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Abstract 

Background: Depression, the second most prevalent neurological disorder globally, affects over 300 million people and presents 
an urgent public health challenge. While gut microbiota dysbiosis is increasingly recognized as a key contributor to depression, the 
molecular mechanisms linking microbial imbalance to brain dysfunction remain poorly defined. 
Methods: We investigated the role of EZH2 in gut microbiota-induced depressive behaviors in mice using the chronic 
unpredictable mild stress (CUMS), fecal microbiota transplantation, and conditional knockout of EZH2. CUT&Tag sequencing was 
employed to analyze EZH2-mediated H3K27me3 epigenetic reprogramming. Untargeted metabolomics and luciferase reporter 
assays were used to identify metabolites that upregulate EZH2 expression. 16S rRNA sequencing combined with metabolic tracing 
was conducted to trace the microbial origin of inosine. Additionally, natural compound screening identified coumaric acid (CA) as 
a novel EZH2-targeting degrader. 
Results: Conditional knockout of neuronal Ezh2 abolishes microbiota-induced depressive behaviors and neuronal apoptosis. 
Mechanistically, reduced abundance of specific microbiota (f_Lachnospiraceae, f_Oscillospiraceae, and f_Erysipelotricaceae) leads to 
inosine depletion. This depletion subsequently elevates EZH2 transcriptional activity by increasing H3K9ac modification at its 
locus, mediated through attenuation of the A2aR-cAMP-PKA-CREB-HDAC3 signaling axis. Subsequently, EZH2 silences 
serotonergic synapse-related genes (e.g., Tph2, Htr2a, Htr6) via H3K27me3 reprogramming, ultimately driving depressive behaviors 
and neuronal apoptosis in mice. Importantly, CA is identified as a first-in-class EZH2 degrader that binds lysine residues K623/K646 
and recruits UBE3A for proteasomal degradation. CA treatment restores synaptic integrity and reverses depressive behaviors with 
minimal toxicity. 
Conclusions: Collectively, these findings define a novel "microbiota-inosine-EZH2" axis in depression pathogenesis and highlight 
EZH2 degradation as a promising therapeutic strategy for microbiota-associated neuropsychiatric disorders. 
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Introduction 
Major depressive disorder (MDD) ranks as the 

fourth most prevalent disease globally and the second 
most common neurological disorder. It is 
characterized by persistent sadness, hopelessness, and 
feelings of worthlessness [1, 2]. World Health 
Organization data indicates over 300 million 
individuals worldwide suffer from MDD [3]. The 
condition can impair concentration and memory, 

posing life-threatening risks in severe cases [4]. As a 
neuropsychiatric disorder rooted in neuronal 
dysfunction, current treatments (pharmacotherapy, 
psychotherapy, electroconvulsive therapy) are only 
effective for a subset of patients [5]. The incomplete 
understanding of its pathophysiology underscores the 
urgent need to explore MDD mechanisms. 

The pathogenesis of MDD arises from the 
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interplay of genetic, environmental, psychological, 
and biological factors [6, 7]. Its neuropathology 
involves multiple key brain regions, including the 
prefrontal cortex (PFC), hippocampus, amygdala, and 
nucleus accumbens [8, 9]. Among these, the PFC plays 
a particularly pivotal role in MDD. Positron emission 
tomography studies have demonstrated a marked 
increase in the distribution of non-serotonergic 
monoamine-metabolizing enzymes within the PFC of 
patients with MDD [10]. Notably, both the structure 
and function of the PFC can undergo significant 
changes following effective interventions, such as 
antidepressant therapy [11, 12]. In clinical settings, 
treatments targeting the PFC have been shown to 
markedly alleviate depressive symptoms as well as 
comorbid somatic complaints [13]. Consistently, 
rodent studies further support the central role of the 
PFC in mediating depression-like behaviors [14-16]. 

Recent evidence links depression to gut 
microbiota dysbiosis [17]. MDD patients exhibit 
significantly altered microbiota composition 
compared to healthy individuals. Fecal microbiota 
transplantation (FMT) from depressed patients to 
germ-free mice induces depressive-like behaviors and 
neuronal damage. Similarly, depressed mice show 
altered gut microbiota, and their FMT can transfer 
depressive behaviors [18, 19]. Studies further 
demonstrate that modulating gut microbiota or 
supplementing its metabolites alleviates depressive 
symptoms in mice [20-28]. Despite highlighting the 
microbiota's role, the underlying mechanisms remain 
unclear. 

Neuronal regenerative capacity declines with 
maturation [29]. During development, gene 
repression in neurons is primarily mediated by 
polycomb repressive complex 2 (PRC2) through 
histone methyltransferases EZH1 and EZH2 [30]. 
EZH2 silences gene expression via H3K27me3 
catalysis. While its expression decreases during 
synaptic maturation, EZH2 persists in adult neurons, 
indicating ongoing PRC2-mediated silencing in the 
mature brain [31]. Notably, elevated EZH2 levels are 
reported in the brains of depressed mice and correlate 
strongly with depressive-like behaviors [32-34], 
suggesting EZH2 may be a key mediator in MDD 
pathogenesis. 

In this study, we used the chronic unpredictable 
mild stress (CUMS) model, FMT, and neuronal EZH2 
conditional knockout to investigate EZH2's role in gut 
microbiota-induced depressive behaviors and 
neuronal apoptosis in mice. Mechanistically, we 
employed CUT&Tag sequencing to analyze 
EZH2-mediated H3K27me3 reprogramming. 
Untargeted metabolomics and in vitro experiments 
identified Inosine depletion as a key event driving 

EZH2 upregulation. 16S rRNA sequencing and 
metabolite tracing linked reduced Inosine levels to 
decreased abundance of specific microbiota 
(f_Lachnospiraceae, f_Oscillospiraceae, f_Erysipelotrichace
ae). Finally, natural product screening identified the 
EZH2-targeted inhibitor coumaric acid (CA), which 
effectively alleviated depressive behaviors and 
neuronal apoptosis in mice. This study advances our 
understanding of MDD pathogenesis and identifies 
potential therapeutic candidates. 

Materials and Methods 
Animals 

C57BL/6 female mice (18–23 g) were purchased 
from Shanghai Nomo Biotechnology Co., Ltd. Mice 
were housed under standard conditions with 
controlled temperature and a 12-hour light/dark 
cycle, with free access to food and water before 
experiments. 

Animal experimental treatment 
CUMS and FMT procedure: Mice were divided 

into control and CUMS groups (n=15). CUMS mice 
were exposed to two random stressors daily for five 
consecutive weeks, including 45° cage tilting (24 h), 
food deprivation (24 h), water deprivation (24 h), wet 
bedding (24 h), swimming in 4 °C water (5 min), 
rotating at 120 rpm (30 min), and restraint in a 50 mL 
tube (6 h). Control mice were housed under normal 
conditions. After CUMS, mouse fecal samples were 
collected and used for subsequent FMT experiments 
[35]. Specifically, fresh fecal pellets were collected 
from donor mice and immediately diluted in sterile 
phosphate-buffered saline (PBS). One milliliter of PBS 
was used to dilute 50 mg of fecal material. The fecal 
samples were soaked in sterile PBS for approximately 
15 minutes, vortexed thoroughly, and centrifuged at 
1,000 rpm for 5 minutes at 4 °C. The supernatant was 
centrifuged again at 8,000 rpm for 5 minutes at 4 °C. 
The resulting supernatant was discarded, and the 
bacterial pellet was resuspended in PBS and filtered 
twice. For two consecutive weeks, 100 μL of the 
bacterial suspension (1×108 CFU/mL) was 
administered to antibiotic-cleared pseudo-germ-free 
recipient mice (ABX mice) via oral gavage. Mice 
receiving fecal microbiota from control donors were 
designated as the FMT-Control group, whereas those 
receiving fecal microbiota from CUMS donors were 
designated as the FMT-CUMS group. These mice 
were subsequently used for downstream analyses. 
ABX mice were generated by orally gavaging a 
mixture of antibiotics (neomycin 1 mg/mL, ampicillin 
1 mg/mL, metronidazole 0.5 mg/mL, and 
vancomycin 0.5 mg/mL) for two consecutive weeks. 
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The details of antibiotic purchases are listed in Table 
S1 (Supplementary materials). 

EZH2 knockout experiment: EZH2flox/flox mice 
were crossed with Syn-CreER mice to generate F1 
Syn-CreER: EZH2flox/− mice. F1 mice were then bred 
and neuron-specific EZH2 conditional knockout mice 
were obtained by tamoxifen (100mg/kg, HY-13757A, 
MedChemExpress, USA) induction (Syn-CreER: 
EZH2−/−, cKO-EZH2). cKO-EZH2 mice were obtained 
from Cyagen Biosciences Inc (Suzhou, China). 
Antibiotics were administered to EZH2flox/flox and 
EZH2−/− mice to generate ABX mice. Mice were 
divided into three groups (n=12): (1) FMT-Control + 
EZH2flox/flox, (2) FMT-CUMS + EZH2flox/flox, and (3) 
FMT-CUMS + EZH2−/−. The FMT procedure followed 
the previously described protocol. 

