disturbances associated with excess fat intake and obesity.

Introduction

While often associated with heightened risk for cardiovascular
and metabolic diseases, obesity also significantly increases the
incidence of mood disorders [1–3]. Anxiety and depressive
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disorders impair quality of life, motivation and occupational
functioning, and these consequences diminish treatment
adherence to enhance metabolic dysfunction and associated
complications [4]. As metabolic and mood deficits exacerbate
the threat of obesity there is an imminent need to identify
suitable therapeutic interventions.

Several lines of evidence suggest that enhanced immune
activation concurrent with abdominal obesity contributes to
metabolic impairments and mood deficits such as depres-
sion [5–8]. Similarly, rodent models of diet-induced obe-
sity (DIO) exhibit anxiety- and depressive-like behaviors
alongside metabolic dysfunction [9, 10]. Excess con-
sumption of saturated fat is known to aggravate metabolic
dysfunction in obesity by generating physiological
responses that favor deposition of pro-inflammatory
abdominal adipose tissue [11, 12]. We recently reported
that a saturated (but not monounsaturated) high-fat diet
(HFD), which promotes visceral obesity, peripheral
inflammation, and glucose intolerance, triggers anxiode-
pressive behavior via NFκB-mediated neuroinflammatory
processes in mice [13]. These findings along with clinical
and epidemiological data linking poor diet quality, meta-
bolic inflammation, and depressive symptomology
[6, 14, 15] as well as the protective effects of a Medi-
terranean diet [16] suggest that the type and amount of
dietary lipids contribute to mood disorders development.

Omega-3 polyunsaturated fatty acids (n-3 PUFA), pri-
marily eicosapentaenoic acid (EPA, 20:5), and docosahex-
aenoic acid (DHA, 22:6), are essential fatty acids that play an
important role in inflammation. Increased dietary n-3 PUFA
can improve insulin sensitivity and significantly diminish
peripheral inflammation as evidenced by reductions in plasma
C-reactive protein (CRP), IL-6, and TNF-α levels [17, 18].
Moreover elevated intake of n-3 PUFA via fish oil (FO)
supplementation can diminish cerebral inflammation and
attenuate behavioral indices of mood deficits in rodents
[19–21]. Consistently, epidemiological studies show that high
n-3 PUFA consumption is associated with lower prevalence
and severity of mood disturbances [22], whereas clinical
studies show improvements in major depressive disorder with
n-3 PUFA (primarily EPA) supplementation [23, 24]. In turn,
numerous reports demonstrate that dietary n-3 PUFA defi-
ciency and associated decreases in brain n-3 PUFA levels
stimulate neuroinflammation and anxiety- and depressive-like
behaviors in rodents [20, 25, 26].

Despite the connection between diet, obesity, and mood
impairments, the impact of n-3 PUFA supplementation during
DIO on brain lipid composition and metabolic and mood
endpoints has not been fully explored. In the present study, we
show that a prolonged saturated HFD elicits metabolic dys-
function and anxiodepressive behavior concurrent with excess
pro-inflammatory brain lipids. FO supplementation initiated
following obesity development was found to improve certain

negative metabolic and mood corollaries of a saturated HFD in
conjunction with higher brain levels of anti-inflammatory fatty
acid and reduced neuroglia activation.

Methods

Animals

All experimental procedures were approved by the Institu-
tional Animal Care Committee of the CRCHUM in accor-
dance with the standards of the Canadian Council on Animal
Care. Seven to eight-week-old male C57BL/6J mice were
obtained from Jackson Laboratories (Bar Harbor, Maine,
USA). Upon arrival, mice were individually housed and
maintained in an environmentally controlled room (22–24 °C)
with ad libitum access to standard chow and water. Mice were
acclimatized to a reverse light/dark cycle for at least 7 days
prior to initiation of experiments. Euthanasia was carried out
under isoflurane anesthesia. Brains and blood samples were
harvested and stored at −80 °C.

Diets and supplements

Mice received ad libitum access to either a saturated HFD
containing 50% kcal palm oil or an ingredient-matched, control
diet (“chow”) containing 16.8% kcal soybean oil for 20 weeks
(Supplemental Fig. 1A). During the last 5 weeks (16th–20th
week) of the diet protocol, mice from the HFD and chow
groups received daily gavage of FO (Omega Protein; Houston,
TX, USA) or control corn oil (“Ctrl”; Sigma–Aldrich; St.
Louis, MO, USA) described in Table 1. This defined four
experimental groups (n= 12/group): HFD+ control (HFDCtrl);
HFD+ FO (HFDFO); chow+ control (chowCtrl); chow+ FO
(chowFO). The amount of FO administered (0.7mg/kg) was
based on Dietitians of Canada recommendations for humans
of 500mg of combined DHA and EPA per day [27].
Assuming an average human body weight of 60 kg, this
recommended human dose of 8.33mg/kg was converted for
mice by dividing by 12.3 (according to published standards
[28]) to provide 0.7mg/kg of combined DHA and EPA. At an
average body weight of 30 g, each mouse received a daily
gavage of 80 µl of the FO (Table 1). Diets and supplementation
continued throughout testing and until sacrifice.

Metabolic profiling

Body weight and food intake were measured weekly,
whereas additional metabolic measurements were per-
formed the last week of the diet protocol. For glucose tol-
erance tests, mice were fasted 4 h prior to intraperitoneal
(IP) injection of glucose (2 g/kg of body weight). Blood
glucose was measured at 0, 15, 30, 60, and 120-min post
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injection. Lean and fat mass were measured using Echo
MRI (Echo Medical Systems; Houston, Texas). Ambulatory
activity and energy expenditure (normalized to lean mass)
were assessed for 24 h in the Comprehensive Lab Animal
Monitoring System (CLAMS; Columbus Instruments) set at
22 °C after a 24-h habituation period to cages.

Enzyme-linked immunosorbent assay (ELISA)

For plasma protein measurements, blood was collected after
decapitation, kept on ice and then centrifuged at 8000 rpm for
10min at 4 °C. Plasma was stored at −80 °C until further use.
Insulin was measured using the R&D Systems Duokits ELISA
kits (Minneapolis, MN, USA) according to the manufacturer’s
protocol. CRP was measured using a mouse ELISA kit
(Abcam, USA).

Anxiodepressive behavior

All behavioral tests were video recorded and analyzed using
Ethovision XT software system (Noldus). Behavioral test-
ing was carried out during the last week of the protocol. All
testing was performed in the light just before dark cycle
onset to control for any differences in basal locomotion.

Elevated-plus maze

The elevated-plus maze (EPM) was used to assess anxiety-like
behavior as previously reported [9]. In brief, each mouse was
placed in the center of the maze facing an open arm opposing
the experimenter. Number of open arm entries, percentage of

open arm time, and distance traveled were measured over a
period of 5 min.

Light/Dark box

The light/dark box (LDB) was used as an additional measure
of anxiety-like behavior. The mouse LDB apparatus (Med
Associates, Inc.) consists of an illuminated compartment
adjoined to a dark compartment covered by a lid (both 13.7 ×
13.7 × 20.3 cm). The two sides were separated by a partition
with an opening at the bottom to allow mice to pass freely
between compartments. The number of entries and time spent
in the lit compartment were measured for 5 min.

Forced swim test

The forced swim test (FST) was used as a measure of beha-
vioral despair as described in detail previously [9]. Mice are
placed in a beaker of water (24 °C) for 6 min. Velocity and
locomotor capacity were evaluated during the first 2 min while
despair-related mobility was measured during the last 4 min.

