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HIGHLIGHTS GRAPHICAL ABSTRACT

« ICS II protects against depressive-like
behaviors induced by poststroke
depression.

« ICS II directly binds to Sirt6,
suppressing oxidative stress and
inflammation poststroke depression.

« ICS II alleviates gut microbiota
dysbiosis and enhances the
production of gut microbial
metabolites.

« ICSII as a novel Sirt6 activator to
overcome poststroke depression
through modulation of the
microbiota-gut-brain axis.

ARTICLE INFO ABSTRACT

Article history: Background: Sirt6-mediated gut microbiota plays a vital role in poststroke depression (PSD). Icariside IT
Received 31 October 2024 (ICS II) is a naturally-occurring neuroprotectant with Sirt6 induction potency. However, it is unknown
Re"lseddZ4 Febr“;‘ry 2025 whether ICS II protects against PSD through modulation of gut microbiota.
Acc?pte 1 Marc 2025 Objective: This study aimed to reveal the effect and potential mechanisms of ICSII on PSD, and the role of
Available online 2 March 2025 . . . . . .

the microbiota-gut-brain axis was investigated.
Methods: Using middle cerebral artery occlusion (MCAO) and chronic unpredictable mild stress (CUMS)

Ilf?s/ :Zs:cillie depression to establish post-stroke depression (PSD) mice, we assessed anti-depressant effects of ICS II via behav-
lcariside T joral tests, immunohistochemistry, and western blot. Transcriptome profiling, molecular docking, and
Oxidative stress surface plasmon resonance were used to identify key targets. 16S rDNA genomic-derived taxonomic pro-
Sirt6 filing and fecal microbiota transplantation (FMT) were conducted to figure out the mechanistic role of the

Short-chain fatty acids
Microbiota-gut-brain axis

gut microbiota and short-chain fatty acids (SCFAs).

Results: ICSII ameliorated depressive-like behaviors in PSD mice as evidenced by sucrose preference test,
forced swimming test and tail suspension test. ICS II restored mitochondrial function, reduced oxidative
damage and pro-inflammatory cytokines both in brain and intestine through regulation of Sirt6/NF-xB
pathway. ICS II significantly increased the abundance of gut microbiota (such as Akkermansia and
Ligilactobacillus), enhanced SCFAs concentrations, repaired intestinal barrier integrity and upreglated
the tight junction protein expression. FMT from ICS II-treated mice replicated these benefits, confirming
gut microbiota’s role. Mechanistically, ICS II directly bound to Sirt6 and enhanced its activity. However,
ICS II-mediated neuroprotection was neutralized in PSD mice or hydrogen peroxide-induced enteric glial
cells when Sirt6 was absent.
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Conclusion: Our findings expand the pharmacological properties of ICS II by demonstrating its ability to
ameliorate PSD through modulation of the microbiota-gut-brain axis. ICS II, as a novel Sirt6 activator,
could be translated into an alternative microbiota-targeted avenue for coping with PSD.

© 2025 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Stroke is one of the foremost causes of grievous long-term phys-
ical disability and mortality worldwide [1]. Poststroke depression
(PSD) is a prevalent and detrimental complication of stroke, which
develops in almost a third of stroke survivors [2]. PSD is character-
ized by continuous anhedonia and despair, and contributes to per-
nicious consequences, including functional outcome, quality of life,
recurrence rate and mortality [3]. Although antidepressants have
demonstrated efficacy in relieving depressive symptoms in PSD
patients, a battery of inevitable drawbacks are involved in delayed
onset, severe adverse effects, drug-resistance and noncompliance
in patients with PSD applying currently available drugs, which
are a leading predicament in this psychiatric disorder [4]. There
is a critical need for the development of more effective therapeutic
interventions targeting PSD, particularly those capable of precisely
addressing depressive-like syndromes associated with this neuro-
logical condition.

One significant gap in PSD treatment lies in the lack of targeted
modulation of underlying biological pathways that contribute to
disease pathogenesis, particularly those involving gut microbiota
dysbiosis and oxidative stress. Accumulating evidence has identi-
fied that microbiota-gut-brain axis, a bidirectional coordinated
interaction between the intestinal microbiota and brain, plays
the crucial role in the PSD [5,6]. Preclinical trial findings have also
revealed that the aberrant gut microbiome composition con-
tributes to depression-like symptoms in rodents after PSD insult.
Previous studies also demonstrate that PSD patients have abnor-
mal digestive tract function and suffer disrupted gut microbial
community and metabolites [7]. In addition, oxidative stress is
considered as one of the crucial causes of cell damage in PSD,
and probably associated with therapeutic response to pleiotropic
antidepressants with anti-oxidation effect [8]. Besides the brain,
intestine is also a tissue site of dysfunction affected by oxidative
stress, and the intestinal barrier, gut microbiota composition and
gut-brain axis communication were altered by oxidative stress in
neurological disorders including PSD [9]. Thus, it is promising to
develop new redox-based treatment that could defeat PSD by
remodeling gut microbiota. Recent evidence support that sirtuin
6 (Sirt6), one of the mammalian homologues of Sir2 histone nicoti-
namide adenine dinucleotide (NAD)*-dependent deacylase family,
protects against oxidative stress-induced DNA damage and is
involved in regulation of redox equilibrium [10]. Sirt6 is abun-
dantly expressed in the cortex, and considered as a profitable
mediator of stroke outcome [11,12]. Earlier studies found that Sirt6
knockout mice showed aggravated neurological dysfunction and
increased cerebral infarct volume after middle cerebral artery
occlusion (MCAO)-induced ischemic stroke mouse model. To the
contrary, Sirt6 overexpression reduced infarct volume and amelio-
rated neurological impairment [13]. Intriguingly, a recent study
reveals that the gut microbiota and Sirt6 interacts with each other
to orchestrate the alteration of neurological disorders [14]. Under
this scenario, we hypothesize that targeting Sirt6-mediated gut
microbiome has vigoroso potency for the treatment of PSD by hin-
dering the gut microbiota dysbiosis and oxidative stress.

