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Abstract 

Sex differences in rodent models of diet-induced obesity are still poorly documented, particularly regard‑
ing how central mechanisms vary between sexes in response to an obesogenic diet. Here, we wanted to determine 
whether obese phenotype and hypothalamic response to a high-fat diet (HFD) differed between male and female 
C57Bl/6J mice. Mice were exposed to either a 60% HFD or a standard diet first for both a long- (14 weeks) and shorter-
periods of time (3, 7, 14 and 28 days). Analysis of the expression profile of key neuronal, glial and inflammatory 
hypothalamic markers was performed using RT-qPCR. In addition, astrocytic and microglial morphology was exam‑
ined in the arcuate nucleus. Monitoring of body weight and composition revealed that body weight and fat mass 
gain appeared earlier and was more pronounced in male mice. After 14 weeks of HFD exposure, normalized increase 
of body weight reached similar levels between male and female mice. Overall, both sexes under HFD displayed 
a decrease of orexigenic neuropeptides expression while an increase in Pomc gene expression was observed 
only in female mice. In addition, changes in the expression of hypothalamic inflammatory markers were relatively 
modest. We also reported that the glial cell markers expression and morphology were affected by HFD in a sex- 
and time dependent manner, suggesting a more pronounced glial cell activation in female mice. Taken together, 
these data show that male and female mice responded differently to HFD exposure, both on short- and long-term 
and suggest that a strong inflammatory hypothalamic profile is not systematically present in diet-induced obesity 
models. Nevertheless, in addition to these present data, the underlying mechanisms should be deciphered in further 
investigations.

Plain English Summary 

This study looked at how male and female mice respond differently to a high-fat diet (HFD), particularly focus‑
ing on changes in the brain’s hypothalamus, which is involved in regulating hunger and body weight. A common 
mouse strain was used and exposed to either HFD or a standard diet for various lengths of time (ranging from 3 days 
to 14 weeks). Male mice gained weight and fat earlier and more significantly than females. However, after 14 weeks, 
both sexes had similar overall weight gain. In the brain, both males and females showed a reduction in hunger-
stimulating neuropeptides. Interestingly, only female mice showed an increase in Pomc gene expression, which 
is associated with reducing food intake. Inflammatory responses in the hypothalamus were mild overall, and the study 
found that the morphology of certain brain cells (astrocytes and microglia) differed between males and females. This 
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Background
The World Health Organization reported that the preva-
lence of obesity has been rising worldwide for several 
decades reaching 13% of adults (11% of men and 15% of 
women) in 2016. Obesity is associated with many comor-
bidities (cardiovascular diseases, metabolic syndrome, 
anxio-depressive disorders), thus representing a major 
public health problem [49]. This multifactorial disease 
is characterized by an energy imbalance mostly due to 
changes in the dietary and physical activity patterns of 
the modern population. In particular, the consumption of 
energy-dense foods and excess lipids leads to low-grade 
chronic inflammation, the principal component of obe-
sity [17].

In periphery, this inflammatory response is orches-
trated by metabolic organs (including adipose tissue, 
liver, muscle and pancreas) and involves several path-
ways [17]. One of them is related to the expansion and 
hypertrophy of adipocytes, which release proinflamma-
tory cytokines and free fatty acids in systemic circulation, 
activating the immune system [39]. The role of gut micro-
biota is also discussed via microbiota-gut-brain commu-
nication [43]. The inflammatory state disrupts especially 
the hypothalamic function [12, 47].

Given the critical role of the hypothalamus in appetite 
control and energy expenditure [28, 41]), extensive stud-
ies have been carried out to examine the link between 
hypothalamic inflammation and the pathophysiology of 
obesity and associated metabolic disorders [3, 6, 24, 46]. 
These studies demonstrated that the diet-related brain 
inflammatory response precedes weight gain or obesity 
development [47]. Indeed, hypothalamic inflammatory 
response can be detected at the postprandial time scale 
[7]. Although the underlying biological processes and 
mediators involved still remain unclear, glial cells such 
as microglia and astrocytes surrounding neurons located 
in brain areas linked to food intake regulation have been 
proposed as major cellular contributors to hypothalamic 

inflammation [25, 37]. Especially, a reactive gliosis was 
described in response to the consumption of HFD. This 
glial signature is characterized by morphological and 
phenotypic changes (increased ionized calcium-binding 
adapter molecule 1, Iba1 and glial fibrillary acidic pro-
tein, GFAP expressions) associated with functional dys-
regulation [25, 37, 42, 50].

Despite the female predominance in obesity, most of 
preclinical studies have been conducted in male rodents 
[1, 27, 35]. Nevertheless, some data reported sex dif-
ferences, with females exhibiting an overall resistance 
to the obesogenic effects of HFD [23, 26, 29]. In addi-
tion, research has been focused on the effects of either 
long-term or short-term exposure to HFD, and often in 
other brain structures such as the hippocampus [11], the 
ventral tegmental area [31] or the nucleus accumbens 
[13]. Consequently, sex differences in the hypothalamic 
response after different time exposure to HFD remain 
poorly documented within the same study.

In the present study, we aimed to evaluate how sex 
and the duration of exposure to HFD can influence the 
characteristics of the diet-induced obesity model (DIO). 
We investigated the hypothalamic response after long- 
and short-term exposure to HFD in C57BL/6J male and 
female mice, focusing on the assessment of expression 
levels of several inflammatory markers and glial cell-spe-
cific markers.

Materials and methods
Animal experimentation
Six-week-old C57Bl/6J male and female mice were 
obtained from Janvier Labs (Le Genest-Saint-Isle, France, 
n = 24/sex, experiment 1; n = 72/sex, experiment 2). Mice 
were socially housed (n = 4/cage) in a controlled environ-
ment (20 ± 2  °C with a 12-h light/dark cycle) with free 
access to food and water. After 1  week of acclimatiza-
tion, male and female mice were randomized into differ-
ent groups receiving for 14 weeks (experiment 1, w14) or 

suggests that males and females react differently to a HFD, both in the short- and long-term, and that obesity in these 
models does not always involve a strong inflammatory response in the hypothalamus.

Highlights 

•	 Male mice are more vulnerable to HFD at earlier stages of diet exposure
•	 HFD induces a dysregulation of neuropeptides expression in the hypothalamus
•	 The presence of hypothalamic inflammation is not systematic in DIO model
•	 Glial cells exhibit sex-dependent structural remodeling under HFD feeding
•	 Contrarily to astrocytes, HFD-fed mice showed lower microglial complexity
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for 3, 7, 14, and 28 days (experiment 2, d3, d7, d14, d28) 
either a standard diet providing 14% from fat, 27% from 
proteins and 59% from carbohydrates (SD, 3.34  kcal/g, 
1314 formula, Altromin, Lage, Germany) or high fat 
diet (HFD) providing 60% kcal as fat, 20% kcal as carbo-
hydrates and 20% kcal as protein (5.24  kcal/g, D12492i, 
Research Diet, New Brunswick, NJ, US, Supplementary 
Table S1). Body weight was monitored weekly, and body 
composition was assessed by EchoMRI (EchoMRI, Hou-
ston, TX, US) at the end of each time of diet exposure. 
The weekly food intake was measured in the beginning 
of light cycle and the animals were euthanized two hours 
after the beginning of light cycle. All animal experiments 
were carried out in accordance with ARRIVE guidelines 
and the EU Directive 2010/63/EU for animal experi-
ments. The protocols used were approved by the regional 
ethics committee and authorized by the French Ministry 
of Higher Education, Research and Innovation (authori-
zation on APAFIS #29283–2021012114574889 v5).

Tissue sampling
Prior to tissue collection, mice were deeply anesthetized 
by intraperitoneal injection of a ketamine/xylazine solu-
tion (100 and 10  mg/kg, respectively). Blood samples 
were collected, centrifuged (3000  g, 4  °C for 15  min) in 
heparinized tubes and the plasma was frozen at − 80 °C. 
Mice were decapitated and the brains were removed on 
ice either for immunohistochemistry analyses or for 
hypothalamus dissection. The brain and hypothalamus 
were immediately placed in a 4% paraformaldehyde 
(PFA) buffered solution or frozen in liquid nitrogen and 
stored at − 80 °C, respectively.

Brain slice preparation and immunofluorescence
The whole brains (n = 16 for experiment 1; n = 72 for 
experiment 2) were post-fixed for 24  h in 4% PFA buff-
ered solution at room temperature (RT), then cryo-
protected into a 30% sucrose solution (in 0.1  M 
phosphate-buffered saline (PBS)). Following at least 24 h 
of cryoprotection, the brains were frozen between −  20 
and − 30 °C in isopentane before being stored at − 80 °C. 
Serial coronal Sections  (20 µm-thick), located −  1.22 to 
− 2.54 mm from bregma based on brain atlas coordinates 
(The Mouse Brain in Stereotaxic Coordinates, 3rd Edi-
tion, Franklin and Paxinos, 2008), were cut using a CM 
1950 cryostat (Leica Biosystems). Sections were mounted 
on Superfrost Plus microscope slides (Thermo Fisher Sci-
entific, Portmouth, US) and then stored at − 20 °C.

Before immunohistochemistry, the slides were rehy-
drated in PBS (15  min). Then, heat-induced epitope 
retrieval was performed using 10  mM sodium citrate 
(pH 8.5) buffer for 20  min at 80  °C. Next, brain slices 
were blocked in 5% bovine serum albumin (BSA) 

(Eurobio Abcys, Courtaboeuf, France) in PBS for 
30 min at RT and incubated overnight at 4 °C with the 
following antibodies: rat GFAP monoclonal immuno-
globulin G (IgG, Cat. No #13–0300, 1:500, Invitrogen, 
Rockford, US), and rabbit IBA1 polyclonal IgG (Cat. No 
#019–19741, 1:2000, FUJIFILM Wako Pure Chemical, 
Osaka, Japan) in PBS, 0.3% Triton X-100, 0.01% NaN3. 
The next day, after being washed in PBS (3 × 10  min) 
and TNT solution (1.2% Tris; 0.9% NaCl; 1 mL Tween 
20; distilled water q.s.  2 L) (30  min), the slides were 
blocked with TNB solution for 30 min (1.2% Tris; 0.9% 
NaCl; 0.01% skim milk in distilled water) and incubated 
with Alexa Fluor 488-conjugated anti-rat IgG second-
ary antibody (Cat. No #A11006, 1:400, Invitrogen,) and 
Alexa Fluor 555-conjugated anti-rabbit IgG secondary 
antibody (Cat. No # A21428,1:400; Life Technologies,) 
protected from light for 2  h. After washing in TNT 
(3 × 10 min), the slides sections were mounted between 
the slide and coverslip with a solution of Fluoroshield 
with DAPI (Sigma Aldrich, Saint Louis, MO, US) and 
then stored at 4 °C in the dark until microscopic obser-
vation. The coverslips were sealed with nail polish to 
prevent desiccation and movement of the samples 
under the microscope. Controls without primary anti-
bodies were used to check the absence of nonspecific 
coupling of secondary antibodies.

