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A B S T R A C T

How the brain senses and responds to early metabolic stress, and why this process fails differently across sexes 
and regions, remains poorly understood. Here we show that biliverdin reductase A (BVRA) loss is associated with 
sex- and brain region-specific effects in response to high-fat diet (HFD) feeding, impairing insulin signaling and 
mitochondrial responses in selected brain regions while being associated with adaptive liver remodeling and 
improved systemic glucose handling in female mice. Using wild-type and whole-body BVRA-deficient mice of 
both sexes exposed to short-term high-fat diet (HFD) followed by dietary normalization, we show that BVRA loss 
is sufficient to induce cortical insulin resistance within just one week, phenocopying eight weeks of HFD and 
preceding detectable oxidative distress or mitochondrial failure. This sequence supports a model in which 
dysfunctional insulin signaling may represent an early event in the cascade of brain metabolic injury. The frontal 
cortex is the earliest and most vulnerable brain region, whereas the hippocampus shows delayed and milder 
alterations, suggesting brain region-specific vulnerability to HFD. Strikingly, F mice develop cognitive impair
ments indistinguishable from M mice despite substantially milder molecular alterations, revealing a sex-specific 
dissociation between molecular severity and functional outcome. After dietary normalization, M mice show 
partial recovery of cortical insulin signaling, mitochondrial function, and recognition memory. In contrast, F 
mice exhibit progressive BVRA decline, worsening insulin signaling uncoupling, and persistent cognitive deficits 
that outlast dietary exposure — revealing a metabolic memory encoded at the molecular level. These findings 
identify BVRA loss as a potential causal and sex-biased determinant of brain metabolic vulnerability, with im
plications for understanding the sex-differential susceptibility to insulin resistance-related neurodegeneration.

1. Introduction

Insulin resistance is a central metabolic alteration linking obesity, 
type 2 diabetes (T2D), and neurodegenerative disorders, including 

Alzheimer's disease (AD) [1,2]. Beyond its systemic metabolic conse
quences, impaired insulin signaling in the brain has emerged as a critical 
contributor to synaptic dysfunction, cognitive decline, and neuro
degeneration, giving rise to the concept of “brain insulin resistance” as a 
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risk factor for neurodegeneration and dementia [1–7]. However, despite 
extensive investigation, the molecular determinants that define why 
specific tissues, brain regions, and sexes display different degrees of 
vulnerability to metabolic stress remain poorly understood. Accumu
lating evidence indicates that metabolic dysfunction does not affect the 
brain uniformly [8,9]. Cortical and hippocampal regions differ in energy 
demand, mitochondrial organization, and stress responsiveness [8,9], 
and these differences are further modulated by sex-specific metabolic 
and hormonal contexts [10]. Notably, while long-term high-fat diet 
(HFD) paradigms have been widely used to model insulin resistance and 
metabolic disease [11], far less is known about the earliest molecular 
events triggered by dietary stress in the brain and about how these early 
changes shape longer-lasting metabolic and cognitive outcomes. This 
gap in knowledge is particularly relevant given that metabolic insults in 
humans often occur intermittently or transiently yet may still seed 
persistent vulnerability.

Biliverdin reductase A (BVRA) has recently emerged as a pleiotropic 
metabolic regulator positioned at the intersection of insulin signaling, 
redox homeostasis, and mitochondrial function [12]. Originally char
acterized for its role in heme metabolism [12], BVRA is now recognized 
as an active signaling protein that modulates insulin receptor pathways 
[12–17], regulates oxidative and nitrosative stress [15,18–22], and in
fluences mitochondrial dynamics and bioenergetic efficiency [15,23]. 
Reduced BVRA levels and activity have been reported in metabolic 
disorders, i.e., obesity [24,25], T2D [21,26], and AD [15,27,28], sug
gesting that BVRA loss may represent a convergent molecular event 
linking metabolic stress to neurodegenerative processes. Nevertheless, 
whether BVRA directly contributes to tissue-specific metabolic vulner
ability, or instead reflects downstream adaptation to metabolic 
dysfunction, remains unresolved. Importantly, BVRA displays region- 
and tissue-specific expression patterns [18,19] and is subject to regu
lation by metabolic state [12,29,30], oxidative stress [18,30], and 
inflammation [30–32]. These properties raise the possibility that BVRA 
may contribute to a molecular buffering system that sets a threshold for 
metabolic resilience, thereby modulating how tissues adapt to metabolic 
challenge. In this context, short-term HFD exposure offers a powerful 
framework to dissect early adaptive versus maladaptive responses, 
allowing separation of primary vulnerability mechanisms from second
ary consequences of prolonged metabolic disease.

Here, we investigated the role of BVRA in modulating, region-, and 
sex-specific responses to short-term dietary stress. Using wild-type and 
BVRA-deficient mice of both sexes exposed to a relatively short HFD, 
followed by dietary normalization, we systematically examined insulin 
signaling, redox balance, mitochondrial function, and cognitive perfor
mance across the frontal cortex (FC), hippocampus (HIP), and liver 
(LIV). This integrative approach allowed us to map a brain region- 
specific pattern of vulnerability and recovery to HFD, to assess how 
reduced BVRA protein levels alter the coupling between insulin 
signaling and mitochondrial adaptation, and whether BVRA-associated 
responses to HFD feeding were shared across central and peripheral 
tissues.

2. Methods

2.1. Mouse colonies

C57BL/6J mice were purchased from Charles River Laboratories. 
Biliverdin reductase A–deficient mice (BVRA− /− ) on a C57BL/6J back
ground [19] were kindly provided by Dr. Bindu D. Paul (Johns Hopkins 
University) under Material Transfer Agreement #A38246. Mice were 
bred and maintained under specific pathogen-free (SPF) conditions at 
the animal facility located at the Department of Anatomical, Histologi
cal, Forensic Medicine and Orthopedics Sciences (SAIMLAL), Sapienza 
University of Rome. Animals were housed in clear Plexiglas cages 
(20 × 22 × 20 cm) under standard laboratory conditions with a tem
perature of 22 ± 2 ◦C and 70% humidity, a 12-h light/dark cycle, and ad 

libitum access to water and standard chow. All the experiments were 
performed in strict compliance with the Italian National Laws (DL 
116/92), the European Communities Council Directives (86/609/EEC). 
Experimental protocol was approved by Italian Ministry of Health au
thorizations (#522/2020-PR and #426/2024-PR). All efforts were made 
to minimize the number of animals used in the study and their suffering.

2.2. Diet

C57BL/6J mice were chosen because they develop systemic and 
brain insulin resistance (but not diabetes) without a pronounced 
development of obesity and adiposity (which could represent con
founding factors) once fed a HFD over 12 weeks, starting at 4 weeks of 
age [11]. Hence, at 4 weeks of age, male (M) and female (F) C57BL/6J 
and BVRA− /− mice were randomly assigned to receive either a purified 
control diet (13% kcal from fat; diet composition: protein 20%, fat 5%, 
fiber 4.7%, ash 6.1%, minerals 3.03%) thereafter standard diet (SD), or a 
purified HFD (60% kcal from fat; diet composition: protein 23.5%, fat 
27.3%, carbohydrate 27.3%, minerals 4.8%) for either 1 week or 8 
weeks. Furthermore, in a subset of C57BL/6J mice, dietary washout 
experiments were performed. In particular, after 8 weeks of HFD, mice 
were switched back to a SD for an additional 8 weeks (HFD8→SD8). M 
and F mice were group-housed (3–5 animals per cage), and maintained 
in separate cages with free access to water and food. Experimental 
groups were defined based on diets (SD or HFD), diet duration (1 week 
or 8 weeks), genotype (+/+ or − /− ) and sex (M or F), and were housed 
separately (Table 1). In F mice, the estrous cycle was monitored 
throughout the dietary intervention. Diets were purchased from Muce
dola srl, Italy. At the end of the dietary intervention, mice underwent a 
series of metabolic, behavioral, and molecular assessments (detailed 
below) and were subsequently sacrificed. Tissues were rapidly collected, 
snap-frozen in liquid nitrogen, and stored at − 80 ◦C until further 
analysis.

2.3. Morphometric analyses

Body weight (g) and body length (cm) were measured in all mice at 
the beginning and at the end of the dietary intervention. Body mass 
index (BMI) was calculated as the ratio between body weight and body 
surface area (BSA, g/m2). BSA was estimated using the DuBois formula 
[33] as follows: 

Body surface area (m2) = 0.007184 x weight (kg)0.425 x body length 
(cm)0.725                                                                                            

Table 1 
Experimental groups used in the project.

Diet Genotype Sex Diet duration ID

SD C57BL/6J M 1 week SD+/+1-M
SD C57BL/6J F 1 week SD+/+1-F
HFD C57BL/6J M 1 week HFD+/+1-M
HFD C57BL/6J F 1 week HFD+/+1-F
SD C57BL/6J M 8 weeks SD+/+8-M
SD C57BL/6J F 8 weeks SD+/+8-F
HFD C57BL/6J M 8 weeks HFD+/+8-M
HFD C57BL/6J F 8 weeks HFD+/+8-F
SD BVRA− /− M 1 week SD− /− 1-M
SD BVRA− /− F 1 week SD− /− 1-F
HFD BVRA− /− M 1 week HFD− /− 1-M
HFD BVRA− /− F 1 week HFD− /− 1-F
SD BVRA− /− M 8 weeks SD− /− 8-M
SD BVRA− /− F 8 weeks SD− /− 8-F
HFD BVRA− /− M 8 weeks HFD− /− 8-M
HFD BVRA− /− F 8 weeks HFD− /− 8-F
HFD8→SD8 C57BL/6J M 8 weeks + 8 weeks WO
HFD8→SD8 C57BL/6J F 8 weeks + 8 weeks WO
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2.4. Intraperitoneal Glucose Tolerance Test (IPGTT)

Mice were fasted for 6 h prior to the IPGTT. Glucose was adminis
tered by intraperitoneal injection at a dose of 1.5 g/kg body weight. 
Blood glucose levels were measured from tail vein blood using a gluc
ometer and test strips (CONTOUR® NEXT, Ascensia Diabetes Care 
Holdings AG, Basel, Switzerland). Glycemia was assessed at baseline 
(0 min) and at 30, 60, 90, and 120 min following glucose injection.

2.5. Behavioral tests

All behavioral assessments were performed during the light phase of 
the cycle by investigators blinded to genotype and dietary condition.

Novel Object Recognition (NOR): Recognition memory was evaluated 
using the NOR test, which exploits the innate tendency of rodents to 
preferentially explore novel objects over familiar ones. The task con
sisted of three sequential phases. On day 1 (habituation), each mouse 
was individually allowed to freely explore an empty open-field arena 
(50 cm length × 30 cm width × 30 cm height) for 10 min.

On day 2 (familiarization), mice were placed in the same arena 
containing two identical objects (two balls) and allowed to explore them 
for 5 min. To avoid forced interaction, animals were released facing the 
center of the opposite wall with their back toward the objects.

On day 3 (test phase), after a 24-h retention interval, mice were 
reintroduced into the arena containing one familiar object and one novel 
object (ball + plastic brick) and allowed to explore for 5 min. Explora
tion times were recorded and used to calculate: the Discrimination Index 
(DI) = (TN − TF)/(TN + TF), where TN and TF represent the time spent 
exploring the novel and familiar objects, respectively; and the Prefer
ence Index (PI) = TN/(TN + TF) × 100. A PI >50% indicated preference 
for the novel object, whereas values ≤ 50% reflected impaired recog
nition memory.

Y-maze test: Short-term spatial recognition memory and exploratory 
activity were assessed using the Y-maze spontaneous alternation task. 
The apparatus consisted of three identical arms (40 cm long × 8 cm high 
× 15 cm wide at the bottom and 10 cm at the top), positioned at 120◦

from each other and converging into a central triangular area (4 cm at its 
longest axis). The test consisted of two phases. During the training ses
sion, mice were placed at the end of one arm and allowed to explore the 
maze for 5 min, with one arm closed. After a 30-min inter-trial interval, 
animals underwent the testing session, in which they were reintroduced 
into the maze with all arms accessible and allowed to explore freely for 
5 min. Entry into an arm was counted when all four paws entered an 
arm. The primary assessment parameters in this test are the time spent in 
the new arm and/or the number of times the animal entered it, which 
function as indicators of its spatial recognition and memory abilities. 
The Preference Index was calculated as: (the number of entries in the 
novel arm/total number of entries) × 100. In addition, the total number 
of arm movements was recorded as an indicator of locomotor activity, to 
ensure that any differences in the exploration of the new arm were not 
due to a change in overall activity.

2.6. Intranasal Insulin (INI) treatment

To assess acute brain insulin signaling responsiveness, a subset of 
mice from each experimental group was subjected to INI administration. 
Animals were fasted for 6 h prior to treatment to minimize variability in 
basal insulin signaling. Human insulin (Humalog®, KwikPen, Eli Lilly 
Nederland B.V.; ATC code A10AB04) was delivered intranasally at a 
total dose of 1 IU (10 μL/nostril) as previously described [15,34,35]. 
Control animals received an equivalent volume of vehicle (sterile saline 
solution). Intranasal delivery was performed by gently pipetting the 
solution onto each nostril, allowing spontaneous inhalation. Thirty mi
nutes after INI or vehicle administration, mice were sacrificed, and brain 
tissues were rapidly dissected, snap-frozen in liquid nitrogen, and stored 
at − 80 ◦C until biochemical analyses.

2.7. Sample preparation

Total protein extracts were obtained from the FC, HIP, and LIV of 
each experimental group. Tissues were homogenized in Tissue Protein 
Extraction Reagent (T-PER; Thermo Fisher Scientific, Waltham, MA, 
USA) supplemented with protease and phosphatase inhibitor cocktails 
(Sigma-Aldrich, St. Louis, MO, USA). Homogenization was performed 
using a Wheaton tissue homogenizer (45 strokes), followed by brief 
sonication to ensure complete lysis. Samples were then centrifuged at 
14,000 rpm for 30 min at 4 ◦C to remove insoluble debris. The resulting 
supernatants were collected, and total protein concentration was 
determined using the bicinchoninic acid (BCA) assay according to the 
manufacturer's instructions (Thermo Fisher Scientific).

