N

N

Dietary fatty acid composition drives neuroinflammation
and impaired behavior in obesity
Clara Sanchez, Cécilia Colson, Nadine Gautier, Pascal Noser, Juliette Salvi,
Maxime Villet, Lucile Fleuriot, Caroline Peltier, Pascal Schlich, Frédéric Brau,

et al.

» To cite this version:

Clara Sanchez, Cécilia Colson, Nadine Gautier, Pascal Noser, Juliette Salvi, et al.. Dietary fatty
acid composition drives neuroinflammation and impaired behavior in obesity. Brain, Behavior, and
Immunity, 2024, 117, pp.330-346. 10.1016/j.bbi.2024.01.216 . hal-04553998

HAL Id: hal-04553998
https://hal.inrae.fr /hal-04553998

Submitted on 22 Apr 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.inrae.fr/hal-04553998
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Brain, Behavior, and Immunity 117 (2024) 330-346

: - ; - = N,
Contents lists available at ScienceDirect BEHE{{/%%

and IMMUNITY
e

Brain Behavior and Immunity

ELSEVIER journal homepage: www.elsevier.com/locate/ybrbi

Full-length Article ' 1)
Dietary fatty acid composition drives neuroinflammation and impaired

behavior in obesity

Clara Sanchez?, Cécilia Colson ™", Nadine Gautier ”, Pascal Noser ¢, Juliette Salvi®,
Maxime Villet?, Lucile Fleuriot?, Caroline Peltier %, Pascal Schlich ¢, Frédéric Brau®,
Ariane Sharif¢, Ali Altintas ¢, Ez-Zoubir Amri ", Jean-Louis Nahon ?, Nicolas Blondeau ?,
Alexandre Benani“, Romain Barres ¢, Carole Rovere

2 Université Cote d’Azur, Institut de Pharmacologie Moléculaire et Cellulaire, CNRS, France

b Université Cote d’Azur, Institut de Biologie de Valrose, CNRS, INSERM, France

¢ Novo Nordisk Foundation Center for Basic Metabolic Research, University of Copenhagen, Denmark

4 Université Bourgogne Franche-Comté, Centre des Sciences du Goilt et de I’Alimentation, CNRS, INRAe, France
€ Université de Lille, CHU Lille, Laboratory of Development and Plasticity of the Neuroendocrine Brain, Lille Neurosciences & Cognition, UMR-S 1172, Lille France

ARTICLE INFO

Keywords:

Obesity
Neuroinflammation
High fat diet
Polyunsaturated fatty acids
06/w3

Cognitive disorders
Anxiety

Memory
Hypothalamus
Hippocampus

ABSTRACT

Nutrient composition in obesogenic diets may influence the severity of disorders associated with obesity such as
insulin-resistance and chronic inflammation. Here we hypothesized that obesogenic diets rich in fat and varying
in fatty acid composition, particularly in omega 6 (#6) to omega 3 (»3) ratio, have various effects on energy
metabolism, neuroinflammation and behavior. Mice were fed either a control diet or a high fat diet (HFD)
containing either low (LO), medium (ME) or high (HI) ©6/®w3 ratio. Mice from the HFD-LO group consumed less
calories and exhibited less body weight gain compared to other HFD groups. Both HFD-ME and HFD-HI impaired
glucose metabolism while HFD-LO partly prevented insulin intolerance and was associated with normal leptin
levels despite higher subcutaneous and perigonadal adiposity. Only HFD-HI increased anxiety and impaired
spatial memory, together with increased inflammation in the hypothalamus and hippocampus. Our results show
that impaired glucose metabolism and neuroinflammation are uncoupled, and support that diets with a high w6/
3 ratio are associated with neuroinflammation and the behavioral deterioration coupled with the consumption
of diets rich in fat.

1. Introduction

et al., 2010; Hotamisligil, 2006; Mannan et al., 2016). Excessive caloric
intake not only causes metabolic dysfunction but also triggers chronic

Obesity is stemming from a complex interaction between genetic and
environmental causes, with diet representing a major contributing fac-
tor (Gao and Horvath, 2008). Obesity is associated with a plethora of
comorbidities such as type-2 diabetes, cardiovascular diseases, osteo-
arthritis, cancers and cognitive disorders (Faith et al., 2011; Gariepy

low-grade inflammation in peripheral organs including adipose tissue,
liver, skeletal muscle and pancreas, and also in the central nervous
system, where it is referred as neuroinflammation (Gregor and Hota-
misligil, 2011; Thaler et al., 2012). Neuroinflammation in obesity is
characterized by elevated pro-inflammatory markers and activation of

Abbreviations: AA, arachidonic acid; Aifl, Allograft inflammatory factor 1; ALA, alpha-linolenic acid; ARC, arcuate nucleus; AUC, area under curve; BAT, brown
adipose tissue; CCL, cc-chemokine ligand; DHA, docosahexaenoic acid; DLB, dark-light box; EPA, eicosapentaenoic acid; GAPDH, glyceraldehyde-3-phosphate
deshydrogenase; GFAP, glial fibrillary acidic protein; GTT, glucose tolerance test; HFD, high-fat diet; HI, high; HPLC, high-performance liquid chromatography;
iaWAT, intra-abdominal white adipose tissue; IBA1, ionized calcium binding adaptor molecule 1; IL-1f, interleukin-1p; IL-6, interleukin-6; IP, intra-peritoneal; ITT,
insulin tolerance test; LA, linoleic acid; LBP, lipopolysaccharide binding protein; LO, low; LPS, lipopolysaccharide; ME, medium; MUFA, monounsaturated fatty acids;
MW\, Morris water maze; OF, open field; pgWAT, perigonadal white adipose tissue; PUFA, polyunsaturated fatty acids; scWAT, subcutaneous white adipose tissue;
SD, standard diet; SFA, saturated fatty acids; TBP, tata-box binding protein; TNF-a, tumor necrosis factor o; UFA, unsaturated fatty acids; ZM, zero maze; ®3, omega 3;
w6, omega 6.
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glial cells such as astrocytes and microglia (Baufeld et al., 2016; Cansell
etal., 2021; De Souza et al., 2005; Le Thuc and Rovere, 2016; Salvi et al.,
2022), and is found in the cortex, the amygdala and the hippocampus as
well as in the hypothalamus, a brain structure that controls feeding
behavior and energy homeostasis (Miller and Spencer, 2014). Conse-
quently, it has been postulated that neuroinflammation contributes to
both cognitive dysfunctions identified in obesity, especially memory
deficits and anxiety (Jeon et al., 2012; Noronha et al., 2019), and to
metabolic alterations and eating disorders (Duriez et al., 2021; Gorwood
et al., 2016; Méquinion et al., 2017).

Numerous investigations have highlighted the propensity of high-fat
diets to trigger neuroinflammation, with specific attention to the role of
nutritional lipids in this process (Guillemot-Legris et al., 2016;
Guillemot-Legris and Muccioli, 2017). However, the nature of nutri-
tional lipids that are responsible of this response remains incompletely
elucidated. Incubation of different saturated and unsaturated fatty acid
mixes on astrocytes cultures has allowed to identify that saturated fatty
acids (SFA) induce the production of the pro-inflammatory cytokines
interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-a) (Gupta
etal., 2012; Valdearcos et al., 2014). The role of dietary polyunsaturated
fatty acids (PUFA), as determinants of neuroinflammation has been also
raised. PUFA, classified as w3, ®6 and w9 based on the relative location
of double bonds in the carbon chain, play opposite roles in health and
inflammation, with ®3 showing preventive effects (Demers et al., 2020;
Dighriri et al., 2022; Simopoulos, 2002). Interestingly, in vitro co-
incubation of SFA with the @3 PUFA docosahexaenoic acid on astro-
cytes prevents release of pro-inflammatory cytokines (Gupta et al.,
2012). Globally, low @3 PUFA consumption might confer a risk for
anxiety and depression (Kalkman et al., 2021; Miiller et al., 2015).
Nevertheless, to the best of our knowledge, comprehensive in-
vestigations into the in vivo effects of various high-fat diets, character-
ized by distinct compositions of SFA and PUFA, notably differing 6/03
ratios, on neuroinflammation and cognitive function are lacking.