Image acquisition
Cell counting
For the experiment 1, images (1936 × 1460 pixels, pixel 
size 0.23  µm) were obtained using APOTOME ZEISS 
Axioimager Z1 fluorescence microscope. Z-stacks 
(1 µm-spaced) were taken from brain sections of 4 mice/
group/sex with a ZEISS Axiocam CCD monochrome 
camera and ZEN software (ZEISS Microscopy) at × 20 
magnification. For the experiment 2, images (2048 × 2048 
pixels, pixel size 0.33  µm) were obtained using a Leica 
Thunder Tissue 3D widefield fluorescence micro-
scope (PRIMACEN platform, Rouen, France). Z-stacks 
(0.5 µm-spaced) were taken from 6 mice/group/sex using 
a DFC9000 GT VSC-12292 monochrome camera with 
Las X Navigator software (Leica Microsystems) at × 20 
magnification. Identical illumination and exposure set-
tings were applied for all images recorded. From the max-
imal intensity projection of these z-stacks, the GFAP- and 
IBA1 positive cells were counted manually and bilaterally 
by drawing region of interest (ROI) corresponding to the 
arcuate nucleus (ARC) of the hypothalamus using ImageJ 
software (National Institutes of Health, Bethesda, Mary-
land, US). The number of GFAP + and IBA1 + cells was 
calculated in each ROI (1 per hemisphere) /mm2 from 
2–4 images per animal.
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Confocal microscopy and 3D IMARIS analysis
For the 3D reconstruction of microglia and astro-
cytes, images (1024 × 1024 pixels, pixel size 0.23  µm) 
were obtained using a TCS SP8 DM6000B-CFS confo-
cal microscope with a Leica DFC 365 Fx camera (× 63 
oil-immersion lens, zoom 0.75). Z-stacks (0.3 µm steps) 
were taken in the ARC (1 image/hemisphere). All images 
were taken with the same confocal settings (pinhole, 
laser intensity, sequential mode). Raw files were then 
converted and analysed using IMARIS software (ver-
sion 10.0.1, Oxford Instruments). First, the software was 
used to manually isolate cells using the cut function and 
to reconstruct the microglial surface using appropriate 
custom settings and to obtain volume object. Cells were 
included in the analysis when their soma was located 
within the central part of the z-stack and not cut by 
either the x or y plane (3–4 cells/hemisphere/animal). All 
morphological parameters were obtained after manually 
traced the IBA1 and GFAP staining using the Filament 
tracer mode. The volume as well as the number of total 
branch points and terminal points was measured for each 
cell. Branch Depth was defined as the number of branch 
points, or bifurcations, in the most complex path from 
the beginning point to a terminal point. Full Branch Level 
represented the highest value of Branching Level for the 
entire modeled cell. Filament Length corresponded to 
the sum of the lengths of all filaments. In addition, Sholl 
analysis was performed from the filament reconstruction 
mode.

RNA extraction and real‑time quantitative polymerase 
chain reaction (RT‑qPCR)
The hypothalamus was homogenized in 500 µL of liquid 
TRIzol Reagent (Invitrogen). Then, the homogenized 
samples were incubated for 5  min at RT and 100 µL of 
liquid chloroform (Merck Millipore, Fontenay Sous Bois, 
France) were added, followed by centrifugation at 12000 g 
(15  min, 4  °C). Following centrifugation, the aqueous 
phases containing the RNAs were transferred in new 
tubes and 250 µL of isopropanol was added to each tube. 
The samples were incubated for 10 min at RT, then cen-
trifuged at 12000 g at 4 °C. The precipitated RNA formed 
a white pellet on the bottom of the tubes. The superna-
tant was removed, and the pellets were washed 3 times 
with 75% ethanol, followed at each step by centrifuga-
tion (8000 g; 3 min; 4 °C). The RNA pellets were air-dried 
before being resuspended in a volume of RNase-DNase 
free water (defined according to the size of the pellet 
obtained) for 1 h on ice.

Tubes contained RNA were incubated at 65  °C for 
5 min. The total quantity and purity of the extracted RNA 
were determined by measuring the absorption at 260 

and 280 nm using a Nanodrop 2000 spectrophotometer 
(Thermo Fisher Scientific).

For reverse transcription, each sample was diluted to 
obtain 1 μg of RNA in 8 μL of RNase-DNase free water. 
After adding 1 μL of 10X DNase Buffer (Invitrogen, Cat. 
No #AM8170G) and 1 μL of DNase (1 U/μL, RQ1 RNase-
Free Dnase, Promega, Cat. No #M6101), the diluted 
samples were placed in a thermocycler (Eppendorf Mas-
tercycler, Montesson, France) for 30 min at 37 °C. Then, 
samples were incubated for 10 min at 65 °C after the addi-
tion of 1 μL of DNase stop buffer to each tube. Then, 9 μL 
of the following mixture was added: 0.425 μL of RiboLock 
RNase Inhibitor (40 U/μL, Thermo Scientific, Cat. No # 
EO0381), 4 μL of 5X buffer, 1 μL of dNTP Set (Invitro-
gen, Cat. #10297018), 0.5 μL of Random Hexamer Primer 
(0.2  μg/μL Thermoscientific, Cat. No #SO142), 2  μL of 
DTT (0.1  M), 1  μL of M-MLV Reverse Transcriptase 
(200 U/μL, Invitrogen, Cat. #28025013), and 0.075 μL of 
DNase/RNase-Free Distilled Water (Invitrogen, Cat. No 
#10977015) per tube. Finally, the samples were incubated 
at 42 °C (50 min) followed by 5 min at 95 °C.

Real-time PCR was performed using the Thermocy-
cler Bio-Rad C1000 Touch Real-Time Thermal Cycler 
CFX96 manager (Bio-Rad Laboratories, Marnes la 
Coquette, France). The cDNA products diluted (1:5) were 
used to carry out the PCR reactions. Moreover, a mix of 
cDNA products was also prepared to establish a stand-
ard curve. On a 96-well plate, 5 μL of SYBR Green mix 
(Bio-Rad, Cat. #1708880) and 0.9  μL of DNase/RNase-
Free Distilled Water were added to each well in addi-
tion to 0.05 μL of reverse and 0.05 μL of foward primers 
(100 mM, Supplementary Table S2). Then, 4 μL of diluted 
cDNA products, standard samples or RNase-DNase free 
water (negative control) were added into this mixture. 
Each cycle consists of a denaturation phase at 95  °C, a 
hybridization phase whose temperature depends on each 
pair of primers (Tm) and a polymerization phase at 72 °C. 
mRNA levels were obtained from SQ (standard quantity) 
provided by Biorad software. The relative mRNA levels of 
genes of interest were normalized using two housekeep-
ing genes (β-actin and Gapdh).

Statistics
All the statistical analyses were performed with Graph-
Pad Prism version 8.0.1 (GraphPad Software La Jolla, 
CA). The ROUT method was used to identify outliers 
with a Q coefficient equal to 1%. Data of experiment 1 
(w14) were compared with 2-way ANOVA (HFD x sex) 
followed by Tukey post hoc tests except for body weight 
to initial weight ratio which was analysed using 3-way 
repeated measure ANOVA followed by Tukey post hoc 
tests comparing the difference between groups for each 
time point. For data of experiment 2 (d3/d7/d14/d28), 
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values were compared with mixed-effect analysis (HFD x 
sex x time) followed by Tukey post hoc tests comparing 
the difference between groups for each time point. For 
the microscopy data, averaged values per animal were 
compared with 2-way ANOVA or mixed-effect analysis 
(HFD x sex x time or HFD x sex x distance) followed by 
Tukey post hoc tests. Details for each performed ANOVA 
are reported in Supplementary Table  S3. All graphs are 
presented as mean ± standard error of the mean (SEM) 
with the following significance levels: *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.

Results
HFD consumption led to similar body weight gains in male 
and female mice after 14 weeks
Male and female mice fed a high-fat diet (M- and F-HFD, 
respectively) gained more weight and exhibited more 
fat mass (in g and % of body weight) than control mice 
fed with a standard diet (SD; p < 0.0001, Fig. 1A, B) after 
14  weeks (w14). More precisely, M-HFD and F-HFD 
gained in average 18.6 ± 1.7 g and 13.1 ± 1.2 g vs 8.1 ± 0.4 g 
and 5.5 ± 0.3  g for respective controls (M-SD and F-SD) 
and presented in average 11.9 ± 1.7  g (29.3 ± 3.4%) and 
9.7 ± 1.1  g (34 ± 2.5%) vs 2.1 ± 0.1  g (7.6 ± 0.3%) and 
2.2 ± 0.1  g (11.5 ± 0.3%) of fat mass (in g and % of body 
weight), respectively. In addition, a significant differ-
ence in body weight gain expressed in g between male 
and female HFD was observed (p < 0.01). There was no 
significant difference between the SD and HFD groups 
regarding lean mass (in g), however a significant differ-
ence was observed between male vs female animals fed 
with either SD or HFD (p < 0.0001, Fig. 1C). Nevertheless, 
the lean mass level (in % of body weight) was significantly 
decreased in both the M- and F-HFD groups (p < 0.0001, 
Fig. 1C). Weekly measured ratio of body weight gain to 
initial weight was significantly different between M-SD 
and M-HFD starting from w1 to w14, between F-SD and 
F-HFD from w7 to w14 and between F-HFD and M-HFD 
at w1-3, w5-7, w9 and w11 (Fig. 1D; p-values are detailed 
in Supplementary Table S3).

HFD female mice exhibited a more pronounced satiety 
profile than male mice after 14 weeks
The consumption of a hyperlipidic diet led to weight 
gain and greater fat storage in HFD-fed mice. Thus, we 
wanted to assess the effects of HFD feeding on signalling 
pathways involved in food intake and energy balance reg-
ulation. For that purpose, the levels of mRNA transcripts 
encoding orexigenic and anorexigenic neuropeptides 
were measured in the hypothalamus. The gene expression 
levels of neuropeptide Y (Npy) and agouti-related pro-
tein (Agrp) were downregulated both in M-HFD and in 
F-HFD (Npy: p = 0.052 and p = 0.056, respectively; Agrp: 

Fig. 1  Monitoring of body weight and body composition 
after 14 weeks of high fat diet. A Body weight gain in grams (g) 
and body weight to initial weight ratio (expressed as percentage), B 
fat mass (g) and fat mass expressed as percentage of body weight, 
C Lean mass (g) and lean mass (% of body weight) measured 
by EchoMRI in C57Bl/6J male and female mice fed either a standard 
diet control (SD) or high fat diet (HFD) for 14 weeks (experiment 
1, n = 12/group). D Body weight to initial weight ratio measured 
weekly for 14 weeks. Groups were compared with 2-way ANOVA 
followed by Tukey post hoc tests (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001) except in D panel where 3-way repeated measure 
ANOVA was used followed by Tukey post hoc tests (*p < 0.05 male 
SD vs HFD; #p < 0.05 female SD vs HFD; αp < 0.05 male HFD vs female 
HFD). Data are presented as mean ± standard error of the mean (SEM)
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p < 0.01 and p < 0.001, respectively, Fig.  2A, C). Interest-
ingly, the mRNA expression of the proopiomelanocortin 
(Pomc) gene was only upregulated in F-HFD (p < 0.05, 
Fig. 2B). Finally, the mRNA levels of the melanocortin-4 
receptor (Mc4r) in HFD groups were not significantly dif-
ferent from those in the control groups in either sex after 
w14 (Fig. 2D).

HFD male mice showed lower Crh gene expression levels 
after 14 weeks of HFD feeding
Corticotropin-releasing hormone (CRH) is known to 
coordinate the behavioural stress response [22] and is 
also involved in the control of energy homeostasis [41]. 
Thus, we were interested in the effects of HFD consump-
tion on the gene expression regulation of this peptide. 
Interestingly, mRNA levels of Crh were decreased in 
M-HFD after w14 when compared to M-SD and F-HFD 
(p < 0.05 and p < 0.001, Fig.  2E). Because its expression 
could be regulated by nutritional state and by MC4R 
signalling [52], we also analysed the mRNA transcript 
encoding brain-derived neurotrophic factor (Bdnf). No 
significant difference was observed between the SD and 
HFD groups for either sex (Fig. 2F).

HFD consumption did not induce a major hypothalamic 
inflammatory response in male or female mice 
after 14 weeks
After studying the expression profile of major hypotha-
lamic neuropeptides, we next investigated the impact of 
a HFD on hypothalamic inflammatory markers. First, 
we analysed the mRNA expression levels encoding pro-
inflammatory cytokines. Overall, no significant changes 
were found in the interleukin-1β (Il1b), interleukin-6 
(Il6) or tumor necrosis factor (Tnf) levels in both sexes 
(Fig. 3A, B, C).

To continue, we were interested in gene expression 
profiling of macrophages by targeting pro- and anti-
inflammatory phenotypes with the expression of M1 
(Cd11b, Nos2) and M2 (Fizz1, Arg1) polarization mark-
ers. Interestingly, the mRNA level of the gene encoding 
Cd11b was only increased in F-HFD compared to F-SD 
and M-HFD (p < 0.01 and p < 0.05, Fig. 3D), while that of 
Nos2 was only decreased in M-HFD compared to F-HFD 
group (p < 0.05, Fig. 3E). However, no significant changes 
in Fizz1 or Arg1 levels were found in male or female mice 
(Fig. 3F, G).

