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Abstract

Background C-X-C receptor 4(CXCR4) is widely considered to be a highly conserved G protein-coupled receptor,
widely involved in the pathophysiological processes in the human body, including fibrosis. However, its role in regu-
lating macrophage-related inflammation in the fibrotic process of prostatitis has not been confirmed. Here, we aim
to describe the role of CXCR4 in modulating macrophage M1 polarization through glycolysis in the development

of prostatitis fibrosis.

Methods Use inducible experimental chronic prostatitis as a model of prostatic fibrosis. Reduce CXCR4 expression
in immortalized bone marrow-derived macrophages using lentivirus. In the fibrotic mouse model, use adenovirus car-
rying CXCR4 agonists to detect the silencing of CXCR4 and assess the in vivo effects.

Results In this study, we demonstrated that reducing CXCR4 expression during LPS treatment of macrophages
can alleviate M1 polarization. Silencing CXCR4 can inhibit glycolytic metabolism, enhance mitochondrial function,
and promote macrophage transition from M1 to M2. Additionally, in vivo functional experiments using AAV carry-
ing CXCR4 showed that blocking CXCR4 in experimental autoimmune prostatitis (EAP) can alleviate inflammation
and experimental prostate fibrosis development. Mechanistically, CXCR4, a chemokine receptor, when silenced,
weakens the PI3K/AKT/mTOR pathway as its downstream signal, reducing c-MYC expression. PFKFB3, a key enzyme
involved in glucose metabolism, is a target gene of c-MYC, thus impacting macrophage polarization and glycolytic
metabolism processes.
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Introduction

Chronic prostatitis is one of the most common diseases
in adult males, with approximately 15% of men experi-
encing symptoms of prostatitis at some point in their
lives [1]. The main symptoms during the course of the
disease, apart from pain and lower urinary tract symp-
toms such as frequency, urgency, interruption of uri-
nation, and waiting to urinate, also seriously affect the
quality of life of men. In the past, it was often thought to
be secondary to inflammation of the prostate, increased
volume, and the resulting increase in bladder outlet
resistance or urethral sphincter contraction to explain.
However, clinically, patients with prostatitis may experi-
ence LUTS even when their prostate volume is normal
or slightly enlarged [2]. Prostate tissue specimens from
patients with lower urinary tract symptoms(LUTS) com-
monly show inflammatory infiltrates, including T cells,
B cells, macrophages, and so on [3]. Research has shown
that prostatitis is related to prostate volume, and patients
with chronic inflammation cell infiltration have a larger
prostate volume compared to those without evidence of
inflammation [4]. The severity of LUTS is also positively
correlated with the degree of inflammation [5]. In epi-
demiological research, there is an association between
chronic prostatitis and the subsequent occurrence of
LUTS [6, 7]. Fibrosis occurs downstream of inflammation
in terms of the mechanism [8], Chronic inflammation
can cause damage to tissue cells, triggering abnormal
healing responses, ultimately leading to fibrosis [9, 10].
Prostate fibrosis is characterized by the accumulation of
myofibroblasts, collagen deposition, extracellular matrix
(ECM) remodeling, and increased tissue hardness [3,
8, 11]. Prostate fibrosis occurs under the stimulation of
inflammation, leading to organ stiffness, disappearance
of normal tissue structure, and thus adversely affecting
lower urinary tract function, resulting in changes in void-
ing symptoms.

In young men, only a small number of immune cells
infiltrate the prostate gland. When inflammation occurs,
a large number of immune cells, mainly including T
cells and macrophages, will infiltrate [12]. Macrophages
recruited in particular in prostatitis have been identified
as key regulatory factors in prostatitis. In clinical prac-
tice, phospholipid vesicles are often used as an indicator
to some extent to assess the severity of chronic prosta-
titis. Due to the decrease of phospholipid vesicles and
the phenomenon of clustering during the inflammatory
process, it indicates that the macrophages in the area of
inflammation engulf a large amount of lipids. Research
has also pointed out that macrophages infiltrated in
nerve tissues, especially in the nerve ganglia near the
prostate, may be one of the causes of autoimmune pros-
tatitis pain [13]. Macrophages have been widely studied
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for their impact on fibrosis in various diseases. [14, 15],
renal [16], liver [17], lung [18] etc. In fact, fibroblasts and
macrophages are present in all organs, usually closely
connected to each other and may regulate each other as
a feedback loop [19]. However, research on macrophages
in prostate fibrosis has not been extensively studied.