Tph2 in vivo expression experiments: Using a 
stereotaxic instrument, AAV9-FEV-Control and 
AAV9-FEV-Tph2 were injected into the PFC of 
FMT-Control and FMT-CUMS mice. After injection, 
mice were returned to their cages for a five-day 
recovery period, followed by behavioral analysis and 
euthanasia for tissue collection. Mice were divided 
into four groups (n=14 per group): (1) FMT-Control + 
AAV9-FEV-Control, (2) FMT-Control + AAV9-FEV- 
Tph2, (3) FMT-CUMS + AAV9-FEV-Control, and (4) 
FMT-CUMS + AAV9-FEV-Tph2. AAV9-FEV-Control 
and AAV9-FEV-Tph2 were constructed and 
purchased from Gemma Bio Inc (Shanghai, China). 
Titer 5E+12 vg/ml, injection volume 100 nL, injection 
rate 20 nL/min. Mice were anesthetized with 
isoflurane during the operation. 

Inosine supplementation experiments: for the 
inosine treatment, 50 mg/kg/day of inosine 
(HY-N0092, MedChemExpress, USA) dissolved in 
saline was supplemented to mice by intraperitoneal 
injection for two weeks. 

R. hominis gavage administration: R. hominis was 
obtained from Wuhan Zhengbei Technology Co., Ltd 
(Wuhan China). The bacteria were cultured overnight 
under anaerobic conditions in modified YCFA 
medium (Hopebio, Qingdao, China,) supplemented 
with 0.2% glucose, maltose, and cellobiose (Selleck 
chemicals, S4704, China). The cultures were 
centrifuged at 5000 rpm for 30 minutes, and the 
supernatant was collected. The bacterial pellet was 
resuspended in sterile PBS and administered to mice 
by oral gavage at a dose of 1 × 10⁹ CFU per mouse 
daily for two consecutive weeks. 

CA in vivo intervention experiment: CA 
(HY-32004, MedChemExpress, USA) was 
administered (40 mg/kg) via intraperitoneal injection 
to FMT-CUMS mice once daily for two weeks. After 
the intervention, behavioral analysis was performed, 
followed by euthanasia for tissue collection. Mice 

were divided into four groups (n=12): (1) 
FMT-Control, (2) FMT-CUMS, and (3) FMT-CUMS + 
CA. 

CUT&Tag analysis of H3K27me3 changes 
Briefly, 100,000 cells were harvested, centrifuged 

at 600×g for 3 min at room temperature, and washed 
twice with 300 μL Wash Buffer. Cells were incubated 
with 10 μL concanavalin A-coated magnetic beads at 
RT for 10 min, then the unbound supernatant was 
removed. Bead-bound cells were resuspended in 50 
μL Dig-wash Buffer containing 2mM EDTA and a 1:50 
dilution of the primary antibody (H3K27me3) and 
incubated on a rotating platform for 2 h at RT. After 
removing the liquid, a 1:50 diluted secondary 
antibody (IgG) was added in 50 μL Dig-Wash Buffer 
and incubated at RT for 1 h; for the IgG control 
library, only the secondary antibody was used. Cells 
were washed twice with 500 μL Dig-Wash Buffer for 1 
min using a magnetic stand. A 1:200 dilution of 
pG-Tn5 (~0.04 μM) was prepared in Dig-300 Buffer 
and added to the cells with gentle vortexing, followed 
by incubation at RT for 1 h. Cells were washed twice 
with 500 μL Dig-300 Buffer and resuspended in 300 
μL Tagmentation Buffer, then incubated at 37 °C for 1 
h. The reaction was stopped by adding 10 μL 0.5M 
EDTA, 3 μL 10% SDS, and 2.5 μL 20 mg/mL 
Proteinase K, followed by incubation at 55 °C for 1 h. 
DNA was purified using phenol–chloroform–isoamyl 
alcohol extraction, ethanol-washed, and resuspended 
in water. DNA amplification was performed by PCR 
with an initial step of 72 °C for 3 min and 98 °C for 30 
s, followed by 16 cycles of 98 °C for 15 s, 60 °C for 30 s, 
and 72 °C for 30 s, with a final extension at 72 °C for 3 
min. The amplified DNA was purified using Ampure 
XP beads and sequenced on an Illumina NovaSeq 
platform (2×150 nt). The CUT&Tag experiments were 
performed by ZhenYue Bioinformatics Co., Ltd. 

Golgi stain analysis 
Intact brain tissues were fixed in Golgi staining 

fixative (Servicebio, China), then immersed in Golgi 
staining solution for 14 days, with the solution 
replaced every 3 days. After staining, tissues were 
sectioned at 5-10 mm thickness using a vibrating 
microtome (Leica VT1000S). The sections were treated 
with tissue treatment solution and imaged. 

Cellular thermal shift assay 
HeLa cells were treated with CA for 48 hours, 

followed by cell collection and protein extraction. In 
vitro, the extracted proteins were subjected to a 
temperature gradient heating at 35, 40, 45, 50, 55, 60, 
65, 70, 75, and 80 °C. Protein levels were then 
analyzed by Western blotting. The Ezh2-K623R 
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mutant plasmid was custom synthesized by 
MiaolingBio Co., Ltd. 

Plasmid construction and RNA interference 
Briefly, shRNA sequences were designed 

through the website provided by Merck and cloned 
into the pLKO.1-shRNA vector. It was transformed 
into DH5α, identified by sequencing, amplified, and 
extracted for cell transfection. The sequences were 
synthesized by China Tianyi Company, Inc. Plasmid 
sequence design and construction are referenced to 
previous studies. shRNA sequence reference table S4 
(Supplementary materials). 

Cell viability analysis 
The HT22 cells were treated with CA for 12 h, 24 

h and 48 h, and then cell viability was assayed by 
CCK8 assay. 

Study approval 
All behavioral tests were conducted by the same 

experimenter, blinded to group assignments, to 
minimize inter-experimenter variability. This study 
followed the NIH Guide for the Care and Use of 
Laboratory Animals and was approved by the Animal 
Ethics Committee of Wuhan University. 

Data analysis and statistics 
For data analysis, statistical significance was 

determined using appropriate tests, such as Student's 
t-test for two-group comparisons or one-way ANOVA 
for multiple comparisons. All data are presented as 
mean ± standard error of the mean (SEM). P-values 
less than 0.05 were considered statistically significant. 
Data were analyzed using software such as GraphPad 
Prism or Origin. 

Additional experimental materials and methods 
are provided in the Supplementary Information. 

Results 
Gut microbiota mediates the upregulation of 
EZH2 levels in the brains of depressed mice 

Following established methods, we induced a 
depression model in mice using the CUMS paradigm. 
ABX mice were then gavaged with fecal suspensions 
from either control or CUMS mice, designated as 
FMT-Control and FMT-CUMS, respectively (Figure 
S1A). Depressive behaviors were assessed using the 
sucrose preference test (SPT), tail suspension test 
(TST), and forced swimming test (FST). The results 
showed that FMT-CUMS mice had a significantly 
reduced preference for sucrose and spent significantly 
more time immobile in the TST and FST (Figure 
1A-C). The prefrontal cortex (PFC) plays a crucial role 

in emotional regulation, social behavior, and 
self-control. In patients with MDD, the PFC is among 
the most severely impaired brain regions [36]. 
Therefore, we selected the PFC as the target region for 
further investigation. We further analyzed two 
neurotrophic factors, BDNF and NGF, and found that 
their levels were significantly lower in FMT-CUMS 
mice (Figure 1L and S1B). Transmission electron 
microscopy (TEM) and Golgi staining were used to 
assess the ultrastructure of neuronal synapses. The 
results revealed that FMT-CUMS mice exhibited an 
increased synaptic cleft width, reduced postsynaptic 
membrane thickness, decreased dendritic spine 
density and branching, and shortened dendritic 
length (Figure 1D-E and S1C). In addition, we 
analyzed the levels of the presynaptic membrane 
marker protein MRX96 and the postsynaptic 
membrane marker protein PSD95 and found that the 
levels of both proteins were significantly reduced in 
the PFC of FMT-CUMS mice (Figure S1D). Neuronal 
apoptosis in the brain has also been recognized as one 
of the fundamental mechanisms underlying 
depression. Therefore, we further examined apoptosis 
in the PFC of CUMS mice. The results showed an 
increase in the number of TUNEL-positive cells in the 
PFC (Figure 1F). In addition, ELISA analysis of 
apoptosis-related proteins indicated an upregulation 
of activated caspase-3 and Bax levels (Figure 1G). 

