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Abstract
Background  Chronic ethanol exposure (CEE) is recognized as an important risk factor for depression, and the 
gut-brain axis has emerged as a key mechanism underlying chronic ethanol exposure-induced anxiety and 
depression-like behaviors. Short-chain fatty acids (SCFAs), which are the key metabolites generated by gut microbiota 
from insoluble dietary fiber, exert protective roles on the central nervous system, including the reduction of 
neuroinflammation. However, the link between gut microbial disturbances caused by chronic ethanol exposure, 
production of SCFAs, and anxiety and depression-like behaviors remains unclear.

Methods  Initially, a 90-day chronic ethanol exposure model was established, followed by fecal microbiota 
transplantation model, which was supplemented with SCFAs via gavage. Anxiety and depression-like behaviors 
were determined by open field test, forced swim test, and elevated plus-maze. Serum and intestinal SCFAs levels 
were quantified using GC-MS. Changes in related indicators, including the intestinal barrier, intestinal inflammation, 
neuroinflammation, neurotrophy, and nerve damage, were detected using Western blotting, immunofluorescence, 
and Nissl staining.

Results  Chronic ethanol exposure disrupted with gut microbial homeostasis, reduced the production of SCFAs, 
and led to anxiety and depression-like behaviors. Recipient mice transplanted with fecal microbiota that had been 
affected by chronic ethanol exposure exhibited impaired intestinal structure and function, low levels of SCFAs, 
intestinal inflammation, activation of neuroinflammation, a compromised blood-brain barrier, neurotrophic defects, 
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Background
The overall upward trend in ethanol use is a social and 
health policy issue [1–3]. In previous comparative global 
risk assessments, alcohol abuse has been universally rec-
ognized as one of the top ten risk factors for disease bur-
den, accounting for 3 million alcohol-attributable deaths 
[4, 5]. Ethanol is particularly toxic to the brain [6–8], with 
mental health ramifications such as anxiety and depres-
sion [9, 10]. Chronic ethanol exposure (CEE) poses a 
rising risk for depression disorder, but the involved 
mechanism is not clear.

Depressive disorder ranks among the most disabling 
mental health conditions driven by a combination of 
genetic factors and environmental influences [11]. 
Depressive and anxiety-like behaviors resulting from 
chronic ethanol exposure are closely associated with 
brain pathological changes, including neuroinflamma-
tion, neurotrophic deficiency, and dysfunction of the 
blood-brain barrier. Gut is the crucial organ closely 
associated with CEE-triggered neuroinflammation [12], 
blood-brain barrier (BBB) dysfunction [13] and neuro-
trophic deficiency [14], which are the main mechanisms 
causing anxiety-depressive behavior anxiety-like and 
depressive-like symptoms. Variations in gut function may 
play a role in the development of brain abnormalities, 
indicating a bidirectional relationship known as the gut-
brain axis [15]. Particularly, the link between gut micro-
biota imbalance caused by chronic ethanol exposure and 
the development of depression and anxiety-like symp-
toms highlights this association [16, 17].

The gut microbiota is composed of trillions of micro-
organisms, mainly dividing into six phyla: Firmicutes, 
Proteobacteria, Bacteroidetes, Verrucomicrobia, Actino-
bacteria, and Fusobacteria [18, 19]. The previous study 
demonstrated that depression is largely correlated with a 
decrease in the richness and diversity of the gut micro-
biota, characterized by a diminished abundance of Bacte-
roidetes, Verrucomicrobiae, Bacteroidia [20].

While the existence of the gut-brain axis has been 
established, the precise mechanisms connecting the gut 
and brain remain unclear. Increasing research has sug-
gested that miRNA, the vagus nerve, and microbial 
metabolites serve as potential intermediaries connecting 

the gut to the brain [21–23]. Short-chain fatty acids 
(SCFAs), mainly butyrate, propionate, and acetate, repre-
sent the primary fermentation products of dietary fiber 
in the gut [24, 25]. SCFAs are produced in the intestine 
and have a protective effect on the intestines. SCFAs can 
reduce intestinal inflammation [26, 27], and increase 
intestinal barrier integrity [28, 29]. In addition, SCFAs 
not only enhance the integrity of the BBB and protect the 
central nervous system (CNS) from peripheral inflamma-
tory cytokines and toxins, but they also reduce excessive 
activation of microglia and the synthesis of pro-inflam-
matory cytokines [30–32]. Moreover, the concentra-
tion of SCFAs resulting from a diet rich in soluble fiber 
influences the levels of brain-derived neurotrophic fac-
tor (BDNF) in the hippocampus of mice [33]. Addition-
ally, SCFAs play a positive role in preventing depression 
[34]. Therefore, SCFAs are generally viewed as key play-
ers in the communication between the microbiome and 
the gut-brain axis, given their capacity to maintain gut 
equilibrium and efficiently cross the blood-brain barrier 
to impact central nervous system function [35–37].

