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Abstract
Epidemiological evidence suggests that exposure to ionizing radiation (IR) may increase the risk of
cerebrovascular diseases, yet the long-term effects of moderate doses and their interaction with obesity-
related metabolic stress remain unclear. This study investigated whether high-fat diet (HFD) modifies
cerebrovascular responses to moderate doses of gamma radiation. Male C57BL/6J mice were exposed
to acute whole-body gamma radiation at 300 or 1000 mGy and maintained six months on either a
standard diet (SD) or a HFD. Hippocampal oxidative stress, inflammation, endothelial activation, and
vascular remodeling markers were assessed by RT-qPCR, immunofluorescence, and Western blot.
Untargeted plasma metabolomics was performed to identify systemic metabolic alterations associated
with irradiation.

Exposure to 300 mGy did not significantly alter hippocampal vascular features, either alone or with HFD.
In contrast, co-exposure to 1000 mGy and HFD induced low-grade neuroinflammation, characterized by
increased microglial activation, upregulation of chemokine expression, and increased LYVE-1
immunostaining, suggesting recruitment of perivascular macrophages. Co-exposure also resulted in
increased hippocampal vascular density and elevated ZO-1 expression, suggesting vascular remodeling.
Metabolomic pathway enrichment analysis identified purine metabolism and the malate-aspartate
shuttle as major pathways associated with irradiation-induced metabolic changes. These findings
demonstrate that metabolic stress enhances the long-term neurovascular consequences of moderate-
dose gamma radiation.

Introduction
Eexposure to ionizing radiation (IR) is a major public health concern due to its potential long-term effects
on multiple organ systems, including the cardiovascular system. Both epidemiological [1, 2] and
experimental studies [3, 4] revealed that exposure to high doses of ionizing radiation is associated with
an increased risk of cardiovascular disease.

Cardiovascular disease has been recognized as a relevant late effect of ionizing radiation exposure.
Reflecting this concern, the International Commission on Radiological Protection (ICRP) has considered
circulatory diseases in its recommendations and identified a threshold dose of 0.5 Gy for radiological
protection purposes [5]. Beyond radiological protection considerations, increasing epidemiological and
experimental evidence suggests that radiation exposure can adversely affect cardiovascular health
through mechanisms involving endothelial dysfunction, inflammation, and tissue remodeling [6, 7].
However, the biological responses of cardiovascular tissues to low and moderate radiation doses remain
incompletely characterized, warranting further investigation.

Circulatory diseases are multifactorial, many risk factors influence their development and severity,
including modifiable factors such as lifestyle habits. These lifestyle factors may expose individuals to
multiple biological stressors, including consumption of a high-fat diet (HFD) and the resulting metabolic
disturbances associated with obesity.
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Experimental rodent models of diet-induced obesity demonstrate impairment of the neurovascular unit
and endothelial dysfunction, characterized by oxidative stress, inflammation, and increased in blood-
brain barrier permeability [5]. The hippocampus is especially vulnerable to HFD-induced disruption of the
blood-brain barrier [6].

The cerebral microvasculature is particularly sensitive to both metabolic and inflammatory insults.
Alterations of the neurovascular unit may compromise cerebral blood flow regulation, blood-brain barrier
integrity, and neuronal function, potentially contributing to cognitive decline and neurovascular disease.
However, despite growing evidence that both moderate-dose radiation and obesity independently affect
vascular homeostasis, little is known about how metabolic stress influences the long-term
cerebrovascular response to moderate-dose radiation, particularly the neurovascular unit. Some studies
focused on the effects of repeated irradiation and found that co-exposure with a HFD amplifies vascular
injury by lipid deposition in damaged arterial walls, enhanced inflammation, and activation of oxidative
stress pathways [7–9]. Furthermore, studies on the impact of moderate-dose radiation on metabolism in
animals co-stressed by a high-fat diet, are sparce. A recent study supports the hypothesis that low-dose
radiation promotes alterations in the metabolomic profile, thereby exacerbating HFD-induced obesity
[10].

The present study aimed to investigate the effects of acute external exposure to moderate doses of
gamma radiation on cerebral microcirculation in mice, in the presence or absence of a HFD, a major
cardiovascular risk factor. We hypothesized that irradiation would disrupt neurovascular homeostasis
through oxidative stress, inflammatory responses, endothelial dysfunction, and metabolic alterations,
and that these effects could be modified or exacerbated by HFD-induced metabolic dysfunction. To
address this hypothesis, we assessed vascular, molecular, and metabolomic changes following
irradiation alone or in combination with HFD.

Results
After 6 months, HFD-fed mice exhibited a significant increase in body weight compared with SD-fed
mice, while irradiation did not significantly affect body-weight gain. Body weight evolution curves are
presented in supplementary Figure S1.

No difference in oxidative stress parameters 6 months
after co-exposure
NADPH oxidase activation induces production of reactive oxygen species (ROS), especially superoxide
anion O2-. We measured gene expression of NADPH oxidase subunits by RT-qPCR and found no
differences in expression following exposure to irradiation and/or a high-fat diet (Fig. 1A).

We observed no significant differences in DHE staining intensity in hippocampus sections across the
experimental groups, indicating no difference in the level of superoxide anion O2.- production. (Fig. 1B
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and 1C) Then, we looked at the expression of the Sod1, Sod2 (encoding superoxide dismutase 1 and 2),
and Cat1 (catalase), as they are involved in regulating the redox balance. No significant change was
observed in any group for any of these antioxidant genes (Fig. 1D). Taken together, these findings
suggest that neither irradiation nor HFD, alone or in combination, induced sustained oxidative stress in
the hippocampus 6 months after exposure.

