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Abstract: Stress has been implicated in the onset of mental disorders such as depression,
with the prefrontal cortex (PFC) playing a crucial role. However, the underlying mecha-
nisms remain to be fully elucidated. Metabolites secreted by intestinal flora can enter the
bloodstream and exert regulatory effects on the body. Consequently, this study aims to
investigate the molecular mechanisms by which gut flora influences ferroptosis in PFC
neurons, thereby affecting depression-like behavioral changes in mice subjected to acute
stress. Initially, we established a mouse model of acute restraint stress (3-day duration)
and verified that stress-induced ferroptosis of PFC neurons contributed to depression-like
behavioral alterations in mice, as evidenced by morphological, behavioral, and molecular
biology assessments. Subsequently, through fecal microbiota transplantation (FMT) experi-
ments, we established a significant correlation between gut microbiota and ferroptosis of
PFC neurons in acute stress-exposed mice. 165 rDNA sequencing identified butyric acid-
producing bacteria, specifically g_Butyricimonas and its primary metabolite, butyric acid, as
critical regulators of ferroptosis in PFC neurons in acutely stressed mice. Furthermore, the
intervention of butyrate demonstrated its potential to ameliorate damage to the intestinal
and blood-brain barriers in these mice. This intervention also mitigated depression-like
behaviors induced by ferroptosis of PFC neurons by alleviating systemic inflammatory
responses. The findings of this study indicate that acute stress-induced ferroptosis of PFC
neurons plays a critical role in depression-like behavioral changes in mice. Additionally, the
gut microbiota metabolite butyrate can modulate ferroptosis and depression-like behavioral
changes through the gut-brain axis.
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1. Introduction

Stress is a nonspecific adaptive reaction to endogenous or exogenous stimuli, main-
taining organismal homeostasis [1]. When the stressor is excessively intense and rapid,
classified as acute stress, the resultant stress response surpasses the body’s adaptive capac-
ity, potentially inducing various physiological or psychological disorders [2]. In the event
of significant psychological trauma, such as earthquakes, fires, or car accidents, individuals
initially experience acute stress disorder (ASD). If ASD is not effectively managed, it can
progress to secondary depressive episodes. According to the Global Burden of Disease
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Study, depression affects approximately 3—4% of the global population [3,4]. Individuals
suffering from depression frequently necessitate prolonged medical and psychological
interventions, placing a substantial strain on both familial units and national healthcare in-
frastructure [5]. Consequently, elucidating the mechanisms underlying acute stress-induced
bodily harm and depression constitutes an urgent scientific challenge within the realm of
clinical medicine.

The prefrontal cortex (PFC), located in the anterior region of the frontal lobe, is critical
for governing complex cognitive processes, emotional regulation, and decision-making [6].
Impairment and dysfunction of the PFC are associated with the onset and progression of
schizophrenia [7], PTSD [8], and depression [9]. Empirical evidence indicates that stress
induces atrophy in PFC pyramidal neurons, a reduction in dendritic spines, and pathologi-
cal alterations in iron metabolism [10]. Iron, a critical element for the brain, is involved in
oxygen transport, DNA synthesis, and mitochondrial respiration and generates hydroxyl
free radicals that cause oxidative damage to lipids, proteins, and carbohydrates upon
disruption of its metabolism [11]. Ferroptosis, an iron-dependent form of programmed cell
death characterized by unrestricted lipid peroxidation, is important in the study of diseases
like cancer and depression. A limited number of studies have reported that stress may
induce alterations in ferroptosis markers within the PFC of mice [12]. However, the use of
ferroptosis inhibitors for confirmation has not been undertaken. The relationship between
acute stress and ferroptosis in PFC neurons of mice remains ambiguous, necessitating
further investigation into the underlying mechanisms.

The gut microbiota comprises a diverse array of microorganisms residing in the
human gastrointestinal tract [13], and is critical for maintaining physiological homeosta-
sis [14]. Dysbiosis has been implicated in a range of diseases, including inflammatory
bowel disease [15], autism, and depression [16,17]. Stress can induce alterations in in-
testinal morphology and physiology in mice, alongside modifications in gut microbiota,
ultimately impacting brain health [18,19]. The gut-brain axis represents a bidirectional
communication network connecting the gut and brain [20] and plays an important role
in modulating stress-related brain damage [21]. Furthermore, the intestinal microbiota
is intricately associated with ferroptosis, influencing body iron absorption and systemic
iron homeostasis regulation [22]. Modulating gut microbiota composition has been shown
to mitigate brain ferroptosis induced by ischemia—reperfusion or ischemic stroke [23,24].
However, the involvement of gut microbiota in acute stress-induced ferroptosis in PFC
neurons remains to be elucidated.

In this study, we established an acute restraint stress mouse model and employed
the ferroptosis inhibitors Ferrostatin-1 (Fer-1) and Deferoxamine (DFO) to investigate
ferroptosis occurrence in PFC neurons under acute stress conditions. Subsequently, we
used fecal microbiota transplantation (FMT) to elucidate the role of gut microbiota in PFC
neuronal ferroptosis under acute stress. Concurrently, 165 rDNA sequencing technology
was used to identify key gut bacteria and metabolites implicated in this process. Following
this, the identified key metabolites were administered to mice experiencing acute stress. We
measured various parameters including intestinal barrier permeability, serum inflammatory
factor levels, blood-brain barrier permeability, and PFC inflammatory factor expression
to investigate underlying mechanisms of PFC neuronal ferroptosis in the context of acute
stress. This study identifies novel therapeutic targets for the prevention and treatment of
stress-related mental health disorders.
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2. Results

2.1. Acute Stress-Induced Ferroptosis of PFC Neurons Contributes to Depression-like Behavioral
Alterations in Mice

Initially, we used an acute restraint stress murine model [25,26]. Our findings indicated
a significant reduction in body weight over time in the restraint stress group (RS) compared
to the control group (CON) (Figure 1A). Additionally, there was a marked increase in serum
corticosterone levels in the RS mice (Figure 1B). Behavioral assessments revealed that the
RS group exhibited depressive-like symptoms. Specifically, in the open field test; the RS
mice demonstrated a significant decrease in both the percentage of distance traveled and
the percentage of time spent in the central area (Figure 1C-E). In the tail suspension test, the
RS group mice exhibited a significantly increased percentage of immobility time (Figure 1F).
To investigate the underlying mechanisms of depression-like behavior in RS mice, we
initially examined damage to PFC neurons across different groups using HE staining
and Nissl staining. The HE staining results indicated that, in comparison to the CON
group, the PFC of the RS group displayed edematous nerve cells, a higher number of red
neurons with red cytoplasm, and a loss of clear nuclear structure (Figure 1G). Nissl staining
results indicated that, in comparison to the CON group, the PFC neurons of the RS group
exhibited mild edema, disappearance of Nissl bodies, cellular pyknosis, and increased
staining density (Figure 1H). Furthermore, our analysis revealed alterations in markers
associated with iron metabolism and lipid peroxidation in the PFC of RS mice. Specifically,
compared to the CON group, the RS group showed significantly elevated expression levels
of transferrin (TF) and transferrin receptor (TFR), as well as increased contents of Fe?* and
malondialdehyde (MDA), which are end products of lipid peroxidation. Conversely, the
content of glutathione (GSH) was significantly reduced in the RS group (Figure 11-M).
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Figure 1. Acute stress induced depressive-like behavior and PFC neuronal damage in mice. (A) Body
weight of the mice in the CON and RS groups over the initial three-day period. Data are expressed
as mean + SEM, with statistical significance assessed via two-factor repeated measures ANOVA.
(B) Serum corticosterone levels in the two groups of mice. (C) Representative movement trajectories
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of the two groups of mice during the open field test. Red lines show the mice’s movement in the
central zone, and brown lines indicate its trajectory in the peripheral zone. (D,E) In the open field
test, the percentage of movement distance within the central area (D) and the percentage of residence
time in the central area (E). (F) The percentage of immobile time in the tail suspension test. n = 6.
(G,H) Representative images of HE staining (G) and Nissl staining (H) of the PFC in the two groups
of mice. Scale bars: 200 pm and 50 um. (L]J) The relative protein expression levels of TF and TFR in
the PFC. nn = 6. (K-M) The MDA content (K), Fe2* content (L), and GSH content (M) in the PFC of the
two groups of mice. n = 4. Data were presented as mean & SEM. Statistical significance between the
two groups was assessed using Student’s f-test for normally distributed data, and the Mann-Whitney
rank sum test for data that did not follow a normal distribution. Significance levels were denoted as
*p <0.05and ** p < 0.01.

Considering all the aforementioned indicators are associated with ferroptosis, we
hypothesized that ferroptosis in PFC neurons contributes to acute stress-induced PFC injury
and depression-like behavior in mice. To test this hypothesis, we administered ferroptosis
inhibitors Fer-1 and DFO in an acute restraint stress mouse model. The experimental
procedure is illustrated in Figure 2A. Our findings indicate that supplementation with Fer-1
and DFO significantly mitigated ferroptosis in the PFC of RS mice. Compared to the RS
group, the expression levels of TF and TFR, as well as the contents of MDA and Fe?*, in the
PEC of the Fer-1 and DFO groups were significantly reduced, while the content of GSH was
significantly elevated (Figure 2B-G). Conversely, no significant changes were observed in
these parameters within the DMSO group. These findings suggest that ferroptosis occurs
in the PFC neurons of acutely stressed mice. Furthermore, we observed that the neuronal
damage in the PFC was significantly ameliorated in the Fer-1 and DFO groups compared to
the RS group (Figure 2H,I). Moreover, although there was no significant difference in body
weight change between the Fer-1 and DFO groups (Figure 2J), the depression-like behavior
of the mice was significantly alleviated (Figure 2K-N). These findings suggest acute stress-
induced ferroptosis of PFC neurons is implicated in the manifestation of depression-like
behaviors in mice.

2.2. Gut Microbiota Is Involved in Ferroptosis in the PFC of Acute Stress Mice

To investigate the involvement of gut microbiota in ferroptosis, we conducted FMT
experiments, as illustrated in Figure 3A. Antibiotic-treated mice treated with an antibiotic
mixture were utilized to ensure FMT efficacy. Sequencing analysis of the gut microbiota
before and after antibiotic treatment demonstrated that the antibiotic regimen effectively
eradicated most gut microbiota. Alpha diversity analysis revealed significant decreases
in the Chaol, Faith_pd, Pielou_e, and Shannon indices in the Post mice (Figure 3B-E).
Furthermore, gut microbiota structure analyses showed substantial differences between Pre
and Post mice (Figure 3F). In the Pre mice, p_Bacteroidetes, p_Firmicutes, and g_Lactobacillus
were predominant, whereas in the Post mice, p_Proteobacteria and g_Enterobacter emerged
as the dominant intestinal bacteria (Figures 3G,H and S1).