Brain lipid quantification

Forebrains were used for quantitative profiling of fatty acids,
both free and bound to triglycerides and phospholipids, by
gas chromatography–mass spectrometry using previously
described methods [29–31]. In brief, samples containing
25 mg of pulverized of tissue were incubated overnight at
4 °C in a solution of chloroform/methanol (2:1) containing
0.004% butylated hydroxytoluene, filtered through gauze
and dried under nitrogen gas. Fatty acids were analyzed as
their methyl esters after a direct transesterification with
acetyl chloride/methanol on a 7890B gas chromatograph
coupled to a 5977A Mass Selective Detector (Agilent
Technologies, Santa Clara, USA) equipped with a capillary
column (J&W Select FAME CP7420; 100 m × 250 µm inner
diameter; Agilent Technologies Inc.) and operated in the PCI
mode using ammonia as the reagent gas. Samples (0.4 µL)
were analyzed under the following conditions: injection at
270 °C in a split mode (split ratio: 50:1) using high-purity
helium as the carrier gas (constant flow rate: 0.44 mL/min)
and the following temperature gradient: 190 °C for 25 min,
increased by 1.5 °C/min until 236 °C. Fatty acids were
analyzed as their [M+NH4]

+ ion by selective ion mon-
itoring and concentrations were calculated using standard
curves and isotope-labeled internal standards.

Quantitative PCR

As markers of neuroglia responses, we measured glial
fibrillary acidic protein (GFAP) and ionized calcium-
binding adapter molecule 1 (IBA1) mRNA levels in

Table 1 Composition of supplements.

Fatty acid C:D Corn oil (%) Fish oil (%)

Myristic C14:0 <0.1 8.20

Palmitic C16:0 8.6–16.5 18.43

Stearic C18:0 1.0–3.3 3.36

Arachidonic C20:0 <0.8 0.20

Palmitoleic C16:1 <0.5 11.51

Oleic C18:1 20.0–42.2 9.16

Linolenic C18:2 39.4–62.0 1.67

γ-linolenic C18:3 0.5–1.5 0.28

Gondoic C20:1 <0.5 0.19

Eicosapentaenoic (EPA) C20:5 13.93

Heneicosapentaenoic (HPA) C21:5 0.52

Docosapentaenoic (n-6 DPA) C22:5 0.23

Docosapentaenoic (n-3 DPA) C22:5 2.30

Docosahexaenoic C22:6 13.35

Other <0.9 16.67

Total 100.0 100.0

1938 G. Demers et al.



forebrain tissue. IBA1 is expressed microglia, the innate
immune cells of the brain, and upregulated during the
activation of these cells. GFAP upregulation is tied with
astrogliosis, the reactivity of astrocytes that occurs in
response to neural injury and/or inflammation. Forebrain
samples were processed for mRNA extraction with TRIzol.
RT-PCR were performed using the Rotor-Gene SYBR
Green PCR Kit (Qiagen, Valencia, CA, USA) using a
Corbett Rotor-Gene 6000. IBA1 forward: GGATTTGC
AGGGAGGAAAAG, reverse: TGGGATCATCGAGGAA
TTG; GFAP forward: AACGACTATCGCCGCCAACTG,
reverse: CTCTTCCTGTTCGCGCATTTG; Cyclophilin
forward: GCTTTTCGCCGCTTGCTGCA, reverse: TGCA
AACAGCTCGAAGGAGACGC. Each PCR reaction was
performed in triplicate. Expression was calculated using the
ΔΔCT method using cyclophilin as the housekeeping gene.

Statistical analyses

Data were analyzed using GraphPad Prism 6 software (San
Diego, CA, USA). Outliers were removed using Grubbs’
test set at p ≤ 0.05. A two-way ANOVA with Sidak post-
tests was used. Main effects (diet and FO) and interaction
effects are described in the text whereas pairwise (simple)
effects are noted by symbols in graphs and tables. All data
are presented as mean ± SEM. p < 0.05 was set as criterion
for statistical significance.

Results

Fish oil supplementation attenuates metabolic
disturbances

We first sought to determine the impact of FO supple-
mentation on energy metabolism in mice fed a saturated
HFD or control diet. As shown in Fig. 1a, body weights of
HFD mice significantly increased relative to control mice
(diet effect at 5 weeks; F(1,38)= 94.09, p < 0.0001); how-
ever, FO supplementation did not affect body weights in
either diet group. While there was a trend for reduced body
weight in HFDFO compared with HFDCtrl mice by the 5th
week of supplementation (Fig. 1a), fat and lean mass were
unchanged (Fig. 1b). Caloric intake was elevated in HFDCtrl

mice (diet effect; F(3,38)= 78.44; p < 0.0001) and FO
resulted in a small but significant decrease in food intake in
HFD mice by the 5th week (FO effect; F(1,38)= 4.87, p=
0.03; interaction, p= 0.23; Fig. 1c). FO increased loco-
motor activity in HFDFO relative to HFDCtrl mice only at the
peak of dark cycle activity (Fig. 1d), yet total dark and light
cycle activity (area under curve) were not affected by sup-
plementation or diet. As expected, HFD increased energy
expenditure; however, FO did not influence this parameter

(Supplemental Fig. 1). Glucose intolerance caused by HFD
was corrected by FO supplementation: glucose excursion
curves for HFDFO mice were similar to those of ChowCtrl

mice (FO effect on AUC; F(3,36)= 9.60, p= 0.001; inter-
action AUC, p= 0.08; Fig. 1e). Mice consuming the HFD
were hyperinsulinemic (HFD effect: F(1,32)= 15.14, p=
0.0005; Fig. 1f) and had higher plasma CRP levels (F(1,33) =
7.79, p= 0.008; Fig. 1g), but FO did not decrease fed-state
plasma insulin or CRP levels.

Obesity-induced anxiety and despair is attenuated
by fish oil supplementation

We next determined the influence of DIO with or without
FO supplementation on anxiety and depressive-like beha-
vior using three behavioral tasks. In the EPM, chronic
high-fat feeding increased signs of anxiety as reflected by
reduced open arm entries (diet effect; F(1,35)= 7.946; p=
0.008; Fig. 2a) and proportion of time spent in the open
arms for HFDCtrl mice as compared with ChowCtrl mice
(diet effect; F(1,35)= 7.31, p= 0.01; Fig. 2a). FO attenuated
this difference between groups: open arm entries (FO
effect; F(1,35)= 2.21, p= 0.15; interaction, p= 0.09; Fig.
2a) and proportion of time spent (FO effect; F(1,35)= 0.49,
p= 0.49; interaction, p= 0.05; Fig. 2a). HFD also
decreased distance traveled in the EPM (diet effect; F(1,34)

= 5.20, p= 0.028), an effect reversed by FO (FO effect;
F(1,34)= 3.68, p= 0.06, interaction, p= 0.04).

In a second test of anxiety, the LDB, high-fat feeding
again triggered anxiety-like behavior as demonstrated by
a lower number of entries (diet effect; F(1,35) = 2.001, p=
0.1660; Fig. 2b) and proportion of time spent in the lit
compartment in HFDCtrl mice relative to ChowCtrl mice
(diet effect; F(1,36) = 10.98, p= 0.002; Fig. 2b). In con-
trast, the HFDFO group had similar entries (FO effect;
F(1,35)= 4.26, p= 0.046; interaction, p= 0.003; Fig. 2b)
and lit compartment time as compared with the ChowCtrl

group (FO effect; F(1,36)= 0.05, p= 0.81; interaction, p=
0.12; Fig. 2b).