Here, we determined the effect of different natural diets rich in fat
and with various ©w6/®w3 ratios on energy metabolism and neuro-
inflammation. We show that a HFD with low w6/w3 ratio partly miti-
gates the deleterious effects of HFD on body weight gain and glucose
metabolism and protects from chronic inflammation. Mice fed either
medium or high ©6/03 ratio displayed classical phenotypes associated
with HFD such as impaired glucose and insulin intolerance, elevated
fasting glucose and insulin, but only high ©6/03 ratio was associated
with neuroinflammation and the impairment of behavior. Our findings
suggest that consumption of certain types of fatty acids may mitigate the
behavioral effects associated with diet-induced obesity.

2. Material and methods
2.1. Animals and diets

Eight-week-old C57Bl/6J male mice (Janvier Labs, France) were
housed in a room maintained at thermoneutrality (Fischer et al., 2019)
(28 + 2 °C) with an inversed 12-h light/dark cycle (lights off at 8 A.M.).
Animals were housed in groups of 10 (Fig. S1) and each group fed for 12
or 20 weeks with either standard diet (CHOW; Standard Rodent Diet
A03; SAFE, Augy, France) or HFD enriched in different natural sources
of fat to modulate their ®6/w3 ratios. HFD are low (2.9; HFD-LO; U8959
v20; SAFE, Augy, France), medium (7.3; HFD-ME; U8954 v100; SAFE,
Augy, France) or high (21.1; HFD-HI; U8954 v216; SAFE, Augy, France)
06/w3 ratio. Female mice were only used to have a weight curve for 20
weeks. Macronutrient and fatty acids composition of each diet were
analyzed by high performance liquid chromatography (HPLC and data
are shown in Table S1. Animals had free access to water and food, which
is changed every two days to avoid lipid peroxidation and palatability
decrease (Nguemeni et al., 2010). In each group of 10 mice, 7 of them
were euthanized under isoflurane for the collection of different tissues
(Fig. S1) and blood and 3 of them were euthanized by intra-aortic

331

Brain Behavior and Immunity 117 (2024) 330-346

perfusion of 4 % paraformaldehyde for brain collection. All the pro-
tocols were carried out in accordance with French ethical guidelines for
laboratory animals and with approval of the Animal Care Committee
(Nice-French  Riviera, project  agreement  APAFIS#25319-
2020042317135371v2 and APAFIS#25320-2020042718555028v2).

2.2. Red blood cell and triglycerides isolation for lipid quantification

Total lipids from red blood cells were extracted using the method of
Moilanen and Nikkari (Moilanen and Nikkari, 1981). Total lipids were
then transmethylated with Boron trifluoride in methanol (Morrison and
Smith, 1964). Hexane was used to extract fatty acid methyl esters
(FAMEs) and dimethyl acetals (DMAs). The relative composition of
FAMEs and DMAs was performed on a GC Trace 1310 (Thermo Scien-
tific, Illkirch, France) gas chromatograph (GC) using a CPSIL-88 column
(Agilent, CA, USA) and hydrogen as the vector gas as previously
described (Bizeau et al., 2022). The GC device was coupled to a flame
ionization detector (FID). Comparisons with commercial and synthetic
standards enabled the identification of FAMEs and DMAs. The Chrom-
Quest 5.0 version 3.2.1 software (Thermo Scientific, Illkirch, France)
was used to process the data.

For triglycerides analysis, lipids from mouse serum were extracted
according to a modified protocol (Bligh and Dyer, 1959) with a mixture
of methanol/chloroform (2:1). The lipid extract was then separated on a
C18 column in an appropriate gradient. Mass spectrometry data were
acquired with a Q-exactive mass spectrometer (ThermoFisher, France)
operating in data-dependent MS/MS mode (dd-MS2). Finally, lipids
were identified using LipidSearch software v4.1.16 (ThermoFisher) in
product search mode.

2.3. Metabolic cages for respirometry analysis

Promethion CAB-16 Cages (Promethion, Sable System International,
USA) were used to house animals and assess respirometry analysis, en-
ergy expenditure, locomotor activity and food intake. Animals were
acclimated in the cages during two days and all the parameters listed
before were then measured during two days. A 16-channel Promethion
system was used. Individual cages included a ceiling-mounted food
hopper (3-mg resolution) and water spigot. Cages included a ceiling-
mounted small “hut” into which mice could climb, which permits
body mass measurements. X- and Y-axis (horizontal plane) photoelectric
beam motion detectors were positioned around the cage. A running
wheel accessory was available but was excluded from the current study.
Airflow through the chamber was negative (2,000 mL/min), and gas
analyses were recorded once per minute. Cages were mounted inside of
thermally controlled cabinets that were maintained at thermoneutrality
(30 °C) to match parameters utilized in the OxyMax system.

2.4. RNA isolation and quantitative PCR

Total mRNAs were isolated with the Chomczynski method (Chomec-
zynski, 1987) using Fast Prep apparatus (Q-Biogene, France). Two mi-
crograms of total mRNAs were denaturated at 65 °C for 5 min in the
presence of 0.5 mM dNTP and oligodT primers (25 ng/pl; Promega,
France). Reverse transcription of mRNAs was performed using Super-
Script III Reverse Transcriptase (100 U; Life Technologies, France) in a
total volume of 20 pl. RT was diluted 5 times to be used in quantitative
real-time PCR experiments (RT- qPCR). RT- qPCR was performed in a
LightCycler 480 apparatus (Roche, France) using LightCycler 480 SYBR
Green I Master (2x) as described by the manufacturer. Primers were
designed using Primer Express 1.5 software (Applied Biosystems, USA)
and are detailed in Table S2. Real-time PCR was performed for ampli-
fication of Tnfa, Il1b, Il6, Ccl2, Ccl5, Aifl, Plinl, AdipoQ, Slc2a4, Gapdh
and Thp mRNA. In each assay, PCR was performed in duplicate. Relative
quantities of target genes were calculated with the AA CT method using
Gapdh (for hypothalamus and hippocampus) or Thp (for liver and
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adipose tissues) as housekeeping genes.
2.5. Fluorescence in situ hybridization (FISH)

FISH was performed on fresh frozen brain sections (14 pm) with the
RNAscope Multiplex Fluorescent Kit v2 in accordance to the manufac-
turer’s protocol (Advanced Cell Diagnostics). Specific probes were used
to detect Aifl (Allograft Inflammatory Factor 1), IBAl coding gene
(319141, NM_019467.2, target region 31-866), Il6 (315891,
NM_031168.1, target region 27-792) and Il1b (502431-C2,
NM_008361.3, target region 2-950) mRNAs. Hybridization with a probe
against the Bacillus subtilis dihydrodipicolinate reductase (dapB) gene
(320871) was used as a negative control.