Following successful establishment of antibiotic-treated mice, fecal microbiota trans-
plantation was conducted. Results indicated that compared to the FMT-C (feces from
CON mice via gavage) group, the FMT-S (feces from RS mice via gavage) group exhibited
significant upregulation of ferroptosis-related marker expression: TF and TFR (Figure 3L]).
Additionally, there was a notable increase in MDA and Fe?* levels, along with a significant
reduction in GSH content (Figure 3K-M). Furthermore, FMT-S mice demonstrated neuronal
damage in the PFC analogous to RS mice (Figure 3N,O). However, no significant differ-
ences in body weight were detected between the FMT-S and FMT-C groups (Figure 3P).
Nevertheless, FMT-S mice exhibited significant reductions in both moving distance and
time spent in the central area during the open field test (Figure 3Q-S). Additionally, there
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was a notable increase in resting time observed in the tail suspension test (Figure 3T). These
findings indicate that FMT effectively transferred the ferroptosis phenotype from RS mice
to antibiotic-treated mice, resulting in prefrontal cortex neuronal damage and manifestation
of depression-like behaviors in the antibiotic-treated mice.
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Figure 2. Acute stress-induced ferroptosis of PFC neurons is implicated in depression-like behavior
in mice. (A) Schematic representation of the experimental protocol for administering the ferroptosis
inhibitors. The figure was drawn by Figdraw, ID:RUUAO2{bf0. (B-D) Relative protein expression
levels of TF (C) and TFR (D) in the PFC. 1 = 3. (E-G) MDA content (E), Fe?* content (F), and GSH
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content (G) in the PFC of each group of mice. n = 4. (H,I) Representative histological images of
HE staining (H) and Nissl staining (I) in the PFC of mice from the respective groups. Scale bars:
200 pm and 50 um. (J) Body weight data of mice in each group were recorded over the first three days.
The data are presented as mean + SEM, and statistical significance was assessed using a two-factor
repeated measures ANOVA. (K) Representative movement trajectories of each group of mice were
captured during the open field test. Red lines show the mice’s movement in the central zone, and
brown lines indicate its trajectory in the peripheral zone. (L,M) In the open field test, the percentage
of movement distance in the central area (L) and the percentage of time spent in the central area
(M). (N) The percentage of immobile time for each group of mice was determined during the tail
suspension test. n = 6. Data are expressed as mean + SEM. Statistical significance among multiple
groups was assessed using one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.3. Butyric Acid-Producing Bacteria Are the Key Enterobacteria Involved in Ferroptosis of PEC
Neurons in Mice with Acute Stress

To investigate key gut bacteria involved in ferroptosis of PFC neurons in mice sub-
jected to acute stress, we used 165 rDNA (V3-V4 region) sequencing technology to as-
sess gut microbiota composition in mice undergoing the acute restraint stress and fecal
microbiota transplantation. The findings indicated no significant difference in alpha di-
versity, as measured by the Chaol and Pielou_e indices, between CON and RS mice
(Figure 4A,B). However, significant (3 diversity differences were observed (Figure 4C). At
the phylum level, both CON and RS intestinal microbiota were predominantly composed
of p_Bacteroidetes, and p_Firmicutes. Relative to CON, RS had reduced p_Bacteroidetes and
increased p_Firmicutes, resulting in a significantly elevated p_Firmicutes/p_Bacteroidetes
ratio (Figure 4D,E). Furthermore, the gut microbiota composition of FMT-C and FMT-S
mice showed significant differences, with dominant phyla reverting to p_Bacteroidetes and
p_Firmicutes. However, no significant differences were observed in alpha diversity or
p_Firmicutes /p_Bacteroidetes ratio between the two groups.

Random forest analysis was used to identify key intestinal bacteria associated with
PFC ferroptosis in mice subjected to acute stress (Figure 4F,G). Comparative analysis
between CON and FMT-C mice allowed us to focus on the intestinal flora exhibit-
ing consistent changes in RS and FMT-S mice. The following genera were examined:
g_Butyricimonas, g_[Prevotella], g_Coprococcus, g_Streptococcus, and g_Dorea. All genera,
except for g_Streptococcus, showed a close association with butyrate production, a key gut
microbiota metabolite. The relative abundance of ¢_Butyricimonas [27], g_[Prevotella] [28],
and g_Coprococcus [29], known butyric acid producers, was significantly reduced in RS mice
intestines compared to CON mice. Conversely, g_Dorea [30], negatively correlated with
butyric acid production, showed a significant increase. However, g_Streptococcus, unrelated
to butyric acid production, tended to increase, although not significantly. Compared to
FMT-C mice, FMT-S mice showed a similar trend in the aforementioned intestinal bacteria.
Notably, the change in g_Butyricimonas was statistically significant (Figure 4H,L). Spearman
correlation analysis results indicated that the abundance of g_Butyricimonas, g_[Prevotella],
and g_Coprococcus positively correlated with open field test central area moving distance
and staying time, as well as GSH levels. Conversely, these genera negatively correlated with
weight difference, corticosterone content, tail suspension test time percentage, and MDA
and Fe?* levels. In contrast, ¢_Streptococcus and ¢_Dorea showed an inverse relationship
compared to g_Butyricimonas, g_[Prevotella], and g_Coprococcus. Heatmap and network anal-
yses results indicated that g_Butyricimonas is the primary gut microbiota associated with
PEC ferroptosis (Figure 4M,N). These findings suggest that butyric acid-producing bacteria,
exemplified by g_Butyricimonas, are significantly diminished in mice subjected to acute
stress and play a crucial role in regulating PFC neuron ferroptosis under such conditions.
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Figure 3. The gut microbiota is implicated in ferroptosis within the PFC of acutely stressed mice.
(A) Experimental flowchart of FMT. The figure was drawn by Figdraw, ID:RWTIU78278. (B-E) Alpha
diversity indices (Chaol, Faith’s_pd, Pielou_e, Shannon) of gut microbiota in mice before and
after antibiotic treatment. (F) The beta diversity analysis of gut microbiota in mice before and
after antibiotic treatment, utilizing PCoA analysis based on the Bray—Curtis distance. The Adonis
test was employed to identify statistical differences between the two groups. (G,H) The relative
abundance of gut microbiota at the phylum level before and after antibiotic treatment. n = 6. (IJ) The
relative protein expression levels of TF and TFR in the PFC of mice from the FMT-C and EMT-S
groups. (K-M) The MDA content ((K), n = 6), Fe?* content ((L), n = 6), and GSH content ((M),
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n =5) in the PFC of the two groups of mice. (N,O) Representative histological images of HE staining
(N) and Nissl staining (O) in the PFC of mice from the FMT-C and FMT-S groups. Scale bars: 200 pm
and 50 pm. (P) Monitoring of body weight changes in mice from the FMT-C and FMT-S groups over
a 15-day period following fecal microbiota transplantation. Data are presented as mean + SEM, and
statistical significance was assessed using two-factor repeated measures ANOVA. (Q) Representative
movement trajectories for each group of mice in the open field test. Red lines show the mice’s
movement in the central zone, and brown lines indicate its trajectory in the peripheral zone. (R,S) In
the open field test, the percentage of movement distance (R) and the percentage of residence time
(S) in the central area. (T) The percentage of immobile time for each group of mice during the tail
suspension test. n =7. Data are expressed as mean + SEM. The Student’s ¢-test was employed to assess
the statistical significance between the two groups when the data followed a normal distribution.
Conversely, the Mann-Whitney test was utilized to evaluate the statistical differences between the
groups when the data deviated from a normal distribution. * p < 0.05, ** p < 0.01, *** p < 0.001.
Pre: before antibiotic treatment. Post: after antibiotic treatment.

2.4. The Gut Microbiota Metabolite Butyrate Regulates Ferroptosis in PFC Neurons of Acutely
Stressed Mice

g_Butyricimona and other butyric acid-producing bacteria primarily synthesize bu-
tyric acid. Consequently, we initially quantified butyric acid levels in mouse serum and
PFC for each experimental group. Findings indicated significantly lower butyric acid
concentrations in RS and FMT-S group serum and PFC compared to the CON and FMT-C
groups (Figure 5A,B). To investigate butyrate’s potential role in PFC neuron ferroptosis
under acute stress, we conducted butyrate intervention experiments (Figure 5C). Butyrate
supplementation markedly elevated serum and PFC butyric acid concentrations in the
C-BA (butyrate) and S-BA (acute restraint stress + butyrate) groups compared to the C-NS
(normal saline) and S-NS (acute restraint stress + normal saline) groups (Figure 5D,E).
Subsequently, ferroptosis was assessed across all groups. Findings indicated relative to
C-NS mice, S-NS mice exhibited significantly increased TF and TFR expression, elevated
MDA and Fe?* content, and reduced GSH levels in the PFC. Conversely, C-BA mice did not
show significant alterations (Figure 5F-K). Compared with S-NS mice, the aforementioned
ferroptosis indices in the PFC of S-BA mice exhibited significant improvement.

Histological examination using HE staining and Nissl staining revealed that, relative
to the C-NS group, the C-BA group of mice did not display significant damage to the
PEC. In contrast, the S-NS group of mice exhibited pathological alterations, including
edema of certain neurons, an increased number of red neurons with red cytoplasm, loss of
Nissl bodies, and cellular pyknosis and hyperchromasia (Figure 5M,N). Furthermore, in
comparison to the C-NS group, the S-NS group exhibited a significant reduction in body
weight (Figure 5L), the percentage of moving distance, and the percentage of time spent
in the central area of the open field test (Figure 50-Q). Additionally, the percentage of
stationary time was markedly increased in the tail suspension test (Figure 5R). Notably,
following butyrate supplementation, there was a significant amelioration in both the
damage to PFC neurons and the depression-like behaviors in the S-BA group (Figure 5SM-R).
These findings indicate that butyrate has the potential to regulate ferroptosis in PFC neurons
in mice subjected to acute stress. This regulation may consequently mitigate PFC neuronal
damage and reduce depression-like behaviors in these mice.
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Figure 4. Butyric acid-producing bacteria are the primary enterobacteria implicated in the ferroptosis
of PFC neurons in acutely stressed mice. (A,B) Alpha diversity indices of gut microbiota, including
Chaol (A) and Pielou_e (B). (C) Beta diversity analysis of gut microbiota across different groups of
mice. (D) Relative abundance of gut microbiota at the phylum level in each group. (E) Ratio of the
relative abundance of p_Firmicutes to p_Bacteroidetes in each group. CON, RS, n = 8; FMT-C, FMT-S, n =7.
(F) Random forest analysis was conducted to compare the gut microbiota between the mice in CON and
RS groups. n = 8. (G) Random forest analysis was conducted to compare the gut microbiota between
the mice in the FMT-C and FMT-S groups. n = 7. The key intestinal flora exhibiting consistent trends
in both the RS and FMT-S groups are highlighted within a box. Blue indicates the intestinal flora that
were reduced in the RS and FMT-S groups, while red indicates the intestinal flora that were increased
in these groups. (H-L) The bar plots show the relative abundances of g_Butyricimonas, g_[Prevotella],
g_Coprococcus, g_Dorea, and g_Streptococcus in each group, based on the results of analyses (F) and (G).
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CON, RS, nn = 8; FMT-C, FMT-S, n = 7. (M) Heat map illustrating the correlation analysis between key
gut microbiota and indicators related to stress or ferroptosis. (N) Network diagram depicting the
correlation analysis between key gut microbiota and indicators associated with stress or ferroptosis,
n = 6. Data are presented as mean + SEM. Statistical significance between the two groups was
determined using Student’s t-test for normally distributed data, and the Mann-Whitney rank sum
test for data that did not follow a normal distribution. * p < 0.05, ** p < 0.01, *** p < 0.001, ns = non
significant. | Weight|: absolute value of the weight difference between the first day and last day
treatment. CD/TD: percentage of distance moved in the central area of the open field experiment. CT:
Percentage of time spent in the central area of the open field experiment. IT: Percentage of stationary
immobility time in tail suspension experiments.
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Figure 5. The gut microbiota metabolite butyrate modulates ferroptosis in PFC neurons of acutely
stressed mice. (A,B) Quantification of butyric acid levels in serum and PFC tissues of mice across the
CON, RS, FMT-C, and FMT-S groups. n = 4. (C) Schematic representation of the experimental design
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for the butyric acid treatment. The figure was drawn by Figdraw, ID:IRPWW4b47d. (D,E) Mea-
surement of butyric acid concentrations in serum and PFC tissues of mice subjected to the butyrate
treatment. (F-H) Analysis of relative protein expression levels of TF (G) and TFR (H) in the PFC
across different groups. (I-K) The MDA content (I), Fe?* content (J), and GSH content (K) in the
PFC of each group of mice. n = 4. (L) Body weight measurements of mice subjected to the butyrate
treatment across the first three days. n = 6. Data are expressed as mean + SEM, with statistical
significance assessed via two-factor repeated measures ANOVA. (M,N) Representative histological
images of HE staining (M) and Nissl staining (N) of the PFC for each group of mice are provided.
Scale bars: 200 pm and 50 um. (O) Representative movement trajectories of each group of mice
during the open field test. Red lines show the mice’s movement in the central zone, and brown lines
indicate its trajectory in the peripheral zone. (P,Q) In the open field test, the percentage of movement
distance within the central area (P) and the percentage of residence time in the central area (Q). (R)
The percentage of immobile time in the tail suspension test. n = 6. Data are presented as mean + SEM.
Statistical significance across multiple groups was assessed using one-way ANOVA, with significance
levels indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.