Long‑term HFD exposure induced the downregulation 
of Iba1 in female mice
According to the literature, a series of cellular and molec-
ular events involving microglial cells and astrocytes, col-
lectively termed "reactive gliosis", are observed in rodents 
fed with a HFD [25]. Therefore, we investigated the glial 

response by first performing RT‒qPCR of mRNA tran-
scripts of genes classically associated with microgliosis 
and astrogliosis, such as the ionized calcium-binding 
adaptor molecule 1 (IBA1) protein, the purinergic recep-
tor P2Y12 (P2RY12) and the glial fibrillary acidic protein 

Fig. 2  Effects of HFD for 14 weeks on hypothalamic mRNA 
expression of neuropeptides regulating food intake. A-D Relative 
quantification of mRNA transcript levels encoding orexigenic 
neuropeptides neuropeptide Y (Npy), agouti-related peptide 
(Agrp) and anorexigenic neuropeptides pro-opiomelanocortin 
(Pomc) and melanocortin-4 receptor (Mc4r) in hypothalamus 
of C57Bl/6J male and female mice fed for 14 weeks either SD or HFD 
(experiment 1, n = 8/group). E–F Relative quantification of mRNAs 
transcript levels encoding the corticotropin-releasing hormone 
(Crh) and brain-derived neurotrophic factor (Bdnf) in hypothalamus 
of C57Bl/6J male and female mice fed for 14 weeks either SD or HFD 
(experiment 1, n = 8/group). All mRNA levels were quantified relative 
to Gapdh and β-actin housekeeping gene expressions and compared 
with 2-way ANOVA followed by Tukey post hoc tests (*p < 0.05, 
**p < 0.01, ***p < 0.001). All graphs show the fold changes of mRNA 
levels for each HFD mouse compared to the mean of their respective 
control group. Data are presented as mean ± standard error 
of the mean (SEM)
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(GFAP). HFD exposure for 14 weeks led to a decrease in 
the gene expression of the microglial marker Iba1 in the 
hypothalamus as well as the Iba1/P2ry12 ratio in F-HFD 
and an opposite trend in M-HFD in comparison to their 
respective SD groups, resulting in a significant differ-
ence between M-HFD and F-HFD (p < 0.01 and p < 0.05, 
respectively, Fig. 4A, B).

This quantification of multiple markers via RT‒qPCR 
was complemented by histological analysis with immu-
nofluorescence staining of astrocytes and microglial 

cells in the ARC. Although no significant differences 
were observed regarding the number of IBA1 positive 
cells, 2-way ANOVA analysis revealed a significant sex-
dependent effect (p(sex) < 0.05, Fig.  4E, Supplementary 
Fig. S1). Similar to the results of the Gfap gene expres-
sion analysis, the numbers of GFAP + cells in the ARC 
were equivalent between the SD-fed and HFD-fed mice 
(Fig. 4F, Supplementary Fig. S1).

These preliminary data did not seem to support the 
presence of hypothalamic inflammation but showed a 
sex-divergent response after long-term HFD exposure. 
Several studies have reported that hypothalamic inflam-
mation occurs very early in response to a HFD before the 
onset of obesity [7, 47]. Therefore, we studied the hypo-
thalamic response in a second cohort of male and female 
mice on a shorter timescale by monitoring the effects of 
3, 7, 14 and 28 days of exposure to a HFD and performed 
the same analyses within the hypothalamus.

HFD male mice gained more weight, body fat and more 
rapidly than HFD female mice during a short‑term 
exposure
Overall, HFD consumption affected body weight gain 
and its ratio to initial weight (p(HFD) < 0.0001 for both 
measures, Fig. 5), fat mass (in g and %) (p(HFD) < 0.0001, 
Fig.  6A) and lean mass percentage (p(HFD) < 0.0001, 
Fig. 6B) in male and female mice. In addition, there was 
also a time exposure effect on body weight gain and its 
ratio to initial weight (p(time) < 0.0001, Fig.  5), on fat 
mass (in g and %) for both sexes (p(time) < 0.0001 and 
p(time) < 0.001, respectively Fig. 6A) and on lean mass (in 
g and %) for both sexes (p(time) < 0.0001, Fig. 6B).

More precisely, the body weight gain (in g) in male mice 
was significant compared to M-SD and F-HFD from d3 to 
d28 (M-SD vs M-HFD: p < 0.05 at d3, p < 0.001 at d14 and 
d28; M-HFD vs F-HFD: p < 0.0001 at d3-d14, p < 0.001 at 
d28, Fig. 5A). In contrast, female mice showed significant 

Fig. 3  Effects of HFD feeding for 14 weeks on inflammatory marker 
expression levels in hypothalamus. A–C Relative quantification 
of mRNA transcript levels encoding proinflammatory cytokines 
with interleukin-1β (Il1b), tumor necrosis factor (Tnf), and interleukin-6 
(Il6) in hypothalamus of C57Bl/6J male and female mice fed 
for 14 weeks either SD or HFD (experiment 1, n = 8/group). D–G 
Relative quantification of mRNA transcript levels encoding M1 
polarization markers of macrophages (Cd11b, Nos2) and M2 
polarization markers (Fizz1, Arg1) in hypothalamus of male and female 
C57Bl/6J mice fed for 14 weeks either SD or HFD (experiment 1, n = 8/
group). All mRNA levels were quantified relative to Gapdh and β-actin 
housekeeping gene expressions and compared with 2-way ANOVA 
followed by Tukey post hoc tests (*p < 0.05, **p < 0.01). All graphs 
show the fold changes of mRNA levels for each HFD mouse 
compared to the mean of their respective control group. Data are 
presented as mean ± standard error of the mean (SEM)

◂
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weight gain only from d14 to d28 of HFD (p < 0.05 and 
p < 0.001 vs F-SD, Fig.  5A). Interestingly, M-SD group 
differed from F-SD at d28 (p < 0.001). Similar variations 

were observed when body weight was normalised to ini-
tial weight (M-SD vs M-HFD: p < 0.05 at d3, d14 and d28; 
M-HFD vs F-HFD: p < 0.01 at d3, d7, d14 and d28; F-SD 
vs F-HFD: p < 0.05 at d14 and d28, Fig.  5B). On aver-
age, M-HFD gained 2.6 ± 0.1  g, 2.9 ± 0.2  g, 6 ± 0.3  g and 
8.4 ± 0.7  g compared to 0.5 ± 0.2  g, 0.9 ± 0.2  g, 2.4 ± 0.2  g 
and 4.1 ± 0.3  g for F-HFD after d3, d7, d14 and d28, 
respectively (Fig. 5).

M-HFD-fed animals displayed an increase in fat mass 
at earlier time points than F-HFD-fed mice. Indeed, 
the fat mass (in g) was significantly greater in M-HFD 
mice starting from d3 to d28 compared to both M-SD 
and F-HFD (M-SD vs M-HFD: p < 0.01 at d3, d7, d14 
and d28; M-HFD vs F-HFD: p < 0.01 at d3, d7, d14 
and d28, Fig.  6A). Fat mass in F-HFD mice tended to 
be higher compared to F-SD only at d28 (p = 0.07 vs 
F-SD, Fig.  6A). When expressed as % of body weight, 
the fat mass increase was similar in M-HFD group 
when compared to M-SD, but less pronounced and 

Fig. 4  Effects of HFD feeding for 14 weeks on glial cell marker 
expression levels in hypothalamus. A–D Relative quantification 
of mRNA transcript levels encoding microglial markers with ionized 
calcium-binding adapter molecule 1 (Iba1), purinergic receptor 
P2Y12 (P2ry12) and astrocytic marker glial fibrillary acidic protein 
(Gfap) in hypothalamus of C57Bl/6J male and female mice fed 
for 14 weeks either SD or HFD (experiment 1, n = 8/group). All mRNA 
levels were quantified relative to Gapdh and β-actin housekeeping 
gene expressions and compared with 2-way ANOVA followed 
by Tukey post hoc tests (*p < 0.05, **p < 0.01). All graphs show the fold 
changes of mRNA levels for each HFD mouse compared to the mean 
of their respective control group. E–F Quantification of detection 
by immunofluorescence of IBA1 and GFAP proteins within the ARC 
from C57Bl/6J male and female mice fed for 14 weeks either SD 
or HFD (experiment 1, N = 2 images/animal with n = 4 mice/group). 
Immunopositive cells for IBA1 and GFAP were manually and bilaterally 
counted using Image J software in coronal sections of the ARC 
(20 µm, − 1.22 to 2.54 mm relative to Bregma). Data are presented 
as mean ± standard error of the mean (SEM). Averaged values 
per animal were compared with 2-way ANOVA followed by Tukey 
post hoc tests

Fig. 5  Body weight gain after 3, 7, 14 and 28 days of HFD feeding. 
A Body weight gain in grams (g) and B ratio of the body weight 
gain/initial weight in C57Bl/6J male (square individual values) 
and female (circle individual values) mice fed either SD (gray 
bars) or HFD (colored bars) feeding for up 28 days (experiment 2, 
n = 4 SD for d3, d7, d14; n = 12 SD for d28 and n = 12 HFD/time). 
Values were compared with mixed-effect analysis (sex x HFD 
x time) followed by Tukey post hoc tests (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001). In each graph, significant diet, sex, 
time and interaction effects are shown by bold and underlined text 
(HFD, sex, time, int). Data are presented as mean ± standard error 
of the mean (SEM)
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appeared later (d14) when compared to F-HFD (M-SD 
vs M-HFD: p < 0.001 at d3, d7, d14 and d28; M-HFD vs 
F-HFD: p < 0.001 at d14 and d28, Fig. 6A). No increase 
between F-SD and F-HFD was seen, however fat mass 
percentage in F-SD group was higher than M-SD only 
at d28 (p < 0.05). Specifically, M-HFD exhibited greater 
fat mass than did F-HFD with in average fat masses of 
3.3 ± 0.2 g (13 ± 0.6%), 3.7 ± 0.2 g (14.5 ± 0.7%), 6 ± 0.5 g 
(21.1 ± 1.4%) and 8 ± 0.7  g (24.5 ± 1.6%) compared to 
2.4 ± 0.1 g (13 ± 0.5%), 2.6 ± 0.2 g (13.2 ± 0.9%), 2.6 ± 0.2 g 
(12.3 ± 0.8%), and 3.1 ± 0.3 g (13.6 ± 1.2%) for F-HFD at 
d3, d7, d14 and d28, respectively (Fig. 6A).

Absolute lean mass (g) was not significantly differ-
ent between SD and HFD for both sexes (Fig. 6B), but 
a significant male vs female difference was seen for each 
time point (M-SD vs F-SD: p < 0.05; M-HFD vs F-HFD: 
p < 0.0001, Fig.  6B). On the other hand, the propor-
tion of lean mass (in %) decreased for F-HFD from d3 
to d28 and only at d28 for M-HFD (F-SD vs F-HFD: at 
least p < 0.05 at d3, d7, d14 and d28; M-SD vs M-HFD: 
p < 0.001, Fig.  6B). Sex-dependent differences were 
only observed at d28, where female SD mice had a 
higher relative lean mass than their male counterpart 

and where F-HFD mice had a lower percentage than 
M-HFD (p < 0.01 for both).