2.8. Western blot

Equal amounts of protein (15 μg) were resolved by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) using 4–15% 
gradient Criterion TGX Stain-Free precast gels (Bio-Rad, Hercules, CA, 
USA) in Tris/Glycine/SDS (TGS) running buffer (Bio-Rad Laboratories, 
#1610772). Immediately after electrophoresis, gels were UV-activated 
using a ChemiDoc MP imaging system (Bio-Rad Laboratories, 
#17001402) and Image Lab software (Bio-Rad) to acquire total protein 
load images. Proteins were then transferred onto nitrocellulose mem
branes using the Trans-Blot Turbo semi-dry transfer system (Bio-Rad 
Laboratories, #1704150). Membranes were blocked in Tris-buffered 
saline (TBS) containing 0.01% Tween-20 and 3% bovine serum albu
min (SERVA Electrophoresis GmbH, Heidelberg, Germany) and incu
bated overnight at 4 ◦C with primary antibodies listed in Table 2. After 
washing, membranes were incubated for 1 h at room temperature with 
the appropriate horseradish peroxidase–conjugated secondary anti
bodies (Table 2). Immunoreactive bands were visualized using Clarity 
enhanced chemiluminescence (ECL) substrate (Bio-Rad Laboratories, 
#1705061) and acquired with the ChemiDoc MP imaging system. 
Densitometric analyses were performed using Image Lab 6.1 software 
(Bio-Rad Laboratories). Protein expression levels were normalized to 
total protein load using stain-free technology. This approach allows 

Table 2 
List of antibodies used in the project.

Antigen Supplier Host Dilution

Primary antibody
3-NT R&D – MAB48 M 1:500
4-HNE R&D – MAB3249 M 1:500
AKT Cell Signaling - 9272S R 1:1000
AMPK Invitrogen – MA514922 M 1:1000
BVRA Enzo – ADIOSA450E R 1:1000
Complex I (NDUFB8) Abcam – AB192878 R 1:5000
drp1 Cell Signaling - #14647 M 1:1000
GSK3β Invitrogen – PA595845 R 1:1000
mTOR Biolegend – 6H9B10 M 1:1000
NRF1 Invitrogen – MA532782 R 1:1000
P70S6K Cell Signaling – 9202S R 1:1000
PARKIN Abcam - AB77924 M 1:1000
PGC1α Proteintech – 663691ig M 1:10000
phospho(S2448)-mTOR Cell Signaling – 5536S R 1:1000
phospho(S473)-AKT Cell Signaling – 4060S R 1:1000
phospho(S9)-GSK3β Cell Signaling – 9336S R 1:1000
phospho(T172)-AMPK Cell Signaling – 2535S R 1:1000
phospho(T389)-P70S6K Cell Signaling – 9206S M 1:1000
Protein Carbonyl Sigma-Aldrich - S7150 R 1:5000
TFAM Santa Cruz – sc166965 M 1:1000
Total OXPHOS Abcam – Ab110413 M 1:3000
HRP-conjugated secondary antibodies:
mouse IgG Biorad - L005662 ​ 1:10000
rabbit IgG Biorad - L005661 ​ 1:10000
Alkaline phosphatase-conjugated secondary antibodies:
mouse IgG Sigma-Aldrich - A3688 ​ 1:10000
rabbit IgG Sigma-Aldrich - A9919 ​ 1:10000
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accurate lane-to-lane normalization by quantifying the total protein 
signal and minimizes variability associated with reference proteins.

2.9. Slot blot analysis

To evaluate total protein-bound (i) 4-hydroxy-2-nonenal (4-HNE) 
and (ii) 3-nitrotyrosine (3-NT) levels, 5 μL of FC, HIP, and LIV protein 
homogenates were incubated with 10 μL of Laemmli buffer (0.125 M 
Tris base, pH 6.8, 4% (v/v) SDS, and 20% (v/v) glycerol) for 20 min at 
room temperature and then loaded onto nitrocellulose membranes as 
described below. For the detection of protein carbonyls (PC), 3 μL of FC, 
HIP, and LIV protein homogenates were first derivatized at room tem
perature for 20 min in 10 mM 2,4-dinitrophenylhydrazine (DNPH) and 
5 μL of 12% sodium dodecyl sulfate (SDS). Samples were subsequently 
neutralized with 7.5 μL of neutralization solution (2 M Tris base in 30% 
glycerol). For all analyses, 250 ng of total protein were loaded per well 
onto nitrocellulose membranes under vacuum using a slot blot appa
ratus. Membranes were blocked for 1 h at room temperature with 3% 
bovine serum albumin (SERVA Electrophoresis GmbH, Heidelberg, 
Germany) in Tris-buffered saline (TBS) containing 0.01% Tween-20 and 
then incubated for 2 h at room temperature with the appropriate pri
mary antibodies (anti-PC, anti-4-HNE or anti–3-NT; see Table 2). After 
three washes with TBS containing 0.01% Tween-20, membranes were 
incubated for 1 h at room temperature with the corresponding alkaline 
phosphatase–conjugated secondary antibodies (Table 2). Membranes 
were then washed three additional times and developed using Sigma 
Fast BCIP/NBT substrate (5-bromo-4-chloro-3-indolyl phosphate/nitro 
blue tetrazolium). Blots were air-dried, acquired using a ChemiDoc MP 
imaging system (Bio-Rad Laboratories, Hercules, CA, USA, #17001402), 
and analyzed with Image Lab software (version 6.0; Bio-Rad). No non- 
specific antibody binding to the membrane was detected. To allow 
comparison across samples processed on different slot blot membranes, 
two internal control samples were included on each membrane. These 
internal controls were loaded together with experimental samples in 
every slot blot run. Signal intensities were first normalized to the 
average of the internal control samples for each membrane, thereby 
correcting for inter-membrane variability. Subsequently, all normalized 
values were pooled and expressed relative to the mean value of the WT 
standard diet group at 1 week, which was set as reference.

2.10. BVRA ELISA assay

BVRA protein levels were quantified in FC, HIP, and LIV samples 
using a commercially available ELISA kit (Cat# LS-F74186, LifeSpan 
BioSciences, Seattle, WA, USA), following the manufacturer's in
structions. Protein concentrations were determined prior to the assay, 
and equal amounts of total protein were loaded for each sample. BVRA 
levels were normalized to total protein content and expressed as ng of 
BVRA per μg of total protein.

2.11. PanY IRS1 ELISA assay

PanY of IRS1 in FC, HIP, and LIV samples were evaluated by an ELISA 
kit (PathScan® Phospho-IRS-1 (panTyr) Sandwich, Cat#7133, Cell 
Signaling Technology, Danvers, USA) according to the manufacturer's 
instructions. The amount of IRS1 Y phosphorylation was detected at 
450 nm.

2.12. Electron Transport Chain (ETC) complexes enzymatic activity 
measurements

Mitochondrial complexes activities were measured in cryopreserved 
FC, HIP, and LIV samples, as previously described by Valenti et al. [36] 
with minor modifications. Tissue dissections were performed in ice-cold 
preservation buffer containing 50 mM K-MES (pH 7.1), 3 mM K2HPO4, 
9.5 mM MgCl2, and 3 mM ATP. Samples were then transferred to 

cryotubes containing the same buffer supplemented with 20% glycerol 
and 10 mg/mL fatty acid–free bovine serum albumin. Tissues were 
rapidly frozen in liquid isopentane to ensure uniform cryopreservation 
and maintained at − 30 to − 35 ◦C before long-term storage at − 80 ◦C or 
on dry ice. For enzymatic assays, cryopreserved tissues were thawed on 
ice and the activities of mitochondrial Complex I, Complex II, and 
Complex IV measured using commercially available kits according to the 
manufacturer's instructions. For instance, Complex I Enzyme Activity Kit 
(ab109721), Complex II Enzyme Activity Kit (ab109908), and Cyto
chrome c Oxidase (Complex IV) Assay Kit (ab239711) (Abcam, Cam
bridge, UK).

2.13. Bio-plex assay

A magnetic bead–based immunoassay was used to measure levels of 
eight phosphoproteins pertaining to the insulin signaling pathway in the 
FC, HIP and LIV samples. All mediators were assayed in multiplex using 
the Bio-Plex ProCell Signaling protein kinase B (Akt) Panel, 8-plex (Bio- 
Rad Laboratories, #LQ00006JK0K0RR) to measure levels of the 
following phosphorylated proteins: insulin receptor substrate- 1 at S636 
(pIRS1Ser636), phosphatase and tensin homolog at S380 (pPTENS380), 
serine/threonine protein kinase Akt-1 at S473 (pAKTS473), glycogen 47 
synthase kinase- 3α/β at S21/S9 (pGSK-3α/βS9), mTOR at S2448 
(pmTORS2448), p70 S6 kinase at T389 (pP70S6KT389), ribosomal protein 
S6 kinase beta-1 at S235/236 (pS6S235/S236), and the Bcl2-associated 
agonist of cell death at S136 (pBADS136). Experiments were run on a 
Bio-Plex System with Luminex xMAP Technology (Bio-Rad Labora
tories) and data were acquired on a Bio-Plex Manager Software 6.1 (Bio- 
Rad Laboratories) with instrument default settings. Median fluorescence 
intensities (MFI) corrected for the blank background were obtained for 
all analytes and results were calculated as the ratio between the MFI of 
phosphorylated targets and total proteins.

2.14. Statistical analysis

Statistical analyses were performed using GraphPad Prism (version 
10.0). Data are presented as mean ± SEM unless otherwise specified. 
Normality of data distribution was assessed using the Shapiro–Wilk test. 
Comparisons between two independent groups were performed using 
unpaired two-tailed Student's t-test. Comparisons among multiple 
groups were performed using analysis of variance (ANOVA), with the 
statistical model matched to the factorial structure available for each 
endpoint. For endpoints in which all combinations of diet (SD vs HFD), 
genotype (+/+ vs − /− ), and diet duration were available, three-way 
ANOVA was applied to assess main effects and interaction terms. 
When missing values were present within otherwise factorially struc
tured datasets, mixed-effects models fitted by restricted maximum 
likelihood (REML) were used to test the same main effects and inter
action terms. For several molecular endpoints, however, the experi
mental design was intentionally not fully crossed but organized as a 
hypothesis-driven set of comparisons around a defined reference con
dition (see below), so that not all factorial cells were present. Under 
these conditions, endpoints were analyzed by one-way ANOVA followed 
by Dunnett's post hoc test. The hypothesis-driven one-way ANOVA/ 
Dunnett analyses are reported in Supplementary Table 1–6, whereas the 
additional factorial analyses are reported in Supplementary 
Tables 7–10. Given that the reduction of BVRA protein levels repre
sented the primary biological hypothesis of the study, the statistical 
analyses were performed accordingly. BVRA expression levels were first 
analyzed by one-way ANOVA to identify the dietary condition associ
ated with a significant reduction in BVRA. This analysis demonstrated 
that BVRA levels were selectively reduced after 8 weeks of HFD, but not 
after 1 week of HFD or under SD. Based on these results, the HFD 8-week 
condition (HFD+/+8) was defined as the reference group for subsequent 
analyses. Accordingly, for insulin-signaling, mitochondrial, and redox- 
related endpoints, comparisons were primarily performed using one- 
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way ANOVA followed by Dunnett's post hoc test, comparing all exper
imental groups to HFD+/+8. This approach allowed assessment of 
whether BVRA reduction was associated with specific molecular alter
ations and whether BVRA-deficient mice phenocopied the changes 
observed in WT mice under HFD. To further evaluate whether BVRA loss 
was sufficient to induce these alterations, additional one-way ANOVA 
analyses were conducted comparing WT and BVRA− /− mice at early 
time points (SD and HFD, 1 week). These analyses were designed to 
determine whether BVRA deficiency alone was able to reproduce mo
lecular features otherwise observed only after prolonged dietary stress. 
Correlations between continuous variables were assessed using Pear
son's correlation coefficient. Values were standardized by z-score 
transformation separately for each sex and region, using the mean and 
standard deviation calculated from the corresponding pooled group 
(z = [x − mean]/SD). z-score standardization was restricted to the WT 
groups in which BVRA is expressed and shows a graded reduction (HFD1 
and HFD8), since the aim was to test whether variation in BVRA levels is 
associated with changes in insulin-signaling readouts. A p value < 0.05 
was considered statistically significant. For each figure panel, the spe
cific statistical test applied, and the number of biological replicates is 
reported in the figure legends.

3. Results

3.1. Peripheral metabolic alterations associated with BVRA loss under 
HFD

To characterize the systemic metabolic state associated with BVRA 
deficiency and HFD exposure, we first examined body weight, BMI, BSA, 
and fasting glucose in WT mice fed with SD (SD+/+) or HFD (HFD+/+) 
and BVRA− /− mice following the same diet regimen (thereafter, SD− /−

and HFD− /− ) for 1 and 8 weeks [37]. WT and BVRA− /− mice did not 
differ in terms of body weight, BMI, or BSA at the beginning of the di
etary intervention (T0). Short-term HFD did not alter body weight, BMI, 
or BSA in WT or BVRA− /− mice of either sex at one or eight weeks, 
except for a modest BSA increase in BVRA− /− F mice at 8 weeks 
(Fig. 1A–F). Fasting glucose was similarly unaffected by genotype or diet 
across groups. HFD impaired glucose tolerance in M mice at both 
timepoints, as measured by the IPGTT area under the curve (AUC), 
independently of BVRA genotype (Fig. 1G–L). In F mice, HFD likewise 
impaired glucose tolerance in WT animals; however, BVRA− /− F mice 
were protected from this effect, maintaining AUC values comparable to 
SD-fed WT mice under both 1- and 8-weeks HFD (Fig. 1M–R). BVRA 
deficiency was associated with a sex-specific systemic glucose pheno
type, in which HFD-induced glucose intolerance was not observed in 
BVRA− /− F mice.