2.5. Acute Stress Promotes Ferroptosis by Inducing Inflammation in the PFC

To further investigate the mechanisms by which key intestinal flora and their metabo-
lites influence ferroptosis in PFC neurons during acute stress, we initially assessed intestinal
barrier indices in mice from both the CON and RS groups. Alcian Blue Stain results demon-
strated a significant reduction in the number of Alcian blue-positive cells in the colon tissue
of the RS group compared to the CON group (Figure 6A,B). Furthermore, the expression
levels of tight junction proteins Occludin and Claudin-5 were markedly decreased in the
colon tissue of RS mice (Figure 6C,D), suggesting substantial impairment of the intestinal
barrier in these mice. Disruption of the intestinal barrier can facilitate translocation of harm-
ful substances from the intestine into the bloodstream, thereby triggering an inflammatory
response [31]. Consequently, we measured serum levels of inflammatory markers. Results
indicated that, in comparison to the CON group, the RS group exhibited a significant
increase in serum levels of pro-inflammatory cytokines IL-13 and IL-6, alongside a signifi-
cant decrease in serum levels of anti-inflammatory cytokines IL-4 and IL-10 (Figure 6E-H).
Simultaneously, our findings revealed a significant increase in the content of Evans blue in
the PFC of the RS group compared to the CON group. Additionally, there was a marked
decrease in the expression of tight junction proteins Occludin and Claudin-5 in the PFC
(Figure 61-K). These results indicate a significant increase in blood-brain barrier permeabil-
ity in the RS group mice. Compromised integrity of the blood-brain barrier can facilitate
entry of inflammatory factors and other deleterious substances into the brain, thereby in-
ducing neuroinflammation [32]. Subsequently, we investigated the inflammatory status of
the PFC in CON and RS mice. Results indicated that the mRNA levels of pro-inflammatory
cytokines IL-13, IL-6, and TNF-« were significantly elevated in the PFC of the RS group
compared to the CON group. Conversely, the mRNA levels of the anti-inflammatory
cytokines IL-4 and IL-10 were significantly reduced in the RS group relative to the CON
group (Figure 6L-P). These findings indicate that acute stress compromises the integrity
of the gut barrier and blood-brain barrier, while simultaneously amplifying the systemic
inflammatory response and the inflammatory state within the PFC. This may represent
a pivotal mechanism through which key gut microbiota and their metabolites influence
ferroptosis in PFC neurons in mice.
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Figure 6. Acute stress promotes ferroptosis by inducing inflammation in the PFC. (A) Representative
images of Alcian blue staining of colon tissues from mice in the CON group and RS group. Scale bars:
400 pm and 100 pm. (B) Quantification of Alcian blue-positive cells in colon tissues across the two
groups. (C,D) Relative expression of tight junction proteins Claudin-5 and Occludin in colon tissues
from the two groups. n = 6. (E-H) Levels of IL-1f (E), IL-6 (F), IL-4 (G), and IL-10 (H) in the serum of
mice in the two groups. 1 = 4. (I) Quantification of Evans blue content in the PFC of CON and RS
mice. n = 4. (J,K) Relative expression of tight junction proteins Claudin-5 and Occludin in the PFC
from mice in the two groups. n = 6. (L-P) Assessment of relative mRNA expression of inflammatory
cytokines IL-13 (L), IL-6 (M), TNF- (N), IL-4 (O), and IL-10 (P) in the PFC of mice from the CON
and RS groups. n = 6. Data are presented as mean + SEM. The Student’s t-test was employed to
assess statistical significance between the two groups when the data adhered to a normal distribution.
Conversely, the Mann—-Whitney rank sum test was utilized to evaluate statistical differences between
the two groups when the data did not conform to a normal distribution. * p < 0.05, ** p < 0.01.

2.6. Butyrate Alleviates Ferroptosis of PFC Neurons in Acute Stress Mice by Regulating
Inflammation Through Gut-Brain Axis

To elucidate the mechanism by which butyrate mitigates ferroptosis in PFC neurons
of acutely stressed mice, we investigated alterations in the gut barrier and blood-brain
barrier, as well as inflammation levels in the serum and the PFC of RS mice following
butyrate supplementation. The results indicated that, in comparison to the C-NS group,
the S-NS group exhibited a significant reduction in the number of Alcian Blue-positive
cells within colon tissue (Figure 7A,B). Additionally, there was a marked decrease in
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the expression levels of tight junction proteins Occludin and Claudin-5 (Figure 7C-E).
Furthermore, serum analysis revealed a significant increase pro-inflammatory cytokines
IL-13 and IL-6, alongside a significant decrease anti-inflammatory cytokines IL-4 and
IL-10 (Figure 7F-1). Moreover, the expression levels of tight junction proteins Occludin
and Claudin-5 in the PFC of the S-NS group were significantly reduced (Figure 7]-L).
Concurrently, the mRNA levels of pro-inflammatory cytokines IL-1f3, IL-6, and TNF-« in
the PFC were markedly elevated, whereas the mRNA levels of anti-inflammatory cytokines
IL-4 and IL-10 were significantly diminished (Figure 7M—Q). In comparison to the C-
NS group, the C-BA group did not exhibit significant differences in the aforementioned
indicators. However, in comparison to the S-NS group, the S-BA group supplemented
with butyric acid exhibited significantly enhanced improvements in the aforementioned
indicators. These findings suggest that butyrate supplementation can mitigate damage
to the gut barrier and blood-brain barrier, attenuate the inflammatory response, and
ameliorate ferroptosis in prefrontal cortex neurons in mice subjected to acute stress.
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Figure 7. Butyrate mitigates ferroptosis in prefrontal cortex neurons of mice subjected to acute stress
by modulating inflammation along the gut-brain axis. (A) Representative images of Alcian blue
staining in colonic tissues from mice in the C-NS, C-BA, S-NS, and S-BA groups. Scale bars: 400 pm



Int. J. Mol. Sci. 2025, 26, 1698

14 of 25

and 100 um. (B) Quantification of Alcian blue-stained positive cells in colonic tissues across the four
groups. (C-E) Relative expression of tight junction proteins Claudin-5 and Occludin in colonic tissues
of the four groups. (F-I) Serum levels of IL-1§3 (F), IL-6 (G), IL-4 (H), and IL-10 (I) in the four groups.
n = 4. (J-L) Relative expression of tight junction proteins Claudin-5 and Occludin in the PFC of the
four groups. n = 3. (M—Q) Relative mRNA expression of inflammatory cytokines IL-13 (M), IL-6 (N),
TNF-« (O), IL-4 (P), and IL-10 (Q) in the PFC of mice from the four groups. n = 4. Data are presented
as means + SEM. Statistical significance was determined using one-way ANOVA across multiple
groups, with significance thresholds set at * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Discussion

Stress refers to the physiological, psychological, and behavioral adaptive responses
that individuals experience in response to changes in their environment. The impact of
stress on the central nervous system has been a focus of research both domestically and
abroad. While moderate stress can provide protective benefits to the body, severe acute
stress can directly disrupt central nervous system function. In this study, we investigated
the role of gut microbiota in ferroptosis of PFC neurons in mice subjected to acute stress. We
identified key gut bacteria and metabolites, laying the groundwork for further investigation
into the mechanisms underlying acute stress-induced ferroptosis of PFC neurons.

Ferroptosis is characterized by peroxidation-induced destruction of phospholipid
molecules with long chains of unsaturated fatty acids on cell or organelle membranes,
ultimately leading to membrane rupture [33,34]. This cell death can be inhibited by the
ferroptosis-specific inhibitor Fer-1 and the iron chelator DFO. Fer-1, an aromatic amine,
scavenges lipid hydroperoxide radicals and reduces intracellular labile iron, exerting an
anti-ferroptotic effect [35]. DFO, an extracellular iron chelator with antioxidant proper-
ties [36,37], mitigates ferroptosis. In this study, we aimed to elucidate ferroptosis in the
PFC of mice subjected to acute stress. Fer-1 and DFO were administered post-restraint
stress. Fer-1 and DFO treatment significantly attenuated expression of ferroptosis-related
proteins TF and TFR, as well as Fe?* accumulation in the PFC. Additionally, these treat-
ments ameliorated the redox imbalance within the PFC and mitigated both PFC injury and
depression-like behaviors in the acutely stressed mice. Previous research demonstrates
brain iron metabolism homeostasis is primarily regulated by iron metabolism-related pro-
teins, such as TF and TFR. Balanced iron ion levels in the brain depend on normal protein
expression and cooperation [38,39]. When brain iron metabolism is dysregulated, there is
increased free iron within the brain; elevated Fe%* can initiate the Fenton reaction, generat-
ing reactive free radicals that disrupt intracellular redox homeostasis [40]. Furthermore,
GSH serves as the primary intracellular scavenger of free radicals [41]. Reduced GSH levels
precipitate lipid peroxidation inducing ferroptosis. De Sousa et al. have demonstrated that
chronic unpredictable stress induces abnormalities in the levels of GSH and MDA within
the PFC. Similarly, Wang et al. reported that psychological stress results in an elevated
Fe?* content in the PFC [42,43]. However, neither investigation employed ferroptosis
inhibitors to explicitly define ferroptosis. Our study utilized ferroptosis inhibitors Fer-1
and DFO to demonstrate acute stress induces ferroptosis in PFC neurons, contributing to
depression-like behaviors.

The gut microbiota represents the body’s most extensive and critical microecosystem,
playing a pivotal role in the onset and progression of numerous diseases [44]. Research
has demonstrated a close association between intestinal flora and stress, with various
stressors markedly influencing microbial diversity within the gut [45]. For instance, stress
has been shown to induce significant alterations in the abundance of g_Lactobacillus and
g_Bifidobacterium in the intestines of mice [46,47]. Furthermore, gut microbiota have been
implicated in the regulation of ferroptosis. The intestinal flora are crucial in iron metabolism,
as they can induce the expression of hepcidin and contribute to the maintenance of systemic
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iron homeostasis [48,49]. Empirical evidence suggests that dysbiosis of the intestinal flora
can trigger ferroptosis within the gastrointestinal tract. Conversely, the administration
of probiotics has been shown to mitigate iron overload and lipid peroxidation, thereby
inhibiting ferroptosis [50]. Therefore, we hypothesize that gut microbiota may play a role
in ferroptosis within the PFC of mice subjected to acute stress, subsequently leading to
depression-like behaviors. To evaluate this hypothesis, we conducted FMT experiments in
mice. FMT involves the transfer of intestinal microbiota from a donor to a recipient and is
utilized to investigate the causal relationship between intestinal flora and various health
conditions or diseases [51]. Research has demonstrated that transplantation of feces from
mice with stress-induced depression into SPF mice can induce intestinal inflammation and
depressive phenotypes [52]. In the present study, we transplanted fecal microbiota from
both the CON group and the RS group into antibiotic-treated mice. Our findings revealed
that fecal microbiota transplantation effectively transferred the ferroptosis phenotype and
depression-like behaviors observed in RS mice to the antibiotic-treated mice, demonstrating
the gut microbiota’s involvement in PFC ferroptosis following acute stress. Interestingly,
FMT showed no significant effect on body weight, potentially due to an insufficient dura-
tion for microbiota-mediated weight regulation or a limited functional capacity of donor
microbiota to induce weight changes.