Further, we analyzed changes in EZH2 
expression in the PFC of mice. The results showed 
that the protein levels of EZH2 in the PFC of 
FMT-CUMS mice were higher than those in the 
FMT-Control mice (Figure 1I). As a key histone 
methyltransferase, EZH2 catalyzes H3K27me3. We 
further examined changes in H3K27me3 levels and 
observed a similar increase in H3K27me3 (Figure 1J). 
Additionally, we performed a correlation analysis 
between EZH2 levels and depressive behaviors as 
well as neuronal apoptosis in mice and found that 
EZH2 expression was positively correlated with both 
the severity of depression and the extent of apoptosis. 
(Figure 1K). In summary, these findings suggest that 
EZH2 may serve as a key target in the pathogenesis of 
depression and is regulated by gut microbiota. 

Neuronal conditional knockout of EZH2 
alleviates gut microbiota-mediated depressive 
behaviors and neuronal apoptosis 

Neurons, microglia, and astrocytes are the most 
abundant cell types in the brain. In CUMS mice, 
microglia are activated, with their numbers remaining 
unchanged [18, 22]. Extensive evidence suggests that 
neuronal dysfunction is considered a direct factor 
triggering neurobehavioral abnormalities. To further 
investigate, we isolated neurons, microglia, and 
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astrocytes from the PFC of mice and examined EZH2 
levels. The results showed that EZH2 was specifically 
upregulated in neurons of FMT-CUMS mice, while its 
expression remained unchanged in microglia and 

astrocytes (Figure 1H and S2A-B). This suggests that 
gut microbiota may specifically upregulate neuronal 
EZH2, mediating behavioral deficits and neuronal 
apoptosis in mice. 

 

 
Figure 1. Increased EZH2 and H3K27me3 levels in the PFC of FMT-CUMS mice. (A-C) Behavioral tests assessing depressive-like behaviors in mice, including the FST, TST and 
SPT. (D) TEM showing synaptic ultrastructure. (E) Golgi staining analysis of synaptic structures. (F) TUNEL staining to assess neuronal apoptosis in the PFC. (G) ELISA analysis 
of activated caspase 3 and Bax protein levels. (H) Western blot analysis of EZH2 and H3K27me3 levels in Primary neuron. (I-J) Immunofluorescence staining of EZH2 and 
H3K27me3 in the PFC. (K) Correlation analysis between EZH2 expression, depressive behaviors, and neuronal apoptosis. (L) Quantification of BDNF and NGF levels in the PFC. 
* vs. FMT-Control, *p < 0.05, **p < 0.01, ***p < 0.001. 
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To verify this, we crossed hSyn-CreER mice with 
EZH2flox/flox mice and induced recombination via 
tamoxifen administration to generate neuron-specific 
EZH2 conditional knockout mice (cKO-EZH2 mice) 
(Figure 2A). Subsequently, we subjected cKO-EZH2 
mice to antibiotic treatment and FMT, and analyzed 
depressive behaviors, synaptic alterations, and 
neuronal apoptosis. The results showed that 
cKO-EZH2 mice exhibited an increased preference for 
sucrose and decreased immobility time in both the 
TST and FST (Figure 2B). Golgi staining and TEM 
revealed that cKO-EZH2 mice displayed a reduced 
synaptic cleft width, restored postsynaptic membrane 
thickness, and increased dendritic spine density and 
branching (Figure 2C-D). Additionally, the levels of 
NGF and BDNF were significantly restored (Figure 
2E). Furthermore, we assessed the effect of EZH2 
knockout on neuronal apoptosis and found that 
cKO-EZH2 mice had fewer TUNEL-positive cells in 
the PFC, along with reduced levels of activated 
caspase-3 and Bax (Figure 2F-G). These findings 
suggest that elevated neuronal EZH2 levels mediate 
depressive behaviors, synaptic damage, and neuronal 
apoptosis in FMT-CUMS mice. Notably, we found 
that EZH2 knockout reversed the increase in 
H3K27me3 levels in the PFC of FMT-CUMS mice, 
suggesting that EZH2 may exert its detrimental effects 
through the regulation of H3K27me3 modifications 
(Figure 2G). 

Notably, gut microbiota has also been implicated 
in mediating anxiety-like behaviors in mice [37-39]. 
Consistent with previous reports, FMT-CUMS mice 
exhibited anxiety-like phenotypes in the open field 
test, marble burying test, and elevated plus maze. 
However, neuronal-specific EZH2 knockout exerted 
only minimal effects on these gut 
microbiota—induced anxiety-like behaviors: it 
partially reduced the number of buried marbles in the 
marble burying test but failed to significantly improve 
performance in the open field or elevated plus maze 
tests (Figure S3A-B). These findings further indicate 
that elevated neuronal EZH2 levels are primarily 
involved in gut microbiota-mediated depressive 
behaviors, rather than anxiety-like behaviors, in mice. 

EZH2 reprogramming H3K27me3 silences 
serotonergic synaptic genes 

As a core subunit of PRC2, EZH2 catalyzes the 
H3K27me3 modification to silence gene expression. 
We hypothesized that the depressive behaviors and 
neuronal apoptosis induced by EZH2 in mice may 
also result from changes in the H3K27me3 pattern. 
We performed CUT&Tag-seq on the PFC tissues of 
FMT-Control and FMT-CUMS mice. Approximately 
10% of H3K27me3-enriched peaks overlapped with 

promoter regions, while more than half were located 
in intergenic regions (Figure 3A-B), consistent with 
previously reported patterns of H3K27me3 
modification [40]. The results showed that, compared 
to the FMT-Control group, FMT-CUMS mice 
exhibited a significant increase in H3K27me3 levels in 
34,166 peaks, while 11,425 peaks had significantly 
decreased H3K27me3 levels (Figure 3C). Cellular 
component enrichment analysis revealed that the 
differential peaks were predominantly enriched in 
postsynaptic membrane components, postsynaptic 
density, asymmetric synapses, and ion channel- 
related components, suggesting that gut microbiota of 
depressed mice indeed exerts influence on neuronal 
function (Figure S3C). Moreover, KEGG analysis 
showed that in FMT-CUMS mice, neuroactive 
ligand-receptor interactions, cytokine-cytokine 
receptor interactions, retinol metabolism, serotonergic 
synapses, and arachidonic acid metabolism pathways 
had high H3K27me3 modifications, suggesting that 
these signals received inhibition (Figure 3D). Among 
these, serotonergic neuron dysfunction is considered 
to be a key mechanism mediating depression, 
particularly deficient 5-HT synthesis and reuptake 
disorders [41]. Then we analyzed the H3K27me3 
levels of genes enriched in serotonergic synapses, 
including tryptophan hydroxylase 2 (Tph2), 
5-Hydroxytryptamine receptor (Htr) 1d (Htr1d), Htr2a, 
Htr3a, Htr5, and Htr7. All of these genes exhibited 
high levels of H3K27me3 modification (Figure 3E). 
Further examination of these genes revealed a 
significant decrease in the mRNA levels of Tph2, 
Htr1d, Htr2a, Htr3a, Htr5, and Htr7 in the PFC of 
FMT-CUMS mice (Figure 3F). Notably, EZH2 
knockout recovered the expression of these genes 
(Figure 3F). Moreover, through CUT&Tag-qPCR 
analysis, we found that EZH2 knockout reduced the 
H3K27me3 levels of these genes (Figure 3G and S3D). 

TPH2, as the key rate-limiting enzyme in 
serotonergic neurons, catalyzes the conversion of 
tryptophan to 5-hydroxytryptophan. Disruption or 
mutation of Tph2, leading to impaired serotonin 
synthesis, is considered a typical mechanism 
underlying the onset of depression [42]. 
Pharmacological activation of TPH2 to promote 
serotonin synthesis is a key therapeutic strategy for 
improving depression. Further, we assessed the 
protein levels of TPH2 and the content of 5-HT. The 
results showed a decrease in TPH2 protein levels and 
impaired 5-HT synthesis in the PFC of FMT-CUMS 
mice (Figure 3H-J). Notably, EZH2 knockout was able 
to restore TPH2 levels and 5-HT synthesis (Figure 
3H-J). These results confirm that EZH2 inhibits 5-HT 
synthesis by silencing Tph2 transcription through 
H3K27me3. 
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Figure 2. Neuronal EZH2 knockout alleviates depressive behaviors and reduces neuronal apoptosis in FMT-CUMS mice. (A) Flowchart of EZH2 Conditional Knockdown and 
FMT. (B) FST, TST and SPT assessment of depressive behaviors. (C) TEM images showing synaptic ultrastructure. (D) Golgi staining analysis of synaptic structures. (E) 
Quantification of BDNF and NGF levels in the PFC. (F) ELISA analysis of activated caspase 3 and Bax protein levels. (G) TUNEL staining for apoptotic cell detection. 
Immunofluorescence staining of H3K27me3 in the PFC. * vs. FMT-Control+EZH2f/f, *p < 0.05, **p < 0.01; # vs. FMT-CUMS+EZH2f/f, #p < 0.05, ##p < 0.01. 
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Figure 3. EZH2-mediated H3K27me3 reprogramming suppresses serotonergic synapse function. (A) Pie chart displaying differential H3K27me3-modified regions. (B) Heatmap 
showing H3K27me3 enrichment at TSS. (C) Volcano map of differential H3K27me3-modified peaks. (D) KEGG pathway analysis of differential H3K27me3-modified genes. (E) 
Chromatin landscape of selected differential H3K27me3 peaks. (F) RT-qPCR analysis of Tph2, Htr3a, Htr1d, Htr6, Htr7, and Htr2a mRNA expression. (G) CUT&Tag-qPCR analysis 
of H3K27me3 occupancy at the Tph2 locus. (H) Immunofluorescence analysis of TPH2. (I) Western blot analysis of TPH2 protein levels. (J) ELISA quantification of 5-HT levels 
in PFC. * vs. FMT-Control+EZH2f/f, *p < 0.05, **p < 0.01; # vs. FMT-CUMS+EZH2f/f, #p < 0.05, ##p < 0.01. 
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TPH2 re-expression improved 5-HT synthesis 
and alleviated depressive behaviors in 
FMT-CUMS mice 

