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Purpose: This study investigated how alcohol exacerbated chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS) and assessed
gut microbiota-targeted therapeutic strategies.

Methods: An alcohol-treated experimental autoimmune prostatitis (EAP) mouse model was established to evaluate the exacerbating
effect of alcohol on CP/CPPS. The involvement of gut microbiota was assessed by antibiotic depletion and fecal microbiota
transplantation (FMT). 16S rRNA sequencing was applied to profile microbial alterations, particularly the abundance of
Lactobacillus johnsonii (L. john). Oral administration of live L. john or intravenous injection of Lactobacillus johnsonii-derived
extracellular vesicles (LjEVs) was tested as therapeutic interventions. Mechanistic studies were conducted in lipopolysaccharide
(LPS)-stimulated RAW 264.7 macrophages using transcriptomics, qRT-PCR, Western blot, and flow cytometry.

Results: Alcohol consumption aggravated pelvic tactile hypersensitivity and prostatic inflammation, increased pro-inflammatory
cytokines (IL-1B, IL-6, TNF-a), and promoted M1 macrophage polarization in EAP mice. Fecal microbiota transplantation from
alcohol-fed EAP mice reproduced the aggravated phenotype, confirming that gut microbiota mediates this effect. Alcohol specifically
reduced the relative abundance of L. john. Oral L. john or intravenous LjEVs alleviated tactile hypersensitivity and inflammation, and
inhibited M1 macrophage polarization in alcohol-fed EAP mice. In vitro, LjEVs were internalized by macrophages, suppressed LPS-
induced M1 macrophage polarization and pro-inflammatory gene expression, and inhibited TNF-o/NF-«B signaling. Exogenous TNF-
o reversed the inhibitory effects of LjEVs on M1 macrophage polarization.

Conclusion: Alcohol exacerbated EAP by reducing L. john, which in turn promoted prostatic M1 macrophage polarization via the
TNF-o/NF-xB pathway. Supplementation with L. john or LjEVs ameliorated the disease by suppressing this pathway, offering
a microbiota-targeted therapy for alcohol-aggravated CP/CPPS.
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Introduction
Chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS) ranks among the most prevalent urological disorders in
young and middle-aged males worldwide, affecting 4.5-10% of the global male population—nearly 50% of whom
develop symptoms during their lifetime, typically manifesting as pelvic pain syndromes (genital, ejaculatory, abdominal),
lower urinary tract symptoms (LUTS), and erectile dysfunction, collectively compromising quality of life.' The precise
pathogenesis of CP/CPPS remains incompletely characterized, potentially involving multifactorial interactions among
pelvic floor myofascial dysfunction, immunological aberrations, dietary influences, urine reflux phenomena, and endo-
crine dysregulation.*

The immune dysregulation hypothesis is well-established in CP/CPPS etiology. Studies show elevated levels of IFN-
y, IL-17, IL-1p, and IL-8, along with increased CD4" T cells and macrophages in patient semen.” Mouse models
corroborate these findings, demonstrating enhanced macrophage infiltration in prostate tissue and dorsal root ganglia that
drives CP/CPPS.®” Macrophage depletion significantly alleviates pelvic pain,” while recent research shows CXCL10
promotes macrophage recruitment to worsen CP/CPPS.* Moreover, inhibiting M1 macrophage activation markedly
reduces inflammation and pain.® These findings collectively establish that macrophage infiltration and pro-
inflammatory phenotype activation are closely linked to CP/CPPS development and progression.

Globally, the consumption of alcoholic beverages continues to present a considerable public health challenge. The
detrimental effects of alcohol consumption, which impact nearly all organ systems and are linked to a spectrum of

inflammatory diseases such as hepatitis, pancreatitis, neuroinflammation, and atherosclerosis,gf13

are mediated through
mechanisms involving macrophage infiltration and M1 polarization.'*'* Epidemiological studies indicate that alcohol
consumption is identified as a potential risk factor for CP/CPPS and adversely affects its prognosis.'>'® Previous research
indicates that alcohol consumption could aggravate CP/CPPS through various potential mechanisms. Clinical evidence
shows that alcohol-drinking patients have higher symptom scores and elevated Th17 cells, associated with reduced gut
short-chain fatty acids.'” Mechanistically, alcohol exacerbates EAP by promoting Th17 differentiation via gut micro-
biota-driven cholesterol biosynthesis, and by activating the PI3K/AKT/mTOR pathway to drive Thl differentiation.''?
Despite these evidences, the underlying pathophysiology linking alcohol to CP/CPPS is still unclear.

As the connection between gut microbiota and CP/CPPS has garnered increasing attention, the concept of the “gut-prostate
axis” has emerged, offering a novel perspective for understanding the pathogenesis of the disease.”**' Mechanistically, gut
dysbiosis drives prostate inflammation through reduced short-chain fatty acids such as propionate, which disrupt Th17/Treg
immune homeostasis via the GPR43-HDACS6 axis, as well as through gut microbiota-derived metabolites like putrescine,
which modulate Th17 differentiation via the TRAF6/JAK2/STAT3 signaling pathway.**** Probiotics are live microorganisms
that colonize the host’s intestinal tract and exert beneficial effects by participating in immune regulation, combating
pathogenic bacteria, and enhancing intestinal barrier function.** Lactobacillus Jjohnsonii (L. john) is a typical intestinal
probiotic. Recent studies have demonstrated its potential therapeutic value in various inflammatory diseases, including
inflammatory bowel disease, pneumonia, and alcohol-associated liver disease (ALD).>> %’ Bacterial extracellular vesicles
(BEVs) are spherical, bilayered membranous vesicles produced by parent bacteria. They are enriched with nucleic acids,
proteins, and lipids, and play a crucial role in host-microbe interactions.”® Notably, BEVs offer distinct advantages over live
probiotics, including excellent stability, a superior safety profile that avoids risks associated with live bacteria in vulnerable
populations, and the potential for effective systemic delivery.”*° Several studies have demonstrated that extracellular vesicles
derived from Lactobacillus johnsonii (LjEVs) can alleviate colitis, diarrhea and osteoarthritis by modulating macrophage
polarization;*' * however, their role in CP/CPPS remains unknown. Given that alcohol exposure significantly reduces gut

Lactobacillus abundance in the EAP mouse model and that LjEVs possess immunomodulatory properties,'®'

we hypothe-
sized that LjEVs might protect against alcohol-exacerbated EAP by regulating macrophage polarization.