Based on these findings, we subsequently analyzed gut microbiota composition in
mice subjected to acute stress and FMT. ¢_Butyricimonas, g_[Prevotellal, g_Coprococcus, and
g_Dorea, implicated in butyric acid production, exhibited similar trends in both RS and
FMT-S mice when compared to CON and FMT-C mice. Previous research has identified
g_Butyricimonas, g_[Prevotella], and g_Coprococcus as primary butyric acid producers [27-29],
while a high abundance of g_Dorea is associated with reduced short-chain fatty acid (SCFA)
producers [30]. Furthermore, our findings indicated that gut microbiota g_Butyricimonas,
markedly diminished in both RS and FMT-S mice, was strongly associated with PFC
damage and ferroptosis. The metabolite butyric acid was significantly reduced in the serum
and PFC of these mice. Previous studies have demonstrated that g_Butyricimonas crucially
maintains intestinal health via butyric acid production [53] and negatively correlates
with proinflammatory responses [54]. We hypothesize diminished butyric acid-producing
bacteria, specifically g_Butyricimonas, along with their metabolite butyrate, may critically
involve PFC neuron ferroptosis in acutely stressed mice.

SCFAs, a group of organic fatty acids with one to six carbon atoms, including acetic
acid, propionic acid, and butyric acid, play crucial roles in maintaining gut health, regulat-
ing immune function, modulating metabolism, and influencing nervous system function [].
In this study, we focus specifically on butyric acid [55]. Butyric acid is critical for maintain-
ing intestinal homeostasis and providing energy for colonocytes [56]. Previous research
has demonstrated that butyrate can prevent pathogenic anemia through regulation of iron
metabolism [57] and mitigate hepatocyte steatosis by decreasing lipid peroxidation [58],
suggesting a role in ferroptosis onset and progression. Here, we investigated whether
butyrate supplementation could alleviate PFC ferroptosis in a mouse model of acute stress.
Results showed reduced PFC neuronal ferroptosis and improved depression-like behav-
iors in mice subjected to acute stress following butyrate supplementation, elucidating a
protective role of the gut microbiota metabolite butyrate against PFC neuronal ferroptosis
under acute stress conditions. Consistent with our findings, Chen et al. demonstrated
butyrate can modulate ferroptosis, specifically noting butyrate alleviated ferroptosis in
mouse colons with ulcerative colitis via Nrf2/GPX4 signaling pathway regulation [59].
Furthermore, Yang et al. reported transplantation of butyric acid-rich feces mitigated liver
ferroptosis in mice with acute liver injury [60].
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Notably, a bidirectional communication network, referred to as the “gut-brain axis”,
exists between the gastrointestinal system and the brain [61-63]. We hypothesized that bu-
tyrate could influence ferroptosis in PFC neurons via the gut-brain axis in mice subjected to
acute stress. Previous studies have demonstrated that imbalanced intestinal flora can com-
promise intestinal barrier integrity, reducing the expression of tight junction proteins [64].
Furthermore, compromised intestinal barrier integrity permits harmful substance translo-
cation from the intestine into the bloodstream, eliciting chronic low-grade inflammation.
This inflammatory state impairs the blood-brain barrier’s capacity to exclude deleterious
agents, precipitating neuroinflammation [31,65]. Such aberrant inflammatory responses
can disrupt iron metabolism and redox homeostasis, culminating in ferroptosis after inflam-
mation activation and the associated signaling pathway [66]. Proinflammatory cytokines,
such as IL-1p3 and IL-6, regulate ferritin synthesis, influencing iron storage within cells
and tissues [67]. Sheng et al. demonstrated IL-6 can induce lipid peroxidation and iron
imbalance in degenerative chondrocytes via the IL-6/miR-10a-5p /IL-6R axis, promoting
ferroptosis [68]. Butyrate is an anti-inflammatory agent mitigating systemic inflammatory
responses and reducing neuroinflammation levels [69-71]. These findings align with our
study results wherein butyrate supplementation significantly mitigated damage to the
intestinal and blood-brain barriers, reduced inflammation in both the serum and PFC, and
improved ferroptosis in PFC neurons in acutely stressed mice.

The primary advantage of this study lies in the identification of ferroptosis in PFC
neurons of mice subjected to acute stress, achieved through the application of ferroptosis
inhibitors, and the elucidation of the role of butyric acid in this process. Nonetheless, the
study has certain limitations. Firstly, in this study, male mice were selected to control for
hormonal fluctuations and enable comparison with previous research findings. However,
given that female mice are more susceptible to stress and exhibit higher depression rates,
future studies will include female subjects to provide a more comprehensive understanding
of stress-induced physiological damage and depression mechanisms. Secondly, while we
have conducted a preliminary investigation into the inflammatory pathway as a mechanism
by which butyrate influences ferroptosis, the intricate and multifaceted nature of the disease
mechanisms necessitate further in-depth exploration to fully understand the underlying
processes. For the key enterobacterium identified in our study, g_Butyricimonas, further
investigation is required to determine its potential role in directly regulating ferroptosis and
to elucidate the underlying mechanisms through single bacterial transplantation. Future
research will concentrate on the impact of individual or multiple bacterial species on
PFC neuronal damage and ferroptosis in stress-exposed mice. This line of inquiry may
hold significant translational potential for the prevention and treatment of stress-related
brain damage.

4. Materials and Methods
4.1. Animals

Male SPF C57BL/6] mice, aged 6-7 weeks and weighing 20-23 g, were obtained
from the Beijing Weitong Lihua Laboratory Animal Center. The mice were housed in a
temperature-controlled environment (2022 °C) with 45 + 5% humidity, provided with
uniform sterile food and water, and maintained under a 12 h light/12 h dark cycle. Prior
to the experiment, mice were acclimated to the new environment for 7 days. The study
was conducted in strict accordance with the guiding principles of the Laboratory Animal
Committee of Hebei Medical University. All experimental procedures were conducted
in strict compliance with the Experimental Animal Research Protocol, as approved by
the Experimental Animal Management Committee (IACUC-Hebmu-2023011, approval on
23 April 2023).
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4.2. Experimental Design
4.2.1. Acute Restraint Stress Model

A cylindrical polycarbonate tube, 12 cm in length and 2.4 cm in diameter, was con-
structed with air holes on both sides and equipped with movable valves at both ends. Mice
assigned to the acute restraint stress group (RS, n = 6) were immobilized within the tube,
and the valves at both ends were secured to prevent free movement or turning freely inside
the polycarbonate (PC) tube [72]. The restraint procedure was performed for 8 h daily
over 3 consecutive days. Mice in the control group (CON, n = 6) underwent daily fasting
and water deprivation at consistent times, while being allowed normal feeding during the
remaining periods [73].

4.2.2. Ferroptosis Inhibitor Model

The acute restraint stress model was used, in which mice were administered ferroptosis
inhibitors Fer-1 (17729-10, Cayman Chemical, Ann Arbor, MI, USA) and DFO (14595-1,
Cayman Chemical, Ann Arbor, MI, USA). To prepare the solutions, the co-solvent dimethyl
sulfoxide (DMSO) was utilized to dissolve Fer-1 and DFO to concentrations of 10 mg/mL
and 100 mg/mL, respectively, in a 5% DMSO solution. The solutions were then diluted with
sterile normal saline to final concentrations of 0.5 mg/mL and 5 mg/mL for intraperitoneal
injection, administered 30 min prior to the restraint procedure. The experiment comprised
five groups, each with six mice, as follows: the CON group (normal saline), the RS group
(normal saline), the DMSO group (RS + 5% DMSO, 0.2 mL), the Fer-1 group (RS + Fer-1,
10 mg/kg) [74], and the DFO group (RS + DFO, 100 mg/kg) [75].

4.2.3. Fecal Microbiota Transplantation

Fourteen male C57BL/6] mice, aged 5-6 weeks, were purchased from the Beijing
Weitong Lihua Laboratory Animal Center for fecal microbiota transplantation. The mice
were divided into two groups: EMT-C (feces from 4.2.1 CON mice via gavage) and FMT-S
(feces from 4.2.1 RS mice via gavage), with seven mice in each group. All mice were given a
combination of the antibiotics ampicillin (180 mg/kg/day), vancomycin (72 mg/kg/day),
metronidazole (90 mg/kg/day), and imipenem (90 mg/kg/day) for three days prior to
FMT to disrupt the intestinal microbiota [76]. Fresh antibiotic solutions were prepared daily
to maintain efficacy, and antibiotics were purchased from Solarbio (Beijing, China). Fecal
microbiota transfer was performed on day 4, ensuring a minimum 24-h post-antibiotic
interval. Fresh fecal samples were collected daily from CON and RS mice and stored at
—80 °C. Fresh feces were homogenized in sterile saline, centrifuged and the supernatant
was administered to recipient mice via gavage. The FMT procedure was performed daily
for 15 days [77].

4.2 4. Butyrate Treatment Experiment

To investigate the impact of butyric acid on PFC ferroptosis in mice subjected to acute
stress, the mice were divided into four groups (n = 6): C + NS (normal saline), C + BA
(butyrate), S + NS (acute binding stress + normal saline), and S + BA (acute binding stress
+ butyrate). Sodium butyrate (1200 mg/kg; 303410-5G, Sigma-Aldrich, St. Louis, MO,
USA) was administered by gavage to the mice 30 min prior to restraint for a duration of
3 days [78].

4.3. Feces Collection and 16S rDNA Sequencing

Fecal matter was collected from mice in each experimental group on the third day
following the establishment of the acute restraint stress model, both prior to and subsequent
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to antibiotic treatment, as well as after fecal microbiota transplantation. Samples were
stored in liquid nitrogen and then at —80 °C in a freezer.

Fecal samples were retrieved from the —80 °C freezer for DNA extraction using a
DNA extraction kit (Omega Bio-Tek, Norcross, GA, USA). The concentration and purity of
the extracted DNA were assessed using a NanoDrop NC2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively. The V3—
V4 hypervariable region of the 165 rDNA was selected for polymerase chain reaction (PCR)
amplification. The forward primer sequence was 5'-ACTCCTACGGGAGGCAGCA-3/, and
the reverse primer sequence was 5-GGACTACHVGGGTWTCTAAT-3'. PCR conditions
were 25 cycles of denaturation at 98 °C for 30 s, annealing at 53 °C for 30 s, and extension at
72 °C for 45 s, followed by a final extension at 72 °C for 5 min. Post-PCR, amplicons were
purified, quantified, pooled in equimolar amounts, and subjected to paired-end sequencing
(2 x 250 bp) using the Illumina NovaSeq platform at Shanghai Personal Biotechnology Co.,
Ltd. (Shanghai, China). QIIME 2 version 2019.4 was utilized for microbiome bioinformatics
research, and the DADAZ2 algorithm was employed to identify amplified sequence variants
(ASVs) [79]. These were then classified and annotated using the Greengenes database [80,81].