Short‑term HFD exposure led to specific modulation 
of neuropeptide gene expression involved in energy 
balance regulation in a sex‑ and time‑dependent manner 
between male and female mice
Consistently with the first cohort (experiment 1), the 
expression of mRNAs encoding NPY and AgRP were also 
decreased in male and female mice after short-term HFD 
consumption (p(HFD) < 0.0001, p(time) < 0.01) and dif-
fered between two sexes (p(sex) < 0.0001, p(int) < 0.001, 
Fig.  7A, C). Indeed, mRNA levels encoding NPY were 
significantly decreased at d3, d7 and d28 for M-HFD 
(p < 0.01 vs M-SD) and at d3 and d7 for F-HFD (p < 0.05 
vs F-SD) with a significant difference between male 
and female mice for each time (p < 0.05, Fig. 7A). In the 
same way, Agrp levels were significantly decreased from 
d7 up to d28 for F-HFD (p < 0.05 vs F-SD) in contrast to 
only at d3 for M-HFD (p < 0.001 vs M-SD, Fig.  7C) in a 
sex-dependent manner from d3 to d14 (p < 0.01) and a 
strong trend at d28 (p = 0.058, Fig.  7C). The significant 
upregulation of Pomc gene expression found in F-HFD 

Fig. 6  Body composition changes after 3, 7, 14 and 28 days of HFD feeding. A Fat mass expressed in grams and percentage of body weight and B 
lean mass (in g and % of body weight) measured by EchoMRI in C57Bl/6J male (square individual values) and female (circle individual values) 
mice fed either SD (gray bars) or HFD (colored bars) for up to 28 days (experiment 2, n = 4 SD for d3, d7, d14; n = 12 SD for d28 and n = 12 HFD/
time). Values were compared with mixed-effect analysis (sex x HFD x time) followed by Tukey post hoc tests (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). In each graph, significant diet, sex, time and interaction effects are shown by bold and underlined text (HFD, sex, time, int). Data are 
presented as mean ± standard error of the mean (SEM)
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mice at w14 (Fig. 2B) was also observed but only at d14 
(p < 0.05 vs F-SD, Fig. 7B) and also in M-HFD, specifically 
at d7 and d28 (p < 0.05 vs M-SD). Additionally, signifi-
cant sex and time effects (p(sex) < 0.0001, p(time) < 0.01, 
p(int) < 0.01) were observed from d3 to d14 (p < 0.01, 
Fig.  7B). While HFD consumption did not affect the 
mRNA levels of the genes encoding MC4R, CRH and 
BDNF in both sexes compared to what was observed in 
M-HFD (especially for the Crh levels after w14; Fig. 2E), a 
significant sex effect was reported for these three factors 
(p(sex) < 0.001; Fig. 7D, E, F).

Short‑term HFD exposure was associated 
with a sex‑dependent expression of inflammatory markers 
in mice
As observed in the first experiment, mRNA levels of 
proinflammatory cytokines in HFD-fed mice were not 
significantly different from those in SD mice except to a 
transient increase of Il6 levels in M-HFD at d3 (p < 0.05 
vs M-SD, Fig. 8C). Nevertheless, it was reported a main 
sex effect especially at d7 for Il1b levels (p < 0.01, Fig. 8A) 
and d28 for Tnf levels (p = 0.07, Fig. 8B). Interestingly, the 
upregulation of Cd11b observed at w14 in F-HFD com-
pared to F-SD (Fig.  3D) also occurred at d14 (p < 0.05, 
Fig.  8D) and the mRNA expression levels were signifi-
cantly different compared to male mice from d3 (p < 0.05 
Fig.  8D). Moreover, there was also significant sex dif-
ferences at d3 for Nos2 as well as Fizz1 levels (p < 0.05, 
Fig. 8E, F).

Short‑term HFD exposure did not induce relevant changes 
in genes related to glial markers in mice but differed 
by gender
In contrast to previous studies [47] and although a 
decrease in Iba1 expression occurred in F-HFD at w14 
(Fig.  4A), we did not observe significant effects of HFD 
on Iba1 and P2ry12 gene expressions. However, mRNA 
encoding Iba1, P2ry12 as well as Iba1/P2ry12 ratio level 
significantly differed between male and female mice 
(p(sex) < 0.0001, see Supplementary Table S3). Moreover, 
time-dependent downregulation of Gfap gene expres-
sion was observed in HFD mice (p(time) < 0.001, Fig. 9A) 
which differed according the sex from d3 to d28 (p < 0.01, 
Fig.  9A). Immunofluorescence analyses revealed sex 
effect on the number of microglial cells (p(sex) < 0.0001; 
p(time x HFD x sex) < 0.05) and time effect on the num-
ber of astrocytes in the ARC (p(time) < 0.01, Fig.  9B, 
C). More precisely, a downward trend in the number of 
IBA1 + cells in female mice was specifically significant 
in F-HFD compared to M-HFD mice at d14 (p < 0.0001, 
Fig. 9B).

Fig. 7  Time course response to HFD of hypothalamic neuropeptide 
gene expressions involved in food intake regulation. A-F Graphs 
show the fold changes of mRNA transcript levels encoding orexigenic 
neuropeptides with neuropeptide Y (Npy), agouti-related peptide 
(Agrp), anorexigenic neuropeptides with pro-opiomelanocortin 
(Pomc), the melanocortin-4 receptor (Mc4r) as well 
as the corticotropin-releasing hormone (Crh) and the brain-derived 
neurotrophic factor (Bdnf) of HFD male and HFD female mice 
(blue and pink bars, respectively) compared to the mean of their 
respective control group (Log10 (HFD/SD)) after 3, 7, 14 and 28 days 
(d3, d7, d14, d28, experiment 2, n = 6/group). All mRNA species 
were quantified relative to Gapdh and β-actin housekeeping 
gene expression. Raw data were first compared with mixed-effect 
analysis (sex x HFD x time) followed by Tukey post hoc tests 
(*p < 0.05, **p < 0.01, ***p < 0.001 SD vs HFD; #p < 0.05, ##p < 0.01, 
###p < 0.001, ####p < 0.0001 male HFD vs female HFD). In each 
graph, significant diet, sex, time and interaction effects are shown 
by bold and underlined text (HFD, sex, time, int). Data are presented 
as mean ± standard error of the mean (SEM)
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Signs of structural remodeling of microglia and astrocytes 
differed between male and female mice after 28 days 
and 14 weeks of HFD feeding
To further assess the glial response, we implemented 
three-dimensional morphometric analyses of individual 
microglial cells and astrocytes in the ARC at d28 and 
w14 after HFD feeding. Using IMARIS software, we 
assessed various features, including cell volume, glial 
branch parameters (filament length, filament full branch 

depth/level, and filament number segment branch/ter-
minal points) and Sholl intersections. Interestingly, we 
firstly reported remodelling of microglia in male mice 
and overall, a sex and interaction (time x sex) effects were 
observed in segment branch points, terminal points and 
branch depth (see Supplementary Table S3). More specif-
ically, M-HFD and F-SD mice at d28 displayed microglia 
with more segment branch points and terminal points 
compared to M-SD (p < 0.05; Fig. 10B). Second, we found 
significant morphometric changes in astrocytes, such as 
an increase in the number of branch points in F-HFD 
compared to F-SD and M-HFD at d28 (p < 0.05 and 
p < 0.01, respectively, Fig. 11B) and a significant increase 
in F-SD compared to M-SD at w14 (p < 0.05). Total fila-
ment length was shorter in M-SD in comparison to 
F-SD at both times (p < 0.05 for both) and in M-HFD vs 
F-HFD at d28 (p < 0.01). The number of terminal points 
was increased in F-HFD vs F-SD at d28 (p < 0.001) and vs 
M-HFD at d28 and w14 (p < 0.001 for both time points). 
In addition, at w14, F-SD was higher than M-SD for this 
measure (p < 0.01). Last, higher branch level in female 
was observed for the two time points in HFD groups and 
at w14 for SD groups (M-SD vs F-SD: p < 0.01 at w14; 
M-HFD vs F-HFD: p < 0.05 at d28 and w14; Fig. 11B). For 
each criteria, a sex effect was observed following mixed-
effect analysis (see Supplementary Table S3 for details). 

Proinflammatory microglia have been demonstrated to 
release inflammatory cytokines and especially undergo 
deramification characterized by the retraction of their 
processes with loss of complexity [5]. Thus, we performed 
a Sholl analysis of individual 3D-reconstructed cells. To 
this end, spheres with a radius of 5  µm were superim-
posed starting at the center of the soma, and the num-
ber of process intersections that each sphere encountered 
was measured with IMARIS software. Overall, a diet 
effect was seen in w14 for microglia and in d28 for astro-
cytes but no change in HFD compared to SD (for both 

Fig. 8  Time course response to HFD of hypothalamic inflammatory 
markers. A-G Graphs show the fold changes of mRNA transcript 
levels encoding proinflammatory cytokines with interleukin-1β 
(Il1b), tumor necrosis factor (Tnf), interleukin-6 (Il6), M1 polarization 
markers of macrophages (Cd11b, Nos2) and M2 polarization markers 
(Fizz1, Arg1) of HFD male and HFD female mice (blue and pink bars, 
respectively) compared to the mean of their respective control 
group (Log10 (HFD/SD)) after 3, 7, 14 and 28 days (d3, d7, d14, d28, 
experiment 2, n = 6/group). All mRNA species were quantified relative 
to Gapdh and β-actin housekeeping gene expression. Raw data were 
first compared with mixed-effect analysis (sex x HFD x time) followed 
by Tukey post hoc tests (*p < 0.05 SD vs HFD; #p < 0.05, ##p < 0.01, 
###p < 0.001, ####p < 0.0001 male HFD vs female HFD). In each 
graph, significant diet, sex, time and interaction effects are shown 
by bold and underlined text (HFD, sex, time, int). Data are presented 
as mean ± standard error of the mean (SEM)

◂
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sexes) were revealed by post-hoc analysis for microglial 
cells and astrocytes. Nevertheless, mixed effect analysis 
revealed a sex effect and a distance effect for microglia 
and astrocytes at both time points (see Supplementary 
Table  S3 for details on p-values and interaction effect; 
Figs. 10C and 11C).

Discussion
In these two experiments, we investigated the impact of 
obesity on the hypothalamic response by using a DIO 
model. Indeed, DIO models with HFD consumption are 
commonly used to induce obesity in rodents [10]. Start-
ing at 7  weeks of age, the first cohort of C57Bl/6J male 
and female mice received either a SD or a HFD with 60% 
kcal from fat for 14 weeks. First, the monitoring of body 
weight and body composition allowed us to confirm the 
robustness of our model. Indeed, compared to control 
mice, both M- and F-HFD-fed mice gained significantly 
more weight and exhibited significant changes in body 
composition with a greater increase in fat mass.

Regarding sex differences in the response to HFD, 
we first noted that F-HFD mice exhibited lower abso-
lute weight gain than male mice at the end of 14 weeks. 
However, when we calculated the final body weight gain 
to initial weight ratio, we noticed that the normalized 
increase was similar between male and female mice, sug-
gesting that the HFD had similar effect on male versus 
female mice, at least for the weight gain criteria. Nev-
ertheless, the weight gain to initial weight ratio over the 
course of the 14 weeks exposure to HFD was significantly 
different between male and female animals. Indeed, the 
increase in weight gain appeared earlier in M-HFD than 
F-HFD mice. This observation was already reported by 
other studies where males respond faster to HFD than 
do females mice [53]. Ovariectomy in female mice elimi-
nates protection against weight gain, and results in a pro-
file similar to that of male mice [20]. Estrogen levels may 
contribute to sex differences in response to DIO. Indeed, 
estrogens protect against increased adiposity and obesity 
through satietogenic effects. Estradiol suppresses feed-
ing by enhancing the potency of other anorectic signals, 
such as cholecystokinin, leptin, BDNF, and by decreas-
ing the potency of orexigenic signals such as melanin-
concentrating hormone and ghrelin. Rodent studies also 
identified that activation of the estrogen receptors in the 
ventral medial nucleus of the hypothalamus results in 
increased energy expenditure [33].

