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isomer (CLNA); Docosahexaenoic acid (DHA); Eicosapentaenoic acid (EPA); Endoplasmic reticulum (ER); 
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Rumenic acid (RA); Src family kinases (SFKs); Saturated fatty acids (SFAs); Toll-like Receptors (TLRs); 

Tumor necrosis factor (TNF); Western pattern diet (WPD) 

Abstract  

High-fat diet-induced obesity detrimentally affects brain function by inducing chronic low-grade 

inflammation. This neuroinflammation is, at least in part, likely to be mediated by microglia, which 

are the main immune cell population in the brain. Microglia express a wide range of lipid-sensitive 

receptors and their activity can be modulated by fatty acids that cross the blood-brain barrier. Here, by 

combining live cell imaging and FRET technology we assessed how different fatty acids modulate 

microglia activity. We demonstrate that the combined action of fructose and palmitic acid induce Ikβα 

degradation and nuclear translocation of the p65 subunit nuclear factor kB (NF-κB) in HCM3 human 

microglia. Such obesogenic nutrients also lead to reactive oxygen species production and LynSrc 

activation (critical regulators of microglia inflammation). Importantly, short-time exposure to omega-

3 (EPA and DHA), CLA and CLNA are sufficient to abolish NF-κB pathway activation, suggesting a 

potential neuroprotective role. Omega-3 and CLA also show an antioxidant potential by inhibiting 

reactive oxygen species production, and the activation of LynSrc in microglia. Furthermore, using 

chemical agonists (TUG-891) and antagonists (AH7614) of GPR120/FFA4, we demonstrated that 

omega-3, CLA and CLNA inhibition of the NF-κB pathway is mediated by this receptor, while 

omega-3 and CLA antioxidant potential occurs through different signaling mechanisms.  
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1. Introduction  

The prevalence of obesity and overweight is increasing worldwide, having almost tripled since 1975. 

Even though new strategies devised to fight obesity emerged in the last few years, data from the 

Organization for Economic Co-operation and Development (OECD) show a steady increase in obesity 

rates until 2030 [1]. Indeed, epidemiologic studies have identified obesity (high body mass index, 

BMI>30) as a risk factor for cardiovascular disease [2,3], diabetes mellitus, chronic kidney disease 

[2], cancer [4], and several musculoskeletal disorders [5,6]. Obesity poses a high economic burden 

closely connected to the associated health effects – cardiovascular diseases present an estimated 

burden of €210 billion/year, and diabetes will have an economic burden of US$ 2,1 trillion by 2030 

[7]. Thus, a growing number of resources are being applied to develop anti-obesity drugs (e.g. orlistat, 

Sibutramine, Lorcaserin/Belviq, etc.). However, such efforts have been associated with systematic 

failure as most of the treatments are not effective and the sufficiently efficient ones are related to 

severe health side effects, being the most common ones flatulence, oily spotting, fecal urgency, 

fatty/oily stool, oily defecation, increased defecation and fecal incontinence and other adverse effects 

such as nephrotoxicity, hepatotoxicity, nephrolithiasis and pancreatitis [8]. Moreover, sibutramine and 

Lorcaserin/Belviq were withdrawn from the European market by the European Medicine Agency 

(EMA). The Food and Drug Administration (FDA) has also withdrawn Sibutramine from the United 

States’ market and requested the withdrawal of Lorcaserin/Belviq due to the associated side effects 

[7]. One reason behind such failures might be the lack of knowledge of how obesity impacts other 

organs, besides adipose tissue, especially the brain [9], in which the hypothalamus has a fundamental 

role in regulating hunger and satiety. Indeed, lesions in specific regions of rat’s hypothalamus lead to 

cessation of feeding and subsequent death by starvation [10–12]. Thus, there is a need to better 

understand the effects of obesity, namely high-fat diets (HFDs) on hypothalamus.  

Processed foods, rich in saturated fats, are a significant part of the diet in western countries. Such diet 

– the western pattern diet (WPD) – is considered a relevant factor for the progression of obesity 

[13,14]. Besides consumption of high-glycemic/high-insulinemic carbohydrates, including sugars 

(mainly sucrose and fructose), WPD is also characterized by high-fat levels, primarily saturated fatty 

acids (SFAs) and trans fats [13,15]. Several in vivo studies show that HFD-induced obesity 

detrimentally affects brain function, including synaptic plasticity and cognitive performance. In 

models of diet-induced obesity, the consumption of an HFD increased cytokine expression, c-Jun N-

terminal kinases (JNK), and inhibitor of kappa B kinase (IKK) activation in both the liver and 

hypothalamus [16,17]. Besides, obesity-induced oxidative stress causes inflammatory reactions 

resulting in abnormalities in protein, lipid, DNA function, brain aging, and cognitive impairment. 

Indeed, HFD disrupts intracellular cascades involved in synaptic plasticity and insulin 

signaling/glucose homeostasis, increases corticosterone levels, and activates the innate immune 

system [18]. As a result, HFD is commonly associated with chronic, low-grade inflammation in the 

adipose tissue and in the central nervous system (CNS) [19–21]. High-fructose feeding has been used 

as an efficient method to establish metabolic syndrome. Indeed, in rodent models, high fructose-fed 

rats often exhibit hypertension, insulin resistance, impaired glucose tolerance, dyslipidemia and 

obesity. Interestingly, compared to glucose, fructose-fed rats show worse features of metabolic 

syndrome [22,23]. Identical results are observed in overweight humans where the administration of 

fructose containing-beverages causes more visceral obesity and insulin resistance compared to 

glucose groups [24]. Moreover, fructose has been shown to increase tumor necrosis factor (TNF)-α 

concentration and to activate cellular stress responses and reactive oxygen species production (ROS) 

in animal models [25,26].Interestingly, in contrast to glucose, CNS delivery of fructose in rodent 

models promotes feeding behavior and it seems to be an endogenous production of fructose from 

glucose in CNS, suggesting that fructose effects in CNS may extend beyond its direct dietary 

consumption [27]. Moreover, it has been reported that a potential action of fructose on brain can be 

manifested, specifically, in alterations in neuronal and glia cells [28] and one study has reported that 

short-term consumption elevated GLUT5 levels in the hippocampus[29].  

Importantly, microglia are the principal immune resident cells of the CNS, representing 5 to 10% of 

the total brain cells [30]. In response to external stimuli, microglia can initiate a neuroinflammatory 
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response which, similar to peripheral inflammation, includes the production of cytokines such as 

TNF-α and IL-1β, and several chemokines. Bioactive fatty acids resulting from nutrition can cross the 

blood-brain barrier (BBB) and reach the CNS, specifically the hypothalamus, with the potential to 

modulate microglial activity [31,32]. Microglia directly respond to LC-SFAs (e.g., palmitic acid, PA), 

functioning as a sensor capable of initiating inflammation in response to increased saturated fatty 

acids (SFAs) in the hypothalamus [21,33,34]. Accordingly, microglia express a wide range of lipid 

metabolism-related genes and lipid-sensitive receptors, including toll-like receptors (TLRs) [35]. 

Fatty acids act predominantly through TLR 4 [33] and hippocampal TLR 4 expression is increased 

under chronic HFD exposure [18].  

The harmful effects presented by SFAs may be reversed by other fatty acids, including 

polyunsaturated fatty acids (PUFAs). Recent studies showed that supplementing rats’ diet with fish oil 

has beneficial effects by modulating hypothalamic inflammation and attenuating SFA- induced 

abnormal behavior, inflammatory response, oxidative reactions and neuronal apoptosis [36–38]. 

Moreover, the intracerebroventricular administration of docosahexaenoic acid (DHA), reduces energy 

intake, body weight gain and HFD-induced hypothalamic inflammation [39]. Several receptors, 

including G-protein coupled receptors (GPCR) GPR40/FFA1 and GPR120/FFA4 (from now on 

simply mentioned as GPR120), can be activated by free fatty acids, namely LC-PUFAs [40,41]. By 

signaling through GPR120, omega-3 fatty acids, DHA, and eicosapentaenoic acid (EPA) produce 

anti-inflammatory effects [36,41–46]. Attention has been given to other PUFAs that may induce 

similar effects. For instance, the dietary fatty acids conjugated linoleic acid (CLA) and conjugated 

linolenic acid (CLNA) can decrease the production of several pro-inflammatory agents, including 

TNF-α, PGE2, nitric oxide (NO), IL-1, and IL-6 in adipose tissue [47,48]. 

CLA, mostly cis-9, trans-11 (C18:2 c9,t11) and trans-10, cis-12 (C18:2 t10,c12), and CLNA (punicic 

acid - PUA- C18:3 c9,t11,c13) isomers, have anti-inflammatory properties mediated, at least in part, 

by the nuclear hormone receptor peroxisome proliferator-activated receptor (PPAR)-γ in adipocytes 

[48–52]. PPARs are members of the nuclear receptor superfamily of ligand-dependent transcription 

factors, and PPAR-γ is highly expressed in adipose tissue, adrenal gland, colon, and macrophages 

[53]. Despite the increasing knowledge of conjugated fatty acids (CFA) beneficial effects, little is 

known about their mechanism of action. Although several studies show evidence supporting the anti-

inflammatory properties of CLA and CLNA, it remains elusive how it affects the immune system, and 

very few studies have specifically addressed their role on hypothalamic inflammation [49,54,55].  

As stated, fatty acids, namely SFAs and omega-3 fatty acids, can exert pro- and anti-inflammatory 

effects in the hypothalamus, respectively. Nevertheless, the exact mechanisms behind such effects are 

incomplete and the role of other fatty acids, such as CFAs is still elusive. In this work, using an 

human microglia cell model, through live cell imaging and Fluorescence resonance energy transfer 

(FRET) technology, we studied the potential role of omega-3 fatty acids and CFAs - C18:2 c9,t11 and 

C18:2 t10,c12 CLA isomers and C18:3 c9,t11,c13 CLNA isomer - in modulating microglia 

inflammation triggered by obesogenic nutrients (SFAs and fructose).  
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2. Material and methods 

2.1. Reagents 

PA, D-(-)-Fructose and Rumenic acid (RA, C18:2 c9t11) were purchased from Sigma-Aldrich 

(Missouri, USA); EPA, DHA, the C18:2 t10c12 CLA isomer and PUA (C18:3 c9t11c13) were 

purchased from Larodan AB (Solna, Sweden). The cell culture reagents: Dulbecco’s modified Eagle’s 

medium (DMEM) + GlutaMAX
TM

-I, fetal bovine serum (FBS), penicillin, streptomycin and HBSS 

supplemented with CaCl2 and MgCl2 and the PrestoBlue reagent were purchased from Thermo Fisher 

Scientific (Massachusetts, USA). The transfection reagent jetPRIME® was purchased from Polyplus-

Transfection SA (Illkirch, France). The ethanol absolute anhydrous, used as the fatty acid’s vehicle, 

was purchased from Carlo-Erba (Barcelona, Spain). Both GPR120 agonist, TUG-891 (ortho-biphenyl 

ligand 4-{[4-fluoro-4′-methyl(1,1′-biphenyl)-2-yl]methoxy}-benzenepropanoic acid), and antagonist, 

AH7614 (4-methylN-9H-xanthen-9-yl-benzenesulfonamide), were purchased from Sigma-Aldrich 

(Missouri, USA). Regarding the western-blot reagents, both RIPA buffer (R0278), protease inhibitor 

cocktail (P8340) and Ponceau S dye (78376) were from Sigma-Aldrich. The primary antibodies used 

were as follows: GPR120 (extracellular) Polyclonal Antibody (PA5-111778) from Sigma-Aldrich and 

Anti-GLUT5 antibody (ab279363) from Abcam. The 0.45 µm nitrocellulose blotting membranes 

(10600002) were purchased from Amersham Protran. The SuperSignal West Pico Plus 

Chemiluminescent Substrate (34580) was from ThermoFisher. 

2.2. Human microglia clone 3 cell line 

The human microglia clone 3 (HMC3) cell line (ATCC CRL-3304) was obtained from primary 

cultures of human embryonic microglial cells and immortalized through transfection with a plasmid 

encoding for the large T antigen of SV40 [56]. These cells were cultivated with DMEM + 

GlutaMAX
TM

-I and supplemented with 10% FBS, 100U/mL penicillin and 100 μg/mL streptomycin. 

The cells were maintained at 37 °C, 95% air and 5% CO2 in a humidified incubator [57–59].  

2.3. Fatty acids Solutions  

The fatty acids stock solutions (PA and Fructose, RA, EPA, DHA, the C18:2 t10c12 CLA isomer and 

PUA) were prepared at 100 mM and dissolved in ethanol absolute anhydrous. The stock solutions 

were maintained up to a month at -20 °C and were stored under a nitrogen atmosphere. The work 

solutions were freshly prepared according to Table 1 in HBSS with CaCl2 and MgCl2 and added to 

the cells as a final concentration of 100 µM. The selected fatty acids’ concentrations were based on 

previous in vitro studies. For instance, a 100 µM PA concentration has been reported by several 

studies, as inducing the pro-inflammatory responses without presenting cell toxicity [34,35,60–63]. 

Regarding PUFAs, 50-200 µM has been reported as a bioactive concentration for omega-3 fatty acids, 

specifically EPA and DHA [41,44,62,64,65], for CLNA isomers (C18:3 c9,t11,c15 and C18:3 

c9,t13,c15 isomers) [66] and for CLA isomers (including C18:2 c9,t11 and C18:2 t10,c12 isomers) 

[48]. Thus, 100 µM was selected as the studied concentration for both PA and PUFAs (omega-3 and 

CLA) and 50 µM for the CLNA isomer. Fructose has been reported with no cytotoxic effects in 

higher doses (5-50 mM) in several different cell lines: caco-2 cells [67], cholangiocyte and 

cholangiocarcinoma cell lines [68] and macrophages [69]. In microglia there are reports of use of 

glucose in similar doses (17.5 or 25 mM) [70].  
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Table 1- Fatty acids solutions composition. 