4.4. Behavioral Assessment
4.4.1. Open Field Test

The Open Field Test primarily assess depressive behavior, exploratory behavior, and
locomotor activity in mice. The experimental setup included an open field reaction box and
an automated data acquisition and processing system. The open field apparatus measured
25-30 cm in height and 72 cm in length. Prior to experimentation, mice were acclimated in
a quiet laboratory environment for one hour. Each mouse was then placed at the center of
the open field, and simultaneous video recording and timing were initiated. The movement
trajectories of the mice were continuously recorded throughout the entire 5-min experiment.
Upon completion, the video recording was terminated, and the percentage of total distance
traveled within the central area and time spent in the central area were analyzed and
recorded. Upon completion of each trial, the mouse’s excrement was removed, and the
interior of the open field apparatus was sanitized with 75% ethanol. The ethanol was
allowed to evaporate before subsequent experiments were conducted.

4.4.2. Tail Suspension Test

The tail suspension test was used to assess depression-like behaviors in mice. Prior
to experimentation, mice were acclimated to the laboratory environment for 1-2 h. Each
mouse was carefully extracted from its cage, and its tail was promptly secured to minimize
stress and anxiety. Medical tape was affixed 1 cm from the distal end of the mouse’s tail,
enabling suspension from the device’s hanging stem. This configuration inverted the mouse
head-down, with the tip of the tail 30 cm above the ground. The camera was horizontally
aligned to comprehensively record the mouse’s behavior. The protocol required a 6-min
video recording, with the final 5 min quantifying the animal’s immobilization duration.
Upon test completion, the collection box was promptly cleaned of feces and urine.

4.5. HE Staining and Special Staining

The mice were anesthetized via intraperitoneal injection of 2% Pentobarbital
(0.1 mL/20 g). Brain and colon tissues were excised, fixed in 10% neutral formalin, dehy-
drated through a graded series of alcohol concentrations, cleared in xylene, embedded in
paraffin, oven-dried at 60 °C, and stored at 4 °C for future analysis. Prior to HE staining,
the tissue sections underwent deparaffinization and hydration. This was followed by
hematoxylin staining for 3 s, differentiation using hydrochloric acid alcohol, and eosin
staining for 3 s. The tissue sections were then rinsed with tap water, dehydrated, cleared,
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and mounted. For toluidine blue and Alcian blue staining, we utilized the Nissl Stain
Solution (Toluidine Blue Method) kit (G1436, Solarbio, Beijing, China) and the Alcian
Blue Stain kit (G1560, Solarbio, Beijing, China), following the manufacturers’ protocols
strictly. Observations and photographic documentation were conducted using an Olympus
DP80 microscope (Olympus, Tokyo, Japan). Image] software (version 1.50b, National
Institutes of Health, Bethesda, MD, USA) was employed for the quantification and analysis
of micrograph data.

4.6. Western Blotting

The prefrontal cortex and colon tissues were homogenized in an ice bath using high-
potency RIPA tissue lysate (R0010, Solarbio, Beijing, China) supplemented with the protease
inhibitor PMSE. The homogenates were centrifuged at 12,000 rpm for 10 min at 4 °C to
obtain clear lysates. Protein quantification was conducted using the bicinchoninic acid
(BCA) Protein Assay kit (PC0020, Solarbio, Beijing, China). Equal amounts of proteins were
separated by SDS-PAGE, transferred to PVDF membranes, and blocked using Y-Tec 5 min
Ready-to-Use Blocking Buffer (YWBO0501, Yoche, Shanghai, China). The membranes were
incubated with primary antibodies: Transferrin (TF) (1:1000, cat: A1448, 10t:5500004192,
ABclonal, Wuhan, China), Transferrin receptor (TFR) (1:1000, cat: 13-6800, lot: RB5216,
Invitrogen, Carlsbad, CA, USA), Claudin-5 (1:2000, cat: AF5216, lot: 2305501, Affinity
Biosciences, Jiangsu, China), Occludin (1:2000, cat: ET1701-76, lot: HM0527, Huabio,
Hangzhou, China), and (3-actin (1:200, cat: 66009-1-1g, lot: 10044161, Proteintech, Wuhan,
China). Secondary antibodies were goat anti-rabbit IgG (1:2000, cat: A23920, lot: ATV]20071,
Abbkine, Beijing, China) and goat anti-mouse IgG (1:2000, cat: A23710, lot: ATVG19051,
Abbkine, Beijing, China). Membrane imaging was performed using the Odyssey imaging
system (Odyssey V3.0, LI-COR Biosciences, Lincoln, NE, USA), and data analysis and
quantification used Image] software.

4.7. Real-Time Quantitative PCR (RT-qPCR)

Total RNA was isolated from the prefrontal cortex tissue using TRIzol (15596018CN,
Thermo Fisher Scientific, Waltham, MA, USA) and reverse transcribed into complementary
DNA (cDNA) with a cDNA synthesis kit (A2791, Promega, Madison, WI, USA). Real-time
quantitative PCR was then performed with a RT-qPCR kit (A6001, Promega, Madison, WI,
USA). Each RT-qPCR reaction was run in triplicate, with GAPDH serving as the reference
gene. The RT-qPCR data were normalized appropriately. The primer sequences used for
RT-qPCR are detailed in Table 1.

Table 1. Primers for RT-qPCR reactions.

Primer Sequences (5'-3)
GAPDH (F) GGTGAAGGTCGGTGTGAACG
GAPDH (R) CTCGCTCCTGGAAGATGGTG
IL-1B (F) ATCTCGCAGCACATCA
IL-1B3 (R) CCAGCAGGTTATCATCATCATCC
IL-6 (F) CTTGGGACTGATGCTGGTGAC
IL-6 (R) TTCTCATTTCCACGATTTCCCA
TNF-« (F) TCAGAATGAGGCTGGATAAGAT
TNF-a (R) GAGGAGGCAACAAGGTAGAG
IL-4 (F) ACAGGAGAAGGGACGCCAT
IL-4 (R) GAAGCCCTACAGACGAGCTCA
IL-10 (F) GCCAGAGCCACATGCTCCTA

IL-10 (R) GATAAGGCTTGGCAACCCAAGTAA
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4.8. Enzyme-Linked Immunosorbent Assay (ELISA)

Corticosterone (E-OSEL-M0001, Elabscience, Wuhan, China), IL-13 (SEA563Mu,
Cloud-clone, Wuhan, China), and IL-6 (SEA079Mu, Cloud-clone, Wuhan, China) levels in
mouse serum were quantified using commercial ELISA kits. Additionally, IL-4 (SEA077Mu,
Cloud-clone, Wuhan, China), IL-10 (SEA056Mu, Cloud-clone, Wuhan, China), and butyric
acid (CEQO777Ge, Cloud-clone, Wuhan, China) levels in serum and PFC were measured.

All procedures were performed in accordance with the manufacturers’ instructions.

4.9. Assessment of GSH, MDA, and Fe?*

The levels of glutathione (GSH), malondialdehyde (MDA), and Fe?* were assessed
using the GSH and oxidized glutathione (GSSG) Detection Kit (50053, Biyantian, Shanghai,
China), the Lipid Peroxidation MDA Assay Kit (5S0131S, Biyantian, Shanghai, China),
and the Tissue Iron Content Assay Kit (AKIC001M, Boxbio, Beijing, China), respectively,
following the protocols provided by the manufacturers.

4.10. Evans Blue Assay

On the third day of confinement, mice were administered a 0.5% Evans Blue stain
solution at a dosage of 8 mL/kg via the tail vein (G1810, Solebau, Beijing, China) [82]. The
mice were anesthetized using 2% sodium pentobarbital (i.p., 40 mg/kg) 1 h after Evans
blue dye injection and euthanized by intracardiac perfusion with saline. Brain tissue was
then isolated to evaluate vascular leakage of the dye into the brain parenchyma. Half of the
brain tissue was weighed and placed in a 1.5-mL centrifuge tube, to which 1 mL of 50%
trichloroacetic acid diluted in 1x PBS was added. The tissue was rapidly homogenized
and centrifuged at 10,000 g for 20 min. The OD value at 620 nm of the supernatant was
measured using a spectrophotometer, and the OD values of standard Evans blue solutions
with varying concentrations were determined for comparison. The standard curve was
constructed, and the Evans blue content per unit weight of the tested sample was quantified
based on this curve.

4.11. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 8 software (version 8.0.2,
GraphPad Software, Santiago, Chile). Measurement data were presented as mean =+ stan-
dard error of the mean (SEM). For normally distributed data, the Student’s t-test was
employed to assess statistical differences between two groups, while one-way ANOVA
was utilized to evaluate statistical significance across multiple groups. The Mann-Whitney
test was used to assess statistical differences between two groups when the data did not
conform to a normal distribution. For evaluating statistical significance among multiple
groups, the Kruskal-Wallis test was employed. Additionally, repeated measures two-way
ANOVA was conducted to determine the statistical significance of body weight variations
across different groups. In addition, the Adonis test was used to assess B-diversity of
gut microbiota, while Spearman correlation analysis evaluated the relationship between
gut microbiota and biochemical indicators. A p-value of less than 0.05 was considered
statistically significant.

5. Conclusions

In conclusion, our findings indicate that acute stress-induced ferroptosis of PFC
neurons is implicated in depression-like behavioral alterations in mice. Notably, butyric
acid-producing bacteria, particularly g_Butyricimonas, play a pivotal role in this process.
Butyrate, a metabolite produced by gut microbiota, has been shown to modulate acute
stress-induced ferroptosis of PFC neurons and associated depression-like behaviors through
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the gut-brain axis. This research identifies potential targets for the prevention and treatment
of stress-related mental disorders mediated by gut microbiota.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms26041698 /s1.

Author Contributions: Conceptualization, Y.L., B.C. and W.S.; methodology, Z.W. and X.M.; valida-
tion, Z.W., X M. and W.Z; formal analysis, X.F. and H.X.; investigation, ZW., XM., W.Z. and Y.Z.;
resources, B.C. and Y.L.; data curation, Z.W. and X.M.; writing—original draft preparation, Z.W. and
X.M.; writing—review and editing, Y.L. and W.S,; visualization, Z.W. and X.M.; supervision, Y.L. and
W.S,; project administration, Y.L., B.C. and W.S.; and funding acquisition, B.C. and W.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported with funds from the National Natural Science Foundation of
China (82072109), the Key Projects of the National Natural Science Foundation of China (82130055),
and the Major Projects of the National Natural Science Foundation of China (82293651).