To delineate the role of alcohol in CP/CPPS, we employed an EAP mouse model replicating human disease
characteristics. Alcohol was found to worsen inflammation and pain in EAP mice, linked to increased M1 macrophage
infiltration and pro-inflammatory cytokine levels. Gut microbiota analysis revealed alcohol-induced dysbiosis, and 16S
rRNA sequencing pinpointed L. john as a key candidate. Intervention with L. john or its extracellular vesicles (EVs)

counteracted the aggravating effects of alcohol. The underlying mechanism involves the inhibition of M1 macrophage
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polarization and TNF-o/NF-kB signaling pathway by LjEVs, as established through both in vitro and in vivo experi-
ments. Thus, our work identifies L. john and its EVs as mitigating agents in alcohol-aggravated EAP, acting through
suppression of M1 macrophage polarization and the TNF-a/NF-kB pathway.

Materials and Methods

Bacterial Strain and Culture

As previously described,**** Lactobacillus johnsonii was cultured in de Man, Rogosa and Sharpe (MRS) medium at
37°C for 24 hours under an atmosphere of 10% H,, 10% CO,, and 80% N,. Bacterial quantification was performed by
enumerating colony-forming units (CFU) following plating on agar plates. After centrifugation at 6000 rpm for 5 minutes
at 4°C, the bacterial pellet was washed three times with sterile phosphate-buffered saline (PBS). The washed cells were
typically cryopreserved in sterile PBS containing 20% glycerol at a final concentration of 1x10'° CFU/mL.

Isolation and ldentification of LjEVs

Extracellular vesicles (EVs) were isolated from the culture supernatant of L. john strain via ultracentrifugation as
described in references.*? Approximately 500 mL of L. john culture at logarithmic phase was centrifuged at 8000 x
g for 30 minutes. The supernatant was collected and centrifuged at 20,000 x g for 45 minutes, then filtered through
a 0.22 um filter. The filtrate was centrifuged at 120,000 x g for 2 hours at 4°C using an SW 32 Ti rotor (Beckman
Coulter, Fullerton, CA, USA). The pellet was resuspended in PBS and the centrifugation was repeated once. The final
pellet was collected in PBS. EVs presence was confirmed by transmission electron microscopy (TEM), and their size
range and concentration were determined via nano-flow cytometry (nFCM).

Animals and Treatments

Male non-obese diabetic (NOD)/ShiL.t] mice aged 6—8 weeks were purchased from Jiangsu GemPharmatech Co., Ltd.
(Nanjing, China). All mice were housed in the specific pathogen-free (SPF) animal laboratory of the First Affiliated
Hospital of Nanchang University, and after a one-week acclimation period prior to treatment, they were randomly
assigned to different treatment groups. All animal experiments comply with guidelines for the care and use of laboratory
animals. The experimental protocols were approved by the Animal Ethics Committee of the First Affiliated Hospital of
Nanchang University (CDYFY-IACUC-202311QR006).

As described in the previous study,*® the EAP mice had been established. Specifically, prostate tissues were excised from
Sprague-Dawley rats, rinsed under sterile conditions, and homogenized. The homogenate was then centrifuged, and the
supernatant was collected as prostate antigen. Subsequently, prostate antigen (300 pg per mouse) or PBS was fully emulsified
with an equal volume of complete Freund’s adjuvant (Sigma-Aldrich), and the emulsions were administered to mice in the
EAP group and control group, respectively. According to the experimental protocol, immunization was performed via
subcutaneous injection of the emulsion at three sites on day 0 and day 28: the base of the tail (0.050 mL), bilateral footpads
(0.025 mL per pad), and shoulders (0.050 mL). On day 42, feces were collected prior to euthanizing the mice.

To evaluate the effect of alcohol on the prostate of mice, a 5-day liquid diet adaptation period was initiated on day 27.
Subsequently, from day 32 onward, mice in the control+alcohol and EAP+alcohol group were given a 5% (vol/vol)
ethanol Lieber-DeCarli diet for 10 days (ad libitum oral feeding), plus a single binge feeding of 31.5% (vol/vol) ethanol
administered via gavage on day 42 at a dose of 5 g alcohol per kilogram of body weight. In contrast, mice in the control
and EAP group were fed an isocaloric control diet. The detailed alcohol feeding protocol has been documented in
previous literature.®’

To evaluate whether alcohol promotes CP/CPPS in a gut microbiota-dependent manner, we prepared microbiota-
depleted mice. These mice were provided with sterile drinking water containing broad-spectrum antibiotics (Ampicillin,
1 g/L; metronidazole, 1 g/L; neomycin sulfate, 1 g/L; vancomycin, 0.5 g/L) for two weeks. Notably, three days before
model induction, the antibiotic-containing drinking water was replaced with sterile regular drinking water for mice to
ensure complete clearance of antibiotics. Subsequently, mice in the (FMT)EAP group and (FMT)EAP+Alcohol group
received gut microbiota from mice of the EAP group and EAP+Alcohol group, respectively. To prepare the gut
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microbiota suspension, feces were collected from donor mice after the second immunization and resuspended in sterile
PBS at a concentration of 100 mg feces per 1 mL solution. The suspension was then centrifuged at 500 x g for 1 minute
to collect the supernatant, and bacterial counts were determined using the bacterial colony counting method. According
to the experimental protocol, each mouse was administered 200 puL of the microbiota suspension (2 x 10° CFU) via
gavage every other day, starting from the first immunization until euthanasia.*®

To investigate the role of L. john in CP/CPPS exacerbated by alcohol, after immunization on day 28, mice in the EAP
+alcohol+L. john group were administered 200 pL of sterile PBS containing 1 x 10° CFU of L. john via oral gavage once
daily until one day before euthanasia. In contrast, mice in the EAP group and EAP+alcohol group received an equal
volume of sterile PBS.