3.2. Metabolic stress promotes a reduction of BVRA in a sex- and region- 
dependent manner

To determine whether HFD promotes a reduction of BVRA protein 
levels as observed in humans [25], we evaluated levels of BVRA in the 
FC, HIP and LIV of SD+/+ or HFD+/+ and BVRA− /− mice (SD− /− and 
HFD− /− ) after 1 and 8 weeks of diet (Fig. 2A). BVRA was undetectable in 
BVRA− /− mice confirming the validity of the genetic model (Fig. 2B). 
HFD+/+ mice exhibited a significant decrease of BVRA protein levels in 
both the brain and in the LIV after 8 weeks of diet, with sex-dependent 
differences (Fig. 2C–D). BVRA protein levels were significantly reduced 
as function of both diet (SD vs HFD) and diet exposure (1-week HFD vs 
8-weeks HFD) in the FC of HFD+/+8-M and HFD+/+8-F mice (Fig. 2C and 
D). A significant reduction was also observed in the HIP of HFD+/+8-M 
mice (Fig. 2C), whereas no changes were detected in the HIP of 
HFD+/+8-F mice (Fig. 2D). In parallel, lower BVRA protein levels only in 
the LIV of HFD+/+8-F mice, were observed (Fig. 2D). Notably, basal 
BVRA abundance differed across tissues in a sex-dependent pattern: in M 
mice, BVRA was highest in the LIV relative to FC and HIP; in F mice, both 

HIP and LIV showed higher basal BVRA than the FC (Fig. 2C–D). This 
tissue-specific gradient of basal BVRA abundance is consistent with the 
differences we observed between the FC and the HIP and with the LIV 
ability to cope with HFD-induced metabolic stress described in subse
quent sections.

3.3. Loss of BVRA triggers the development of insulin resistance in the FC 
of M mice under HFD

To assess whether BVRA deficiency is associated with early alter
ations in brain insulin-signaling response and whether this mechanism is 
relevant to the development of cell metabolism alterations, we first 
evaluated the basal activation of key components of the insulin pathway 
in the FC of WT and BVRA− /− mice (Fig. 3A–J). These analyses were 
performed using an ELISA assay to quantify panIRS1Y levels along a 
multiplex approach, which allows the simultaneous quantification of 
multiple phospho-targets, i.e., pIRS1S636, pPTENS380, pAKTS473, 
pGSK3βS9, pmTORS2448, pP70S6KT389, and pS6S235/S236, pBADS136. 
HFD+/+8-M mice, show a marked increase of IRS1 inhibition 
(pIRS1S636) (Fig. 3B). Downstream from IRS1, a significant increase of 
AKT activation (pAKTS473, Fig. 3D) along with a consistent modulation 
of AKT targets including the inhibition of GSK3β (pGSK3βS9, Fig. 3E), the 
hyper-activation of the mTOR (pmTORS2448, Fig. 3F) and the activation 
of BAD (pBADS136, Fig. 3G), were observed. Activation of P70S6K 
(pP70S6KT389) did not show significant change (Fig. 3H), while its 
downstream target S6 protein was found significantly activated 
(pS6S235/S236, Fig. 3I). This pattern is consistent with established 
markers of brain insulin resistance [1,3,34]. Remarkably, BVRA− /− M 
mice recapitulated this full signaling signature after only one week of 
HFD (HFD− /− 1-M), phenocopying the molecular profile of HFD+/+8-M 
(Fig. 3A–I). In addition, several signaling differences were already 
evident in SD− /− 1-M mice. Both PTEN inhibition (pPTENS380) (Fig. 3C) 
and pP70S6KT389 (Fig. 3H) levels were significantly reduced in 
SD− /− 1-M compared to SD+/+1-M, suggesting that the absence of BVRA 
alters the basal insulin signaling tone and primes the system for an 
aberrant response to metabolic stress. The reduction of BVRA protein 
levels in the HFD+/+ group (HFD+/+1→ HFD+/+8) showed strong 
negative correlations with multiple components of the insulin signaling 
cascade, including AKT, GSK3β, and the mTOR–S6 axis (Fig. 3K–L), 
consistent with BVRA abundance setting the dynamic range of cortical 
insulin responsiveness. Furthermore, and in agreement with previous 
data [15,38], BVRA− /− mice show no changes for pGSK3βS9 (Fig. 3E) 
despite increased AKT activation. The experimental design also included 
BVRA− /− mice exposed to both SD and HFD for 8 weeks, enabling sys
tematic comparison across genotypes, diets, and timepoints. Eight-week 
BVRA− /− data confirmed a signaling profile distinct from HFD+/+8-M 
and are presented in Supplementary Table 1A. Factorial analysis further 
supported an endpoint-specific remodeling of cortical insulin signaling 
in M mice, involving genotype, diet, diet duration, and selected inter
action terms, consistent with the interpretation that BVRA deficiency 
modifies the temporal response of the pathway to metabolic stress 
(Supplementary Table 7A).

3.4. Acute insulin responsiveness is impaired in the FC of M mice fed with 
HFD

To test whether basal signaling alterations translated into defective 
acute insulin responsiveness, we administered intranasal insulin (INI) to 
WT and BVRA− /− mice and we evaluated pathway activation by looking 
at key targets, i.e., panIRS1Y, AKT, GSK3β, mTOR and P70S6K 
(Fig. 4A–J). Based on the results described above, we compared HFD+/ 

+8-M mice with BVRA− /− mice after 1 week of diet (both SD− /− 1-M and 
HFD− /− 1-M). These conditions were the most informative for mecha
nistic analyses unraveling how brain insulin resistance develops. SD+/ 

+8-M mice were included as the normometabolic reference. In SD+/+8- 
M mice, INI treatment did not increase panIRS1Y levels after 30 min 
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(Fig. 4A, F, and 4G). However, INI significantly activated AKT (Fig. 4B, 
F, and 4G) and mTOR (Fig. 4D, F, and 4G) suggesting a functional 
transduction of the insulin signaling, likely due to earlier IRS1 activation 
peaking before 30 min [15,29,34,35,39,40]. In contrast, HFD+/+8-M 
mice failed to respond to INI, showing no IRS1 activation and no 

modulation of downstream signaling, indicating impaired cortical in
sulin sensitivity after dietary stress (Fig. 4A–G). Notably, INI adminis
tration in HFD+/+8-M mice induced a further significant reduction of 
BVRA protein levels (Fig. 4H and I). This observation suggests that, 
under conditions of metabolic stress, acute insulin stimulation elicits 

Fig. 1. Peripheral metabolic alterations associated with BVRA loss under HFD. 
(A and D) Body weight (g), (B and E) body mass index (BMI, g/m2), and (C and F) body surface area (BSA, m2) evaluated in WT and BVRA− /− mice (M and F) at the 
beginning of the diet (T0) and after 1 week or 8 weeks of either SD or HFD. n = 10-23 mice/group. One-way ANOVA with Bonferroni post-hoc test. **p < 0.01, ***p 
< 0.001 
(G) Intraperitoneal glucose tolerance test (IPGTT) performed in male WT or BVRA− /− mice after 1 week of either SD or HFD. n = 7-9 mice/group. 
(H) Intraperitoneal glucose tolerance test (IPGTT) performed in male WT or BVRA− /− mice after 8 weeks of either SD or HFD. n = 7-16 mice/group. 
(I) Results of the Three-way ANOVA relative to the IPGTT performed in male WT or BVRA− /− mice after 1 week of either SD or HFD. 
(J) Results of the Three-way ANOVA relative to the IPGTT performed in male WT or BVRA− /− mice after 8 weeks of either SD or HFD. 
(K) Area Under Curve (AUC) relative to the IPGTT performed in male WT or BVRA− /− mice after 1 week of either SD or HFD. n = 7-9 mice/group. One-way ANOVA 
with Bonferroni post-hoc test. **p < 0.01, ***p < 0.001 
(L) Area Under Curve (AUC) relative to the IPGTT performed in male WT or BVRA− /− mice after 8 weeks of either SD or HFD. n = 7-16 mice/group. One-way ANOVA 
with Bonferroni post-hoc test. **p < 0.01, ***p < 0.001 
(M) Intraperitoneal glucose tolerance test (IPGTT) performed in female WT or BVRA− /− mice after 1 week of either SD or HFD. n = 5-8 mice/group. 
(N) Intraperitoneal glucose tolerance test (IPGTT) performed in female WT or BVRA− /− mice after 8 weeks of either SD or HFD. n = 9-14 mice/group. 
(O) Three-way ANOVA relative to the IPGTT performed in female WT or BVRA− /− mice after 1 week of either SD or HFD. 
(P) Three-way ANOVA relative to the IPGTT performed in female WT or BVRA− /− mice after 8 weeks of either SD or HFD. 
(Q) Area Under Curve (AUC) relative to the IPGTT performed in female WT or BVRA− /− mice after 1 week of either SD or HFD. n = 5-8 mice/group. One-way ANOVA 
with Bonferroni post-hoc test. **p < 0.01, ***p < 0.001 
Area Under Curve (AUC) relative to the IPGTT performed in female WT or BVRA− /− mice after 8 weeks of either SD or HFD. n = 9-14 mice/group. One-way ANOVA 
with Bonferroni post-hoc test. **p < 0.01, ***p < 0.001.

Fig. 2. HFD promotes BVRA loss in a region- and sex-dependent manner. 
(A) Schematic representation of the study design 
(B) Representative western blotting images of BVRA protein levels evaluated in the frontal cortex (FC), hippocampus (HIP) and liver (LIV) of wild-type mice (C57BL/ 
6J+/+) and BVRA deficient mice (C57BL/6J− /− ) of both sex (M and F). 
(C) BVRA protein levels evaluated in the frontal cortex (FC), hippocampus (HIP) and liver (LIV) of M mice fed with SD or HFD for either 1 week or 8 weeks. n = 6-9 
mice/group. 
(D) BVRA protein levels evaluated in the frontal cortex (FC), hippocampus (HIP) and liver (LIV) of F mice fed with SD or HFD for either 1 week or 8 weeks. n = 6-9 
mice/group. 
Data presented as mean ± SEM. Differences were tested separately for each region (in black). Differences in basal BVRA levels (in red) were also tested across 
different regions and tissues. One-way ANOVA with Bonferroni post-hoc test. *p < 0.05, ***p < 0.001.
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downregulation of BVRA, potentially serving as a compensatory attempt 
to enhance insulin signaling sensibilization at the level of IRS1 [12]. 
However, despite this further reduction, downstream pathway activa
tion remained defective, indicating that acute BVRA loss is insufficient 
to restore coordinated insulin signal propagation. In line with this, 
SD− /− 1-M mice showed partial responsiveness to INI, with increased 
panIRS1Y levels and AKT activation, without significant differences 
observed for the other targets (Fig. 4A–G), consistent with the proposed 
role for BVRA [12]. Strikingly, HFD− /− 1-M mice showed a dysregulated 

response to INI, closely mimicking what observed in HFD+/+8-M mice: 
no changes for panIRS1Y and AKT activation, but abnormally increased 
GSK3β inhibition and mTOR activation, along with reduced P70S6K 
activation (Fig. 4A–G). In addition, BVRA− /− mice stimulated with INI 
after 8 weeks of SD or HFD show a profoundly aberrant signaling 
response with sustained phosphorylation of multiple targets at levels 
markedly higher than those observed in WT mice (Supplementary 
Fig. 1A–E). Together, these findings establish that BVRA depletion — 
whether genetic or diet-induced — abolishes acute cortical insulin 

(caption on next page)

S. Lanzillotta et al.                                                                                                                                                                                                                             Redox Biology 97 (2026) 104404 

8 



responsiveness in M mice and that HFD− /− 1-M phenocopy the full mo
lecular signature of established brain insulin resistance in HFD+/+8-M 
mice.

3.5. BVRA deficiency is sufficient to induce insulin resistance in the FC of 
F mice

We analyzed the same signaling components in the FC of F mice 
(Fig. 5A–J). Unlike M mice, 8-weeks of HFD did not induce classical IRS1 
inhibition in the FC of F mice, as no significant increase of pIRS1S636, 
was observed (Fig. 5B). HFD produced milder but consistent alterations 
downstream from IRS1 compared to M mice, including increased levels 
of pAKTS473 (Fig. 5D), pGSK3βS9 (Fig. 5E), pmTORS2448 (Fig. 5F), and 
pS6S235/S236 (Fig. 5I) along with reduced pPTENS380 levels (Fig. 5C). 
This pattern indicates that cortical insulin alterations are at an earlier 
and less penetrant stage in F mice, lacking the prominent IRS1 inhibition 
that characterizes the male response. Similar alterations were evident in 
SD− /− 1-F mice (Fig. 5A–I) suggesting that loss of BVRA is sufficient to 
trigger such changes in the absence of metabolic stress. SD− /− 1-F mice 
also showed a robust increase in pGSK3βS9 without proportional 
pAKTS473 elevation (Fig. 5E), consistent with an AKT-independent 
mechanism of GSK3β dysregulation distinct from the canonical BVRA- 
AKT-GSK3β axis previously reported [41]. Correlation analysis revealed 
that BVRA levels were significantly associated only with PTEN inhibi
tory phosphorylation in HFD+/+8-F mice (Fig. 5K). This selective asso
ciation aligns with the hypothesis that BVRA loss might act as a priming 
event that predisposes the pathway to post-receptor insulin resistance, 
even before overt downstream alterations. Also in F mice, chronic BVRA 
deficiency promoted a significant impairment of the basal insulin 
signaling pathway after 8 weeks of SD or HFD (Supplementary 
Table 1B). Factorial analysis further supported that BVRA deficiency is 
sufficient to promote specific remodeling of cortical insulin signaling in 
F mice, mainly affecting downstream pathway nodes rather than 
inducing a prominent IRS1 inhibition (Supplementary Table 7B).