The impact of gut dysbiosis induced by CEE on SCFAs 
production and its relationship to depression remains 
uncertain. In order to determine if the symptoms 
observed in donor mice due to chronic ethanol exposure 
could be transferred to recipient mice through changes 
in the intestinal microbiota of the donors and whether 
administering SCFAs via gavage could mitigate those 
symptoms in the recipient mice, feces were extracted 
from both the control group and the chronic ethanol 
exposure group for fecal transplantation to exclude the 
direct effects of ethanol exposure on the brain, along 
with additional SCFAs supplements through oral gavage. 
Changes in behavior, blood and gut SCFAs levels, abnor-
mal alterations in the gut, PFC, and hippocampus were 
detected. Our findings suggested that SCFAs alleviated 
depression-like and anxiety-like behaviors induced by 
CEE-triggered microbiota dysbiosis through gut-brain 
axis.

alterations in the GABA system, anxiety and depression-like behaviors. Notably, the negative effects observed in these 
recipient mice were significantly alleviated through the supplementation of SCFAs.

Conclusion  SCFAs not only mitigate damage to intestinal structure and function but also alleviate various lesions 
in the central nervous system, such as neuroinflammation, and reduce anxiety and depression-like behaviors, which 
were triggered by transplantation with fecal microbiota that had been affected by chronic ethanol exposure, adding 
more support that SCFAs serve as a bridge between the gut and the brain.

Keywords  Chronic ethanol exposure, Short-chain fatty acids, Gut-brain axis, Neuroinflammation, Anxiety and 
depression-like behaviors
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Materials and methods
Animals
Male C57BL/6  N mice utilized in the present study 
were all sourced from the Animal Center (China Medi-
cal University, Shenyang, China). Every mouse was kept 
in a regulated room (20 to 23  °C temperature, 40–60% 
humidity), with unrestricted access to food and water. 
All animal experiments were performed according to 
the Guide for the Care and Use of Laboratory Animals 
of China Medical University, followed the guidelines set 
forth in the National Institutes of Health Guide for the 
Use and Care of Laboratory Animals, and approved by 
China Medical University Animal Care and Use Commit-
tee (CMU2020103).

Chronic ethanol exposure
The mice were separated into two separate groups (Fig. 
S1A): the ethanol group (Et group) and the control group 
(Con group). For 2 days, the Et group received a single 
bottle with a 10% ethanol solution, which was then fol-
lowed by a 15% ethanol solution for 5 days, and after that, 
a 20% ethanol solution was administered over the final 87 
days (the sole water source for the Et group was a single 
bottle containing ethanol solution). The actual ethanol 
exposure of Et group over the duration the study was 
about 25 g/kg. Con group exposed to a single bottle with 
drinking water. Gather mouse droppings once the model-
ing process was completed.

Fecal microbiota transplantation (FMT)
As performed by Leclercq et al. [16], transplantation of 
fecal microbiota was performed with subtle modifica-
tions (Fig. S1B). Recipient mice were administered an 
oral gavage containing a broad-spectrum antibiotic mix 
(50  mg/kg, and vancomycin 100  mg/kg metronidazole, 
ampicillin, neomycin sulfate) once daily for ten days, 
along with 1  mg/kg amphotericin B for the first three 
days. Subsequently, the mice underwent an intestinal 
cleanse using a cleaning solution composed of PEG4000 
(59  g/L), KCl (0.75  g/L), NaCl (1.46  g/L), NaHCO3 
(1.68 g/L), and Na2SO4 (5.68 g/L) to eliminate any resid-
ual antibiotics present in their intestines. This cleaning 
solution was administered via gavage to the recipient 
mice three times: two doses of 500µL were given on the 
day prior to the FMT at one-hour intervals, followed by 
a single dose of 500µL four hours before the FMT. Each 
fecal sample was carefully suspended in sterile PBS in a 
ratio of 1 gram of the sample to 10 milliliters of PBS. This 
mixture underwent vortexing for a duration of 5 min to 
ensure thorough integration. Following this, the mixture 
was allowed to sit undisturbed for an additional 5  min, 
enabling sedimentation of solid particles. After sedi-
mentation, the slurry was filtered through a 100 μm cell 
strainer to yield a clear suspension. Subsequently, 200 µl 

were promptly delivered to the mice through oral gavage 
every other day for a total of three administrations. Con-
currently, the mice received an oral gavage of either SCFA 
mixtures or simply PBS daily for a duration of 14 days. A 
mixture of SCFAs was prepared, consisting of 0.36  g of 
sodium propionate, 0.6 g of sodium butyrate, and 0.05 g 
of sodium valerate per kilogram of mouse body weight. 
Thus, recipient mice were divided into four groups, 
namely the F-Con group, the F-Con + SCFAs group, the 
F-Et group and the F-Et + SCFAs group.

Open field test (OFT)
The OFT apparatus consisted of a square arena that mea-
sured 40 cm by 40 cm with a height of 30 cm, featuring 
a white base. Each mouse was placed in a corner of the 
apparatus individually, monitored, and recorded for a 
duration of 10 min using the SMART™ tracking program. 
Following each test, the arena was thoroughly cleaned 
with 75% ethanol to remove any odor cues that could 
potentially affect the behavior of the mice.

Elevated plus-maze (EPM)
The EPM test was conducted to assess the mice’s anxiety-
like behaviors. The EPM apparatus consisted of a cross-
shaped maze featuring two 50 × 10  cm open arms, two 
50 × 10 cm closed arms, and a 10 × 10 cm central area. The 
height of the EPM apparatus is 50 cm. Each mouse was 
placed in the central region and given 5  min to explore 
the maze. The time spent in each arm was monitored and 
recorded using the SMART™ tracking program.