In the FST, HFD enhanced behavioral despair: immo-
bility time was increased in HFDCtrl mice as compared with
ChowCtrl mice (diet effect; F(1,36)= 9.987, p= 0.003; Fig.
2c). On the other hand, while there was no main effect of
FO (FO effect; F(1,36)= 0.76, p= 0.387) FO reduced
immobility time in HFDFO versus HFDCtrl mice (interaction,
p= 0.03; Fig. 2c). As an index of locomotor capacity, swim
velocity was comparable across the four groups.

Brain fatty acid content is modulated by high-fat
feeding and fish oil supplementation

To evaluate the impact of HFD and FO supplementation on
brain lipid composition, we performed quantitative profiling
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of forebrain fatty acids. As shown in Fig. 3a, total fatty
acids were not modified by HFD; however, FO elevated
total fatty acid content (FO effect: F(1,36= 4.15; p= 0.04).
On the other hand, HFD increased the proportion of satu-
rated fatty acids (SFA) (Fig. 3b; diet effect: F(1,35)= 5.57,
p= 0.023) while decreasing polyunsaturated fatty acids
(PUFA) (Fig. 3c; diet effect; F(1,34)= 16.63; p= 0.0003).
FO supplementation did not alter the level of either of these
fatty acid families. However, as illustrated in Fig. 3d,
individual PUFA were significantly modified by both HFD
and FO. HFD decreased DHA (C22:6n-3) (diet effect:
F(1,36)= 7.72, p= 0.008), DGLA (C20:3n-6) (diet effect:
F(1,37)= 49.74, p < 0.0001) and LA (C18:2n-6) (diet effect;
F(1,27)= 15.07, p= 0.0006) concentrations. As shown in
Fig. 3d, EPA (C20:5n-3) and docosapentaenoic acid (DPA,

C22:5n-3) substantially increased with FO supplementation
in the HFD group (EPA FO effect: F(1,27)= 7.71, p= 0.009,
interaction, p= 0.001; DPA FO effect: F(1,29)= 50.51, p <
0.0001, interaction, p= 0.013; Fig. 3d). Similarly, two n-6
fatty acids, LA (C18:2n-6) (FO effect: F(1,28)= 5.81, p=
0.02) and DGLA (C20:3n-6) (FO effect: F(1,37)= 12.3, p=
0.001) were elevated by FO in both diet groups. In contrast,
arachidonic acid (AA; C20:4n-6) was decreased by FO in
both chow and HFD mice (FO effect: F(1,36)= 15,14, p=
0.0004).

Additional fatty acid species are presented in Table 2. Of
note, palmitate levels were unchanged by HFD, instead the
SFA stearate significantly increased with HFD (diet effect;
F(1,37)= 7.87; p= 0.008). FO supplementation increased the
levels of the SFA acid myristate (FO effect: F(1,34)= 9.88, p=

Fig. 1 Fish oil supplementation protects against diet-induced glu-
cose intolerance and attenuates hyperphagia without affecting
body composition. a Body weight during 15 weeks of chow or
saturated HFD (left panel) and during 5 following weeks of daily
gavage with corn oil (Ctrl) or fish oil (FO) (right panel). b Fat and lean
mass following supplementation. c Cumulative caloric intake before

(left panel) and during supplementation (right panel). d, e Ambulatory
activity, f, g 24 h energy expenditure corrected by metabolic mass (h)
glucose excursion curves following IP-GTT (i) plasma insulin, and (j)
plasma c-reactive protein. Values are expressed as mean ± SEM; *p ≤
0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. N= 9–12/condition.

1940 G. Demers et al.



0.003; interaction, p= 0.06) and lead to a trend for increased
stearate levels (F(1,37)= 3.48, p= 0.07; interaction, p= 0.12).
While the n-3:n-6 ratio was unaffected, HFD and FO influ-
enced the EPA:AA ratio (marker of chronic inflammation):
HFD diminished (diet effect: F(1,28)= 13.41, p= 0.001),
whereas FO caused a substantial increase in the EPA:AA ratio
in HFD mice (FO effects: F(1,28)= 8.38, p= 0.007; interaction,
p= 0.0001).

Fish oil supplementation dampens reactive gliosis

As illustrated in Fig. 4, while HFD did not alter GFAP
and Iba-1 mRNA expression in the forebrain, FO sup-
plementation reduced GFAP expression across diets (FO
effect; F(1,37) = 10.44; p= 0.003; interaction, p= 0.32)
and decreased Iba-1 levels in HFDFO relative to HFDCtrl

mice (FO effect: F(1,38) = 0.06, p= 0.8, interaction,
p= 0.005).

Discussion

The last several decades have witnessed an increase in the
consumption of SFA to the detriment of n-3 PUFA, a
change in dietary pattern that is posited to contribute to
increased immune activity and greater obesity-associated
risks. Among the findings associating n-3 PUFA intake to
the regulation of energy balance and mood, both body mass
index [32] and depression rates [33] were shown to be
inversely related to circulating n-3 PUFA levels. As meta-
bolic impairments arising from poor dietary lifestyle and
obesity development increase the risk of anxiety and
depression, the present work determined the impact of FO
supplementation in a DIO setting on metabolic, mood and
brain fatty acid measures. Consistent with earlier work
[9, 10, 13], our results demonstrate increased anxiety and
indices of despair by saturated HFD. In addition to restoring
glycemic control and blunting hyperphagia, FO supple-
mentation was effective at alleviating anxiety- and despair-
like behavioral responses to the saturated HFD while
increasing individual anti-inflammatory PUFA and attenu-
ating signs of reactive gliosis.

Although several reports assessed the protective effects
of n-3 PUFA in the development of obesity using different
diets [34–36], the effects of FO supplementation initiated
following obesity development and during a saturated HFD
on metabolic and emotional measures has not been inves-
tigated. Moreover, to our knowledge, no study has
employed an administration protocol that is comparable
with taking a FO supplement (gavage) with n-3 PUFA
doses selected to biologically resemble those recommended
for humans. FO was used as it is more commonly con-
sumed, both in diet and supplementation form, and due to
its content in DHA, EPA and DPA, n-3 PUFA that are more
potent than n-3 alpha-linolenic acid which has a limited
ability to convert to long-chain n-3 PUFA.

In accordance with previous reports [37, 38], the present
study demonstrates protective effects of n-3 PUFA on HFD-
induced glucose intolerance in mice. Prior findings were
obtained in conditions where body weight and fat mass
deviated with n-3 PUFA dietary intervention. Here, we
demonstrate that daily FO supplementation defends against
the deleterious effects of DIO on glucose tolerance and
anxiodepressive behavior in conditions where body com-
position and energy expenditure are unchanged. Thus, the
benefits of FO for glucose homeostasis are unlikely to be
largely secondary to catabolic actions of n-3 PUFA, a result
that is in agreement with recent studies [39, 40]. Improved
glucose tolerance by FO did not coincide with changes in

Fig. 2 Fish oil supplementation alleviates anxiety- and despair-like
behavior triggered by a saturated high-fat diet and obesity. a
Number of entries in the open arms and percent of open-arms time. b
Total entries and percentage of time spent in the lit compartment of the
light/dark box. c Immobility time and swim velocity in the forced
swim test. Values are expressed as mean ± SEM; *p ≤ 0.05, **p ≤ 0.01.
N= 9–12/group.
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insulin levels, suggesting that FO supplementation may
improve glucose tolerance independent of modulating
insulin sensitivity. These findings contrast those showing
that FO supplementation in HFD-fed obese mice improves
insulin sensitivity [39]. This discrepancy may be related to
differences in n-3 type, dose and animal model tested.
Nonetheless, the absence of changes in body weight and
insulin levels are in agreement with the influence of FO
supplementation observed in randomized clinical trials of
obese adolescents [41] and overweight adults [42].