Icariside II (ICS II) is a naturally-occurring bioactive flavonoids
derived from traditional Chinese medicine Herba Epimedii [15].
Compared with another major active ingredient icariin of Herba
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Epimedii, ICS II is not only absorbed more quickly, but also is the
intestinal metabolite of icariin when oral administration. Emerging
evidence confirms that ICS II exerts pleiotropic neuroprotective
effects with antioxidant and anti-inflammatory activities and a
favorable safety profile [16]. Our previous studies reports that ICS
Il could reduce oxidative damage by increasing Sirt6 protein
expression in acute liver injury mice [17], and it effectively pro-
tects against MCAO-induced ischemic stroke [18,19]. However,
the therapeutic potential of ICS II for alleviating depressive-like
behaviors in PSD requires further validation. Concurrently, the
mechanistic contribution of Sirt6-dependent gut microbiota mod-
ulation to ICS IT's antidepressant activity remains to be systemati-
cally investigated. In addition, chronic unpredictable mild stress
(CUMS) combined with isolation after MCAO model is a typical ani-
mal model to mimic PSD, due to it induces a series of pathological
and behavioral changes such as neuronal damage, anhedonia and
psychosomatic symptoms [20,21]. Thus, we investigated the
antidepressant effect of ICS II in a PSD mouse model induced by
MCAO combined with CUMS, and explored the intricate underlying
mechanisms through which ICS I exerts its neuroprotective effects
on PSD. We found that ICS II alleviated depressive-like behaviors
and mitochondrial dysfunction and oxidative stress by targeting
Sirt6 in PSD mouse model. Moreover, we used 16S rDNA gene
sequencing and Ultra-high performance liquid chromatography-q
uadrupole-orbitrap high resolution mass spectrometry (UPLC-Q/
Orbitrap/MS) to analyze alterations of gut microbiota and metabo-
lites after the ICS II treatment. Finally, fecal microbiota transplant
(FMT) was administered with feces from the ICS II-treated mice in
a cocktail of antibiotics (ABX)-pretreated mice of PSD to validate
the neuroprotective effect of ICS II-remodeled gut microbiota. Col-
lectively, our findings revealed that ICS II evoked robust anti-PSD
effect through a microbiota-gut-brain axis.

Materials and methods
Animal model with PSD

The PSD animal model was was established by superimposing
chronic unpredictable mild stress (CUMS) on cerebral ischemia, a
validated paradigm for assessing both established and novel ther-
apeutic agents targeting neurological and behavioral deficits. The
technology roadmap of the present study is shown in Fig. 1A. First,
MCAO surgery was carried out to construct focal cerebral ischemia
mouse model according to our previous study [18]. In brief, specific
pathogen-free (SPF) male C57BL/6] mice were anesthetized via
inhalation of 3.5 % isoflurane in a N,0:0, (2:1) mixture and main-
tained in a supine position under sterile condition. Core body tem-
perature was regulated at 37.0 + 0.5 °C using a feedback-controlled
heating pad throughout the procedure. MCAO was constructed
using inserting a silicone-coated monofilament nylon (spherical
diameter 0.20 + 0.01 mm) into the internal carotid artery to inter-
cept cerebral blood flow to the middle cerebral artery. Subse-
quently, the filament was withdrawn after 2 h to allow cerebral
blood flow reperfusion. Then laser speckle contrast imaging was
used to monitor the cerebral blood flow during the surgery. The
mice in the sham group underwent the same procedure as men-
tioned above, including anesthesia and the same surgical proce-
dure, except for inserting the monofilament (MCAO). A successful
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Fig. 1. ICS I rescues depressive-like behaviors from PSD via Sirt6/NF-kB signaling pathway. Mice were pre-treated with ICSII (2.5, 5, 10 and 20 mg/kg) for 7 days before
MCAO superimposed with CUMS insult. (A) Schematic illustration on the PSD mouse model establishment and drug treatment. (B) Sucrose preference in SPT (n = 20/group).

(C) Immobility time in TST (n = 20/group). (D) Immobility time in FST (n = 20/group)

. Transcriptome analysis of mPFC tissue by RNA-seq from PSD-treated mice and PSD plus

ICS II at the dose of 20 mg/kg. (E) The DEGs were identified by volcano plot. (F) Top 10 KEGG pathways were identified using Ingenuity Pathway Analysis. The results of
transcriptome analysis were validated using Western blot. (G) PPI network was generated by GeneMANIA analysis. The respective node size presented the degree of linking in
PPI network. Larger node Sirt6 shares more connection to others. (H) Representative images of Sirt6 and H3K9Ac. (I) Quantification of Sirt6 and H3K9Ac (n = 5/group). (J)
Representative images of IkB and NF-kBp65. (K) Quantification of I«xB and NF-kBp65 (n = 5/group). Data are shown as mean + SD, P < 0.01 vs. Sham group; *P < 0.05, ##P <

0.01 vs. PSD group.

MCAO mouse model was established when relative cerebral blood
flow (rCBF) decreased less than or equal to 20 % and recovered
greater than to 80 % of rCBF baseline. A 5-point scale was used to
evaluate neurological function as previously described [19]. There-
after, neurological function of the mice in MCAO groups were
scored and the mice without neurological impairment were
excluded (Fig.S1). After two days, the MCAO mice were underwent
CUMS to construct the PSD animal model according to the previous
study [22]. The procedure of CUMS with a random stressor includ-
ing food/water deprivation (24 h), cage tilt (45°, 24 h), tail clamp-
ing (5 min), damp bedding (4 h), inverted light/dark cycle (24 h),
forced suspension (5 min), and cold water swimming (4 C,
5 min). The modeling process was continued for 21 days. The Sham
group were kept under normal conditions.