Institutional Review Board Statement: The study was conducted in strict accordance with the guid-
ing principles of the Laboratory Animal Committee of Hebei Medical University. All experimental
procedures were conducted in strict compliance with the Experimental Animal Research Protocol, as
approved by the Experimental Animal Management Committee (IACUC-Hebmu-2023011).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Acknowledgments: The graphical abstract of this study was drawn by Figdraw, ID:UATAP549a9.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Popoli, M.; Yan, Z.; McEwen, B.S.; Sanacora, G. The stressed synapse: The impact of stress and glucocorticoids on glutamate
transmission. Nat. Rev. Neurosci. 2011, 13, 22-37. [CrossRef] [PubMed]

2. Huang, C.H. Stress Medicine and Human Health. |. Sichuan Univ. 2021, 52, 1-4. [CrossRef]

3. Naghavi, M;; Ong, K.L,; Aali, A.; Ababneh, H.S.; Abate, Y.H.; Abbafati, C.; Abbasgholizadeh, R.; Abbasian, M.; Kangevari, M.A;
Abbastabar, H.; et al. Global burden of 288 causes of death and life expectancy decomposition in 204 countries and territories
and 811 subnational locations, 1990-2021: A systematic analysis for the Global Burden of Disease Study 2021. Lancet 2024, 403,
2100-2132. [CrossRef]

4. Marwaha, S.; Palmer, E.; Suppes, T.; Cons, E.; Young, A.H.; Upthegrove, R. Novel and emerging treatments for major depression.
Lancet 2023, 401, 141-153. [CrossRef]

5. Xu, X.W.; Zhou, Y.D.; Su, D.; Dang, Y.; Zhang, X.W. Does Education Influence Life-Course Depression in Middle-Aged and
Elderly in China? Evidence from the China Health and Retirement Longitudinal Study (CHARLS). Int. J. Environ. Res. Public
Health 2023, 20, 1256. [CrossRef] [PubMed]

6. Anastasiades, P.G.; Carter, A.G. Circuit organization of the rodent medial cortex. Trends Neurosci. 2021, 44, 550-563. [CrossRef]
[PubMed]

7. Jang,].H.;Ha, H]J,; Kim, Y.B.; Chung, YK ; Jung, M.W. Effects of methamphetamine on single unit activity in rat medial prefrontal
cortex in vivo. Neural Plast. 2007, 2007, 29821. [CrossRef]

8.  Edinoff, A.N.; Hegefeld, T.L.; Petersen, M.; Patterson, J.C.; Yossi, C.; Slizewski, J.; Osumi, A.; Cornett, EM.; Kaye, A.; Kaye, J.S.;
et al. Transcranial Magnetic Stimulation for Post-traumatic Stress Disorder. Front. Psychiatry 2022, 13, 701348. [CrossRef]

9.  Koenigs, M.; Grafman, ]. Prefrontal asymmetry in depression? The long-term effect of unilateral brain lesions. Neurosci. Lett. 2009,
459, 88-90. [CrossRef]

10.  Zhao, M.; Yu, Z.B.; Zhang, Y.; Huang, X.L.; Hou, J.; Zhao, Y,; Luo, W.; Chen, L.; Ou, L.; Li, H.; et al. Iron-induced neuronal damage
in a rat model of post-traumatic stress disorder. Neuroscience 2016, 330, 90-99. [CrossRef]

11.  Ward, R.].; Zucca, FA.; Duyn, ].H.; Crichton, R.R.; Zecca, L. The role of iron in brain ageing and neurodegenerative disorders.

Lancet Neurol. 2014, 13, 1045-1060. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms26041698/s1
https://www.mdpi.com/article/10.3390/ijms26041698/s1
https://doi.org/10.1038/nrn3138
https://www.ncbi.nlm.nih.gov/pubmed/22127301
https://doi.org/10.12182/20210160501
https://doi.org/10.1016/S0140-6736(24)00824-9
https://doi.org/10.1016/S0140-6736(22)02080-3
https://doi.org/10.3390/ijerph20021256
https://www.ncbi.nlm.nih.gov/pubmed/36674007
https://doi.org/10.1016/j.tins.2021.03.006
https://www.ncbi.nlm.nih.gov/pubmed/33972100
https://doi.org/10.1155/2007/29821
https://doi.org/10.3389/fpsyt.2022.701348
https://doi.org/10.1016/j.neulet.2009.04.063
https://doi.org/10.1016/j.neuroscience.2016.05.025
https://doi.org/10.1016/S1474-4422(14)70117-6
https://www.ncbi.nlm.nih.gov/pubmed/25231526

Int. J. Mol. Sci. 2025, 26, 1698 22 of 25

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Wang, D.; Wang, J.; Yu, Z; Yao, R.; Zhang, ].; Zhao, X. Quercetin Alleviates Perimenopausal Depression Induced by Ovariectomy
Combined with Chronic Unpredictable Mild Stress Through Regulating Serum Elements and Inhibiting Ferroptosis in Prefrontal
Cortex of Rats. Biol. Trace Elem. Res. 2024, 202, 5596-5611. [CrossRef] [PubMed]

Zhan, G.F; Hua, D.Y.; Huang, N.N.; Wang, Y.; Li, S.; Zhou, Z.Q.; Yang, N.; Jiang, R.Y.; Zhu, B.; Yang, L.; et al. Anesthesia and
surgery induce cognitive dysfunction in elderly male mice: The role of gut microbiota. Aging 2019, 11, 1778-1790. [CrossRef]
[PubMed]

Chen, R.P; Zhu, D.; Yang, R.; Wu, Z.Z.; Xu, N.N.; Chen, EW.; Zhang, S.; Chen, H.; Li, M.; Hou, K.J. Gut microbiota diversity in
middle-aged and elderly patients with end-stage diabetic kidney disease. Ann. Transl. Med. 2022, 10, 750. [CrossRef] [PubMed]
Armstrong, H.; Alipour, M.; Valcheva, R.; Jorgensen, M.B.; Jovel, J.; Zaidi, D.; Shah, P; Lou, Y.E; Ebeling, C.; Mason, A.L.; et al.
Host immunoglobulin G selectively identifies pathobionts in pediatric inflammatory bowel diseases. Microbiome 2019, 7, 1.
[CrossRef]

Zhang, Y.T.; Zhang, ].; Pan, Z.Y.; He, X.X. Effects of Washed Fecal Bacteria Transplantation in Sleep Quality, Stool Features and
Autism Symptomatology: A Chinese Preliminary Observational Study. Neuropsychiatr. Dis. Treat. 2022, 18, 1165-1173. [CrossRef]
Zhu, FY,; Tu, HJ.; Chen, T.T. The Microbiota-Gut-Brain Axis in Depression: The Potential Pathophysiological Mechanisms and
Microbiota Combined Antidepression Effect. Nutrients 2022, 14, 2081. [CrossRef] [PubMed]

Li, Y;; Guo, Y,; Wen, Z.S; Jiang, X.M.; Ma, X.; Han, X.Y. Weaning Stress Perturbs Gut Microbiome and Its Metabolic Profile in
Piglets. Sci. Rep. 2018, 8, 18068. [CrossRef]

Lai, T.T,; Liou, C.W,; Tsai, Y.H.; Lin, Y.Y.; Wu, W.L. Butterflies in the gut: The interplay between intestinal microbiota and stress. J.
Biomed. Sci. 2023, 30, 92. [CrossRef] [PubMed]

Cryan, J.F; O'Riordan, K.J.; Cowan, C.5.M.; Sandhu, K.V.; Bastiaanssen, T.E.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.;
Fulling, C.; Golubeva, A.V,; et al. The Microbiota-Gut-Brain Axis. Physiol. Rev. 2019, 99, 1877-2013. [CrossRef]

Agirman, G.; Yu, K.B; Hsiao, E.Y. Signaling inflammation across the gut-brain axis. Science 2021, 374, 1087-1092. [CrossRef]
Xiao, L.L.; Tang, R.; Wang, J.; Wan, D.; Yin, Y.L.; Xie, L.W. Gut microbiota bridges the iron homeostasis and host health. Sci.
China-Life Sci. 2023, 66, 1952-1975. [CrossRef]

Wang, X.Y,; Zhang, ] M.; Wang, S.S.; Song, 2.Y.; Sun, HX.; Wu, EQ.; Lin, X.H,; Jin, K;; Jin, X.E; Wang, W.; et al. Berberine
modulates gut microbiota to attenuate cerebral ferroptosis induced by ischemia-reperfusion in mice. Eur. |. Pharmacol. 2023, 953,
175782. [CrossRef]

Wei, ].Z.; Wang, G.; Lai, M.; Zhang, Y.P; Li, ER.; Wang, Y.W.; Tan, Y.X. Faecal Microbiota Transplantation Alleviates Ferroptosis
after Ischaemic Stroke. Neuroscience 2024, 541, 91-100. [CrossRef] [PubMed]

Lei, L.; Li, YM.; Li, M.L.; Xin, H.J; Tian, X.E,; Zhang, Y.E; Shi, W.B.; Cong, B. Pathological changes in the spleen of mice subjected
to different time courses of restraint stress. Sci. Rep. 2024, 14, 9. [CrossRef]

Lee, ].S.; Kim, H.G.; Lee, HW.; Kim, W.Y.; Ahn, Y.C.; Son, C.G. Pine needle extract prevents hippocampal memory impairment in
acute restraint stress mouse model. J. Ethnopharmacol. 2017, 2072, 26-236. [CrossRef] [PubMed]

Sahin, M.; Arioglu-Tuncil, S.; Unver, A.; Deemer, D.; Lindemann, S.R.; Tuncil, Y.E. Dietary Fibers of Tree Nuts Differ in
Composition and Distinctly Impact the Fecal Microbiota and Metabolic Outcomes In Vitro. |. Agric. Food Chem. 2023, 71,
9762-9771. [CrossRef]

Sebastia, C.; Folch, ].M.; Ballester, M..; Estellé, ].; Passols, M.; Mufioz, M.; Garcia-Casco, ].M.; Ferndndez, A.L.; Castelld, A.; Sanchez,
A.; et al. Interrelation between gut microbiota, SCFA, and fatty acid composition in pigs. mSystems 2024, 9, e€0104923. [CrossRef]
Jing, GX,; Xu, W.Q.; Ma, W.; Yu, Q.; Zhu, HK,; Liu, C.; Cheng, Y.L.; Guo, Y.H.; Qian, H. Echinacea purpurea polysaccharide
intervene in hepatocellular carcinoma via modulation of gut microbiota to inhibit TLR4/NF-«B pathway. Int. J. Biol. Macromol.
2024, 261 Pt 2,129917. [CrossRef] [PubMed]

Gao, J.; Guo, X.Y;; Wei, W,; Li, R.; Hu, K,; Liu, X,; Jiang, W.B.; Liu, S.Y.; Wang, W.Q.; Sun, H.; et al. The Association of Fried Meat
Consumption with the Gut Microbiota and Fecal Metabolites and Its Impact on Glucose Homoeostasis, Intestinal Endotoxin
Levels, and Systemic Inflammation: A Randomized Controlled-Feeding Trial. Diabetes Care 2021, 44, 1970-1979. [CrossRef]
[PubMed]

Kim, J.S.; Chen, M.H.; Wang, H.E.; Lu, C.L.; Wang, Y.P,; Zhang, B. Inflammatory Bowel Disease and Neurodegenerative Diseases.
Gut Liver 2023, 17, 495-504. [CrossRef]

Peng, X.Y.; Luo, Z.X.; He, S.; Zhang, L.; Li, Y. Blood-Brain Barrier Disruption by Lipopolysaccharide and Sepsis-Associated
Encephalopathy. Front. Cell. Infect. Microbiol. 2021, 11, 768108. [CrossRef] [PubMed]

Mou, YW,; Li, Z.Y,; Yang, X.; Chen, S.Y;; Hou, S.S.; Zhang, E.G.; Shao, H.; Du, Z.J. Research progress of ferroptosis-related
mechanism and diseases. Chin. |. Ind. Hyg. Occup. Dis. 2020, 38, 797-800. [CrossRef]

Jiang, X.J.; Stockwell, B.R.; Conrad, M. Ferroptosis: Mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 2021, 22,
266-282. [CrossRef]