3.6. Loss of BVRA is sufficient to impair acute insulin responsiveness in 
the FC of F mice

The hypothesized vulnerability of insulin signaling in the FC of F 
mice fed with HFD became even more evident upon INI administration. 
As observed in SD+/+8-M mice, no changes for panIRS1Y levels were 
found (Fig. 6A). INI elicited a significant physiological response char
acterized by the increase of AKT (Fig. 6B, F and 6G) and mTOR acti
vation (Fig. 6D, F and 6G), along with reduced GSK3β inhibition in SD+/ 

+8-F mice (Fig. 6C, F and 6G). In striking contrast, INI failed to promote 
insulin signaling activation in the FC of HFD+/+8-F (Fig. 6A–G). This 
defective response was accompanied by a further acute reduction of 

BVRA levels (Fig. 6H–I), mirroring the male HFD response. Notably, the 
impaired response to acute insulin occurred in the absence of increased 
pIRS1S636 levels at baseline, demonstrating that functional insulin 
resistance in female FC can be established independently of canonical 
IRS1 inhibition and due to reduced BVRA. In agreement, the effects 
produced by the INI administration to SD− /− 1-F mice closely resembled 
to those observed in HFD+/+8-F mice (Fig. 6A–G). This impairment 
persists in HFD− /− 1-F mice (Fig. 6A–G). BVRA− /− mice stimulated with 
INI after 8 weeks of SD or HFD show a profoundly aberrant signaling 
response (Supplementary Fig. 2) as for male, thus reinforcing the role for 
chronic BVRA loss.

These findings support a model in which loss of BVRA represents a 
critical and sufficient determinant of insulin resistance development in 
the female brain, even in the absence of canonical IRS1 inhibition.

3.7. Cortical insulin resistance precedes oxidative distress

To establish the temporal relationship between dysfunctional insulin 
signaling and oxidative distress, we quantified three established oxida
tive distress markers [27,42–45], i.e., 4-HNE, 3-NT, PC, in the FC of M 
and F mice. In WT animals, neither sex showed significant changes in 
oxidative distress markers following 8 weeks of HFD (Fig. 7A–F), indi
cating that a relatively short dietary stress was not sufficient to induce 
oxidative distress in the FC. This temporal dissociation — insulin 
signaling dysfunction preceding oxidative stress — positions brain in
sulin resistance as an early consequence of BVRA reduction rather than a 
downstream effect of oxidative injury. Conversely, BVRA− /− mice 
exhibited a marked increase of the measured markers. In M mice, 4-HNE 
were elevated regardless of diet, while 3-NT and PC levels were signif
icantly increased only in response to HFD (Fig. 7A, C, and 7E, 
Supplementary Table 2A). In F mice all the three markers were elevated 
regardless of diet (Fig. 7B, D, and 7F, Supplementary Table 2B), sug
gesting a greater susceptibility to oxidative damage, in agreement with 
the insulin signaling alterations. Factorial analysis further supported 
that FC oxidative distress was predominantly associated with BVRA 
deficiency, with marker- and sex-specific interaction patterns rather 
than a uniform diet-driven oxidative response (Supplementary 
Table 7A–B). The increase in oxidative distress marker levels observed 
in BVRA− /− mice was consistent with our prior studies, which showed 
that genetic depletion of BVRA perturbs redox balance [18,19].

Given that BVRA levels were decreased only in WT mice after 8 
weeks of HFD, and the alterations in insulin signaling closely resembled 
those detected in BVRA− /− mice already after just 1 week of either SD or 
HFD in a sex-dependent manner, we conducted all subsequent analyses 
on these specific groups. This approach facilitated identification the 
earliest molecular changes associated with BVRA deficiency, while 
minimizing the confounding effects of long-term dietary exposure.

Fig. 3. Loss of BVRA triggers the development of insulin resistance in the FC of M mice 
(A-I) Levels of proteins of the insulin signaling evaluated in the FC of WT and BVRA− /− M mice fed with SD or HFD for either 1 week or 8 weeks. n = 6 mice/group. 
Data presented as mean ± SEM. One-way ANOVA with Dunnett's post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p < 0.01, ***p < 0.001 vs HFD+/ 

+1; §p < 0.05, §§p < 0.01, §§§p < 0.001 vs SD+/+8. 'To test whether BVRA deficiency in BVRA− /− mice phenocopies changes observed in WT mice fed with HFD for 8 
weeks a further one-way ANOVA followed by Bonferroni post-hoc test was performed comparing WT and BVRA− /− mice at early time points (SD and HFD, 1 week). 
Groups found significantly different were highlighted by the relative legend. *p < 0.05, **p < 0.01. 
(J) Schematic representations reporting the activation (green), inhibition (red) or no changes (grey) of the proteins of the insulin signaling in WT mice fed with HFD 
for 8 weeks and BVRA− /− mice fed with SD or HFD for 1 week. 
(K) Pearson correlations between BVRA protein levels and proteins of the insulin signaling evaluated in the FC of WT M mice fed with HFD for either 1 week or 8 
weeks. Significant correlations are reported in red. p values are shown. 
(L) Schematic representation of the insulin signaling with highlighted key points known to be regulated by BVRA as established by previous studies [see Tramutola A 
et al., Trends Endocrinol Metab 2026]. Upon insulin binding, the insulin receptor (IR) autophosphorylates on Y residues, activating its kinase activity and phos
phorylating the insulin receptor substrate-1 (IRS1) on Y sites. IR also phosphorylates BVRA, which then acts as a S/T/Y kinase, phosphorylating IRS1 on inhibitory S 
residues as part of a regulatory loop that limits excessive IRS1 activation. Once activated, IRS1 promotes the activation of AKT (pAKTS473) axis, which regulates 
glucose uptake via GLUT4 translocation and modulates key metabolic nodes including: (i) the inhibition of GSK3β (pGSK3βS9) that contribute to cell metabolism, (ii) 
the inhibition of BAD (pBADS136) that prevents apoptosis and favors cell survival, and (iii) the activation of the mTOR axis (pmTORS2448/pP70S6KT389/pS6S235/S236), 
that regulates autophagy, protein synthesis and cell survival. Activation of insulin signaling downstream from IRS1 is also regulated by phosphatase PTEN which 
converts PIP3 in PIP2 thus preventing AKT activation. PTEN is inhibited once phosphorylated at S380 (pPTENS380).
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3.8. Loss of BVRA is associated with mitochondrial adaptation in the FC 
of M mice under metabolic stress

Insulin resistance impairs mitochondrial function, particularly in 
brain regions enriched with insulin receptors and critically involved in 
memory processing [15,46–49], resulting in alterations of the ETC ac
tivity [15,46–49]. To investigate the impact of insulin resistance and 
BVRA deficiency on mitochondrial function, we assessed the expression 
and activity of mitochondrial complexes, as well key regulators of 
mitochondrial fitness, in the FC.

In HFD+/+8-M a significant reduction in the expression of several 
OXPHOS subunits, i.e., CI, CII, CIII, and CIV, was observed, while CV 
levels remained unchanged (Fig. 8A–F). This pattern was closely 
mirrored in BVRA− /− mice already after 1 week of SD or HFD, con
firming that BVRA deficiency is sufficient to induce mitochondrial 
remodeling. CV levels were significantly reduced only in HFD− /− 1-M 
mice (Fig. 8A–F), suggesting that stronger conditions, such as the com
bination of BVRA deficiency (or a major decrease, if we look at WT mice) 
and dietary stress, are required. Despite the reduction in structural 
components, enzymatic activities of CI, CII, and CIV were preserved in 
HFD+/+8-M mice, and even increased in BVRA− /− mice at 1 week, 
regardless of diet (Fig. 8G–I), revealing a dissociation between structural 
and functional mitochondrial integrity. To identify the regulatory 
mechanism underlying this compensation, we measured key markers of 
mitochondrial fitness. Active AMPK form, as measured by phosphory
lation at T172 (pAMPKT172), was preserved in both WT and BVRA− /−

mice regardless of diet, even in the presence of reduced total AMPK 
levels (Fig. 8J-L). In contrast, PGC1α was reduced in HFD− /− 1-M mice 
only, while NRF1 and TFAM were unchanged across all groups (Fig. 8J 
and 8M-O), dissociating AMPK activation from the canonical tran
scriptional biogenesis program [50,51]. DRP1 protein was elevated in 
HFD+/+8-M and BVRA− /− mice (Fig. 8J and P), while PARKIN was 
unchanged (Fig. 8J and Q), likely suggesting activation of mitochondrial 
fission without concurrent mitophagy. Mitochondrial fragmentation 
reflects an adaptive quality-control response, whereby damaged mito
chondria are segregated, yet the remaining network becomes function
ally hyperactive to sustain energetic demand [51–53]. Together, these 
data propose AMPK-driven DRP1-dependent mitochondrial fission, in
dependent from both transcriptional biogenesis and mitophagic clear
ance, as a potential adaptive mechanism sustaining ETC function in male 
FC during the early phase of BVRA depletion-induced metabolic stress.

3.9. Mitochondrial adaptation fails in the FC of F mice under metabolic 
stress

In the FC of HFD+/+8-F mice a broad reduction in ETC subunits was 
observed, as for M mice. CII and CIII were significantly decreased 
(Fig. 9A–F), while CI and CV showed a near-significant reduction 
(Fig. 9A–F), a pattern also observed in BVRA− /− mice (Fig. 9A–F), that 
reflects a downstream consequence of BVRA loss. In contrast to M mice, 
this structural remodeling was not accompanied by functional 

compensation (Fig. 9G–I). CI activity was increased (Fig. 9G), but CIV 
activity was significantly reduced in both HFD+/+8-F and BVRA− /− mice 
(Fig. 9I), indicating compromised OXPHOS functionality at a terminal 
control node of the ETC.

Phosphorylation of AMPK was significantly increased in both HFD+/ 

+8-F and SD− /− 1-F (Fig. 9J–L), despite no changes for total AMPK levels 
(Fig. 9J–L). However, no significant differences were observed in the 
expression of PGC1α, TFAM, or NRF1 in HFD+/+8-F and SD− /− 1-F 
(Fig. 9J and 9M-O), confirming that AMPK activation is dissociated from 
transcriptional biogenesis in both sexes. Elevated DRP1 without parallel 
PARKIN induction was similarly observed in HFD+/+8-F and BVRA− /−

mice (Fig. 9J and 9P-Q), likely suggesting that fission is engaged without 
concurrent mitophagy. Unlike in M mice, in F mice this fission response 
was accompanied by progressive CIV failure. Furthermore, the more 
pronounced deficits observed in HFD− /− 1-F mice relative to HFD+/+8-F 
reflect the additive burden of genetic BVRA absence combined with 
dietary challenge.

3.10. Higher basal BVRA levels confer HIP resilience, while BVRA 
deficiency unmasks sex-specific vulnerabilities

To determine whether the metabolic alterations identified in the FC 
extend to the HIP, we performed parallel analyses across insulin 
signaling, mitochondrial function, and oxidative stress markers. Full 
data are presented in Supplementary Fig. 3–11 and Supplementary 
Tables 3–4, and 8A-8B; key findings are summarized here.

The HIP showed substantially greater resilience to short-term 
metabolic stress than the FC, with alterations emerging later and with 
lower penetrance, a pattern consistent with its higher basal BVRA 
abundance (Fig. 2C). In WT M mice, 8 weeks of HFD produced only mild 
basal insulin signaling alterations, characterized by reduced pIRS1S636 

and the hyper-activation of downstream nodes (Supplementary Fig. 3, 
and Supplementary Table 3A–B). INI administration revealed a latent 
post-receptor defect: preserved IRS1 engagement with impaired AKT- 
mTOR propagation and further acute BVRA reduction (Supplementary 
Fig. 4–5). Mitochondrial adaptation was effective in M mice, with pre
served OXPHOS subunit expression and increased CIV activity consis
tent with AMPK-dependent compensation in the absence of fission or 
biogenesis program activation (Supplementary Fig. 6). This profile is 
distinct from the DRP1-driven remodeling observed in the FC. BVRA 
deficiency accelerated the onset of both insulin signaling and mito
chondrial alterations in BVRA− /− M mice, recapitulating the HFD+/+8- 
M hippocampal phenotype at earlier timepoints (Supplementary 
Fig. 3–6) and reinforcing a possible role of BVRA as a factor associ
ated with the threshold for HIP metabolic resilience. In F mice, HIP 
responses to HFD were even more attenuated: no significant basal 
changes in insulin signaling or mitochondrial function were detected in 
HFD+/+8-F mice (Supplementary Fig. 7–10, Table 3B), consistent with 
the absence of HFD-induced BVRA reduction in F mice HIP (Fig. 2D). 
However, INI revealed a latent vulnerability characterized by the pre
served IRS1 activation with failure to engage downstream effectors and 

Fig. 4. Acute insulin responsiveness is impaired in the FC of M mice fed with HFD 
(A-E) Activation of proteins of the insulin signaling pathway evaluated in the FC of WT M mice fed with HFD for 1 or 8 weeks and BVRA− /− M mice fed with SD or 
HFD for 1 week. IRS1 activation was evaluated as pIRS1Y levels; AKT activation was evaluated as pAKTS473/AKT ratio; GSK3β inhibition was evaluated as pGSK3βS9/ 
GSK3β ratio; mTOR activation was evaluated as pmTORS2448/mTOR ratio; and P70S6K activation was evaluated as pP70S6KT389/P70S6K ratio. n = 3 mice/group. 
Values are given as percentage of vehicle set as 100%. Data presented as mean ± SEM. Student t-test: *p < 0.05, **p < 0.01, **p < 0.001. (− ) vehicle; (+): insulin 
1IU. 
(F) Representative western blotting images of the proteins presented in B-E. 
(G) Schematic representations reporting the activation (green), inhibition (red) or no changes (grey) of the proteins of the insulin signaling evaluated in the FC of WT 
mice fed with HFD for 1 or 8 weeks and BVRA− /− M mice fed with SD or HFD for 1 week, and treated with intranasal insulin. n = 3 mice/group. 
(H-I) Representative Western blot and densitometric evaluation of BVRA protein levels in the FC of WT mice fed with HFD for 1 or 8 weeks and treated with 
intranasal insulin. Values are given as percentage of vehicle set as 100%. Data presented as mean ± SEM. Student t-test: *p < 0.05, **p < 0.01, ***p < 0.001. (− ) 
vehicle; (+): insulin 1IU. Densitometric analysis refers to the vehicle-versus-insulin comparison within each condition; the BVRA immunoblots are not intended for 
quantitative comparison of basal BVRA levels across groups. 
(J) Schematic representation of the protocol used for the intranasal insulin administration.
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acute BVRA reduction (Supplementary Fig. 8–9). These results indicate 
that functional insulin resistance can be unmasked in F mice HIP despite 
the absence of basal molecular alterations. BVRA deficiency was suffi
cient to expose this vulnerability under SD, and one week of HFD further 
worsened the acute response (Supplementary Fig. 8–9). Mitochondrial 
defects, including reduced CIV activity and impaired mitophagy, were 
restricted to BVRA− /− F mice (Supplementary Fig. 10), revealing a 
BVRA-dependent mitochondrial fragility that HFD alone is insufficient 
to trigger in F mice at this timepoint. In both sexes, HIP insulin signaling 
and mitochondrial alterations occurred without widespread oxidative 

stress in WT mice under HFD, with only a mild increase in 4-HNE in 
HFD+/+8-M mice (Supplementary Fig. 11, Table 4), replicating the 
temporal dissociation observed in the FC. BVRA deficiency selectively 
induced nitrosative stress (elevated 3-NT) accompanied by a paradoxical 
reduction in 4-HNE and PC levels in both sexes (Supplementary Fig. 11, 
Table 4), consistent with activation of compensatory antioxidant 
mechanisms at this earlier stage of hippocampal vulnerability [15].