In agreement with prior observations [43], we found that
total brain SFA content to be elevated by HFD. While the
palm oil HFD we used is palmitate-enriched (~44% of total
fatty acids) and substantially increases plasma palmitate
levels [44], there was no difference in brain palmitate
content between HFD- and chow-fed mice. This contrasts
with results of Rodrigues-Navas et al. of increased brain
palmitate by milk-fat HFD that contains less palmitate [43].
The discrepancy may be due to the higher amount of
sucrose in the milk-fat HFD and the longer duration of diet
regimen implemented by these authors (16 vs. 12 weeks).
On the other hand, we observed that the most abundant SFA
in the brain, stearate, was increased by the palm oil HFD.
Thus, despite the positive association between plasma pal-
mitate levels and depression severity in humans [45], it is
not clear higher circulating palmitate gives rise to increased
brain palmitate. Moreover, central SFA content was not
affected by FO supplementation despite the favorable

effects of FO on glucose homeostasis and anxiodepressive
behavior. Rather, FO augmented total fatty acids and the
long-chain SFA myristate and produced a trend for higher
stearate levels. These results suggest that higher brain
composition of SFAs alone does not underlie neuroimmune
responses and associated emotional and metabolic impair-
ments produced by saturated high-fat feeding and DIO.

Our observations suggest that a saturated HFD and
obesity diminish brain PUFA levels. Although DHA is
plentiful in the brain, central DHA levels can remain rela-
tively stable in response to short-term dietary interventions
[46] as opposed to longer n-3 PUFA nutritional interven-
tions [47]. These findings are consistent with our lipidomic
results showing no change in DHA with 5 weeks of FO
supplementation, but reduced DHA in HFD mice. In con-
trast, EPA is much less abundant in the brain and fluctuates
more rapidly and according to ongoing nutritional status
and cellular metabolism [48]. Indeed, despite stability in
total PUFA levels, select PUFA species such as EPA and
DPA were markedly increased by FO. It is important to note
in this regards that EPA rather than DHA supplementation
ameliorates major depressive disorder symptomology in
randomized controlled trials [23, 49] and blunts rodent
depressive behavior [50] and the deleterious behavioral and
neuroinflammatory effects of central interleukin-1β injec-
tion [51].

Several mechanisms have been proposed to explain the
increased risk of anxiety and depression in individuals with

Fig. 3 Forebrain lipid
composition changes
associated with saturated
high-fat feeding and fish oil
supplementation. a Total fatty
acid levels. b Proportion of
saturated fatty acids (SFA). c
Proportion of polyunsaturated
fatty acids (PUFA). d
Concentration of individual
PUFA. EPA eicosapentaenoic
acid, DPA docosapentaenoic
acid, DGLA dihomo-γ-linolenic
acid, LA linoleic acid, AA
arachidonic acid, DHA
docosahexaenoic acid. Values
are expressed as the mean ±
SEM (nmol/mg or %). ChowCtrl

vs. HFDCtrl: ****p ≤ 0.0001,
HFDCtrl vs. HFDFO: ###p ≤ 0.001.
N= 4–12/group. Main effects:
*p ≤ 0.05, **p ≤ 0.01.
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obesity, including immune activation, impaired
hypothalamic–pituitary–adrenal axis activity and neu-
roendocrine dysfunction [5, 6]. Altered membrane fatty acid
composition in individuals with mood disorders has been
repeatedly reported and given rise to the phospholipid
PUFA hypothesis of depression [52]. In line with our pre-
vious observations of striatal inflammation by saturated
HFD [13], we hypothesize that elevated brain SFA gen-
erates pro-inflammatory responses that can be mitigated by
increasing central n-3 PUFA concentrations. One way this
can happen is via the effects of phospholipid-derived
PUFAs to modulate inflammatory derivatives that con-
tribute to neuroimmune and neural functions. N-3 PUFA
and n-6 fatty acids can compete for the same enzymes to
significantly regulate these inflammatory products.

Although found in only trace amounts in the brain,
DGLA yields anti-inflammatory eicosanoids and competes
with AA for cyclooxygenase (COX) and lipoxygenase

(LO), inhibiting the production of AA-derived pro-inflam-
matory eicosanoids. In the present study, DGLA was
reduced by HFD and potentiated by FO supplementation,
whereas AA was decreased by FO. EPA also competes with
AA for COX and LO enzymes to generate less inflamma-
tory products. As a result, the EPA:AA ratio has been used
as a marker of chronic inflammation, with a lower ratio
corresponding to higher inflammation. Prolonged high-fat
feeding reduced the EPA:AA ratio by half, whereas FO
produced a near 15-fold increase in this ratio in the HFD
condition. Along these lines, new findings demonstrates that
over most of the range of plasma levels, AA positively
correlates with depression severity and reduced serotonin
transport binding in the brain [53]. Thus, our results suggest
that increased brain EPA, DPA and DGLA and reduced AA
by FO supplementation participate toward dampened neu-
roimmune activity and alleviation of diet-induced anxiety
and despair. This possibility is supported by the observed
effects of FO to decrease expression markers of microglia
reactivity and astrogliosis, neuroimmune responses to
invasion or injury known as reactive gliosis, and are con-
sistent with the neuroprotective effects of increased n-3
PUFA in pro-inflammatory conditions [20, 54]. While DIO
has been shown to stimulate a pro-inflammatory state
coincident with reactive gliosis [13, 55, 56], Iba-1and
GFAP mRNA levels were not significantly elevated by
HFD in the present study. We suspect that this is due to
assessment of forebrain samples rather than specific brain
regions (e.g., hypothalamus or striatum) that are more
sensitive to obesity-induced neuroinflammation [57].

In addition to stimulating cellular production of eicosanoid
lipid mediators with well-known anti-inflammatory actions
[20], EPA can activate GPR120, a G protein-coupled receptor

Table 2 Forebrain fatty acid
profile.

Fatty acid ChowCtrl ChowFO HFDCtrl HFDFO

Myristic C14:0 0.25 ± 0.02 0.27 ± 0.01 0.24 ± 0.02 0.34 ± 0.13##

Palmitic C16:0 31.97 ± 4.78 32.36 ± 1.57 31.96 ± 1.91 34.38 ± 1.76

Palmitoleic C16:1 n-7 0.72 ± 0.11 0.75 ± 0.1 0.65 ± 0.11 0.61 ± 0.13

Stearic C18:0 42.12 ± 11.65 43.1 ± 10.95 46.37 ± 9.96 58.39 ± 11.65

Oleic C18:1 n-9 49.55 ± 7.33 51.97 ± 6.63 49.79 ± 5.3 57.24 ± 4.16

Vaccenic C18:1 n-7 4.63 ± 0.44 4.29 ± 0.57 4.27 ± 0.61 3.66 ± 0.56

Mead C20:3 n-9 0.22 ± 0.04 0.22 ± 0.03 0.35 ± 0.05*** 0.33 ± 0.05

Ratio n-3/n-6 7.33 ± 0,56 6.97 ± 2,5 7.31 ± 1,34 10.46 ± 5,58

Ratio EPA/AA 0.02 ± 0.001 0.07 ± 0.006 0.01 ± 0.001*** 0.16 ± 0.036###

Total % SFA 48.87 ± 4.48 43.74 ± 18.77 50.9 ± 4.2 47.65 ± 20.89

Total % MUFA 35.96 ± 2.48 34.67 ± 14.48 35.6 ± 3.1 32.25 ± 13.23

Total % PUFA 16.27 ± 1.08 15.15 ± 6.07 13.3 ± 0.7* 12.0 ± 5.25

Values are expressed as the mean ± SEM (nmol/mg or %); ChowCtrl vs. HFDCtrl *p ≤ 0.05; **p ≤ 0.01,
***p ≤ 0.0001, HFDCtrl vs. HFDFO: ##p ≤ 0.01, ###p ≤ 0.001.