Microglial activation in the hippocampus and over-expression of inflammatory genes after co-exposure
to 1000 mGy and a high-fat diet

Next, we examined key inflammatory response indicators in the hippocampus, focusing on microglial
cells, the resident macrophages of the central nervous system that play a key role in neuroinflammation
following exposure to various stressors. Microglial responses were assessed by immunostaining for the
microglial marker Iba1. We analyzed both microglial cell density and activation phenotype in
hippocampus sections collected 6 months following irradiation.

First, microglial density did not differ significantly across the experimental groups (Fig. 2A), suggesting
that irradiation and/or HFD did not induce microglial proliferation, migration, or infiltration. Because
microglia may participate in a neuroinflammatory response by adopting a wide range of activation
states, spanning from pro-inflammatory (M1-like) to anti-inflammatory (M2-like) phenotypes, microglial
activation was scored.

Our activation score was based on morphological profil and ranged from 0 to 3. We did not detect any
hippocampus slides with a general microglial activation score of 2 or 3. However, we observed microglia
with an activation score of 1, characterized by shortened processes and a larger cell body (Fig. 2B). In
mice exposed to 1000 mGy and HFD, we observed a significant increase in microglia displaying an early
activation stage phenotype compared to the control group, non-irradiated fed with a standard diet
(Fig. 2C) (chi-square test, p = 0.02).

To further characterize the nature of this microglial activation, we next assessed the expression of genes
associated with pro- and anti-inflammatory pathways in the hippocampus.

We assessed the mRNA expression of Nfkb1 (p50) and Nfkb2 (p100), two transcription factors involved
in microglial activation and central regulators of inflammatory signaling. We observed a significant
upregulation of both Nfkb1 and Nfkb2 in mice co-exposed to 1000 mGy irradiation and HFD, compared to
the control group sham-irradiated fed SD (Fig. 2D, p < 0.001 for both). By contrast, mice exposed to 300
mGy while maintained on a standard diet exhibited downregulation of Nfkb1 and Nfkb2 expression (both
p = 0.003), suggesting a reduced activation of inflammation.

In addition, a significant increase in the expression of chemokine genes Ccl2, Ccl3, and Ccl5 (respectively
p = 0.001; p < 0.001; p = 0.005) were observed in the group co-exposed to 1000 mGy and HFD compared
to the control group sham-irradiated fed SD (Fig. 2E). These chemokines are known to contribute to
immune cell recruitment and neuroinflammatory responses.

Page 5/28



However, the cytokine expression profile revealed a more nuanced inflammatory response. While
increased microglial activation score and expression of Nfkb and chemokines genes are consistent with
activation of inflammatory pathways, Il6 expression was significantly decreased following exposure to
1000 mGy alone (p = 0.03) and in combination with HFD (p < 0.001). Conversely, expression of Il11, a
cytokine generally associated with anti-inflammatory and tissue protective responses, was increased in
the 1000 mGy (p = 0.040) and 1000 mGy + HFD (p = 0.025) groups compared to the control group sham-
irradiated fed SD (Fig. 2F). Taken together, these findings suggest that exposure to 1000 mGy induces an
enhanced chemokine signaling rather than a classical pro-inflammatory cytokine response. This is
potentiated by the metabolic stress, translating into partial microglial activation in the 1000 mGy + HFD
group.

To further investigate whether this chemokine-rich environment was associated with the recruitment of
perivascular immune cells, we evaluated perivascular macrophages by Lyve-1 immunostaining. A
significant increase in Lyve-1 staining intensity was observed exclusively in mice co-exposed to 1000
mGy and HFD (Fig. 2G and 2H, p = 0.009) compared to the control group, suggesting an increased
abundance of perivascular macrophages in this group. This observation is consistent with the elevated
chemokine expression detected in the hippocampus and supports the presence of a localized
neuroimmune response following combined irradiation and metabolic stress

No signs of endothelial dysfunction despite evidence of endothelial
inflammatory activation
To determine whether the inflammatory profile observed in the hippocampus is associated with
endothelial dysfunction, we examined the expression of endothelial adhesion molecules (Fig. 3A). No
significant differences were detected in the expression of Pecam1 and Vcam1 among the experimental
groups. However, Icam1 expression was significantly increased in mice co-exposed to 1000 mGy
irradiation and a HFD (p = 0.044), consistent with the inflammatory phenotype observed in this group.We
next investigated endothelial nitric oxide synthase (eNOS), a key enzyme responsible for nitric oxide
production and an essential regulator of endothelial function and vascular homeostasis. Analysis of both
eNOS mRNA (Fig. 3B), total protein expression, and level of phosphorylation at the activating serine 1177
revealed no significant differences across experimental groups (Fig. 3C and 3D). Although no evidence
of overt endothelial dysfunction was detected, vascular inflammation may contribute to structural
vascular alterations, including remodeling and angiogenesis. We therefore next investigated markers of
vascular remodeling and angiogenic responses.

Increase in vascular density and signs of early remodeling following co-exposure to 1000 mGy and a
high-fat diet

Double immunofluorescence staining with CD31 and α-SMA revealed a significant increase in the
surface area occupied by non-muscular vessels (represented by vessel CD31-positive and α-SMA-
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negative) within the hippocampus of mice co-exposed to 1000 mGy irradiation and HFD, compared to
the control group sham-irradiated fed SD (p = 0.016) (Fig. 4A and 4B).

Capillaries are covered by pericytes, contractile cells that contribute to vessel stabilization and
maintenance of blood-brain integrity. To evaluate pericyte coverage, we quantified the ratio of the
PDGFR-β-positive pericyte area to the CD31-positive vascular area. Immunofluorescence co-staining with
CD31 and PDGFR-β showed no significant difference in pericyte coverage across the experimental
groups (Fig. 4C and 4D). Thus, the increase in vascular density observed following co-exposure to 1000
mGy and HFD was not accompanied by a reduction in pericyte coverage. This finding suggests that the
newly observed vessels remained structurally mature and retained pericyte coverage comparable to that
of control animals, potentially contributing to the preservation of blood-brain barrier integrity. To
investigate the mechanisms underlying the increased vascular density, we next assessed the expression
of angiogenesis-related genes, including Vegf, Vegfr1, Vegfr2, and Angpt2.