CXCR4 is a chemokine receptor that plays a regulatory
role in many diseases and is essential during embryonic
development. CXCR4 knockout mice exhibit embryonic
lethality, with defects in vascular development, hemat-
opoiesis, and heart formation [20]. The CXCL12/CXCR4
pathway promotes the involvement of inflammatory cells
in the occurrence and development of inflammatory
reactions. At the same time, CXCL12/CXCR4 promotes
the recruitment of key effector cells such as myofibro-
blasts and macrophages to the site of tissue damage [9].
The role of CXCR4 in inflammation has been widely
studied over the past thirty years. However, CXCR4 is
widely considered to be a pro-fibrotic protein, but previ-
ous research has mainly focused on its pro-fibrotic func-
tion in mesenchymal cells such as myofibroblasts, rather
than its pro-fibrotic function in inflammatory cells such
as macrophages [21, 22]. PFKFB3 plays an important reg-
ulatory role in the energy metabolism of glycolysis, and
fructose-2,6-bisphosphate is the most potent allosteric
activator of phosphofructokinase-1, which can function
within physiological concentrations. Its driven glycolysis
plays a crucial role in endothelial cells and myeloid cells
[23, 24].

Activation of CXCR4 can regulate multiple down-
stream signaling pathways, with the PI3K/AKT pathway
being particularly important. Signaling through the phos-
phoinositide 3-kinase pathway promotes the activation
of downstream effects and cell polarization, which is the
first step in cell migration [25]. The PI3K/AKT pathway
not only transmits metabolic information, but also regu-
lates changes within macrophages, leading them to shift
towards a more pro-inflammatory state [26]. Previous
studies have shown that the PI3BK/AKT pathway plays
a crucial role in guiding the interaction between mac-
rophages and adipocytes, and this mechanism is consid-
ered to be the basis of metabolic inflammatory responses
[27]. Notably, previous studies have highlighted the
important upstream role of the PI3K/AKT pathway in
chronic prostatitis inflammation [28-30]. However, it
is still unclear whether the activation of the PI3K/AKT
pathway in macrophages plays a role in regulating the
fibrotic process of chronic prostatitis.

Increased infiltration of prostate macrophages has
been observed in patients with chronic prostatitis/
chronic pelvic pain syndrome (CP/CPPS) as well as in
EAP mice. This heightened macrophage presence is
closely associated with the worsening of the disease and
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the intensification of pain symptoms [31, 32]. Deletion
of GM-CSF in EAP mice has been shown to significantly
alleviate pain symptoms, suggesting a critical role for
GM-CSF in the modulation of pain in this model [33].
Macrophages, which serve as a key marker of inflamma-
tory infiltrating cells in prostatitis, can be categorized
into various functional subtypes. These include the clas-
sically activated M1 type, the alternatively activated M2
type, and other phenotypic variations, each playing dis-
tinct roles in the inflammatory response and disease pro-
gression [34]. M1 macrophages are widely recognized for
their role in promoting inflammatory responses through
the secretion of substantial amounts of inflammatory
cytokines. However, the intrinsic properties of mac-
rophages, their various subtypes, and their connection to
organ fibrosis remain incompletely understood. Further
research is needed to elucidate these relationships and
their implications for disease progression and treatment
[28, 35, 36]. In particular, gaining a deeper understand-
ing of the roles of macrophages, as well as the interac-
tion dynamics and molecular mechanisms between
macrophages and fibroblasts, could pave the way for the
development of novel, personalized therapeutic strate-
gies aimed at preventing or alleviating the progression
of EAP.Here, we aim to describe the role and mechanism
of macrophage CXCR4 in prostatic fibrosis. We found
that CXCR4 drives macrophage glycolytic metabolism
by affecting PFKFB3 transcriptional regulation. Fur-
thermore, we observed that in vivo inhibition of CXCR4
expression reduces inflammation and macrophage M1
polarization infiltration in a mouse model of chronic
prostatitis. Finally, we discovered that CXCR4-silenced
macrophages can affect fibroblast fibrosis, revealing the
relationship between M1 macrophages and prostatic
fibrosis. Therefore, we have uncovered the central role of
CXCR4 in macrophage metabolism and in maintaining
fibrosis in chronic prostatitis.