Together, these findings point to a hierarchical sequence of meta
bolic vulnerability whereby HIP is impacted later than FC. Furthermore, 
while metabolic stress alters both basal and acute signaling in M mice, it 

Fig. 5. Loss of BVRA is sufficient to promote the development of insulin resistance in the FC of F mice 
(A-I) Levels of proteins of the insulin signaling evaluated in the FC of WT and BVRA− /− F mice fed with SD or HFD for either 1 week or 8 weeks. n = 6 mice/group. 
Data presented as mean ± SEM. One-way ANOVA with Dunnett's post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p < 0.01, ***p < 0.001 vs HFD+/ 

+1; §p < 0.05, §§p < 0.01, §§§p < 0.001 vs SD+/+8. To support the hypothesis that BVRA deficiency in BVRA− /− mice phenocopies changes observed in WT mice fed 
with HFD for 8 weeks a further one-way ANOVA followed by Bonferroni post-hoc test was performed comparing WT and BVRA− /− mice at early time points (SD and 
HFD, 1 week). Groups found significantly different were highlighted by the relative legend. *p < 0.05, **p < 0.01. 
(J) Schematic representations reporting the activation (green), inhibition (red) or no changes (grey) of the proteins of the insulin signaling in WT mice fed with HFD 
for 8 weeks and BVRA− /− mice fed with SD or HFD for 1 week. 
(K) Pearson correlations between BVRA protein levels and proteins of the insulin signaling evaluated in the FC of WT F mice fed with HFD for either 1 week or 8 
weeks. Significant correlations are reported in red. P values are shown.
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Fig. 6. Acute insulin responsiveness is impaired in the FC of F mice fed with HFD 
(A-E) Activation of proteins of the insulin signaling pathway evaluated in the FC of WT F mice fed with HFD for 1 or 8 weeks and BVRA− /− F mice fed with SD or HFD 
for 1 week. IRS1 activation was evaluated as pIRS1Y levels; AKT activation was evaluated as pAKTS473/AKT ratio; GSK3β inhibition was evaluated as pGSK3βS9/ 
GSK3β ratio; mTOR activation was evaluated as pmTORS2448/mTOR ratio; and P70S6K activation was evaluated as pP70S6KT389/P70S6K ratio. n = 3 mice/group. 
Values are given as percentage of vehicle set as 100%. Data presented as mean ± SEM. Student t-test: *p < 0.05, **p < 0.01, **p < 0.001. (− ) vehicle; (+): insulin 
1IU. 
(F) Representative western blotting images of the proteins presented in B-E. 
(G) Schematic representations reporting the activation (green), inhibition (red) or no changes (grey) of the proteins of the insulin signaling evaluated in the FC of WT 
mice fed with HFD for 1 or 8 weeks and BVRA− /− F mice fed with SD or HFD for 1 week and treated with intranasal insulin. n = 3 mice/group. 
(H-I) Representative Western blot and densitometric evaluation of BVRA protein levels in the FC of WT mice fed with HFD for 1 or 8 weeks and treated with 
intranasal insulin. Values are given as percentage of vehicle set as 100%. Data presented as mean ± SEM. Student t-test: *p < 0.05, **p < 0.01, ***p < 0.001. (− ) 
vehicle; (+): insulin 1IU. Densitometric analysis refers to the vehicle-versus-insulin comparison within each condition; the BVRA immunoblots are not intended for 
quantitative comparison of basal BVRA levels across groups. 
(J) Schematic representation of the protocol used for the intranasal insulin administration.
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preferentially disrupts acute insulin responsiveness in F mice. In both 
sexes, BVRA deficiency accelerate the onset of insulin signaling and 
mitochondrial dysfunctions, anticipating alterations that would other
wise emerge with a prolonged metabolic stress and chronically reduced 
BVRA levels.

3.11. The LIV displays adaptive remodeling under HFD

To determine whether the metabolic alterations identified in the 
brain extend to a peripheral insulin-sensitive tissue, we performed 
parallel analyses in the LIV. Full data are presented in Supplementary 
Figs. 12–16, Supplementary Tables 5-6 and 9A-9B; key findings are 
summarized here.

The LIV showed greater resilience to short-term metabolic stress 
induced by HFD than either brain region, consistent with its higher basal 
BVRA abundance and with the high adaptive metabolic plasticity of the 
LIV. Thus, within the present short-term HFD paradigm, reduced BVRA 
does not translate into overt hepatic insulin resistance or worsened 
systemic glucose handling (Fig. 2C–D). In HFD+/+8-M mice only mild 
and non-canonical alterations of hepatic insulin signaling were 
observed. These changes were characterized by reduced IRS1 inhibitory 
phosphorylation, together with preserved AKT activation and selective 
uncoupling of downstream nodes, i.e., increased GSK3β and mTOR 
phosphorylation in the absence of P70S6K and S6 engagement 

(Supplementary Fig. 12A–K, and Supplementary Table 5). These ob
servations are consistent with a rewiring of hepatic insulin signaling 
rather than overt pathway inhibition [54,55]. At the mitochondrial 
level, M mice LIV exhibited a modest remodeling. OXPHOS subunit 
expression was largely preserved (Supplementary Fig. 13A–I), while a 
reduction in CIV activity emerged in HFD+/+8-M mice (Supplementary 
Fig. 13I), consistent with selective remodeling of respiratory complex 
activity. No coordinated activation of mitochondrial biogenesis or 
quality-control pathways was observed (Supplementary Fig. 13J–Q). 
BVRA− /− M mice did not recapitulate these HFD-induced alterations, 
consistent with the absence of BVRA reduction in M mice LIV (Fig. 2C). 
The primary effect of BVRA deficiency was an abnormal reduction of CI 
and CIV activities together with alterations in proteins associated with 
both fission and mitophagy processes (Supplementary Fig. 13A–Q). 
Hence, BVRA deficiency might be associated with hepatic mitochondrial 
remodeling even in the absence of overt insulin resistance. In HFD+/+8-F 
mice, the hepatic response followed a distinct trajectory. Despite a sig
nificant reduction of BVRA protein levels (Fig. 2D), insulin signaling 
remained largely preserved, with no evidence of IRS1 inhibition or 
downstream pathway alterations (Supplementary Fig. 14A–K, and 
Supplementary Table 6), indicating that partial BVRA reduction is 
functionally buffered by the high basal BVRA pool in the LIV and might 
represent an adaptive mechanism to HFD-induced stress (Fig. 2C). He
patic mitochondrial complexes showed selective changes that account 

Fig. 7. Oxidative distress marker levels in the FC of M and F mice 
(A, C, E) Densitometric analysis of the oxidative distress markers, i.e., protein-bound 4-hydroxy-2-nonenals (4-HNE), 3-nitrotyrosine (3-NT) and, protein carbonyls 
(PC), evaluated in the FC of WT and BVRA− /− M mice fed with SD or HFD for either 1 week or 8 weeks. n = 7 mice/group. 
(B, D, F) Levels of the oxidative distress markers in the FC of WT and BVRA− /− F mice fed with SD or HFD for either 1 week or 8 weeks. n = 7 mice/group. 
Data presented as mean ± SEM. One-way ANOVA with Dunnett's post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p < 0.01, ***p < 0.001 vs HFD+/ 

+1; §p < 0.05, §§p < 0.01, §§§p < 0.001 vs SD+/+8. To test the hypothesis that BVRA deficiency in BVRA− /− mice phenocopies changes observed in WT mice fed with 
HFD for 8 weeks a further one-way ANOVA followed by Bonferroni post-hoc test was performed comparing WT and BVRA− /− mice at early time points (SD and HFD, 
1 week). Groups found significantly different were highlighted by the relative legend. *p < 0.05, **p < 0.01.
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for a remodeling in response to HFD feeding: despite preserved ETC 
expression levels (Supplementary Fig. 15A–F), CI and CIV activities 
were significantly reduced (Supplementary Fig. 15G–I). These changes 
were accompanied by the activation of a transcriptional biogenetic 
program (increased TFAM, preserved AMPK) without coordinated 
engagement of proteins known to be involved in the regulation of fission 
or mitophagy processes (Supplementary Fig. 15J–Q). BVRA− /− F mice 
exhibited an attenuation of selected insulin signaling proteins activation 
together with reduced respiratory complex activities (Supplementary 
Figs. 14 and 15), suggesting that BVRA deficiency might lead to 
remodeling of hepatic insulin signaling and mitochondrial related pa
rameters. In both sexes, HFD did not promote oxidative stress accumu
lation in the LIV, consistent with its greater redox resilience compared to 
brain (Supplementary Fig. 16).

Hence, the LIV displays a higher degree of metabolic resilience and 
adaptation compared to the brain, under HFD, with selected mito
chondrial remodeling occurring without evidence of overt hepatic in
sulin resistance.

3.12. F mice show reduced cognitive resilience with respect to M mice 
under metabolic stress

Given the marked sex- and region-specific molecular differences 
observed across cortical and hippocampal circuits, we next evaluated 
whether HFD and BVRA deficiency translated into cognitive impair
ments. Long-term recognition memory (NOR, Fig. 10A–E) and short- 
term spatial working memory (Y-maze, Fig. 10F–J) were assessed after 
1 or 8 weeks of diet. In M mice, HFD induced an early and progressive 
decline in NOR performance, with both PI and DI significantly reduced 
after 8 weeks (Fig. 10B–C). Notably, BVRA− /− M mice displayed com
parable impairments regardless of diet, mirroring the phenotype of 
HFD+/+8-M mice and supporting the concept that BVRA loss sensitizes 
cortical and hippocampal circuits to early cognitive dysfunction. Female 
mice exhibited a distinct vulnerability pattern. In WT F mice, NOR 
performance failed to show the age-dependent improvement observed 
under SD, and HFD+/+8-F mice performed significantly worse than SD+/ 

+8-F mice (Fig. 10D–E). Strikingly, BVRA− /− F mice displayed compa
rable impairments even under SD (Fig. 10D–E). Importantly, these def
icits emerged despite considerably milder molecular alterations than 
those observed in M mice, revealing reduced cognitive resilience of the 
female brain to metabolic stress. Factorial analyses further supported a 
BVRA genotype-related contribution to cognitive performance, partic
ularly for NOR endpoints (Supplementary Table 10A–B).

Outcome of the Y-maze test did not differ significantly between HFD 
and SD groups in either sex (Fig. 10F–J), indicating preserved working 
memory under these conditions. However, BVRA− /− M mice showed 
reduced total arm entries (Fig. 10H), suggesting diminished exploratory 
drive or locomotor activity, possibly reflecting broader motivational or 
subcortical metabolic effects of BVRA deficiency. No locomotor differ
ences were observed in F mice (Fig. 10J).

3.13. Effects of HFD outlast diet exposure in F mice

To determine whether HFD-induced defects were reversible, WT 
mice exposed to 8 weeks of HFD were returned to a standard diet for 
additional 8 weeks (HFD8→SD8, thereafter WO) and compared with the 
HFD8 condition. This paradigm was designed to model metabolic re
covery following a defined period of dietary insult, conceptually anal
ogous to the human scenario of weight gain on an obesogenic diet 
followed by return to a healthier diet; accordingly, the washout group 
was compared with its own pre-recovery condition (HFD8) to isolate the 
effect of dietary normalization on a background of established diet- 
induced dysfunction. In both sexes, the WO phase did not substan
tially modify anthropometric parameters (body weight, BMI and BSA), 
the subsequent metabolic and cognitive changes were not attributable to 
gross differences in body composition (Fig. 11A–C; 11G–I). Despite this, 
glucose handling markedly improved following the washout. IPGTT 
curves were significantly shifted downward in M mice (Fig. 11D), with a 
corresponding reduction in glucose AUC (Fig. 11E) and significant diet 
and time×diet interaction effects (Fig. 11F). A similar improvement was 
observed in F mice (Fig. 11J–L), with reduced AUC after washout 
(Fig. 11K) and significant diet effects (Fig. 11L), although the interaction 
term was comparatively weaker. Remarkably, these metabolic changes 
translated into sex-divergent cognitive outcomes. In M mice, the 
washout was associated with a robust recovery of recognition memory, 
as shown by increased discrimination and preference indices in the NOR 
tasks (Fig. 11M), whereas Y-maze performance and exploratory activity 
were largely unchanged (Fig. 11N). In contrast, F mice show no cogni
tive improvement after dietary normalization, with no significant 
changes in NOR indices (Fig. 11O) and Y-maze measures (Fig. 11P), 
supporting the concept that HFD-driven cognitive deficits can outlast 
dietary exposure in F mice.