Solution ID Fatty acids 
Other 

Components 

Final 

Proportion 

Final concentration added 

to the cells 

Stimulus solution (western 

pattern diet) 
Palmitic Acid (C16:0) (≥99% 

purity) 
D-(-)-Fructose (≥99%) 2:1 

100 µM 

Omega 3 

EPA (C20:5 n-3) (90% purity) - 

1:1 
DHA (C22:6 n-3) (≥99% 

purity) 
- 

CLA 

Rumenic acid (C18:2 c9t11) 
(≥96.0% purity) 

- 

1:1 

C18:2 t10c12 CLA isomer 
(>98% purity) 

- 

CLNA 
Punicic Acid C18:3 

c9t11c13 (>98% purity) 
- - 50 µM 

2.4. Cytotoxicity analysis 

The cytotoxicity of the fatty acids solutions (PA and Fructose, RA, EPA, DHA, the C18:2 t10c12 

CLA isomer and PUA) was evaluated using the PrestoBlue reagent, according to the manufacturer’s 

instructions. The cells were seeded at a concentration of 1×10
4
 cells/well in 96-well plates for 24 h. 

Afterwards, cells were exposed to the fatty acids solutions according to the concentrations presented 

in Table 1. Since our experiment for FRET analysis has a 45 mins duration, for the cytotoxicity assay 

we exposed the cells for 5 and 24 h to the study fatty acids. Cells treated with 10% DMSO were used 

as a negative control. After the two incubation time periods (5 and 24 h), PrestoBlue reagent was 

added to the medium and it was incubated for 1 h in the dark. The fluorescence signal was read in a 

Synergy H1 microplate reader.  

2.5. Western blot to confirm the expression of GPR120 and GLUT5 membrane receptors in 

microglia cell line 

To confirm the expression of both GPR120 and GLUT5 transmembrane receptors in the study cell 

line, HMC3 cell lysates from 3 independent cultures were collected in RIPA Buffer (150 mM NaCl, 

1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing 

1:1000 of a phosphatase inhibitor and DTT (Dithiothreitol – Promega, V3151, 1M) and 1:100 of a 

protease inhibitor. Protein concentrations were determined using a BCA kit (Pierce BCA Protein 

Assay Kit, Thermo Scientific). The samples were stored at -80 ºC until use. The cell lysates (10 µg) 

were processed using SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and 

western-blot. For the SDS-PAGE, 1% DTT and 1X GLB (Gel loading buffer, 150mM Trizma Base – 

Fisher Scientific, BP152 –, 6% SDS – Sigma Aldrich, L4390 –, 0.05% Bromophenol Blue – Alfa 

Aesar, A18469 –, 30% glycerol – Merck, 1.04092.1000 – and 6nM EDTA pH 8.8 – Merck, 

1.08452.1000) were added to each cell lysate and a 10 mins 95 ºC denaturation process was 

performed, before addition of the samples to a 10% polyacrilamide electrophoresis gel. After, the 

proteins were blotted from the gel into nitrocellulose blotting membrane by a semidry transfer 

process, using the Trans-Blot Turbo System (Biorad). The protein transfer was confirmed by Ponceau 

S staining. The membranes were blocked with 5% milk and were further incubated overnight with the 

GPR120 and GLUT-5 primary antibodies. After incubation with appropriate secondary antibodies the 

immunodetection was performed with Chemiluminescent Substrate solution and using a ChemiDoc 

XRS+ (Biorad). 

 

2.6. GPR120 receptor chemical activator and inhibitor 

TUG-891 (ortho-biphenyl ligand 4-{[4-fluoro-4′-methyl(1,1′-biphenyl)-2-yl]methoxy}-

benzenepropanoic acid) was the chosen selective agonist for the long-chain free fatty acid receptor 

GPR120. The stock solution was prepared at 20 mg/ml (≈55mM) in DMSO. It was added to the cells 

as a final concentration of 30 µM, considering previous studies [71–73]. AH7614 (4-methylN-9H-

xanthen-9-yl-benzenesulfonamide) was the selected negative allosteric modulator of the long-chain 
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free fatty acid receptor GPR120 [74]. The stock solution was prepared at 100 mM in DMSO and it 

was added to the cells as a final concentration of 100 µM. Indeed, in vitro studies (including neuronal 

cells) reported AH7614 GPR120 antagonistic effect on concentrations ranging from 10 to 100 µM 

[62,73,75]. The stock solutions were maintained at -20 °C. 

2.7. Biosensors 

2.7.1. Cytosolic ROS production:  

The generation of cytosolic ROS, mainly superoxide radical and hydrogen peroxide, was detected in 

microglia using the pFRET-HSP33 cys biosensor (mentioned in this paper as HSP biosensor; addgene 

plasmid #16076). This is a FRET probe consisting of a CFP/YFP proteins linked by a 69 amino acid 

cysteine-containing regulatory domain from the redox-regulated heat-shock protein HSP-33 [76]. 

Since the oxidation of the CFP and YFP fluorophores increases the CFP/YFP HSP-FRET ratio, an 

increase in donor to FRET fluorescence ratio is translated into the increased generation of ROS.  

2.7.2. Src tyrosine kinase activation sensor:  

To measure the specific activity of Src at the plasma membrane of microglia, the LynSrc (WT) YPet 

FRET probe was used (herein mentioned as LynSrc biosensor). This Src reporter is composed of a 

CFP protein, the SH2 domain, a flexible linker, a Src substrate peptide – derived from a primary in 

vivo c-Src substrate molecule - and an YFP protein [77]. An increase in the activation of Src is 

detected by an increase in donor to FRET fluorescence ratio.  

LynSrc and HSP biosensors were previously validated in microglia cells giving reliable FRET and 

donor signals within the dynamic range of each probe [58,78–80].  

2.7.3.  Ikβα reporter for the canonical activation of NF-κB pathway:  

The canonical activation of NF-κB pathway was studied using a monomeric near-infrared fluorescent 

protein probe: the miRFP703-Ikβα reporter (excitation 673 nm, emission 703 nm; addgene plasmid 

#80005). Ikβα is a known member of a family of proteins that inhibit the NF-κB transcription factor. 

Canonical activation of NF-κB therefore, depends on induced phosphorylation Ikβα degradation. In 

resting cells, Ikβα sequesters NF-κB dimers in the cytoplasm. After a certain stimulus, the IKK kinase 

is activated and phosphorylates Ikβα marking it for degradation and as a result NF-κB is released to 

the nucleus [81]. Consequently, the activation of NF-κB is detected by a decrease in the fluorescent 

signal of Ikβα. 

2.7.4. Nuclear translocation of the GFP-p65 subunit for NF-κB pathway activation:  

The measurement of the nuclear accumulation of the p65 subunit of NF-κB as a functional indicator 

of NF-κB activation was achieved by using the NF-κB GFP-tagged p65 (here defined and GFP-p65; 

addgene plasmid #23255) [82]. The nuclear accumulation of NF-κB was assessed by an increased 

nuclear fluorescence of the p65-GFP construct.  

To correctly analyze the live cell imaging of the NF-κB’s nuclear translocation, the GFP-p65 probe 

was co-transfected (1:1) with the mneptune2-H2B-6 (addgene plasmid #56146), which is specific for 

the nucleus/histones and thus allows the cellular nucleus staining.  

2.8. Live cell imaging and FRET 

HMC3 human microglia were plated on plastic bottom culture dishes (µ-Dish 35 mm, iBidi, 

Gräfelding, Germany) at a density of 20,000 cells/dish with DMEM + Glutamax® (supplemented and 

maintained as previously described). Cells were transfected with the different biosensors (miRFP703-

Ikβα, GFP-p65, HSP and LynSrc, previously described in section 2.5) using the jetPRIME® DNA 

transfection reagent according to manufacturer’s instructions: in a proportion of 2 µL of reagent per 

1µg of DNA. Total medium was changed 4 h after transfection. Imaging was performed 48 h post 

transfection using a Leica DMI6000B inverted microscope as previously described [57,58,79,80]. The 

cell preparation and the experimental protocol was specifically designed for each experiment as 

described in the following sections.  
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Live cell imaging was performed using a fully-monitorized DMI6000B inverted microscope (Leica 

Microsystems, Wetzlar, Germany) equipped with high-speed low vibration external 

excitation/emission filters wheels equipped with filter cubes for cyan fluorescent protein (CFP) 

(BP427/10) and yellow fluorescent protein (YFP) (BP504/12) working with specific dichroic (CG1 

440-520 nm) mounted into a microscope filter carrousel (Leica fast filter wheels). The excitation light 

source was a mercury metal halide bulb, integrated with an EL6000 light alternator. Microglia cells 

were observed with a PlanApo 63x 1.3 NA glycerol immersion objective with a correction ring. 

Images were acquired with a 2x2 binning with an exposure of 200ms using a digital CMOS camera 

(ORCA-Flash 4.0 v2, Hamamatsu Photonics, Japan). The LAS X software (Leica Microsystems 

Wetzlar, Germany) controlled all microscope parameters. For FRET biosensors and at each time-

point, CFP and FRET images were sequentially acquired using different filter combinations: CFP 

excitation plus CFP emission (CFP channel), and CFP excitation plus YFP emission (FRET channel). 

A digital small-stage incubation (iBidi, Gräfelding, Germany) was used for real-time monitoring of 

temperature. For quantification purposes, images were exported as 16-bit tiff files and processed in 

Fiji software. Background was dynamically subtracted from all frames from both channels. For FRET 

biosensors, segmentation (on a pixel-by-pixel basis) and generation of 32-bit ratiometric images were 

achieved using the precision FRET (pFRET) plugin for Image J. A whole cell/subcellular domain 

analysis was performed and the mean grey intensity for each time point were extracted. Values were 

normalized to the control untreated group (ethanol or ethanol+DMSO) and plotted.  

2.9. Omega 3, CLA and CLNA effect on microglia activation 

To assess the preventive effect of the studied fatty acids’ solutions (Omega 3- EPA and DHA-, CLA 

(C18:2 c9,t11 and C18:2 t10,c12) and CLNA (PUA- C18:3 c9,t11,c13) the cells were transfected with 

miRFP703-Ikβα reporter, GFP-p65, HSP and LynSrc probes. A pre-incubation with the mentioned 

fatty acids (testing solutions) was performed as described in Figure 1. An ethanol control (0.2% 

(v/v)) was used as the untreated control since ethanol was used as the fatty acids’ vehicle. In 

summary, the cells were recorded for 5 min (baseline reading) in the presence of the testing solutions 

or ethanol. Then all cell groups were recorded in the presence of the stimulus solution (PA+Fructose) 

or ethanol (negative control) for 15 min (stimulation period). During the assay, cells were kept under 

37 ºC in HBSS with CaCl2 and MgCl2.  
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Figure 1- Schematic representation of the experimental protocol for the evaluation of omega-3 and conjugated fatty acids 
(CLA and CLNA) effect on microglia activation. 

2.10. GPR120 as fatty acids receptor in microglia  

To elucidate the role of GPR120 as HMC3 cellular receptor/sensor of omega 3, CLA and CLNA, a 

chemical agonist (TUG-891) and antagonist (AH7614) were used. The cells, previously co-

transfected with miRFP703-Ikβα reporter or HSP probe, were incubated overnight with 0.1% (v/v) 

DMSO (agonist and antagonist solvent) and 0.2% (v/v) absolute ethanol (fatty acids vehicle) in 

DMEM + GlutaMAX
TM

-I culture medium supplemented with 10% FBS and 100U/mL penicillin and 

100 μg/mL, as mentioned. This overnight incubation intended to decrease the DMSO and ethanol 

influence on microglial cells’ response. Before microscope analyses, a 30 min pre-incubation with the 

mentioned fatty acids and TUG-891 or AH7614 was performed as described in Figure 2 and 3, 

respectively. Thus, the overnight solution was replaced by the HBSS testing solution. An ethanol and 

DMSO control were used as the untreated control. In summary, the cells were recorded for 5 min 

(baseline reading) in the presence of the testing solutions or ethanol. Then all cell groups were 

recorded in the presence of the stimulus solution (PA+Fructose) or ethanol and DMSO (negative 

control) for 15 min (stimulation period). During the assay, cells were kept under 37 ºC in HBSS with 

CaCl2 and MgCl2 (Thermo Fisher Scientific, Massachusetts, USA).   
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Figure 2- Schematic representation of the experimental protocol for the evaluation of GPR120/FFA4 activation, by using 

TUG-891 GPR120/FFA4 agonist, in microglia activation. 

 

Figure 3- Schematic representation of the experimental protocol for the evaluation of omega-3, CLA and CLNA action in 

GPR120/FFA4 chemical inhibition, by using AH7614 GPR120/FFA4 antagonist, in microglia activation. 
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2.11. Statistical Analysis 

Experimental units in individual biological replicates were evaluated a priori for Gaussian 

distribution using the D’Agostino & Pearson omnibus normality test. For live-cell imaging 

experiments when comparing two or more groups with two independent variables (fatty acid 

treatment and time), a two-way ANOVA with Bonferroni’s multiple comparison test was used to 

evaluate the statistical significance of all groups. In the specific case of the GFP-p65 experiments four 

groups were compared considering only one factor: fatty acid treatment in the end of the experimental 

time. Thus, in this specific case, an ordinary One-way ANOVA followed by the Bonferroni’s multiple 

comparison test was used for data with normal distribution. All quantifications were performed using 

Graph Pad Prims 6.0 (Graphpad® software, San Diego, California, USA). A 95% confidence interval 

was used and p<0.05 was considered as a statistically significant difference between the analyzed 

groups. Experimental groups were randomly assigned, and all quantifications were performed blindly. 

More details on statistical analysis are indicated in figure legends. 

3. Results 

3.1. Cytotoxicity  

Exposure of HMC3 cells to 100 µM of PA+Frut and 100 µM of omega-3 and CLA did not affect the cell viability 

after 5 and 24 h exposure. In the case of the CLNA isomer, exposure of 50 µM of a PUA solution did not affect the 

cell viability after 5 h exposure (Fig. 4). Nevertheless, 24 h exposure to this PUFA seems to induce cytotoxicity in 

the experimental cell line. Since our experiment for FRET analysis involved a 45 mins exposure to this fatty acid 

and we demonstrated that was no cytotoxicity observed after a 5 h exposure, we decided to use the 50 µM 

concentration since, as discussed, it was described as a bioactive concentration. The results are reported as the 

percentage of cell viability as compared with the control (cells without treatment).  

 

Figure 4 – Cytotoxicity of HMC3 microglia cell after 5 and 24 h exposure to the study PUFAs. Bars represent cell viability, measured by the 

PrestoBlue assay in percentage after treatment. 