Forced swimming test (FST)
FST was conducted to evaluate behaviors similar to those 
exhibited in depression. The test was carried out in a tall 
cylindrical plastic container (10  cm in diameter, depth 
of 22 cm) filled with distilled water. A camera was posi-
tioned in front of the subjects to capture their move-
ments during the experiment. The total duration of the 
FST was 6 min, allowing the mice 2 min for adaptation at 
the beginning. We noted that immobility was defined as 
the absence of any movement, except for the necessary 
actions to keep the mouse’s nose above the water surface.

Real-time quantitative polymerase chain reaction 
(RT-qPCR)
The intestinal tissues from mice were utilized to extract 
total RNA using TRIzol (Invitrogen, USA), following 
reverse transcription for produce complementary DNA 
and qPCR to analysis, in accordance with the provided 
instructions. ZO-1 primers were 5’-​G​C​C​G​C​T​A​A​G​A​G​C​
A​C​A​G​C​A​A-3’ (forward) and 5’-​T​C​C​C​C​A​C​T​C​T​G​A​A​A​A​
T​G​A.
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GGA-3’ (reverse); Occludin primers were 5’-​T​T​G​A​A​A​
G​T​C​C​A​C​C​T​C​C​T​T​A​C​A​G​A-3’ (forward) and 5’-​C​C​G​G​A​
T​A​A​A​A​A​G​A​G​T​A​C​G​C​T​G​G-3’ (reverse).

Immunofluorescence
30-µm thick or 4 μm thick brain tissue sections, were ini-
tially washed with PBS and blocked using 5% BSA for 2 h. 
Subsequently, the tissue underwent an overnight incu-
bation with primary antibody. Then, sections were sub-
jected to washing process and treated with Alexa Fluor 
488/594 for approximately 2 h, following incubated with 
DAPI for 5 min.

Sholl analysis
The structure of microglia was assessed using ImageJ to 
reconstruct Z-scan confocal images and conduct Sholl 
analysis. In the process of Sholl analysis, circles were 
drawn in concentric patterns starting from the cell body, 
and the intersections were then quantified.

Nissl staining and AB-PAS staining
The brain sections were subjected to methylene blue 
stain for a duration of 15 min, then distinguished by Nissl 
differentiation solution for 30s, and then processed in 
ammonium molybdate solution for 3 min. Dehydrate by 
series of ethanol, transparent by xylene, and seal with a 
xylene-based non-aqueous mounting medium.

The intestinal tissue sections were immersed in Alcian 
Blue Staining Solution for 15 min, then oxidated by PAS 
Oxidant for 5  min, subsequently subjected to Schiff 
Reagent for 15 min, and finally processed in Heamatoxy-
lin Solution for 1 min. Rinse with distilled water between 
each step. Dehydrate by series of ethanol, transparent 
by xylene, and seal with a xylene-based non-aqueous 
mounting medium.

SCFAs measurement
Weigh and prepare standards for butyric acid, valeric 
acid in ethyl acetate. Take 200  µl of serum, add 500  µl 
of PBS solution (pH = 2), mix well, then add 1 mL of 
ethyl acetate, stir for 3 min, and centrifuge to collect the 
supernatant. The supernatant was mixed and added to 
the injection bottle for GC-MS detection. When testing 
intestinal tissue, take intestinal tissue, add 300  µl PBS, 
grind and ultrasonic, centrifuge and take the superna-
tant, other steps are the same as above. According to the 
standard, calculate the corresponding content of SCFA in 
the sample.

Western blot analysis
Hippocampal and intestinal protein extraction was per-
formed using RIPA lysis buffer, which included 1 mM 
PMSF for protein protection (Beyotime, China), while the 
extraction period lasted for 30 min, keeping the samples 

on ice to maintain protein integrity. Following extrac-
tion, the tissues were sonicated to further break down the 
samples. The resulting lysates were then subjected to cen-
trifugation at 20,000 ×g for 15 min to separate the protein 
extracts from cellular debris. The protein concentration 
in the supernatant was determined using a BCA protein 
assay kit (Beyotime).

SDS-PAGE was used to separate the proteins and then 
transferred onto PVDF membranes. After blocking for 
3  h with 8% skim milk, the blots were incubated over-
night at 4  °C with an antibody. Following the washing 
process, blots were incubated with secondary antibod-
ies for a duration of 2 h. Protein band visualization was 
achieved using ECL reagent from Merck Millipore.

Statistical analyses
Statistical analysis using GraphPad Prism software ver-
sion 8.0 was conducted to analyze all data. An analysis 
of variance was conducted with the post hoc Dunnett’s 
test to establish the significance of the statistical find-
ings. The data is displayed in the form of the mean ± stan-
dard deviation (SD), with a P value below 0.05 indicating 
significance.