Experimental designs

Experiment 1: To evaluate the protective effect of ICS I on PSD
mouse model, the C57BL/6] mice were randomly allocated into
eight experimental cohorts (n 10/group): Sham group,
Sham + ICS II (20 mg/kg) group, PSD group, PSD + ICS I (2.5 mg/
kg), PSD + ICS II (5 mg/kg), PSD + ICS II (10 mg/kg), PSD + ICS IT

(20 mg/kg), PSD + fluoxetine group. Adult male C57BL/6] mice
(6-8 weeks old, weighing 20-25 g) were provided by Cyagen Bio-
sciences Animal Co., Ltd (Suzhou, China; Certificate No. SCXK2021-
003). All mice, except those in the Sham group, were subjected to
MCAO combined with CUMS. The mice were received daily intra-
gastrically gavage of ICSII at doses of 2.5, 5, 10, or 20 mg/kg or flu-
oxetine (10 mg/kg) for seven days before PSD insult, and the mice
of Sham and PSD groups received volume-matched vehicle.

Experiment 2: To verify whether Sirt6 is the potential target of
ICS II on PSD, the mice were randomly divided into eight groups
(n = 10/group): Wild type (WT)-Sham group, WT-PSD group, WT-
PSD + ICSII group, WT-PSD + MDLB80O (allosteric activator of Sirt6)
group, Sirt6-deficient (Sirt6~/~)-Sham group, Sirt6~/~-PSD group,
Sirt6/~-PSD + ICS II group, Sirt6~/~-PSD + MDL800 group. The
Sirt6~/~ male mice and littermate WT mice (6-8 weeks old, weigh-
ing 20-25 g) were provided by Cyagen Biology Co., Ltd. (Suzhou,
China, Certificate No. SCXK2021-003). The verification results of
Sirt6~/~ mice is shown in Fig.S2. All mice, except for the Shams,
were subjected to MCAO superimposed with CUMS. The mice were
administered intragastrically with ICS II at the dose of 20 mg/kg or
MDL800 (80 mg/kg) once daily for seven days before PSD insult,
and the mice of Sham and PSD groups received volume-matched
vehicle.
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Experiment 3: To elucidate whether gut microbiota is involved
in the antidepressant effect of ICS II on PSD, FMT was performed
as described previously [23]. The donor mice were achieved with
PSD induced by MCAO combined with CUMS. Simultaneously,
the donor mice were administrated daily with ICS II (20 mg/kg)
for a duration of 21 days. At the end of ICS II treatment after PSD
insult, fresh feces (500 mg) were collected from ICS II-treated
donor mice, and then homogenized in 2 mL of sterile saline. There-
after, the mixture was centrifuged at 3000 x g for 5 min under 4 °C
to obtain the supernatant, which was used as a transplant material.
The mice were randomly divided into four groups (n = 10/group):
Sham group, Sham + FMT group, PSD group, PSD + FMT group. The
indigenous gut microbiota of the mice was removed by intragastric
administration of an ABX for 5 days as described in previous study
[24]. The mice of FMT-treated groups were administered with fecal
microbiota solution (0.2 mL) from WT donor mice once daily for
seven days, then subjected to PSD. While the mice of Sham and
PSD groups received volume-matched vehicle. pseudo-germ-free
mice model treated with antibiotics were also applied, together
with 16S ribosomal DNA (rDNA) genomic-derived taxonomic
profiling.

Following MCAO combined with CUMS challenge, the mice
were undergoing a series behavioral tests including sucrose prefer-
ence test (SPT), forced swimming test (FST), tail suspension test
(TST). Subsequently, mouse feces were collected under sterile con-
ditions, and then mice were anaesthetized 3.5 % isoflurane in N,O:
0, (2:1) for blood collection, and immediately killed by cervical
dislocation followed by removal of ileum tissue and the brain,
and medial prefrontal cortex (mPFC) were isolated and quickly
stored at —80 °C for the following experiments.

Statistical analysis

All data were presented as mean + standard deviation (SD;
n > 5 biological replicates). Statistical analyses were performed
using SPSS 29.0. Statistical significance was determined using
one-way analysis of variance (ANOVA) followed by Bonferroni’s
post hoc test with where appropriate. Correlation analysis between
gut microbiota and short-chain fatty acids (SCFAs) was performed
using Pearson correlation analysis. All experiments were per-
formed randomly and blindly, and P < 0.05 was considered statis-
tically significant.

Comprehensive methodological details for auxiliary assays,
including behavioral tests, RNA-sequencing (RNA-seq), Molecular
docking and molecular dynamic (MD) simulation, surface plasmon
resonance (SPR) binding assay, microscale thermophoresis (MST)
assay, transmission electron microscopy (TEM), analysis of
NADPH/NADP" ratio and adenosine triphosphate (ATP), redox sta-
tus, pro-inflammatory cytokines levels, lipopolysaccharide (LPS)
contents, western blot analysis, 16S rDNA gene sequencing of fecal
microflora analysis, haematoxylin and eosin (H&E) staining,
immunohistochemistry (IHC), SCFAs concentration analysis were
available in the Supplementary Materials.