3.14. Dietary washout is associated with a recovery from HFD-induced 
molecular alterations in the FC of M mice

Dietary WO did not promote changes of BVRA protein levels 
(Fig. 12A–B), which remained comparable to those observed in HFD+/ 

+8-M. At baseline, a marked increase in activating IRS1 phosphorylation 
was observed (Fig. 12C). The abnormal activation of the AKT–GSK3β- 
BAD axis was largely normalized, while the mTOR–P70S6K–S6 axis 
remained significantly activated (Fig. 12C). This sustained 
mTOR–P70S6K–S6 axis activity was no longer associated with IRS1 in
hibition, suggesting that the function of this branch had shifted from a 
maladaptive insulin-desensitizing role, toward a revitalized anabolic 
program. This is supported by the increased PTEN inhibitory phos
phorylation (Fig. 12C), that favors PIP3 accumulation and maintain 
P70S6K phosphorylation through AKT-independent routes [56–58], 
thereby sustaining anabolic tone without impairing proximal insulin 
signaling. Consistently, basal insulin signaling alterations were no 
longer associated with BVRA levels, suggesting that preservation of 
BVRA availability permits signaling reorganization and functional 

Fig. 8. Loss of BVRA promotes mitochondrial adaptation in the FC of M mice under metabolic stress 
(A-F) Representative Western blot images and densitometric analysis of mitochondrial OXPHOS complexes subunits, i.e., CI (subunit NDUFB8), CII (subunit SDHB), 
CIII (subunit UQCRC2), CIV (subunit MTCO1), CV (subunit ATP5A) evaluated in the FC of WT M mice fed with HFD for 1 or 8 weeks and BVRA− /− M mice fed with 
SD or HFD for 1 week. n = 5 mice/group. Values are given as percentage of WT fed with HFD for 1 week set as 100%. Data are presented as means ± SEM. One-way 
ANOVA with Dunnett's post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p < 0.01, ***p < 0.001. 
(G-I) Mitochondrial OXPHOS complexes activity evaluated in the FC of WT M mice fed with HFD for 1 or 8 weeks and BVRA− /− M mice fed with SD or HFD for 1 
week. n = 3-4 mice/group. Data are presented as means ± SEM. One-way ANOVA with Dunnett's post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p 
< 0.01, ***p < 0.001. 
(J-Q) Representative Western blot images and densitometric analysis of proteins regulating mitochondrial fitness including, pAMPKT172, total AMPK, PGC1α, TFAM, 
NRF1, DRP1 and PARKIN levels, evaluated in the FC of WT and BVRA− /− M mice fed with HFD for 1 or 8 weeks and BVRA− /− M mice fed with SD or HFD for 1 week. 
n = 5 mice/group Values are given as percentage of WT fed with HFD for 1 week set as 100%. Data are presented as means ± SEM. One-way ANOVA with Dunnett's 
post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p < 0.01. 
(R) Schematic model summarizing the observed associations between loss of BVRA, altered insulin signaling, and the mitochondrial response, integrated with 
existing literature. The scheme is not intended to imply a demonstrated causal or sequential dependency.
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recovery (Fig. 12D). Acute INI stimulation failed to further enhance 
signaling activation (Fig. 12E–J), likely due to the robust increase of 
basal panIRSY (Fig. 12C), indicating that the pathway had reached a 
state of maximal upstream engagement. At the mitochondrial level, 
OXPHOS subunit levels were restored (Fig. 12K–L) and complex activ
ities were preserved (Fig. 12M). AMPK phosphorylation and protein 
levels remained stable, while a reduction in biogenesis markers was 
observed (Fig. 12M-O). DRP1 levels, elevated in HFD+/+8-M mice, 
were significantly reduced after washout (Fig. 12M-O), while PARKIN 
levels were strongly increased (Fig. 12M-O), supporting the hypothesis 
about a resolution of the fission-driven program and enhanced 
mitophagy engagement, along with an improved mitochondrial quality 
control. Together, these findings indicate that preservation of BVRA 
levels after dietary normalization enables coordinated recovery of 
cortical insulin signaling, mitochondrial homeostasis, and cognitive 
function in M mice.

3.15. Metabolic stress-induced alterations outlast dietary exposure in the 
FC of F mice

In WT F mice, dietary normalization (WO) further reduced BVRA 
levels in the FC (Fig. 13A–B). Under basal conditions, WO mice dis
played increased IRS1 activating phosphorylation and reduced IRS1 
inhibition, suggesting an apparent recovery of upstream insulin sensi
tivity. However, this change was not reflected in downstream compo
nents. The AKT–GSK3β axis remained abnormally elevated (Fig. 13C), 
and a further increase in mTOR-P70S6K-S6 axis activation was observed 
(Fig. 13C). PTEN inhibitory phosphorylation was markedly elevated, to 
a greater extent than in M mice (Fig. 13C). Together, these alterations 
reflect a maladaptive activation, in sharp contrast to the basal signaling 
recovery observed in M mice. Reduced BVRA protein levels following 
the washout were significantly associated with basal insulin signaling 
alterations (Fig. 13D). Upon acute INI stimulation, the signaling defects 

Fig. 9. Loss of BVRA leads to mitochondrial impairment in the FC of F mice under metabolic stress 
(A-F) Representative Western blot images and densitometric analysis of mitochondrial OXPHOS complexes subunits, i.e., CI (subunit NDUFB8), CII (subunit SDHB), 
CIII (subunit UQCRC2), CIV (subunit MTCO1), CV (subunit ATP5A), evaluated in the FC of WT F mice fed with HFD for 1 or 8 weeks and BVRA− /− F mice fed with SD 
or HFD for 1 week. n = 5 mice/group Values are given as percentage of WT fed with HFD for 1 week set as 100%. Data are presented as means ± SEM. One-way 
ANOVA with Dunnett's post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p < 0.01, ***p < 0.001. 
(G-I) Mitochondrial OXPHOS complexes activity evaluated in the FC of WT F mice fed with HFD for 1 or 8 weeks and BVRA− /− F mice fed with SD or HFD for 1 week. 
n = 3-4 mice/group. Data are presented as means ± SEM. One-way ANOVA with Dunnett's post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p < 0.01, 
***p < 0.001. 
(J-Q) Representative Western blot images and densitometric analysis of proteins regulating mitochondrial fitness including, pAMPKT172, total AMPK, PGC1α, TFAM, 
NRF1, DRP1 and PARKIN levels, evaluated in the FC of WT and BVRA− /− F mice fed with HFD for 1 or 8 weeks and BVRA− /− F mice fed with SD or HFD for 1 week. 
n = 5 mice/group. Values are given as percentage of WT fed with HFD for 1 week set as 100%. Data are presented as means ± SEM. One-way ANOVA with Dunnett's 
post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 10. Outcomes of cognitive tests highlight reduced resilience of F mice. 
(A–E) Results of the Novel Object Recognition (NOR) performance performed in WT and BVRA− /− mice (M and F) fed with SD or HFD for either 1 week or 8 weeks. 
n = 7-16 mice/group. Recognition memory was quantified as Preference Index (PI, % time exploring the novel object) and Discrimination Index (DI), calculated as 
described in Methods. 
(F-J) Results of the Y-maze assessment of short-term spatial working memory and exploratory activity performed in the same experimental groups as in A-D. n = 7-16 
mice/group. Working memory was expressed Preference Index (PI, % of time spent exploring the new arm), while locomotor/exploratory drive was estimated by 
total arm entries. 
Data are shown as mean ± SEM. One-way ANOVA with Dunnett's post-hoc test using the HFD+/+8 group as reference. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 11. Diet wash-out effects on peripheral metabolic parameters and cognitive tests. 
(A-C) Body weight (g), body mass index (BMI, g/m2), body surface area (BSA, m2), evaluated in WT M mice fed with HFD for 8 weeks and further challenged with a 
standard diet for additional 8 weeks (WO). n = 6 mice/group. Student t-test. 
(D) Intraperitoneal glucose tolerance test (IPGTT) evaluated in WT M mice fed with HFD for 8 weeks and further challenged with a standard diet for additional 8 
weeks (WO). n = 6 mice/group. 
(E) Area Under Curve (AUC) relative to the IPGTT performed in WT M mice fed with HFD for 8 weeks and further challenged with a standard diet for additional 8 
weeks (WO). n = 6 mice/group. Student t-test. **p < 0.01. 
(F) Results of the Three-way ANOVA relative to the IPGTT performed in WT M mice. 
(G-I) Body weight (g), body mass index (BMI, g/m2), body surface area (BSA, m2), evaluated in WT F mice fed with HFD for 8 weeks and further challenged with a 
standard diet for additional 8 weeks (WO). n = 7 mice/group. Student t-test. 
(J) Intraperitoneal glucose tolerance test (IPGTT) evaluated in WT F mice fed with HFD for 8 weeks and further challenged with a standard diet for additional 8 weeks 
(WO). n = 7-11 mice/group. 
(K) Area Under Curve (AUC) relative to the IPGTT performed in WT F mice fed with HFD for 8 weeks and further challenged with a standard diet for additional 8 
weeks (WO). n = 7-11 mice/group. Student t-test. *p < 0.05. 
(L) Results of the Three-way ANOVA relative to the IPGTT performed in WT F mice. 
(M − N) Novel Object Recognition (NOR) and) Y-maze tests performed in WT M mice fed with HFD for 8 weeks and further challenged with a standard diet for 
additional 8 weeks (WO). n = 10 mice/group. Student t-test. **p < 0.01 
(O-P) Results of the Novel Object Recognition (NOR) and Y-maze tests performed in WT F mice fed with HFD for 8 weeks and further challenged with a standard diet 
for additional 8 weeks (WO). n = 10 mice/group. Student t-test. **p < 0.01.
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Fig. 12. Dietary washout is associated with a recovery from HFD-induced molecular alterations in the FC of M mice. 
WT M mice were fed with HFD for 8 weeks and further challenged with a standard diet for additional 8 weeks (WO), and the following parameters were evaluated: 
(A-B) Representative Western blot images and densitometric evaluation of BVRA protein levels. n = 5 mice/group. Values are given as percentage of HFD+/+8-M set 
as 100%. Mean ± SEM. 
(C) Levels of proteins of the insulin signaling. n = 6 mice/group. Values are given as percentage of HFD+/+8-M set as 100%. Mean ± SEM. Student t-test: *p < 0.05, 
**p < 0.01, **p < 0.001. 
(D) Pearson correlations between BVRA protein levels and proteins of the insulin signaling evaluated in the FC of WT M mice. Significant correlations are reported in 
red. p values are shown. 
(E-J) Densitometric evaluation and representative Western blot images relative to the activation of proteins of the insulin signaling pathway evaluated in the FC of 
WT M mice following INI administration at the end of the washout (WO) period. AKT activation was evaluated as pAKTS473/AKT ratio; GSK3β inhibition was 
evaluated as pGSK3βS9/GSK3β ratio; mTOR activation was evaluated as pmTORS2448/mTOR ratio; and P70S6K activation was evaluated as pP70S6KT389/P70S6K 
ratio. n = 4 mice/group. Values are given as percentage of vehicle set as 100%. Data presented as mean ± SEM. Student t-test: *p < 0.05, **p < 0.01, **p < 0.001. (− ) 
vehicle; (+): insulin 1IU. 
(K-L) Representative Western blot images and densitometric analysis of mitochondrial OXPHOS complexes subunits, i.e., CI (subunit NDUFB8), CII (subunit SDHB), 
CIII (subunit UQCRC2), CIV (subunit MTCO1), CV (subunit ATP5A). n = 6 mice/group. Values are given as percentage of HFD+/+8-M set as 100%. Mean ± SEM. 
Student t-test: *p < 0.05. 
(M) Mitochondrial OXPHOS complexes activity evaluated in the FC of WT M mice. n = 6 mice/group. Values are given as percentage of HFD+/+8-M set as 100%. 
Mean ± SEM. Student t-test: *p < 0.05. 
(N-O) Representative Western blot images and densitometric analysis of proteins regulating mitochondrial fitness including, pAMPKT172, total AMPK, PGC1α, TFAM, 
NRF1, DRP1 and PARKIN levels, evaluated in the FC of WT M mice. n = 5 mice/group. Values are given as percentage of HFD+/+8-M set as 100%. Mean ± SEM. 
Student t-test: *p < 0.05, **p < 0.01.
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became even more pronounced: panIRS1Y levels increased further, yet 
no activation of AKT or its downstream effectors was detected 
(Fig. 13E–J), indicating a complete functional disconnection between 
proximal and distal nodes of the pathway. This pattern defines an 
aggravated state of post-receptor insulin resistance. In contrast to M 
mice, where the lack of INI responsiveness can be explained by the 
maximal basal IRS1 engagement and basal signaling recovery, the fail
ure of AKT activation in F mice despite increased IRS1 activation 
following INI, reflects a state of insulin resistance consequent to the 
absence of basal signaling rescue. At the mitochondrial level, the con
sequences were equally detrimental. OXPHOS subunits, particularly CV, 
remained reduced (Fig. 13K–L), and the activities of CII and CIV 
declined further compared to HFD+/+8-F (Fig. 13M), revealing a pro
gressive OXPHOS deterioration. AMPK phosphorylation was strongly 
reduced, while AMPK levels increase (Fig. 13N–O), indicating the 
absence of compensatory non-transcriptional mechanisms. NRF1 and 
TFAM levels were elevated (Fig. 13N–O), suggesting that the tran
scriptional biogenesis response was maintained despite reduced AMPK 
activation. DRP1 levels remained elevated after washout (Fig. 13N–O) 
while PARKIN levels decreased significantly (Fig. 13N–O), supporting 
the hypothesis that sustained mitochondrial fission might occur without 
mitophagy clearance, finally resulting in the accumulation of dysfunc
tional mitochondria. Hence, in F mice, HFD-induced alterations outlast 
dietary exposure in the FC, with further BVRA reduction driving 
persistent insulin-signaling uncoupling and progressive mitochondrial 
deterioration — a trajectory absent in M mice and that highlight how 
metabolic stress can even seed long-lasting functional consequences.