Results
Chronic ethanol exposure induced anxiety and depression-
like behaviors, neuroinflammation, and SCFAs reduction
To evaluate the impact of chronic ethanol consumption 
on neuropsychiatric behaviors, we conducted elevated 
plus maze (EPM), the open field test (OFT), and forced 
swim test (FST). Mice assigned to the ethanol group (Et 
group) exhibited less time spent in central region of the 
OFT (Fig. S2A) and the open arms of the EPM (Fig. S2B), 
along with significantly longer immobility time in the 
FST (Fig. S2C), compared to mice in the control (Con) 
group. These findings indicated that the mice of Et group 
displayed behaviors indicative of anxiety and depressive-
like symptoms. Western blot analysis (Fig. S2D and E) 
showed that NLRP3 and P65 levels increased in the Et 
group, compared to those assigned to Con group. At the 
same time, IF analysis (Fig. S2F and G) demonstrated 
that the number of IBA1+ cells in the hippocampus of 
Et group was significantly raised. Besides, Western blot 
analysis (Fig. S3A and B) showed that Et group reduced 
ZO-1 and Occludin proteins expression, as well as syn-
aptic proteins and neurotrophic protein (Fig. S3C and D). 
And we observed that average fluorescence intensity of 
BDNF of Et group was lower than Con group (Fig. S3E). 
Compared with the Con group, the layers of Nissl bodies 
in the CA1 and CA3 areas of the Et group were blurred, 
and the structure was chaotic and loose, suggesting that 
CEE caused damage to the hippocampal neurons of mice 
(Fig. S3F). All in all, CEE triggered neuroinflammation, 
destroyed BBB, and caused neurotrophic deficiency, 
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resulting in neuronal injury, anxiety-like and depressive-
like symptoms.

Here, we explored intestinal morphology and intes-
tinal permeability changes caused by chronic ethanol 
exposure. Results of qPCR (Fig. S4A) displayed that 
CEE decreased the mRNA level of ZO-1 and occludin, 
and Western blot (Fig. S4B and E) showed that occludin 
was also decreased in protein level. Besides, results of 
HE (Fig. S4C and D) and AB-PAS (Fig. S4F) showed that 
CEE resulted in intestinal structure atrophy, along with 
less mucus. Additionally, Western blot analysis (Fig. S4G) 
showed that the Et group increased NLRP3, P65, and 
IL-1β levels, suggesting that CEE induced inflammation 
in the intestine. On the whole, CEE disrupted intestinal 
homeostasis.

In order to investigate the potential mechanisms by 
which CEE destroyed intestinal homeostasis, mice serum 
was assessed for SCFAs levels. The results (Fig. S4H and 
I) revealed a decrease in valeric acid and butyric acid, 
as well as a lower level of propionic acid in the serum of 
mice from the Et group, suggesting the adverse influence 
of CEE on SCFAs metabolism.

SCFAs alleviated low levels of SCFAs and intestinal wall 
integrity of the recipient mice transferred from Et mice by 
FMT
To investigate whether levels of SCFA of Et group and 
depression-related behavioral phenotypes were linked to 
CEE-induced microbiota dysbiosis, we transplanted the 
gut microbiota from mice in the Con and Et groups into 
healthy recipient mice receiving an antibiotic cocktail to 
cleanse their gut microbes prior to transplantation, and 
additional SCFAs supplements were administered via 
gavage. Initially, we ran agarose gel of DNA isolated from 
the feces of donor mice before and after intestinal cleans-
ing and plated them on non-selective agar to assess the 
intestinal microbial cleaning effect prior to transplanta-
tion (Fig. 1A). Results showed an antibiotic cocktail suc-
cessfully cleansed gut microbes (Fig.  1B and C). SCFAs 
concentrations were directly assessed using gas chroma-
tography-mass spectrometry (GC-MS). In the intestine 
(Fig.  1D and E) and the serum (Fig.  1F and G) of mice 
transplanted with gut microbiota from Et groups (F-Et 
group), levels of butyric acid and valeric acid were found 
to be at lower levels compared to those mice received 
FMT from Con group (F-Con group).

Fig. 1  Effects of intestinal microbial disturbance caused by CEE on short-chain fatty acids. A The verification process for the intestinal microbial cleaning 
effect. B DNA was isolated from the stool of mice and were run on an agarose gel. C Stools were resuspended in thioglycolate and plated on non-selective 
agar to measure gut bacterial load. D Intestinal butyric acid levels of recipient mice. E Intestinal Valeric acid levels of recipient mice. F Serum butyric 
acid levels of recipient mice. G Serum Valeric acid levels of recipient mice. Data in the present study are presented as the mean ± SD. *P < 0.01, #P < 0.01, 
##P < 0.0001
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Gut microbiota dysbiosis is often associated with dis-
turbances in intestinal homeostasis. We observed the 
intestinal structure of F-Et group atrophy, character-
ized by diminution of villus height, compared by those 
of F-Con group (Fig. 2A and B). At the same time, dimi-
nution of villus height of F-Et group was recovered by 
SCFAs supplements. And RT-qPCR results displayed 
that the mRNA levels of ZO-1 and occludin in F-Et group 
were significantly lower than those assigned to F-Con 
group, which could not be significantly relieved by addi-
tional SCFAs supplements (Fig. 2C). However, additional 
SCFAs supplements improved the decreased protein lev-
els of occludin (Fig. 2D). Similarly, IF result showed same 

trends (Fig. 2E and F). At the same time, F-Et group had 
less mucus, which could be alleviated by SCFAs (Fig. 2G). 
In conclusion, recipient mice underwent fecal transplants 
from the Et group displayed similar patterns of low levels 
of SCFAs and intestinal wall integrity as seen in the donor 
mice, and the changes cloud be prevented by SCFAs sup-
plements, indicating that gut microbiota dysbiosis caused 
by CEE was closely linked with the health status of SCFA 
levels and the integrity of the intestinal wall, with changes 
in SCFAs likely contributing significantly.