To examine the role of LjEVs in alcohol-exacerbated CP/CPPS, after immunization on day 28, each mouse in the
EAP+Alcohol+LjEVs group received LjEVs at a dose of 1 x 10° particles (normalized from a rat study based on body
weight) via tail vein injection once a week until one day before euthanasia, while mice in the EAP+alcohol group
received an equal volume of sterile PBS.*®

Behavior Testing

Von Frey filaments were used to quantify tactile allodynia in the lower abdomen of mice (near the prostate region): after
the mice were acclimated to an individual plastic chamber with a stainless steel mesh floor for 30 minutes, five types of
filaments (0.04, 0.16, 0.4, 1.0, and 4.0 g) were applied to different points in the target area (1-2 seconds per stimulation,
5-second interval, 10 stimulations per filament).*® Positive responses included sudden abdominal contraction, licking/
scratching the stimulated area, or jumping. The positive response rate and the 50% pain threshold determined by the up-
down method were used as evaluation indicators.*’

Hematoxylin—Eosin (H&E) Staining

After anesthesia, the mice were euthanized by cervical dislocation. The prostate tissues were isolated and fixed in 4%
paraformaldehyde for 48 hours. Following gradient dehydration with ethanol, transparency treatment with xylene, and
paraffin embedding, 5-um-thick sections were prepared. H&E staining was performed using special reagents provided by
Servicebio (Wuhan, China). After standard dehydration, the prostate tissue sections were mounted with neutral resin. Finally,
the sections were observed under an optical microscope to analyze the pathological changes of the prostate tissue. The
inflammation of prostate tissue was evaluated according to the following criteria: 0, no signs of inflammation; 1, mild but
distinct perivascular cuff-like infiltration of monocytes or vascular proliferation; 2, moderate perivascular cuff-like infiltration
of monocytes with aggravated vascular proliferation; 3, significant perivascular cuff-like infiltration accompanied by

hemorrhage, as well as extensive infiltration of a large number of monocytes in the stroma or parenchyma.*'

Immunohistochemistry and Immunofluorescence

For immunohistochemical staining of mouse prostate paraffin sections, the samples underwent sequential dewaxing,
hydration, and antigen retrieval. Subsequently, sections were incubated with 3% hydrogen peroxide at room temperature
for 25 minutes in the dark, rinsed three times with PBS (pH 7.4), and blocked with 3% BSA for 30 minutes. They were
then incubated overnight at 4°C with primary anti-CD45 antibody (1:200, GB113886, Servicebio) in a humid chamber.
After PBS washes, HRP-conjugated secondary antibody (1:200, GB23303, Servicebio) was applied for 50 minutes at
room temperature. DAB staining was microscopically monitored and terminated with tap water. Nuclei were counter-
stained with hematoxylin, followed by differentiation and bluing. Sections were dehydrated, cleared, mounted, and
examined under a bright-field microscope.

For immunofluorescence staining, dewaxed and antigen-retrieved paraffin sections were subjected to a sequential
Tyramide Signal Amplification (TSA) protocol. Sections were first incubated with anti-CD86 (1:200, DF6332, Affinity),
followed by an HRP-conjugated secondary antibody and the TYR-488 (IF488) tyramide reagent. After antibody stripping
via microwave retrieval, sections were then incubated with anti-CD206 (1:200, 18704-1-AP, Proteintech), followed by
the corresponding HRP-conjugated secondary antibody and the TYR-555 (IF555) tyramide reagent. Following DAPI
staining, signals were detected under a fluorescence microscope in a dark room.
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Quantitative Real-Time PCR and Enzyme-Linked Immunosorbent Assay

cDNA was obtained via reverse transcription with the First-Strand cDNA Synthesis Kit (TTANGEN, China) after RNA

extraction. A 20 pL reaction system containing cDNA, primer (Table S1, supplementary information), and qPCR reaction

buffer was configured following the instructions of SYBR Green qPCR Master Mix (Servicebio, China). All qPCR

assays were performed with a minimum of three independent biological replicates, and each sample was run in triplicate.
The levels of TNF-o (E-MSEL-MO0002, Elabscience, China), IL-13 (E-MSEL-M0003, Elabscience, China), and IL-6

(E-MSEL-MO0001, Elabscience, China) in mouse serum were detected using enzyme-linked immunosorbent assay

(ELISA) kits according to the manufacturers’ instructions, followed by statistical analysis.

Western Blotting

After the samples were treated with protein lysis buffer (Solarbio, China) supplemented with protease and phosphatase
inhibitors, the supernatant was collected and the protein concentration was determined using a BCA protein assay Kkit.
Proteins were separated by 10% SDS-PAGE gel electrophoresis and then transferred to a PVDF membrane using a Bio-
Rad semi-dry transfer system. The PVDF membrane was blocked with 5% BSA at room temperature for 1 hour, followed
by overnight incubation at 4°C with the corresponding primary antibodies (TNF, 1:1000, 17590-1-AP, Proteintech; NF-
kB p65, 1:1000, 380172, Zenbio; Phospho-NF-«kB p65, 1:1000, 310013, Zenbio; B-actin, 1:10000, 81115-1-RR,
Proteintech). After washing with TBST, the PVDF membrane was incubated with the secondary antibody (1:10000,
SA00001-2, Proteintech) at room temperature for 1 hour. Target proteins were visualized by exposure with high-
sensitivity chemiluminescent solution, and protein bands were quantified using Imagel] software. All Western blot
experiments were performed with three independent biological replicates.

16S rRNA Sequencing

Mouse fecal samples were immediately frozen after collection and sent to OE biotech Co., Ltd. (Shanghai, China) for
16S rRNA gene sequencing. Genomic DNA was extracted from the samples using the MagPure Soil DNA LQ Kit
(Magan) following the manufacturer’s instructions, and stored at —20°C after detecting its concentration and purity.
Using the extracted genomic DNA as a template, the V3-V4 variable region of the bacterial 16S rRNA gene was
amplified by PCR with Barcode-specific primers and Takara Ex Taq high-fidelity enzyme, using universal primers 343F
(5'-TACGGRAGGCAGCAG-3") and 798R (5'-AGGGTATCTAATCCT-3"), for bacterial diversity analysis. QIIME 2
software was used for a and B diversity analysis: a diversity was evaluated by indicators such as ACE, Chaol and
Shannon indices, while B diversity was assessed by principal coordinate analysis (PCoA).