To confirm that Tph2 transcriptional repression 
is a key mediator of depressive behaviors, we 
re-expressed Tph2 in serotonergic neurons. In 
FMT-CUMS mice, EZH2 reprogramming of 
H3K27me3 inhibits Tph2 transcription. Therefore, we 
used an alternative serotonergic neuron-specific 
promoter, FVE, which is unaffected, to express Tph2 
(Figure 4A-B). We injected AAV9-FVE-Control and 
AAV9-FVE-Tph2 into the PFC of mice to achieve 
TPH2 expression (Figure 4C). We found that TPH2 
re-expression restored 5-HT synthesis and increased 
sucrose preference in FMT-CUMS mice, as well as 
shortened the immobility time in both the TST and 
FST (Figure 4D-E). The levels of BDNF and NGF were 
also partially restored (Figure 4F-G). Additionally, we 
observed that TPH2 re-expression reduced the 
synaptic cleft width, increased postsynaptic 
membrane thickness, dendritic spine density, and 
dendritic branching (Figure 4H-J). Moreover, TPH2 
re-expression reduced the number of TUNEL-positive 
cells in the PFC of FMT-CUMS mice and decreased 
the expression of activated caspase-3 and Bax (Figure 
4K-L). 

Gut microbiota-driven reduction of inosine 
upregulates EZH2 expression 

Gut microbiota regulates host health through the 
synthesis or secretion of its metabolic products [43]. 
For instance, gut microbiota-derived short-chain fatty 
acids and homovanillic acid have been shown to 
significantly improve depression [21, 44]. To further 
investigate the potential molecular basis of gut 
microbiota-mediated EZH2 upregulation, we 
performed untargeted metabolomic analysis on the 
fecal samples of control and CUMS mice. Orthogonal 
Partial least squares discriminant analysis (OPLS-DA) 
and principal component analysis (PCA) results 
showed significant differences between the groups 
(Figure S4A-B). Additionally, we analyzed the 
differential metabolites. Compared to control feces, 
CUMS mouse feces exhibited significant alterations, 
with 84 metabolites significantly upregulated and 318 
metabolites significantly downregulated (LogFC > 1, 
p < 0.05) (Figure 5A-B). The altered metabolites were 
primarily enriched in heterocyclic compounds, amino 
acids and their derivatives, and organic acids and 
their derivatives (Figure S4C). KEGG analysis 
indicated that the enriched pathways of differential 
metabolites were closely related to synaptic 

development and neurological disorders, including 
synaptic vesicle cycling, serotonergic synapses, 
long-term depression, dopaminergic synapses, axon 
regeneration, and Parkinson disease (Figure S4D). 
Further, we performed metabolic tracing analysis of 
the 402 differential metabolites using MetOrigin 2.0. 
Several candidate metabolites of microbial origin 
were identified, including dulcitol, anserine, 
D-phenylalanine, γ-Glutamyltyramine, inosine, 
pueraria, pyrocatechol, and coproporphyrin III. 
Among them, we identified inosine, which has 
neuroprotective effects and is known to ameliorate 
various neurological disorders, including Parkinson 
disease, mania, and depression [45-48]. We then 
measured inosine levels in serum, PFC and gut 
content using mass spectrometry, and found that all 
three compartments exhibited significantly reduced 
inosine levels in FMT-CUMS mice (Figure 5C). 

To explore the relationship between inosine and 
EZH2, we conducted luciferase reporter assays and 
immunofluorescence analyses. The transcriptional 
level of Ezh2 increased significantly as inosine 
concentration decreased, and this was further 
confirmed at the protein level (Figure 5D-E). Based on 
these results, we hypothesized that gut microbiota 
may activate EZH2 transcription by reducing inosine 
levels. To verify the role of inosine, we administered 
intraperitoneal injections of inosine to FMT-CUMS 
mice for two consecutive weeks (Figure 5F). Inosine 
supplementation reduced EZH2 and H3K27me3 
levels in the PFC region, restoring the expression of 
Tph2, Htr1d, Htr2a, Htr3a, Htr5, and Htr7 (Figure 
5G-H). Moreover, inosine supplementation alleviated 
depressive behaviors, improved synaptic damage, 
and attenuated neuronal apoptosis in FMT-CUMS 
mice (Figure 5I-M). 

Adenosine A2A receptor (A2aR) is a well-known 
receptor for inosine [49]. To further investigate 
whether A2aR is involved in the inhibitory effect of 
inosine on EZH2, we treated cells in vitro with inosine 
and the shA2aR plasmid. The results showed that 
A2aR knockdown restored EZH2 expression (Figure 
S5A and S5D). As a G protein-coupled receptor, A2aR 
activation of the downstream cAMP-PKA-CREB 
signaling pathway can improve neurodegenerative 
disorders [50]. Further, we investigated whether this 
signaling axis is involved in the process. The results 
demonstrated that either the PKA inhibitor H-89 or 
CREB knockdown could reverse the transcriptional 
inhibition of EZH2 by inosine, which was further 
confirmed at the protein level via 
immunofluorescence (Figure S5A and S5D). 
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Figure 4. TPH2 re-expression restores 5-HT synthesis and alleviates depressive behaviors in FMT-CUMS mice. (A) Chromatin landscape of H3K27me3 modification at the FEV 
locus. (B) RT-qPCR analysis of Fev mRNA expression. (C) Schematic representation of AAV injection into the PFC. (D) ELISA quantification of 5-HT levels in the PFC. (E) SPT, 
TST and FST assess depressive behaviors. (F-G) BDNF and NGF levels in the PFC. (H-I) Golgi staining analysis of synaptic structures. (J) TEM images of synaptic ultrastructure. 
(K) TUNEL staining for neuronal apoptosis assessment. (L) ELISA analysis of activated caspase 3 and Bax protein levels. * vs. FMT-Control, *p < 0.05, **p < 0.01; # vs. 
AAV9-FEV-Tph2, #p < 0.05, ##p < 0.01. 
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Figure 5. Gut microbiota-driven inosine reduction induces EZH2 transcriptional activation and neurobehavioral deficits. (A-B) Volcano plot and distribution of differential fecal 
metabolites. (C) Mass spectrometry quantification of inosine levels in the gut content, serum and PFC. (D) Luciferase reporter assay analysis of inosine’s effect on Ezh2. (E) 
Immunofluorescence analysis of EZH2 in cells. (F) Schematic diagram of inosine supplementation. (G) Protein levels of EZH2 and H3K27me3 in the PFC. (H) RT-qPCR analysis 
of Tph2, Htr3a, Htr1d, Htr6, Htr7, and Htr2a mRNA expression. (I) FST, TST and SPT assessing depressive behaviors. (J) Golgi staining analysis of synaptic structures. (K) TEM 
images showing synaptic ultrastructure. (L) TUNEL staining for neuronal apoptosis assessment. (M) Activated caspase 3 and Bax protein levels in the PFC. * vs. 
Control/FMT-Control, *p < 0.05, **p < 0.01; # vs. FMT-CUMS, #p < 0.05, ##p < 0.01. 
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To further understand the potential mechanism 
by which cAMP-PKA-CREB inhibits EZH2, we used 
Cistrome DB to analyze regulatory modifications 
associated with Ezh2 expression. H3K9ac and 
H3K27ac were the two most significant modifications 
regulating EZH2 (Figure S5B). Additionally, PPI 
database analysis identified proteins interacting with 
CREB, among which HDAC1, HDAC2, and HDAC3 
were observed (Figure S5C). Therefore, we 
hypothesized that inosine activates CREB to recruit 
histone deacetylases, thereby reducing H3K9ac or 
H3K27ac modifications to inhibit EZH2 transcription. 
Subsequent individual knockdowns of HDAC1, 
HDAC2, and HDAC3 revealed that only HDAC3 
knockdown abolished the inhibitory effect of inosine 
on EZH2 transcription (Figure S5E-F). Further, 
CHIP-qPCR analysis was conducted in vitro to assess 
H3K9ac and H3K27ac modifications at the Ezh2 locus. 
The results showed that inosine reduced H3K9ac 
levels, which was reversed by HDAC3 knockdown, 
while inosine had no effect on H3K27ac (Figure S5G). 
In summary, these results suggest that inosine 
depletion can upregulate EZH2 transcription by 
inhibiting the A2aR-cAMP-PKA-CREB-HDAC3 
signaling pathway. 