2.6. Immunohistochemistry experiments

Mice were perfused in intra-aortic with 4 % paraformaldehyde (PFA)
and brains were collected. Immunostaining of IBA1 (microglia) and
GFAP (astrocytes) was done on 30 pm thick brain floating sections.
Immunostaining of Ki67 (proliferation marker) was done on same sec-
tions but a step of 10 min at 95 °C in Citrate buffer wad added prior to
the staining. Rabbit anti-mouse IBA1 (1:300, #CP290A, Biocare Medi-
cal), GFAP (1:500, #Z0334, Dako), Rat anti-mouse Ki67 (1:300,
#14-5698-82, Invitrogen) and Alexa 488 or Alexa 594 goat anti-rabbit
secondary antibody (1:500, #A-11008 and #A-11012, Invitrogen) were
used. Sections were mounted in Vectashield solution (H-1000, Vector
Laboratories).

2.7. Fluorescence microscopy

Images mosaics for cell counting were acquired with an inverted
epifluorescence microscope (Axiovert 200 M, Carl Zeiss, Rueil Malmai-
son, France) through a 10x/0,3 objective. Tri-dimensional high-resolu-
tion images for morphometric analysis of microglia were acquired with a
Laser Scanning Confocal Microscope (TCS SP8, Leica, Microsystems,
Nanterre, France) through a 63x/1.4 oil immersion objective with a
voxel size of 70 x 70 x 500 nm.

2.8. Image analysis

Microglial cell counting was done with ImageJ / Fiji software
(Schneider et al., 2012) on image mosaics of hypothalamus. After a
background subtraction to filter somas, the cell number was obtained
with “Find maxima” local maxima detection tool. Microglial morphology
was characterized on hypothalamic tri-dimensional confocal z-stacks
using Imaris® 9.6.1 software (Oxford Instruments, Belfast, UK). After a
surface rendering on Ibal staining to mask cells of interest, the
morphological parameters were obtained through the Filament tracer
tool. Morphological measurements of astrocytes was assessed using an
activation score already described and commonly used (Cansell et al.,
2021; Harrison et al., 2019).

2.9. Histological analysis

Dissected adipose tissues and liver were collected and weighed, fixed
for 24 h in 4 % PFA, paraffin embedded, sliced into 10 pm thick sections
using a microtome RM 2255 (Leica) and dried overnight at 37 °C. All
sections were then deparaffinized in xylene, rehydrated through alcohol,
and washed in phosphate-buffered saline. Hematoxylin-Eosin stained
sections were imaged with the Vectra 3 slide scanner (Akoya Bisocences,
USA) using a 10x/0.2 objective. The images were stored and managed
on our University Cote d’Azur - EMBRC-Fr OMERO image database
(Allan et al., 2012). Lipid droplet area measurement of each adipocyte of
these images was performed using a home-made ImageJ /Fiji macro-
program. This analysis was carried out on all the dataset containing
the different images from diets in OMERO through the batch OMERO
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plugin (Pouchin et al., 2022).
2.10. Glucose tolerance test and insulin tolerance test

Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT) were
performed according to the IMPReSS guidelines (International Mouse
Phenotyping Resource of Standardized Screens). Mice were fasted
overnight (GTT) or 6 h (ITT) and placed into single cage housing for the
duration of the test. Mice were left 1 h for habituation before basal
glycemia values were established by measuring it in blood of tail vein
using a glucose meter (Bayer Contour® XT) and test strips (Contour®
Next). Glucose (1.5 g/kg body weight, Sigma-Aldrich) or human insulin
(0.5 U/kg, Humalog, Lilly) diluted in NaCl 0.9 % was injected intra-
peritoneal (ip) and blood glucose was measured again 15, 30, 45, 60, 90
and 120 min ip post-injection.

2.11. ELISA immunoassay

For plasma protein measurements, blood was collected by retro-
orbital puncture, kept on ice and then centrifuged at 10,000 rpm for 10
min at 4 °C. Plasma was stored at —80 °C until further use. Pancreatic
insulin content was obtained in accordance to “Pancreatic Insulin Con-
tent by Acid-Ethanol Extraction” protocol available on AMDCC Pro-
tocols (diacomp.org). Mouse ELISA kits were used for Insulin (ALPCO,
USA), Leptin (AssayPro, USA), Adiponectin (AssayPro, USA), LBP (LPS
binding protein, HycultBiotech, Netherlands) and Corticosterone (LDN,
Germany) according to the manufacturer’s protocols. IL-6 was measured
with a V-Plex multiplex assay (MSD, USA) according to the manufac-
turer’s protocols. Circulating level of lipopolysaccharide (LPS) was
measured, as described in (Weil et al., 2019), by HPLC coupled with
mass spectrometry using the 3-hydroxymyristate (3-HM) which is a lipid
component of LPS.

2.12. Tomography analysis

Adipose tissue quantification was carried out using a SkyScan1178
X-ray micro-CT system. Mice were anesthetized and scanned using the
same parameters: 104 m of voxel size, 49 kV, 0.5 mm thick aluminum
filter, 0.9° of rotation step. Vertebrae size and total adipose tissue vol-
ume was measured between caudal vertebra 1 (Cl) and thoracic
vertebra 13 (T13) whereas subcutaneous (scWAT) and intra-abdominal
(iaWAT) white adipose tissue surface were measured on one section
between the lumbar 5 (L5) and the lumbar 6 (L6) level. SCWAT and
iaWAT is based on the delimitation of region of interest after 3D
reconstruction of scanned images as described in Reference 35. 3-D re-
constructions and analysis of bone parameters and adipose tissue areas
or volumes were performed using NRecon and CTAn software (Skyscan).

2.13. Behavioral tests

All the trials were video recorded and tracked using ANYmaze soft-
ware (Stoelting Europe, Ireland).

2.13.1. Open field

Open field test was performed using a white and opaque quadratic
arena (40x40cm) with an imaginary central area (20x20cm). The mouse
was placed in the center of the arena and allowed to explore for 10 min.
Number of entries and time spent in the imaginary central area were
measured.

2.13.2. Dark light

Dark light test was done in white and black cage separated in two
compartments. Mice were placed in the center of the dark compartment
and allowed to explore for 5 min. Number of entries and time spent in
the light compartment and latency to first exit the dark compartment
were measured.
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2.13.3. Morris water maze

Morris water maze test was done in a circular tank (@ 90 cm) filled
with water (temperature 25 + 1 °C) made opaque with the addition of
white opacifier (Viewpoint, France). The test consisted in 3 phases: Cue
task (1 day), Spatial learning (4 days) and Memory probe test (1 day). An
escape platform (@ 8 cm) was submerged 1 cm below the water surface
for the cue task and the spatial learning.

Cue task was done prior to spatial learning to detect visual and motor
problems and to accustom the mice to the testing rule (find the platform
to escape). A visible flag was placed on top of the platform and the maze
was surrounded by opaque curtains. The mice were allowed to find the
visible platform. The escape latency and average speed were recorded.
For the spatial learning, the extra-maze cues were mounted on the
sidewalls. A new platform position was chosen and kept in the same
position for the four training days. If the animal did not find the platform
within the trial duration it was gently guided to it. For the cue task and
spatial learning, all animals performed four trials per day with a
maximum trial duration of 90 s (+30 s on the platform at the end of each
trial) and an inter-trial interval of 10 min. Twenty-four hours after
training completion, the platform was removed, and a probe test was run
for 60 s. During the probe test, the distance travelled in each quadrant
(target (previous position of the platform), left, right and opposite) and
the number of crosses in the previous platform localization were
measured.

2.13.4. Zero maze

Zero maze test was run in a white circular runway (55 cm diameter,
ring shaped) raised 60 cm from the floor. The corridor width is 5 cm and
is divided into two open quadrants (open zone) facing two enclosed
quadrants (close zone) with a 15 cm high wall. Mice were placed in an
open zone facing a closed zone and allowed to explore for 5 min.
Number of entries and time spent in open zones were measured.