Cell Culture and in vitro Cell Uptake Assay

RAW 264.7 cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin. The cell culture was conducted at 37°C in a humidified
incubator with a 5% CO, atmosphere. To observe the uptake of extracellular vesicles by RAW 264.7 cells, 1 pL of
diluted Dil dye was co-incubated with 1 mL of LjEVs at 4°C for 6 hours in the dark. Unbound dye in the resulting
sample was removed by ultracentrifugation (100,000 x g, 4°C, 60 minutes). Subsequently, RAW 264.7 cells were
incubated with LjEVs@Dil or free Dil at 37°C for 12 hours. After incubation, cell nuclei were stained with 4',6-diami-
dino-2-phenylindole (DAPI, Boster, Wuhan, China), and the cytoskeleton was stained with fluorescein isothiocyanate
(FITC)-labeled phalloidin (Beyotime, Shanghai, China). The fixed cells were then observed and imaged using a confocal
laser scanning microscope (Leica, Germany).

Distribution of LjEVs in vivo

Detailed experimental procedures are described in previous studies.** ICG was dissolved in normal saline containing 4%
(v/v) DMSO, mixed with isolated EVs, and incubated at 4 °C for 6 h with gentle agitation. Unbound dye was then
removed by ultracentrifugation at 100,000 x g for 60 minutes at 4 °C. After model establishment, mice were randomly
assigned to two groups, and each mouse received either EVs@ICG or free ICG via tail vein injection. Prior to imaging,
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mice were anesthetized with 2% isoflurane. The in vivo fluorescence distribution was evaluated 12 hours post-injection
using an imaging system from MILabs (Netherlands). Additionally, ex vivo imaging was also performed on major
isolated organs for precise signal localization.

Flow Cytometry

RAW 264.7 cells were seeded at a density of 1 x 10° cells per well. The LPS+LjEVs and LPS+LjEVs+TNF-a groups
were first co-incubated with 10 pg/mL LjEVs (the latter group also received 100 ng/mL recombinant TNF-a) for
12 hours, while the Control and LPS groups received an equal volume of PBS. Subsequently, the LPS, LPS+LjEVs and
LPS+LjEVs+TNF-a groups were treated with 1 ug/mL LPS for an additional 12 hours, and the Control group was again
supplemented with PBS. After treatment, the culture medium was aspirated, 1 mL PBS was added to resuspend and
collect the cells, which were then centrifuged at 5000 rpm for 5 minutes. After discarding the supernatant, the cells were
resuspended in 100 uL. PBS, and antibodies against CD86 (560582, BD Biosciences) and CD163 (155305, BioLegend)
were added, followed by incubation at 4°C in the dark for 30 minutes. After staining, the cells were washed twice with
cold PBS, resuspended in 500 uL PBS, detected using an Agilent flow cytometer, and the data were analyzed with
NovoExpress software. Flow cytometry was performed with three independent biological replicates.

Nitric Oxide (NO) Detection

Nitric oxide (NO) detection was performed using the S0021S kit purchased from Beyotime Biotechnology. The detailed
protocol was as follows: First, Griess Reagent I and II were taken out and equilibrated to room temperature.
Subsequently, the standard solution was serially diluted to the concentration range of 1-100 uM using the same solvent
as the test samples. Then, 50 pL of each standard or sample was added to the corresponding wells of a 96-well
microplate. Afterwards, 50 puL of Griess Reagent I and 50 uL of Griess Reagent II were sequentially added to each well.
After the reaction, the absorbance of each well was measured at a wavelength of 540 nm using a microplate reader.
Finally, the concentration of NO in the test samples was calculated based on the standard curve constructed from the
absorbance values of the standard solutions. All NO detection assays were performed with three independent biological
replicates, and each sample was run in triplicate.

Statistical Analysis

All statistical analyses were carried out using GraphPad Prism 9.0.0 software (San Diego, CA, USA). Sample sizes (n =
6 per group) are consistent with those commonly used in comparable CP/CPPS studies and adhere to the 3R principle.
Normality of distribution was assessed using the Shapiro—Wilk test. For comparisons between two groups, the two-tailed
Student’s ¢-test was applied for normally distributed data, otherwise the Mann—Whitney U-test was used. For compar-
isons among three or more groups, one-way analysis of variance (ANOVA) was performed for normally distributed data,
otherwise the Kruskal-Wallis test was used. A p-value < 0.05 was considered statistically significant.

Results
Alcohol Consumption Aggravates Prostate Inflammation and Promotes M|

Macrophage Polarization in EAP Mice

To model the impact of alcohol on CP/CPPS, EAP mice were subjected to a 10-day Lieber-DeCarli liquid diet containing
ethanol, followed by a single binge ethanol feeding (Figure 1A).>” Body weight did not differ significantly among any of
the groups, regardless of alcohol intake (Figure 1B). Compared to the Control group, EAP mice exhibited increased
response frequency to mechanical stimulation of the pelvic region and a significantly reduced 50% response threshold.
This tactile allodynia was further exacerbated by alcohol administration (Figure 1C and D). No such changes were
observed between the Control and Control+Alcohol groups (Figure 1C and D). Given the sparse inflammatory infiltration
previously reported in the ventral lobe,** the anterior and dorsolateral lobes of the prostate were selected for histopatho-
logical assessment. H&E staining revealed more severe inflammation in the prostate of the EAP+Alcohol group
compared to the EAP group. No inflammatory infiltration was observed in the Control or Control+Alcohol groups
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Figure | Alcohol consumption aggravates prostate inflammation and promotes M| macrophage polarization in EAP mice. (A) Schematic of the experimental timeline for
EAP induction and alcohol intervention. (B) The body weights of mice in the Control, Control+Alcohol, EAP, and EAP+Alcohol groups. (C and D) Response frequency to
mechanical stimuli and the 50% mechanical withdrawal threshold. (E) Prostate inflammation score. (F) H&E staining of the anterior and dorsolateral prostate. Scale bars,
100 um. (G) Percentage of CD45-positive staining in prostate immunohistochemistry. (H) Immunohistochemical staining of CD45 in prostate tissues. Scale bars, 100 um.
(I-)) Relative fluorescence intensity of CD86 and CD206 in prostate tissue. (K) Immunofluorescence staining of CD86 and CD206 in prostate tissue. Scale bars, 50 um. Data
are presented as mean + SD (n = 6 for B-K). *, p < 0.05; **¥ p < 0.001.