3.16. Metabolic stress-induced alterations outlast dietary exposure in the 
HIP in a sex-dependent manner

Dietary normalization revealed a marked sex-dependent persistence 
of HIP metabolic alterations. In M mice dietary WO was associated with 
a further reduction of BVRA levels in the HIP (Supplementary 
Fig. 17A–B). Although basal upstream insulin signaling appeared 
partially recovered, as indicated by increased panIRS1Y levels 
(Supplementary Fig. 17C) and reduced pIRS1S636 levels (Supplementary 
Fig. 17C), downstream signaling remained persistently uncoupled. The 
AKT–mTOR–P70S6K axis remained hyper-activated (Supplementary 
Fig. 17C) and failed to respond appropriately to acute INI stimulation 
(Supplementary Fig. 17E–J), supporting a state of insulin resistance. At 
the mitochondrial level, the dietary washout exacerbated the dysfunc
tions, with reduced CIV abundance (Supplementary Fig. 17K–L) and 
decreased activities of CII and CIV (Supplementary Fig. 17M), despite 
activation of a transcriptional biogenetic response marked by increased 
NRF1 and TFAM levels (Supplementary Fig. 17N–O). This profile closely 
resembled that observed in SD− /− 1-M, supporting the concept that 
progressive BVRA loss shifts the HIP from an adaptive to a maladaptive 
metabolic state.

In F mice, HIP vulnerability emerged even more strikingly after di
etary normalization. While HFD did not induce overt HIP basal alter
ations at the end of the dietary period, washout resulted in a pronounced 
reduction of BVRA levels (Supplementary Fig. 18A–B) and unveiled 
persistent defects in both basal (Supplementary Fig. 18C) and acute 
insulin signaling (Supplementary Fig. 18E–J). These alterations were 
characterized by upstream IRS1 engagement uncoupled from down
stream AKT-dependent signaling, together with aberrant activation of 
GSK3β and mTOR. Mitochondrial dysfunction was severe, with wide
spread OXPHOS subunits levels reduction (Supplementary Fig. 18K–L), 
impaired complexes activities (Supplementary Fig. 18M), and activation 
of a transcriptional biogenesis program (Supplementary Fig. 18N–O) 
that failed to restore mitochondrial efficiency. These alterations 
emerged exclusively after the washout, indicating that short-term 
metabolic stress imprints a delayed and long-lasting molecular insta
bility in the F HIP that becomes manifest only after removal of the 
stressor.

Together, these findings identify the HIP as a delayed but highly 
vulnerable target of metabolic stress once BVRA-dependent compensa
tory capacity is exceeded, with F mice exhibiting a pronounced sus
ceptibility to post-dietary metabolic deterioration.

3.17. Hepatic molecular remodeling persists after dietary washout

In M mice, the WO promoted a global attenuation of insulin 
signaling, with reduced phosphorylation of IRS1, AKT, and downstream 
effectors (Supplementary Fig. 19A–D), consistent with a resetting of 
hepatic signaling tone toward a lower baseline activity. At the mito
chondrial level, dietary washout was also associated with a remodeling 
of mitochondrial components. OXPHOS subunit expression levels 
remained largely preserved, with the notable exception of a further in
crease in CIV abundance (Supplementary Fig. 19F). In parallel, respi
ratory complex activity showed a remodeled profile, characterized by 
reduced CI and CII activities together with increased CIV activity 
compared with HFD+/+8 mice (Supplementary Fig. 19G). This pattern 
was accompanied by the activation of transcriptional biogenesis 
markers, including PGC1α and TFAM, together with reduced DRP1 
levels, without a corresponding normalization of respiratory complex 
activity (Supplementary Fig. 19H–I). These findings are coherent with 
the hypothesis that, even in a metabolically resilient organ such as the 
LIV, short-term metabolic stress is sufficient to induce mitochondrial 
changes that persist beyond dietary exposure.

In F mice, dietary washout was associated with a persistent hepatic 
molecular remodeling. BVRA protein levels declined further after di
etary normalization (Supplementary Fig. 20A–B), and insulin signaling 
exhibited a peculiar profile characterized by reduced IRS1 inhibition 
and increased PTEN inhibitory phosphorylation uncoupled from effec
tive downstream targets activation (Supplementary Fig. 20C). Remark
ably, reduced BVRA levels were significantly associated with these 
signaling alterations (Supplementary Fig. 20D). Notably, this further 
reduction of hepatic BVRA occurred in parallel with improved systemic 
glucose tolerance after dietary washout. This pattern is consistent with 
the improved glucose handling observed in BVRA− /− F mice under HFD 
and supports the possibility that, in females, a marked reduction of 
hepatic BVRA levels may participate in an adaptive metabolic response. 
However, these data alone do not allow us to explain improved systemic 
glucose tolerance solely on the basis of BVRA reduction, thus supporting 
a cautious interpretation of LIV-specific BVRA function. Mitochondrial 
proteins showed persistent changes consistent with an adaptive response 
(Supplementary Fig. 20E–G), along with reduced levels of biogenetic 
regulators, and a shift toward increased mitochondrial fragmentation 
without adequate mitophagy (Supplementary Fig. 20H–I).

Overall, hepatic insulin signaling and mitochondrial-related changes 
followed distinct trajectories after dietary normalization, suggesting 
that BVRA availability may influence the processes associated with long- 
term hepatic adaptation.

4. Discussion

The findings reported here support a model in which BVRA defi
ciency is associated with brain region- and sex-dependent metabolic 
vulnerability that emerges before canonical markers of insulin resistance 
and mitochondrial failure become fully apparent. By combining a short- 
term dietary stress with genetic BVRA deletion, we identify a vulnera
bility trajectory across FC and HIP that parallels differences in BVRA 
abundance and follows a molecular sequence that differs among brain 
regions and sexes. This temporal ordering suggests that BVRA is not 
merely a passive readout of metabolic impairment but may contribute to 
the molecular threshold that influences when, where, and how meta
bolic stress translates into cellular dysfunction. Consistent with 
emerging evidence that brain insulin action is regionally heterogeneous 
[59], the FC emerges as the earliest and most vulnerable region, dis
playing insulin resistance and mitochondrial remodeling after HFD 
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Fig. 13. Dietary washout is not associated with a recovery from HFD-induced molecular alterations in the FC of F mice. 
WT F mice were fed with HFD for 8 weeks and further challenged with a standard diet for additional 8 weeks (WO), and the following parameters were evaluated: 
(A-B) Representative Western blot images and densitometric evaluation of BVRA protein levels. n = 5 mice/group. Values are given as percentage of HFD+/+8-F set as 
100%. Mean ± SEM. 
(C) Levels of proteins of the insulin signaling. n = 6 mice/group. Values are given as percentage of HFD+/+8-F set as 100%. Mean ± SEM. Student t-test: *p < 0.05, 
**p < 0.01, **p < 0.001. 
(D) Pearson correlations between BVRA protein levels and proteins of the insulin signaling evaluated in the FC of WT F mice. Significant correlations are reported in 
red. p values are shown. 
(E-J) Densitometric evaluation and representative Western blot images relative to the activation of proteins of the insulin signaling pathway evaluated in the FC of 
WT F mice following INI administration at the end of the washout (WO) period. AKT activation was evaluated as pAKTS473/AKT ratio; GSK3β inhibition was 
evaluated as pGSK3βS9/GSK3β ratio; mTOR activation was evaluated as pmTORS2448/mTOR ratio; and P70S6K activation was evaluated as pP70S6KT389/P70S6K 
ratio. n = 4 mice/group. Values are given as percentage of vehicle set as 100%. Data presented as mean ± SEM. Student t-test: *p < 0.05, **p < 0.01, **p < 0.001. (− ) 
vehicle; (+): insulin 1IU. 
(K-L) Representative Western blot images and densitometric analysis of mitochondrial OXPHOS complexes subunits, i.e., CI (subunit NDUFB8), CII (subunit SDHB), 
CIII (subunit UQCRC2), CIV (subunit MTCO1), CV (subunit ATP5A). n = 6 mice/group. Values are given as percentage of HFD+/+8-F set as 100%. Mean ± SEM. 
Student t-test: *p < 0.05. 
(M) Mitochondrial OXPHOS complexes activity evaluated in the FC of WT F mice. n = 6 mice/group. Values are given as percentage of HFD+/+8-M set as 100%. 
Mean ± SEM. Student t-test: *p < 0.05. 
(N-O) Representative Western blot images and densitometric analysis of proteins regulating mitochondrial fitness including, pAMPKT172, total AMPK, PGC1α, TFAM, 
NRF1, DRP1 and PARKIN levels, evaluated in the FC of WT F mice. n = 5 mice/group. Values are given as percentage of HFD+/+8-M set as 100%. Mean ± SEM. 
Student t-test: *p < 0.05, **p < 0.01.
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exposure. The HIP, which shows higher basal BVRA abundance, displays 
delayed and attenuated alterations, consistent with a relatively greater 
metabolic resilience in this experimental context. Yet this resilience is 
conditional: BVRA deficiency accelerates HIP vulnerability to a degree 
that would otherwise require prolonged dietary exposure. Interestingly, 
the LIV, that we used as peripheral tissue comparator, was characterized 
by high basal BVRA levels, and displayed a more complex phenotype: 
insulin signaling alterations were modest and non-canonical, whereas 
selected respiratory complex activities and mitochondrial-related 
markers were altered. This pattern is better interpreted as hepatic 
adaptive remodeling rather than overt hepatic insulin resistance [54,55,
60–62].

A key mechanistic insight is that BVRA downregulation constitutes 
an early molecular signature of impaired insulin responsiveness, 
detectable before canonical markers such as inhibitory IRS1 phosphor
ylation become apparent. This concept is consistent with evidence that 
BVRA is not a merely heme catalytic enzyme but a multifunctional 
regulator at the interface of insulin signaling, redox control, and mito
chondrial homeostasis [12]. Our study further extends current knowl
edge by showing that the brain can develop insulin resistance as BVRA 
levels decline even in the absence of overt canonical IRS1 inhibition. INI 
administration was critical to unmasking this latent resistance in regions 
where canonical insulin resistance markers were not increased at the 
basal level, including the female FC and the male HIP after short-term 
HFD [34,39,44]. Furthermore, in the female HIP, the acute INI stimu
lation promotes a reduction of BVRA levels and uncovers latent insulin 
resistance, despite preserved basal BVRA levels, supporting the hy
pothesis that BVRA availability might contribute to the threshold for 
signaling competence. These results confirm, and extend to the brain, 
previous findings collected in obese subjects showing that BVRA levels 
change dynamically in response to insulin, and greater BVRA variations 
occur in those subjects with lower insulin sensitivity [25,29]. This event 
represents a double-edge sword because while BVRA reduction favors 
IRS1 activation, it impairs downstream signal activation, and thus re
duces insulin-mediated effects [12]. We also report for the first time that 
loss of BVRA is associated with increased PTEN activation (reduced 
pPTENS380). Mechanistically, PTEN is a key upstream brake on the 
AKT–mTOR signaling, thereby setting the basal inhibitory tone of in
sulin signaling propagation [63]. Beyond metabolism, in the brain PTEN 
governs neuronal growth, synaptic homeostasis and stress responses 
[63]. This BVRA-PTEN association could amplify region- and 
sex-specific vulnerability under metabolic challenge. Hence, under 
metabolic stress, BVRA is dynamically regulated in a way that likely 
aims to favor IRS1 sensitization upstream in the signaling, yet ultimately 
limits the coordinated activation of downstream effectors, resulting in 
insulin resistance. These findings support the interpretation that BVRA 
loss is an early event associated with subsequent insulin unresponsive
ness before canonical markers become detectable.

Remarkably, we also found that insulin signaling defects precede 
oxidative distress across FC, HIP and LIV, a dissociation that challenges 
the view of mitochondrial dysfunction and redox imbalance as primary 
drivers of brain insulin resistance [64–66]. Rather, our results are 
consistent with the possibility that mitochondrial dysfunction and redox 
imbalance emerge downstream of, or in parallel with, altered 
BVRA-associated signaling. Furthermore, because BVRA catalyzes the 
conversion of biliverdin into bilirubin, the redox phenotype observed in 
BVRA− /− mice may reflect reduced bilirubin-dependent antioxidant 
buffering. This interpretation is consistent with previous evidence 
showing that endogenous bilirubin acts as a physiologically relevant 
antioxidant, particularly against superoxide, and that loss of 
BVRA-dependent bilirubin production increases susceptibility to 
oxidative stress [19,23]. Accordingly, the increase in 4-HNE, 3-NT, and 
protein carbonyls observed mainly in BVRA− /− mice likely reflects the 
combined impact of chronic BVRA loss on bilirubin-dependent redox 
protection and BVRA-associated signaling/mitochondrial pathways. In 
WT mice, relatively small BVRA variations were associated with altered 

insulin signaling activation, whereas overt mitochondrial impairment 
requires a broader loss of BVRA. This threshold is also sex-biased, as F 
mice display a greater mitochondrial vulnerability than M mice, most 
evident in the FC, even in the presence of comparatively milder insulin 
signaling alterations. Consistently, a previous work showed a greater 
reduced expression of mitochondrial unfolded protein response 
(UPRmt) genes in female hypothalamus with respect to male in response 
to HFD [48].

The sex-dependent pattern of metabolic vulnerability represents a 
central finding of our study. Female mice developed cognitive impair
ments comparable to those observed in M mice despite milder or delayed 
molecular alterations — a dissociation between molecular trajectory 
and functional outcome that persisted across brain regions and dietary 
conditions. This female cognitive vulnerability in the context of milder 
basal insulin resistance points to a differential sensitivity of neural cir
cuits to BVRA-dependent signaling disruption that warrants further 
investigation, and is consistent with the well-documented female pre
dominance in AD risk and progression [67–70]. Beyond its role in brain 
insulin signaling, BVRA also exerts a direct synaptic function in the HIP, 
acting as a molecular scaffold that bridges focal adhesion kinase to Src to 
support NMDA-receptor–mediated synaptic plasticity; its loss impairs 
long-term potentiation and cognitive performance [44,71]. This pro
vides an additional, insulin-independent route through which BVRA 
deficiency may compromise cognition. Notably, recognition memory 
improved in M mice after dietary normalization despite the persistence 
of hippocampal alterations. This apparent dissociation may reflect the 
distributed circuitry underlying the novel object recognition task, which 
primarily relies on perirhinal cortical processing but can additionally 
engage hippocampal and prefrontal networks depending on task de
mands and retention interval. Because the present paradigm assessed 
long-term recognition memory, the contribution of prefrontal circuits 
may be particularly relevant, potentially explaining why behavioral 
recovery can occur despite persistent hippocampal molecular alterations 
[72,73].