Supplementation with R. hominis increased 
inosine levels and alleviated depressive 
behaviors and neuronal apoptosis 

To further identify the specific microbes 
responsible for the decreased inosine levels in mice, 
we performed metabolic tracing analysis of inosine 
using MetOrigin 2.0. The results revealed that 
multiple bacterial families were involved in inosine 
metabolism, including f_Bacillaceae, f_Paenibacillaceae, 
f_Staphylococcaceae, f_Streptococcaceae, 
f_Lachnospiraceae, f_Oscillospiraceae, and 
f_Erysipelotrichaceae (Figure 6D). Additionally, 16S 
rRNA sequencing was conducted. PCA demonstrated 
distinct differences in gut microbiota composition 
between the control and CUMS mice (Figure 6A). 
Shannon indices indicated a reduction in gut 
microbial abundance in CUMS mice (Figure 6B). 
Further, Lefse analysis revealed that the relative 
abundance of f_Erysipelotrichaceae, f_Oscillospiraceae, 
and f_Lachnospiraceae was significantly reduced in 
CUMS mice (Figure 6C). Notably, these bacterial 
families are capable of catalyzing hypoxanthine into 
inosine via purine nucleoside phosphorylase (Figure 
6D-E). Moreover, previous studies have shown that 
alterations in f_Lachnospiraceae, f_Oscillospiraceae, and 
f_Erysipelotrichaceae abundance are associated with 
neurological disorders [51-54]. Therefore, we 
hypothesize that the decreased abundance of these 

bacteria may lead to reduced inosine levels, which in 
turn activates EZH2 transcription. 

To validate the above hypothesis, we 
administered R. hominis to FMT-CUMS mice via oral 
gavage. R. hominis belongs to the f_Lachnospiraceae and 
is considered a beneficial probiotic [55]. Importantly, 
UniProt confirms that R. hominis contains purine 
nucleoside phosphorylase, supporting its potential to 
convert hypoxanthine into inosine (Figure 6F and 
S6D). Consistent with our predictions, R. hominis 
supplementation increased inosine levels in the gut 
contents, serum and PFC of FMT-CUMS mice (Figure 
6G), along with a decrease in EZH2 and H3K27me3 
levels (Figure 6H). Furthermore, R. hominis restored 
the expression of Tph2, Htr1d, Htr2a, Htr3a, Htr5, and 
Htr7, partially rescuing dendritic spine density, 
postsynaptic membrane thickness, and synaptic cleft 
width (Figure 6I-K and S6C). Additionally, we 
observed that R. hominis supplementation alleviated 
neuronal apoptosis and depressive behaviors in 
FMT-CUMS mice (Figure 6L and S6A-B). Collectively, 
these findings further support the notion that gut 
microbiota contributes to depressive behaviors and 
neuronal apoptosis by reducing inosine synthesis, 
thereby activating EZH2-mediated H3K27me3 
reprogramming. 

Screening of the natural product library 
identified CA as a degrader of EZH2, which 
ameliorates gut microbiota-induced 
depressive behaviors 

We have demonstrated that EZH2 plays a critical 
role in gut-brain axis-related depression. Therefore, 
we sought to screen drug candidates that could inhibit 
EZH2 and alleviate depressive symptoms. To this 
end, we constructed a stable cell line expressing EZH2 
fused with EGFP (EZH2-EGFP). Using a natural 
product library containing 1,250 compounds, we 
treated the cells for 48 hours (Figure 7A). Among the 
candidates, coumaric acid (CA) was identified as 
significantly reducing the fluorescence intensity of 
EZH2-EGFP cells (Figure 7B). Furthermore, we 
treated the cells stably expressing either EGFP-EZH2 
or EGFP with varying concentrations of CA for 48 
hours. The results demonstrated that CA effectively 
degraded EZH2 in a concentration-dependent manner 
(Figure 7C). Moreover, CA treatment did not affect 
EGFP protein levels, ruling out the possibility of false 
positives due to EZH2 mRNA downregulation or 
EGFP protein reduction (Figure 7C). Further 
quantitative analysis via ELISA showed that CA 
reduced EZH2 levels from 1.7 ng/mL to 0.4 ng/mL 
(Figure 7D). 
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Figure 6. R. hominis supplementation increases inosine levels and alleviates gut microbiota-mediated depressive phenotypes. (A) PCoA reveals intergroup distances of gut 
microbiota. (B) Shannon index indicates the abundance of gut microbiota. (C) Lefse analysis of differential gut microbiota. (D) MetOrigin-based source tracking of inosine. (E) 
Catalytic process of hypoxanthine conversion to inosine. (F) R. hominis information in Uniprot. (G) Inosine levels in the gut content, serum and PFC. (H) Immunofluorescence 
staining of EZH2 and H3K27me3 in the PFC. (I) RT-qPCR analysis of Tph2 mRNA expression. (J) Golgi staining analysis of synaptic structures. (K) TEM images showing synaptic 
ultrastructure. (L) FST, TST and SPT assessing depressive behaviors. * vs. FMT-Control, *p < 0.05, **p < 0.01; # vs. FMT-CUMS, #p < 0.05, ##p < 0.01. 
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Figure 7. CA degrades EZH2 via UBE3A. (A) Flowchart of cell treatment with natural product library. (B) Cellular EZH-EGFP fluorescence intensity analysis. (C, E and H) 
Analysis of intracellular EZH2-GFP fluorescence levels. (D and F-G) ELISA quantification of EZH2 levels in cells. (I) Immunofluorescence colocalization analysis of EZH2 and 
UBE3A. (J and L) CETSA analysis demonstrating the interaction between CA and both EZH2 and EZH2K623R. (K) Molecular docking analysis illustrating the interaction mode of 
CA and EZH2. * vs. Control, *p < 0.05, **p < 0.01, ***p < 0.001; # vs. CA01, ##p < 0.01, ###p < 0.001. 
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Given the substantial differences between in vitro 
and in vivo environments, we further investigated the 
in vivo activity of CA. Mice were intraperitoneally 
injected with CA once daily for two weeks. Compared 
to the saline-injected group, CA-treated mice 
exhibited reduced EZH2 levels in the PFC (Figure 
S8A). Additionally, we assessed the toxicity of CA 
both in vitro and in vivo. HT22 cells were treated with 
CA for 12, 24, and 48 hours, and CCK8 assays 
indicated no cytotoxic effects (Figure S7A). In vivo 
toxicity was evaluated by analyzing the expression of 
key functional genes across multiple organs, 
including the liver (Hmgcr, Fasn, Hnf4a, G6pase), 
cerebral cortex (Sox2, Syntaxin, Pcna, Igf1), cartilage 
(Runx2, Ocn, Col2al), testicle (Star, P450scc), and 
skeletal muscle (Pax7, Sox10). The results indicated 
that CA did not affect the expression of these 
functional genes (Figure S7C). In addition, CA had no 
effect on the body weight of mice (Figure S7B). In 
conclusion, these findings demonstrate that CA 
effectively degrades EZH2 both in vitro and in vivo 
without inducing toxic effects. 

To further investigate the potential therapeutic 
effects of CA in vivo, we administered intraperitoneal 
injections of CA (once daily) for two weeks to 
FMT-CUMS mice and assessed its impact on 
depressive-like behaviors. Behavioral analyses 
revealed that CA increased sucrose preference in 
FMT-CUMS mice and shortened immobility time in 
both the TST and FST (Figure S8B). At the molecular 
level, CA shortened synaptic cleft width and restored 
dendritic spine density and branching complexity 
(Figure S8C-E). Additionally, CA restored the 
expressions of Tph2, Htr1d, Htr2a, Htr3a, Htr5, and 
Htr7, and enhanced 5-HT synthesis (Figure S7D and 
S8F-G). Moreover, CA reduced the number of 
apoptotic neurons in FMT-CUMS mice (Figure S8H). 
Taken together, these findings demonstrate that CA 
effectively alleviates depressive-like behavior and 
neuronal damage, highlighting its potential as a 
therapeutic agent for depression. 

CA induces EZH2 degradation by promoting 
its interaction with UBE3A 

Protein degradation primarily relies on two 
major pathways: the ubiquitin-proteasome system 
(UPS) and the autophagy-lysosome pathway. To 
determine the degradation mechanism of EZH2 
induced by CA, we treated EZH2-EGFP cells with the 
proteasome inhibitor MG132 and the autophagy 
inhibitor 3-MA. MG132 significantly reversed the 
EZH2 degradation induced by CA, whereas 3-MA 
had no effect (Figure 7E). Furthermore, ELISA 
quantification of EZH2 levels showed that MG132 
restored EZH2 expression from 0.4 ng/mL to 1.0 

ng/mL, while 3-MA had no significant impact (Figure 
7F). These results indicate that CA mediates EZH2 
degradation via the UPS. 