3.2. Omega 3, CLA, and CLNA prevent NF-κB pathway activation by palmitic acid and 

fructose in microglia 

Studies show that PA activates microglia and triggers a pro-inflammatory response, partially through 

the NF-κB pathway [34,63]. In addition, short-term fructose ingestion affects the brain without 

significant involvement of peripheral tissues [29]. However, the effect of the combination of fructose 

and PA, the two major constituents of a WPD, on microglia activation and inflammation is entirely 

elusive. Glucose transporter 5 (GLUT5) is a hexose transporter involved in fructose transport which is 

primarily expressed in microglia within the CNS. Such transporter shows greater affinity to fructose 

than to glucose. Fructose is known to activate NF-κB pathway, similarly to PA [28]. The expression 

of GLUT5 was confirmed by Western Blot (Figure 1A supplementary material). The presence of 

the GLUT5 in the Western blot was confirmed by the presence of a band with 100kDa. Two other 

bands were detected with ≈75 kDa and ≈45kDa. Previous works have reported that GLUT5 protein 

presents a 45-70kDa molecular weight [83–87]. 

To evaluate the role of PA and fructose in microglia inflammation, we assessed the activation of the 

canonical NF-κB pathway (the primary pro-inflammatory driver in myeloid cells, including 

microglia). We visualized NF-κB activity using a biosensor-based approach coupled to live-cell 

imaging in cultured microglia expressing the miRFP703-Ikβα nanosensor (to detect the amounts of 

the canonical NF-κB inhibitor), and the GFP-p65 probe (to detect the nuclear accumulation of the 
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catalytic p65 subunit of the NF-κB complex). Exposure to a WPD-mimicking solution (PA+Fructose; 

2:1; 100 µM) caused a fast and sustained decrease in the signal of the miRFP703-Ikβα reporter in 

living microglia (Fig. 4A), suggesting increased Ikβα degradation and consequent NF-κB pathway 

regulation, and increased the nuclear accumulation of GFP-tagged p65 NF-κB catalytic subunit (Fig. 

5B). We concluded that exposure to a WPD-mimicking solution leads to the activation of NF-κB 

pathway in microglia.  

Although SFAs induce microglia activation, other fatty acids, such as PUFAs, can normalize the 

inflammatory effects caused by SFAs [64,88]. Because omega-3 fatty acids, EPA, and DHA, mostly 

through fish oil supplementation studies, were shown to have a significant positive impact in 

reversing HFD-induced inflammation in hypothalamus, we hypothesized that other PUFAs could 

display similar effects. Thus, we explored the modulatory effect of omega-3 and CFAs, CLA 

(specifically RA and C18:2 t10,c12 CLA isomer) and CLNA (PUA) in cultured microglia. In this 

study, we intended to approach these PUFAs action on microglia as a potential preventive strategy to 

the negative PA+Fructose-induced effects. Thus, we used them as a pre-treatment. Interestingly, the 

omega-3 (EPA and DHA; 100 µM) combination prevented the PA+Fructose-induced nuclear 

accumulation of GFP-p65 NF-κB catalytic subunit (Fig. 5B) but did not prevent the PA+Fructose -

induced Ikβα degradation (Fig. 5A). Thus, the omega-3 prevention of NF-κB pathway activation was 

observed with GFP-p65 probe but not with the miRFP703-Ikβα nanosensor. Such results might be 

related to the short pre-incubation time used in the assays, suggesting that a more prolonged pre-

incubation period might be required to detect omega-3 effects in NF-κB pathway through Ikβα 

degradation with the miRFP703-Ikβα reporter. Moreover, we found that pre-incubation of microglia 

with either CLA (100 µM) or CLNA (50 µM), significantly prevented the PA+Fructose-induced 

canonical NF-κB pathway activation (using the miRFP703-Ikβα nanosensor) by restoring Ikβα levels 

and the nuclear accumulation of the catalytic p65 subunit of the NF-κB complex (using the GFP-p65 

probe) (Fig. 5A and B). The inhibitory effect was more pronounced in microglia pre-incubated with 

the CLNA isomer, PUA, than in microglia exposed to CLA (Fig. 5A and B).  

Figure 5- Omega-3, CLNA and CLA fatty acids can revert Fructose and Palmitic acid-induced microglia 

inflammatory imbalance elicited by NF-κB pathway activation, ROS production and Src Tyrosine activation.  

(A) Fluorescence imaging and results of the quantification of human microglia cell line (HMC3) expressing the miRFP703-

Ikβα sensor in cells subjected to the stimulus solution (Palmitic acid+Fructose) and in cells pre-incubated with the studied 

fatty acids (omega-3, CLA and CLNA) for the selected time points (0, 5, 10 and 15 minutes). A decreased signal means a 

bigger Ikβα degradation and higher NF-κB pathway activation. Error bar represents the SEM calculated from n>10 cells 

from two independent cultures. Two-way ANOVA in relation to Palmitic acid+Fructose (PA+Frut), where no pre-incubation 

with the selected fatty acids was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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(B) Fluorescence imaging and results of the quantification of human microglia cell line (HMC3) expressing the GFP-p65 

and mneptune biosensor in cells subjected to the stimulus solution (Palmitic acid+Fructose) and in cells pre-incubated with 

the studied fatty acids (omega-3, CLA and CLNA). The mnpetune probe allows nucleus staining. The results correspond to n 

of the sensor signal of human microglia expressing the GFP-p65 sensor after the 15 min incubation time. This variation is in 

relation to the baseline measured for each experiment. A negative signal means a decreased signal in relation to the baseline, 

meaning that the catalytic p65 subunit of the NF-κB complex migration to the nucleus decreased in cells exposed to a pre-

incubation with the studied fatty acids. In cells only subjected to the stimulus solution the signal increased after baseline 

measure, indicating catalytic p65 subunit translocation to the nucleus. Error bar represents the SEM calculated from n>10 

cells from two independent cultures. One-way ANOVA in relation to Palmitic acid+Fructose (PA+Frut), where no pre-

incubation with the selected fatty acids was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

(C) Fluorescence imaging and results of the quantification of human microglia cell line (HMC3) expressing the ROS FRET 

sensor HSP in cells subjected to the stimulus solution (Palmitic acid+Fructose) and in cells pre-incubated with the studied 

fatty acids (omega-3, CLA and CLNA) for the selected time points (0, 5, 10 and 15 min). Error bar represents the SEM 

calculated from n>15 cells from two independent cultures. Two-way ANOVA in relation to Palmitic acid+Fructose 

(PA+Frut), where no pre-incubation with the selected fatty acids was performed. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

(D) Fluorescence imaging and quantification of human microglia cell line (HMC3) expressing the LynSrc FRET sensor in 

cells subjected to the stimulus solution (Palmitic acid+Fructose) and in cells pre-incubated with the studied fatty acids 

(omega-3, CLA and CLNA) for the selected time points (0, 5, 10 and 15 min). Error bar represents the SEM calculated from 

n>15 cells from two independent cultures. Two-way ANOVA in relation to Palmitic acid+Fructose (PA+Frut), where no 

pre-incubation with the selected fatty acids was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

. 

3.3. Omega 3 and CLA display antioxidant capacity  

Microglia response to tissue damage and infection is characterized by the production and release of 

ROS to the surrounding CNS milieu [89,90], which directly changes cell metabolism, transcription, 

and the secretion of bioactive molecules such as cytokines, chemokines, and neurotransmitters. 

Studies in BV-2 microglia-like cells and primary microglia showed that besides increasing microglial 

secretion of pro-inflammatory cytokines, SFAs promote ROS production [61]. Thus, we assessed the 

PA+Fructose impact on ROS production, as well as omega-3 (EPA and DHA), CLA (RA and C18:2 

t10,c12 CLA isomer), and CLNA (PUA) antioxidant potential in HMC3 human microglia. We found 

that PA+Fructose stimulation caused a time-dependent increase in ROS production in living microglia 

(Fig. 5C). However, pre-incubation of microglia with 100 µM omega-3 abrogated the PA+Fructose -

induced ROS generation in living microglia, suggesting that, under these experimental conditions, 

omega-3 displays an antioxidant potential. Pre-incubation of microglia with 100 µM CLA also 

significantly prevented the ROS generating effect by PA+Fructose (Fig. 5C). Although CLNA 

treatment promoted a noticeable tendency to suppress ROS generation triggered by PA+Fructose, the 

inhibitory effect of CLNA on ROS production, under the tested experimental conditions, did not reach 

statistical significance (Fig. 5C). These results indicate that omega-3 and CLA attenuate the oxidative 

stress generated by PA+Fructose and are potential regulators of the cytosolic redox balance in 

microglia.  

3.4. CLNA and omega-3 prevent Src tyrosine kinase activation by fructose and palmitic 

acid 

Activation of the cytosolic tyrosine kinase Src is essential for the production of inflammatory 

mediators by microglia [58,80]. Thus, we tested whether PA+Fructose could also modulate Src in 

microglia. To answer this question, we used the LynSrc FRET sensor, which reports specifically the 

activity of c-Src, but not other Src family kinases (SFKs), at the plasma membrane of living cells. We 

observed that PA+Fructose leads to a time-dependent increase of Src activity in living microglia (Fig. 

5D). Interestingly, whereas the pre-incubation of microglia with CLNA or Omega 3 significantly 

suppressed the activation of Src triggered by PA+Fructose, no inhibitory effect was observed by pre-

incubating the cells with CLA (Fig. 5D). 

3.5. Chemical activation of GPR120/FFA4 receptor does not suppress NF-κB pathway 

activation but inhibits fructose and palmitic acid-induced ROS production  

Some PUFAs, such as the omega-3 fatty acids, ALA, DHA, and EPA, are known to activate the 

GPR120 receptor [41]. Moreover, activation of GPR120 is considered a significant mediator of 

omega-3 anti-inflammatory actions [91]. The ortho-biphenyl ligand 4-{[4-fluoro-4′-methyl(1,1′-

biphenyl)-2-yl]methoxy}-benzenepropanoic acid (TUG-891) is the first selective agonist of GPR120 

[92], with reported biological effects in the range of 10 µM [71–73]. This is considered a significant 
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selective agonist ligand for GPR120, showing a good potency at both human and mouse GPR120 

[92–94]. 

The expression of GPR120 in our cell line was confirmed through Western Blot by the detection of a 

band of approximately 70 kDa (Figure 1B supplementary material), which agrees with previous 

studies reporting molecular weights bands ranging from 42kDa to 90kDa [95]. Indeed, the detection 

of higher molecular weight receptor dimers and oligomers are features commonly found after SDS-

PAGE in G-Protein coupled receptors in general [96]. Since GPR120 was confirmed to be expressed 

in HMC3 cell line, TUG-891 was assayed to activate GRP120 in microglia following exposure to 

PA+Fructose. The results suggest that TUG-891-modulation of GPR120 did not prevent the 

PA+Fructose -mediated activation of the canonical NF-κB pathway, during the assayed time (Fig. 

6A) but completely suppressed the generation of ROS elicited by PA+Fructose (Fig. 6B). These 

results may suggest that activation of GRP120 alone may modulate the redox balance without 

affecting the classical inflammatory status of microglia exposed to a WPD-mimicking solution.  
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Figure 6- Chemical activation of GPR120 by TUG-891 enhances NF-κB pathway activation and inhibits ROS 

production by Fructose and Palmitic acid.  

(A) Results of the quantification of human microglia expressing the miRFP703- Ikβα sensor for the selected time points (0, 

5, 10 and 15 min). A decreased signal means a bigger Ikβα degradation and higher NF-κB pathway activation. Error bar 

represents the SEM calculated from n>12 cells from two independent cultures. (B) Results of the quantification of human 

microglia expressing the HSP-FRET sensor for the selected time points (0, 5, 10 and 15 min). Error bar represents the SEM 

calculated from n>10 cells from two independent cultures. (A) and (B) Two-way ANOVA in relation to Palmitic 

acid+Fructose (PA+Frut). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

3.6. Omega-3, CLA, and CLNA anti-inflammatory, but not antioxidant, action occurs 

through GPR120 receptor in microglia 

Considering that some studies have demonstrated that omega-3 is able to activate GPR120 [89,95], 
we hypothesized whether CLA (RA and C18:2 t10c12 CLA isomer), and CLNA (PUA) may 

modulate NF-κB pathway and ROS production through GPR120, in microglia. Thus, we tested 

AH7614, a non-competitive antagonist of the GPR120 receptor [74], in microglia exposed to 

PA+Fructose. We found that the pharmacological blockade of GPR120 by 100 µM AH7614 

abolished the inhibitory effect on the NF-κB pathway triggered by omega 3 (Fig.7A1), CLA 

(Fig.7A2), and CLNA (Fig. 7A3) following exposure to PA+Fructose. Interestingly and opposing to 

the results obtained with TUG-891 (GPR120 agonist), treatment with AH7614 did not block the effect 

of omega 3 (Fig.7B1) or CLA (Fig.7B2) on ROS production upon PA+Fructose exposure. Thus, 

these data strongly suggest that distinct pathways control the anti-inflammatory and antioxidant 

potential of omega-3 and CFAs (CLA and CLNA) in microglia exposed to a WPD-mimicking 

solution.  
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Figure 7- Chemical inhibition of GPR120 by AH7614 prevents omega-3, CLA and CLNA anti-inflammatory action 

but is not involved in omega-3 and CLA antioxidant action. 

(A) Results of the quantification of human microglia expressing the miRFP703- Ikβα sensor for the selected time points (0, 

5, 10 and 15 min). A decreased signal means a bigger Ikβα degradation and higher NF-κB pathway activation. Error bar 

represents the SEM calculated from n>20 cells from two independent cultures. AH7614 inhibition of GPR120/FFA4 in cells 

exposed to (A1) omega-3, (A2) CLA (rumenic acid and C18:2 t10c12 CLA isomers) and (A3) CLNA (PUA isomer). Two-

way ANOVA in relation to Palmitic acid+Fructose (PA+Frut), where no pre-incubation with the selected fatty acids was 

performed: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and in relation to cells which were pre-incubated with omega 

3/CLA/CLNA and AH7614, a GPR120 inhibitor: #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001.  