AA arachidonic acid, EPA eicosapentaenoic acid, MUFA monounsaturated fatty acids, PUFA polyunsatu-
rated fatty acids, SFA saturated fatty acids.

Fig. 4 Fish oil supplementation suppresses forebrain markers of
gliosis. a mRNA expression of glial fibrillary acidic protein (GFAP)
and b ionized calcium-binding adapter molecule 1 (Iba-1). Forebrain
samples measured by RT-PCR normalized to beta-actin. Values are
expressed as the mean ± SEM. Fold change vs. ChowCtrl; *p ≤ 0.05,
n= 9–12/group.
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implicated in the anti-inflammatory and insulin-sensitizing
effect of n-3 PUFA in the periphery [39]. Such a possibility is
consistent with our previous observations of the anxiolytic
actions of central pharmacological GPR120 activation [58]. In
parallel or alternatively, n-3 PUFA are known to be agonists
and activators of nuclear peroxisome proliferator activated
receptor gamma, a receptor that when activated in adipocytes
promotes the expression of genes improving glucose metabo-
lism. Nevertheless, in view of the capacity of FO to reduce
brain gliosis and enhance select brain n-3 PUFA with estab-
lished antidepressant actions, the anti-inflammatory impact of
n-3 PUFA is likely involved. Future research will be required
to determine which of these mechanisms could be involved in
the protective effects of FO supplementation on metabolism
and mood. Collectively, these data add to a growing literature
on the beneficial effects of n-3 PUFA and encourage FO intake
to mitigate mood and glycemic dysregulation in obesity.
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Chapter 4: DISCUSSION and CONCLUSION 

      4.1. Discussion 

Several lines of evidence demonstrate the protective effects of n-3 supplementation on 

metabolism and mood. We previously showed that FO supplementation in male mice protects 

against some of the metabolic and behavioral consequences of diet-induced obesity [88]. 

GPR120 partly mediates the anti-inflammatory effects of n-3 in peripheral tissues, which has 

generated considerable interest in GPR120 as a therapeutic target. As a LCFA receptor, GPR120 

can be activated by natural and synthetic agonists. We previously reported that chronic 

pharmacological stimulation of GPR120 in the brain suppresses anxiety-like behavior in high-fat 

fed mice [301]. It remained unclear how GPR120 regulates SHFD-induced changes in mood-

related behaviors. Fish oil supplementation provides n-3, which can act as a natural agonist for 

GPR120 that is hypothesized to reduce inflammatory tone in the brain, particularly in microglia 

as a central player in neuroinflammation. 

 Furthermore, we showed that FO supplementation in DIO improves mood and reduced 

sickness-like behaviors that are known to be related to neuroinflammation. In the current 

study, we aim to characterize the expression pattern of brain GPR120 and to investigate its 

potential role in neuroinflammatory responses in microglia in vitro. To further explore these 

actions, we also sought to elucidate the role of central GPR120 to attenuate neuroinflammation 

and regulate LPS-induced sickness behaviors.  

 

GPR120 is predominantly expressed in microglia 

GPR120 is expressed in different regions of brain with varying levels of mRNA expression [127, 

149]. Our current study provides evidence of enriched expression of GPR120 in primary 

microglia isolated from pups’ brain, compared to other glial cells, including primary astrocytes, 

neuronal hypothalamic cell line (N46) and whole brain in mice. Moreover, we demonstrated 

that GPR120 expression is much higher in microglia (YFP+) as opposed to non-microglial cells 

(astrocyte and neuron) isolated from adult Cx3cr1CreER-YFP mice. 
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On the other hand, we showed, both GPR120 and GPR40, as the two main LCFA receptors, are 

expressed in primary microglia. The mRNA expression level of GPR-40 is much lower 

(approximately four times less) than GPR120 (Appendix 1). Consistent with our results, Dragano 

et al. study showed that both receptors are expressed in the hypothalamus, but the 

hypothalamic expression of GPR120 corresponds to microglia, and GPR40 corresponds to 

neurons, especially POMC and NPY neurons in obese mice [280]. Indeed, our previous studies 

demonstrated relatively high expression of GPR120 mRNA in the ARC and NAc, a brain region 

well implicated in the control of motivation and mood, with lesser and minimal expression in 

the hippocampus and VTA. Additionally, GPR120 was found to be co-expressed with 

neuropeptide-Y in the ARC of the hypothalamus. Furthermore, direct activation of GPR120 via 

an agonist (GPR120 Agonist III) by ICV injections in the hypothalamus showed substantially 

reduced anxiety-like behaviors in SHFD mice [301]. From these lines of evidence, we could 

hypothesize that GPR120 is more related to anti-inflammatory responses and the modulation of 

depression in comparison to GPR40, and for this reason greater expression of GPR120 in 

microglia may correspond to functional roles in inflammation and regulation of anxiety-like 

behaviors. 

 

GPR120 activation alters LPS-induced changes in microglial morphology 

The activation of microglia has been noted in many studies to induce inflammation and brain 

function [326]. In addition, studies demonstrated microglia morphology is highly associated 

with its function [361-363]. However, the possibility exists that microglia morphological 

changes may impact neural functions independently of observed reactivity characteristics 

[326]. In the current study, we also report the morphological differences in cultured primary 

microglia following treatment with LPS and LPS + cpdA. According to the previous results, we 

chose low concentration of LPS (<100 ng/mL) for its reliability to alter microglial morphology 

and functions [327, 328]. Microglia assume an amoeboid form with fewer branches when 

exposed to LPS, alone. LPS‐mediates alterations in microglia morphometric features at the 

single‐cell level [329]. Pre-treatment with CpdA changes microglia morphology and 
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downregulated rounded/amoeboid-like shape to favor the transition of microglia. Also, we 

examined the percentage of cells with processes as a feature of active amoeboid cells, as well 

as the number of the microglial cell processes that were significantly increased by cpdA 

treatment in comparison to LPS treatment alone. These findings demonstrate that GPR120 

stimulation may regulate neuroinflammation and neural function by microglial reactivation and 

pro-inflammatory morphological changes. Of note, these morphological analysis results based 

on visual characterization of microglia found that while LPS reduced the number of cells with 

processes, leading to amoeboid-like shaped microglia, CpdA visibly blunted these characteristic 

microglial morphological changes. 