Results
ICS II ameliorates depressive-like behaviors in PSD mice

The antidepressant effect of ICS I on PSD was examined using
an MCAO model superimposed with CUMS-induced depression in
mice. Fluoxetine, a classic antidepressant used clinically for PSD
treatment, served as the positive control drug[25]. The results
showed that the depressive-like behaviors occurred in PSD mice
as evidenced by decreased sucrose preference, increased immobil-
ity time in FST and TST compared to the Sham group (Fig. 1B-D),
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indicating successful PSD mouse model establishment. Adminis-
tration of ICS II (5, 10, 20 mg/kg) or fluoxetine (10 mg/kg) signifi-
cantly reversed these depressive-like behaviors (Fig. 1B-D, Fig.
S3). Notably, ICSII at the dose of 2.5 mg/kg showed no therapeutic
effect (Fig. S3). while, ICSII (20 mg/kg) alone did not alter baseline
mouse behaviors (Fig. L). These findings suggest ICS II rescues
depressive-like behaviors from PSD in a dose-dependent manner,
with 20 mg/kg demonstrating optimal efficacy. To investigate the
underlying mechanisms, RNA-seq analysis of mPFC tissue revealed
2,128 differentially expressed genes (DEGs) between PSD + ICS II
(20 mg/kg) and PSD groups, comprising up-regulated 1,865 DEGs,
and 263 down-regulated DEGs (Fig. 1E). Gene ontology analysis
identified significant enrichment in cellular senescence, oxidative
phosphorylation (OXPHOS) and nuclear factor kappa B (NF-kB) sig-
naling pathway (Fig. 1F). Sirt6 emerged as the predominant regu-
latory gene, accompanied by NF-kB pathway components
(Fig. 1G). Western blot validation confirmed,ICS II-mediated upreg-
ulation of Sirt6 and inhibitor of NF-xB (IkB) protein expression,
concurrent with decreased H3K9 acetylation and NF-kBp65 phos-
phorylation levels (Fig. 1 H-K). These findings indicate that ICS IT
alleviates depressive-like behaviors in PSD through modulation
of the Sirt6/NF-xB signaling pathway.

Activation of Sirt6 contributes to the antidepressant effect of ICS II on
PSD

Based on the above-mentioned results, we hypothesized that
Sirté was underlying therapeutic target of ICS II against PSD.
Molecular docking analysis revealed that ICS II binds to Sirt6 with
a binding energy of —9.008 kcal/mol. The binding mode showed
that ICS II enters the Sirt6 pocket via three hydrogen bonds with
PHE-84 (3.58 A), VAL-113 (3.76 A) and TRP-69 (2.88 A) (Fig. 2A).
Free energy landscape (FEL) analysis confirmed the stability of
the ICS II-Sirt6 complex, as indicated by the compact minimal
energy area (blue region) in Gibbs FEL plots (Fig. 2B, C). Further-
more, RMSD and RMSF were conducted by MD trajectories to
ascertain the ICS II-Sirt6 complex structural stability. The steady
RMSD of the protein backbone indicated that ICS II-Sirt6 complex
displayed a favorable profile of equilibrium (Fig. 2D). The flexibility
of different Sirt6 binding sites were assessed by RMSF analysis, and
the results showed that most Sirt6-binding residues presented less
flexibility with RMSF less than 0.5 A, validating the stability of the
ICS II-Sirt6 complex (Fig. 2E). The binding affinity of ICS II to Sirt6
was validated by SPR and MST. SPR analysis yielded a dissociation
constant (Kp) of 7.568 x 1078 M (Fig. 2F), while MST shouwed a Kp
of 6.06 + 2.26 uM (Fig. 2G, H). These findings suggested that ICS IT
directly bound to Sirt6. Subsequently, behavioral assays in Sirt6~/~
mice revealed exacerbated depressive-like behaviors compared to
WT mice. However, the antidepressant effect of ICS II and
MDL800 were largely counteracted in Sirt6~/~ mice (Fig. 2I-K).
Mitochondrial ultrastructure analysis in mPFC showed that ICS IT
rescued PSD-induced mitochondrial swelling and cristae disorgani-
zation in WT mice but had no effect in Sirt6~/~ mice (Fig. S4A-C).
ICS 1T increased mitochondrial NADPH/NADP* ratio and ATP levels
in WT mice post-PSD. but these effects were absent in Sirt6~/~ mice
(Fig. S4D, E). Additionally, ICS II reduced mitochondrial reactive
oxygen species (ROS) and enhanced antioxidant capacity in WT
mice by elevating superoxide dismutase (SOD) 2 and glutathione
peroxidase (GPx) 1 activities and glutathione (GSH)/oxidized glu-
tathione (GSSG) ratio, whereas no changes were observed in
Sirt6~/~ mice (Fig. S4F-1). Pro-inflammatory cytokines including
interleukin (IL)-1B, IL-6, tumor necrosis factor (TNF)-o and IL-18
were suppressed by ICS II in WT mice but not in Sirt6~/~ mice
(Fig. S4]-M). These results reveal that Sirt6 activation is essential
for the antidepressant effects of ICS II in PSD, positioning ICS IT
as a natural Sirt6 activator with therapeutic potential.
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ICS 1T exerts antidepressant effect against PSD through remodeling gut
microbiota composition

To explore the effect of ICS II, which can ameliorate depressive-
like behaviors, on gut microbiota, we performed 16S rDNA
sequencing to analyze microbial composition in fecal samples from
mice. a-diversity analysis showed no significant differences among
Sham, PSD and ICS II-treated groups, as indicated by Chao1, Simp-
son and Shannon indices (Fig. S5). However, the beta diversity
analysis revealed significant separation between groups in princi-
pal coordinate analysis (PCoA), suggesting distinct gut microbiota
profiles accross the treatment groups (Fig. 3A). At the phylum level,
the Firmicutes/Bacteroidetes ratio was elevated in PSD mice com-
pared to Sham controls, whereas ICS II treatment significantly
reversed this increase (Fig. 3B-D). At genus level, PSD mice exhib-
ited increased abundance of Firmicutes-related genera (e.g. Escher-
ichia and Desulfovibrio) and decreased Bacteroidetes-associated
taxa (e.g. Ligilactobacillus and Akkermansia), which were normal-
ized by ICS II intervention (Fig. 3E-H). Histopathological analysis
demonstrated ileal tissue damage in PSD mice compared to the
Sham group, whereas ICS II mitigated this damage (Fig. 3I).