Besides the impact of these factors, differences in sus-
ceptibility to DIO could be related to diet composition. 
Indeed, given the different composition of the HFD when 
compared to control SD, we wanted to assess the impact 
of a HFD at this time point on regulatory molecules of 
energy homeostasis and food intake. We hypothesized 

Fig. 9  Time course response to HFD of glial marker levels 
in hypothalamus. A Graph show the fold changes of mRNA transcript 
levels encoding astrocytic marker glial fibrillary acidic protein (Gfap) 
of HFD male and HFD female mice (blue and pink bars, respectively) 
compared to the mean of their respective control group (Log10 
(HFD/SD)) after 3, 7, 14 and 28 days (d3, d7, d14, d28, experiment 2, 
n = 6/group). The mRNA species were quantified relative to Gapdh 
and β-actin housekeeping gene expression. B, C Quantification 
of detection by immunofluorescence of IBA1 and GFAP proteins 
within the ARC from C57Bl/6J male (square individual values) 
and female (circle individual values) mice fed for 3,7,14 and 28 days 
either SD (gray bars) or HFD (colored bars; N = 4 images/animal 
with n = 6 mice/group). Immunopositive cells for IBA1 and GFAP were 
manually and bilaterally counted using Image J software in coronal 
sections of the ARC (20 µm, − 1.22 to 2.54 mm relative to Bregma). 
Raw data (A) or average number of cells per animal (B and C) were 
first compared with mixed-effect analysis (sex x HFD x time) followed 
by Tukey post hoc tests (##p < 0.01, ###p < 0.001, ####p < 0.0001). 
In each graph, significant diet, sex, time and interaction effects are 
shown by bold and underlined text (HFD, sex, time, int). Data are 
presented as mean ± standard error of the mean (SEM)
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HFD could present strong satietogenic potential due 
to its high caloric density (5.24 kcal/g vs 3.34 kcal/g for 
SD). This was supported by weekly food consumption per 
cage from week 1 to week 12. Indeed, we reported a sig-
nificant main effect of HFD and sex: a lower food intake 
expressed in g in HFD mice compared to SD but a higher 
caloric intake, which was more pronounced in males 
compared to females (Supplementary Fig. S2). It has been 
documented that a HFD induces neuronal adaptations 
that affect central neuropeptides involved in mediat-
ing satiety [19]. For instance, studies have reported that 
dietary fats activate orexigenic neurons coexpressing 
neuropeptide Y (NPY)/Agouti-related protein (AgRP) 
while also attenuating anorexigenic neurons coexpress-
ing proopiomelanocortin (POMC)/cocaine- and amphet-
amine-related transcript (CART), which contributes to 
hyperphagia and eventually leads to obesity [19]. Inter-
estingly, we found opposite results in HFD-fed mice, with 
a downregulation of mRNA transcripts encoding orexi-
genic neuropeptides and an upregulation of those encod-
ing POMC but only in the F-HFD group. Furthermore, 
the increase in fat mass in HFD mice was also accompa-
nied by glucose intolerance and higher insulin and leptin 
plasma concentrations compared to SD mice [26]. Our 
findings regarding food intake data support a satietogenic 
effect of a HFD and could reflect adaptative feedback 
mechanisms following HFD or suggest a potential lep-
tin dependant effect in our model. Indeed, leptin directly 
influences the secretion patterns of NPY and AgRP pep-
tides as well as POMC and CART peptides, either by 
inhibiting or activating neurons after binding to leptin 
receptors in the arcuate nucleus of the hypothalamus 
[19]. In our first experiment, although there was no main 
sex effect, only female mice showed increased expres-
sion levels of Pomc mRNA in HFD conditions. This was 
not observed in male mice. Our results may support the 

principle that female rodents are more sensitive to the 
central effects of leptin on POMC neurons that are also 
stimulated by estrogen receptor activation [8]. Further-
more, AgRP and NPY expression in the hypothalamus 
has been shown to change throughout the estrous cycle 
with decreased food intake during peak estrogen levels 
[32].

Indeed, females are known to have higher oestrogen 
levels, and it was reported that it exerts anorexigenic 
effects by enhancing leptin sensitivity [4, 9]). In particu-
lar, 17β-estradiol (E2) enhances POMC neurotransmis-
sion to inhibit NPY/AgRP neurons [44].

Growing evidence indicates that HFD consumption 
induces hypothalamic inflammation accompanied by 
reactive gliosis [3, 42]. Thus, we aimed to investigate 
the neuroinflammation profile in our model by per-
forming quantitative real-time PCRs targeting several 
markers and using immunohistochemistry methods. In 
contrast to previous studies [3], we did not observe sig-
nificantly greater mRNA expression levels of proinflam-
matory cytokines in HFD-fed mice. However, we noted 
that mRNA transcriffig. 1pt levels for these cytokines in 
the hypothalamus extracts were often low and below the 
threshold of experimental detection (Ct > 35) both for 
SD and HFD mice, thus representing a quantitative bias. 
Despite that fact, we found that the expression of mRNAs 
encoding Cd11b and Iba1 was, respectively, higher and 
lower only in the F-HFD group and differed in a sex-
dependent manner. These markers are expressed by both 
microglia and perivascular myeloid cells as well as infil-
trating macrophages. Therefore, these data require care-
ful interpretation. Indeed, nonspecific targeting does not 
allow us to identify the cell origin of these findings. We 
could exclude the possibility of potential infiltration of 
peripheral macrophages because they are not presumed 
to be present in the healthy CNS, unless an increase in 

Fig. 10  Morphometric analysis of microglia after 28 days and 14 weeks of HFD within the ARC. A First panel: representative image of a 3D 
mosaic (512 × 512 pixels, voxel size 0.459 µm) from confocal microscope showing IBA1, GFAP and merge stained microglia (purple) and astrocytes 
(yellow) within the ARC. Scale bar: 100 µm, III: third ventricle. Second panel: representative image showing IBA1 staining obtained after maximal 
projection Z-stacks (1024 × 1024 pixels, 234.55 × 234.55 µm). Scale bar: 20 µm. Third panel: focus of the white square drawn in the second panel 
which highlights an example of the filament tracing performed in isolated microglia. Scale bar: 8 µm. B Graphs show the values of each individual 
microglial cell for cell volume, Filament No. segment branch points/terminal points, filament full branch depth/level, and filament length sum 
for male (square individual values) and female (circle individual values) mice fed for 28 days (n = 3–4 cells/hemi-ARC from n = 6 mice/group) 
or 14 weeks (n = 3–4 cells/hemi-ARC from n = 4 mice/group) either SD (gray bars) or HFD (blue and pink bars for male and female mice, respectively). 
Averaged values per animal were first compared with mixed-effect analysis (sex x HFD x time) followed by Tukey post hoc tests (*p < 0.05, 
**p < 0.01). In each graph, significant diet, sex, time and interaction effects are shown by bold and underlined text (HFD, sex, time, int). Data are 
presented as mean ± standard error of the mean (SEM). C Graphs show the mean distribution of the number of Sholl intersections as a function 
of the distance from the microglial soma for SD mice (grey curves) and HFD mice (blue and pink curves for male and female mice, respectively) 
at d28 (n = 3–4 cells/hemi-ARC from 6 mice/group) and at 14 weeks (n = 3–4 cells/hemi-ARC from 4 mice/group). Averaged values per animal were 
first compared with mixed-effect analysis (sex x HFD x distance) followed by Tukey post hoc tests (*p < 0.05). In each graph, significant diet, sex, 
time,distance and interaction effects are shown by bold and underlined text (HFD, sex, distance, int). Data are presented as mean ± standard error 
of the mean (SEM)

(See figure on next page.)
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blood‒brain barrier (BBB) permeability occurred in our 
model. To address this issue, we targeted the purinergic 
receptor  P2RY12, which has been identified as a spe-
cific microglial marker allowing to distinguish microglia 
from macrophages [38, 48]. More precisely, this receptor, 

expressed on ramified processes, is involved in microglial 
membrane ruffling and chemotaxis [48]. Thus, its over-
expression contributes to process extensions followed 
by migration, the first step of neuroinflammation [16]. 
Nevertheless, the P2ry12 mRNA expression did not differ 

Fig. 10  (See legend on previous page.)
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between the SD and HFD groups in both sexes. However, 
the decrease in the level of the Iba1 mRNA in the F-HFD 
group was confirmed by immunofluorescence staining 
for the IBA1 protein in the ARC where we also reported 
a sex effect. These results could be associated with a par-
ticular microglial phenotype called “dark” microglia. 
Indeed, this population is particularly dominant in the 
hypothalamus and is known to downregulate IBA1 and 
P2RY12 but strongly expresses CD11b, which is involved 
in synaptic pruning [45]. Taken together, these findings 
allowed us to provide better precisions on the immuno-
logically active profile of microglia in female mice after 
14 weeks of HFD.

The deleterious effects of chronic HFD feeding on body 
changes and metabolic disturbances were not concomi-
tant with hypothalamic inflammation, at least from our 
RT‒qPCR studies, which must be confirmed by further 
analyses. We hypothesized that neuroinflammation could 
be more prominent at earlier stages of the exposure to 
HFD. To address this question, we performed a kinetic 
to analyse the hypothalamic response during the initial 
phase of HFD feeding.

In this second cohort, male and female mice were 
exposed to HFD for 3, 7, 14 or 28  days. As suggested 
by the first study, male mice responded earlier to HFD 
exposure in terms of body weight gain (starting from 
d3) compared to female mice where the response was 
significant at d14. These differences were evident both 
in term of absolute weight gain and normalized weight 
when compared to initial weight, showing that HFD 
does indeed triggers sex-dependent responses in earlier 
stage of HFD exposure for these criteria. This delayed 
response and protection from short-term HFD consump-
tion has already been highlighted in the literature [23]. 
Indeed, this latter study reported that consumption of a 
HFD leads to hyperphagia in male rodents. In addition, 

female mice have greater energy expenditure and are 
more resistant to body weight gain. Moreover, it has been 
reported that female mice metabolic response allowed to 
maintain a normal body weight [8].

Similar to the first cohort (w14), the consumption of a 
short-term HFD quickly led to a downregulation of Npy 
and Agrp (from d3) for both sexes, which was maintained 
at d28 for male mice. Moreover, we found higher levels in 
Pomc gene expression at d3 and d14 for M- and F-HFD 
mice, respectively, which is interesting considering that 
body weight gain almost doubled at this time point 
compared to the previous measures in this group. This 
could be a potential compensatory mechanism to restore 
energy homeostasis and limit weight gain.

Taking into account that some of their data were 
obtained in rats [47], our RT‒qPCR analysis did not 
reveal a complex “on–off-on” pattern with significantly 
elevated hypothalamic levels of Il6, Il1b, Tnf or glial 
markers in HFD mice except to a transient increase of 
Il6 levels in M-HFD at d3. However, we systematically 
reported a sex-dependent response for all studied targets. 
Especially, the expression profile differences of Cd11b 
and Fizz1 mRNAs were significant between male and 
female mice. Taken together, these results only partially 
support the establishment of anti-inflammatory mecha-
nisms in response to HFD.

Hypertrophic and hyperplasic astrocytes are concur-
rently observed in the hypothalamus even 1  day after 
HFD feeding to reduce lipid overload [47]. Since GFAP 
is the hallmark intermediate filament, we expected to 
observe an increase in Gfap mRNA expression in HFD 
mice compared to that in SD groups. In contrast, we 
observed a trend toward downregulation during this 
kinetic which significantly differed by the gender. We 
could suppose a variability in expression is linked to the 
growth of mice or reflects a decrease in the size, number, 

(See figure on next page.)
Fig. 11  Morphometric analysis of astrocytes after 28 days and 14 weeks of HFD within the ARC. A First panel: representative image of a 3D 
mosaic (512 × 512 pixels, voxel size 0.459 µm) from confocal microscope showing IBA1, GFAP and merge stained microglia (purple) and astrocytes 
(yellow) within the ARC. Scale bar: 100 µm, III: third ventricle. Second panel: representative image showing GFAP staining obtained after maximal 
projection Z-stacks (1024 × 1024 pixels, 234.55 × 234.55 µm). Scale bar: 20 µm. Third panel: focus of the white square drawn in the second panel 
highlights an example of the surface reconstruction of an isolated astrocyte. Scale bar: 8 µm. B Graphs show the values of each individual astrocytes 
for Filament volume sum, Filament No. segment branch points/terminal points, filament full branch depth/level, and filament length sum for male 
(square individual values) and female (circle individual values) mice fed for 28 days(n = 3–4 cells/hemi-ARC from n = 6 mice/group) or 14 weeks 
(n = 3–4 cells/hemi-ARC from n = 4 mice/group) either SD (gray bars) or HFD (blue and pink bars for male and female mice, respectively). Averaged 
values per animal were first compared with mixed-effect analysis (sex x HFD x time) followed by Tukey post hoc tests (*p < 0.05, **p < 0.01, 
p*** < 0.001). In each graph, significant diet, sex, time and interaction effects are shown by bold and underlined text (HFD, sex, time, int). Data are 
presented as mean ± standard error of the mean (SEM). C Graphs show the mean distribution of the number of Sholl intersections as a function 
of the distance from the astrocyte soma for SD mice (grey curves) and HFD mice (blue and pink curves for male and female mice, respectively) 
at d28 (n = 3–4 cells/hemi-ARC from 6 mice/group) and at w14 (n = 3–4 cells/hemi-ARC from 4 mice/group). Averaged values per animal were first 
compared with mixed-effect analysis (sex x HFD x distance) followed by Tukey post hoc tests (*p < 0.05). In each graph, significant diet, sex, time 
and interaction effects are shown by bold and underlined text (HFD, sex, distance, int). Data are presented as mean ± standard error of the mean 
(SEM)
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and/or fibrous character of astrocytes. Immunostain-
ing aimed to clarify these observations. In the same way 
that for the first study, we performed immunofluores-
cence staining within the ARC due to its proximity to the 
median eminence (ME), where the fenestrated vascular 

endothelium lacks a BBB. Indeed, among hypothalamic 
regions, the ARC provides a positional advantage to 
rapidly sense excessive fatty acids from the diet. Inter-
estingly, we anew found time effect of the GFAP + cell 
number but no significant difference between male and 

Fig. 11  (See legend on previous page.)
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female mice. However, a significant sex difference was 
observed of the number of IBA1-positive cells. Espe-
cially, F-HFD displayed less of IBA1 + cells compared to 
M-HFD at d14, a result already observed at w14.