No significant difference in the expression of these angiogenic factors was detected between groups
(Fig. 4E). These results suggest that active angiogenic signaling was no longer ongoing at the time of
analysis, 6 months after exposure, and may reflect the persistence of vascular changes induced at
earlier stages.

We also examined gene expression of angiogenic factors at shorter time points post-irradiation, 15 days
and 3 months, to try to explain our increased vascular density. We didn’t observe any significant
difference in expression across experimental groups, results are presented in supplementary figure S3.

To further assess blood-brain barrier integrity, we examined the expression of genes encoding tight
junction proteins. The expression of the tight junction scaffolding protein Zonula occludens-1 (Tjp1) was
significantly increased in mice exposed to 1000 mGy alone (p = 0.045) and in mice co-exposed to 1000
mGy and HFD (p = 0.001). However, expression of genes coding Claudin1, Claudin5 and Occludin1 did not
significantly differ across the groups.

The increase in ZO-1 expression may reflect an adaptive response to reinforce endothelial cell-cell
junctions and maintain blood-brain barrier integrity. Combined with the preserved pericyte coverage and
the absence of changes in major tight junction proteins, these findings suggest that the observed
increase in vascular density is associated with early vascular remodeling rather than overt barrier
disruption. Alternatively, the upregulation of ZO-1 may represent a compensatory mechanism following
transient junctional alterations that occurred at earlier time points during the remodeling process.

Exposure to 1000 mGy potentiates the high-fat diet-induced alteration of the plasma metabolomic
profile.

Firstly, PLS-DA was performed using Metaboanalyst 6.0 software to evaluate global differences in
plasma metabolomic profiles between experimental groups. The resulting PLS-DA score plot showed
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only partial separation of the four groups (non-irradiated SD, non-irradiated HFD, irradiated 1000 mGy SD,
and irradiated 1000 mGy HFD), indicating ambiguous metabolomic differences. (Fig. 5A)

Component 1 and Component 2 accounted for a total variance of 24.1% in the samples. Inspection of
the two-dimensional (2D) score plot (Fig.  5Aa), revealed the significant contribution from Component 1
(16.7%), suggesting a dominant trend in metabolites primarily separating mice according to diet, with a
clear distinction between HFD- and SD-fed animals regardless of irradiation status.

In contrast, Component 2 accounted for 7.4% of the variance, suggesting a weaker contribution of
irradiation to group segregation, and thus a weaker effect of irradiation on the metabolomic profile
across the four groups. Nevertheless, permutation testing confirmed that the overall group classification
was statistically significant (p = 0.003), supporting the existence of distinct metabolomic signatures
across experimental conditions.

The contribution of individual metabolites to group discrimination was assessed using complementary
multivariate and univariate approaches. Firstly, metabolites with a Variable Importance in Projection
(VIP) score > 1 on Component 2 were selected from the PLS-DA model, resulting in a total of 96
discriminatory metabolites (Fig. 5Ab) Secondly, volcano plot analyses were performed using a
significance threshold of FDR p-value < 0.05, and a Fold Change > 1.5 or < 0.66 in metabolite expression
in each group compared to the control non-irradiated SD.

Compared with the non-irradiated SD control group, 13 metabolites were significantly up-regulated and
20 down-regulated in non-irradiated HFD-fed mice (Fig. 5Ba). In irradiated SD-fed mice, 13 metabolites
were upregulated and 7 were downregulated (Fig. 5Bb). In contrast, the irradiated HFD group exhibited
the largest metabolic alterations, with 38 upregulated and 21 downregulated metabolites (Fig. 5Bc).
These results indicate that HFD is the primary driver of plasma metabolic changes, whereas irradiation
alone induces more limited alterations. Notably, co-exposure to a HFD and 1000 mGy resulted in
substantially greater metabolic dysregulation than either stressor alone, suggesting that irradiation
potentiates the metabolic disturbances induced by HFD.

To further investigate the specific contribution of irradiation to this metabolic response, pathway
enrichment analyses were performed using metabolites selected according the following (2) criteria:(i) a
VIP score > 1 on Component 2 and (ii) significant dysregulation in volcano plot analyses following 1000
mGy exposure, regardless of diet, relative to non-irradiated SD controls.To further focus on the
metabolites influenced by irradiation, we excluded the 14 metabolites that were also modified by HFD in
the absence of irradiation, assuming that they were primarily driven by the diet. This stringent selection
strategy reduced reliance on the VIP scores alone, which does not provide p-value information on
statistical significance and may be influenced by PLS-DA model susceptible to overfitting [11].
Furthermore, it allows the identification of metabolites deregulated only by 1000 mGy irradiation while
minimizing the influence the confounding impact of HFD-induced metabolic changes. As illustrated in
the Venn diagram (Fig. 5C), a total of 29 significantly different metabolites meeting these two conditions
were identified. The SMPDB pathway analysis (Fig. 5D) on those 29 metabolites shows that the
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significantly enriched pathways are related to purine metabolism and the malate-aspartate shuttle. This
suggests that exposure to 1000 mGy affects metabolic pathways involved in energy metabolism and
nucleotide turnover. Taken together, these findings indicate that while diet represents the main
determinant of plasma metabolomic variation, exposure to 1000 mGy amplifies HFD-induced metabolic
disturbances and is associated with specific alterations in purine metabolism and the malate–aspartate
shuttle.