Fig. 2  SCFAs alleviated intestinal wall integrity of the recipient mice transferred from Et mice by FMT. A and B Representative HE images of intestine 
tissue of recipient mice along with villus length (scale bar = 100 μm). C RT-qPCR analysis of the expression of ZO-1 and occludin in the intestine of recipi-
ent mice. D Represents images of occludin in the intestine from recipient mice and quantification. E and F Representative occludin images and relative 
fluorescence intensity (scale bar = 100 μm). G Representative AB-APS images of intestine from recipient mice (scale bar = 100 μm). Data in the present 
study are presented as the mean ± SD. *P < 0.01, #P < 0.01
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SCFAs ameliorated intestinal immune response of the 
recipient mice transferred from Et mice by FMT
Gut microbiota dysbiosis is the key driver leading to 
intestinal immune response [38]. Western blot analy-
sis (Fig.  3A and B) showed that FMT from Et group 
increased NLRP3, P65, and IL-1β levels, whereas exog-
enous SCFAs supplementation reduced these protein 
levels. Moreover, IHC analysis (Fig.  3C) showed that 
NLRP3-positive cell of F-Et group increased, which could 
be significantly prevented by additional SCFAs supple-
ments. The CD11b/CD18 integrin receptor, also referred 
to as αMβ2, mainly found on immune cells such as mac-
rophages, monocytes, neutrophils [39, 40]. In reaction to 
inflammatory triggers, leukocyte activation and gather-
ing at the inflammation sites are facilitated by CD11b [41, 
42]. In this paper, we found that the F-Et group accumu-
lated more CD11b-positive cells at the inflammatory site 
than the F-Con group in the intestine (Fig.  3D). Mean-
time, exogenous SCFAs supplementation decreased the 
accumulation of CD11b. F-Et group displayed a similar 
pattern of intestinal inflammation as the Et group, while 
SCFAs supplementation ameliorated immune response, 

indicating that gut microbiota dysbiosis caused by CEE 
was closely linked with intestinal immune response, with 
alterations in SCFAs potentially playing a key role.

SCFAs ameliorated anxiety and depression-like behaviors 
of the recipient mice transferred from Et mice by FMT
The F-Et group mice spent less time in the central area 
in the OFT than the F-Con group, indicating that FMT 
from the Et group exacerbated anxiety-like behavior and 
change of gut microbiota triggered by CEE had a signifi-
cant effect on anxiety-like behavior. Whereas additional 
SCFA supplements extended the time of central area resi-
dence of mice received gut microbiota of the Et group, 
revealing that supplementation of SCFAs alleviated anx-
iety-like behavior (Fig.  4A). Additionally, no significant 
difference was observed in the distance covered in the 
OFT among groups, suggesting that the other behavioral 
variations were not due to compromised motor function 
(Fig. 4B). Similarly, the results of EMP showed the same 
trend (Fig.  4C). In the FST (Fig.  4D), mice received gut 
microbiota of the Et group exhibited extended immobil-
ity time compared to whose receipts from the Con group, 

Fig. 3  SCFAs ameliorated intestinal immune response of the recipient mice transferred from Et mice by FMT. A and B Represents images of NLRP3, P65 
and IL-1β in the intestine from recipient mice and quantification. C Representative IHC image of NLRP3 in the intestine from recipient mice, scale bar 
represents 100 μm. D Representative IF image of CD11b in the intestine from recipient mice, scale bar represents 100 μm. Data in the present study are 
presented as the mean ± SD. *P < 0.01, #P < 0.01
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while additionally oral gavage of SCFAs decreased the 
immobility time, suggesting additional SCFAs provi-
sion relieved depression-like behaviors caused by fecal 
microbiota transplantation. In short, the phenotypes 
resembling anxiety and depression were transferred to 
the recipient mice through FMT by the Et group mice, 
and SCFAs supplementation alleviated those behaviors. 
The behavioral phenotype transfer highlights a consid-
erable impact of the donor microbiota on the emotional 
and psychological well-being of the recipients, indicating 
that the gut microbiome and its production of metabo-
lites could be essential in the expression of anxiety and 
depressive-like behaviors.

SCFAs ameliorated neuroinflammation of the recipient 
mice transferred from Et mice by FMT
We explore the potential of SCFAs to alleviate neuro-
inflammation induced by microbiota dysbiosis. In the 
hippocampus, the elevated levels of NLRP3 and P65 in 

the F-Et group were impeded by SCFAs (Fig. 5A and B). 
Similarly, we observed SCFAs alleviated the increased 
number and decreased the complexity of microglia cells 
in CA1 and CA3 regions of the F-Et group (Fig. S5A, 
Fig.  5D, E and F), suggesting additional SCFAs provi-
sion relieved the activated state of microglia. Meanwhile, 
NLRP3-positive and GFAP-positive cells were increased 
in the F-Et group, and SCFAs reduced the elevated trend 
(Fig. S5B, Fig. 5C, G, H and I). In the PFC, Western blot 
results (Fig.  6A and B) showed that FMT from ethanol 
significantly elevated the levels of NLRP3 and P65. In 
contrast, the supplementation with SCFAs led to a reduc-
tion in these increased levels of NLRP3 and P65. At the 
same time, we observed that microglia cells of the F-Et 
group were found to be in an activated state, character-
ized by increased number and decreased the complexity 
of microglia cells in the PFC (Fig.  6C, D and E). These 
results suggested that SCFAs ameliorated neuroinflam-
mation of the recipient mice transferred from Et mice 