2.14. Locomotor activity

An actimeter was used to assess locomotor activity in a novel cage
over a period of 3 days (divided into 30 min periods). The measure
obtained is a sum of forward, backward and stands up movements. The
apparatus employed (Imetronic Apparatus, Pessac, France) consists of
an individual novel cage (30 cm x 14 cm x 12 cm) attached to a
continuous recording system that detects the horizontal movements of
the animals using an infrared photocell system.

2.15. Correlation analysis

Non-parametric correlations, Spearman’s rank correlation (p)
(Spearman, 1987), were calculated between metabolic/inflammatory
parameters measured after 20 weeks of dieting and fatty acids found in
red blood cell membranes in pairwise fashion (nests = 924). We chose to
only represent correlation for main fatty acids represented in red blood
cells membrane: alpha-linolenic acid (ALA), linoleic acid (LA), arach-
idonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). P-values were corrected for multiple testing using the false
discovery rate (FDR) (Benjamini and Hochberg, 1995) and correlations
with an FDR below 0.05 were considered statistically significant. The
same procedure was applied to correlations between metabolic/in-
flammatory parameters and fatty acids found in circulating triglycerides
(ngests = 1302). In the correlation matrix, the colors correspond to the
correlation coefficient (blue: negative correlation, red: positive corre-
lation) and the size of the circles represent the strength of the correlation
relationship (between —1 and 1). The largest circles represent the
strongest interactions between two data sets.

Broader categories of fatty acids: SFA, unsaturated (UFA), mono-
unsaturated (MUFA), PUFA, 06, and ©3, were used for comparing the
makeup of the diet to the measured levels of fatty acids in both red blood
cells membranes and circulating triglycerides after 12 or 20 weeks of
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diet. Similar to the approach mentioned above, pairwise Spearman’s
rank correlations were calculated by comparing diet to red blood cells
membranes (nss = 36) as well as diet to circulating triglycerides (nests
= 36). This was repeated using ratios of certain relevant measurements:
®6/03, LA/ALA, and EPA/AA rather than fatty acid categories (nests =
9).

2.16. Statistical analysis

Normality of the data was checked using a Kolmorgorov-Smirnov
test (with Dallal-Wilkinson-Lillie for p value). The ROUT method
(robust regression and outlier removal) was used to identify outliers
with a Q coefficient equal to 1 %. Variance equality was tested using an
F-test. If samples fulfilled normal distribution and variance equality
criteria, comparisons between groups were carried out using an un-
paired t test for single comparison. If samples did not follow a normal
distribution or had different variances, comparisons between groups
were carried out using a nonparametric Mann-Whitney U test for a
single comparison. Multiple comparisons were carried out using One-
Way ANOVA if samples fulfilled normal distribution and Kruskal-
Wallis if not. Multiple comparison was done using a Two-Way ANOVA
for curve graphs (body weight, cumulative food intake, glucose and
insulin tolerance test, locomotor activity and Morris water maze). A p-
value lower than 0.05 was considered statistically significant. All tests
were performed using GraphPad Prism 9.3.0. Numbers of animals used
for each measurement are indicated in the figure legends.

3. Results

3.1. Dietary w6/w3 ratio modulate weight gain and adipose tissue
hypertrophia

Mice were fed for 12 or 20 weeks with a HFD containing low (HFD-
LO, 2.9), medium (HFD-ME, 7.3) or high ©6/w3 ratio (HFD-HI, 21.1)
(Fig. S1). Diet composition is detailed in Table S1. We verified, by per-
forming correlation study, that fatty acids composition and ratios are
reflected in circulating triglycerides (Fig. 1A) (short term incorporation,
(Schneeman et al., 1993)) and red blood cells membrane (Fig. 1B) (long
term incorporation, (Mu et al., 2006)) after 20 weeks of diet. We ob-
tained the same results after 12 weeks of diet (Fig. S2). Compared to the
standard diet, all diets induced weight gain but starting at various times;
from week 9 for HFD-HI, week 11 for HFD-ME and 13 for HFD-LO
(Fig. 1C) and only for male mice since no difference in weight gain
was measured for females across the groups (Fig. S3). At 20 weeks, body
weight was not different between HFD-ME and HFD-HI (Fig. 1C). Cu-
mulative calories intake of HFD-LO mice was not different from the
control group, while HFD-ME and HFD-HI showed the same increased
food intake (Fig. 1D), suggesting that higher body weight in HFD-LO is
caused by a decrease in energy expenditure, rather than an increase in
energy intake. To test for differences in energy expenditure, we sub-
jected mice under the different dietary regimen to indirect respirometry
and assessed locomotor activity. Unexpectedly, the respiratory exchange
ratio as well as energy expenditure, daily food intake and locomotor
activity were similar across groups (Fig. 1E-H). Compared to the other
HFD groups, HFD-LO mice showed very moderate differences in tissue
morphology such as less hypertrophy and no change in liver weight at
both 12 and 20 weeks (Table 1).

To strengthen the evaluation of w6/w3 ratio on adipose tissue func-
tion, Plinl, AdipoQ, Slc2a4 (coding for GLUT4) gene expression were
measured in scWAT and pgWAT (Fig. S4A-F). In accordance with
hypertrophia measured in Table 1, we showed an increased expression
of gene coding for Perilipin in scWAT and Adiponectin in pgWAT. Levels
of mRNA encoding Glut4 seem much more affected in pgWAT, which is
the tissue that plays a role in physiology, notably in glucose transport
and insulin response. At the hormonal level, fasting adiponectin levels
were not modified in both HFD while leptin levels were elevated in HFD-
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Fig. 1. Lipids in diets are found back in circulating triglycerides and red blood cell membrane and low ©6/w3 ratio attenuates weight gain and food intake after 20
weeks of diet. (A) Correlation study between fatty acids in diets (rows) and inside circulating triglycerides (columns). (B) Correlation study between fatty acids ratios
in diets (rows) and in red blood cells membrane (columns). Colors are corresponding to the correlation coefficient (blue: negative correlation, red: positive corre-
lation) and sizes of the circles represent the strength of the correlation relationship (between —1 and 1). (C) Body weight during 20 weeks of diets (SD or HFD-LO/
HFD-ME/HFD-HI); n = 20 per diet. (D) Cumulative intake in kilocalories during 20 weeks of diets; n = 20 per diet. Metabolic cages analysis after 20 weeks of diet
with (E) daily variation in the RER and corresponding AUC; n = 10 per diet, (F) daily variation in energy expenditure and corresponding AUC; n = 10 per diet, (G)
daily variation in food intake and corresponding AUC; n = 10 per diet and (H) daily variation in locomotor activity and corresponding AUC; n = 10 per diet. Values
obtained in male mice are expressed as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *compared to SD. #p < 0.05, ##p < 0.01, HFD-LO
compared to HFD-HI.
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Table 1

Low ©6/03 ratio attenuates adipose tissue and liver hypertrophia and lipid
storage inside those tissues. (Upper table) Data represents tissue weight (mg) of
subcutaneous white adipose tissue (scWAT), perigonadal white adipose tissue
(pgWAT), brown adipose tissue (BAT) and liver, adipocytes area (um?) for the
SCWAT, pgWAT and BAT and lipid droplet area (um?) in liver after 12 or 20
weeks of diet. Values obtained in male mice are expressed as mean + SEM; *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *compared to SD.