Abbreviation: ns, not significant.
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(Figure 1E and F). CDA45, a pan-leukocyte biomarker, was selected to assess inflammation due to its reported upregula-
tion in CP/CPPS models.** Consistent with this, our study confirmed a significant increase in CD45" leukocytes in the
EAP model, which was further amplified by alcohol intake (Figure 1G and H).

Levels of pro-inflammatory cytokines (IL-1B, IL-6, TNF-a) in mouse serum and prostate tissue were evaluated by
ELISA and qRT-PCR, respectively. Compared to the Control group, cytokine levels were significantly elevated in the
EAP group and further increased in the EAP+Alcohol group. No difference was observed between the Control and
Control+Alcohol groups (Figure SIA and B, supplementary information). Given the reported association between

macrophage polarization and CP/CPPS,** we performed immunofluorescence staining using CD86 and CD206 as
markers for pro-inflammatory M1 and anti-inflammatory M2 macrophages, respectively. The results showed that M1
macrophages increased in the prostates of EAP model mice compared to controls. In alcohol-fed EAP mice, M1
macrophages increased further, whereas M2 macrophages decreased (Figure 11-K). These data demonstrate that alcohol
intake exacerbates CP/CPPS in EAP mice and promotes the polarization of macrophages toward the M1 phenotype.

The Gut Microbiota Mediates the Effect of Alcohol on EAP Mice

To investigate whether the effects of alcohol on EAP mice depend on the endogenous gut microbiota, we pretreated mice
with an antibiotic cocktail for 14 days prior to modeling to establish a pseudo-germ-free state. Subsequently, we
performed fecal microbiota transplantation by orally administering fecal suspensions from EAP mice or alcohol-fed
EAP mice to these pseudo-germ-free recipient EAP mice. Consistent with previous findings, oral administration of gut
microbiota from alcohol-fed EAP mice increased the frequency of responses to mechanical stimuli in the pelvic region
and lowered the mechanical threshold in recipient EAP mice (Figure 2A and B). Similarly, compared to EAP mice that
received microbiota from control donors, recipients of gut microbiota from alcohol-fed EAP mice exhibited higher
prostate inflammation scores (Figure 2C and D), increased CD45" leukocyte infiltration (Figure 2E and 2F), and elevated
levels of pro-inflammatory cytokines in both serum and prostate tissue (Figure 21 and J). Furthermore, an increase in M1
macrophages and a decrease in M2 macrophages were observed in the prostate (Figure 2G and H). In summary,
colonization with gut microbiota from alcohol-fed EAP mice exacerbated both inflammation and pain in recipient
EAP mice, suggesting that specific microbes may mediate the detrimental effects of alcohol.

Alcohol Alters the Structure and Composition of the Gut Microbiota in EAP Mice

To investigate the gut microbiota involved in alcohol-aggravated CP/CPPS, fecal samples were collected from mice in
the Control, Control+Alcohol, EAP, and EAP+Alcohol groups immediately before euthanasia. Following collection,
microbial composition was assessed via 16S rRNA sequencing. We first assessed the a-diversity of the gut microbiota
(ACE, Chaol, Observed species, and Shannon indices). No significant difference was found between the Control and
EAP groups. However, alcohol intervention significantly reduced a-diversity in mice (Figure 3A—-D). Principal coordi-
nate analysis (PCoA) revealed a clear separation between the Control and EAP groups, as well as between samples with
and without alcohol exposure, indicating distinct microbial compositions (Figure 3E).

Further analysis at the genus level showed that alcohol intervention reduced the relative abundance of Lactobacillus, with
no difference observed between the Control and EAP groups (data not shown). At the species level, alcohol similarly
decreased the relative abundance of L. john, which also did not differ significantly between the Control and EAP groups
(Figure 3F and G). To identify microbial taxa significantly altered by alcohol in EAP mice, we performed linear discriminant
analysis effect size (LEfSe) analysis comparing the EAP group with the EAP+Alcohol group. Lactobacillales,
Lactobacillaceae, and Lactobacillus all showed high LDA scores (>3) in the EAP group, indicating their enrichment in
EAP mice compared to alcohol-treated EAP mice (Figure 3H). The phylogenetic distribution of differentially abundant taxa is
displayed in Figure 31. In summary, the decrease in the relative abundance of L. john in the gut after alcohol exposure suggests

its potential role as a key bacterium mediating the exacerbation of CP/CPPS in mice by alcohol.
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Figure 2 The gut microbiota mediates the effect of alcohol on EAP mice. (A and B) Response frequency to mechanical stimuli and the 50% mechanical withdrawal
threshold. (C) Prostate inflammation score. (D) H&E staining of the anterior and dorsolateral prostate. Scale bars, 100 pm. (E) Immunohistochemical staining of CD45 in
prostate tissues. Scale bars, 100 pm. (F) Percentage of CD45-positive staining in prostate immunohistochemistry. (G) Immunofluorescence staining of CD86 and CD206 in
prostate tissue. Scale bars, 50 pm. (H) Relative fluorescence intensity of CD86 and CD206 in prostate tissue. (I) Pro-inflammatory cytokine levels in serum. (J) Pro-
inflammatory cytokine mRNA expression in prostate tissues. Data are presented as mean = SD (n = 6 for A-l, n = 4 for J). ¥ p < 0.05; **, p < 0.01; *** p < 0.001.

Transplantation of L. john Relieves Prostate Inflammation and Pain in Alcohol-Fed EAP

Mice

To investigate the role of L. john in CP/CPPS exacerbated by alcohol, after immunization on day 28, mice in the EAP

+alcohol+L. john group were administered 200 pL of sterile PBS containing 1 x 10° CFU of L. john via oral gavage once
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Figure 3 Alcohol alters the structure and composition of the gut microbiota in EAP mice. (A-D) The alpha diversity indices (ACE, Chaol, Observed species, Shannon) of bacterial
16S rRNA genes in fecal samples from each group of mice. (E) B-Diversity (Principal component analysis) of bacterial 16S rRNA genes in fecal samples from each group of mice. (F)
At the species level, a heatmap depicting the relative abundance of the top |15 species was constructed to visualize compositional differences across all samples. (G) Relative
abundance of L john in the fecal microbiota of each mouse group. (H) LEfSe analysis of the differentially abundant taxa in the gut microbiota between the EAP and EAP+Alcohol
groups. (I) Cladogram of differentially abundant bacteria between the EAP and EAP+Alcohol groups. Data are presented as mean + SD (n = 6 for A-l). *, p < 0.05.