Fig. 4  SCFAs ameliorated anxiety and depression-like behaviors of the recipient mice transferred from Et mice by FMT. A Representative tracks and time 
spent in the central area of the OFT. B Distance traveled in the OFT. C Representative tracks and time spent in the open arms of the EPM. D Immobility 
time in the FST. Data in the present study are presented as the mean ± SD. *P < 0.01, #P < 0.01
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Fig. 5  SCFAs alleviate neuroinflammation in the hippocampus of recipient mice. A and B Represent images of NLRP3 and P65 in the hippocampus from 
recipient mice and quantification. C and H Representative IF image of NLRP3 in the hippocampus from recipient mice and quantification, scale bar repre-
sents 100 μm. D and F Representative IF image and the number of IBA1+ cells in the hippocampal CA3 regions from recipient mice, scale bar represents 
100 μm. E Sholl analysis showing the morphology of IBA1+ cells in the hippocampus. G and I Representative IF image and the number of GFAP+ cells in 
the hippocampus from recipient mice, scale bar represents 100 μm. Data in the present study are presented as the mean ± SD. *P < 0.01, #P < 0.01
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by FMT, and SCFAs potentially served as a mediator 
for relationship between the microbiota dysbiosis and 
neuroinflammation.

SCFAs improved decreased expression of neurotrophic 
proteins and dysfunction of blood brain barrier of the 
recipient mice transferred from Et mice by FMT
CEE is frequently associated with neurotrophic proteins 
deficiency, a known factor associated with behaviors 
that mimic anxiety and depression. Here, we explored 
the effects of microbiota dysbiosis on neurotrophic pro-
teins expression and examined the role of SCFAs in this 
biological process. In the hippocampus, levels of BDNF, 
NGF, TrkB, and ERK were decreased in the F-Et group, 
compared with those of the F-Con group (Fig. 7A and B), 
suggesting that microbiota dysbiosis could destroy neu-
rotrophic proteins. However, additional SCFAs supple-
ments increased the protein levels. At the same time, we 

observed the similar trend in the PFC (Fig. 7C and D). IF 
results of hippocampus and PFC showed that the F-Et 
group decreased the relative fluorescence intensity of 
BDNF while administration of SCFAs was shown to slow 
the decline (Fig.  7E and F). These results demonstrated 
that microbiota dysbiosis-induced changes in SCFAs 
could be the potential driver leading to neurotrophic pro-
teins deficiency.

Western blot analysis (Fig. 7G, H, I and J) in the hippo-
campus and PFC revealed a decline in ZO-1 and occludin 
levels in the F-Et group compared to the F-Con group. 
Furthermore, additional SCFAs supplements restored the 
expression of ZO-1 and occludin, indicating that SCFAs 
can alleviate the BBB dysfunction induced by CEE-trig-
gered microbiota dysbiosis. Altogether, SCFAs may act 
as a key factor linking dysbiosis and blood-brain barrier 
dysfunction.

Fig. 6  SCFAs alleviate neuroinflammation in the PFC of recipient mice. A and B Represents images of NLRP3 and P65 in the PFC of recipient mice and 
quantification. C and E Representative IF image and the number of IBA1+ cells in the PFC of recipient mice, scale bar represents 100 μm. D Sholl analysis 
showing the morphology of IBA1+ cells in the PFC. Data in the present study are presented as the mean ± SD. *P < 0.01, **P < 0.0001, #P < 0.01, ##P < 0.0001
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Fig. 7  SCFAs ameliorate DBNF signaling and BBB dysfunction in recipient mice. A and B Represents images of Trkb, BDNF, Erk and NGF in the hippo-
campus from recipient mice and quantification. C and D Represents images of Trkb, BDNF and Erk in the PFC from recipient mice and quantification. E 
Representative IF image of BDNF in the hippocampus of recipient mice, scale bar represents 100 μm. F Representative IF image of BDNF in the PFC of 
recipient mice, scale bar represents 100 μm. G and H Represents images of ZO-1 and occludin in the hippocampus from recipient mice and quantifica-
tion. I and J Represents images of ZO-1 and occludin in the PFC from recipient mice and quantification. Data in the present study are presented as the 
mean ± SD. *P < 0.01, **P < 0.0001, #P < 0.01, ##P < 0.0001
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SCFAs restored GABA level of the recipient mice 
transferred from Et mice by FMT
Alterations in GABA system are significant contributors 
to anxiety behavior and depression [43, 44]. Previous 
studies demonstrated that reduced GABRA1 level was 
correlated with ethanol-induced neuropsychic behav-
iors, and this correlation might be connected to bacte-
rial dysbiosis [45, 46]. Thus, we explored the changes in 
the GABA system after FMT and investigated the effect 
of SCFAs on GABA system. Western blot results in the 
hippocampus (Fig.  8A and B) and PFC (Fig.  8C and D) 
showed the obvious decline in the levels of GABRA1 
and GAD1 in the F-Et group, compared to the F-Con 
group. At the meantime, additional SCFAs supplements 
were found to alleviate the decline of GABRA1 and 
GAD1. Meanwhile, GAD1-positive and GABRA1-pos-
itive cells were decreased in the F-Et group and SCFAs 
increased the decline in the PFC (Fig. S6A, B, C and 
D). We observed that the serum GABA levels appeared 
to be slightly higher in the F-Et group, but there was no 