12 weeks
SD HFD-LO HFD-ME HFD-HI
Tissue weight scWAT 251.9 + 383.3 + 549.3 £ 369.1 +
(mg) 20.05 35.39 24.67 ** 23.79
pgWAT 3149 + 431.2 £ 686.6 + 507.4 £
65.06 93.2 113.4 ** 109.6 *
isBAT 113.4 + 114.99 + 119.5 + 110.7 +
23.42 16.18 21.9 21.38
Liver 414.0 £ 434.16 + 560.89 + 429.18 +
23.55 53.88 59.57 ** 48.27
Adipocytes SCWAT 821.4 + 1131 + 1270 + 1107 +
area (um?) 24.62 76.21 * 62.74 ** 97.81 *
PgWAT 611.5 + 642.4 + 1491 + 1118 +
39.77 39.94 70.95 *** 119.5 **
isBAT 104.8 + 94.02 + 127.6 + 116.4 +
5.504 4.449 9.048 * 4.794
Lipid droplet Liver nd nd 41.81 + nd
area (um?) 3.189
20 weeks
SD HFD-LO HFD-ME HFD-HI
Tissue weight scWAT 271.7 £ 567.2 + 827.3 £ 618.1 +
(mg) 44.07 71.09 * 104.6 *** 97.73**
pgWAT  347.8 + 690.0 + 792.5 + 531.0 +
76.31 27.32 ¥ 52,96 **** 34,76 **
isBAT 121.2 + 110.2 + 203.0 + 156.7 +
13.28 16.12 14.14 ** 19.22
Liver 450.0 + 577.0 £ 820.3 + 695.5 +
20.84 68.16 10.66 * 68.96
Adipocytes scCWAT 903.8 + 1136 + 1940 + 2074 +
area (um?) 33.02 87.30 116.1 ** 167.1 **
PgWAT 611.4 + 1452 + 1478 + 1587 +
26.68 68.63 **** 69,69 *¥¥* 93,94 wikx
iSBAT 120.2 + 86.22 + 164.9 + 136.9 +
10.04 2.802 16.19 ** 13.29 *
Lipid droplet Liver nd 55.90 + 81.86 + 54.94 +
area (um?) 2.068 1.071 3.865

ME and HI, but not in LO (Fig. S4G-H). We also showed here that only
HFD-ME and HI display a significantly reduced adiponectin/leptin ratio,
considered as a marker of adipose tissue dysfunction (Friihbeck et al.,
2018). Finally, tomography-based quantification of adipose tissue mass
showed that HFD-LO mice have less adipose tissue volume and a
prominent distribution into subcutaneous adipose tissue (Fig. S5). Our
findings indicate that ®6/03 ratio play a role in programming adipose
tissue hypertrophia and body weight notably by modulating food intake.

3.2. Dietary w6/w3 ratio drive distinct impaired glucose metabolism
phenotypes

We next studied the impact of fatty acid composition on glucose
metabolism and circulating leptin levels. While after 12 weeks into the
different diets, glucose tolerance was not affected (Fig. 2A), after 20
weeks, glucose tolerance appeared to be slightly affected by HFD-HI
after 20 weeks (Fig. 2B). Insulin tolerance was not impaired in the
HFD-LO group while it was markedly affected in other HFD groups at 20
weeks (Fig. 2C-D). Fasting blood glucose levels were similarly elevated
in mice fed under HFD (Fig. 2E). Interestingly, fasting insulin levels
(Fig. 2F) and pancreatic insulin levels (Fig. 2G) were only elevated in
HFD-HI. Together, these results suggest different etiologies of impaired
glucose metabolism across the 3 HFD diets suggesting that different 6/
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®3 ratios impair glucose metabolism through distinct mechanisms.

3.3. High w6/w3 is linked to higher expression of pro-inflammatory
cytokines

Obesity is associated with various levels of chronic inflammation in
peripheral tissues that is thought to play a role in the etiology of asso-
ciated disorders (Hotamisligil, 2006). To evaluate the degree of
inflammation in metabolic tissues, we measured the gene expression of
pro-inflammatory cytokines in liver and in different adipose tissue de-
pots. After 12 weeks of diet, the expression of Tnfa and I11b was higher in
the HFD-ME compared to other groups, while Il6 was only higher in the
HFD-HI group (Fig. 3A). Strikingly, at 20 weeks, all tested cytokines
were only higher in the HFD-HI group (Fig. 3B). The expression of in-
flammatory cytokines was largely unaffected by diet in all high fat diets
and adipose tissue depots, except for perigonadal fat at 20 weeks, where
Tnfa and Il6 expression was only higher in HFD-HI and I11b was higher in
the HFD-ME and HFD-HI groups (Fig. 3C-H). Moreover, we measured an
increased circulating level of IL-6 for HFD-HI fed mice, which is known
to be the major cytokine secreted in obesity (Eder et al., 2009), from 12
weeks of diet (Fig. SSA-B). We also measured an increased circulating
level of LPS and LBP in HFD-HI fed mice after 20 weeks of diet (Fig. S5C-
D). Collectively, these results suggest w6/w3 ratio drive chronic
inflammation in blood, liver and adipose tissue despite similar impair-
ment in glucose tolerance.

Given the differences that we detected in food intake and inflam-
mation across diets on the one hand and the documented role of central
inflammation on food intake in obesity on the other (Marcos et al.,
2023), we next tested the association between w6/w3 intake and the
expression of pro-inflammatory cytokines in the hypothalamus. Inter-
estingly, we only detected higher expression of I11b, 16 for the HFD-HI
diet at 12 weeks and of Il1b, II6, Ccl2 and Ccl5 after 20 weeks
(Fig. 4A-B). Chemokines, especially CCL2/CCL5, are known activators of
microglial cells, which exert immune functions in the brain (Skuljec
et al. 2011; Selenica et al. 2013). To determine the activation level of
microglial cells in the hypothalamus, we measured Aifl expression
(coding for IBA1) by RT-qPCR. Compared to other diets, we detected a
higher expression of mRNA encoding for IBA1 at 12 weeks for HFD-ME
and HFD-HI and at 20 weeks for HFD-HI only (Fig. 4C-D). Thus, these
results indicate that inflammation is triggered by HFD-HI in metabolic
tissues and in the hypothalamus.

3.4. Dietary w6/w3 ratio influence microglial activation in hypothalamus

We next aimed to determine the effect of fatty acid composition on
microglia activation. We quantified microglial number and cell ramifi-
cations by microscopy. While after 12 weeks, HFD-HI was only associ-
ated with increase in the total length of extensions and number of IBA1
positive cells (corresponding to microglial cells) in arcuate nucleus
(ARC) (Fig. 5A-B), at 20 weeks, HFD-HI was associated with alteration in
all parameters measured (Fig. 5C-D). This ramified microglial pheno-
type is also associated with more production of pro-inflammatory mRNA
of I11b and I16 (Fig. 5E-F). Interestingly, HFD-LO was associated with a
lower amount of microglial extensions compared to controls (Fig. 5C-D).
Further, we quantified that the increased number of IBA1 positive cells
after 20 weeks of diet in ARC was coming from a proliferation mecha-
nism as they are co-stained with Ki67 (Fig. S7). These results suggest
that high w6/®3 ratio triggers microglial activation in the ARC.

3.5. High dietary w6/w3 ratio leads to a pro-inflammatory profile
without microglial activation in hippocampus

Obesity is associated with psychological and cognitive disorders like
anxiety, memory deficits and, depression (Singh, 2014). At 20 weeks,
levels of inflammatory cytokines were higher in HFD-HI compared to
other groups while mRNA encoding for IBA1 were not different (Fig. 6A-
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Fig. 2. Low 06/03 ratio alleviates glucose metabolism disruption and avoid hyperinsulinemia/ hyperleptinemia. (A) Blood glucose curve following IP-GTT
(Intraperitoneal Glucose Tolerance Test) at 12 weeks of diet; n = 10 per diet. (B) Blood glucose curve following IP-GTT at 20 weeks of diet; n = 10 per diet. (C)
Blood glucose curve following IP-ITT (Intraperitoneal Insulin Tolerance Test) at 12 weeks of diet; n = 10 per diet. (D) Blood glucose curve following IP-ITT at 20
weeks of diet; n = 10 per diet. (E) Basal glycemia after 20 weeks of diet; n = 10 per diet. (F) Insulinemia, (G) pancreatic insulin concentration after 20 weeks of diet;
n = 7 per diet. Values obtained in male mice are expressed as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *compared to SD.