Yang, Y.Q.; Lin, Y.X.; Wang, M.Q.; Yuan, K.; Wang, Q.S.; Mu, P; Du, ] K; Yu, Z.F; Yang, S.B.; Huang, K,; et al. Targeting ferroptosis
suppresses osteocyte glucolipotoxicity and alleviates diabetic osteoporosis. Bone Res. 2022, 10, 26. [CrossRef]


https://doi.org/10.1007/s12011-024-04106-7
https://www.ncbi.nlm.nih.gov/pubmed/38388751
https://doi.org/10.18632/aging.101871
https://www.ncbi.nlm.nih.gov/pubmed/30904902
https://doi.org/10.21037/atm-22-2926
https://www.ncbi.nlm.nih.gov/pubmed/35957707
https://doi.org/10.1186/s40168-018-0604-3
https://doi.org/10.2147/NDT.S355233
https://doi.org/10.3390/nu14102081
https://www.ncbi.nlm.nih.gov/pubmed/35631224
https://doi.org/10.1038/s41598-018-33649-8
https://doi.org/10.1186/s12929-023-00984-6
https://www.ncbi.nlm.nih.gov/pubmed/38012609
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1126/science.abi6087
https://doi.org/10.1007/s11427-022-2302-5
https://doi.org/10.1016/j.ejphar.2023.175782
https://doi.org/10.1016/j.neuroscience.2024.01.021
https://www.ncbi.nlm.nih.gov/pubmed/38296019
https://doi.org/10.1038/s41598-024-64475-w
https://doi.org/10.1016/j.jep.2017.06.024
https://www.ncbi.nlm.nih.gov/pubmed/28642096
https://doi.org/10.1021/acs.jafc.3c01415
https://doi.org/10.1128/msystems.01049-23
https://doi.org/10.1016/j.ijbiomac.2024.129917
https://www.ncbi.nlm.nih.gov/pubmed/38309407
https://doi.org/10.2337/dc21-0099
https://www.ncbi.nlm.nih.gov/pubmed/34253560
https://doi.org/10.5009/gnl220523
https://doi.org/10.3389/fcimb.2021.768108
https://www.ncbi.nlm.nih.gov/pubmed/34804998
https://doi.org/10.3760/cma.j.cn121094-20190925-00392
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41413-022-00198-w

Int. J. Mol. Sci. 2025, 26, 1698 23 of 25

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Chen, ].Y,; Li, X.P,; Ge, C.D.; Min, ].X.; Wang, F.D. The multifaceted role of ferroptosis in liver disease. Cell Death Differ. 2022, 29,
467-480. [CrossRef]

Holden, P; Nair, L.S. Deferoxamine: An Angiogenic and Antioxidant Molecule for Tissue Regeneration. Tissue Eng. Part B-Rev.
2019, 25, 461-470. [CrossRef]

Duck, K.A.; Connor, J.R. Iron uptake and transport across physiological barriers. Biometals 2016, 29, 573-591. [CrossRef] [PubMed]
Zhou, Z.D.; Tan, E.K. Iron regulatory protein (IRP)-iron responsive element (IRE) signaling pathway in human neurodegenerative
diseases. Mol. Neurodegener. 2017, 12, 75. [CrossRef] [PubMed]

Duan, R.R;; Sun, K,; Fang, E; Wang, N.; He, R.Y.; Gao, Y;; Jing, L.]J.; Li, Y.F; Gong, Z.; Yao, Y.B.; et al. An ischemia-homing
bioengineered nano-scavenger for specifically alleviating multiple pathogeneses in ischemic stroke. J. Nanobiotechnol. 2022, 20,
397. [CrossRef] [PubMed]

Jo, EH.; Moon, ].E.; Chang, M.H.; Lim, Y.J.; Park, ].H.; Lee, S.H.; Cho, Y.R.; Cho, A.E.; Pack, S.P.,; Kim, H.W.,; et al. Sensitization of
GSH synthesis by curcumin curtails acrolein-induced alveolar epithelial apoptosis via Keap1 cysteine conjugation: A randomized
controlled trial and experimental animal model of pneumonitis. J. Adv. Res. 2023, 46, 17-29. [CrossRef]

de Sousa, C.N.S.; Medeiros, I.D.; Vasconcelos, G.S.; de Aquino, G.A.; Cysne Filho, EM.S.; de Almeida Cysne, J.C.; Macédo, D.S.;
Vasconcelos, S.M.M. Involvement of oxidative pathways and BDNF in the antidepressant effect of carvedilol in a depression
model induced by chronic unpredictable stress. Psychopharmacology 2022, 239, 297-311. [CrossRef] [PubMed]

Wang, L.; Wang, W.; Zhao, M.; Ma, L.; Li, M. Psychological stress induces dysregulation of iron metabolism in rat brain.
Neuroscience 2008, 155, 24-30. [CrossRef] [PubMed]

Pickard, J.M.; Zeng, M.Y.; Caruso, R.; Nufiez, G. Gut microbiota: Role in pathogen colonization, immune responses, and
inflammatory disease. Immunol. Rev. 2017, 279, 70-89. [CrossRef] [PubMed]

Pribylova-Dziedzinska, R.; Slana, I.; Lamka, J.; Pavlik, I. Influence of Stress Connected with Moving to a New Farm on Potentially
MAP-Infected Mouflons. ISRN Microbiol. 2014, 2014, 450130. [CrossRef]

Goralczyk-Birkkowska, A.; Szmajda-Krygier, D.; Koztowska, E. The Microbiota-Gut-Brain Axis in Psychiatric Disorders. Int. ].
Mol. Sci. 2022, 23, 11245. [CrossRef]

Galley, ].D.; Yu, Z.T.; Kumar, P.; Dowd, S.E.; Lyte, M.; Bailey, M.T. The structures of the colonic mucosa-associated and luminal
microbial communities are distinct and differentially affected by a prolonged murine stressor. Gut Microbes 2014, 5, 748-760.
[CrossRef]

Upreti, D.; Ishiguro, S.; Robben, N.; Nakashima, A.; Suzuki, K.; Comer, J.; Tamura, M. Oral Administration of Water Extract from
Euglena gracilis Alters the Intestinal Microbiota and Prevents Lung Carcinoma Growth in Mice. Nutrients 2022, 14, 678. [CrossRef]
[PubMed]

Mayneris-Perxachs, J.; Moreno-Navarrete, ].M.; Fernandez-Real, ]. M. The role of iron in host-microbiota crosstalk and its effects
on systemic glucose metabolism. Nat. Rev. Endocrinol. 2022, 18, 683-698. [CrossRef] [PubMed]

Zhang, L.; Kang, HW.; Zhang, W.; Wang, ].Y.; Liu, Z.Y;; Jing, ].R.; Han, L.; Gao, A. Probiotics ameliorate benzene-induced systemic
inflammation and hematopoietic toxicity by inhibiting Bacteroidaceae-mediated ferroptosis. Sci. Total Environ. 2023, 899, 165678.
[CrossRef] [PubMed]

Wu, G.D; Chen, J.; Hoffmann, C.; Bittinger, K.; Chen, Y.Y.; Keilbaugh, S.A.; Bewtra, M.; Knights, D.; Walters, W.A.; Knight, R.;
et al. Linking Long-Term Dietary Patterns with Gut Microbial Enterotypes. Science 2011, 334, 105-108. [CrossRef]

Yoo, J.W,; Shin, Y.J.; Ma, X.; Son, Y.H.; Jang, HM.; Lee, C.K,; Kim, D.H. The Alleviation of Gut Microbiota-Induced Depression
and Colitis in Mice by Anti-Inflammatory Probiotics NK151, NK173, and NK175. Nutrients 2022, 14, 2080. [CrossRef] [PubMed]
Yang, C.; Qu, Y.G.; Ren, Q.; Ren, Q.; Ma, M.; Dong, C.; Hashimoto, K. Possible Role of the Gut-Microbiota-Brain Axis in the
Antidepressant Effects of (R)-Ketamine in a Social Defeat Stress Model. Transl. Psychiatry 2017, 7, 1294. [CrossRef] [PubMed]
Huitema, M.].D.; Schenk, G.J. Insights into the Mechanisms That May Clarify Obesity as a Risk Factor for Multiple Sclerosis. Curr.
Neurol. Neurosci. Rep. 2018, 18, 18. [CrossRef] [PubMed]

Hays, K.E.; Pfaffinger, ]. M.; Ryznar, R. The interplay between gut microbiota, short-chain fatty acids, and implications for host
health and disease. Gut Microbes 2024, 16, 24. [CrossRef] [PubMed]

Zietek, M.; Celewicz, Z.; Szczuko, M. Short-Chain Fatty Acids, Maternal Microbiota and Metabolism in Pregnancy. Nutrients 2021,
13, 1244. [CrossRef]

Xiao, P.; Cai, X.C.; Zhang, Z.; Guo, K.; Ke, Y.H.; Hu, ZW.; Song, Z.F.; Zhao, Y.N.; Yao, L.Y; Shen, M.L,; et al. Butyrate Prevents
the Pathogenic Anemia-Inflammation Circuit by Facilitating Macrophage Iron Export. Adv. Sci. 2024, 11, €2306571. [CrossRef]
[PubMed]

Cheng, X.Y.; Hu, Y;; Yu, X.Q.; Chen, J.Y.; Guo, X.Q.; Cao, H.B.; Hu, G.L.; Zhuang, Y. Sodium Butyrate Alleviates Free Fatty
Acid-Induced Steatosis in Primary Chicken Hepatocytes via Regulating the ROS/GPX4/Ferroptosis Pathway. Antioxidants 2024,
13, 140. [CrossRef] [PubMed]


https://doi.org/10.1038/s41418-022-00941-0
https://doi.org/10.1089/ten.teb.2019.0111
https://doi.org/10.1007/s10534-016-9952-2
https://www.ncbi.nlm.nih.gov/pubmed/27457588
https://doi.org/10.1186/s13024-017-0218-4
https://www.ncbi.nlm.nih.gov/pubmed/29061112
https://doi.org/10.1186/s12951-022-01602-7
https://www.ncbi.nlm.nih.gov/pubmed/36045405
https://doi.org/10.1016/j.jare.2022.06.013
https://doi.org/10.1007/s00213-021-05994-6
https://www.ncbi.nlm.nih.gov/pubmed/35022822
https://doi.org/10.1016/j.neuroscience.2008.03.091
https://www.ncbi.nlm.nih.gov/pubmed/18555617
https://doi.org/10.1111/imr.12567
https://www.ncbi.nlm.nih.gov/pubmed/28856738
https://doi.org/10.1155/2014/450130
https://doi.org/10.3390/ijms231911245
https://doi.org/10.4161/19490976.2014.972241
https://doi.org/10.3390/nu14030678
https://www.ncbi.nlm.nih.gov/pubmed/35277036
https://doi.org/10.1038/s41574-022-00721-3
https://www.ncbi.nlm.nih.gov/pubmed/35986176
https://doi.org/10.1016/j.scitotenv.2023.165678
https://www.ncbi.nlm.nih.gov/pubmed/37478946
https://doi.org/10.1126/science.1208344
https://doi.org/10.3390/nu14102080
https://www.ncbi.nlm.nih.gov/pubmed/35631220
https://doi.org/10.1038/s41398-017-0031-4
https://www.ncbi.nlm.nih.gov/pubmed/29249803
https://doi.org/10.1007/s11910-018-0827-5
https://www.ncbi.nlm.nih.gov/pubmed/29525910
https://doi.org/10.1080/19490976.2024.2393270
https://www.ncbi.nlm.nih.gov/pubmed/39284033
https://doi.org/10.3390/nu13041244
https://doi.org/10.1002/advs.202306571
https://www.ncbi.nlm.nih.gov/pubmed/38235606
https://doi.org/10.3390/antiox13020140
https://www.ncbi.nlm.nih.gov/pubmed/38397738