statistically significant difference (Fig.  8E). However, 
GABA levels in the hippocampus (Fig.  8F) and PFC 
(Fig. 8G) appeared to be significantly higher in the F-Et 
group. And additional SCFAs supplements reduced the 
levels of GABA. These results suggested that bacterial 
dysbiosis of Et group caused by CEE affected the GABA 
system of the recipient mice, with SCFAs potentially act-
ing as a mediator in this relationship.

SCFAs alleviated neuron damage of the recipient mice 
transferred from Et mice by FMT
Neuroinflammation, neurotrophic proteins deficiency, 
and blood-brain barrier dysfunction are identified as 
crucial elements contributing to neuron damage, which 
is the pathological change that underlies behavioral 
changes in mice. F-Et decreased the protein levels of 
GluA1 and PSD-95, and SCFAs supplements increased 
the decline levels both in the hippocampus (Fig. 9A) and 
PFC (Fig.  9D). At the same time, neuronal damage was 
confirmed through Nissl staining. Nissl staining revealed 

Fig. 8  SCFAs relieve the GABA system. A and B Represents images of GABRA1 and GAD1 in the hippocampus from recipient mice and quantification. 
C and D Represent images of GABRA1 and GAD1 in the PFC from recipient mice and quantification. E ELISA showed the level of serum GABA. F ELISA 
showed the level of hippocampal GABA. G ELISA showed the level of GABA in the PFC. Data in the present study are presented as the mean ± SD. *P < 0.01, 
**P < 0.0001, #P < 0.01, ##P < 0.0001
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a decrease in Nissl bodies with fuzzy layering and dis-
organized, slack pattern in the CA1 and CA3 regions of 
F-Et group compared to the F-Con group, suggesting 
bacterial dysbiosis resulted in damage to mouse hippo-
campal neurons (Fig. 9B and C). However, administration 
of SCFAs alleviated the manifestations of neuron dam-
age. In the PFC, we observed the similar trend (Fig. 9E). 
In conclusion, SCFA acts as a bridge connecting bacte-
rial dysbiosis resulting from ethanol exposure to neuron 
damage in the central nervous system.

Discussion
Our previous sequencing of the 16S rRNA gene indi-
cated notable discrepancies in both the composition and 
biomarkers of the gut microbiota between the Et group 
and the Con group. The Et group displayed diminished 
diversity and abundance in the gut microbiota in com-
parison to the Con group, suggesting a marked imbalance 
due to CEE [20]. To delve further into the repercussions 
of bacterial dysbiosis on the central nervous system, we 
constructed a 90-day chronic ethanol exposure model 

as donor mice. We assessed the behavioral performance, 
intestinal barrier integrity, and inflammation in the donor 
mice following 90 days of ethanol exposure, in addition to 
scrutinizing inflammation in the hippocampus, function-
ality of the blood-brain barrier, and neuronal damage. 
We observed that CEE impaired integrity of the intes-
tinal barrier and triggered inflammation. The potential 
mechanisms underlying these alterations in the intestine 
induced by CEE are unclear. Simultaneously, we observed 
that the Et group exhibited anxiety and depression-like 
behaviors, potentially linked to CEE-induced neuroin-
flammation, dysfunction of the blood-brain barrier, and 
neurotrophic deficiency resulting in neuron damage.

Neuroinflammation, impairment of the blood-brain 
barrier, and neurotrophic deficiency are identified as key 
factors contributing to behavioral changes [47–50]. The 
relationship between CEE-induced intestinal microbial 
dysbiosis, inflammation, increased permeability, and sub-
sequent neuroinflammation, blood-brain barrier dam-
age, nutritional deficiency remains unclear. Researchers 
hypothesize that the microbiome-gut-brain axis may 

Fig. 9  SCFAs relieve neuronal injury in recipient mice. A Represents images of PSD-95 and GluA1 in the hippocampus from recipient mice and quanti-
fication. B and C Representative images of Nissl Staining in the hippocampal CA1 and CA3 regions, scale bar represents 100 μm. D Represents images 
of PSD-95 in the PFC from recipient mice and quantification. E Representative images of Nissl Staining in the PFC of recipient mice, scale bar represents 
100 μm. Data in the present study are presented as the mean ± SD. *P < 0.01, **P < 0.0001, #P < 0.01
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play a pivotal role in this process [51, 52]. However, the 
specific mechanisms through which the gut-brain axis 
communicates alterations in gut microbiota and the 
central nervous system are not yet fully understood and 
require further elucidation. Notably, sequencing in this 
study revealed pronounced changes in the serum lev-
els of SCFAs (propionic acid, butyric acid, and valeric 
acid) between the Et group and the Con group. SCFAs, 
derived from intestinal microorganisms [53], and exert 
effects within the central nervous system [54], suggesting 
a potential role for SCFAs as intermediaries between gut 
microbes and the central nervous system. Remolding the 
gut microbiome holds significant promise for enhanc-
ing intestinal functionality and alleviates central nervous 
system-related symptoms, possibly due to the normaliza-
tion of SCFAs [55, 56]. Previous research has shown that 
combining ethanol with butyric acid can relieve anxious-
depressive behaviors and alleviate hippocampal neuroin-
flammation in mice [57].