B) in hippocampus, a brain region implicated in anxiety and memory
(Engin and Treit, 2007; Voss et al., 2017). In the hippocampus, all fea-
tures of microglial ramifications were comparable between all groups
(Fig. 6C-D). However, we detected differences in astrocytes activation in
hippocampus (Fig. S8) that could explain the higher level of inflam-
matory cytokines. Thus, a diet with high ©w6/w3 ratio induces an in-
flammatory state in the hippocampus coupled with an astrocyte
activation.

3.6. High dietary w6/w3 ratio causes anxiety-like phenotype and spatial
memory deficits

We first aimed to get insight into stress levels by measuring circu-
lating levels of corticosterone. At 20 weeks, corticosterone levels were
higher in HFD-HI compared to other groups (Fig. 7A). To determine if
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hippocampal inflammation is associated with altered behavior, we
performed three anxiety tests: Open Field (OF), Zero Maze (ZM) and
Dark/Light Box (DLB). As all apparatus are under strong light, the center
of OF, the open part of ZM and the light box of DLB are considered as an
anxious zone. After 20 weeks, when obesity is established, HFD-HI fed
mice spent less time in each respective anxious zone compared to other
groups (Fig. 7B-D). Assessment of locomotor activity showed that only
HFD-HI fed mice exhibit a hyperactivity pattern (Fig. 7E-F). Most
interestingly, hyperactivity was only detected during the acclimatiza-
tion period only, reflecting anxiety behavior associated with a novel
environment. Collectively, these results show that high ©6/w3 ratio
elicits an anxiety-like phenotype in mice.

Given that hippocampus is also the control center of memory (Voss
et al.,, 2017), and that obesity is associated with memory deficits in
human (Lentoor, 2022), we performed a Morris-Water Maze to evaluate
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Fig. 3. High w6/w3 ratio triggers overexpression of pro-inflammatory cytokines in liver and perigonadal white adipose tissue. Quantification of mRNA encoding for
pro-inflammatory cytokines: tumor necrosis factor alpha (TNF-a), interleukin-1 beta (IL-1p) and interleukin-6 (IL-6) (A) in liver after 12 weeks or (B) 20 weeks of
diet, (C) in scWAT after 12 weeks or (D) 20 weeks of diet, (E) in pgWAT after 12 weeks or (F) 20 weeks of diet, (G) in BAT after 12 weeks or (H) 20 weeks of diet; n =
7 per diet. Values obtained in male mice are expressed as mean + SEM; *p < 0.05, **p < 0.01, ****p < 0.0001, *compared to SD.

spatial memory. We confirmed that mice did not have visual deficits
using the cue task and checked no impairment in motor control through
the measurement of swimming speed (Fig. 7G-H). Learning capacity was
not altered, as the latency is decreasing in the same manner for all diets
during the four days of training. However, HFD-HI fed mice displayed
increased latency to reach the platform during the last trial of day 1,
further indicating an anxiety-related behavior. Compared to other
groups, only HFD-HI fed mice showed impaired spatial memory, with
lower time spent searching the T quadrant and lower counts of crossing
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events in a previous location (Fig. 71-J). Furthermore, we measured that
anxiety and memory deficits were not present before the onset of obesity
after only 4 weeks of diet (Fig. S9). Collectively, these results show that
fatty acid composition alters anxiety-related behavior and spatial
memory and suggest that a high w6/w3 ratio is a determining factor.



C. Sanchez et al.

Brain Behavior and Immunity 117 (2024) 330-346

A TNF-o IL-1p IL-6 ccL2 ces C IBA1
*kkk
5 5 5 b 154 6 15+
kkk
4 4 4 *%
3 s _ 104 . 4 104
N = 34 = 3 xd - =
- g g g g g 9
E b 3 3 3 3
~ 24 ~ 2] P | &~ ) ™ s
Rl Cadl SR i
07— e e L [ e e e N 0 01— 1 O—i—r—y—
SD LO ME HI SD LO ME HI SD LO ME HI SD LO ME HI SD LO ME HI SD LO ME HI
B TNF-o IL-1B IL-6 ccL2 ccis D IBA1
5- 5- - 5+ 15+ 6 *x 15-
dkdk
4 4 4
104 4 10
g & 37 G 37 & 37 3] G G
N 2 2 3 ** 2 2 2
~ 2 ~ 2 o~ 24 ~ o~ o~ ke
oM 3 1-&1;;:1; ég
% s
[ e S e e 0 e 0 0717171
SD LO ME HI SD LO ME HI SD LO ME H| SD LO ME HI SD LO ME H| SD LO ME HI
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SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *compared to SD.

3.7. The proportion of w3 and w6 in red blood cell membranes correlates
with both developments of obesity and inflammation

We used a multiple correlation approach to further investigate the
impact of dietary fatty acids in the development of obesity and inflam-
matory parameters. Using the incorporation of dietary fatty acids into
red blood cells membranes as a parameter reflecting the long-term
impact of diet on animals (Mu et al., 2006), we first performed
Spearman correlations between key PUFA and various metabolic vari-
ables (Fig. 8A) after 20 weeks of diet. Our results show that the
enrichment of red cell membranes in ®3 is negatively correlated with the
improved metabolic parameters, while enrichment in w6 is positively
associated. In particular, increased ®3 ALA, EPA and DHA in red cell
membranes is associated with lower animal body weight and adipose
tissue hypertrophy (Fig. 8A). Furthermore, ®3 DHA enrichment is also
associated with lower blood leptin levels and adipocyte size in white
adipose tissue. We found correlations between w6 and metabolic pa-
rameters to be heterogeneous, since the correlation for LA with meta-
bolic parameters was largely negative, but positive for AA. Enrichment
in w6 AA is associated with an increase in the weight of the various
tissues collected.

We also analyzed the impact of long-term diets on peripheral and
central inflammatory data. The correlation data strongly support a role
for PUFA on peripheral inflammation and neuroinflammation (Fig. 8B).
Most markedly, we observed that ®3 enrichment of red cell membranes
is negatively correlated with gene expression levels of the pro-
inflammatory markers Tnfa, Il1b, Ccl2 and Ccl5 in the hypothalamus
and Il1b, 116 levels in the hippocampus. Only the microglia marker in the
hypothalamus appeared to correlate negatively with ®3 enrichment, but
the correlations were not statistically significant. On the other hand, the
astrocyte marker does not seem to correlate for either the hypothalamus
or the hippocampus. In peripheral tissues, ALA, EPA and DHA
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enrichment levels are negatively correlated with Tnfa, I11b and I16 levels
in scWAT and peri-gonadal white adipose tissue (pgWAT), but no cor-
relations were found for brown adipose tissue (BAT) and liver. Con-
cerning w6, and similar to the correlations with metabolic parameters
(Fig. 8A), LA levels were not correlated with any of the inflammatory
parameters studied.

In contrast, AA levels are positively correlated with Tnfa expression
in hypothalamus and scWAT and Il1b expression in scwAT and pgWAT.
We observed no significant correlation between ®6 enrichment of red
cell membranes and the expression of inflammatory mediators in the
hippocampus, BAT and liver. All the correlation data between PUFA in
the red cell membrane and metabolic and inflammatory data are reca-
pitulated in a summary chord diagram (Fig. S10). Thus, our analysis
highlights a strong association between dietary intake of fatty acids and
the metabolic or inflammatory phenotype.