Discussion
The aim of this study was to determine whether exposure to IR interacts with metabolic stress induced
by a HFD to produce cerebrovascular alterations distinct from those induced by either stressor alone.
Using a murine model of diet-induced obesity, we investigate long term vascular oxidative, inflammatory,
and metabolic responses in the hippocampus 6 months after acute gamma irradiation. Overall, our
findings demonstrate that exposure to 1000 mGy, but not 300 mGy, modifies the response to HFD and
promotes a phenotype characterized by low-grade neuroinflammation, endothelial activation, vascular
remodeling, and systemic metabolic alterations, without evidence of overt endothelial dysfunction or
oxidative stress [12].

A key finding of this study is the differential response observed between 300 mGy and 1000 mGy.
Exposure to 300 mGy produced minimal long-term effects and was associated with reduced expression
of NFkb1 and NFkb2, suggesting a possible attenuation of inflammatory signaling. Similar non-linear
responses have previously been reported after low-dose irradiation, where doses around 200 mGy
reduced the expression of inflammatory mediators in ApoE-deficient mice [13, 14].

In contrast, exposure to 1000 mGy induced persistent molecular alterations, including decreased Il6
expression and increased Il11 and Zo-1 expression. However, these changes were not accompanied by
evidence of oxidative stress, endothelial dysfunction, or marked tissue damage, suggesting the
activation of compensatory regulatory processes that may contribute to the maintenance of tissue
homeostasis over the long term.

In the present study, six month of HFD alone was insufficient to induce significant oxidative stress,
inflammation, alteration of endothelial function, or vascular remodeling. This observation is consistent
with the evidence indicating that the vascular consequences of obesity strongly depend on mouse strain,
diet composition, and duration of exposure [15]. More severe dietary models such as Western diets
enriched in both fat and sucrose, have previously been shown to induce endothelial dysfunction, chronic
neuroinflammation, oxidative stress, mitochondrial dysfunction, and microglial activation. Thus, our
model appears to represent a moderate metabolic challenge that, by itself, was not sufficient to induce
detectable cerebrovascular alterations.

The most pronounced effects were observed following co-exposure to 1000 mGy and HFD. Under these
conditions, we detected evidence of low-grade neuroinflammation in the hippocampus, a brain region
known to be particularly vulnerable to both metabolic and vascular insults. Although microglial density
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remained unchanged, microglia morphology indicated an increase in early activated cells. This
observation was accompanied by increased expression of Ccl2, Ccl3, and Ccl5 chemokines involved in
immune cell recruitment and commonly associated with activated microglia [16]. Increased LYVE-1
immunostaining, further suggests recruitment or expansion of perivascular macrophages, supporting
the presence of a localized neuroimmune response [17, 18].

The inflammatory profile observed after co-exposure was complex and could not be fully described
using the classical M1/M2 polarization framework. Indeed, recent studies have demonstrated
substantial heterogeneity among microglial populations, with multiple activation states coexisting in
physiological and pathological conditions [19, 20].

While increased expression of Nfkb1, Nfkb2, and several chemokines supports activation of
inflammatory pathways, the concurrent downregulation of Il6 and upregulation of Il-11 suggest activation
of compensatory regulatory mechanisms. Together, these findings indicate a state of controlled
neuroinflammation rather than a classical pro-inflammatory response.

Endothelial activation appeared to accompany this inflammatory state. Increased Icam1 expression in
the 1000 mGy + HFD group indicates ongoing long-term endothelial activation, compatible with
enhanced leukocyte-endothelium interactions and inflammatory signaling. A study of local irradiation of
the rat’s brain at high doses (20Gy) showed that ICAM-1 was increased in the pial vasculature 48 h post-
irradiation but returned to baseline by 7 days [21]. However, endothelial activation after low-dose
irradiation remains debated, as results are controversial and inconsistent. Cervelli et al. (2014) showed
that X-ray fractionated irradiation at a cumulative dose of 500 mGy led to an increase in the ICAM-1
expression in vitro [22].

While the impact of high doses of IR on endothelial dysfunction is well established, leading to increased
oxidative stress [23, 24], inflammation [25, 26], diminished NO-dependent vasodilation [27], impaired
hemostasis [28], and weakened vascular integrity [29], all of which promote cardiovascular disease [30,
31].

Nevertheless, no evidence of overt endothelial dysfunction was detected in our study. Expression of
eNOS, the state of its activating phosphorylation at ser1177, and markers of oxidative stress remained
unchanged across groups. These findings suggest that endothelial activation occurred in the absence of
measurable impairment of endothelial nitric oxide signaling or redox homeostasis. This distinction is
important, as endothelial activation represents a physiological response to tissue stress and does not
necessarily progress to endothelial dysfunction.[32] We observed several signs of a regeneration of
endothelial network and barrier function. Hippocampal vascular architecture was altered following co-
exposure to 1000 mGy and HFD. We observed an increase in the surface occupied by CD31-positive non-
muscular vessels, indicating increased vascular density. This change was not associated with reduced
pericyte coverage, suggesting that the vascular network remained structurally mature. Furthermore,
expression of the tight-junction protein ZO-1 increased, whereas other blood-brain barrier markers
remained unchanged.
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Taken together, these observations support the hypothesis of vascular remodeling rather than vascular
degeneration or blood-brain barrier disruption. Although we did not detect persistent changes in
canonical angiogenic markers such as Vegf or its receptors, the angiogenic phase may have occurred
prior to the 6-month post-irradiation endpoint of this study.

Our results are consistent with studies showing that HFD alone had little effect on the density of brain
vasculature [33]. Capillary rarefaction may occur at longer term, as suggested by Chantler et al. study,
that demonstrated capillary rarefaction worsening with time [34]. Our results show that exposure to 1000
mGy, in combination with HFD feeding, was associated with an increased vascular surface.