 

GPR120 agonism by CpdA decreases LPS-induced microglial inflammatory markers 

The anti-inflammatory function of microglial GPR120 was tested in vitro by stimulating the 

receptor on WT cells. In our in vitro experiments, primary microglial cells were initially exposed 

to CpdA (10 μM) [330, 331] for 1h, followed by LPS (100 ng/ml) for 6h [331] as a positive control 

to induce acute inflammation. Consistently, LPS stimulation increased the levels of TNF-α, IL-6, 

IL-1β, and MCP-1 expression. Furthermore, our results agree with prior findings demonstrating 

the activation of expression and release of pro-inflammatory cytokines following an LPS 

administration [262, 332]. Stimulation of GPR120 by CpdA resulted in a significant reduction in 

the gene expression IL-1β, IL-6, MCP-1, and TNF-α, and the protein expression of IL-6, MCP -1 

and TNF-α. But, we didn’t see significant changes in IL-1β secretion. Thus, by these results, 

microglial GPR120 has anti-inflammatory properties and can reduce neuroinflammation by its 

agonist. Our first hypothesis to explain the lack of protein secretion of IL-1β may relate to the 

specifics of the IL-1β secretion mechanism. IL-1β is secreted through an unconventional 

secretion pathway or non-classical protein export. This means that it does not have a leader 

sequence required for secretion through the ER/Golgi pathway [333]. In addition, IL-1β 

secretion is related to the NLRP3 activation mechanism by two signals, including priming and 

activation signals [334]. Our result demonstrated the Nf-kb gene expression decreases by CpdA 

in LPS –induced inflammation microglia (figure 4F). CpdA may have the regulatory effect to 
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decrease pro-IL-1β mRNA gene expression by inhibit Nf-kb pathway in microglia. However, for 

the secretion of mature IL-1β, the NLRP3 inflammasome complex activation is needed, and the 

regulatory effect of GPR120 agonism is not clear in NLRP3 inflammasome complex activity. 

Thus, more experiments are needed to explore the related mechanisms.  

Long-chain unsaturated fatty acids suppress LPS-induced microglial inflammatory markers 

In the in vitro experiment, primary microglial cells were exposed to the same amount of 

synthetic (cpdA) and natural agonist (EPA, DHA, ALA, OA) of GPR120 (10 μM) [330, 331]  for 1h, 

followed by LPS (100 ng/ml) for 6h [331] to induce acute inflammation. Consistently, LPS 

stimulation increased the levels of TNF-α, IL-6, IL-1β, NFkB and MCP-1 whereas cpdA 

treatments reduced cytokines and chemokine expression in primary microglial cells. There was 

a significant reduction in LPS-induced gene expression for IL6, IL-1β, MCP-1, and NFkB by 

LCUFA. Our results agree with previous findings demonstrating that DHA and EPA inhibit 

inflammatory responses in macrophages and microglia [330, 335]. Overall, the anti-

inflammatory effect between treatments on LPS-induced pro-inflammatory cytokine expression 

in microglia suggests that cpdA is more effective than EPA, DHA, ALA, and OA. It was 

predictable by the previous experiments results in macrophages which shown, CpdA agonist 

was more potential than DHA to stimulate GPR120 [330, 336, 337]. 

    DHA demonstrated anti-inflammatory effect on microglia 

 

In the primary cultured microglia, DHA reduces LPS-induced pro-inflammatory cytokines mRNA 

expression. In this regard, some evidence demonstrated that DHA decreased inflammation 

levels by different pathways in microglia, including inhibition of pro-inflammatory microglial 

activation [338], promotion of anti-inflammatory microglial responses [339], and increased 

microglial phagocytosis [340]. However, to explain the anti-inflammatory activity of n-3 PUFAs, 

the different mechanisms have been suggested which are at least partly connected and act in 

parallel. The line of evidences from studies, have shown the protective effect of DHA by  

transformed into resolvins and protectins, which are considered to mostly regulate the extent 
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and magnitude of inflammatory processes. DHA derived SPMs which demonstrated some anti-

inflammatory effect on microglia. For example, RvD1 [339] and RvD2 [264] decreased LPS-

induced pro-inflammatory cytokine (TNF-α, IL-6 and IL-1β) gene expression in microglial BV2 

cells via the modulation of miRNAs, and also, in primary microglia via the TLR4/ NFκB pathway, 

respectively, with RvD1 enhancing anti-inflammatory cytokine (IL-4, Arg1, and Ym1) expression 

[339]. By the evidence from the other experiment result in cultured microglial cells, DHA 

reduced LPS-induced pro-inflammatory cytokines TNF-α, IL-1β, IL-6 and MCP-1 production 

through inhibition of p38/MAPK activation [338]. In addition, EPA and DHA have been found to 

directly interact with their receptors such as GPR120 and PPAR‐γ [341]  which are critical 

regulators of inflammation. In this context, Ren et al. demonstrated the anti-inflammatory 

effects of DHA correlated with GPR120 interactions with β-arrestin2 in an in vitro model of 

oxygen-glucose deprivation (OGD)-induced inflammatory responses in primary microglia and 

murine microglial BV2 cells [320]. With these result, we could hypothesize GPR120 activation by 

DHA may be related to the observed anti-inflammatory effect. However, for mechanistic 

understanding of DHA anti-inflammatory effects on inflammation induced on microglial cells 

more experiments are needed. Experiments with GPR120 knockout in microglia could be used 

to more precisely evaluate the role of GPR120 with cellular and molecular specificity. 

 

        EPA has shown anti-inflammatory effect on microglia 

 

EPA was another n-3 fatty acid that we used in vitro treatments. EPA reduced all cytokines 

mRNA expression, which we tested. Among the FAs treatments, only EPA significantly 

decreased TNF-α gene expression. It may be related to the more anti-inflammatory potential of 

this FA in microglia regulation. In consist with our result, the treatments with EPA (200 μM) 

alone and EPA plus DHA (100 μM each) significantly suppressed the LPS-induced TNF-α pro-

inflammatory cytokine release in the BV-2 microglial cell line [342]. Microglia are one of the 

main sources of TNF-α in response to an inflammatory stimulus in the CNS [343]. TNF-α is an 

early cytokine expressed by cells in response to LPS stimulation, and TNF upregulates the NF-κB 

signaling pathway and the expression of inflammatory cytokine production, including IL-6 and 
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IL-1β [344, 345]. The microglia-derived TNF-α autocrine activation occurs via TNFR1 signaling 

pathway that amplifying its production and release [343].  

 

On the other hand, LPS induced pro-inflammatory cytokines impaired autophagy processes in 

microglial cells through the activation of the PI3KI/AKT/mTOR pathway [346]. Microglial activity 

downregulates autophagy [180], which facilitates the shift of microglia from an M1-to-M2 

phenotype and suppresses inflammation in microglia [347]. Also, there are negative 

interactions between autophagy and NALP3 inflammasome activation in the activation of 

microglia and the subsequent release of active IL-1β  [348]. Further, EPA supplementation 

deactivated microglia activation in aged rats and mice [349, 350] and their derived compounds, 

such as RvE1, that demonstrated strong anti-inflammatory effects by inhibiting microglial 

activation via the NFκB signaling pathway and reduction of LPS-induced pro-inflammatory 

cytokine (TNF-α, IL-6 and IL-1β) gene expression in murine BV-2 microglial cells [339] as well as 

the regulation of the M2 phenotype in microglial [339, 351]. Also, RvE1 alleviates depression-

like behavior through the activation of mammalian target of rapamycin complex 1(mTORC1) as 

a regulator of mitochondrial functions in models of depression.  