(B) Results of the quantification of human microglia expressing the HSP-FRET sensor for the selected time points (0, 5, 10 

and 15 min). Error bar represents the SEM calculated from n>12 cells from two independent cultures. AH7614 inhibition of 

GPR120/FFA4 in cells exposed to (B1) omega-3 and (B2) CLA (rumenic acid and C18:2 t10c12 CLA isomers). Two-way 

ANOVA in relation to Palmitic acid+Fructose (PA+Frut) (*), where no pre-incubation with the selected fatty acids was 

performed: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and in relation to cells which were pre-incubated with omega 3/ 

CLA and AH7614 (#), a GPR120 inhibitor: #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001.  

 

4. Discussion 

PA is an important SFA, indeed its average dietary intake is around 20-30g/day being found in many 

dietary sources, with levels of 20-30% in animal lipids and 10-45% in vegetable oils [97]. 

Significantly, as reported by Nadjar et al. [35] dietary fatty acids can cross the BBB and modulate 

CNS biochemistry. Different lipids, mainly SFAs and PUFAs, have proved to induce microglia 

activity. Indeed, chronic or acute exposure of microglia in culture to SFAs activates the NF-κB 

pathway [34] and classical downstream inflammatory cascades [60]. Although the exact mechanisms 

through which fatty acids exert their action is elusive, microglia express a wide range of lipid-
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sensitive receptors [35] that could potentially initiate microglia inflammation. Therefore, SFAs entry 

into the CNS could be a potential nutritional trigger to hypothalamic inflammation in the context of 

diet-induced obesity [34]. Importantly, high-fructose consumption has also been associated with 

metabolic syndrome development and obesity development, in part related with inflammatory 

pathways activation (including NF-κB) [26,98]. Fructose consumption has been increasing and been 

highly associated with obesity prevalence. In fact,since 1970s fructose intake has increased to a mean 

of around 7.5% of total energy intake, in USA [99]. Interestingly, high fructose consumption has been 

associated with cognitive dysfunction in rats. Moreover, such effects may be amplified by diets low in 

omega-3 fatty acids, suggesting the importance of these fatty acids in fructose-induced effects. In 

addition, combining fructose with saturated fats (coconut oil) causes worse memory defects than 

when combined with fats rich in omega-6 polyunsaturated fats [100]. Recently, it was suggested that 

neuroinflammatory and neurodegenerative diseases, such as Alzheimer’s development may be related 

to the activation of the fructose survival pathway by eating excess sugar and fructose [100]. 

Suggesting a mechanism of endogenous fructose production in the brain. 

Mammalian NF-κB functions as a dimer composed of p50 (NF-κB1) and p65 (RelA). Under normal 

conditions, NF-κB remains inactive in the cytoplasm by binding to a set of proteins from the IκB 

inhibitory protein family. In the canonical pathway, following cellular stimulation, activation of IKKβ 

induces IκB phosphorylation by IKKβ, which results in proteasomal degradation, NF-κB nuclear 

translocation, and transcription of its target genes, including TNF-α, IL-1β, and cyclooxygenase-2 

(COX-2) [101,102]. PA induces the phosphorylation and nuclear translocation of the p65 subunit of 

NF-κB in BV-2 microglia, resulting in proinflammatory activation [61]. Recently, it was 

demonstrated that PA induced a time- and dose-dependent lipotoxicity in BV-2 microglia cells, since 

it decrease cell viability and increase cell death [103]. Our data suggest that the combined action of 

PA+Fructose induces Ikβα degradation and p65 subunit nuclear translocation in HCM3 human 

microglia. PA+Fructose exposure also leads to ROS production and Src activation (critical regulators 

of microglia inflammation), suggesting that a WPD may trigger neuroinflammatory and neurotoxic 

effects in the CNS.  

In the brain, PUFAs are esterified to phospholipids and largely located at the membranes of neurons, 

glial cells, and endothelial cells [35]. PUFAs account for 35% of total lipids in the adult brain [104]. 

AA and DHA, which make up 50% and 40% of brain PUFAs, are essential to brain development and 

function. Although SFAs act deleteriously on microglia (i.e. inflammation trigger), PUFAs can 

normalize these harmful effects. The anti-inflammatory effect of the omega-3 fatty acids EPA and 

DHA is thought to involve the inhibition of the phosphorylation of the inhibitory subunit of NF-κB – 

Ikβ [105]. In this work, exposure to omega-3 (EPA and DHA) blocked the NF-κB pathway activation 

and the production of ROS triggered by PA+Fructose. These results agree with others reported 

elsewhere showing a reduction in ROS production in BV-2 microglia supplemented with PUFAs 

[106]. Omega-3 also prevented the activation of Src in microglia. Indeed, Src tyrosine kinase is 

recognized as a potential therapeutic target for neuroinflammation-related diseases, including 

Parkinson’s [107] and Alzheimer’s disease [108]. Besides EPA and DHA, CLA (RA and C18:2 

t10,c12) inhibited NF-κB pathway activation and ROS production by PA+Fructose. Exposure to 

CLNA (PUA) also inhibited the NF-κB pathway and Src activation. This is the first demonstration of 

a potential modulatory role for CFAs in microglia to the best of our knowledge. Interestingly, the 

inhibitory effect on NF-κB pathway was more pronounced in microglia pre-incubated with the CLNA 

isomer, PUA, than in microglia exposed to the CLA isomers. Importantly, we have reported that 

microglia activation requires c-Src and that its activation per se is sufficient to trigger a classical 

proinflammatory signature following acute LPS or hypoxia challenging [58,59]. In addition, we have 

also demonstrated that overexpression of a constitutively active c-Src was sufficient to increase the 

nuclear accumulation of p65 suggesting that c-Src promotes NF-κB activation during microglia 

activation [109]. These observations may explain the difference in NF-κB pathway regulation 

capacity when comparing CLA and CLNA isomers. The CLNA (PUA) effect on Src activation, which 

is not observed with the CLA isomers, may contribute, in part, to CLNA capacity to strongly regulate 

NF-κB pathway.  
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SFAs activate TLR 4 and this one regulates the myeloid differentiation factor 88 (Myd88), 

TAK1/TAB1 modulation, and NF-κB activation. On the other hand, omega-3 fatty acids, such as EPA 

and DHA, activate GPR120. This interaction recruits β-arrestin 2, leading to the internalization of the 

GPR120-β-arrestin 2 complex. Such complex interacts with TAB1, explicitly inhibiting TAK1 

phosphorylation and activation [42,110]. Indeed, GPR120 is known to bind some omega-3 fatty acids, 

namely DHA and EPA [41] and α-linolenic acid (ALA) [40]. GPR120 is thought to be expressed 

predominantly in microglia cells, whereas GPR40/FFA1 in POMC and NPY neurons [111]. GPR120 

activation by the synthetic agonist TUG-891 failed to block NF-κB pathway activation by 

PA+Fructose. Indeed, contradictory results have been reported: in mouse intestinal epithelial 

endocrine cell line, STC-1, exposure to TUG-891 for 30 min did not induce GPR120 internalization 

and presented no effects on NF-κB, while the opposite was reported in Caco-2 cells [112]. On the 

other hand, in our study, inhibiting GPR120 with AH7614 abolished the effect of omega-3 (EPA and 

DHA) on the NF-κB pathway, confirming that omega-3 anti-inflammatory action occurs via GPR120 

activation as reported by previous studies [91,111]. There is a lack of information about the 

interaction of CFAs with GPR120, especially in microglia. The CLA isomer RA, but not the C18:2 

t10,c12 isomer, was found to enhance GPR120 expression [113]. Here, CLA (RA and C18:2 t10,c12) 

and CLNA (PUA) actions on the NF-κB pathway inhibition was mediated through GPR120 signaling 

in HMC3 microglia. CLA and CLNA may have a mechanism of action similar to that of omega-3 on 

microglia, probably via GPR120 activation and modulation of NF-κB-associated inflammatory 

pathways. Moreover, our results, using TUG-891 agonist and AH7614 antagonist may suggest that 

although omega-3, CLA and CLNA fatty acids action on NF-κB pathway is mediated by GPR120 

other mechanisms may be linked and are necessary for such action. Indeed, TUG-891, a selective 

agonist for GPR120, failed to suppress NF-κB pathway activation in our study. In a different study it 

was suggested that the ability of GPR120 to couple to Gαq or to β-arrestin-2 may explain the 

divergence observed in different cell types, since GPR120 stimulation could induce distinct signaling 

pathways [112]. In addition, some studies have reported that attenuation of microglial activation by 

lauric acid (a medium-chain saturated fatty acid) may occur via the GPR40-dependent pathway [114]. 

Moreover, other study demonstrated that exposure of murine primary hepatocytes to DHA for 12 h 

increased both GPR40 and GPR120 mRNA levels [115]. Thus, a combined role of GPR40 and 

GPR120 on NF-κB pathway regulation cannot be disregard. Thus, further studies should focus in 

describing the ligand-receptor interaction to fully understand if response is dependent of the fatty 

acids. Regarding ROS production, interestingly, GRP120 activation by TUG-891 prevented the 

oxidative stress generated by PA and fructose. However, omega-3 and CLA antioxidant capacity was 

not mediated by GPR120. These results indicate that the anti-inflammatory action and antioxidant 

potential of omega-3, CLA, and CLNA occur through different signaling mechanisms, as previously 

reported elsewhere for omega-3 DHA in macrophages [116]. This is highly relevant since ROS 

production has been suggested to be intrinsically connected to NF-κB pathway activation in microglia 

[102]. Indeed, the redox state is widely accepted to control NF-κB nuclear levels [90], and inhibition 

of NF-κB associates antioxidant and anti-neuroinflammatory effects of specific bioactive molecules 

on microglia [117]. Other antioxidants, such as ascorbate [58] and piperlongumine [118] also exert 

their effects by suppressing NF-κB activity in microglia. Our data suggest that the antioxidant 

potential of omega-3 and CLA isomers was not related to NF-κB pathway inhibition. For instance, it 

has been reported that CLA can directly scavenge ROS in the human neuroblastoma cell line SH-

SY5Y [118] and a modest scavenge potential was demonstrated for omega-3 DHA [116]. 

Nevertheless, this is a controverse theme considering that some concerns are present due to their 

potential pro-oxidant effect, having detrimental effects in several tissues, especially in the CNS. On 

the other hand, the action of oxidized omega-3 fatty acids is known to be directed against kelch-like 

ECH-associated protein 1 (keap1). This protein is the negative regulator of the nuclear factor erythoid 

2-related factor 2 (Nrf2) [119]. Interestingly, tiliroside, a natural dietary glycosidic flavonoid, protects 

BV-2 microglia from LPS/IFN-γ-induced neuroinflammation via Nrf2 antioxidant mechanisms [120]. 

An Nrf2-dependent antioxidant role for omega-3 fatty acids EPA and DHA may also occur in rat 

primary astrocytes [121]. Thus Nrf2-dependent antioxidant mechanism for omega-3, and eventually 

for CLA and CLNA, cannot be excluded. The biological mechanisms proposed in this work are 

illustrated in Figure 8. 
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Despite their relevance and novelty, these results must be carefully considered since a cell line was 

used. In fact, cell lines are incredibly advantageous due to their ease, especially considered the 

performed assays using FRET technology. Nevertheless, it must be point out that a major 

disadvantage is their susceptibility to be dedifferentiate and the possibility that the immortalization 

process may alter the microglial phenotype. Indeed, recent studies have pointed out that microglia cell 

lines differ genetically and functionally from primary microglia and ex vivo microglia. Despite such 

limitations, microglia cell lines are still suitable and a relevant tool for biochemical and molecular 

approaches as well as for high-throughput screenings studies due to high cell number requirements 

such as in this experiment. Moreover, although primary cells are often used, they present several 

limitations regarding transfection processes, for instance. Moreover, rodent primary microglia face a 

major limitation due to their evolutionary divergence from humans. On the other hand, human 

primary microglia, besides ethical constraints, present limited availability of (healthy) human brain 

tissue, limited control over the ante mortem conditions and post-mortem delay, which affect the 

microglia phenotype [122,123]. Despite the limitations of using a cell line, HMC3 cells present the 

advantage of being authenticated by ATCC in terms of morphology evaluation, karyotyping, and 

PCR-based approaches to confirm their identity and to rule out contaminations. Significantly, recent 

studies have also shown that HMC3 (ATCC CRL-3304) cells retain most of the original antigenic 

properties [122].  
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Figure 8 – Proposed molecular mechanisms involved in Omega-3, CLA and CLNA isomers inhibitory action on 

microglia activation induced by Fructose and Palmitic acid.  

In our proposed mechanism Fructose and Palmitic acid combined action activate NF-κB through TLR-4 binding. The 

activation of myeloid differentiation factor (MyD88) leads to TAK1 activation and consequent interaction with TAB1. Such 

effects result in IKKβ activation which ultimately leads to Ikβ phosphorylation and NF-κB nuclear translocation. Fructose 

and Palmitic acid are also able to induce oxidative stress through reactive oxygen species production (ROS) and Src tyrosine 

kinase activation. Omega-3 (EPA and DHA), CLA isomers (Rumenic acid and C18:2 t10c12) and CLNA isomer (Punicic 

acid) stimulate GPR120/FFA4 receptor which recruits β-arrestin 2. Their internalization inhibits NF-κB nuclear 

translocation and consequently its activation. Moreover, CLA and Omega-3 show antioxidant potential that might be a result 

of direct scavenging or be mediated by Nrf2 antioxidant mechanisms. CLNA and Omega-3 inhibit c-Src activation, which 

may also have an effect on NF-κB pathway activation.  