637

Ultrastructural evaluation revealed disrupted tight junction (TJ)
architecture, abnormal microvilli morphology, and mitochondrial
injury in PSD mice, all of which were ameliorated by ICS II treat-
ment (Fig. 3]). Consistently, Western blot analysis showed that
ICS II upregulated T] protein expression (claudin, occludin, and
Z0-1) in the ileum of PSD mice (Fig. 3K). Notably, Sirt6 protein
expression was reduced and H3K9Ac levels were elevated in the
ileum of PSD mice, mirroring changes observed in the mPFC. ICS
II restored Sirt6 expression and suppressed H3K9Ac hyperacetyla-
tion (Fig. 3L). Furthermore, ICS II increased the intestinal NADPH/
NADP ratio (Fig. 3M) and ATP levels (Fig. 3N), while reducing mito-
chondrial ROS (Fig. 30), enhancing SOD2 (Fig. 3P) and GPx1
(Fig. 3Q) activities, and elevating the GSH/GSSG ratio (Fig. 3R).
Additionally, ICS II lowered lipopolysaccharide (LPS) levels in
both ileum (Fig. 3S) and serum (Fig. 3T), and decreased pro-
inflammatory cytokines including IL-1B (Fig. 3U), IL-6 (Fig. 3V),
TNF-o (Fig. 3W), and IL-18 (Fig. 3X). These findings suggest that
ICS II alleviates PSD-induced depressive-like behaviors, at least
partially, by restoring gut microbiota homeostasis and attenuating
oxidative stress and inflammation. These findings suggest that ICS
II alleviates PSD-induced depressive-like behaviors, at least
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Fig. 3. ICS II exerts antidepressant effect from PSD through modulating gut microbiota. (A) PCoA plot of beta diversity analysis. Percentages of variance elucidated using
first two axes explain were provided, accounting for 36.84 % and 26.61 %, respectively. (B) Relative enrichment of gut microbiota at the phylum level. (C) Relative enrichment
of gut microbiota at the genus level. (D) The ratio of Firmicutes/Bacteroidetes (n = 5/group). (E) Ligilactobacillus level (n = 5/group). (F) Akkermansia level. (G) Escherichia level
(n = 5/group). (H) Desulfovibrio level. (I) Representative images of ileum in mice observed using H&E staining. Magnification 100 x; bar scale = 100 um. (J) TJ proteins injury
(red arrow), villi loss (pink marker) and mitochondria (green marker) were detected using TEM. Bar scale = 500 nm. (K) Representative western blot images and quantification
of claudin-1, occludin and ZO-1 proteins expression (n = 6/group). (L) Representative western blot images and quantification of Sirt6 protein expression and H3K9Ac protein
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(n = 6/group). (X) IL-18 (n = 6/group). Data are shown as mean + SD. P < 0.01 vs. Sham group, ##P < 0.01 vs. PSD group. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

638



J. Gao, Y. He, F. Shi et al.

partially, by restoring gut microbiota homeostasis and attenuating
oxidative stress and inflammation.

The protective effect of ICS II on hydrogen peroxide (H»0)-induced
injury in enteric glial cells (EGCs) is dependent on Sirt6

To investigate the role of Sirt6-mediated mitochondrial oxida-
tive stress in the antidepressant effect of ICS II on PSD, an in vitro
model of H,0,-induced EGCs injury was used to mimic intestinal
oxidative stress. We found that ICS II (2, 4, 8 uM), NAC or
MDL8O00 significantly attenuated H,0,-induced EGCs injury, as evi-
denced by MTT assay and LDH release (Fig. 4A, B). Of note, the pro-
tective effect of ICS II (8 uM) against H,0,-induced EGCs injury
was more pronounced than those of NAC and MDL800 (Fig. 4A,
B). Sirt6 deficiency exacerbated EGCs injury compared to WT cells
upon H,0, exposure. However, the protective effect of ICS II on
EGCs injury was largely offset in the absence of Sirt6 (Fig. 4C, D).
Furthermore, mitochondrial parameters including Mito-tracker
intensity, NADPH/NADP ratio, mitochondrial DNA (mtDNA) copy
number and ATP level were significantly reduced in Sirt6-
deficient EGCs after H,O, challenge, whereas mitochondrial ROS
production and 8-hydroxy-2’-deoxyguanosine (8-OHdG) content
were elevated compared to WT cells (Fig. 4E-K). H,0, treatment
increased in pro-inflammatory cytokine levels (IL-1B, IL-6 and
TNF-a), indicating oxidative stress-induced intestinal cell inflam-
mation. Sirt6 deficiency further aggravated this H,O,-triggered
inflammatory on oxidative stress-related intestinal inflammation
were nearly abolished in Sirt6-deficient EGCs. Importantly, the
anti-inflammatory effects of ICS II on oxidative stress-related
intestinal cell inflammation were nearly abolished in Sirt6-
deficient EGCs (Fig. 4L-N). Additionally, Sirt6 deficiency exacer-
bated mitochondrial bioenergetics dysfunction, as reflected by
reduced oxygen consumption rate (OCR). The salutary effect of
ICS II on mitochondrial oxidative stress and bioenergetic impaire-
ment were also abrogated in Sirt6-deficient cells (Fig. 40, P). Con-
sistent with the in vivo findings, these results validate that Sirt6-
mediated mitigation of intestinal mitochondrial oxidative stress
and inflammation underlies the antidepressant of ICS II on PSD.