Furthermore, there was a dose-dependent effect, as we did not observe any change after irradiation at
300 mGy regardless of the diet. In previous studies, whole-brain radiation therapy using 4.5 Gy
administered to mice twice weekly for 4 weeks resulted in capillary rarefaction in subregions of the
hippocampus [35]. This rarefaction was reversible with systemic hypoxia, which completely restored
cerebrovascular density. Additional evidence of reversability of the effects of irradiation in the brain
comes from a study where the authors used cranial irradiation with low doses (put the dose value) and
demonstrated reversible alteration of the blood-brain barrier [36]. In the moderate dose range, repeated
irradiation with 300 mGy for 4 days increased capillary density 45 days post-exposure in a hindlimb
ischemia model, with up-regulation of pro-angiogenic factors and their receptors in endothelial cells [37].
Exposure to gamma rays is known to promote angiogenesis and increase metastasis by increasing the
expression of VEGF, IL-6, and HIF-1α in the irradiated tissue [38].

The immunostaining ratio of PDGFRβ/CD31 surfaces remained unchanged across exposure groups in
our study, suggesting that the increase in vascular density was accompanied by increased pericyte
coverage. This indicates that not only was the density of the vascularure increased, but the vascular bed
was mature.

Given the observed vascular and inflammatory alterations, and the known effects of both irradiation and
obesity on systemic metabolism, we next performed an untargeted metabolomic analysis to determine
whether these exposures were associated with long-term metabolic perturbations.

Metabolomic analysis further supported an interaction between irradiation and metabolic stress. While
HFD emerged as the main driver of plasma metabolomic alterations, irradiation alone induced more
limited changes. Notably, the combination of HFD and 1000 mGy resulted in the highest number of
dysregulated metabolites, suggesting that irradiation may exacerbate obesity-associated metabolic
disturbances. To better characterize radiation-specific effects, we identified 29 metabolites that were
specific to irradiation. Pathway enrichment analysis of these metabolites revealed significant modulation
of purine metabolism and the malate-aspartate shuttle. Among the metabolites contributing to the
enrichment of the purine metabolism pathway were xanthine, hypoxanthine, and uric acid. These
metabolites have previously been proposed as biomarkers of radiation exposure, following the findings
of their increased circulating levels in irradiated mice and non-human primates. [39, 40].
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In contrast, we observed decreased levels of these metabolites, suggesting activation of the purine
salvage pathway. Although this hypothesis requires further investigation, the observed changes may
reflect a compensatory metabolic response to cellular stress induced by irradiation. Supporting this
possibility, Fujiwara et al. (2022) showed that hypoxanthine supplementation reduced apoptosis and
DNA strand breaks in irradiated human umbilical vein endothelial cells through activation of the purine
salvage pathway [44]. Differences between our findings and those reported by Fujiwara et al. may be
related to the distinct experimental settings, including the use of an in vivo model, the prolonged post-
irradiation interval examined here (6 months), and potential differences in radiation dose and exposure
conditions.

Beyond its role in the response to DNA damage, the decompensation of the purine salvage pathway has
also been associated with increased susceptibility to neurodegenerative processes in the hippocampus
[41]. Furthermore, purine metabolism is a key mediator of DNA repair and radioresistance in
glioblastoma [42].

Previous studies in non-human primates have reported increased circulating glutamate and other
tricarboxylic acid (TCA) cycle intermediates following irradiation, suggesting that alterations in central
carbon metabolism may represent a component of the systemic biological response to radiation
exposure [47].

. In addition, glutamate can be utilized by endothelial cells for aspartate synthesis which promotes
mTORC1 activation, enhancing VEGFR2 translation, and supporting both developmental and pathological
angiogenesis [43]. Taken together, these finding suggest that irradiation-induced alterations in purine
metabolism and the malate-aspartate shuttle may contribute to systemic adaptive responses involved in
DNA repair, cellular survival, and vascular remodeling. Such mechanisms could participate in the
neurovascular adaptations observed in the hippocampus of irradiated animals in our study.

In conclusion, our findings suggest that acute exposure to 1000 mGy does not, by itself, induce major
cerebrovascular dysfunction but alters the biological response to metabolic stress induced by a 6-month
high-fat diet. Six months after irradiation, this state is characterized by low-grade neuroinflammation,
endothelial activation, vascular remodeling, and systemic metabolic alterations, while overall vascular
integrity remains preserved. Together, these findings indicate that prior irradiation can shape the long-
term response to metabolic stress and highlight the importance of considering metabolic challenges
when evaluating the biological consequences of ionizing radiation on the cerebrovascular system.

Materials and Methods

Animals
All experiments and procedure were conducted in accordance with the with the European Community
guiding principles in the welfare and use of animals (2010/63/UE) and the French decree no. 2013–118
on the protection of animals used for scientific purposes. The protocol was approved by the local
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registered ASNR Ethic Committee on Animal Experimentation and by the French Ministry of Higher
Education and Research (n° APAFIS #43679-2023053017056324 v3). Male C57BL/6 J mice, aged 7
weeks, were obtained from Janvier Lab (France). The mice were housed in standard laboratory
conditions with a 12h light/dark cycle, controlled temperature (22°C ± 2°C), and humidity (55% ± 10%),
and ad libitum access to food and water.

Diet
For all experiments, mice were randomly divided into two groups, fed either a standard diet (SD) based
on AIN 93M, providing 10.7% of total caloric intake from fat, 13.6% from protein, and 75.6% from
carbohydrates (SAFE® U8978 Version 55, SAFE, France), or a high-fat diet (HFD), providing 45.9% of total
caloric intake from fat, 17.3% from protein, and 36.8% from carbohydrates (SAFE® U8954 Version 204,
SAFE, France).