 

5. Conclusion  

By a combination of live cell imaging and FRET technology we were able to describe some of the 

mechanisms involved in PA+Fructose induced-microglia activation. We have demonstrated that 

Fructose and PA combined action induces an immediate pro-inflammatory response in the human 

microglia cell line (HMC3). In fact, exposure to the WPD-mimicking solution caused increased IkBα 

degradation and nuclear accumulation of GFP-tagged p65 NF-κB catalytic subunit, strong indicators 

of NF-κB pathway activation. Moreover, this stimulus caused a time-dependent increase in ROS 

production. For the first time we have demonstrated that this stimulus increased Src activity in living 

microglia. Importantly, both ROS production and Src activation are critical regulators of microglia 

inflammation. Such results suggest a neuroinflammatory and neurotoxic effect of WPD in brain. In 

contrast, we have demonstrated that omega-3 and for the first time, CLA and CLNA isomers, 

prevented the induced-NF-κB pathway activation. However, only omega-3 and CLA displayed 

antioxidant potential by inhibiting ROS production, protecting the cells against the generated 

oxidative stress. Furthermore, only omega-3 and CLNA isomer PUA demonstrated an effect on Src 

activation. The effect of CLNA on Src tyrosine kinase activation may contribute for its strong 

regulatory action on NF-κB pathway regulation, when compared to CLA. Interestingly, using a 

GPR120 antagonist (AH7614) it was observed that although a role between ROS production and NF-
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κB pathway activation is widely accepted, under these experimental conditions, while omega-3, CLA 

and CLNA regulatory action on NF-κB pathway is mediated by GPR120, the antioxidant potential of 

omega-3 and CLA isomers is mediated by different cellular mechanisms. Importantly, we have 

demonstrated that in microglia cells and under our experimental conditions, the anti-inflammatory 

action of CFAs was mediated by GPR120 and not by the widely reported PPARs.  

 

6. Acknowledgments 

This work was supported by National Funds from FCT- Fundação para a Ciência e a Tecnologia 

through project UID/Multi/50016/2019. The author Ana Sofia Salsinha would also like to 

acknowledge FCT for her PhD grant with the reference SFRH/BD/136857/2018. Authors 

would also like to thank the scientific collaboration under the FCTproject UID/Multi/50016/2019. 

The authors acknowledge the support of i3S Scientific Platform Advanced Light Microscopy, 

member of the national infrastructure PPBI-Portuguese Platform of BioImaging (supported by POCI-

01-0145-FEDER-022122). 

 

7. Conflicts of interest 

The authors declare no conflict of interest. 

 

8. References 

[1] OECD, Obesity Update 2017, 2017. https://doi.org/10.1007/s11428-017-0241-7. 

[2] G.M. Singh, G. Danaei, F. Farzadfar, G.A. Stevens, M. Woodward, D. Wormser, S. Kaptoge, 

G. Whitlock, Q. Qiao, S. Lewington, E. Di Angelantonio, S. Vander Hoorn, C.M.M. Lawes, 

M.K. Ali, D. Mozaffarian, M. Ezzati, The age-specific quantitative effects of metabolic risk 

factors on cardiovascular diseases and diabetes: a pooled analysis., PLoS One. 8 (2013) 

e65174. https://doi.org/10.1371/journal.pone.0065174. 

[3] D. Wormser, S. Kaptoge, E. Di Angelantonio, A.M. Wood, L. Pennells, A. Thompson, N. 

Sarwar, J.R. Kizer, D.A. Lawlor, B.G. Nordestgaard, P. Ridker, V. Salomaa, J. Stevens, M. 

Woodward, N. Sattar, R. Collins, S.G. Thompson, G. Whitlock, J. Danesh, Separate and 

combined associations of body-mass index and abdominal adiposity with cardiovascular 

disease: collaborative analysis of 58 prospective studies., Lancet (London, England). 377 

(2011) 1085–1095. https://doi.org/10.1016/S0140-6736(11)60105-0. 

[4] B. Lauby-Secretan, C. Scoccianti, D. Loomis, Y. Grosse, F. Bianchini, K. Straif, Body Fatness 

and Cancer-Viewpoint of the IARC Working Group, N. Engl. J. Med. 375 (2016) 794–798. 

https://doi.org/10.1056/NEJMsr1606602. 

[5] L. Jiang, J. Rong, Y. Wang, F. Hu, C. Bao, X. Li, Y. Zhao, The relationship between body 

mass index and hip osteoarthritis: a systematic review and meta-analysis., Jt. Bone Spine. 78 

(2011) 150–155. https://doi.org/10.1016/j.jbspin.2010.04.011. 

[6] L. Jiang, W. Tian, Y. Wang, J. Rong, C. Bao, Y. Liu, Y. Zhao, C. Wang, Body mass index and 

susceptibility to knee osteoarthritis: a systematic review and meta-analysis., Jt. Bone Spine. 79 

(2012) 291–297. https://doi.org/10.1016/j.jbspin.2011.05.015. 

[7] A.S. Salsinha, L.M. Rodríguez-Alcalá, J.B. Relvas, M.E. Pintado, Fatty acids role on obesity 

induced hypothalamus inflammation: From problem to solution – A review, Trends Food Sci. 

Technol. 112 (2021) 592–607. https://doi.org/10.1016/j.tifs.2021.03.042. 

[8] G. Srivastava, C.M. Apovian, Current pharmacotherapy for obesity, Nat. Rev. Endocrinol. 14 

(2018) 12–24. https://doi.org/10.1038/nrendo.2017.122. 

[9] M. Dietrich, T.L.T.L. Horvath, Limitations in anti-obesity drug development: the critical role 

of of hunger-promoting neurons, Nat Rev Drug Discov. 11 (2012) 675–691. 

https://doi.org/10.1038/nrd3739. 

[10] A.W. Hetherington, Non-production of hypothalamic obesity in the rat by lesions rostral or 

dorsal to the ventro-medial hypothalamic nuclei, J. Comp. Neurol. 80 (1944) 33–45. 

https://doi.org/doi:10.1002/cne.900800104. 

[11] A.W. Hetherington, S.W. Ranson, The relation of various hypothalamic lesions to adiposity in 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



22 
 

the rat, J. Comp. Neurol. 76 (1942) 475–499. https://doi.org/doi:10.1002/cne.900760308. 

[12] A.W. Hetherington, S.W. Ranson, Hypothalamic lesions and adiposity in the rat, Anat. Rec. 78 

(1940) 149–172. https://doi.org/doi:10.1002/ar.1090780203. 

[13] V. Rakhra, S.L. Galappaththy, S. Bulchandani, P.K. Cabandugama, Obesity and the Western 

Diet: How We Got Here, Mo. Med. 117 (2020) 536–538. 

https://pubmed.ncbi.nlm.nih.gov/33311784. 

[14] A.M. Malinowska, M.A. Mlodzik-Czyzewska, A. Chmurzynska, Dietary patterns associated 

with obesity and overweight: When should misreporters be included in analysis?, Nutrition. 70 

(2020) 110605. https://doi.org/https://doi.org/10.1016/j.nut.2019.110605. 

[15] W. Kopp, How Western Diet And Lifestyle Drive The Pandemic Of Obesity And Civilization 

Diseases, Diabetes. Metab. Syndr. Obes. 12 (2019) 2221–2236. 

https://doi.org/10.2147/DMSO.S216791. 

[16] A.M. Melo, R.O. Benatti, L.M. Ignacio-Souza, C. Okino, A.S. Torsoni, M. Milanski, L.A. 

Velloso, M.A. Torsoni, Hypothalamic endoplasmic reticulum stress and insulin resistance in 

offspring of mice dams fed high-fat diet during pregnancy and lactation, Metabolism. 63 

(2014) 682–692. https://doi.org/10.1016/j.metabol.2014.02.002. 

[17] C.T. De Souza, E.P. Araujo, S. Bordin, R. Ashimine, R.L. Zollner, A.C. Boschero, J.A. Saad, 

Consumption of a Fat-Rich Diet Activates a Proinflammatory Response and Induces Insulin, 

Endocrinology. 146 (2005) 4192–4199. https://doi.org/10.1210/en.2004-1520. 

[18] S. Dutheil, K.T. Ota, E.S. Wohleb, K. Rasmussen, R.S. Duman, High-Fat Diet Induced 

Anxiety and Anhedonia: Impact on Brain Homeostasis and Inflammation, 

Neuropsychopharmacology. 41 (2016) 1874–1887. https://doi.org/10.1038/npp.2015.357. 

[19] E. Morselli, E. Fuente-mar-, J. Deborah, M.H. Tscho, E. Morselli, E. Fuente-martin, B. Finan, 

M. Kim, A. Frank, C. Garcia-caceres, C.R. Navas, R. Gordillo, M. Neinast, S.P. Kalainayakan, 

D.L. Li, Y. Gao, Hypothalamic PGC-1a Protects Against High-Fat Diet Exposure by 

Regulating ERa, Cell Rep. 9 (2014) 633–645. https://doi.org/10.1016/j.celrep.2014.09.025. 

[20] G.S. Hotamisligil, Inflammation and metabolic disorders., Nature. 444 (2006) 860–867. 

https://doi.org/10.1038/nature05485. 

[21] J.P. Thaler, C. Yi, E.A. Schur, S.J. Guyenet, B.H. Hwang, M.O. Dietrich, X. Zhao, D.A. 

Sarruf, V. Izgur, K.R. Maravilla, H.T. Nguyen, J.D. Fischer, M.E. Matsen, B.E. Wisse, G.J. 

Morton, T.L. Horvath, D.G. Baskin, M.H. Tschöp, M.W. Schwartz, Obesity is associated with 

hypothalamic injury in rodents and humans, J. Clin. Invest. 122 (2012) 153–162. 

https://doi.org/10.1172/JCI59660.adjacent. 

[22] K.L. Stanhope, J.M. Schwarz, N.L. Keim, S.C. Griffen, A.A. Bremer, J.L. Graham, B. 

Hatcher, C.L. Cox, A. Dyachenko, W. Zhang, J.P. McGahan, A. Seibert, R.M. Krauss, S. 

Chiu, E.J. Schaefer, M. Ai, S. Otokozawa, K. Nakajima, T. Nakano, C. Beysen, M.K. 

Hellerstein, L. Berglund, P.J. Havel, Consuming fructose-sweetened, not glucose-sweetened, 

beverages increases visceral  adiposity and lipids and decreases insulin sensitivity in 

overweight/obese humans., J. Clin. Invest. 119 (2009) 1322–1334. 

https://doi.org/10.1172/JCI37385. 

[23] M.S. Gersch, W. Mu, P. Cirillo, S. Reungjui, L. Zhang, C. Roncal, Y.Y. Sautin, R.J. Johnson, 

T. Nakagawa, Fructose, but not dextrose, accelerates the progression of chronic kidney  

disease., Am. J. Physiol. Renal Physiol. 293 (2007) F1256-61. 

https://doi.org/10.1152/ajprenal.00181.2007. 

[24] T. Nakagawa, H. Hu, S. Zharikov, K.R. Tuttle, R.A. Short, O. Glushakova, X. Ouyang, D.I. 

Feig, E.R. Block, J. Herrera-Acosta, J.M. Patel, R.J. Johnson, A causal role for uric acid in 

fructose-induced metabolic syndrome., Am. J. Physiol. Renal Physiol. 290 (2006) F625-31. 

https://doi.org/10.1152/ajprenal.00140.2005. 

[25] Z. Zhuhua, W. Zhiquan, Y. Zhen, N. Yixin, Z. Weiwei, L. Xiaoyong, L. Yueming, Z. 

Hongmei, Q. Li, S. Qing, A novel mice model of metabolic syndrome: The high-fat-high-

fructose diet-fed ICR mice, Exp. Anim. 64 (2015) 435–442. 

https://doi.org/10.1538/expanim.14-0086. 

[26] K.A. Lê, L. Tappy, Metabolic effects of fructose, Curr. Opin. Clin. Nutr. Metab. Care. 9 

(2006) 469–475. https://doi.org/10.1097/01.mco.0000232910.61612.4d. 

[27] J.J. Hwang, L. Jiang, M. Hamza, F. Dai, R. Belfort-DeAguiar, G. Cline, D.L. Rothman, G. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



23 
 

Mason, R.S. Sherwin, The human brain produces fructose from glucose, JCI Insight. 2 (2017) 

1–6. https://doi.org/10.1172/jci.insight.90508. 

[28] T.M. Mizuno, P.S. Lew, G. Jhanji, Regulation of the fructose transporter gene Slc2a5 

expression by glucose in cultured microglial cells, Int. J. Mol. Sci. 22 (2021). 

https://doi.org/10.3390/ijms222312668. 

[29] A. Jiménez-Maldonado, Z. Ying, H.R. Byun, F. Gomez-Pinilla, Short-term fructose ingestion 

affects the brain independently from establishment of metabolic syndrome, Biochim. Biophys. 

Acta - Mol. Basis Dis. 1864 (2018) 24–33. 

https://doi.org/https://doi.org/10.1016/j.bbadis.2017.10.012. 

[30] J. Herz, A.J. Filiano, A. Smith, N. Yogev, J. Kipnis, Myeloid cells and their relationship with 

the central nervous system, Immunity. 46 (2017) 943–956. 

https://doi.org/10.1016/j.immuni.2017.06.007. 

[31] R.P. Bazinet, S. Layé, Polyunsaturated fatty acids and their metabolites in brain function and 

disease, Nat. Rev. Neurosci. 15 (2014) 771–785. 

https://doi.org/https://doi.org/10.1038/nrn3820. 

[32] B.A. Rasmussen, D.M. Breen, T.K.T. Lam, Lipid sensing in the gut , brain and liver, Trends 

Endocrinol. Metab. 23 (2012) 49–55. https://doi.org/10.1016/j.tem.2011.11.001. 

[33] M. Milanski, G. Degasperi, A. Coope, J. Morari, R. Denis, D.E. Cintra, D.M.L. Tsukumo, G. 

Anhe, M.E. Amaral, H.K. Takahashi, R. Curi, H.C. Oliveira, J.B.C. Carvalheira, S. Bordin, 

M.J. Saad, L.A. Velloso, Saturated Fatty Acids Produce an Inflammatory Response 

Predominantly through the Activation of TLR4 Signaling in Hypothalamus: Implications for 

the Pathogenesis of Obesity, J. Neurosci. 29 (2009) 359–370. 

https://doi.org/10.1523/JNEUROSCI.2760-08.2009. 

[34] M. Valdearcos, M.M. Robblee, A.W. Xu, S.K. Koliwad, M. Valdearcos, M.M. Robblee, D.I. 

Benjamin, D.K. Nomura, A.W. Xu, Microglia Dictate the Impact of Saturated Fat 

Consumption on Hypothalamic Inflammation and Neuronal Function, Cell ReportsReports. 9 

(2014) 2124–2138. https://doi.org/10.1016/j.celrep.2014.11.018. 