The classical markers, such as increased expression of 
Iba1 and Gfap or various cytokines, provide only indirect 
information about neuroinflammation and are insuffi-
cient to assess this process. Therefore, a detailed morpho-
logical analysis of glial cells was performed in order to 
provide additional and critical insights into hypothalamic 
adaptations under HFD. By studying multiple parameters, 
we reported sex-dependent responses. Regarding Sholl 
analysis profiles of microglia, M-HFD mice continued 
to display a shift towards reduced complexity level com-
pared to M-SD at w14, whereas this shift was only present 
at d28 for F-HFD. Sholl analysis of astrocytes revealed a 
new earlier response at d28 in F-HFD with greater com-
plexity than in M-HFD mice. These results were con-
comitant with other parameters analysed such as more 
branch/terminal points as well as higher branch level and 
filament length in the F-HFD compared to M-HFD mice 
at d28, mostly. Astrocytes along with microglia are highly 
dynamic cells and display a complex spectrum of mor-
photypes depending on the biological context as well as 
the local environment [34]. The more pronounced effects 
on astrocyte morphology than on microglia are consist-
ent with their involvement in several metabolic processes 
(glucose homeostasis maintenance, insulin and leptin 
sensing, etc.) [15]. Moreover, immunofluorescence assays 
have recently shown that the microglial signature varies 
according to hypothalamic nuclei and dietary fat con-
tent, particularly in mice [30]. Astrocytes are the main 
site of fatty acid metabolism and oxidation in the brain 
[8]. Short chain fatty acids in HFD may be responsible 
for astrocytic reactivity. Indeed, it has been reported that 
HFD increases circulating palmitic acid levels, as well as 
central levels, and can directly activate astrocytes in vitro 
[18]. Taken together with the mRNA expression analysis, 
these changes in astrocytic morphology (and supposedly 
activity) might be interpreted as metabolic adaptations to 
reduce lipid overload and restore homeostasis rather than 
an inflammatory response. Still, we observed a reduc-
tion in the complexity of microglial ramification which 
translate to a reactive phenotype. HFD has been showed 
to trigger neuroinflammation and to induce a morpho-
logical transition from a highly ramified to a deramified 
state, retracting their fine processes while simultaneously 
undergoing somatic hypertrophy [38]. In this last experi-
ment, we reported differences in glial parameters under 
HFD conditions in a time and sex dependent manner, 
but it remains unclear whether these changes translate to 
proinflammatory and/or neuroprotective mechanisms or 
altered glial function.

This study demonstrates that a strong inflammatory 
hypothalamic profile is not required to induce obesity in 
mice and questions the role of the modulation of glial cell 
function in the induction of HFD phenotype. Therefore, 
further investigation is needed to better characterize this 
relationship. This could be achieved using a multidimen-
sional integration of transcriptomic, metabolomic, prot-
eomic and epigenetic approaches.

Because mice were co-housed (4 animals per cage), 
we were not able to measure neither locomotor activ-
ity nor energy expenditure for each animal. How-
ever, Crh mRNA levels only decreased in the M-HFD 
group, which is known to increase energy expenditure 
[28]. Similar studies assessing these parameters have 
shown divergent findings. Indeed, some data suggest 
that females are more active than males but in rats [14]. 
Studies carried out in C57Bl/6J mice reported that male 
mice reduced physical activity in response to a HFD 
with unaffected food intake, while female mice showed 
increased food intake without changes in physical 
activity and exhibited increased energy expenditure. 
Some studies did not show sex differences in locomo-
tor activity, which is also not affected by HFD [29]. This 
variability between studies can be linked to inconsist-
encies in study designs using a variety of diet types, fat 
content with different ω6/ω3 ratios [40], onset of inter-
vention and duration of diet, making elucidating what 
variables cause the observed divergences in the lit-
erature challenging. Monitoring of daytime locomotor 
activity and respiratory exchanges by indirect calorim-
etry could, in a future study, shed more light on these 
present results at the metabolic level. In addition, our 
study does not provide data regarding neuronal protein 
expression or neuronal-glial cross talk. Studies have 
shown that changes in astrocytic morphology induced 
by HFD can influence glutamate clearance as well as the 
induction of long-term potentiation in the hippocam-
pus [36]. In the ARC, studies have revealed that HFD 
can induce an increased ensheathment of POMC neu-
rons perikarya, thus increasing their excitatory tone 
[21]. Interestingly, food deprivation induces similar 
changes in AgRP neurons through GABA-dependent 
mechanisms, thus increasing their excitability [51]. 
Given the rapid expression in HFD-fed animals of the 
neuronal plasticity marker PSA-NCAM, which pro-
motes synaptic reorganization by weakening cell-to-cell 
interactions, we can hypothesize that the modifications 
of glial cell morphology observed in our model likely 
affect neuronal function and plasticity [2]. This plas-
ticity seems to act as a mechanism limiting the weight 
gain induced by the HFD. To test this, electrophysi-
ological recordings of arcuate nucleus neurons would 
be required to examine synaptic transmission in both 
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sexes or immunohistochemistry experiments target-
ing neuronal plasticity markers on POMC/AgRP neu-
rons could be performed. Despite these limitations, our 
study emphasizes the crucial role of carefully examin-
ing sex differences and timing in DIO models.

Conclusion
In summary, the present study provides nuanced data 
regarding hypothalamic inflammation under HFD con-
ditions. However, we support evident sex differences in 
response to short- and long-term HFD consumption, 
suggesting that the prevention and treatment of obesity 
should be considered in a sex-dependent manner.

Abbreviations
AgRP	� Agouti-related protein
ARC​	� Arcuate nucleus
BDNF	� Brain-derived neurotrophic factor
CRH	� Corticotropin-releasing hormone
DIO	� Diet-induced obesity
GFAP	� Glial fibrillary acidic protein
HFD	� High-fat diet
Iba1	� Ionized calcium-binding adapter molecule 1
IL	� Interleukin
iNOS	� Inducible nitric oxide synthase
MC4R	� Melanocortin-4 receptor
NPY	� Neuropeptide Y
PBS	� Phosphate-buffered saline
PFA	� Paraformaldehyde
POMC	� Proopiomelanocortin
P2RY12	� Purinergic receptor P2Y12
ROI	� Region of interest
RT-qPCR	� Reverse transcriptase quantitative polymerase chain reaction
SD	� Standard diet
TNF	� Tumor necrosis factor

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13293-​025-​00699-3.

Additional file 1: Fig. S1: Visualization of glial cells by immunofluorescence 
in ARC after 14 weeks of SD or HFD. These representative images were 
taken within the ARC and show GFAP and IBA1 immunopositive cells in 
male (top panel) and female mice (bottom panel) after 14 weeks of SD or 
HFD feeding. Scale bar: 50 µm. 3V: third ventricle. 

Additional file 2: Fig. S2: Weekly monitoring of food consumption in 
male and female mice over 12 weeks of diet. Average estimation of food 
consumed in grams and kilocalories (g and kcals) per day and per animal 
fed either SD or HFD in male and female mice. N=6 cages/group, total of 
grams and kcals measured per cage were divided by the number of mice 
per cage (n=4/cage). Average values per cage were compared with 3-way 
repeated measure ANOVA followed by Tukey post hoc tests (*p<0.05 male 
SD vs HFD; #p<0.05 female SD vs HFD; α p<0.05 male HFD vs female HFD). 
Data are presented as mean ± standard error of the mean (SEM). Male and 
female mice fed HFD per day ingested in average 3.0±0.03 g (15.73±0.16 
kcals) and 2.4±0.02 g (12.71±0.11 kcals) compared to male and female 
mice fed with SD which per day consumed in average 4.1±0.04 g 
(13.69±0.13 kcals) and 3.6±0.05 g (12.16±0.17 kcals), respectively. 

Additional file 3: Table S1: Composition of the high fat diet. 

Additional file 4: Table S2: Primer sequences used for RT-qPCR. 

Additional file 5: Table S3: Summary of statistical tests.

Acknowledgements
We thank the PRIMACEN platform (HeRaCleS Inserm US51, CNRS UAR 2026, 
Université de Rouen Normandie, France) to the microscopic facilities.

Author contributions
VD, AG, PD, MC and LL, conceptualization; VD, CL, CE-B, MC and LL, formal 
analysis; VD, CL, CE-B, CS, CBF, CG and LL, investigation; VD, MC and LL original 
draft preparation; all authors writing review and editing.

Funding
This work was supported by the French Agency for Research (OBEGLU, ANR-
20-CE17-0012). VD received a PhD grant from Inserm and Normandie Regional 
council, CL and CS from the University of Rouen Normandie and LL from 
the Metropole Rouen Normandie and Health school, Université de Rouen 
Normandie for his post-doctoral stay. These funders did not participate in the 
design, implementation, analysis, and interpretation of the data.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
All experimental procedures were approved by an ethical committee (APAFIS 
#29283-2021012114574889 v5).

Consent for publication
All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Author details
1 Univ Rouen Normandie, INSERM, Normandie Univ, ADEN UMR1073 “Nutrition, 
Inflammation and Microbiota-Gut-Brain Axis, F‑76000 Rouen, France. 2 Univ 
Rouen Normandie, Institute for Research and Innovation in Biomedicine (IRIB), 
F‑76000 Rouen, France. 3 Department of Nutrition, CHU Rouen, F‑76000 Rouen, 
France. 

Received: 23 October 2024   Accepted: 10 February 2025

References
	1.	 Baufeld C, Osterloh A, Prokop S, Miller KR, Heppner FL. High-fat diet-

induced brain region-specific phenotypic spectrum of CNS resident 
microglia. Acta Neuropathol. 2016;132:361–75. https://​doi.​org/​10.​1007/​
s00401-​016-​1595-4.

	2.	 Benani A, Hryhorczuk C, Gouazé A, Fioramonti X, Brenachot X, Guissard C, 
Krezymon A, Duparc T, Colom A, Nédélec E, Rigault C, Lemoine A, Gascuel 
J, Gerardy-Schahn R, Valet P, Knauf C, Lorsignol A, Pénicaud L. Food intake 
adaptation to dietary fat involves PSA-dependent rewiring of the arcuate 
melanocortin system in mice. J Neurosci. 2012;32:11970–9. https://​doi.​
org/​10.​1523/​JNEUR​OSCI.​0624-​12.​2012.

	3.	 Bhusal A, Rahman MH, Suk K. Hypothalamic inflammation in metabolic 
disorders and aging. Cell Mol Life Sci. 2022;79:32. https://​doi.​org/​10.​1007/​
s00018-​021-​04019-x.

	4.	 Brown LM, Clegg DJ. Central effects of estradiol in the regulation of 
food intake, body weight, and adiposity. J Steroid Biochem Mol Biol. 
2010;122:65–73. https://​doi.​org/​10.​1016/j.​jsbmb.​2009.​12.​005.