Irradiation
Upon arrival, the animals acclimated to their new environment and diet for 2 weeks, after which they
underwent acute external whole-body gamma irradiation. All irradiations were performed at the CEA
(French Alternative Energies and Atomic Energy Commission) with the GSR D1® from GSM, an irradiator
using 3 sources of Cesium-137, at a dose-rate of 112 mGy.min-1. Mice were randomly divided into three
groups, receiving respectively 0 mGy (for the non-irradiated control), 300 mGy, and 1000 mGy of gamma
ionizing radiation, respectively.

Euthanasia and tissue collection
The 6-months post-exposure time point was selected to assess the long-term effect of co-exposure to a
high-fat diet and acute irradiation. Mice were terminally anesthetized by injection of ketamine (100
mg.kg-1)/xylazine (75 mg.kg-1) after injection with Buprenorphine (0.05 mg.kg-1) and exposure to a
mixture of 5% isoflurane and 95% air to reach unconsciousness.

For the histological assay, before terminal anesthesia, mice were perfused with a 4% paraformaldehyde
solution (VWR Chemicals). Whole brains were collected and placed in 30% sucrose solution at 4°C
overnight. Brains were embedded in Tissue-Tek O.C.T Compound (Sakura OCT 4583). Brain
hippocampus sections of 20µm (-0.94 mm to -2.54mm, bregma) were sliced on SuperFrost Plus™ slides
(Thermo Scientific™) using a cryostat (NX50, Epredia) and stored at -80°C until use.

For biochemical and molecular biology assays, after terminal anesthesia, by cervical dislocation, the
brains were extracted, and the two hemispheres were dissected. The tissues were flash-frozen in liquid
nitrogen and stored at -80°C until use, with one hemisphere used for mRNA extraction and the other for
protein extraction.
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Blood was collected under deep anesthesia by cardiac puncture with heparinized syringe, and plasma
was collected after centrifugation at 1000g for 10 minutes. Samples were stored at -80°C until use.

Immunochemistry
Slides were rehydrated in PBS 1X and permeabilized for 30 minutes with 0.1% Triton (X100-100ML,
Sigma-Aldrich) in PBS. Slides were blocked for 30 min at room temperature with a protein block solution
(E17-100, Zytomics). Primary antibodies prepared in PBS-Triton 0.1% were incubated overnight at 4°C.
For microglia identification, an anti-goat Iba1 primary antibody (ab5076, Abcam) was used at a 1/200
dilution. The perivascular macrophages marker LYVE-1, a rabbit anti-LYVE-1 primary antibody (PA1-
16635, Invitrogen) was used at a 1/500 dilution. [17] Endothelial cells in blood vessel capillaries were
identified using, a rat ant-CD31 primary antibody (553370, BD Pharmigen) at a 1:500 dilution. For
pericytes identification, a rabbit anti-PDGFRβ primary antibody (ab32570, Abcam) was used at a 1:200
dilution. The next day, the slides were washed 4 times for 5 minutes with PBS-Triton 0.05%, and
incubated with relevant secondary antibodies (1:1000 in PBS-Triton 0.1%) for 2 hours at room
temperature. The anti-Iba1 primary antibody was revealed with a Donkey anti-Goat secondary antibody
(A32814, Invitrogen), and the anti-Lyve-1 primary antibody was revealed with a Donkey anti-Rabbit
secondary antibody (A21207, Invitrogen). The anti-CD31 primary antibody was revealed with a Goat anti-
Rat secondary antibody (A11077, Invitrogen), the anti-PDGFRβ primary antibody was revealed with a
Goat anti-Rabbit secondary antibody (A11034, Invitrogen).

The slides were then washed 4 times for 5 minutes with PBS-Triton 0.05%, and once for 5 minutes with
PBS. Slides were mounted with Vectashield Mounting solution with DAPI (Vector), then scanned using a
Nanozoomer S60 (Hamamatsu). The slides were quantified using the QuPath software (v.0.6.0)[44].
Microglial activation was determined semi-quantitatively as previous described by Taetzsch et al. (2015)
[45]. Briefly, each slide was examined independently and in a blinded manner by two individuals to
establish a standard and assigned score between 0 and 3.

Dihydroéthidium (DHE) staining
For detection of superoxide anion, Dihydroéthidium ThermoFischer) was dissolved in
dimethylsulfoxideand used according to the manufacturer's protocol. After 3 washes in PBS, the solution
was added to the slides and incubated for 30 minutes at 37°C. The slides were then washed 3 times in
PBS, mounted with Vectashield Mounting solution with DAPI (Vector), and scanned using a Nanozoomer
S60 (Hamamatsu) and appropriate filters for excitation/emission 302 nm and, 518/605 nm respectively.

RNA extraction and RT-qPCR
The hippocampus was dissected from the frozen half brain in cold PBS in a petri dish on ice and RNA
extraction was performed using a QIAzol/chloroform-based protocol. Hippocampus were directly put in
500µL of QIAzol lysis reagent (Qiagen) in lysing matrix D tubes (MP biomedicals) and homogenized by a
Precellys® 24 (Bertin Technologies) with a single 20-second cycle at 5500 rpm. The lysate was
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centrifuged at 12000 g for 1 minute at 4°C, and transferred to an RNase-free tube. RNA extraction was
performed using a standard QIAzol/chloroform-based protocol.

Briefly, 100 µL chloroform was added to the lysate. Sample were vortexed for 30 s, incubated for 3 min at
room temperature, centrifuged at 12000 g for 15 min at 4°C. The upper aqueous phase was carefully
collected, and RNA was precipitated by adding 300 µL of isopropanol, followed by gentle mixing by
inversion. Samples were incubated at room temperature for 10 min and centrifuged at 12000 g for 15
min at 4°C. RNA pellets were washed with 75% ethanol and centrifuged at 8000g for 5 min at 4°C. After
removal of the supernatant, the pellets were air-dried, resuspended in 40 µL of RNAse-free water. RNA
concentration was measured using a NanoDrop ND-1000 spectrophotometer (ThermoFischer), and RNA
quality was assessed using a 2100 Bioanalyzer with a RNA 6000 Nano Kit (Agilent).