To further investigate the potential molecular 
mechanism by which CA induces EZH2 degradation, 
we designed shRNA sequences targeting 19 different 
E3 ubiquitin ligases and cloned them into the pLKO.1 
vector. These constructions were then co-transfected 
with psPAX2 and pMD.2G into 293T cells for 
lentiviral packaging. Subsequently, each of these E3 
ligases was individually knocked down in cells, 
followed by CA treatment for 48 hours. ELISA-based 
quantification revealed that Ube3a knockdown 
significantly reversed CA -induced EZH2 degradation 
(p < 0.001), while Vhl knockdown led to a slight 
reversal (p = 0.0256) (Figure 7G). Furthermore, in 
Ube3a-knockout cells stably expressing EZH2-EGFP, 
CA treatment failed to reduce EZH2-EGFP levels 
(Figure 7H), confirming that UBE3A mediates 
CA-induced EZH2 degradation. 

We speculate that CA may degrade EZH2 by 
promoting its interaction with UBE3A. To validate 
this hypothesis, we first treated cells with MG132 to 
block EZH2 degradation. Immunofluorescence 
co-localization analysis revealed that CA promotes 
the interaction between EZH2 and UBE3A (Figure 7I). 
To further study the direct interaction between CA 
and EZH2, we performed cellular thermal shift assays 
(CETSA). The melting temperature (TM) of EZH2 was 
determined to be 57.88 °C under basal conditions, 
whereas CA treatment increased the TM to 69.75 °C, 
providing strong evidence of a direct interaction 
between CA and EZH2 (Figure 7J). To investigate this 
interaction, we utilized molecular docking and 
computational analyses, including Discovery Studio 
and PyMOL. Our results indicated that CA forms 
hydrogen bonds with residues K623 and K646 on 
EZH2 (Figure 7K). To validate these binding sites, we 
generated in vitro mutants EZH2K623R. CETSA 
demonstrated that the TM of mutant EZH2K623R 
remained largely unchanged compared to EZH2WT, 
suggesting that these mutations do not significantly 
affect stability of EZH2. Next, cells were treated with 
CA and transfected with pcDNA3.1-EZH2K623R-HA, 
followed by protein extraction and CETSA. The 
results showed that CA slightly increased the TM of 
EZH2K623R, confirming that K623 is the direct binding 
site of CA on EZH2 (Figure 7L). 

Discussion 
Gut microbiota and their metabolites play 

essential roles in neurodevelopment and functional 
regulation, and their dysbiosis has been closely linked 
to a variety of neuropsychiatric disorders, including 
depression [17-19]. This study demonstrates the 



Theranostics 2025, Vol. 15, Issue 18 
 

 
https://www.thno.org 

9984 

causal role of microbial dysbiosis in depressive 
behaviors: transplantation of fecal microbiota from 
CUMS-induced depressive mice to recipient mice 
induces significant depressive phenotypes. A key 
finding highlights the histone methyltransferase 
EZH2 as a critical mediator. EZH2 expression was 
markedly upregulated in the PFC of FMT-CUMS mice 
and positively correlated with neuronal apoptosis, 
synaptic injury, and behavioral impairments. 
Importantly, neuron-specific conditional knockout of 
EZH2 effectively reversed the pathological 
phenotypes induced by FMT, establishing EZH2 as a 
central player in mediating gut microbiota dysbiosis–
induced neurodegeneration and depressive-like 
behavior. 

As the core catalytic subunit of the PRC2 
complex, EZH2 mediates H3K27me3 modification to 
silence downstream target genes [56, 57]. Our results 
revealed a global reprogramming of H3K27me3 in the 
PFC of FMT-CUMS mice, with significant enrichment 
at gene loci involved in neurotransmitter signaling 
pathways, particularly serotonergic synapses and 
serotonin metabolism. Focusing on the serotonergic 
system—the foundation of the monoamine hypothesis 
of depression—we observed a significant reduction in 
5-HT levels in the PFC following FMT, along with 
H3K27me3-mediated transcriptional repression of 
key genes including Tph2, Htr1d, Htr2a, Htr3a, Htr6, 
and Htr7. Among these, suppression of Tph2, the 
rate-limiting enzyme for 5-HT synthesis, was 
especially critical. Neuron-specific EZH2 deletion 
reduced H3K27me3 enrichment at the Tph2 locus, 
restored its expression and 5-HT production, and 
rescued the associated neurobehavioral deficits. 
Conversely, forced expression of Tph2 in FMT-CUMS 
mice equally effectively restored 5-HT levels and 
ameliorated depressive phenotypes. Collectively, 
these findings establish the EZH2/H3K27me3 axis as 
a molecular hub through which gut microbiota 
dysbiosis impairs Tph2 expression and 5-HT 
synthesis, driving depressive behaviors. 

We further investigated the upstream 
mechanisms by which gut microbiota regulate EZH2 
expression. Metabolomic profiling revealed a 
significant reduction in inosine levels in the gut, 
serum, and PFC of FMT-CUMS mice. Inosine has 
previously been reported to possess neuroprotective 
and antidepressant properties [58, 59]. In this study, in 
vitro experiments confirmed that inosine directly 
inhibits EZH2 transcription. Further analysis showed 
that inosine deficiency weakened activation of its 
receptor A2aR and the downstream 
cAMP-PKA-CREB signaling pathway, which in turn 
further inhibited the transcriptional activation of 
EZH2. Mechanistically, inosine–A2aR signaling 

promotes CREB activation, which enhances its 
interaction with HDAC3 to catalyze H3K9ac 
deacetylation, thereby suppressing EZH2 
transcriptional activity. These results delineate a 
signaling cascade: gut microbiota dysbiosis—reduced 
inosine—attenuated A2aR-PKA-CREB 
signaling—diminished CREB/HDAC3 complex 
formation—increased H3K9ac modification—EZH2 
transcriptional activation. 

Upstream microbial analysis identified specific 
bacterial families with hypoxanthine metabolic 
potential—f_Lachnospiraceae, f_Oscillospiraceae and 
f_Erysipelotrichaceae—as major producers of inosine. 
These taxa were significantly reduced in the 
FMT-CUMS mouse model. Functional validation was 
performed by oral supplementation of R. hominis, a 
representative species of f_Lachnospiraceae [55]. 
Administration of R. hominis effectively restored 
inosine levels, reduced EZH2 expression, and 
significantly improved neuronal structure and 
behavioral phenotypes in FMT-CUMS mice. These 
findings establish that loss of specific functional 
microbiota drives inosine depletion and subsequent 
EZH2-mediated depression pathology. 

Given EZH2’s central role in this pathway, it 
represents a promising therapeutic target. However, 
current EZH2 inhibitors (such as Tazverik and 
Valemetostat) are primarily developed as 
chemotherapeutic agents and exhibit considerable 
cytotoxicity. Natural product-based compound 
libraries provide an efficient strategy for identifying 
novel agonists, inhibitors, or degraders targeting 
specific proteins [60, 61]. Here, screening of a natural 
compound library led to the identification of a novel 
EZH2 degrader, CA. CA exhibited low toxicity and 
effectively induced EZH2 degradation, significantly 
improving depressive behaviors and reducing 
neuronal apoptosis in vivo. Mechanistically, CA 
promotes EZH2 degradation via the UPS in a 
UBE3A-dependent manner: CA directly binds EZH2 
at K623 and K646 residues, facilitating its spatial 
association with the E3 ligase UBE3A. This discovery 
provides proof-of-concept and a lead compound for 
the development of low-toxicity, degradation-based 
antidepressant therapies. 

In summary, this study reveals a novel gut 
microbiota–brain pathway underlying depression: the 
depletion of specific microbial taxa (f_Lachnospiraceae, 
f_Oscillospiraceae and f_Erysipelotrichaceae) leads to 
reduced inosine levels, attenuating 
A2aR-PKA-CREB-HDAC3 signaling, increasing 
H3K9ac, and promoting EZH2 transcription. 
Subsequently, EZH2 induces H3K27me3 
reprogramming, repressing genes critical for 
serotonergic synapse function, and ultimately causing 
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depressive behavior. These findings provide 
mechanistic insights into depression at the molecular 
level. Moreover, through natural product screening, 
we propose a therapeutic strategy involving the 
targeted degradation of EZH2 using CA. This 
approach not only elucidates the precise mechanism 
underlying the antidepressant effect of CA but also 
supports its potential as a candidate antidepressant. 
Nevertheless, several questions remain to be 
addressed in future research: although we 
demonstrated that gut microbiota mediates inosine 
depletion, it remains unclear whether endogenous 
inosine biosynthesis is altered or contributes to this 
process. Neuronal-specific EZH2 knockout exhibited 
only a weak trend toward improvement in gut 
microbiota—mediated anxiety-like behaviors, 
suggesting a potential, albeit limited, link between 
EZH2 and anxiety phenotypes. Additionally, whether 
inosine levels and associated microbial changes are 
consistent in human patients with depression also 
warrants further investigation. 