ICS 1T increases production of SCFAs in PSD mice

Since SCFAs act as potential regulators of the effects of gut
microbiota on intestinal antioxidant ability, we subsequently
investigated the effect of ICS II-mediated gut microbiota on SCFAs
production through targeted metabolomics analysis. PCA results
showed distinct separation of SCFAs profiles among Sham, PSD
and PSD + ICS II groups, suggesting that ICS II significantly influ-
enced SCFA levels in PSD mice (Fig. 5A). UPLC-Q/Orbitrap/MS anal-
ysis identified reduced valeric acid, propionic acid, isovaleric acid,
isobutyric acid, hexanoic acid, butyric acid, acetic acid and 2-
Methylbutyric acid in PSD mice (Fig. 5B, C; Fig. S6; Fig. S7). How-
ever, ICS II treatment increased the concentrations of valeric acid,
propionic acid, isovaleric acid, isobutyric acid, hexanoic acid, buty-
ric acid, acetic acid and 2-Methylbutyric acid (Fig. 5D-K). However,
ICS II increased the concentrations of valeric acid, propionic acid,
isobutyric acid, butyric acid, acetic acid and 2-Methylbutyric acid
and acetic acid (Fig. 5D-I), but had no effect on isovaleric acid
and hexanoic acid levels (Fig. 5], K). These results suggest that
ICS I effectively alleviates intestinal oxidative stress and inflam-
mation in PSD mice. To elucidate the correlation between SCFAs
levels, gut microbiota, oxidative stress and inflammatory response,
we performed Pearson correlation analysis (Fig. 5L). These results
demonstrated that ICS II effectively enhanced SCFAs production,
particularly of acetic acid, propionic acid, and butyric acids. These
three SCFAs showed significant positive correlation with the
NADPH/NADP ratio (r = 0.74. 0.72 or 0.87), ATP (r = 0.71, 0.80 or
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0.87), SOD2 (r = 0.77, 0.88 or 0.88), GSH/GSSG ratio (r = 0.71,
0.83 or 0.77), and GPx1 (r = 0.70, 0.85 or 0.86), while exhibiting
negative correlations with LPS (r = —0,67, —0.70 or —0.80), ROS
(r = -0.62, —0.72 or -0.77), and proinflammatory cytokines (TNF-
o, IL-6, IL-1B and IL-18) in the ileum. Notably, analogous correla-
tion patterns were observed between these SCFAs and biochemical
indicators in the brain. Specifically, Ligilactobacillus and Akkerman-
sia showed positive correlations with with acetic acid (r = 0.66 or
0.52), propionic acid (r = 0.80 or 0.69), and butyric acid (r = 0.80
or 0.70). Conversely, Desulfovibrio was negatively associated with
propionic acid (r = —0.52) and butyric acid (r = —0.53), while Escher-
ichia displayed negative correlations with both propionic acid
(r=-0.76) and butyric acid (r = -0.67). Intriguingly, Ligilactobacillus
and Akkermansia were positively linked to antioxidant indicators,
but inversely associated with LPS, ROS, and pro-inflammatory
cytokines in both ileal and brain tissues. In contrast, Desulfovibrio
and Escherichia exhibited opposing correlation profiles. These find-
ings suggest that ICS II-mediated reshaping of gut microbiota and
subsequent enhancement of acetic acid, propionic acid, and butyric
acid production are strongly associated with improved oxidative
status and attenuated inflammation in both intestinal and cerebral
tissues. The evidence indicates that the intestinal antioxidant and
anti-inflammatory effects of ICS II primarily result from its ability
to modulate gut microbiota and thereby promote the biosynthesis
of these key SCFAs.

ICS TI-FMT rescues depressive-like behaviors in PSD mice

To validate the involvement of gut microbiota in ICS II-
mediated antidepressant effects on PSD, we performed FMT exper-
iments (Fig. 6A). Results demonstrated that ICS II-FMT administra-
tion significantly alleviated depression-like behaviors induced by
PSD, as evidenced by decreased sucrose preference in the SPT, pro-
longed immobility time in both the FST and TST (Fig. 6B-D). Fur-
thermore, histological analysis revealed that ICS II-FMT
treatment effectively mitigated PSD-induced intestinal barrier
damage, showing preserved T] architecture and reduced microvilli
abnormalities (Fig. 6E, F). At the molecular level, western blot anal-
ysis confirmed that ICS II-FMT upregulated ileal expression of key
T] proteins including claudin, occludin, and ZO-1 in PSD-challenged
mice (Fig. 6G, H). These findings collectively suggest that the
antidepressant effects of ICS II in PSD may be mediated through
gut microbiota modulation, with mechanistic pathways involving
both restoration of microbial homeostasis and protection against
intestinal barrier dysfunction.

ICS TI-FMT reduces mitochondrial oxidative stress and inflammatory
responses of brain and gut in PSD mice

Electron microscopy analysis revealed pronounced mitochon-
drial ultrastructural abnormalities in the mPFC of PSD mice, char-
acterized by mitochondrial swelling and cristae disorganization.
Notably, ICS TI-FMT administration effectively ameliorated these
pathological alterations (Fig. 7A-C). Biochemical analysis demon-
strated that PSD induction significantly reduced both NADPH/
NADP" ratio and ATP levels in both cerebral and intestinal tissues,
which were substantially normalized by ICS II-FMT treatment
(Fig. 7D-G). Furthermore, ICS II-FMT intervention significantly
attenuated mitochondrial ROS accumulation (Fig. 7H, I) and
increased SOD2 activity (Fig. 7], K), GPx1 activity (Fig. 7L, M) and
GSH/GSSG ratio (Fig. 7N, O) in both mPFC and intestinal tissues.
Moreover, the LPS elevation was observed across mPFC, serum,
ileum and feces of PSD mice, which was significantly attenuated
by ICS II-FMT (Fig. 7P-S). Immunohistochemical analysis further
revealed increased macrophage infiltration (F4/80 positive cells)
in the ileal mucosa of PSD mice, a pathological feature that was
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effectively reversed following ICS II-FMT treatment (Fig. 7T, U).
These collective findings indicate that ICS II-modulated gut micro-
biota exerts protective effects against mitochondrial oxidative
stress and associated inflammatory responses in both cerebral
and intestinal tissues of PSD mice.