4. Discussion

In this study, we investigated the effect of high fat diets with various
dietary w6/w3 ratios on body weight gain, glucose metabolism, behavior
and neuroinflammation in male mice. While all high fat diets induced
weight gain, diets with high ©w6/03 ratio were associated with more
anxiety and impaired spatial memory, as well as increased neuro-
inflammation in the hypothalamus and hippocampus. Our study iden-
tified that the deleterious effect of diet induced obesity on body weight
and energy metabolism are uncoupled with neuroinflammation.

Several strategies can be designed to study the metabolic and
cognitive impact of different ®6/w3 fatty acid ratios during chronic
consumption of high-fat diets. A daily oral supplementation is efficient
to provide defined quantities of fatty acids. However, this pharmaco-
logical approach requires repeated restraint of animals and gavage that
generate stress, which can interfere with the direct behavioral and
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Fig. 5. High 06/03 ratio drives ramification of microglia in hypothalamus. (A) Measure of microglia ramification in ARC with four parameters: Extensions total
length (um), number of branch points, number of terminal points and number of microglia in each image in ARC after 12 weeks of diet and (B) corresponding
highlighted microglia on Imaris Software after immunohistochemical detection of IBA1 in ARC. (C) Measure of microglia ramification in ARC after 20 weeks of diet
and (D) corresponding highlighted microglia object on Imaris Software after immunohistochemical detection of IBA1 in ARC; n = 7 per diet. (E) Number of Aifl +
cells expressing mRNA encoding for IL-1p per mm? in ARC and representative confocal image of fluorescence in situ hybridization experiments for Aifl and Il1b
mRNA after 20 weeks of diet. (F) Number of Aifl + cells expressing mRNA encoding for IL-6 per mm? in ARC after 20 weeks of diet. Values obtained in male mice are
expressed as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *compared to SD.
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*p < 0.05, **p < 0.01, *compared to SD.

cognitive effects from the high fat diets. Here, we opted for experimental
diets enriched with vegetal oils given ad libitum. This unrestrained
approach based on lipid-enriched diets in freely roaming animals limits
stress and ensures the outcome of the behavioral testing. In addition, ad
libitum feeding led to large inter-individual differences in total energy
intake due to social interactions, specific feeding behavior and indi-
vidual preferences, leading to differences in absolute amounts of ®6 and
o3 fatty acids within the same group. This heterogeneity has been
revealed by biochemical assays and increased the power of the corre-
lation study.

We designed natural diets with similar fat percentage while changing
06/m3 fatty acid ratio. Consequently, diets exhibited various saturated
and unsaturated fat amounts. Thus, some of the metabolic, behavioral
and cognitive effects induced during chronic consumption of the diets
may have been, at least in part, triggered by SFA and not by w6 or ®3
PUFA. Indeed, excess dietary SFA has been implicated in impaired
cognition, memory and anxiety/depression like phenotype in the mouse
(Dutheil et al., 2016; Greenwood and Winocur, 1990; Pistell et al.,
2010). Since the total amount of SFA was similar between HFD-ME and
HFD-HI (Table S1), our finding that only HFD-HI induced neuro-
inflammation and cognitive deficits suggests that saturated lipids may
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not drive these effects. This is corroborated by our correlation analysis,
which did not reveal strong association between saturated lipids and
brain changes.

Supplementation in 03 is associated with a lower risk to develop a
plethora of diseases like cardiometabolic and neurodegenerative dis-
eases (Dutheil et al., 2016; Marcelino de Andrade et al., 2017). By
design, our diet with different w6 and ®3 ratio lead to altering different
PUFA independently; as both w6 and w3 are transformed and metabo-
lized by the same enzymes, a relative dietary excess of one type of PUFA
impairs the biosynthesis of the metabolites of the PUFA counterpart
(Dyall et al., 2022). Yet, it is still possible that the pathophysiological
consequences of the long-term HFD that we observed are directly due to
variation in the absolute w6 or w3 amounts rather than secondary
changes in the 06/w3 ratio. While the absolute amounts of »3 totally
differed in HFD-LO and HFD-HI (11.96 g/kg and 1.89 g/kg, respec-
tively), the absolute amounts of w6 were quite similar (34.41 g/kg and
40.03 g/kg) (Table S1). Thus, the increased ®3 amount alone might have
provided a relative protection in the HFD-LO regimen.

Mice fed with HFD-LO exhibit an improved metabolic profile
compared to HFD-ME and HFD-HI, with less weight gain associated with
a lower cumulative food intake over 20 weeks. Compared to SD-fed
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mice, HFD-LO mice show the same cumulative food intake over 20
weeks but lower food intake in the dark phase of metabolic cages. This
may be due to the greater sensitivity of the measurement in the meta-
bolic cages compared to the average weight of food consumed in the
cages for cumulative food intake. However, these results are in line with
numerous studies showing that ®3 supplementation protects against
diet-induced glucose intolerance and attenuates overeating (Demers
et al., 2020), although anti-obesity effects are not always observed
(Demers et al., 2020; Marcelino de Andrade et al., 2017; Neto et al.,
2021). Here, reduced weight gain in HFD-LO male mice was accompa-
nied by a lower hypertrophy of adipocytes in white adipose tissues and a
lower lipid storage in liver and brown adipose tissue compared to the
other groups. We also demonstrate a less impaired function of white
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*p < 0.001, *proximity of the

adipose tissue in HFD-LO fed mice, with the ratio adiponectin/leptin,
which is considered as a marker of adipose tissue dysfunction (Friihbeck
et al., 2018), less diminished than the two others HFD groups. This is
consistent with a previous study showing that 03 fatty acids limit hy-
pertrophy of adipose tissues and reduce lipid storage (Raclot and
Oudart, 1999), two metabolic effects that may stem from a preferential
distribution of ingested energy towards oxidation to the detriment of
storage (Raclot and Oudart, 1999). In addition, HFD-LO male mice
exhibited improved energy balance, with lower food intake and higher
physical activity compared with other HFD groups, which contributes to
the overall better metabolic profile of the HFD-LO mice.

Importantly, the metabolic consequences of the long term HFD are
sex-dependent, since no difference in weight gain was measured in all
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females kept on HFD. It was already shown that females gain less weight
than males in response to an HFD diet (Hong et al., 2009). The diet used
in this previous study contained 35 % lipids. Our data suggest that an
HFD diet composed with 20 % lipids only is not sufficient to promote
weight gain in female mice. One proposed mechanism is that ovarian
hormones in females may be responsible for better regulation of meta-
bolism (Hong et al., 2009).

The ability of w3 fatty acids supplementation to reduce, or even
supress, cognitive impairment associated with obesity is still largely
debated (Marcelino de Andrade et al., 2017; Neto et al., 2023). In our
study, animals fed HFD-LO showed no inflammatory markers in pe-
ripheral tissues or in the brain, suggesting that 03 fatty acids during
chronic long term HFD is sufficient to prevent peripheral and central
inflammation. Conversely, we observed that only HFD-HI mice exhibit
spatial memory deficits and anxiety-like phenotype. This supports a
deleterious role of high w6/®3 ratio on cognitive performance, rather
than the absolute quantity of ®3 alone.