Abbreviations 
EZH2: enhancer of zeste homolog 2; H3K27me3: 

trimethylation of lysine 27 on histone H3; CA: 
coumaric acid; A2aR: adenosine A2a receptor; CREB: 
cAMP responsive element binding protein 1; HDAC3: 
histone deacetylase 3; MDD: major depressive 
disorder; FMT: fecal microbiota transplantation; 
UBE3A: ubiquitin protein ligase E3A; CUMS: chronic 
unpredictable mild stress. 
Supplementary Material  
Supplementary methods, figures and tables. 
https://www.thno.org/v15p9969s1.pdf  

Acknowledgments 
This study was supported by the National Key 

Research and Development Program of China 
(2024YFA1802700), the National Natural Science 
Foundation of China (82474017), the Natural Science 
Foundation of Hubei Province (2024AFB758) and the 
Hubei Provincial Natural Science Foundation- 
Innovation Joint Development Fund (2024AFD274). 

Author contributions 
Conceptualization: Sen Zhu and Xuan Li. Formal 

analysis: Ying Yu, Xiaoyi Han and Fang Yang. 
Methodology: Mengxi Lu and Sen Zhu. Software: 
Gaole Dai and Sen Zhu. Visualization: Fang Yang and 
Xiaoyi Han. Investigation: Sen Zhu and Xuan Li. 
Writing–original draft: Sen Zhu. Supervision: Liang 
Guo and Dan Xu. Writing—review and editing: Dan 
Xu. Project administration: Dan Xu. 

Data availability statement 
The data that supports the findings of this study 

are available from the corresponding author upon 
reasonable request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Smith K. Mental health: a world of depression. Nature. 2014; 515: 181. 
2. Kendler KS. The Origin of Our Modern Concept of Depression-The History of 

Melancholia From 1780-1880: A Review. JAMA Psychiatry. 2020; 77: 863-8. 
3. Anderson E, Crawford CM, Fava M, Ingelfinger J, Nikayin S, Sanacora G, et al. 

Depression - Understanding, Identifying, and Diagnosing. N Engl J Med. 2024; 
390: e41. 

4. Wang C, Tong Y, Tang T, Wang X, Fang L, Wen X, et al. Association between 
adolescent depression and adult suicidal behavior: A systematic review and 
meta-analysis. Asian J Psychiatr. 2024; 100: 104185. 

5. Park LT, Zarate CA, Jr. Depression in the Primary Care Setting. N Engl J Med. 
2019; 380: 559-68. 

6. Marx W, Penninx B, Solmi M, Furukawa TA, Firth J, Carvalho AF, et al. Major 
depressive disorder. Nat Rev Dis Primers. 2023; 9: 44. 

7. Fox ME, Lobo MK. The molecular and cellular mechanisms of depression: a 
focus on reward circuitry. Mol Psychiatry. 2019; 24: 1798-815. 

8. Schmaal L, Hibar DP, Sämann PG, Hall GB, Baune BT, Jahanshad N, et al. 
Cortical abnormalities in adults and adolescents with major depression based 
on brain scans from 20 cohorts worldwide in the ENIGMA Major Depressive 
Disorder Working Group. Mol Psychiatry. 2017; 22: 900-9. 

9. Sun S, Yan C, Qu S, Luo G, Liu X, Tian F, et al. Resting-state dynamic 
functional connectivity in major depressive disorder: A systematic review. 
Prog Neuropsychopharmacol Biol Psychiatry. 2024; 135: 111076. 

10. Moriguchi S, Wilson AA, Miler L, Rusjan PM, Vasdev N, Kish SJ, et al. 
Monoamine Oxidase B Total Distribution Volume in the Prefrontal Cortex of 
Major Depressive Disorder: An [11C]SL25.1188 Positron Emission 
Tomography Study. JAMA Psychiatry. 2019; 76: 634-41. 

11. Li D, Li X, Li J, Liu J, Luo R, Li Y, et al. Neurophysiological markers of disease 
severity and cognitive dysfunction in major depressive disorder: A TMS-EEG 
study. Int J Clin Health Psychol. 2024; 24: 100495. 

12. Woodham RD, Selvaraj S, Lajmi N, Hobday H, Sheehan G, Ghazi-Noori AR, et 
al. Home-based transcranial direct current stimulation treatment for major 
depressive disorder: a fully remote phase 2 randomized sham-controlled trial. 
Nat Med. 2025; 31: 87-95. 

13. Scho S, Brüchle W, Schneefeld J, Rosenkranz K. Enhancing neuroplasticity in 
major depression: A novel 10 Hz-rTMS protocol is more effective than iTBS. J 
Affect Disord. 2024; 367: 109-17. 

14. Banasr M, Chowdhury GM, Terwilliger R, Newton SS, Duman RS, Behar KL, 
et al. Glial pathology in an animal model of depression: reversal of 
stress-induced cellular, metabolic and behavioral deficits by the 
glutamate-modulating drug riluzole. Mol Psychiatry. 2010; 15: 501-11. 

15. Codeluppi SA, Chatterjee D, Prevot TD, Bansal Y, Misquitta KA, Sibille E, et al. 
Chronic Stress Alters Astrocyte Morphology in Mouse Prefrontal Cortex. Int J 
Neuropsychopharmacol. 2021; 24: 842-53. 

16. Riga MS, Pérez-Fernández M, Miquel-Rio L, Paz V, Campa L, Martínez-Losa 
M, et al. Scn1a haploinsufficiency in the prefrontal cortex leads to cognitive 
impairment and depressive phenotype. Brain. 2024; 147: 4169-84. 

17. Zhou M, Fan Y, Xu L, Yu Z, Wang S, Xu H, et al. Microbiome and tryptophan 
metabolomics analysis in adolescent depression: roles of the gut microbiota in 
the regulation of tryptophan-derived neurotransmitters and behaviors in 
human and mice. Microbiome. 2023; 11: 145. 

18. Hao W, Ma Q, Wang L, Yuan N, Gan H, He L, et al. Gut dysbiosis induces the 
development of depression-like behavior through abnormal synapse pruning 
in microglia-mediated by complement C3. Microbiome. 2024; 12: 34. 

19. He H, He H, Mo L, You Z, Zhang J. Priming of microglia with dysfunctional 
gut microbiota impairs hippocampal neurogenesis and fosters stress 
vulnerability of mice. Brain Behav Immun. 2024; 115: 280-94. 

20. Sun L, Ma L, Zhang H, Cao Y, Wang C, Hou N, et al. Fto Deficiency Reduces 
Anxiety- and Depression-Like Behaviors in Mice via Alterations in Gut 
Microbiota. Theranostics. 2019; 9: 721-33. 

21. Zhao M, Ren Z, Zhao A, Tang Y, Kuang J, Li M, et al. Gut bacteria-driven 
homovanillic acid alleviates depression by modulating synaptic integrity. Cell 
Metab. 2024; 36: 1000-12.e6. 

22. Li H, Xiang Y, Zhu Z, Wang W, Jiang Z, Zhao M, et al. Rifaximin-mediated gut 
microbiota regulation modulates the function of microglia and protects 
against CUMS-induced depression-like behaviors in adolescent rat. J 
Neuroinflammation. 2021; 18: 254. 



Theranostics 2025, Vol. 15, Issue 18 
 

 
https://www.thno.org 

9986 

23. Xia CX, Gao AX, Zhu Y, Dong TT, Tsim KW. Flavonoids from Seabuckthorn 
(Hippophae rhamnoides L.) restore CUMS-induced depressive disorder and 
regulate the gut microbiota in mice. Food Funct. 2023; 14: 7426-38. 

24. Zhu R, Zhao X, Wu H, Zeng X, Wei J, Chen T. Psychobiotics Lactiplantibacillus 
plantarum JYLP-326: Antidepressant-like effects on CUMS-induced depressed 
mouse model and alleviation of gut microbiota dysbiosis. J Affect Disord. 
2024; 354: 752-64. 

25. Li B, Yan Y, Zhang T, Xu H, Wu X, Yao G, et al. Quercetin reshapes gut 
microbiota homeostasis and modulates brain metabolic profile to regulate 
depression-like behaviors induced by CUMS in rats. Front Pharmacol. 2024; 
15: 1362464. 

26. Li W, Xu M, Liu Y, Zhang S, Wang J, Zhang Z, et al. Lactiplantibacillus 
plantarum GOLDGUT-HNU082 Alleviates CUMS-Induced Depressive-like 
Behaviors in Mice by Modulating the Gut Microbiota and Neurotransmitter 
Levels. Foods. 2025; 14. 

27. Zhang M, Li A, Yang Q, Li J, Wang L, Liu X, et al. Beneficial Effect of Alkaloids 
From Sophora alopecuroides L. on CUMS-Induced Depression Model Mice 
via Modulating Gut Microbiota. Front Cell Infect Microbiol. 2021; 11: 665159. 