Reverse transcription was performed with the high-capacity cDNA Reverse Transcription Kit from
Applied Biosystems (Life Technologies) and a thermocycler (SimpliAmp, Applied Biosystem) following
the kit’s temperature cycle recommendations. RNAsa-free water was added to reach a cDNA
concentration of 50ng.µL-1, and cDNA were stored at -20°C until use.

qPCR was carried out using a QuantStudio 12K Flex Real-Time PCR System (ThermoFisher) in
MicroAmp® Optical 384-well plates (Applied Biosystems) in duplicate. For each reaction, 4µL cDNA
diluted at 1:40, 6µL SYBR green and respective ready-to-use PCR primers for mouse, synthesized by
Qiagen (Quantitect Primer Assay, Qiagen), were distributed by an EpMotion 5073 (Eppendorf). Primers
are detailed in table 1 in supplementary method.

Samples were assayed in duplicate and normalized with two house-keeping genes: Gapdh and Hprt1.
GAPDH et HPRT.

Protein extraction and Western Blot
Hippocampus were placed in lysing matrix D tubes (MP biomedicals) containing 150µL of RIPA lysis
buffer (ThermiFischer®) with protease inhibitors (cOmplete Tablets EASYpack, Roche). Tissues were
homogenized by a Precellys® 24 (Bertin Technologies) with a single 20-second cycle at 5500 rpm. After
a short centrifugation for 1 min at 1500g, 4°C, samples were stored at -80°C until use.

Protein concentration was assessed using a Pierce™ Rapid Gold BCA Protein Assay Kit (Thermo Fisher
Scientific®, USA), absorbance was read at 480 nm on an Infinite M200 pro (TECAN®).

SDS-PAGE was carried out using 40 µg proteins after samples denaturation in Laemmli 4× buffer (Bio-
Rad) and Reducing Agent 20× (Bio-Rad). Samples were denatured at 37°C for 30 minutes and then
transferred in 15-well 10% acrylamide gels (Mini-PROTEAN TGX Stain-Free precast gels, Bio-Rad®).
Migration was carried out for 10 minutes at 70 Volts, followed by 1 hour and 20 minutes at 110 Volts on
a Mini-PRETEAN® Tetra cell (Bio-Rad®) with a water and TGS 10X buffer (Bio-Rad®). Proteins were then
transferred onto a membrane (Trans Blot Turbo™ Mini-PVDF Transfer Packs, Bio-Rad®) using a Trans-
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Blot Turbo (BioRad®) for 7min at 2.5A and 25 V. Stain-free detection was done on GelDoc Go Imaging
System (Bio-Rad®), to detect total protein level in each sample.

Primary antibodies dilutions were prepared at 1:1000 dilution in 2.5% milk in PBS -Tween and incubated
overnight at 4°C under gentle shaking. (ENOS, ref: ab199956, Abcam ; p-ENOS ser 1177, ref:PA5-97371,
Invitrogen). The membranes were then washed in PBS-Tween 0.1% for 3 minutes 5 times. The respective
secondary HRP-conjugated anti-rabbit antibody (HAF008, Novus Biologicals) was diluted to 1:5000 in
2.5% milk in PBS-Tween 0.1% and added, then incubated for 2 h. After 5 3-minute washes in PBS-Tween,
membranes were revealed, using chemiluminescence reagents according to the manufacturer's protocol
(Supersignal West Pico Plus chemiluminescence substrate PIER34578, Thermo Fischer Scientific) and
an ImageQuant™800 (Cytiva) imager. Acquired images were quantified using the ImageQuant™ software
(ImageQuant TL 10.0.261, Cytiva). Stain-free total protein signal was used for normalization.

Metabolomic
For metabolomic analysis, 100µL of plasma was sent to the CriBioM platform at the Centre
Cardiovasculaire et Nutrition (C2VN, Marseille, France). Sample preparation, spectrometry analysis, and
data processing are described in detail in supplementary material.. Data were analyzed and discriminant
variables were interpreted using Metaboanalyst 6.030. Small Molecule Pathway Database
(https://smpdb.ca) was used with the specific MetaboAnalyst module (https// www.metaboanalyst.ca)
to analyze pathway enrichment and discriminate data according to their involvement in metabolic and
biological functions.

Statistical analysis
The statistical analyses were performed using Prism 8.4.2 (GraphPad Software). Normality was
assessed using Shapiro-Wilk test. If the null hypothesis was accepted, data were considered normally
distributed, and were analyzed using One-way ANOVA, followed by multiple comparisons using Tukey’s
HSD post-hoc test. If the null hypothesis was rejected, the nonparametric Kruskal-Wallis test was used
with Dunn’s post hoc test for multiple comparisons. All data presented in the figures are reported as
means ± standard deviation (StdDev); the significance level was set at P < 0.05. P-values are reported in
the text, with significance levels indicated as follows: * P < 0.05, ** P < 0.01, *** P < 0.001.

Data availability statement
The data that support the findings of this study are available from the corresponding author, upon
reasonable request.
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Figure 1

NADPH oxidase and antioxidant-linked gene expression and superoxide anion staining. (A) Relative
mRNA expression of NADPH oxidase sub-units determined by quantitative RT-PCR and expressed as fold
change relative to non-exposed control mice ± SD. n = 7-12 per group (B) Quantification of superoxide
anion by DHE staining intensity ± SD. Arbitrary units (A.U.). n = 6 per group. (C) Illustration of DHE
staining in the hippocampus. (D) Relative mRNA expression of Cat1, Sod1, and Sod2 determined by
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quantitative RT-PCR and expressed as fold change relative to non-exposed control mice ± SD. n = 8-12
per group.