Abbreviation: ns, not significant.

daily until one day before euthanasia. Our results indicate that L. john treatment effectively ameliorates CP/CPPS in

alcohol-exposed EAP mice. Specifically, L. john normalized pelvic mechanical sensitivity, as shown by a decreased
response frequency and an increased 50% withdrawal threshold (Figure 4A and B). It also attenuated prostate inflamma-

tion (Figure 4C and D). Immunohistochemical analyses revealed that oral L. john reduced prostate infiltration of CD45"

leukocytes (Figure 4E and F), inhibited M1 macrophage polarization and promotes M2 macrophage polarization
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(Figure 4G-I), and downregulated pro-inflammatory cytokines in both serum and prostate tissue (Figure S2A and B,
supplementary information). Thus, L. john alleviates CP/CPPS by limiting inflammatory cell recruitment and reducing

pro-inflammatory mediators locally and systemically.

LjEVs Alleviate Prostate Inflammation and Inhibit M| Macrophage Polarization in
Alcohol-Fed EAP Mice

To investigate how L. john alleviates alcohol-aggravated CP/CPPS, extracellular vesicles were isolated from L. john for
subsequent experiments. First, the isolated LjEVs were characterized using transmission electron microscopy (TEM) and
nano-flow cytometry (nFCM). TEM imaging revealed that the extracted vesicles exhibited a classic circular or spherical
morphology with a bilayered membrane structure (Figure 5A). The nFCM results demonstrated that the particle size was
primarily distributed within the range of 30-150 nm, with an average diameter of 82.1 nm and a concentration of
2.13x10'° particles/mL (Figure 5B and 5C). We then performed an in vivo tracing study by intravenously administering
indocyanine green (ICG)-labeled LjEVs to mice and monitoring their systemic distribution. The results showed that
LjEVs were successfully delivered and accumulated in the prostate, with ex vivo fluorescence imaging revealing
significantly higher prostate fluorescence intensity in the LjEVs group compared to the free ICG control group
(Figure 5D and 5E).

We next evaluated the therapeutic effect of LjEVs on alcohol-fed EAP mice. LjEVs treatment significantly reduced
the response frequency to mechanical stimuli in the pelvic region (Figure 5F), raised the 50% withdrawal threshold
(Figure 5G), and alleviated prostate tissue inflammation (Figure 5H and I). Furthermore, it decreased CD45" leukocyte
infiltration in the prostate (Figure 5J and K), inhibited M1 macrophage polarization and promoted M2 macrophage
polarization (Figure SL and M), and lowered the levels of pro-inflammatory cytokines in the serum as well as their gene
expression in prostate tissue (Figure SN and O). These findings demonstrate that LjEVs mitigate prostatic inflammation
and inhibit M1 macrophage polarization in alcohol-fed EAP mice.

LiEVs Inhibit Both M| Macrophage Polarization and the TNF-a/NF-xB Signaling
Pathway in RAWV 264.7 Cells

Building on the above findings that LjEVs alleviate alcohol-aggravated CP/CPPS, we sought to elucidate whether this
protective effect is mediated through the modulation of macrophage polarization. To visualize cellular uptake, we labeled
LjEVs with the fluorescent membrane dye Dil (forming EVs@Dil). RAW 264.7 cells were then incubated with either free
Dil or EVs@Dil for 12 hours. Confocal microscopy revealed distinct fluorescent puncta within the cells incubated with
EVs@Dil, indicating that RAW 264.7 cells internalize LjEVs (Figure 6A).

To investigate whether LjEVs exert an immunomodulatory effect on macrophages, RAW 264.7 cells were stimulated
with LPS in the presence or absence of LjEVs. qRT-PCR analysis revealed that LjEVs significantly downregulated the
expression of key inflammatory cytokines (IL-1B, IL-6, TNF-a) and the M1 macrophage marker (iNOS), while
upregulating the M2 macrophage marker (Arg-1) (Figure 6C). This change in polarization was corroborated by flow
cytometry, which showed a decrease in the M1 macrophage population and a concomitant increase in the M2 population
following LjEVs intervention (Figure 6D). Consistent with these findings, LjEVs treatment also markedly reduced LPS-
induced nitric oxide (NO) production (Figure 6G).

To elucidate the underlying mechanism, we performed transcriptomic sequencing on cells from different treatment groups.
KEGG pathway enrichment analysis of the differentially expressed genes highlighted the pivotal role of the TNF-o/NF-xB
signaling pathway (Figure 6B). Western blot validation confirmed that LjEVs intervention effectively suppressed the activation
of this pathway (Figure 6E and F). Furthermore, we extracted proteins from mouse prostate tissue for Western blot analysis. The
results revealed that the activity of the TNF-o/NF-«kB signaling pathway was significantly altered following alcohol intervention,
gut microbiota transplantation, and treatment with either L. john or LjEVs (Figure S3A-H, supplementary information).