Microbiota transplantation followed by oral gavage of 
a SCFA mixture was conducted to investigate the impact 
of intestinal microbiota changes induced by CEE on the 
central nervous system and the role of short-chain fatty 
acids. Serum SCFAs (butyric acid and valeric acid) lev-
els of recipient mice transplanted with fecal microbiota 
that disrupted homeostasis induced by chronic ethanol 
exposure decreased, suggesting that bacterial dysbiosis 
affected the production of SCFAs. As we hypothesized, 
SCFAs attenuated microbial dysbiosis-induced intesti-
nal structural and functional abnormalities, which are 
characterized by shortened villus height, intestinal bar-
rier dysfunction, and intestinal inflammatory response. 
At the same time, behavioral results indicated that treat-
ment with SCFAs alleviated anxiety and depression-like 
behaviors in mice from the F-Et group. All in all, SCFAs 
not only impact the structural damage in the intestines 
caused by dysbiosis resulting from chronic ethanol expo-
sure, but also influence the central nervous system. This 
aligns with our previous hypothesis that short-chain fatty 
acids function as bridging molecules in the gut-brain 
axis.

Then, our research delved into the mechanism by 
which SCFAs affect the central nervous system. Initial 
findings indicate that probiotic treatment can alleviate 
gut microbial imbalances caused by CEE and prevent 
the development of neuroinflammation [20]. At the same 
time, fecal transplantation confirmed that intestinal flora 
imbalance caused by CEE is one of the mechanisms lead-
ing to neuroinflammation [20]. In the present study, 
giving mice additional SCFAs by gavage ameliorated 
intestinal structural and functional disorders and reduces 
neuroinflammation. Microglia are one of the main target 
cells of SCFAs in the brain [58]. We observed that SCFAs 
reduced microglial activation, exerting anti-inflammatory 

effects. At same time, we found that the number of astro-
cytes also decreased after SCFAs treatment.

Neuroinflammation and neurotrophic protein defi-
ciency often occur simultaneously, and improvement in 
neuroinflammation is often accompanied by melioration 
in neurotrophic deficiency [59]. BDNF and its recep-
tor, TrkB, expressed extensively in the central nervous 
system, along with ERK, were associated with anxiety 
and depression-like behaviors [60–62]. In the study, we 
observed that additional supplementation of SCFAs 
increased BDNF, TrkB as well as ERK, suggesting that 
SCFAs may exert their effects on anxiety and depression 
through BDNF-related signaling pathways. We did not 
delve into whether it mainly exerts this effect through 
BDNF-related pathways such as BDNF-TRKB or BDNF-
ERK, which have been linked to depression [63, 64].

GABA and its receptors exert tight control on neuronal 
activity and functional plasticity, affecting mood behav-
ior profoundly and rapidly [65, 66]. Previous research 
has shown that CEE affects the GABA system, includ-
ing reducing the expression of GABRA1 receptors and 
GAD1, whereas minocycline administration improved 
the intestinal microbiota and alleviated the trend of 
decreased GABRA1 and GAD1 expression [46]. In the 
present study, F-Et exhibited reduced GABRA1 and 
GAD1, both in the PFC and hippocampus, aligning with 
prior studies indicating that a reduction in GABRA1 is 
strongly linked to anxiety and depression. Additional 
supplementation with SCFAs alleviated the decreased 
trend of GABRA1 and GAD1.

Neuroinflammation activation, neurotrophic defi-
ciency, and other factors induced anxiety and depres-
sive-like behaviors through neuronal damage resulting 
from these alterations [67, 68]. This study presented that 
neuronal damage in F-Et mice underwent histological 
changes and that SCFA ameliorated neuronal damage. 
The mechanism by which SCFAs relieve neuronal dam-
age may be related to its anti-inflammation, improvement 
of BDNF signaling, and enhancement of the blood-brain 
barrier.

A limitation of this study is our inability to detect the 
concentration of propionic acid due to instrumentation 
constraints. Additionally, we did not collect fecal samples 
following treatment with fecal microbiota transplanta-
tion (FMT) and short-chain fatty acids (SCFAs), which 
prevented us from analyzing their microbial and SCFA 
content. However, we did assess their concentrations 
within the intestine.

Conclusions
In summary, our results indicate that CEE leads to dys-
function of intestinal microbial homeostasis and reduc-
tion in SCFAs production, then causing intestinal 
structure deterioration, neuroinflammation, blood-brain 
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barrier dysfunction, neurotrophic defects, and GABA 
system changes, thereby resulting in neuronal damage 
and the manifestation of anxious and depressive behav-
iors. The modifications were transferred to the recipient 
mice through FMT by the Et group mice. Notably, sup-
plementation with SCFAs significantly mitigated these 
adverse effects of the recipient mice. Importantly, SCFAs 
play a crucial role in the gut-brain axis, providing a foun-
dational theoretical framework for neuroinflammation, 
anxious and depressive behaviors which are triggered by 
CEE-induced microbiota dysbiosis.
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