	5.	 Butovsky O, Weiner HL. Microglial signatures and their role in health 
and disease. Nat Rev Neurosci. 2018;19:622–35. https://​doi.​org/​10.​1038/​
s41583-​018-​0057-5.

	6.	 Cai D, Liu T. Hypothalamic inflammation: a double-edged sword to 
nutritional diseases. Ann N Y Acad Sci. 2011;1243:E1-39. https://​doi.​org/​
10.​1111/j.​1749-​6632.​2011.​06388.x.

	7.	 Cansell C, Stobbe K, Sanchez C, Le Thuc O, Mosser C, Ben-Fradj S, Leredde 
J, Lebeaupin C, Debayle D, Fleuriot L, Brau F, Devaux N, Benani A, Audinat 

https://doi.org/10.1186/s13293-025-00699-3
https://doi.org/10.1186/s13293-025-00699-3
https://doi.org/10.1007/s00401-016-1595-4
https://doi.org/10.1007/s00401-016-1595-4
https://doi.org/10.1523/JNEUROSCI.0624-12.2012
https://doi.org/10.1523/JNEUROSCI.0624-12.2012
https://doi.org/10.1007/s00018-021-04019-x
https://doi.org/10.1007/s00018-021-04019-x
https://doi.org/10.1016/j.jsbmb.2009.12.005
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1111/j.1749-6632.2011.06388.x
https://doi.org/10.1111/j.1749-6632.2011.06388.x


Page 19 of 20Dreux et al. Biology of Sex Differences           (2025) 16:17 	

E, Blondeau N, Nahon J, Rovère C. Dietary fat exacerbates postprandial 
hypothalamic inflammation involving glial fibrillary acidic protein-posi‑
tive cells and microglia in male mice. Glia. 2021;69:42–60. https://​doi.​org/​
10.​1002/​glia.​23882.

	8.	 Chowen JA, Argente-Arizón P, Freire-Regatillo A, Argente J. Sex differ‑
ences in the neuroendocrine control of metabolism and the implication 
of astrocytes. Front Neuroendocrinol. 2018;48:3–12. https://​doi.​org/​10.​
1016/j.​yfrne.​2017.​05.​003.

	9.	 Clegg DJ, Brown LM, Woods SC, Benoit SC. Gonadal hormones determine 
sensitivity to central leptin and insulin. Diabetes. 2006;55:978–87. https://​
doi.​org/​10.​2337/​diabe​tes.​55.​04.​06.​db05-​1339.

	10.	 De Moura E, Dias M, Dos Reis SA, Da Conceição LL, Sediyama CMNDO, 
Pereira SS, De Oliveira LL, Gouveia Peluzio MDC, Martinez JA, Milagro FI. 
Diet-induced obesity in animal models: points to consider and influence 
on metabolic markers. Diabetol Metab Syndr. 2021;13:32. https://​doi.​org/​
10.​1186/​s13098-​021-​00647-2.

	11.	 de Paula GC, Brunetta HS, Engel DF, Gaspar JM, Velloso LA, Engblom D, de 
Oliveira J, de Bem AF. Hippocampal function is impaired by a short-term 
high-fat diet in mice: increased blood-brain barrier permeability and 
neuroinflammation as triggering events. Front Neurosci. 2021;15: 734158. 
https://​doi.​org/​10.​3389/​fnins.​2021.​734158.

	12.	 De Souza CT, Araujo EP, Bordin S, Ashimine R, Zollner RL, Boschero AC, 
Saad MJA, Velloso LA. Consumption of a fat-rich diet activates a proin‑
flammatory response and induces insulin resistance in the hypothalamus. 
Endocrinology. 2005;146:4192–9. https://​doi.​org/​10.​1210/​en.​2004-​1520.

	13.	 Décarie-Spain L, Sharma S, Hryhorczuk C, Issa-Garcia V, Barker PA, Arbour 
N, Alquier T, Fulton S. Nucleus accumbens inflammation mediates 
anxiodepressive behavior and compulsive sucrose seeking elicited by 
saturated dietary fat. Mol Metab. 2018;10:1–13. https://​doi.​org/​10.​1016/j.​
molmet.​2018.​01.​018.

	14.	 Eckel LA, Moore SR. Diet-induced hyperphagia in the rat is influ‑
enced by sex and exercise. Am J Physiol Regul Integr Comp Physiol. 
2004;287:R1080-1085. https://​doi.​org/​10.​1152/​ajpre​gu.​00424.​2004.

	15.	 García-Cáceres C, Quarta C, Varela L, Gao Y, Gruber T, Legutko B, Jastroch 
M, Johansson P, Ninkovic J, Yi C-X, Le Thuc O, Szigeti-Buck K, Cai W, Meyer 
CW, Pfluger PT, Fernandez AM, Luquet S, Woods SC, Torres-Alemán I, Kahn 
CR, Götz M, Horvath TL, Tschöp MH. Astrocytic insulin signaling couples 
brain glucose uptake with nutrient availability. Cell. 2016;166:867–80. 
https://​doi.​org/​10.​1016/j.​cell.​2016.​07.​028.

	16.	 Gómez Morillas A, Besson VC, Lerouet D. Microglia and Neuroinflamma‑
tion: what Place for P2RY12? IJMS. 2021;22:1636. https://​doi.​org/​10.​3390/​
ijms2​20416​36.

	17.	 Gregor MF, Hotamisligil GS. Inflammatory mechanisms in obesity. Annu 
Rev Immunol. 2011;29:415–45. https://​doi.​org/​10.​1146/​annur​ev-​immun​
ol-​031210-​101322.

	18.	 Gupta S, Knight AG, Gupta S, Keller JN, Bruce-Keller AJ. Saturated 
long-chain fatty acids activate inflammatory signaling in astrocytes. J 
Neurochem. 2012;120:1060–71. https://​doi.​org/​10.​1111/j.​1471-​4159.​2012.​
07660.x.

	19.	 Hamamah S, Amin A, Al-Kassir AL, Chuang J, Covasa M. Dietary fat modu‑
lation of gut microbiota and impact on regulatory pathways controlling 
food intake. Nutrients. 2023;15:3365. https://​doi.​org/​10.​3390/​nu151​
53365.

	20.	 Hong J, Stubbins RE, Smith RR, Harvey AE, Núñez NP. Differential suscepti‑
bility to obesity between male, female and ovariectomized female mice. 
Nutr J. 2009;8:11. https://​doi.​org/​10.​1186/​1475-​2891-8-​11.

	21.	 Horvath TL, Sarman B, García-Cáceres C, Enriori PJ, Sotonyi P, Shana‑
brough M, Borok E, Argente J, Chowen JA, Perez-Tilve D, Pfluger PT, Brön‑
neke HS, Levin BE, Diano S, Cowley MA, Tschöp MH. Synaptic input organ‑
ization of the melanocortin system predicts diet-induced hypothalamic 
reactive gliosis and obesity. Proc Natl Acad Sci U S A. 2010;107:14875–80. 
https://​doi.​org/​10.​1073/​pnas.​10042​82107.

	22.	 Hu P, Maita I, Phan ML, Gu E, Kwok C, Dieterich A, Gergues MM, Yohn 
CN, Wang Y, Zhou J-N, Qi X-R, Swaab DF, Pang ZP, Lucassen PJ, Roepke 
TA, Samuels BA. Early-life stress alters affective behaviors in adult mice 
through persistent activation of CRH-BDNF signaling in the oval bed 
nucleus of the stria terminalis. Transl Psychiatry. 2020;10:396. https://​doi.​
org/​10.​1038/​s41398-​020-​01070-3.

	23.	 Huang K-P, Ronveaux CC, Knotts TA, Rutkowsky JR, Ramsey JJ, Raybould 
HE. Sex differences in response to short-term high fat diet in mice. Physiol 
Behav. 2020;221: 112894. https://​doi.​org/​10.​1016/j.​physb​eh.​2020.​112894.

	24.	 Jais A, Brüning JC. Hypothalamic inflammation in obesity and metabolic 
disease. J Clin Invest. 2017;127:24–32. https://​doi.​org/​10.​1172/​JCI88​878.

	25.	 Lee CH, Suk K, Yu R, Kim M-S. Cellular contributors to hypothalamic 
inflammation in obesity. Mol Cells. 2020;43:431–7. https://​doi.​org/​10.​
14348/​molce​lls.​2020.​0055.

	26.	 Lefebvre C. Sex-dependent effects of a high fat diet on metabolic dis‑
orders, intestinal barrier function and gut microbiota in mouse. Sci Rep. 
2024. https://​doi.​org/​10.​1038/​s41598-​024-​70931-4.

	27.	 Leyh J, Winter K, Reinicke M, Ceglarek U, Bechmann I, Landmann J. 
Long-term diet-induced obesity does not lead to learning and memory 
impairment in adult mice. PLoS ONE. 2021;16: e0257921. https://​doi.​org/​
10.​1371/​journ​al.​pone.​02579​21.

	28.	 Luquet S. Régulation de la prise alimentaire. Nutrition Clinique et 
Métabolisme. 2008;22:52–8. https://​doi.​org/​10.​1016/j.​nupar.​2008.​04.​011.

	29.	 Maric I, Krieger J-P, Van Der Velden P, Börchers S, Asker M, Vujicic M, 
Wernstedt Asterholm I, Skibicka KP. Sex and species differences in the 
development of diet-induced obesity and metabolic disturbances in 
rodents. Front Nutr. 2022;9: 828522. https://​doi.​org/​10.​3389/​fnut.​2022.​
828522.

	30.	 Mendes NF, Jara CP, Zanesco AM, de Araújo EP. Hypothalamic microglial 
heterogeneity and signature under high fat diet-induced inflammation. 
Int J Mol Sci. 2021;22:2256. https://​doi.​org/​10.​3390/​ijms2​20522​56.

	31.	 Mizoguchi A, Banno R, Sun R, Yaginuma H, Taki K, Kobayashi T, Sugiyama 
M, Tsunekawa T, Onoue T, Takagi H, Hagiwara D, Ito Y, Iwama S, Suga H, 
Arima H. High-fat feeding causes inflammation and insulin resistance in 
the ventral tegmental area in mice. Neuroscience. 2021. https://​doi.​org/​
10.​1016/j.​neuro​scien​ce.​2021.​02.​009.

	32.	 Olofsson LE, Pierce AA, Xu AW. Functional requirement of AgRP and NPY 
neurons in ovarian cycle-dependent regulation of food intake. Proc Natl 
Acad Sci USA. 2009;106:15932–7. https://​doi.​org/​10.​1073/​pnas.​09047​
47106.

	33.	 Palmer BF, Clegg DJ. The sexual dimorphism of obesity. Mol Cell Endo‑
crinol. 2015;402:113–9. https://​doi.​org/​10.​1016/j.​mce.​2014.​11.​029.

	34.	 Paolicelli RC, Sierra A, Stevens B, Tremblay M-E, Aguzzi A, Ajami B, Amit 
I, Audinat E, Bechmann I, Bennett M, Bennett F, Bessis A, Biber K, Bilbo 
S, Blurton-Jones M, Boddeke E, Brites D, Brône B, Brown GC, Butovsky O, 
Carson MJ, Castellano B, Colonna M, Cowley SA, Cunningham C, Davalos 
D, De Jager PL, de Strooper B, Denes A, Eggen BJL, Eyo U, Galea E, Garel 
S, Ginhoux F, Glass CK, Gokce O, Gomez-Nicola D, González B, Gordon S, 
Graeber MB, Greenhalgh AD, Gressens P, Greter M, Gutmann DH, Haass C, 
Heneka MT, Heppner FL, Hong S, Hume DA, Jung S, Kettenmann H, Kipnis 
J, Koyama R, Lemke G, Lynch M, Majewska A, Malcangio M, Malm T, Man‑
cuso R, Masuda T, Matteoli M, McColl BW, Miron VE, Molofsky AV, Monje 
M, Mracsko E, Nadjar A, Neher JJ, Neniskyte U, Neumann H, Noda M, Peng 
B, Peri F, Perry VH, Popovich PG, Pridans C, Priller J, Prinz M, Ragozzino D, 
Ransohoff RM, Salter MW, Schaefer A, Schafer DP, Schwartz M, Simons M, 
Smith CJ, Streit WJ, Tay TL, Tsai L-H, Verkhratsky A, von Bernhardi R, Wake 
H, Wittamer V, Wolf SA, Wu L-J, Wyss-Coray T. Microglia states and nomen‑
clature: a field at its crossroads. Neuron. 2022;110:3458–83. https://​doi.​
org/​10.​1016/j.​neuron.​2022.​10.​020.