[35] A. Nadjar, Q. Leyrolle, C. Joffre, S. Laye, Bioactive lipids as new class of microglial 

modulators: When nutrition meets neuroimunology, Prog. Neuropsychopharmacol. Biol. 

Psychiatry. 79 (2016) 19–26. https://doi.org/10.1016/j.pnpbp.2016.07.004. 

[36] E. Viggiano, M.P. Mollica, L. Lionetti, G. Cavaliere, G. Trinchese, C. De Filippo, S. Chieffi, 

M. Gaita, A. Barletta, B. De Luca, M. Crispino, M. Monda, Effects of an High-Fat Diet 

Enriched in Lard or in Fish Oil on the Hypothalamic Amp-Activated Protein Kinase and 

Inflammatory Mediators, Front. Cell. Neurosci. 10 (2016) 150. 

https://doi.org/10.3389/fncel.2016.00150. 

[37] R. Dang, X. Zhou, M. Tang, P. Xu, X. Gong, Fish oil supplementation attenuates 

neuroinflammation and alleviates depressive-like behavior in rats submitted to repeated 

lipopolysaccharide, Eur. J. Nutr. 57 (2018) 893–906. https://doi.org/10.1007/s00394-016-

1373-z. 

[38] A.H. de Mello, R. de B. Schraiber, M.P. de S. Goldim, M.L. Garcez, M.L. Gomes, G. de Bem 

Silveira, R.P. Zaccaron, P.F. Schuck, J. Budni, P.C.L. Silveira, F. Petronilho, G.T. Rezin, 

Omega-3 Fatty Acids Attenuate Brain Alterations in High-Fat Diet-Induced Obesity Model., 

Mol. Neurobiol. 56 (2019) 513–524. https://doi.org/10.1007/s12035-018-1097-6. 

[39] L. Cheng, T. Hu, H. Shi, X. Chen, H. Wang, K. Zheng, X.-F. Huang, Y. Yu, DHA reduces 

hypothalamic inflammation and improves central leptin signaling in mice, Life Sci. 257 (2020) 

118036. https://doi.org/https://doi.org/10.1016/j.lfs.2020.118036. 

[40] A. Hirasawa, K. Tsumaya, T. Awaji, S. Katsuma, T. Adachi, M. Yamada, Y. Sugimoto, S. 

Miyazaki, G. Tsujimoto, Free fatty acids regulate gut incretin glucagon-like peptide-1 

secretion through  GPR120., Nat. Med. 11 (2005) 90–94. https://doi.org/10.1038/nm1168. 

[41] D.Y. Oh, S. Talukdar, E.J. Bae, T. Imamura, H. Morinaga, W.Q. Fan, P. Li, W.J. Lu, S.M. 

Watkins, J.M. Olefsky, GPR120 Is an Omega-3 Fatty Acid Receptor Mediating Potent Anti-

inflammatory and Insulin-Sensitizing Effects, Cell. 142 (2010) 687–698. 

https://doi.org/10.1016/j.cell.2010.07.041. 

[42] S. Talukdar, J.M. Olefsky, O. Osborn, Targeting GPR120 and other fatty acid sensing GPCRs 

ameliorates insulin resistance and inflammatory diseases, Trends Pharmacol Sci. 32 (2011) 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



24 
 

543–550. https://doi.org/10.1016/j.tips.2011.04.004. 

[43] D.Y. Oh, E. Walenta, T.E. Akiyama, W.S. Lagakos, D. Lackey, A.R. Pessentheiner, R. Sasik, 

N. Hah, T.J. Chi, J.M. Cox, M.A. Powels, J. Di Salvo, C. Sinz, S.M. Watkins, A.M. Armando, 

H. Chung, R.M. Evans, O. Quehenberger, J. McNelis, J.G. Bogner-Strauss, J.M. Olefsky, A 

Gpr120-selective agonist improves insulin resistance and chronic inflammation in obese mice, 

Nat. Med. 20 (2014) 942–947. https://doi.org/10.1038/nm.3614. 

[44] L. Wellhauser, D.D. Belsham, Activation of the omega-3 fatty acid receptor GPR120 mediates 

anti-inflammatory actions in immortalized hypothalamic neurons, J. Neuroinflammation. 11 

(2014) 1–13. https://doi.org/10.1186/1742-2094-11-60. 

[45] G.D. Pimentel, A.P.S. Dornellas, J.C. Rosa, F.S. Lira, C.A. Cunha, V.T. Boldarine, G.I.H. De 

Souza, A.E. Hirata, C.M.O. Nascimento, L.M. Oyama, R.L.H. Watanabe, E.B. Ribeiro, High-

fat diets rich in soy or fish oil distinctly alter hypothalamic insulin signaling in rats, J. Nutr. 

Biochem. 23 (2012) 822–828. https://doi.org/10.1016/j.jnutbio.2011.04.006. 

[46] D.E. Cintra, E.R. Ropelle, J.C. Moraes, J.R. Pauli, J. Morari, T. Claudio, D.E. Cintra, E.R. 

Ropelle, J.C. Moraes, D. Souza, R. Grimaldi, M. Stahl, C.T. de Souza, R. Grimaldi, M. Stahl, 

J.B. Carvalheira, M.J. Saad, L.A. Velloso, Unsaturated Fatty Acids Revert Diet-Induced 

Hypothalamic Inflammation in Obesity, PLoS One. 7 (2012) e30571. 

https://doi.org/10.1371/journal.pone.0030571. 

[47] Y. Park, Conjugated linoleic acid (CLA): Good or bad trans fat ?, J. Food Compos. Anal. 22S 

(2009) S4–S12. https://doi.org/10.1016/j.jfca.2008.12.002. 

[48] Y. Yu, P.H. Correll, J.P. Vanden Heuvel, Conjugated linoleic acid decreases production of 

pro-inflammatory products in macrophages: evidence for a PPAR gamma-dependent 

mechanism, Biochim. Biophys. Acta. 1581 (2002) 89–99. https://doi.org/10.1016/s1388-

1981(02)00126-9. 

[49] R.M. Evans, PPARs and the complex journey to obesity, in: Keio J. Med., 2004: pp. 53–58. 

https://doi.org/10.2302/kjm.53.53. 

[50] B. Yang, H. Qi, Z. Gu, H. Zhang, W. Chen, H. Chen, Y.Q. Chen, Characterization of the 

triple-component linoleic acid isomerase in Lactobacillus plantarum ZS2058 by genetic 

manipulation, J. Appl. Microbiol. 123 (2017) 1263–1273. https://doi.org/10.1111/jam.13570. 

[51] R. Hontecillas, M.O. Shea, A. Einerhand, D. Ba, J.B. Dvm, Activation of PPAR γ and α by 

Punicic Acid Ameliorates Glucose Tolerance and Suppresses Obesity-Related Inflammation, J. 

Am. Coll. Nutr. 28 (2009) 184–195. https://doi.org/10.1080/07315724.2009.10719770. 

[52] C. Lai, M. Tsai, V. Badmaev, M. Jimenez, C. Ho, M. Pan, Xanthigen Suppresses Preadipocyte 

Differentiation and Adipogenesis through Down-regulation of PPAR γ and C/EBPs and 

Modulation of SIRT-1, AMPK, and FoxO Pathways, J. Agric. Food Chem. 60 (2012) 1094–

1101. 

[53] S. Rocchi, J. Auwerx, Peroxisome proliferator-activated receptor-gamma: a versatile metabolic 

regulator., Ann. Med. 31 (1999) 342–351. https://doi.org/10.3109/07853899908995901. 

[54] L. Zhang, W. Keung, V. Samokhvalov, W. Wang, G.D. Lopaschuk, Role of fatty acid uptake 

and fatty acid β-oxidation in mediating insulin resistance in heart and skeletal muscle, 

Biochim. Biophys. Acta - Mol. Cell Biol. Lipids. 1801 (2010) 1–22. 

https://doi.org/10.1016/j.bbalip.2009.09.014. 

[55] L. Račková, V. Ergin, E. Burcu Bali, M. Kuniaková, Ç. Karasu, Pomegranate Seed Oil 

Modulates Functions and Survival of BV-2 Microglial Cells in vitro., Int. J. Vitam. Nutr. Res. 

84 (2014) 295–309. https://doi.org/10.1024/0300-9831/a000216. 

[56] N. Janabi, S. Peudenier, B. Heron, K.H. Ng, M. Tardieu, Establishment of human microglial 

cell lines after transfection of primary cultures of embryonic microglial cells with the SV40 

large T antigen., Neurosci. Lett. 195 (1995) 105–108. https://doi.org/10.1016/0304-

3940(94)11792-h. 

[57] R. Socodato, C.C. Portugal, A. Rodrigues, J. Henriques, C. Rodrigues, C. Figueira, J.B. 

Relvas, Redox tuning of Ca2+ signaling in microglia drives glutamate release during hypoxia, 

Free Radic. Biol. Med. 118 (2018) 137–149. 

https://doi.org/10.1016/j.freeradbiomed.2018.02.036. 

[58] C.C. Portugal, R. Socodato, T. Canedo, C.M. Silva, T. Martins, V.S.M.M. Coreixas, E.C. 

Loiola, B. Gess, D. Röhr, A.R. Santiago, P. Young, R.D. Minshall, R. Paes-de-Carvalho, A.F. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



25 
 

Ambrósio, J.B. Relvas, Caveolin-1-mediated internalization of the Vitamin C transporter 

SVCT2 in microglia triggers an inflammatory phenotype, Sci. Signal. 10 (2017). 

https://doi.org/10.1126/scisignal.aal2005. 

[59] R. Socodato, J.F. Henriques, C.C. Portugal, T.O. Almeida, J. Tedim-Moreira, R.L. Alves, T. 

Canedo, C. Silva, A. Magalhães, T. Summavielle, J.B. Relvas, Daily alcohol intake triggers 

aberrant synaptic pruning leading to synapse loss and  anxiety-like behavior., Sci. Signal. 13 

(2020). https://doi.org/10.1126/scisignal.aba5754. 

[60] C.M. Duffy, C. Yuan, L.E. Wisdorf, C.J. Billington, C.M. Kotz, J.P. Nixon, T.A. Butterick, 

Role of orexin A signaling in dietary palmitic acid-activated microglial cells, Neurosci. Lett. 

606 (2015) 140–144. https://doi.org/10.1016/j.neulet.2015.08.033. 

[61] Z. Wang, D. Liu, F. Wang, S. Liu, S. Zhao, E.A. Ling, A. Hao, Saturated fatty acids activate 

microglia via Toll-like receptor 4/NF-κB signalling, Br. J. Nutr. 107 (2012) 229–241. 

https://doi.org/10.1017/S0007114511002868. 

[62] D.Q. Tran, E.H. Ramos, D.D. Belsham, Induction of Gnrh mRNA expression by the ω-3 

polyunsaturated fatty acid docosahexaenoic acid and the saturated fatty acid palmitate in a 

GnRH-synthesizing neuronal cell model, mHypoA-GnRH/GFP, Mol. Cell. Endocrinol. 426 

(2016) 125–135. https://doi.org/10.1016/j.mce.2016.02.019. 

[63] E.B. Button, A.S. Mitchell, M.M. Domingos, J.H.J. Chung, R.M. Bradley, A. Hashemi, P.M. 

Marvyn, A.C. Patterson, K.D. Stark, J. Quadrilatero, R.E. Duncan, Microglial cell activation 

increases saturated and decreases monounsaturated fatty acid content, but both lipid species 

are proinflammatory, Lipids. 49 (2014) 305–316. https://doi.org/10.1007/s11745-014-3882-y. 

[64] P.K. Chang, A. Khatchadourian, R.A. Mckinney, D. Maysinger, Docosahexaenoic acid 

(DHA): a modulator of microglia activity and dendritic spine morphology, J. 

Neuroinflammation. 12 (2015) 1–15. https://doi.org/10.1186/s12974-015-0244-5. 

[65] F. Rodriguez-Pacheco, C. Gutierrez-Repiso, S. Garcia-Serrano, M.A. Alaminos-Castillo, A. 

Ho-Plagaro, S. Valdes, J. Garcia-Arnes, M. Gonzalo, R.J. Andrade, F.J. Moreno-Ruiz, A. 

Rodriguez-Cañete, A. Martinez-Ferriz, E. Garcia-Fuentes, The pro-/anti-inflammatory effects 

of different fatty acids on visceral adipocytes are partially mediated by GPR120, Eur. J. Nutr. 

56 (2017) 1743–1752. https://doi.org/10.1007/s00394-016-1222-0. 

[66] J. Miranda, A. Lasa, A. Fernández-Quintela, C. García-Marzo, J. Ayo, R. Dentin, M.P. 

Portillo, cis-9,trans-11,cis-15 and cis-9,trans-13,cis-15 CLNA mixture activates PPARα in 

HEK293 and reduces triacylglycerols in 3T3-L1 cells., Lipids. 46 (2011) 1005–12. 

https://doi.org/10.1007/s11745-011-3615-4. 

[67] S. Steenson, F. Shojaee-Moradie, J.A. Lovegrove, A.M. Umpleby, K.G. Jackson, B.A. 

Fielding, Dose Dependent Effects of Fructose and Glucose on de novo Palmitate and Glycerol 

Synthesis in an Enterocyte Cell Model, Mol. Nutr. Food Res. 66 (2022) 2100456. 

https://doi.org/https://doi.org/10.1002/mnfr.202100456. 

[68] N. Suwannakul, N. Armartmuntree, R. Thanan, K. Midorikawa, T. Kon, S. Oikawa, H. 

Kobayashi, N. Ma, S. Kawanishi, M. Murata, Targeting fructose metabolism by glucose 

transporter 5 regulation in human cholangiocarcinoma, Genes Dis. (2021). 

https://doi.org/https://doi.org/10.1016/j.gendis.2021.09.002. 

[69] N. Jones, J. Blagih, F. Zani, A. Rees, D.G. Hill, B.J. Jenkins, C.J. Bull, D. Moreira, A.I.M. 

Bantan, J.G. Cronin, D. Avancini, G.W. Jones, D.K. Finlay, K.H. Vousden, E.E. Vincent, C.A. 

Thornton, Fructose reprogrammes glutamine-dependent oxidative metabolism to support LPS-

induced inflammation, Nat. Commun. 12 (2021) 1209. https://doi.org/10.1038/s41467-021-

21461-4. 