28. Li C, Su Z, Chen Z, Cao J, Liu X, Xu F. Lactobacillus reuteri strain 8008 
attenuated the aggravation of depressive-like behavior induced by CUMS in 
high-fat diet-fed mice through regulating the gut microbiota. Front Pharmacol. 
2023; 14: 1149185. 

29. Yang P, Yang Z. Enhancing intrinsic growth capacity promotes adult CNS 
regeneration. J Neurol Sci. 2012; 312: 1-6. 

30. von Schimmelmann M, Feinberg PA, Sullivan JM, Ku SM, Badimon A, Duff 
MK, et al. Polycomb repressive complex 2 (PRC2) silences genes responsible 
for neurodegeneration. Nat Neurosci. 2016; 19: 1321-30. 

31. Laible G, Wolf A, Dorn R, Reuter G, Nislow C, Lebersorger A, et al. 
Mammalian homologues of the Polycomb-group gene Enhancer of zeste 
mediate gene silencing in Drosophila heterochromatin and at S. cerevisiae 
telomeres. Embo j. 1997; 16: 3219-32. 

32. Sun ZW, Wang X, Zhao Y, Sun ZX, Wu YH, Hu H, et al. Blood-brain barrier 
dysfunction mediated by the EZH2-Claudin-5 axis drives stress-induced 
TNF-α infiltration and depression-like behaviors. Brain Behav Immun. 2024; 
115: 143-56. 

33. Wang W, Qin X, Wang R, Xu J, Wu H, Khalid A, et al. EZH2 is involved in 
vulnerability to neuroinflammation and depression-like behaviors induced by 
chronic stress in different aged mice. J Affect Disord. 2020; 272: 452-64. 

34. Huang X, Yang Q, Xie L, Lei S. Histone methyltransferase enhancer of zeste 2 
polycomb repressive complex 2 subunit exacerbates inflammation in 
depression rats by modulating microglia polarization. Bioengineered. 2022; 13: 
5509-24. 

35. Wang X, Wang Z, Cao J, Dong Y, Chen Y. Gut microbiota-derived metabolites 
mediate the neuroprotective effect of melatonin in cognitive impairment 
induced by sleep deprivation. Microbiome. 2023; 11: 17. 

36. Howard DM, Adams MJ, Clarke TK, Hafferty JD, Gibson J, Shirali M, et al. 
Genome-wide meta-analysis of depression identifies 102 independent variants 
and highlights the importance of the prefrontal brain regions. Nat Neurosci. 
2019; 22: 343-52. 

37. Efficacy and safety of electroconvulsive therapy in depressive disorders: a 
systematic review and meta-analysis. Lancet. 2003; 361: 799-808. 

38. Nikel K, Stojko M, Smolarczyk J, Piegza M. The Impact of Gut Microbiota on 
the Development of Anxiety Symptoms-A Narrative Review. Nutrients. 2025; 
17. 

39. Wang D, Wu J, Zhu P, Xie H, Lu L, Bai W, et al. Tryptophan-rich diet 
ameliorates chronic unpredictable mild stress induced depression- and 
anxiety-like behavior in mice: The potential involvement of gut-brain axis. 
Food Res Int. 2022; 157: 111289. 

40. Zhao Y, Hu J, Wu J, Li Z. ChIP-seq profiling of H3K4me3 and H3K27me3 in an 
invasive insect, Bactrocera dorsalis. Front Genet. 2023; 14: 1108104. 

41. Correia AS, Vale N. Tryptophan Metabolism in Depression: A Narrative 
Review with a Focus on Serotonin and Kynurenine Pathways. Int J Mol Sci. 
2022; 23. 

42. Wang B, Shi H, Ren L, Miao Z, Wan B, Yang H, et al. Ahi1 regulates serotonin 
production by the GR/ERβ/TPH2 pathway involving sexual differences in 
depressive behaviors. Cell Commun Signal. 2022; 20: 74. 

43. Correale J, Hohlfeld R, Baranzini SE. The role of the gut microbiota in multiple 
sclerosis. Nat Rev Neurol. 2022; 18: 544-58. 

44. Simpson CA, Diaz-Arteche C, Eliby D, Schwartz OS, Simmons JG, Cowan 
CSM. The gut microbiota in anxiety and depression - A systematic review. 
Clin Psychol Rev. 2021; 83: 101943. 

45. Haskó G, Sitkovsky MV, Szabó C. Immunomodulatory and neuroprotective 
effects of inosine. Trends Pharmacol Sci. 2004; 25: 152-7. 

46. Khanal S, Bok E, Kim J, Park GH, Choi DY. Dopaminergic neuroprotective 
effects of inosine in MPTP-induced parkinsonian mice via brain-derived 
neurotrophic factor upregulation. Neuropharmacology. 2023; 238: 109652. 

47. Camerini L, Ardais AP, Xavier J, Bastos CR, Oliveira S, Soares MSP, et al. 
Inosine prevents hyperlocomotion in a ketamine-induced model of mania in 
rats. Brain Res. 2020; 1733: 146721. 

48. Liu X, Teng T, Li X, Fan L, Xiang Y, Jiang Y, et al. Impact of Inosine on Chronic 
Unpredictable Mild Stress-Induced Depressive and Anxiety-Like Behaviors 
With the Alteration of Gut Microbiota. Front Cell Infect Microbiol. 2021; 11: 
697640. 

49. Zhang H, Wang J, Shen J, Chen S, Yuan H, Zhang X, et al. Prophylactic 
supplementation with Bifidobacterium infantis or its metabolite inosine 
attenuates cardiac ischemia/reperfusion injury. Imeta. 2024; 3: e220. 

50. El-Shamarka ME, El-Sahar AE, Saad MA, Assaf N, Sayed RH. Inosine 
attenuates 3-nitropropionic acid-induced Huntington's disease-like symptoms 
in rats via the activation of the A2AR/BDNF/TrKB/ERK/CREB signaling 
pathway. Life Sci. 2022; 300: 120569. 

51. Barandouzi ZA, Starkweather AR, Henderson WA, Gyamfi A, Cong XS. 
Altered Composition of Gut Microbiota in Depression: A Systematic Review. 
Front Psychiatry. 2020; 11: 541. 

52. Zheng P, Zeng B, Liu M, Chen J, Pan J, Han Y, et al. The gut microbiome from 
patients with schizophrenia modulates the glutamate-glutamine-GABA cycle 
and schizophrenia-relevant behaviors in mice. Sci Adv. 2019; 5: eaau8317. 

53. Heravi FS, Naseri K, Hu H. Gut Microbiota Composition in Patients with 
Neurodegenerative Disorders (Parkinson's and Alzheimer's) and Healthy 
Controls: A Systematic Review. Nutrients. 2023; 15. 

54. Oliphant K, Ali M, D'Souza M, Hughes PD, Sulakhe D, Wang AZ, et al. 
Bacteroidota and Lachnospiraceae integration into the gut microbiome at key 
time points in early life are linked to infant neurodevelopment. Gut Microbes. 
2021; 13: 1997560. 

55. Machiels K, Joossens M, Sabino J, De Preter V, Arijs I, Eeckhaut V, et al. A 
decrease of the butyrate-producing species Roseburia hominis and 
Faecalibacterium prausnitzii defines dysbiosis in patients with ulcerative 
colitis. Gut. 2014; 63: 1275-83. 

56. Wang XW, Yang SG, Hu MW, Wang RY, Zhang C, Kosanam AR, et al. Histone 
methyltransferase Ezh2 coordinates mammalian axon regeneration via 
regulation of key regenerative pathways. J Clin Invest. 2024; 134. 

57. Rhodes CT, Lin CA. Role of the histone methyltransferases Ezh2 and 
Suv4-20h1/Suv4-20h2 in neurogenesis. Neural Regen Res. 2023; 18: 469-73. 

58. Yang J, Zhang Z, Xie Z, Bai L, Xiong P, Chen F, et al. Metformin modulates 
microbiota-derived inosine and ameliorates methamphetamine-induced 
anxiety and depression-like withdrawal symptoms in mice. Biomed 
Pharmacother. 2022; 149: 112837. 

59. Nascimento FP, Macedo-Júnior SJ, Lapa-Costa FR, Cezar-Dos-Santos F, Santos 
ARS. Inosine as a Tool to Understand and Treat Central Nervous System 
Disorders: A Neglected Actor? Front Neurosci. 2021; 15: 703783. 

60. Zhu Y, Zhao L, Yan W, Ma H, Zhao W, Qu J, et al. Celastrol directly targets 
LRP1 to inhibit fibroblast-macrophage crosstalk and ameliorates psoriasis 
progression. Acta Pharm Sin B. 2025; 15: 876-91. 

61. Wei X, Zhou Y, Shen X, Fan L, Liu D, Gao X, et al. Ciclopirox inhibits 
SARS-CoV-2 replication by promoting the degradation of the nucleocapsid 
protein. Acta Pharm Sin B. 2024; 14: 2505-19. 

 