 

Furthermore, EPA induced autophagy through GPR120-mediated AMPK/mTOR signaling in 

murine bone marrow-derived mesenchymal stem cells [352]. In the most recent experiment by 

Mo et al. (2020), GPR40 and GPR120 activation induced by EPA played an essential role in the 

inhibition of the NLRP3 inflammasome, in mice and BV2 microglia cells [322]. It seems EPA and 

activation of GPR40 and GPR120 receptors in macrophages and microglia attenuates microglial 

activity and upregulates autophagy (AMPK/mTOR pathway) [180], which is involved in 

facilitating the shift of microglia from an M1-to-M2 phenotype and suppression of inflammation 

(inhibition of TLR4 and NLRP3 inflammasome pathway) in microglia to alleviate depression-like 

behavior. These evidences suggest that EPA suppression of the inflammatory signaling pathway, 

deactivation of microglial activation and regulation of the autophagy are involved, to regulate 

microglial function. In the interesting research report by Rapaport et al., it was demonstrated 
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that subjects with major depression and a high number of inflammatory biomarkers had a 

better response to EPA than the placebo and a lower response to DHA than the placebo [258]. 

Also, in the other recent study by Peng et al., for the first time, a comparison of EPA and DHA 

anti-depressant effects was reported on a chronic stress-induced rat model of depression [353]. 

Their findings indicated both EPA and DHA supplementation significantly attenuated microglia 

marker CD11b and NF-κB expression in the hippocampus and modulated microglial activity, but 

EPA was better than DHA to down-regulate NF-ΚB expression in depression rat models. Base on 

their experiment results, EPA supplementation, reduced IL-1β, IL-6, and TNF-α pro-

inflammatory cytokine levels, but DHA only decreased IL-1β. On the other hand, the EPA was 

shown more efficacious than DHA to regulate apoptosis signaling in the hippocampus and 

depression-like behaviors in a rat model of depression [353].   

EPA is far less abundant than DHA in the brain and many other tissues. However, the exact 

mechanism that is responsible remains unclear, but it may support the more sensitive and anti-

inflammatory effect of EPA that other n-3 fatty acids exert on microglia in the control of 

neuroinflammation and depression. Given all of these results together, we could hypothesize 

that a greater potential effect of EPA in comparison to other n-3 fatty acids in the control of 

depression may depend on the more potent anti-inflammatory effect of this fatty acid on the 

microglia as a main player of neuroinflammation and depression symptoms.  

     ALA Impacts on Inflammation in microglial cells 

Another n-3 fatty acid treatment for in vitro study was ALA, which showed a significant 

reduction in LPS-induced gene expression of pro-inflammatory cytokines IL-1β, IL-6, MCP-1, and 

Nf-kB. Our results did not show a substantial decrease in TNF-α mRNA expression by ALA. In 

contrast, in the recent study by Carey et al., in 2020 [354], walnut extract (containing 

approximately 2.01 µM of ALA and 12.48 µM of LA attenuated LPS-induced increases in TNF-α 

when used both before and after LPS exposure in BV-2 murine microglial cells. However, as 

they used walnut extract and not pure ALA, it is possible this result could be due to the synergic 

effect of other compounds and not only ALA. Our results highlighted the anti-inflammatory 

effect of ALA in microglia but in lower levels in comparison to EPA and DHA in response to LPS.  
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    Oleic Acid Impacts on Inflammation in microglial cells 

 

In the current experience, OA (n-9), the main fatty acid of olive oil sources decreases IL-1β, IL-6, 

and MCP-1 pro-inflammatory cytokine expression in microglial cells but with much less anti-

inflammatory potential than n-3. Consistent with our results, an in vitro study using OA 

(100 μM) shows its anti-inflammatory effect by inhibiting NF-κB signaling pathways and pro-

inflammatory mediators induced by LPS in BV2 microglia [355]. A study by Khatchadourian et al. 

demonstrated that OA strongly induced lipid droplet formation and enhancement of lipid 

droplet size distribution in microglia [356], which led to protection against AA release [356] as 

well as prevented lipid peroxidation at the membrane level and reduced oxidative stress-

mediated inflammatory signaling [357]. Another study by Rohwedder and colleges showed that 

lipid droplet formation in response to OA is mediated by GPR120 in human hepatoma cell lines 

(Huh-7 cells) [358]. By all this evidence, we can hypothesize that OA may generate a protective 

phenotype in microglia by inducing enrichment in PUFA within lipid droplets in microglia via 

GPR120 activation and oxidative balance [359]. 

 

      IL-10 anti-inflammatory cytokine expression highly induced by DHA 

In our experiment, the IL-10 mRNA expression level was highly expressed only by DHA 

treatment in vitro. It may suggest DHA is more potent in increasing IL-10 expression in 

comparison to other n-3. IL-10 is considered one of the most critical anti-inflammatory 

cytokines, mainly produced by astrocytes and microglia to balance pro and anti-inflammatory 

cytokine levels in the CNS [360, 361]. IL-10 is considered a potent negative autocrine regulator 

of microglia [362, 363]. Also, IL-10 is critical for maintaining regular neuro-immune 

communication and behavioral effects such as sickness behavior during infection [364]. LPS 

upregulated the IL-10 signaling molecules in primary microglia of mice [365]. In addition, IL-10 

acts through the activation of its receptor (IL-10R). It can disrupt the LPS-mediated increases in 

the expression of IL-1β, and IL-6 in microglia [360, 366], by inducing anti-inflammatory 

elements, such as Bcl3 and Socs3 to inhibit NF-κB-dependent signals [367-369] subsequently 
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and also promote cell survival by expressing anti-apoptotic factors (e.g., Bcl-2 and Bcl-xl) [367-

369]. Overall, IL-10 KO microglia showed a significantly higher number of TNF-α- and IL-6 after 

LPS stimulation than WT microglia [370]. Furthermore, IL-10 altered microglial morphology and 

restored their migration in LPS-treated microglial cells [370, 371]. DHA pre-treatment 

decreased pro-inflammatory cytokines (TNF-α and IL-6) and increased IL-10 expression in 

human monocyte cell line THP-1-derived macrophages  [372]. On the other hand, hypothalamic 

GPR120 activation by intracerebroventricular (ICV) injection of a GPR120 agonist (TUG1197) 

promoted IL-10 anti-inflammatory gene expression and decreased the production of pro-

inflammatory cytokines TNFα and IL-1β [280]. Therefore, based on these lines of evidence, we 

can hypothesize that the microglial GPR120 activation may correlate our results about DHA-

induced changes in IL-10 expression and anti-inflammation responses. However, more research 

is needed to find a suitable mechanism because DHA has different anti-inflammatory pathways 

to explain this observation. 

      Iba-1 gene expression significantly decreased in all GPR120 agonists 

Ionized calcium binding adaptor molecule 1 (Iba1) is considered a microglia activation marker, 

with expression strongly upregulated in activated microglia [373]. Iba1 participates in 

membrane ruffling and phagocytosis in activated microglia. Microglia membrane ruffling is 

essential for the morphological changes in microglia from quiescent ramified to amoeboid 

[374]. Our study has shown that GPR120 activation by LCUFAs and CpdA strongly decreased 

Iba-1 gene expression in microglial cultures. This reduction is consistent with our morphological 

differences seen in cultured primary microglia following treatment with LPS+CpdA. We could 

suggest that these anti-inflammatory effects may be accompanied by microglia deactivation. 

[375].   