A further consideration concerns the cellular origin of the insulin 
signaling alterations detected in brain tissue. Because our analyses were 
performed on whole-tissue lysates, the measured changes in insulin 
signaling and downstream reflect the aggregate contribution of all 
resident cell populations and cannot be attributed to a specific 
compartment. This distinction is increasingly relevant, as glial insulin 
signaling has emerged as a critical modulator of brain metabolic and 
inflammatory homeostasis [47,74]. In particular, loss of insulin 
signaling in microglia has been shown to impair Aβ clearance and to 
exacerbate neuroinflammation and AD-like neuropathology, while 
dysregulated insulin signaling in neurons and astrocytes has likewise 
been implicated in cognition and AD pathogenesis [47,74]. Accordingly, 
the BVRA-dependent insulin-signaling changes described here likely 
reflect the combined and potentially divergent responses of neuronal 
and glial populations, a dimension that will require cell-type-resolved 
approaches to be fully dissected.

AMPK-driven mitochondrial adaptation was identified as a 
conceivable mechanistic pattern for the sex bias we observed. AMPK is a 
central energetic stress integrator that preserves mitochondrial fitness 
by coordinating acute quality-control responses (e.g., mitochondrial 
dynamics and autophagy/mitophagy) and, under sustained challenge, a 
transcriptional rebuilding program (biogenesis via PGC1α/NRF1/ 
TFAM) [50,51,75]. In addition, AMPK control is temporally layered, 
coupling rapid post-translational quality control to slower rebuilding 
outputs [51]. The male brain appears more resilient toward mitochon
drial alterations, as BVRA loss both in HFD+/+8 and in BVRA− /− , 
regardless of diet, engages AMPK-associated compensatory programs 
that help maintaining OXPHOS efficiency despite the development of 
insulin resistance. By contrast, F mice show a sharper mitochondrial 
liability: loss of BVRA is associated with bioenergetic dysfunction 
despite AMPK engagement, both in WT and BVRA− /− mice suggesting 
that mitochondrial adaptation mechanisms are either less effectively 
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recruited or more rapidly exhausted. Activation of the fission process in 
M mice (elevated DRP1 without parallel PARKIN induction) seems to 
further support OXPHOS, whereas the same response is associated with 
progressive CIV failure in F mice, highlighting a sex-specific inability to 
mount an effective mitochondrial adaptation. Sex-dependent differences 
in brain mitochondrial function and redox homeostasis have been re
ported in multiple contexts [76,77], and our data extend this to a 
BVRA-regulated axis in which the female brain is intrinsically more 
susceptible to mitochondrial failure under metabolic challenges.

Dietary normalization revealed that the molecular consequences of 
short-term HFD are not fully reversible, uncovering a form of BVRA- 
dependent metabolic memory. Male mice showed a rescue in the FC 
accompanied by cognitive improvement, while the HIP remained largely 
refractory. The female response was more severe and widespread. A 
progressive insulin signaling uncoupling, and deteriorating mitochon
drial function, with no cognitive recovery, that outlast HFD consump
tion, were observed. This region- and sex-specific persistence of 
metabolic alterations tracked with continued BVRA decline, suggesting 
that BVRA loss itself encodes metabolic memory by sustaining signaling 
uncoupling and impairing mitochondrial quality control beyond the 
period of dietary insult. Importantly, convergent human evidence sup
ports the plausibility of this concept. In healthy-weight men, just five 
days of calorie-rich overfeeding was sufficient to impair brain insulin 
action, and reduced insulin responsiveness in cognitive-related regions 
(particularly in the HIP) remained detectable one week after returning 
to a regular diet, in the absence of overt changes in body weight or 
peripheral insulin sensitivity [78]. Furthermore, very recent 
population-level evidence indicates that adherence to healthier dietary 
patterns leads to a gain in life expectancy in both sexes, yet the estimated 
benefit is smaller in women, consistent with a sex-dependent respon
siveness to diet quality [79]. These data reinforce our hypothesis that 
even short-term metabolic insults can leave a persistent, brain 
region-selective signature that outlasts the diet exposure period, and 
that the failure to restore the putative BVRA-dependent buffering ca
pacity may contribute a key factor sustaining vulnerability.

The above-mentioned differences were not fully explained by 
divergent systemic metabolic profiles in our study, as both sexes 
exhibited comparable body weight and fasting glycemia under short- 
term HFD. A striking observation was the fact that HFD− /− F mice 
were protected from HFD-induced glucose intolerance, whereas HFD− /−

M mice did not show any worsening with respect to HFD+/+ mice, 
suggesting that BVRA deficiency does not impair systemic glucose 
handling, at least in a short time window. These findings likely support a 
dissociation between whole-body glucose handling and tissue-specific 
molecular responses. Although HFD− /− F mice showed improved 
glucose tolerance under HFD, this systemic phenotype was not paral
leled by preserved molecular homeostasis in brain regions, where 
altered insulin signaling competence and mitochondrial adaptation 
were observed. Therefore, systemic glucose tolerance should not be 
interpreted as a direct proxy of brain metabolic resilience.

Rather, the LIV's greater resilience to HFD-induced insulin signaling 
alterations might be consistent with its higher basal BVRA abundance 
relative to the brain, potentially providing a larger redox–metabolic 
buffering reserve [80]. However, the hepatic phenotype should be 
interpreted cautiously and is more consistent with adaptive remodeling 
than with overt hepatic insulin resistance. Under short-term HFD, the 
LIV showed selected changes in respiratory complex activities and 
mitochondrial-related proteins, but these changes occurred in the 
absence of a canonical insulin resistance signature and were not asso
ciated with impaired systemic glucose handling [55]. This interpretation 
agrees with previous evidence linking hepatic BVRA loss to altered lipid 
metabolism and steatotic phenotypes in more severe or prolonged 
metabolic contexts [21,23,24,38], and with the current view that 
metabolic dysfunction-associated steatotic liver disease (MASLD) re
flects an integrated systemic-hepatic process involving altered hepatic 
insulin signaling, hyperinsulinemia, hepatic insulin clearance, 

adipose-derived substrate flux, de novo lipogenesis, and mitochondrial 
bioenergetic adaptation [81,82]. Hence, the present short-term para
digm does not allow us to conclude whether BVRA exerts a beneficial or 
detrimental role in hepatic glucose handling.

The washout data reinforce this interpretation. In HFD+/+ F mice, 
hepatic BVRA declined further after dietary normalization, whereas 
systemic glucose tolerance improved. Thus, although this pattern is 
consistent with the possibility that reduced hepatic BVRA participates in 
an adaptive metabolic response in female mice, the systemic glycemic 
curve cannot be used alone to infer the role of hepatic BVRA in either 
direction. In this context, the milder and non-canonical hepatic pheno
type compared with brain regions is compatible with greater hepatic 
metabolic adaptation. Dietary washout further revealed sex-associated 
differences in hepatic insulin signaling and mitochondrial-related 
readouts. In M mice, dietary normalization was associated with a 
normalization of hepatic insulin signaling along with alterations of 
mitochondrial activities, whereas in F mice both insulin signaling and 
OXPHOS activities remained altered. These findings support the inter
pretation that the hepatic phenotype reflects an adaptive remodeling 
phase, in which mitochondrial remodeling represents a slower step in 
metabolic normalization [83,84].

5. Conclusions

This study defines BVRA as a sex- and brain region-specific deter
minant of vulnerability to HFD feeding, with the most consistent effects 
observed in the brain (Fig. 14). In the brain, insulin resistance emerges 
early and is mechanistically associated with BVRA depletion before 
canonical markers of metabolic disease appear, with M mice showing 
more pronounced basal molecular alterations and F mice displaying a 
dissociation between milder molecular changes and equivalent cogni
tive impairment. The FC represents the earliest and most vulnerable 
brain region, whereas the HIP shows delayed and more context- 
dependent alterations, supporting a brain regional vulnerability to 
HFD feeding. Peripheral hepatic analyses revealed a distinct adaptive 
profile following loss of BVRA, in which selected insulin-signaling and 
mitochondrial-related readouts were altered without clear evidence of 
overt hepatic insulin resistance or impaired systemic glucose handling. 
Thus, the LIV findings are best interpreted as a peripheral adaptive 
remodeling response within the present short-term HFD paradigm. Di
etary normalization further revealed sex-dependent differences in re
covery trajectories. In M mice, cortical insulin-signaling and 
mitochondrial-related readouts partially recovered in parallel with 
improved recognition memory, whereas in F mice BVRA levels 
continued to decline and molecular alterations persisted together with 
cognitive impairment. These findings support the concept that short- 
term HFD feeding can imprint a BVRA-associated molecular memory 
in brain regions, particularly in F mice. Overall, targeting the BVRA- 
regulated axis may represent a strategy to restore brain metabolic and 
cognitive resilience in the context of high-fat diet feeding, aging, and 
neurodegenerative disease.

6. Limitations of the study

Several limitations should be acknowledged. First, the use of 
constitutive BVRA knockout mice prevents attribution of the observed 
phenotypes exclusively to brain-intrinsic BVRA loss, and region- 
selective rescue experiments will be required to establish causal suffi
ciency. Therefore, the differences observed between FC and HIP should 
be interpreted as region-associated molecular phenotypes emerging in 
the context of whole-body BVRA deficiency and HFD exposure, rather 
than as definitive evidence of BVRA action within specific brain regions. 
Future studies using brain-specific BVRA rescue, will be required to 
define the direct contribution of local BVRA signaling to these pheno
types. Second, the hormonal basis of the sex dimorphism remains un
explored; estrogen is known to regulate both mitochondrial 
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bioenergetics and insulin sensitivity [85,86], and ovariectomy or hor
mone replacement paradigms will be necessary to disentangle sex 
chromosome effects from gonadal hormone contributions. In this 
respect, the developmental timing of the dietary intervention represents 
an additional consideration. Although diet onset at 4 weeks of age was 
selected to limit obesity-related confounders while still eliciting insulin 
resistance [11], this window coincides with adolescence, pubertal brain 
maturation, and the establishment of estrogen signaling; the persistent 
female vulnerability we observed may therefore partly reflect an inter
action between metabolic stress and hormonal/developmental matura
tion, rather than metabolic memory established exclusively in the adult 
brain. Designs restricting diet onset to adulthood, or controlling for 
hormonal stage, will be required to disentangle these contributions. 
Third, it should be noted that the perirhinal cortex, which is central to 
NOR [87], was not examined here; while this does not affect the mo
lecular alterations we report, it represents a component of the 
recognition-memory circuitry that could help interpret our behavioral 
findings and that future studies may address. Fourth, in the washout 
paradigm, metabolic re-adaptation was characterized primarily at the 
molecular level and through anthropometric parameters, without direct 

quantification of fat and lean mass, which would provide a comple
mentary readout in future studies. A related consideration concerns the 
interpretation of systemic glucose handling and its relationship with 
tissue-specific molecular phenotypes. Because BVRA was constitutively 
deleted in all tissues, the improved glucose tolerance observed in 
HFD-fed BVRA− /− F mice cannot be attributed to a specific organ or 
mechanism. Dedicated tissue-specific deletion or rescue models, 
together with functional metabolic approaches, will be required to 
define the relative contribution of liver, muscle, adipose tissue, and 
pancreas to the systemic phenotype observed here. Finally, validation in 
human datasets linking BVRA expression to brain insulin sensitivity and 
cognitive resilience across sexes would substantially strengthen the 
translational significance of these findings.
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Fig. 14. BVRA deficiency is associated with sex- and brain region-dependent vulnerability to short-term high-fat diet feeding. 
Schematic summary of the proposed model linking BVRA abundance to sex- and brain region-specific vulnerability during high-fat diet (HFD) exposure and dietary 
normalization, with the liver included as a peripheral metabolic comparator. 
(A) Basal BVRA abundance parallels a brain region-specific gradient of vulnerability to HFD-induced stress. The frontal cortex (FC), characterized by lower BVRA 
levels, represents the most vulnerable region, whereas the hippocampus (HIP) displays intermediate vulnerability. The liver (LIV), which shows higher BVRA 
abundance, exhibits greater adaptive capacity and metabolic buffering. 
(B) HFD-induced BVRA decline is associated with sex- and brain region-specific vulnerability. BVRA reduction emerges prominently in the FC, is delayed or less 
pronounced in the HIP, and shows a distinct trajectory in the LIV, with divergent male and female responses during the washout phase. 
(C) BVRA loss is associated with brain region-specific molecular alterations. In brain regions, impaired insulin signaling represents the most severely affected 
pathway, followed by an intermediate degree of mitochondrial alterations, whereas redox balance is largely preserved, ultimately contributing to cognitive 
impairment. Symbols indicate whether alterations were more pronounced in M mice or in F mice: although M mice display more pronounced molecular alterations in 
several pathways, F mice develop comparable cognitive deficits, indicating greater functional vulnerability. 
(D) In the liver, BVRA loss is associated with mitochondrial adaptation, remodeling of insulin signaling, and preserved redox balance. These hepatic changes are 
interpreted as adaptive hepatic remodeling rather than as evidence of hepatic vulnerability, mitochondrial impairment, or overt hepatic insulin resistance. 
(E) Dietary normalization fails to fully reverse HFD-induced alterations in F mice. In F mice, HFD effects outlast dietary exposure and are associated with further 
BVRA decline, persistent molecular alterations in the FC and HIP, reduced mitochondrial activity, and persistent cognitive impairment. In the LIV, dietary 
normalization is associated with further reduction of BVRA protein levels and persistent mitochondrial remodeling in F mice. 
Overall, the model supports the hypothesis that BVRA may contribute to a molecular buffering system influencing the timing, severity, and reversibility of HFD- 
induced brain responses in a sex- and region-specific manner, while hepatic changes are best interpreted as adaptive remodeling within the present short-term 
HFD paradigm.
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