We also found that long-term consumption of HFD with high w6/®3
ratio induced microglial activation, proliferation and ramification of
microglia together with production of pro-inflammatory mediators in
the hypothalamus. Interestingly, despite hippocampal-dependent
behavior deficit and high level of neuroinflammatory markers within
the hippocampus, changes in microglial morphology were not found in
this area. Indeed, none of the 3 HFD caused changes in microglial
morphology in the hippocampus after 20 weeks. This result indicates
differences of microglial responsiveness toward chronic HFD according
to brain areas. Similarly, a recent study showed that HFD induces
deregulated inflammatory signaling pathways in hippocampal microglia
without exhibiting changes in cell morphology (Henn et al., 2023).
However, other studies reported significant morphological changes of
hippocampal microglial upon chronic HFD (Cope et al., 2018; Hao et al.,
2016). Such discrepancy in the hippocampus seems not to be related to
the nature of the diet. For instance, saturated fats do not appear to be
critical in inducing morphological changes of the microglia in this area
since morphological changes of hippocampal microglia were neither
detected in our study with diets low in SFA, which are known to directly
bind to microglia and induce their activation via TLR-4 (Wang et al.,
2012), nor in the study of Henn and colleagues which used diet with
high level of SFA from lard (Henn et al., 2023). A possible explanation is
that the HFD-induced morphological changes in hippocampal microglia
are difficult to appreciate, in view of the constitutive hyper-ramification
of these cells (Fig. 5 and Fig. 6). Additional work, coupling higher
morphological resolution and expression of inflammatory markers at the
single cell level is warranted to disentangle the complex relationship
between inflammatory ability and morphological plasticity of the
microglia in the hippocampus.

We found hippocampal-dependent cognitive dysfunction in response
to chronic HFD, in HFD-HI mice, while neuroanatomical investigations
revealed no morphological alteration in hippocampal microglia. This
raises the possibility that neuroinflammation in this area might be
driven by others cell types rather than microglia. For instance, astrocytes
are able to produce pro-inflammatory mediators after lipid-stimulation
(Gupta et al., 2012). Astrocytes are involved in numerous brain func-
tions (Jessen, 2004) including memory processes (Chen et al., 2023).
Inflammatory astrocytes are associated with mild cognitive impairment
and severe dementia (Chun et al., 2020; Santello et al., 2019). Here, we
found reactive astrocytes only in HFD-HI mice. Thus, reactive astrocytes
might play a role in the cognitive deficit. Further investigations are
needed to elucidate the exact role of astrocytes in the onset of neuro-
inflammation and cognitive deficits in diet-induced obesity.

In our study, in addition to neuroinflammation, we have also shown
an increased level of LPS and LBP, which are markers of endotoxemia, in
the HFD-HI. Recent studies suggest that HFD-induced metabolic endo-
toxemia (as increased circulating level of LPS and LBP) can impact on
neuroinflammation, notably via microglial activation (Ben Fradj et al.,
2022; Erny et al, 2015) and that LPS might reach the blood
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compartment more easily when dietary fats are consumed (Ben Fradj
et al., 2022). Thus, neuroinflammation observed in our conditions could
depend on circulating LPS and LBP. However, our data reveal that the
®6/m03 ratio correlates very powerfully with neuroinflammation. Indeed,
correlative statistical analysis demonstrates a very strong link between
the w6/®3 ratio and neuroinflammation, suggesting a specificity of the
effect of this ratio. In the HFD-HI group, LPS and LBP increased, but so
did all the other plasma parameters measured (leptin, glucose, insulin,
corticosterone, IL-6 ...), which also highly increased. It is therefore
possible that the increase in these factors exacerbates the effect of the
®6/03 ratio and acts in potential synergy on the effect of the w6/w3
ratio.

Using a multiple correlation approach, we were able to see whether
an increase in a certain type of PUFA in red blood cell membranes was
associated with an increase in the metabolic and inflammatory param-
eters measured. Incorporation of dietary PUFAs in red blood cell is
representative of incorporation in many other body tissues such as
muscle, liver, heart and TA (Abbott et al., 2012). However, PUFAs are
not incorporated in the same way depending on tissue location. For
example, LA and AA for ®6 and ALA, EPA and DHA for ®3 incorporate
into the membrane of red blood cells, while in the brain, LA and ALA
only minimally incorporate compared to the other 3 main PUFA (AA,
EPA and DHA) (Abbott et al., 2012). It is therefore possible that the
correlations that we found between LA, ALA and brain-related param-
eters are due to indirect effects through the periphery, rather than a
change in membrane composition of brain resident cells.

We found that ®3 enrichment in red blood cells membranes (ALA,
EPA and DHA) is associated with less hypertrophy of adipose tissue and
liver. In our study, hypertrophy of these tissues is associated with
increased lipid storage. Thus, the increase in ®3 could be at the origin of
a protective mechanism against lipid storage in adipose tissue and liver.
It could be hypothesized that ®3 enrichment in tissues subject to lipid
storage prevents this storage by promoting the oxidation process of
lipids supplied by the diet (Raclot and Oudart, 1999). Conversely,
enrichment of red blood cells membranes with AA w6 is associated with
increased hypertrophy of adipose tissue and liver. While our correlation
analysis does no infer on a causal relationship between increased lipid
storage in adipose tissue and AA membrane enrichment, the fact that AA
is a precursor of many pro-inflammatory derivatives and inflammation
is an aggravating factor in adipose tissue dysfunction in the pathology of
obesity (Gregor and Hotamisligil, 2011) strongly support a mechanism
by which increase dietary intake of AA induces lipid storage in adipose
tissue.

With regard to inflammatory data, our results show that enrichment
of red cell membranes with ALA ®3 and AA w6 correlates respectively
with a decrease and an increase in the expression of inflammatory
markers in the hypothalamus. However, these data should be treated
with caution for ALA, given that the proportion of ALA enrichment in
brain membranes is very low. AA is a fatty acid that is well incorporated
into brain membranes, and our results suggest a link between AA and
inflammation. This is consistent with the literature, as enrichment of the
cell membranes with 6 AA promotes inflammation, whereas enrich-
ment with ©3 EPA and DHA is conversely an anti-inflammatory factor
(Calder, 2011). These observations stem from the fact that pro- and anti-
inflammatory eicosanoids are derived directly from these PUFA and not
from LA and ALA. We also observe these results for inflammation in
white adipose tissue (scWAT and pgWAT).

Currently, the World Health Organization (WHO) recommends a
dietary intake with a @6/®3 ratio from 1/1 to 4/1 however, the dietary
intake of most developed and developing countries exceeds 10/1
(Simopoulos, 2002). In the present study, we used 3 distinct ®6/03 ra-
tios ranging from 2.3 to 21.3 (HFD-LO: 2.9, HFD-ME: 7.3 and HFD-HI:
21.1). We have shown that obesity and inflammation are not directly
correlated, but are dependent of the nature of the fatty acids contained
in the diet. An HFD with a w6/®3 ratio in line with WHO recommen-
dations (~5) attenuates the obesity phenotype observed in our model.
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Conversely, for the same weight gain, only HFD, whose ratio is close to
the values consumed in the human diet (~14), leads to neuro-
inflammation and cognitive deficits in the long term. We also showed a
branched, pro-inflammatory phenotype of microglia in the hypothala-
mus in response to HFD with the high ratio. Thus, it is possible that
microglial reactivity triggered by the pro-inflammatory environment of
the diet used is at the root of the neuroinflammation and cognitive
deficits observed.

In conclusion, our results show that the nature of dietary fatty acids
independently drives metabolic dysfunction and neuroinflammation in
obesity. However, mechanisms underlying the ©6/w3 ratio effects are
still undefined. Future studies should be done to address whether the
effects of the ratio on the diet-induced immunometabolic phenotype are
indirect or direct. Remodeling of lipid content in plasma membrane in
the periphery may constitute a mechanism by which distinct dietary w6/
03 ratios alter energy metabolism, mood and cognition. Our study
provides evidence for designing dietary interventions based on low w6/
®3 ratio to combat obesity and its associated neurological disorders.
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