Figure 2

Inflammatory response in the hippocampus. (A) Microglial density quantification in the number of
marked cells per µm2 ± SD. n = 6-8 per group. (B) Illustration of microglial cells stained with a Iba1
(green) and DAPI (blue) (C) Microglial activation scoring ± SD. Arbitrary units (A.U.). n = 6-8 per group.
Statistical analysis was performed using Pearson’s Chi-squared test. *p < 0.05. (D) Relative mRNA
expression of Nfkb1, Nfkb2determined by quantitative RT-PCR and expressed as fold change relative to
non-exposed control mice ± SD. n = 10-12 per group. (E) Relative mRNA expression of interleukines (Il6,
Il11) determined by quantitative RT-PCR and expressed as fold change relative to non-exposed control
mice ± SD. n = 10-12 per group. (F) Relative mRNA expression of chemokines and receptors (Ccl2, Ccl3,
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Ccl5, Cxcr5) determined by quantitative RT-PCR and expressed as fold change relative to non-exposed
control mice ± SD. n = 10-12 per group. (G) Perivascular macrophages quantification by ratio of Lyve-1
intensity immunostaining on hippocampus surface ± SD. Arbitrary units (A.U.). n = 5-8 per group. Results
passed normality tests for figures A, D and G and were analyzed using one-way ANOVA followed by
Tukey’s multiple-comparison test. Results for figures E and F did not pass the normality test and were
analyzed using Kruskal–Wallis test followed by Dunn’s post hoc test. All groups were compared to each
other and significant differences between groups are indicated as follows: *p < 0.05; **p < 0.01.
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Figure 3

Endothelial dysfunction markers: adhesion molecules and eNOS. (A) Relative mRNA expression of
adhesion molecules (Pecam1, Vcam1, Icam1) determined by quantitative RT-PCR and expressed as fold
change relative to non-exposed control mice ± SD. n = 8-12 per group. (B) Relative mRNA expression of
eNOS determined by quantitative RT-PCR and expressed as fold change relative to non-exposed control
mice ± SD. n = 9-12 per group. (C) Western blot analysis of eNOS protein expression level expressed as
fold change relative to non-exposed control mice ± SD. n = 8-10 per group. (D) Western blot analysis of
phospho-eNOS (Ser 1177) expressed as ratio relative to eNOStotal protein expression level ± SD. n = 10
per group. Western blot membranes images were cropped (Figure 3C and D) and original blots are
presented in Supplementary Figure S2. Results for figure A did not pass the normality test and were
analyzed using Kruskal–Wallis test followed by Dunn’s post hoc test. All groups were compared to each
other, and significant differences between groups are indicated as follows:  *p < 0.05.
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Figure 4

Vascular density in the hippocampus. (A) Percentage of capillary surface in the hippocampus quantified
by CD31-positive and a-SMA negative surface relative to hippocampus area in percentage ± SD. n = 4-8
per group. (B) Illustration of endothelial cells stained with CD31 (red) and DAPI (blue). (C) Illustration of
capillaries: endothelial cells stained with CD31 (red), pericytes stained with PDGFR-b (green), and nuclei
stained with DAPI (blue). (D) Pericyte coverage of blood vessel quantified by PDGFR-b positive surface
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on CD31 positive surface ± SD. n = 4-8 per group. (E) Relative mRNA expression of angiogenic factors
(Vegfa, Vegf-R1, Vegf-R2, Angpt2) determined by quantitative RT-PCR and expressed as fold change
relative to non-exposed control mice ± SD. n = 9-12 per group. (E) Relative mRNA expression of tight-
junction proteins (ZO-1, Claudin-1, Claudin-5, Occludin-1) determined by quantitative RT-PCR and
expressed as fold change relative to non-exposed control mice ± SD. n = 8-12 per group. Results passed
normality tests for figures A and D and were analyzed using one-way ANOVA followed by Tukey’s
multiple-comparison test. Results for figures E and F did not pass the normality test and were analyzed
using Kruskal–Wallis test followed by Dunn’s post hoc test. All groups were compared to each other and
significant differences between groups are indicated as follows:  *p < 0.05; **p < 0.01
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Figure 5

Multivariate analysis of metabolomics data in plasma (A) Multivariate analysis of the metabolomics
data: comparison between every group, non-irradiated and irradiated at 1000 mGy, fed with a standard or
high-fat diet. (a) Partial least-squares discriminant analysis (PLS-DA). (b) Top 20 metabolite features
ranked according to their Variable importance in projection (VIP) scores in component 2 (VIP scores > 1)
 (B) Volcan plot showing relative abundances of metabolites. Significance is defined by a LIMMA t-test p-
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value FDR≤ 0.05 and a result of fold change analysis (treated group/control group 0 mGy SD) >1.5 or
<0.66. (a) Volcano plots showing the relative abundances of metabolites between group exposed to 0
mGy HFD and control group 0 mGy SD. (b) Volcano plots showing the relative abundances of
metabolites between group exposed to 1000 mGy SD and control group 0 mGy SD. (c) Volcano plots
showing the relative abundances of metabolites between group exposed to 1000 mGy HFD and control
group 0 mGy SD. (C) Venn diagram representing the number of significantly differential dysregulated
metabolites in each group compared to the control 0 mGy SD detected by the Volcano Plot analysis and
PLS-DA VIP score. The metabolites circled in red were used for metabolic pathway enrichment analysis.
(D) Summary of metabolic pathway enrichment analysis with SMPDB using a set of 29 metabolites
found to be significantly dysregulated by irradiation compared to control.
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