Discussion

The principal findings of the present study are: (1) ICSII rescues
depressive-like behaviors from PSD via Sirt6/NF-kB signaling path-
way. (2) Structurally, ICS II directly binds to Sirt6 to suppress

oxidative stress and inflammation both in brain and intestine. (3)
ICS II restores gut microbiota dysbiosis and promotes the forma-
tion of gut microbial metabolites SCFAs. (4) Importantly, ICS II-
treated gut microbiota also remodels the gut microbiota and effec-
tively equilibrates redox status and inhibits oxidation-induced
intestinal inflammation. To our knowledge, this is the first report
that Sirt6-mediated microbiota-gut-brain axis contributes to the
oxidative stress and inflammation in PSD, and ICS II may serve as
a novel and naturally-occurring Sirté activator to rescue
depressive-like behaviors from PSD through modulating
microbiota-gut-brain axis.
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Oxidative stress is defined as a disequilibrium between the gen-
eration of ROS and antioxidants, which results in an interruption of
redox status and/or cellular damage [9]. Emerging evidence sup-
ports that oxidative stress is considered as a culprit of
depressive-like behaviors during PSD [26]. Thus, inhibiting oxida-
tive stress to manage psychiatric disorders is a prospective
approach to overcome PSD. Encouragingly, ICS II, a botanical sub-
stance, has been proved to have robust neuroprotection due to
its excellent anti-oxidant effect [18,19,27]. In this study, we clearly
demonstrated for the first time that ICS II effectively ameliorated
depressive-like behaviors with PSD animal model, which discovers
a new property of ICS II that might have potential as a clinical
agent to treat PSD. Subsequently, data of transcriptomics pin-
pointed that the DEGs were mainly enriched in cellular response
to oxidative stress, OXPHOS, and NF-kB signaling pathways. Of
note, there is a potential interaction between the Sirt6 signaling
molecules and the DEGs induced by ICS II. Earlier studies demon-
strate that Sirt6 hinders NF-kB-targeted gene expression by
deacetylation of histone H3K9, and expedites negative feedback
loop that decreases NF-kB activity by up-regulating the protein
expression of IkBa (a vital inhibitor of NF-kB), thereby reducing
ROS production and pro-inflammatory cytokines release including
TNF-a, IL-1B, and IL-6 [13]. In agreement with transcriptomics
results, ICS II changed the protein expressions of Sirt6/NF-kB sig-
naling pathway, which suggested that the antidepressant effect
of ICSII on PSD, at least partly, through mediating Sirt6/NF-kB sig-
naling pathway. Based on aforementioned results, we then

explored whether ICS II can interact with Sirt6. We found that
ICS II directly bound to Sirt6, which suggested Sirt6 might be a
potential pharmacological target of ICS II on PSD. To validate these
results, Sirt6 knockout mice and classic Sirt6 activator were used.
Consistent with our hypothesis, ICS II demonstrated superior effi-
cacy to MDL800 in alleviating PSD symptoms, with its enhanced
therapeutic performance being mechanistically linked to concur-
rent mitigation of mitochondrial oxidative stress and coordinated
suppression of pro-inflammatory cytokines. Most importantly,
Sirt6 deficiency counteracted the neuroprotective effect of ICS II
on PSD in mice. These findings validate that ICS II rescues
depressive-like behaviors from PSD by targeting Sirt6.

Previous studies have paid more attention to the direct protec-
tive effect of ICS II on neurological disorders, neglecting that the
human body is a coordinated and unified whole. Recently, the
gut microbiota status has increasingly been focused and is deemed
as reasonable outcome of neurological diseases[28]. Concurrently,
in view of the low bioavailability of ICS II and its capacity to exist
and reach the intestine [29], we suppose that ICSII protects against
depressive-like behaviors from PSD through remodeling the dis-
rupted gut microbiota. As we expected, ICS II reshaped gut micro-
biota composition in mice with PSD, as evidenced by the increase
in abundance of Bacteroidetes including Ligilactobacillus and Akker-
mansia, and the decrease in abundance of Firmicutes, Escherichia
and Desulfovibrio. Of note, the gut microbiota dysbiosis elicits
oxidative stress and damage the intestinal barrier integrity, facili-
tating the pernicious bacteria or substances translocate into the
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blood, and promoting the “waterfall effect” release of pro-
inflammatory cytokines [30]. Our results showed that in parallel
with gut microbiota dysbiosis, intestinal barrier damage and
oxidative stress were observed after challenged by PSD, in keeping
with the theory of previous studies [6]. However, ICS II signifi-
cantly attenuated intestinal barrier damage through increasing
the TJ protein expressions, which are mainly comprised of claudin,
occludin and ZO-1 and maintain the intestinal barrier integrity. In
addition, ICS II effectively repaired the mitochondrial damage,
restored the redox status and reduced oxidation-induced inflam-
mation. To validate the causative role of gut microbiota in the
anti-depressive properties of ICS II against PSD, the mouse model
with experimental PSD with gut microbiota deletion, and FMT
from untreated or ICS II-treated mice were conducted. We found
that ICS II-FMT effectively ameliorated the depressive-like behav-
ior and repaired intestinal barrier integrity through increasing TJs
protein expressions. ICS II-FMT effectively reversed mitochondrial
dysfunction, reduced oxidative stress and oxidation-induced
inflammation both in brain and intestine. SCFAs are metabolites
generated by gut microbiota, which have been considered modula-
tors of gut microbiota influencing intestinal antioxidant ability and
act as a bridge of microbiota-gut-brain axis [7,31]. SCFAs also have
salutary effects on retaining gut barrier integrity through increas-
ing the T] proteins expression [32]. As a consequence, we assume
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that ICS II remodels gut microbiota through its metabolic SCFAs
to counteract mitochondrial dysfunction and ROS production from
mitochondria to safeguard the psychiatric disorders in PSD. As pre-
dicted, the level of SCFAs were significantly decreased after PSD
insult, in keeping with previous reports [33]. However, ICS I mark-
edly increased the SCFAs concentration, particularly acetic, propi-
onic, and butyric acids, which are the major types of SCFAs [34].
The correlation analysis further validated that ICS II increased
the levels of SCFAs production-related microbiota, such as Akker-
mansia. Importantly, SCFAs were positively correlated with antiox-
idant indicators and negatively associated with LPS, ROS, and
proinflammatory cytokines in the serum or ileum and brain. These
findings confirm that SCFAs-producing microbiota, such as Akker-
mansia, and subsequent SCFAs production conduces to the anti-
oxidative state of ICS II-mediated neuroprotection in the PSD mice.
Our results confirm that ICS II rescues depressive-like behaviors
from PSD via modulating microbiota-gut-brain axis due to its
anti-oxidative capacity.