Int. J. Mol. Sci. 2025, 26, 1698 24 of 25

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Chen, H.P; Qian, Y.F; Jiang, C.S.; Tang, L.L.; Yu, ].W.; Zhang, L.D.; Dai, Y.Y.; Jiang, G.J. Butyrate ameliorated ferroptosis in
ulcerative colitis through modulating Nrf2/GPX4 signal pathway and improving intestinal barrier. Biochim. Biophys. Acta-Mol.
Basis Dis. 2024, 1870, 166984. [CrossRef]

Yang, C.J.; Chang, H.C.; Sung, P.C.; Ge, M.C.; Tang, H.Y.; Cheng, M.L.; Cheng, H.T.; Chou, H.H,; Lin, C.Y,; Lin, W.R.; et al. Oral
fecal transplantation enriches Lachnospiraceae and butyrate to mitigate acute liver injury. Cell Rep. 2024, 43, 113591. [CrossRef]
Ahmed, H.; Leyrolle, Q.; Koistinen, V.; Karkkdinen, O.; Layé, S.; Delzenne, N.; Hanhineva, K. Microbiota-derived metabolites as
drivers of gut-brain communication. Gut Microbes 2022, 14, 2102878. [CrossRef] [PubMed]

Morais, L.H.; Schreiber, H.L.; Mazmanian, 5.K. The gut microbiota-brain axis in behaviour and brain disorders. Nat. Rev. Microbiol.
2021, 19, 241-255. [CrossRef] [PubMed]

Loh, J.S.; Mak, W.Q.; Tan, LK.S.; Ng, C.X.; Chan, H.H.; Yeow, S.H.; Foo, ].B.; Ong, Y.S.; How, C.W.; Khaw, K.Y. Microbiota-gut-
brain axis and its therapeutic applications in neurodegenerative diseases. Signal Transduct. Target. Ther. 2024, 9, 37. [CrossRef]
[PubMed]

Zhu, L.Y,; Li, J.; Wei, C.H.; Luo, T.; Deng, Z.Y.; Fan, YW.; Zheng, L.F. A polysaccharide from Fagopyrum esculentum Moench
bee pollen alleviates microbiota dysbiosis to improve intestinal barrier function in antibiotic-treated mice. Food Funct. 2020, 11,
10519-10533. [CrossRef] [PubMed]

Wesselink, E.M.; Kappen, T.H.; van Klei, W.A.; Dieleman, ].M.; Dijk, D.V.; Slooter, A.J.C. Intraoperative hypotension and delirium
after on-pump cardiac surgery. Br. ]. Anaesth. 2015, 115, 427-433. [CrossRef]

Chen, Y,; Fang, Z.M.; Yi, X.; Wei, X. , Jiang, D.S. The interaction between ferroptosis and inflammatory signaling pathways. Cell
Death Dis. 2023, 14, 205. [CrossRef] [PubMed]

Ojha, N.K;; Lole, K.S. Hepatitis E virus ORF1 encoded macro domain protein interacts with light chain subunit of human ferritin
and inhibits its secretion. Mol. Cell. Biochem. 2016, 417, 75-85. [CrossRef]

Bin, S.; Xin, L.; Lin, Z.; Hua, Z.].; Rui, G.; Xiang, Z. Targeting miR-10a-5p /IL-6R axis for reducing IL-6-induced cartilage cell
ferroptosis. Exp. Mol. Pathol. 2021, 118, 104570. [CrossRef] [PubMed]

Li, G.E; Lin, J.; Zhang, C.; Gao, H.; Lu, H.Y,; Gao, X.; Zhu, R.X,; Li, Z.T,; Li, M.S,; Liu, Z.]. Microbiota metabolite butyrate
constrains neutrophil functions and ameliorates mucosal inflammation in inflammatory bowel disease. Gut Microbes 2021, 13,
1968257. [CrossRef]

Li, H,; Sun, J.; Du, J.; Wang, E; Fang, R.; Yu, C.; Xiong, J.; Chen, W.; Lu, Z,; Liu, ]. Clostridium butyricum exerts a neuroprotective
effect in a mouse model of traumatic brain injury via the gut-brain axis. Neurogastroenterol. Motil. 2018, 30, €13260. [CrossRef]
Leclercq, S.; Mian, EM.; Stanisz, A.M.; Bindels, L.B.; Cambier, E.; Amram, H.B.; Koren, O.; Forsythe, P.; Bienenstock, J. Low-dose
penicillin in early life induces long-term changes in murine gut microbiota, brain cytokines and behavior. Nat. Commun. 2017, 8,
15062. [CrossRef]

Osterlund, C.D.; Rodriguez-Santiago, M.; Woodruff, E.R.; Newsom, R.J.; Chadayammuri, A.P.; Spencer, R.L. Glucocorticoid
Fast Feedback Inhibition of Stress Induced ACTH Secretion in the Male Rat: Rate Independence and Stress-State Resistance.
Endocrinology 2016, 157, 2785-2798. [CrossRef]

Beas, B.S.; Wright, B.J.; Skirzewski, M.; Leng, Y.; Hyun, J.H.; Koita, O.; Ringelberg, N.; Kwon, H.B.; Buonanno, A.; Penzo, M. A.
The locus coeruleus drives disinhibition in the midline thalamus via a dopaminergic mechanism. Nat. Neurosci. 2018, 21, 963-973.
[CrossRef]

Cui, WW,; Liu, D.; Gu, W.; Chu, B. Peroxisome-driven ether-linked phospholipids biosynthesis is essential for ferroptosis. Cell
Death Differ. 2021, 28, 2536-2551. [CrossRef] [PubMed]

Duarte, D.; Hawkins, E.D.; Akinduro, O.; Ang, H.; Filippo, K.D.; Kong, 1.Y.; Haltalli, M.; Ruivo, N.; Straszkowski, L.; Vervoort,
S.J.; et al. Inhibition of Endosteal Vascular Niche Remodeling Rescues Hematopoietic Stem Cell Loss in AML. Cell Stem Cell 2018,
22,64-77. [CrossRef]

Li, YL.; Ning, L.; Yin, Y.R.; Wang, R; Zhang, Z.Y.; Hao, L.].; Wang, B.; Zhao, X.; Yang, X.R; Yin, L.T,; et al. Age-related shifts in gut
microbiota contribute to cognitive decline in aged rats. Aging 2020, 12, 7801-7817. [CrossRef] [PubMed]

Tang, X.L.; Wang, W.J.; Hong, G.C.; Duan, C.H.; Zhu, S.R.; Tian, Y.; Han, C.Q.; Qian, W,; Lin, R.; Hou, X.H. Gut microbiota-
mediated lysophosphatidylcholine generation promotes colitis in intestinal epithelium-specific Fut2 deficiency. J. Biomed. Sci.
2021, 28, 20. [CrossRef] [PubMed]

Jochems, J.; Boulden, J.; Lee, B.G.; Blendy, J.A.; Jarpe, M.; Mazitschek, R.; Duzer, ] H.V,; Jones, S.; Berton, O. Antidepressant-Like
Properties of Novel HDAC6-Selective Inhibitors with Improved Brain Bioavailability. Neuropsychopharmacology 2014, 39, 389—-400.
[CrossRef]

Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852-857. [CrossRef] [PubMed]

Callahan, B.J.; McMurdie, PJ.; Rosen, M.].; Han, A.W,; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Ilumina amplicon data. Nat. Methods 2016, 13, 581-583. [CrossRef]


https://doi.org/10.1016/j.bbadis.2023.166984
https://doi.org/10.1016/j.celrep.2023.113591
https://doi.org/10.1080/19490976.2022.2102878
https://www.ncbi.nlm.nih.gov/pubmed/35903003
https://doi.org/10.1038/s41579-020-00460-0
https://www.ncbi.nlm.nih.gov/pubmed/33093662
https://doi.org/10.1038/s41392-024-01743-1
https://www.ncbi.nlm.nih.gov/pubmed/38360862
https://doi.org/10.1039/D0FO01948H
https://www.ncbi.nlm.nih.gov/pubmed/33179663
https://doi.org/10.1093/bja/aev256
https://doi.org/10.1038/s41419-023-05716-0
https://www.ncbi.nlm.nih.gov/pubmed/36944609
https://doi.org/10.1007/s11010-016-2715-0
https://doi.org/10.1016/j.yexmp.2020.104570
https://www.ncbi.nlm.nih.gov/pubmed/33166496
https://doi.org/10.1080/19490976.2021.1968257
https://doi.org/10.1111/nmo.13260
https://doi.org/10.1038/ncomms15062
https://doi.org/10.1210/en.2016-1123
https://doi.org/10.1038/s41593-018-0167-4
https://doi.org/10.1038/s41418-021-00769-0
https://www.ncbi.nlm.nih.gov/pubmed/33731874
https://doi.org/10.1016/j.stem.2017.11.006
https://doi.org/10.18632/aging.103093
https://www.ncbi.nlm.nih.gov/pubmed/32357144
https://doi.org/10.1186/s12929-021-00711-z
https://www.ncbi.nlm.nih.gov/pubmed/33722220
https://doi.org/10.1038/npp.2013.207
https://doi.org/10.1038/s41587-019-0209-9
https://www.ncbi.nlm.nih.gov/pubmed/31341288
https://doi.org/10.1038/nmeth.3869

Int. J. Mol. Sci. 2025, 26, 1698 25 of 25

81. DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L.
Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72,
5069-5072. [CrossRef] [PubMed]

82. Kim, LK,; Kim, K;; Lee, E.; Oh, D.S,; Park, C.S.; Park, S.; Yang, ].M.; Kim, J.H.; Kim, H.S.; Shima, D.T.; et al. Sox7 promotes
high-grade glioma by increasing VEG FR2-mediated vascular abnormality. ]. Exp. Med. 2018, 215, 963-983. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/AEM.03006-05
https://www.ncbi.nlm.nih.gov/pubmed/16820507
https://doi.org/10.1084/jem.20170123
https://www.ncbi.nlm.nih.gov/pubmed/29444818

	Introduction 
	Results 
	Acute Stress-Induced Ferroptosis of PFC Neurons Contributes to Depression-like Behavioral Alterations in Mice 
	Gut Microbiota Is Involved in Ferroptosis in the PFC of Acute Stress Mice 
	Butyric Acid-Producing Bacteria Are the Key Enterobacteria Involved in Ferroptosis of PFC Neurons in Mice with Acute Stress 
	The Gut Microbiota Metabolite Butyrate Regulates Ferroptosis in PFC Neurons of Acutely Stressed Mice 
	Acute Stress Promotes Ferroptosis by Inducing Inflammation in the PFC 
	Butyrate Alleviates Ferroptosis of PFC Neurons in Acute Stress Mice by Regulating Inflammation Through Gut–Brain Axis 

	Discussion 
	Materials and Methods 
	Animals 
	Experimental Design 
	Acute Restraint Stress Model 
	Ferroptosis Inhibitor Model 
	Fecal Microbiota Transplantation 
	Butyrate Treatment Experiment 

	Feces Collection and 16S rDNA Sequencing 
	Behavioral Assessment 
	Open Field Test 
	Tail Suspension Test 

	HE Staining and Special Staining 
	Western Blotting 
	Real-Time Quantitative PCR (RT-qPCR) 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Assessment of GSH, MDA, and Fe2+ 
	Evans Blue Assay 
	Statistical Analysis 

	Conclusions 
	References