Central GPR120 activation inhibits brain inflammation and LPS-induced sickness behaviors  

To determine the precise role of the GPR120 receptor, we used a specific synthetic ligand for 

this receptor to assess the anti-inflammatory and behavioral changes in an acute model of 

inflammation in male mice. Numerous studies have demonstrated that inflammation is involved 

in the pathogenesis of depression. In the animal study, we used LPS (0.83 mg/kg at 2h post-
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systemic injection) to induce the peripheral and acute inflammation. This dose was selected as 

a minimal effective dose to induce anxiety and depressive-like behavior in mice [376]. Zhao et 

al. reported that IP injections of LPS at 0.5 mg/kg and 0.75 mg/kg doses (6 h before each daily 

test) was sufficient to reveal the occurrence of inflammation TNF-α and IL-1β gene expression 

in the serum and brain homogenates [377]. These effects were accompanied by microglial 

activation along with associated sickness behavior and cognitive impairments in C57BL/6J mice 

[378]. In another study, IP injections of 1.0 mg/kg LPS (24 h after the first injection) significantly 

increased pro-inflammatory cytokines expression (TNF-α and IL-1β) in the hypothalamus, 

microglial activation in the NAc and induced mild sickness behavior in C57BL/6J mice [378]. Our 

finding demonstrated IP injections of LPS significantly induced IL-1β and IL-6 gene expression 

level in comparison to control gene expression in the NAc [379]. The present study result 

demonstrated LPS injection significantly decreases the velocity and distance travelled in 

elevated plus-maze behavior tests and showed the fewer entire and time spent percentage in 

the lit compartment in light/dark box (LDB) test, as well. Therefore, based on these results, we 

hypothesize that IP injection of LPS may induce microglial activation and neuroinflammation in 

the NAc with associated behavior alterations in mice. Moreover, pre-treatment with cpdA (ICV 

injection) modulated cytokines expression in LPS induced anxiety-like behavior and 

hypolocomotion in the mice NAc. These results suggest that cpdA may alleviate sickness 

behavior through the anti-inflammatory effect.  

 

 

    4.2. Limitation and future perspectives 

LC-UFAs are agonists for multiple receptors and are not exclusive agonists to GPR120; thus, the 

observed reduction in inflammation could represent a synergistic effect between them. On the 

other hand, the protective and anti-inflammatory effect of n-3 fatty acids passes through 

various pathways, including those of the PPAR family [283]. Therefore, it is difficult to conclude 

microglial GPR120 as entirely responsible for the anti-inflammatory effect of n-3 FAs. Thus, to 

validate the involvement of GPR120 in the in vivo part, we can repeat the same diet experiment 

on transgenic CX3CR1CreER / +; GPR120 fl / fl mice whose GPR120 gene is invalidated. To 
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validate the involvement of microglial GPR120 in the in vitro part, we can use KO microglial cells 

come from transgenic CX3CR1CreER / +; GPR120fl / fl mice in which the invalidation of GPR120 

is specific to CX3CR1 + cells, or microglia cells at the central level. By comparing the effect of 

FAs in these conditional KO mice compared to WT mice, will reflect the impact of the selective 

absence of the receptor on metabolism and behavioral changes. Also, the in vitro experiments 

on the microglial knock-out GPR120 gene made it possible to invalidate only the microglial 

GPR120 in comparison to the results obtained on the WT cells and its possible role in 

inflammation regulation. 

In addition, for in vitro experiments, the preventive effect of GPR120 on inflammation was 

studied by exposing microglia first to agonists (CpdA and UFAs) in the same amount to compare 

inflammation regulation than to LPS. It would be interesting to repeat these experiments by LPS 

followed by CpdA and see if the results obtained are comparable. It would allow studying the 

effect of stimulating GPR120 in a medium with significant inflammation and seeing if it can 

reverse inflammation. 

 

Indeed, in our study, we use IP injection of LPS, but we couldn’t determine with certainty 

whether the microglia present in the CNS is exposed to LPS injected into the periphery or by 

pro-inflammatory cytokines and if activation of their receptors can diffuse through the BBB. 

However, LPS consider as a more commonly used pro-inflammatory stimulus for microglia 

(both in vitro and in vivo) and induces neuroinflammation, but it is not representative for 

physiological for DIO situation. Because the plasma level of cytokines is induced in parallel with 

LPS, which can affect neuroinflammation. It would be interesting to repeat a similar 

methodology by applying a mixture of cytokines to the brain through ICV infusion/injection (in 

vivo) [380]  to check whether the observed phenotype is comparable. LPS is the most common 

stimulus to pro-inflammatory responses in microglia, both in vitro and in vivo; but, SFAs such as 

palmitate, in high-fat DIO can increase other pro-inflammatory stimuli such as cytokines (e.g., 

IFNγ, TNFα) that may be more relevant to the stimulation of microglia [371].  The recent study 

by Zhao et al, induced the pro-inflammatory reaction in mice serum and brain by LPS, ICV (12 

μg), or Ip (500 mg/kg and 750g/kg) injection. LPS group in compared to the saline group in per 
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group of injection (ICV and IP) were shown significant neuronal cell loss and microglial 

activation (Iba-1) in the hippocampus [377]. We can use the ICV infusion/injection of a cytokine 

or mixture of some stimulus cytokines that bind to receptors on microglia, including IFNγ and 

TNFα, to induce neuroinflammation [371]. We can also use the ICV inject of GPR120 agonists 

(synthetic and natural) to determine and compare the anti-inflammatory function and 

neuroinflammation regulation. On the other hand, we can use the mixture of cytokines as a 

stimulus for inflammation in primary microglia culture to assess the GPR120 agonist anti-

inflammatory function. 

On the other hand, there is a multi-complex cross-talk between glial cells and neurons to 

regulate metabolism in the brain. Microglial function results cannot indicate whole-brain 

function and action in the same situation; thus, it is better than in the subsequent research; we 

use a co-culture of microglial cells with astrocytes and neurons. 

 

 Moreover, the mixture of EPA + DHA shows a more effective inhibitory effect than either DHA 

or EPA alone on the expression of inflammatory genes in LPS-stimulated human THP-1 

macrophages. DHA shows more potential than EPA [381]. Also, EPA and DHA show synergic 

effects in depression modulation. Therefore, it will be interesting to study the impact of the 

combination of UFAs in comparison to each FA used alone on the microglial activity, 

inflammation control and mood regulation. Although n-3 FAs are agonists of GPR120, it is 

difficult at this time to confirm the involvement of this receptor in the in vivo changes induced 

by these fatty acids. Subsequent studies should focus more on how GPR120 is involved in the 

effects of n-3 and obesity/mood in vivo and the mechanisms in place. 
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      4.3. Conclusion  

While the role of dietary n-3 FAs in regulating both mood and metabolic function through 

impacts on neuroinflammation is increasingly appreciated, the precise role of GPR120 function 

within the brain in these processes remains incompletely understood. In this study the role of 

central GPR120 to attenuate neuroinflammation and regulate mood-related neuro-behavioral 

processes was investigated using a combination of dietary, pharmacological, biochemical, and 

behavioral approaches. In the present study, we find that the central GPR120 activation 

attenuated neuroinflammation in the NAc. We also showed that GPR120 expression is enriched 

within microglial cells and that GPR120 moderates morphological alteration and inflammatory 

responses in microglial cells. Consistent with this, we observed that central GPR120 prevents 

inflammation-related sickness behavior. These findings advance our knowledge on the role of 

GPR120 within the brain, present new avenues for research into the interconnections between 

neuroinflammation, diet, metabolism, and mood, and suggest GPR120 may potentially serve as 

a promising novel target relevant for the treatment. Further studies will be required to 

elucidate the role of GPR120 activation in the resolution of obesity and associated metabolic 

inflammation. 
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