[70] T.M. Mizuno, P.S. Lew, G. Jhanji, Regulation of the fructose transporter gene Slc2a5 

expression by glucose in cultured microglial cells, Int. J. Mol. Sci. 22 (2021). 

https://doi.org/10.3390/ijms222312668. 

[71] K. Minami, N. Ueda, K. Ishimoto, T. Tsujiuchi, Regulation of cell survival through free fatty 

acid receptor 1 (FFA1) and FFA4  induced by endothelial cells in osteosarcoma cells., J. 

Recept. Signal Transduct. Res. 40 (2020) 181–186. 

https://doi.org/10.1080/10799893.2020.1725047. 

[72] T. Quesada-López, R. Cereijo, J.V. Turatsinze, A. Planavila, M. Cairó, A. Gavaldà-Navarro, 

M. Peyrou, R. Moure, R. Iglesias, M. Giralt, D.L. Eizirik, F. Villarroya, The lipid sensor 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



26 
 

GPR120 promotes brown fat activation and FGF21 release from adipocytes, Nat. Commun. 7 

(2016). https://doi.org/10.1038/ncomms13479. 

[73] J.M. Houthuijzen, I. Oosterom, B.D. Hudson, A. Hirasawa, L.G.M. Daenen, C.M. Mclean, 

S.V.F. Hansen, M.T.M. Van Jaarsveld, D.S. Peeper, S.J. Sadatmand, J.M.L. Roodhart, C.H.A. 

Van De Lest, T. Ulven, K. Ishihara, G. Milligan, E.E. Voest, Fatty acid 16:4 (n-3) stimulates a 

GPR120-induced signaling cascade in splenic macrophages to promote chemotherapy 

resistance, FASEB J. 31 (2017) 2195–2209. https://doi.org/10.1096/fj.201601248R. 

[74] K.R. Watterson, S.V.F. Hansen, B.D. Hudson, E. Alvarez-curto, S.Z. Raihan, C.M.G. 

Azevedo, G. Martin, J. Dunlop, S.J. Yarwood, T. Ulven, G. Milligan, Probe-Dependent 

Negative Allosteric Modulators of the Long-Chain Free Fatty Acid Receptor FFA4, Mol. 

Pharmacol. 91 (2017) 630–641. https://doi.org/10.1124/mol.116.107821. 

[75] S. Villegas-comonfort, Y. Takei, G. Tsujimoto, A. Hirasawa, J.A. García-sáinz, Effects of 

arachidonic acid on FFA4 receptor: Signaling, phosphorylation and internalization, 

Prostaglandins Leukot. Essent. Fat. Acids. 117 (2017) 1–10. 

https://doi.org/10.1016/j.plefa.2017.01.013. 

[76] R.D. Guzy, B. Hoyos, E. Robin, H. Chen, L. Liu, K.D. Mansfield, M.C. Simon, U. 

Hammerling, P.T. Schumacker, Mitochondrial complex III is required for hypoxia-induced 

ROS production and cellular oxygen sensing, Cell Metab. 1 (2005) 401–408. 

https://doi.org/10.1016/j.cmet.2005.05.001. 

[77] Y. Wang, E.L. Botvinick, Y. Zhao, M.W. Berns, S. Usami, R.Y. Tsien, S. Chien, Visualizing 

the mechanical activation of Src, Nature. 434 (2005) 1040–1045. 

https://doi.org/10.1038/nature03464. 

[78] E.A. Barbosa, A. Oliveira, A. Plácido, R. Socodato, C.C. Portugal, A.C. Mafud, A.S. 

Ombredane, D.C. Moreira, N. Vale, L.J. Bessa, G.A. Joanitti, C. Alves, P. Gomes, C. Delerue-

Matos, Y.P. Mascarenhas, M.M. Marani, J.B. Relvas, M. Pintado, J.R.S.A. Leite, Structure 

and function of a novel antioxidant peptide from the skin of tropical frogs, Free Radic. Biol. 

Med. 115 (2018) 68–79. https://doi.org/10.1016/j.freeradbiomed.2017.11.001. 

[79] R. Socodato, C.C. Portugal, T. Canedo, I. Domith, N.A. Oliveira, R. Paes-De-Carvalho, J.B. 

Relvas, M. Cossenza, C-Src deactivation by the polyphenol 3-O-caffeoylquinic acid abrogates 

reactive oxygen species-mediated glutamate release from microglia and neuronal 

excitotoxicity, Free Radic. Biol. Med. 79 (2015) 45–55. 

https://doi.org/10.1016/j.freeradbiomed.2014.11.019. 

[80] R. Socodato, C.C. Portugal, I. Domith, N.A. Oliveira, V.S.M. Coreixas, E.C. Loiola, T. 

Martins, A.R. Santiago, R. Paes-de-Carvalho, A.F. Ambrósio, J.B. Relvas, c-Src function is 

necessary and sufficient for triggering microglial cell activation, Glia. 63 (2015) 497–511. 

https://doi.org/10.1002/glia.22767. 

[81] D.M. Shcherbakova, M. Baloban, A. V. Emelyanov, M. Brenowitz, P. Guo, V. V. Verkhusha, 

Bright monomeric near-infrared fluorescent proteins as tags and biosensors for multiscale 

imaging, Nat. Commun. 7 (2016) 1–12. https://doi.org/10.1038/ncomms12405. 

[82] L. Chen, W. Fischle, E. Verdin, W.C. Greene, Duration of Nuclear NF-kB Action Regulated 

by Reversible Acetylation, Science (80-. ). 293 (2001) 1653–1657. 

https://doi.org/10.1126/science.1062374. 

[83] I. Zwarts, T. van Zutphen, J.K. Kruit, W. Liu, M.H. Oosterveer, H.J. Verkade, N.H. 

Uhlenhaut, J.W. Jonker, Identification of the fructose transporter GLUT5 (SLC2A5) as a novel 

target of nuclear receptor LXR, Sci. Rep. 9 (2019) 9299. https://doi.org/10.1038/s41598-019-

45803-x. 

[84] J. Payne, F. Maher, I. Simpson, L. Mattice, P. Davies, Glucose transporter Glut 5 expression in 

microglial cells., Glia. 21 (1997) 327–331. https://doi.org/10.1002/(sici)1098-

1136(199711)21:3<327::aid-glia7>3.0.co;2-1. 

[85] C.P. Corpe, M.M. Basaleh, J. Affleck, G. Gould, T.J. Jess, G.L. Kellett, The regulation of 

GLUT5 and GLUT2 activity in the adaptation of intestinal brush-border fructose transport in 

diabetes, Pflügers Arch. 432 (1996) 192–201. https://doi.org/10.1007/s004240050124. 

[86] H. Hua, Y. Zhang, F. Zhao, K. Chen, T. Wu, Q. Liu, S. Huang, A. Zhang, Z. Jia, Celastrol 

inhibits intestinal lipid absorption by reprofiling the gut microbiota  to attenuate high-fat diet-

induced obesity., IScience. 24 (2021) 102077. https://doi.org/10.1016/j.isci.2021.102077. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



27 
 

[87] R. Gonzalo-Gobernado, L. Calatrava-Ferreras, D. Reimers, A.S. Herranz, M. Rodríguez-

Serrano, C. Miranda, A. Jiménez-Escrig, J.J. Díaz-Gil, E. Bazán, Neuroprotective activity of 

peripherally administered liver growth factor in a  rat model of Parkinson’s disease., PLoS 

One. 8 (2013) e67771. https://doi.org/10.1371/journal.pone.0067771. 

[88] V. De Smedt-Peyrusse, F. Sargueil, A. Moranis, H. Harizi, S. Mongrand, S. Layé, 

Docosahexaenoic acid prevents lipopolysaccharide-induced cytokine production in microglial 

cells by inhibiting lipopolysaccharide receptor presentation but not its membrane subdomain 

localization, J. Neurochem. 105 (2008) 296–307. https://doi.org/10.1111/j.1471-

4159.2007.05129.x. 

[89] E.A. Bordt, B.M. Polster, Species in Proinflammatory Microglial Activation : A Bipartisan 

Affair?, Free Radic. Biol. Med. 76 (2014) 34–46. 

https://doi.org/10.1016/j.freeradbiomed.2014.07.033.NADPH. 

[90] A.I. Rojo, G. McBean, M. Cindric, J. Egea, M.G. López, P. Rada, N. Zarkovic, A. Cuadrado, 

Redox control of microglial function: Molecular mechanisms and functional significance, 

Antioxidants Redox Signal. 21 (2014) 1766–1801. https://doi.org/10.1089/ars.2013.5745. 

[91] L. Wellhauser, D.D. Belsham, Activation of the omega-3 fatty acid receptor GPR120 mediates 

anti-inflammatory actions in immortalized hypothalamic neurons, J. Neuroinflammation. 11 

(2014) 1–13. https://doi.org/10.1186/1742-2094-11-60. 

[92] B. Shimpukade, B.D. Hudson, C.K. Hovgaard, G. Milligan, T. Ulven, Discovery of a potent 

and selective GPR120 agonist., J. Med. Chem. 55 (2012) 4511–4515. 

https://doi.org/10.1021/jm300215x. 

[93] G. Milligan, E. Alvarez-Curto, B.D. Hudson, R. Prihandoko, A.B. Tobin, FFA4/GPR120: 

Pharmacology and Therapeutic Opportunities, Trends Pharmacol. Sci. 38 (2017) 809–821. 

https://doi.org/10.1016/j.tips.2017.06.006. 

[94] Z. Liu, M.M. Hopkins, Z. Zhang, C.B. Quisenberry, L.C. Fix, B.M. Galvan, K.E. Meier, 

Omega-3 fatty acids and other FFA4 agonists inhibit growth factor signaling in human prostate 

cancer cells, J. Pharmacol. Exp. Ther. 352 (2015) 380–394. 

https://doi.org/10.1124/jpet.114.218974. 

[95] S. Miyauchi, A. Hirasawa, T. Iga, N. Liu, C. Itsubo, K. Sadakane, T. Hara, G. Tsujimoto, 

Distribution and regulation of protein expression of the free fatty acid receptor GPR120, 

Naunyn. Schmiedebergs. Arch. Pharmacol. 379 (2009) 427–434. 

https://doi.org/10.1007/s00210-008-0390-8. 

[96] H. Guo, S. An, R. Ward, Y. Yang, Y. Liu, X.-X. Guo, Q. Hao, T.-R. Xu, Methods used to 

study the oligomeric structure of G-protein-coupled receptors., Biosci. Rep. 37 (2017). 

https://doi.org/10.1042/BSR20160547. 

[97] E. Murru, C. Manca, G. Carta, S. Banni, Impact of Dietary Palmitic Acid on Lipid Metabolism   

, Front. Nutr.  . 9 (2022). https://www.frontiersin.org/articles/10.3389/fnut.2022.861664. 

[98] M.S. Spagnuolo, S. Iossa, L. Cigliano, Sweet but Bitter: Focus on Fructose Impact on Brain 

Function in Rodent Models, Nutrients. 13 (2021). https://doi.org/10.3390/nu13010001. 

[99] K.J. Lancaster, Current Intake and Demographic Disparities in the Association of Fructose-

Rich Foods and Metabolic Syndrome, JAMA Netw. Open. 3 (2020) e2010224–e2010224. 

https://doi.org/10.1001/jamanetworkopen.2020.10224. 

[100] R.J. Johnson, F. Gomez-Pinilla, M. Nagel, T. Nakagawa, B. Rodriguez-Iturbe, L.G. Sanchez-

Lozada, D.R. Tolan, M.A. Lanaspa, Cerebral Fructose Metabolism as a Potential Mechanism 

Driving Alzheimer’s  Disease., Front. Aging Neurosci. 12 (2020) 560865. 

https://doi.org/10.3389/fnagi.2020.560865. 

[101] E.C. Dresselhaus, M.K. Meffert, Cellular Specificity of NF- κ B Function in the Nervous 

System, 10 (2019). https://doi.org/10.3389/fimmu.2019.01043. 

[102] D.S.A. Simpson, P.L. Oliver, Ros generation in microglia: Understanding oxidative stress and 

inflammation in neurodegenerative disease, Antioxidants. 9 (2020) 1–27. 

https://doi.org/10.3390/antiox9080743. 

[103] C.J. Urso, H. Zhou, Palmitic acid lipotoxicity in microglia cells is ameliorated by unsaturated 

fatty acids, Int. J. Mol. Sci. 22 (2021) 1–18. https://doi.org/10.3390/ijms22169093. 

[104] W. Ouyang, G. Sun, M. Hsu, Aggression and Violent Behavior Omega-3 fatty acids in cause , 

prevention and management of violence in schizophrenia : Conceptualization and application, 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



28 
 

Aggress. Violent Behav. 50 (2020) 101347. https://doi.org/10.1016/j.avb.2019.101347. 

[105] P.C. Calder, Long chain fatty acids and gene expression in inflammation and immunity, Curr 

Opin Clin Nutr Metab Care. 16 (2013) 425–433. 

https://doi.org/10.1097/MCO.0b013e3283620616. 

[106] L. Corsi, B.M. Dongmo, R. Avallone, Supplementation of omega 3 fatty acids improves 

oxidative stress in activated BV2 microglial cell line, Int. J. Food Sci. Nutr. 00 (2015) 1–7. 

https://doi.org/10.3109/09637486.2014.986073. 

[107] H. Yang, L. Wang, C. Zang, Y. Wang, J. Shang, Z. Zhang, H. Liu, X. Bao, X. Wang, D. 

Zhang, Src Inhibition Attenuates Neuroinflammation and Protects Dopaminergic Neurons in 

Parkinson’s Disease Models, Front. Neurosci. 14 (2020) 45. 

https://doi.org/10.3389/fnins.2020.00045. 

[108] G. Dhawan, C.K. Combs, Inhibition of Src kinase activity attenuates amyloid associated 

microgliosis in a murine model of Alzheimer’s disease, J. Neuroinflammation. 9 (2012) 117. 

https://doi.org/10.1186/1742-2094-9-117. 

[109] R. Socodato, C.C. Portugal, I. Domith, N.A. Oliveira, V.S.M. Coreixas, E.C. Loiola, T. 