Collectively, these results suggest that LjEVs inhibit M1 macrophage polarization and pro-inflammatory gene expression in
RAW 264.7 cells, potentially through the inhibition of the TNF-o/NF-xB pathway; furthermore, this pathway is likely to play
a central role in the context of alcohol-exacerbated CP/CPPS.
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Figure 5 LjEVs alleviate prostate inflammation and inhibit M| macrophage polarization in EAP mice. (A) Transmission electron microscopy (TEM) image of LjEVs. Scale bars,
100 nm. (B and C) Size distribution and concentration of LjEVs analyzed by nano-flow cytometry (nFCM). (D and E) The biodistribution of EVs@ICG versus free ICG was
assessed in vivo and ex vivo after administration via tail vein injection. (F and G) Response frequency to mechanical stimuli and the 50% mechanical withdrawal threshold.
(H) Prostate inflammation score. (I) H&E staining of the anterior and dorsolateral prostate. Scale bars, 100 pum. (J) Immunohistochemical staining of CD45 in prostate
tissues. Scale bars, 100 um. (K) Percentage of CD45-positive staining in prostate immunohistochemistry. (L) Immunofluorescence staining of CD86 and CD206 in prostate
tissue. Scale bars, 50 um. (M) Relative fluorescence intensity of CD86 and CD206 in prostate tissue. (N) Pro-inflammatory cytokine levels in serum. (O) Pro-inflammatory
cytokine mRNA expression in prostate tissues. Data are presented as mean + SD (n = 6 for F-N, n = 4 for O). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 6 LjEVs inhibit both M| macrophage polarization and the TNF-a/NF-kB signaling pathway in RAW 264.7 cells. (A) Uptake of EVs@Dil or Dil alone by RAW 264.7
cells after co-incubation was analyzed using confocal microscopy. Nuclei were stained with DAPI, and the cytoskeleton was stained with FITC-phalloidin. Scale bars, 20 pm.
(B) KEGG pathway enrichment analysis based on transcriptomic sequencing data from the LPS group and the LPS+LjEVs group. The enriched TNF-o/NF-kB signaling
pathway is highlighted with a red box in the figure. (C) qRT-PCR analysis of M1/M2 macrophage marker gene expression (IL-1p, IL-6, TNF-0, iNOS, Arg-1) in RAW 264.7
cells. (D) Flow cytometry analysis of M1/M2 macrophage polarization (CD86/CD|63) across different groups. (E-F) Western blot analysis of protein expression in the TNF-
a/NF-xB pathway across different groups. (G) NO concentration (determined as nitrite) in each group was quantified using the Griess reagent assay. Data are presented as
mean  SD (n = 3 for B-G). *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Exogenous TNF-a Reverses the Inhibitory Effect of LjEVs on M| Macrophage
Polarization

To verify whether the TNF-o/NF-kB signaling pathway mediates the inhibition of M1 macrophage polarization by
LjEVs, we employed recombinant TNF-o as a pathway activator. We first confirmed that TNF-a treatment effectively
reversed the inhibitory effect of LjEVs on the TNF-a/NF-kB pathway (Figure 7E-F). Subsequently, qRT-PCR analysis

https: International Journal of Nanomedicine 2026:21

14



Zhu et al

A *kk *kk e c -
§ kK 5 'g o bt .%
.% *okk il % 3000 g g g 6
g ] g & 55
g Ezsm 3 ] H
e g < <4
§ 5 2000 E E E
né ﬂé 1500 [ € £3
e 2 1000 pd 8 B2
] = z =
I ® v . o
g g™ 2 2 2
2 S é 0 E 3 Zo
S 9% N® ¢S & 4 N 0D 45 O 4 O 09 % O
o o < 5‘\,\6:4@? o \ygu R o \y%‘ “\69*“\(‘
Vo VP £ ¥ \F° eV
R Ra o ?5,,\,\
\% A%
B - Control / P1 _ LPS/P1 - LPS+LjEVs/P1 _  LPS+LjEVs+TNF-a/P1
<~ ] : . "
e]at Q2 S Jat Q2 S Jar Q2 t Jar
- 6.28% 0.42% . 16.69% - 4.48% T 9.85% 3.08% -
N : S ‘ S : <
3% 5% 5% 5%
i d d 2
© g‘ 3.' 3.-
0
B 14 8 .l 8 L | B A
R Q3 o Jod” HE a3 o Jai a3 o Jod a3
% 193.13% 0.17% o 175.80% " 3.02% o 181.52% 5.56% o 180.94% 3.60%
-102‘4 103 104 105 ._102.4 103 104 105 '_102.4 103 104 105 |_102.4 103 104 105
CD163 APC-H CD163 APC-H CD163 APC-H CD163 APC-H
C D E LR
. o N RN P
\ X X
ok % ik 00“ \,?% \’?5 \,?5 *(\\Q
s 6 = e o
: 7 T~ B T
3 12 3,4 £ 15
S £ pFx3 [N S S W | 65 0
3 2 @ 10
a a o
% g2 g NF-xB | |
g g, g . - | o5 0
o ] =z
o 0 0 :
R CRPCIRYS N o o <8 S 05 B B B-actin “I 42 kDa
3 \%
»?‘5 \35. \gs,‘\;\
F

»
o

[
o

Relative protein level
(TNF-a/B-actin)
5 5

o4
o

O 99 NP O
P P
\y‘:‘a o°
6&\&\
¥

»
o

w
o

Relative protein level
(p-NF-kBINF-kB)
5 5

e
o

A 0D N O
Go““ \‘?5.\«\6 ,;“x?
Nl

¥
\°

Figure 7 Exogenous TNF-o reverses the inhibitory effect of LjEVs on M| macrophage polarization. (A) qRT-PCR analysis of M1/M2 macrophage marker gene expression (IL-
IB, IL-6, TNF-a, iNOS, Arg-1) in RAW 264.7 cells. (B and C) Flow cytometry analysis of M1/M2 macrophage polarization (CD86/CD163) across different groups. (D) NO
concentration (determined as nitrite) in each group was quantified using the Griess reagent assay. (E and F) Western blot analysis of protein expression in the TNF-o/NF-kB
pathway across different groups. Data are presented as mean * SD (n = 3-4 for A-F). ¥ p < 0.05; **, p < 0.01; *** p <0.001.

Abbreviation: ns, not significant.

showed that recombinant TNF-a up-regulated the gene expression of pro-inflammatory cytokines and M1 markers

(Figure 7A). This shift toward a pro-inflammatory phenotype was corroborated by flow cytometry, which revealed an

increase in the M1 macrophage population and a decrease in the M2 population (Figure 7B and C). Consistent with these

changes, NO concentration was also elevated (Figure 7D). Taken together, these results demonstrate that the TNF-a/NF-

kB pathway at least partially mediates the inhibitory effect of LjEVs on M1 macrophage polarization.
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Discussion

In summary, we found that alcohol consumption exacerbated EAP in mice, as evidenced by increased prostatic inflamma-
tion, pelvic pain, and M1 macrophage polarization. Notably, the gut microbiota appeared to mediate this effect, and the
abundance of L. john was reduced in alcohol-fed EAP mice. Supplementation with L. john or its extracellular vesicles
(LjEVs) alleviated the condition. In vitro, LjEVs suppressed M1 macrophage polarization and pro-inflammatory responses,
potentially via the TNF-o/NF-kB pathway. Consistent with previous EAP studies, alcohol exacerbated CP/CPPS,'®*¢ but
our study further identifies LjEVs as a novel protective agent modulating macrophage polarization. These findings provide
experimental insights into the gut—prostate axis and suggest a potential therapeutic strategy for CP/CPPS.