Interestingly, we also found that there was a significant increase
of Sirt6 protein expression of intestine in mice with PSD, which
drives us to explore the role of Sirt6-mediated oxidative stress in
intestine. Since damage to the intestinal epithelium is often closely
related to mitochondria, and H,O0, often leads to increased mito-
chondrial mtROS and dysfunction [35]. EGCs are one major cell
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type of the enteric nervous system, which plays a crucial role in
maintaining intestinal barrier integrity [36]. Thus, we used H,0,-
induced EGCs injury in vitro to mimic intestinal oxidative stress.
A multitude of evidence supports that mitochondria are the center
of ROS production, and generate ATP synthesis through OXPHOS.
The disequilibrium redox status elicits oxidative stress, where
excessive ROS damage mitochondrial function via compromising
mitochondrial biogenesis, especially OXPHOS and mtDNA, and
ATP synthesis[37,38]. Our results found that ICS II potently sup-
pressed H,0,-induced EGCs injury by reducing mitochondrial
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ROS production and pro-inflammatory cytokines, while concur-
rently enhancing the antioxidant enzyme activities, in keeping
with our in vivo observations. Furthermore, ICS II mitigated oxida-
tive stress-induced mitochondrial dysfunction by augmenting
OXPHOS and preventing mtDNA damage, ultimately facilitating
ATP synthesis. However, Sirt6 deficiency aggravated oxidative
stress-induced mitochondrial dysfunction and inflammation in
EGCs, and ICS II failed to improve the mitochondrial function,
and oxidation-induced inflammation in EGCs in the absence of
Sirt6. These findings provide validation that ICS II effectively
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mitigates intestinal oxidation-induced inflammation by targeting
Sirt6. By integrating the in vitro and in vivo results mentioned
above, it can be seen that Sirt6-mediated mitochondrial oxidative
stress plays a vital role in gut-brain axis, and it might be the poten-
tial target of ICSII to treat PSD through modulating gut microbiota.
Considering that ICS II operates through a different mechanism
than existing treatments, it could offer an alternative option for
patients who do not adequately respond well to current therapies.
Furthermore, given that numerous patients with PSD experience
significant cognitive impairments, the potential of ICS Il to improve
cognitive function could exert a profound impact on patients’ daily
lives and overall functioning. Additionally, several patients also
suffer intolerable adverse effects from existing treatments. Since
ICS II boasts a more favorable safety profile, it could emerge as a
preferred choice for these patients.

Dspite our experimental findings being encouraging, there are
still pending issues to be addressed. Firstly, the objective and find-
ings of the present study were just to investigate the neuroprotec-
tive effect of ICS II on male PSD mice. In light of the significant
gender difference in PSD, whether the antidepressant effects of
ICS I on Sirt6-mediated mitochondrial oxidative stress and its
impact on the gut-brain axis differ between males and females will
be investigated in-depth. We will perform sex-specific analyses
using male and female PSD animal models to determine if there
are any gender-related variations in efficacy or mechanisms of
action. Secondly, despite the recognized safety profile of ICS II,
the long-term toxicity is required to be evaluated. We will imple-
ment long-term animal studies to evaluate the toxicity and safety
of ICSII over extended periods, including assessments of reproduc-
tive and developmental toxicity. Last, but not least, large clinical
trials, and the pharmacokinetics, the distribution and metabolism
of ICSII in the brain also need to explore the potential druggability
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of ICS IL. To addressed this issue, Phase I trials will be initiated to
establish the safety, tolerability, and pharmacokinetic profile of
ICS II in healthy volunteers. Subsequently, phase II and phase III
clinical trials will be conducted to assess the efficacy and safety
of ICS II in reducing PSD symptoms and its impact on gut micro-
biota and gut-brain axis function in patients with PSD.

Conclusion

In conclusion, the present study expands and discovers a novel
pharmacological property of ICS II with antidepressant effect on
PSD. ICS TI suppresses oxidative stress and oxidation-induced
inflammation both in brain and intestine by targeting Sirt6. Con-
currently, ICS II remodels gut microbiota and increases the produc-
tion of its metabolites SCFAs due to its antioxidative capacity
(Fig. 8). The modulation of gut microbiota and promotion of SCFAs
production by ICS II represents a groundbreaking therapeutic
approach in PSD treatment. This finding underscores the impor-
tance of the microbiota-gut-brain axis in neuropsychiatric disor-
ders and paves the way for future research and development in
this promising area.
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