Martins, A.R. Santiago, R. Paes-de-Carvalho, A.F. Ambrósio, J.B. Relvas, c-Src Function is 

Necessary and Sufficient for Triggering Microglial Cell Activation, Glia. (2014). 

https://doi.org/10.1002/glia.22767. 

[110] O. Osborn, J.M. Olefsky, The cellular and signaling networks linking the immune system and 

metabolism in disease, Nat. Med. 18 (2012) 363–374. https://doi.org/10.1038/nm.2627. 

[111] N.R. V Dragano, C. Solon, A.F. Ramalho, R.F. De Moura, D.S. Razolli, E. Christiansen, C. 

Azevedo, T. Ulven, L.A. Velloso, Polyunsaturated fatty acid receptors, GPR40 and GPR120, 

are expressed in the hypothalamus and control energy homeostasis and inflammation, J. 

Neuroinflammation. 14 (2017) 1–16. https://doi.org/10.1186/s12974-017-0869-7. 

[112] A.N. Anbazhagan, S. Priyamvada, T. Gujral, S. Bhattacharyya, W.A. Alrefai, P.K. Dudeja, A. 

Borthakur, A novel anti-inflammatory role of GPR120 in intestinal epithelial cells, Am. J. 

Physiol. Cell Physiol. 310 (2016) C612–C621. https://doi.org/10.1152/ajpcell.00123.2015. 

[113] H. Su, W. Zhao, F. Zhang, M. Song, F. Liu, J. Zheng, M. Ling, X. Yang, Q. Yang, H. He, L. 

Chen, X. Lai, X. Zhu, L. Wang, P. Gao, G. Shu, Q. Jiang, S. Wang, Cis 9, trans 11, but not 

trans 10, cis 12 CLA isomer, impairs intestinal epithelial barrier function in IPEC-J2 cells and 

mice through activation of GPR120-[Ca2+]i and the MLCK signaling pathway, Food Funct. 

11 (2020) 3657–3667. https://doi.org/10.1039/d0fo00376j. 

[114] Y. Nishimura, M. Moriyama, K. Kawabe, H. Satoh, K. Takano, Y.-T. Azuma, Y. Nakamura, 

Lauric Acid Alleviates Neuroinflammatory Responses by Activated Microglia:  Involvement 

of the GPR40-Dependent Pathway., Neurochem. Res. 43 (2018) 1723–1735. 

https://doi.org/10.1007/s11064-018-2587-7. 

[115] S. On, H.Y. Kim, H.S. Kim, J. Park, K.W. Kang, Involvement of G-Protein-Coupled Receptor 

40 in the Inhibitory Effects of  Docosahexaenoic Acid on SREBP1-Mediated Lipogenic 

Enzyme Expression in Primary Hepatocytes., Int. J. Mol. Sci. 20 (2019). 

https://doi.org/10.3390/ijms20112625. 

[116] L.T. Meital, M.T. Windsor, M. Perissiou, K. Schulze, R. Magee, A. Kuballa, J. Golledge, T.G. 

Bailey, C.D. Askew, F.D. Russell, Omega-3 fatty acids decrease oxidative stress and 

inflammation in macrophages from patients with small abdominal aortic aneurysm, Sci. Rep. 9 

(2019) 12978. https://doi.org/10.1038/s41598-019-49362-z. 

[117] N.A. Sousa, G.A.L. Oliveira, A.P. de Oliveira, A.L.F. Lopes, B. Iles, K.M. Nogueira, T.S.L. 

Araújo, L.K.M. Souza, A.R. Araújo, J. Ramos-Jesus, A. Plácido, C. Amaral, Y.D.M. Campelo, 

E.A. Barbosa, C.C. Portugal, R. Socodato, A. Lobo, J. Relvas, M. Bemquerer, P. Eaton, 

J.R.S.A. Leite, J.V.R. Medeiros, Novel Ocellatin Peptides Mitigate LPS-induced ROS 

Formation and NF-kB Activation in Microglia and Hippocampal Neurons, Sci. Rep. 10 (2020) 

1–16. https://doi.org/10.1038/s41598-020-59665-1. 

[118] N. Kim, J. Do, J.-S. Bae, H.K. Jin, J.-H. Kim, K.-S. Inn, M.S. Oh, J.K. Lee, Piperlongumine 

inhibits neuroinflammation via regulating NF-κB signaling pathways in  lipopolysaccharide-

stimulated BV2 microglia cells., J. Pharmacol. Sci. 137 (2018) 195–201. 

https://doi.org/10.1016/j.jphs.2018.06.004. 

[119] F. Oppedisano, R. Macrì, M. Gliozzi, V. Musolino, C. Carresi, J. Maiuolo, F. Bosco, S. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



29 
 

Nucera, M.C. Zito, L. Guarnieri, F. Scarano, C. Nicita, A.R. Coppoletta, S. Ruga, M. 

Scicchitano, R. Mollace, E. Palma, V. Mollace, The anti-inflammatory and antioxidant 

properties of n-3 PUFAs: Their role in cardiovascular protection, Biomedicines. 8 (2020). 

https://doi.org/10.3390/biomedicines8090306. 

[120] R. Velagapudi, A. El-Bakoush, O.A. Olajide, Activation of Nrf2 Pathway Contributes to 

Neuroprotection by the Dietary Flavonoid Tiliroside, Mol. Neurobiol. 55 (2018) 8103–8123. 

https://doi.org/10.1007/s12035-018-0975-2. 

[121] E. Zgórzyńska, B. Dziedzic, A. Gorzkiewicz, D. Stulczewski, K. Bielawska, K.P. Su, A. 

Walczewska, Omega-3 polyunsaturated fatty acids improve the antioxidative defense in rat 

astrocytes via an Nrf2-dependent mechanism, Pharmacol. Reports. 69 (2017) 935–942. 

https://doi.org/10.1016/j.pharep.2017.04.009. 

[122] C. Dello Russo, N. Cappoli, I. Coletta, D. Mezzogori, F. Paciello, G. Pozzoli, P. Navarra, A. 

Battaglia, The human microglial HMC3 cell line: Where do we stand? A systematic literature 

review, J. Neuroinflammation. 15 (2018) 1–24. https://doi.org/10.1186/s12974-018-1288-0. 

[123] R. Timmerman, S.M. Burm, J.J. Bajramovic, An overview of in vitro methods to study 

microglia, Front. Cell. Neurosci. 12 (2018) 1–12. https://doi.org/10.3389/fncel.2018.00242. 

 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



30 
 

List of tables 

Table 1- Fatty acids solutions composition. 

 

List of figures 

Figure 1- Schematic representation of the experimental protocol for the evaluation of omega-3 and 
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Figure 2- Schematic representation of the experimental protocol for the evaluation of GPR120/FFA4 

activation, by using TUG-891 GPR120/FFA4 agonist, in microglia activation. 

 

Figure 3- Schematic representation of the experimental protocol for the evaluation of omega-3, CLA 

and CLNA action in GPR120/FFA4 chemical inhibition, by using AH7614 GPR120/FFA4 antagonist, 

in microglia activation. 

 

Figure 4 – Cytotoxicity of HMC3 microglia cell after 5 h and 24 h exposure to the study PUFAs. Bars represent 

cell viability, measured by the PrestoBlue assay in percentage after treatment. 

 

Figure 5- Omega-3, CLNA and CLA fatty acids can revert Fructose and Palmitic acid-induced 

microglia inflammatory imbalance elicited by NF-κB pathway activation, ROS production and 

Src Tyrosine activation.  

(A) Fluorescence imaging and results of the quantification of human microglia cell line (HMC3) 

expressing the miRFP703-Ikβα sensor in cells subjected to the stimulus solution (Fructose+Palmitic 

acid) and in cells pre-incubated with the studied fatty acids (omega-3, CLA and CLNA) for the 

selected time points (0, 5, 10 and 15 minutes). A decreased signal means a bigger Ikβα degradation 

and higher NF-κB pathway activation. Error bar represents the SEM calculated from n>10 cells from 

two independent cultures. Two-way ANOVA in relation to Fructose+Palmitic acid (Frut+PA), where 

no pre-incubation with the selected fatty acids was performed. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

(B) Fluorescence imaging and results of the quantification of human microglia cell line (HMC3) 

expressing the GFP-p65 and mneptune biosensor in cells subjected to the stimulus solution (Palmitic 

acid+Fructose) and in cells pre-incubated with the studied fatty acids (omega-3, CLA and CLNA). 

The mnpetune probe allows nucleus staining. The results correspond to the variation of the sensor 

signal of human microglia expressing the GFP-p65 sensor after the 15 min incubation time. This 

variation is in relation to the baseline measured for each experiment. A negative signal means a 

decreased signal in relation to the baseline, meaning that the catalytic p65 subunit of the NF-κB 

complex migration to the nucleus decreased in cells exposed to a pre-incubation with the studied fatty 

acids. In cells only subjected to the stimulus solution the signal increased after baseline measure, 

indicating catalytic p65 subunit translocation to the nucleus. Error bar represents the SEM calculated 

from n>10 cells from two independent cultures. One-way ANOVA in relation to Palmitic 

acid+Fructose (PA+Frut), where no pre-incubation with the selected fatty acids was performed. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

(C) Fluorescence imaging and results of the quantification of human microglia cell line (HMC3) 

expressing the ROS FRET sensor HSP in cells subjected to the stimulus solution (Fructose+Palmitic 

acid) and in cells pre-incubated with the studied fatty acids (omega-3, CLA and CLNA) for the 

selected time points (0, 5, 10 and 15 min). Error bar represents the SEM calculated from n>15 cells 

from two independent cultures. Two-way ANOVA in relation to Fructose+Palmitic acid (Frut+PA), 

where no pre-incubation with the selected fatty acids was performed. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

(D) Fluorescence imaging and quantification of human microglia cell line (HMC3) expressing the 

LynSrc FRET sensor in cells subjected to the stimulus solution (Fructose+Palmitic acid) and in cells 

pre-incubated with the studied fatty acids (omega-3, CLA and CLNA) for the selected time points (0, 

5, 10 and 15 min). Error bar represents the SEM calculated from n>15 cells from two independent 
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cultures. Two-way ANOVA in relation to Fructose+Palmitic acid (Frut+PA), where no pre-incubation 

with the selected fatty acids was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Figure 6- Chemical activation of GPR120 by TUG-891 enhances NF-κB pathway activation and 

inhibits ROS production by Fructose and Palmitic acid.  

(A) Results of the quantification of human microglia expressing the miRFP703- Ikβα sensor for the 

selected time points (0, 5, 10 and 15 min). A decreased signal means a bigger Ikβα degradation and 

higher NF-κB pathway activation. Error bar represents the SEM calculated from n>12 cells from two 

independent cultures. (B) Results of the quantification of human microglia expressing the HSP-FRET 

sensor for the selected time points (0, 5, 10 and 15 min). Error bar represents the SEM calculated 

from n>10 cells from two independent cultures. (A) and (B) Two-way ANOVA in relation to 

Fructose+Palmitic acid (Frut+PA). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Figure 7- Chemical inhibition of GPR120 by AH7614 prevents omega-3, CLA and CLNA anti-

inflammatory action but is not involved in omega-3 and CLA antioxidant action. 

(A) Results of the quantification of human microglia expressing the miRFP703- Ikβα sensor for the 

selected time points (0, 5, 10 and 15 min). A decreased signal means a bigger Ikβα degradation and 

higher NF-κB pathway activation. Error bar represents the SEM calculated from n>20 cells from two 

independent cultures. AH7614 inhibition of GPR120/FFA4 in cells exposed to (A1) omega-3, (A2) 

CLA (rumenic acid and C18:2 t10c12 CLA isomers) and (A3) CLNA (PUA isomer). Two-way 

ANOVA in relation to Fructose+Palmitic acid (Frut+PA), where no pre-incubation with the selected 

fatty acids was performed: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and in relation to cells 

which were pre-incubated with omega 3/CLA/CLNA and AH7614, a GPR120 inhibitor: #p<0.05, 

##p<0.01, ###p<0.001, ####p<0.0001.  

(B) Results of the quantification of human microglia expressing the HSP-FRET sensor for the 

selected time points (0, 5, 10 and 15 min). Error bar represents the SEM calculated from n>12 cells 

from two independent cultures. AH7614 inhibition of GPR120/FFA4 in cells exposed to (B1) omega-

3 and (B2) CLA (rumenic acid and C18:2 t10c12 CLA isomers). Two-way ANOVA in relation to 

Fructose+Palmitic acid (Frut+PA) (*), where no pre-incubation with the selected fatty acids was 

performed: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and in relation to cells which were pre-

incubated with omega 3/ CLA and AH7614 (#), a GPR120 inhibitor: #p<0.05, ##p<0.01, ###p<0.001, 

####p<0.0001.  

 

Figure 8 – Proposed molecular mechanisms involved in Omega-3, CLA and CLNA isomers 

inhibitory action on microglia activation induced by Fructose and Palmitic acid.  

Fructose and Palmitic acid combined action activate NF-κB through TLR-4 binding. The activation of 

myeloid differentiation factor (MyD88) leads to TAK1 activation and consequent interaction with 

TAB1. Such effects result in IKKβ activation which ultimately leads to Ikβ phosphorylation and NF-

κB nuclear translocation. Fructose and Palmitic acid are also able to induce oxidative stress through 

reactive oxygen species production (ROS) and Src tyrosine kinase activation. Omega-3 (EPA and 

DHA), CLA isomers (Rumenic acid and C18:2 t10c12) and CLNA isomer (Punicic acid) stimulate 

GPR120/FFA4 receptor which recruits β-arrestin 2. Their internalization inhibits NF-κB nuclear 

translocation and consequently its activation. Moreover, CLA and Omega-3 show antioxidant 

potential that might be a result of direct scavenging or be mediated by Nrf2 antioxidant mechanisms. 

CLNA and Omega-3 inhibit c-Src activation, which may also have an effect on NF-κB pathway 

activation.  
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Highlights 

 Fatty acids can reach central nervous system and modulate microglia activity 

 Fructose and palmitic acid induce NFkB activation and oxidative stress in microglia 

 Omega-3 (EPA and DHA), CLA and CLNA abolish the induced-NFkB pathway 

activation 

 Omega-3 and CLA have an antioxidant potential 

 Omega-3, CLA and CLNA show a potential neuroprotective role 
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