Extensive research indicates that alcohol consumption impacts the progression of inflammatory diseases. For
example, chronic alcohol exposure induces gut microbiota dysbiosis, characterized by an increase in pathogenic bacteria
and a decrease in commensal bacteria. This dysbiosis can directly contribute to liver injury through mechanisms such as
increased production of exotoxins, or indirectly by disrupting the intestinal barrier, stimulating pro-inflammatory path-
ways, and altering bile acid homeostasis, collectively exacerbating hepatic inflammation and damage.*’ In this study, we
have shown that alcohol exacerbates inflammation and pain in EAP mice by modulating the gut microbiota. Additionally,
alcohol metabolism generates reactive oxygen species (ROS) that can damage cellular structures, and its metabolite
acetaldehyde can trigger inflammatory responses.*® The integrity of the blood-prostate barrier, maintained by structures
such as prostate epithelial cells, may be compromised, potentially allowing alcohol to penetrate and accumulate in
prostate tissue. Therefore, it is possible that the gut microbiota is one mediator of alcohol’s effects on CP/CPPS, and
whether alcohol acts synergistically with these microbial changes to exacerbate the disease remains to be determined.

In healthy individuals, the gut microbiota contributes to intestinal homeostasis through multiple mechanisms. In
contrast, in patients with inflammatory diseases, the balance between the gut microbiota and the host immune system is
disrupted, and this dysbiosis can drive the onset and progression of chronic inflammation.**>® L. john is recognized as
a key beneficial commensal in the gut, playing a significant role in maintaining host metabolic homeostasis, modulating
immune responses, and supporting intestinal health.?> In this study, the abundance of L. john in the feces of alcohol-fed
EAP mice showed a decreased trend, while transplantation of L. john alleviated CP/CPPS. Extracellular vesicles derived
from probiotics serve as important mediators in host immune responses and exhibit anti-inflammatory properties.”’
Bacterial EVs are spherical, nanosized vesicles with a diameter typically ranging from 20 to 400 nm. They carry
a diverse cargo including DNA, RNA, lipids and proteins, enabling them to mediate microbiota-host communication.?®
Accumulating evidence indicates the anti-inflammatory role of LiEVs in modulating host immune responses.”*>* In this
study, administration of LjEVs to alcohol-fed EAP mice demonstrated their efficacy in alleviating both inflammation and
pain. However, it is important to note that it remains unclear whether the benefits of L. john in alcohol-aggravated
prostatitis are mediated exclusively by its extracellular vesicles or involve other mechanisms, such as the production of
anti-inflammatory metabolites like short-chain fatty acids. This represents an important direction for future research.
Nevertheless, our findings clearly demonstrate that supplementation with L. john or its extracellular vesicles presents
a beneficial strategy for mitigating alcohol-exacerbated CP/CPPS.

Macrophages play a pivotal role in the pathogenesis of CP/CPPS. While their activation is crucial, targeting and
inhibiting M1 macrophage polarization has emerged as a promising therapeutic strategy to alleviate the condition.>*
Consistent with this, our results showed that alcohol feeding in EAP mice led to aggravated prostate inflammation and an
increased presence of M1 macrophages. Supplementation with L. john or its extracellular vesicles reversed these
alterations, reducing both inflammation and M1 macrophage infiltration. To explore the underlying mechanism, RAW
264.7 cells were treated with LPS alone or in combination with LjEVs, and the responses were compared. We found that
LjEVs inhibited M1 macrophage polarization and reduced the expression of pro-inflammatory cytokines. Furthermore,
transcriptomic sequencing analysis suggested the TNF-o/NF-kB pathway as a key signaling axis, which is a well-
established core target in treating various inflammatory diseases.”””° Subsequent experiments verified that LjEVs
suppress M1 macrophage polarization and downregulate inflammatory gene expression by inhibiting the TNF-o/NF-
kB signaling pathway. Furthermore, the altered activity of the TNF-o/NF-kB pathway across the disease model is
associated with the disease.
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This study has several limitations. First, because our experiments were limited to a mouse model of EAP, the present
findings are mechanistic and their implications for human therapy remain to be determined. Second, we did not perform
macrophage depletion or pathway-specific inhibition experiments in EAP mice; therefore, definitive causal evidence for
the role of macrophages in mediating alcohol’s effects on CP/CPPS could not be established. Third, the role of LjEVs as
the sole mediator of the protective effects of L. john remains inferential, as other probiotic-derived metabolites were not
excluded and may also contribute to the observed benefits. Fourth, although microbiota dependence is supported by FMT
experiments, broader compositional shifts beyond L. john could also contribute to the phenotype. Despite these
limitations, the study provides a coherent and mechanistically informed framework linking alcohol-induced gut dysbio-
sis, LjEVs, and macrophage polarization in the context of CP/CPPS.

Conclusion

This study demonstrated that alcohol exacerbated EAP by reducing L. john, which in turn promoted prostatic M1
macrophage polarization via the TNF-o/NF-kB pathway (Figure 8). Supplementation with L. john or LjEVs ameliorated
the disease by suppressing this pathway, offering a microbiota-targeted therapy for alcohol-aggravated CP/CPPS.

Abbreviations

CP/CPPS, chronic prostatitis/chronic pelvic pain syndrome; EAP, experimental autoimmune prostatitis; FMT, fecal
microbiota transplantation; L. john, Lactobacillus johnsonii; LjEVs, Lactobacillus johnsonii-derived extracellular vesi-
cles; CFU, colony forming units; PBS, phosphate buffered saline; H&E, hematoxylin and eosin; WB, Western blot; qRT-
PCR, quantitative real-time polymerase chain reaction; TEM, transmission electron microscopy; nFCM, nanoflow
cytometry; LPS, lipopolysaccharide; SD, standard deviation.
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