	35.	 Pistell PJ, Morrison CD, Gupta S, Knight AG, Keller JN, Ingram DK, Bruce-
Keller AJ. Cognitive impairment following high fat diet consumption is 
associated with brain inflammation. J Neuroimmunol. 2010;219:25–32. 
https://​doi.​org/​10.​1016/j.​jneur​oim.​2009.​11.​010.

	36.	 Popov A, Brazhe N, Fedotova A, Tiaglik A, Bychkov M, Morozova K, Brazhe 
A, Aronov D, Lyukmanova E, Lazareva N, Li L, Ponimaskin E, Verkhratsky A, 
Semyanov A. A high-fat diet changes astrocytic metabolism to promote 
synaptic plasticity and behavior. Acta Physiol. 2022;236: e13847. https://​
doi.​org/​10.​1111/​apha.​13847.

	37.	 Rahman MH, Kim M-S, Lee I-K, Yu R, Suk K. Interglial crosstalk in obesity-
induced hypothalamic inflammation. Front Neurosci. 2018. https://​doi.​
org/​10.​3389/​fnins.​2018.​00939.

	38.	 Reddaway J, Richardson PE, Bevan RJ, Stoneman J, Palombo M. Microglial 
morphometric analysis: so many options, so little consistency. Front 
Neuroinform. 2023;17:1211188. https://​doi.​org/​10.​3389/​fninf.​2023.​12111​
88.

	39.	 Redinger RN. The pathophysiology of obesity and its clinical manifesta‑
tions. Gastroenterol Hepatol. 2007;3(11):856.

	40.	 Sanchez C, Colson C, Gautier N, Noser P, Salvi J, Villet M, Fleuriot L, Peltier 
C, Schlich P, Brau F, Sharif A, Altintas A, Amri E-Z, Nahon J-L, Blondeau 
N, Benani A, Barrès R, Rovère C. Dietary fatty acid composition drives 

https://doi.org/10.1002/glia.23882
https://doi.org/10.1002/glia.23882
https://doi.org/10.1016/j.yfrne.2017.05.003
https://doi.org/10.1016/j.yfrne.2017.05.003
https://doi.org/10.2337/diabetes.55.04.06.db05-1339
https://doi.org/10.2337/diabetes.55.04.06.db05-1339
https://doi.org/10.1186/s13098-021-00647-2
https://doi.org/10.1186/s13098-021-00647-2
https://doi.org/10.3389/fnins.2021.734158
https://doi.org/10.1210/en.2004-1520
https://doi.org/10.1016/j.molmet.2018.01.018
https://doi.org/10.1016/j.molmet.2018.01.018
https://doi.org/10.1152/ajpregu.00424.2004
https://doi.org/10.1016/j.cell.2016.07.028
https://doi.org/10.3390/ijms22041636
https://doi.org/10.3390/ijms22041636
https://doi.org/10.1146/annurev-immunol-031210-101322
https://doi.org/10.1146/annurev-immunol-031210-101322
https://doi.org/10.1111/j.1471-4159.2012.07660.x
https://doi.org/10.1111/j.1471-4159.2012.07660.x
https://doi.org/10.3390/nu15153365
https://doi.org/10.3390/nu15153365
https://doi.org/10.1186/1475-2891-8-11
https://doi.org/10.1073/pnas.1004282107
https://doi.org/10.1038/s41398-020-01070-3
https://doi.org/10.1038/s41398-020-01070-3
https://doi.org/10.1016/j.physbeh.2020.112894
https://doi.org/10.1172/JCI88878
https://doi.org/10.14348/molcells.2020.0055
https://doi.org/10.14348/molcells.2020.0055
https://doi.org/10.1038/s41598-024-70931-4
https://doi.org/10.1371/journal.pone.0257921
https://doi.org/10.1371/journal.pone.0257921
https://doi.org/10.1016/j.nupar.2008.04.011
https://doi.org/10.3389/fnut.2022.828522
https://doi.org/10.3389/fnut.2022.828522
https://doi.org/10.3390/ijms22052256
https://doi.org/10.1016/j.neuroscience.2021.02.009
https://doi.org/10.1016/j.neuroscience.2021.02.009
https://doi.org/10.1073/pnas.0904747106
https://doi.org/10.1073/pnas.0904747106
https://doi.org/10.1016/j.mce.2014.11.029
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1016/j.jneuroim.2009.11.010
https://doi.org/10.1111/apha.13847
https://doi.org/10.1111/apha.13847
https://doi.org/10.3389/fnins.2018.00939
https://doi.org/10.3389/fnins.2018.00939
https://doi.org/10.3389/fninf.2023.1211188
https://doi.org/10.3389/fninf.2023.1211188


Page 20 of 20Dreux et al. Biology of Sex Differences           (2025) 16:17 

neuroinflammation and impaired behavior in obesity. Brain Behav 
Immun. 2024;117:330–46. https://​doi.​org/​10.​1016/j.​bbi.​2024.​01.​216.

	41.	 Schwartz MW, Woods SC, Porte D, Seeley RJ, Baskin DG. Central nervous 
system control of food intake. Nature. 2000;404:661–71. https://​doi.​org/​
10.​1038/​35007​534.

	42.	 Sewaybricker LE, Huang A, Chandrasekaran S, Melhorn SJ, Schur EA. The 
significance of hypothalamic inflammation and gliosis for the pathogen‑
esis of obesity in humans. Endocrine Rev. 2022. https://​doi.​org/​10.​1210/​
endrev/​bnac0​23.

	43.	 Solas M, Milagro FI, Ramírez MJ, Martínez JA. Inflammation and gut-brain 
axis link obesity to cognitive dysfunction: plausible pharmacological 
interventions. Curr Opin Pharmacol. 2017;37:87–92. https://​doi.​org/​10.​
1016/j.​coph.​2017.​10.​005.

	44.	 Stincic TL, Grachev P, Bosch MA, Rønnekleiv OK, Kelly MJ. Estradiol drives 
the anorexigenic activity of proopiomelanocortin neurons in female 
mice. ENeuro. 2018. https://​doi.​org/​10.​1523/​ENEURO.​0103-​18.​2018.

	45.	 Stratoulias V, Venero JL, Tremblay M, Joseph B. Microglial subtypes: diver‑
sity within the microglial community. EMBO J. 2019. https://​doi.​org/​10.​
15252/​embj.​20191​01997.

	46.	 Thaler JP, Schwartz MW. Minireview: Inflammation and obesity patho‑
genesis: the hypothalamus heats up. Endocrinology. 2010;151:4109–15. 
https://​doi.​org/​10.​1210/​en.​2010-​0336.

	47.	 Thaler JP, Yi C-X, Schur EA, Guyenet SJ, Hwang BH, Dietrich MO, Zhao X, 
Sarruf DA, Izgur V, Maravilla KR, Nguyen HT, Fischer JD, Matsen ME, Wisse 
BE, Morton GJ, Horvath TL, Baskin DG, Tschöp MH, Schwartz MW. Obesity 
is associated with hypothalamic injury in rodents and humans. J Clin 
Invest. 2012;122:153–62. https://​doi.​org/​10.​1172/​JCI59​660.

	48.	 Toledano Furman N, Gottlieb A, Prabhakara KS, Bedi S, Caplan HW, Rup‑
pert KA, Srivastava AK, Olson SD, Cox CS. High-resolution and differential 
analysis of rat microglial markers in traumatic brain injury: conventional 
flow cytometric and bioinformatics analysis. Sci Rep. 2020;10:11991. 
https://​doi.​org/​10.​1038/​s41598-​020-​68770-0.

	49.	 Tutor AW, Lavie CJ, Kachur S, Milani RV, Ventura HO. Updates on obesity 
and the obesity paradox in cardiovascular diseases. Prog Cardiovasc Dis. 
2023;78:2–10. https://​doi.​org/​10.​1016/j.​pcad.​2022.​11.​013.

	50.	 Valdearcos M, Robblee MM, Benjamin DI, Nomura DK, Xu AW, Koliwad SK. 
Microglia dictate the impact of saturated fat consumption on hypotha‑
lamic inflammation and neuronal function. Cell Rep. 2014;9:2124–38. 
https://​doi.​org/​10.​1016/j.​celrep.​2014.​11.​018.

	51.	 Varela L, Stutz B, Song JE, Kim JG, Liu Z-W, Gao X-B, Horvath TL. Hunger-
promoting AgRP neurons trigger an astrocyte-mediated feed-forward 
autoactivation loop in mice. J Clin Investig. 2021;131: e144239. https://​
doi.​org/​10.​1172/​JCI14​4239.

	52.	 Xu B, Goulding EH, Zang K, Cepoi D, Cone RD, Jones KR, Tecott LH, 
Reichardt LF. Brain-derived neurotrophic factor regulates energy balance 
downstream of melanocortin-4 receptor. Nat Neurosci. 2003;6:736–42. 
https://​doi.​org/​10.​1038/​nn1073.

	53.	 Yang Y, Smith DL, Keating KD, Allison DB, Nagy TR. Variations in body 
weight, food intake and body composition after long-term high-fat diet 
feeding in C57BL/6J mice: variations in Diet-Induced Obese C57BL/6J 
Mice. Obesity. 2014;22:2147–55. https://​doi.​org/​10.​1002/​oby.​20811.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1016/j.bbi.2024.01.216
https://doi.org/10.1038/35007534
https://doi.org/10.1038/35007534
https://doi.org/10.1210/endrev/bnac023
https://doi.org/10.1210/endrev/bnac023
https://doi.org/10.1016/j.coph.2017.10.005
https://doi.org/10.1016/j.coph.2017.10.005
https://doi.org/10.1523/ENEURO.0103-18.2018
https://doi.org/10.15252/embj.2019101997
https://doi.org/10.15252/embj.2019101997
https://doi.org/10.1210/en.2010-0336
https://doi.org/10.1172/JCI59660
https://doi.org/10.1038/s41598-020-68770-0
https://doi.org/10.1016/j.pcad.2022.11.013
https://doi.org/10.1016/j.celrep.2014.11.018
https://doi.org/10.1172/JCI144239
https://doi.org/10.1172/JCI144239
https://doi.org/10.1038/nn1073
https://doi.org/10.1002/oby.20811

	Sex-dependent effects of a high-fat diet on the hypothalamic response in mice
	Abstract 
	Plain English Summary 
	Highlights 
	Background
	Materials and methods
	Animal experimentation
	Tissue sampling
	Brain slice preparation and immunofluorescence
	Image acquisition
	Cell counting
	Confocal microscopy and 3D IMARIS analysis

	RNA extraction and real-time quantitative polymerase chain reaction (RT-qPCR)
	Statistics

	Results
	HFD consumption led to similar body weight gains in male and female mice after 14 weeks
	HFD female mice exhibited a more pronounced satiety profile than male mice after 14 weeks
	HFD male mice showed lower Crh gene expression levels after 14 weeks of HFD feeding
	HFD consumption did not induce a major hypothalamic inflammatory response in male or female mice after 14 weeks
	Long-term HFD exposure induced the downregulation of Iba1 in female mice
	HFD male mice gained more weight, body fat and more rapidly than HFD female mice during a short-term exposure
	Short-term HFD exposure led to specific modulation of neuropeptide gene expression involved in energy balance regulation in a sex- and time-dependent manner between male and female mice
	Short-term HFD exposure was associated with a sex-dependent expression of inflammatory markers in mice
	Short-term HFD exposure did not induce relevant changes in genes related to glial markers in mice but differed by gender
	Signs of structural remodeling of microglia and astrocytes differed between male and female mice after 28 days and 14 weeks of HFD feeding

	Discussion
	Conclusion
	Acknowledgements
	References