Materials and methods

Cell lines, treatment and knockout

Cultivate the immortalized bone marrow-derived mac-
rophage cell line iBMDM, embryonic fibroblast cell
line(3T3), and HEK293T cells in high-glucose DMEM
medium supplemented with 10% fetal bovine serum
(FBS) (Cat# BC-SE-FBS07, Biochannel) and 1% penicil-
lin—streptomycin (Cat# C0222, beyotime). The iBMDM
macrophages were gifted by Professor Feng Shao. To
begin, evenly distribute 2x 1076 cells per well in a six-
well plate. The following day, replace the cell superna-
tant with 1 ml of fresh medium, then add the virus at a
multiplicity of infection (MOI) of 25 (virus titer: 2x 10”8
TU/ml) and polybrene at 8 pg/ml. Incubate in the cell
culture incubator for 24 h. After incubation, discard
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the supernatant, and add puromycin dihydrochloride
(5 pg/ml) to select for successfully transfected cells. To
induce macrophage polarization, treat the cells with
LPS (100 ng/ml) (Cat# HY-D1056, MCE) for 24 h. For
the knockdown of CXCR4 in macrophages, transfect
iBMDM cells with a lentiviral vector containing CXCR4-
targeting sequences. The oligonucleotide sequences spe-
cifically targeting CXCR4 and Pfkfb3 were as follows: Sh
CXCR4: TGTTTCAATTCCAGCATATAA, Sh Control:
TTCTCCGAACGTGTCACGTAA, si NC: UUCUCC
GAACGUGUCACGU, si CXCR4: GGUUACCAGAAG
AAGCUAA, si Pfkfb3: GAUAGGUGUUCCAACGAAA.
For transient transfection procedures, use Lipofectamine
3000 (Invitrogen, Thermo Fisher Scientific) to transfect
plasmids and siRNA into the cells.

After cutting open the tibia and femur of the mouse,
rinse the bone marrow cavity with cold PBS to extract
bone marrow mononuclear cells. Treat the extracted cells
with ACK lysis buffer for 15 min to lyse red blood cells,
then wash the cells once with PBS. Culture the cells in
RPMI-1640 medium supplemented with 10% fetal bovine
serum and 25 ng/ml Macrophage Colony-Stimulating
Factor (M-CSF) for one week. On the fourth day, replace
the culture medium with fresh medium. The adherent
cells remaining after this process will be used for subse-
quent experiments. Incubate the cells at 37 °C with 5%
CO2. All cell lines used in experimental research have a
passage number of less than twenty.

Patient samples

All clinical prostatic samples were obtained from the
First Affiliated Hospital of Anhui Medical University
(Anhui, China, Approval No: PJ2024-04-30), consisting
of 26 paraffin-embedded prostate tissue slices. Analysis
of all specimens by patients was obtained with informed
consent. All human studies were conducted with the
approval of the Medical Ethics Committee of Anhui
Medical University.

Construction of a mouse model of EAP and evaluation

of pelvic pain symptoms

For the construction of experimental autoimmune pros-
tatitis (EAP), NOD male mice were obtained from the
Nanjing Biomedical Research Institute at Nanjing Uni-
versity. All in vivo experimental protocols were author-
ized by the Animal Center of Anhui Medical University
(Approval No: LLSC20211051). Prostate tissues from
SD rats were ground to obtain prostate antigens, which
were then emulsified in equal amounts of complete Fre-
und’s adjuvant to prepare the immunizing reagent. Sub-
sequently, on day 0 and day 28, 300 ug of the immunizing
reagent was injected subcutaneously at various sites such
as the base of the tail and hind paws of male NOD mice.



Zhang et al. Cell Communication and Signaling (2024) 22:456

The mouse modeling was divided into two phases. In the
first phase, the EAP mice were divided into two groups,
with one group receiving intraperitoneal injections of
AMD?3100 (5 mg/kg/d, soluble in PBS) (Cat# GC14745,
glpbio) and the control group receiving an equal amount
of PBS via intraperitoneal injection for 14 consecutive
days. After sacrificing these two groups of mice, the pros-
tate tissues were collected for transcriptome sequencing
and untargeted metabolome sequencing. In the second
phase, EAP mice with reduced CXCR4 expression using
adenovirus-associated vectors were constructed. Mice
injected with Sh NC-AAV via the tail vein served as the
control group. In the third phase, following the establish-
ment of the EAP model, 3PO, a PFKFB3 inhibitor, was
administered via intraperitoneal injection at a dosage
of 30 mg/kg every other day for three weeks. All mice
injected with adenovirus-associated vectors were first
injected with 100 ul of virus via the tail vein, followed by
two subcutaneous immunizations for the construction
of EAP model two weeks later. After 14 days of model
construction, the reaction frequency of various fibers in
the pelvic stimulation of mice in each group was tested
before euthanasia. A positive pain response was consid-
ered if one of the following three reactions occurred: (a)
severe abdominal contractions, (b) immediate scratch-
ing or licking of the area stimulated by the fibers, or (c)
jumping.

Hematoxylin—-Eosin (HE) staining

After dehydration, the paraffin sections are first stained
with hematoxylin for 5 min, followed by rinsing with
water. The sections are then treated with a differentiation
solution, rinsed again, and subsequently incubated and
rinsed before proceeding to eosin staining. The slides are
dehydrated in 95% ethanol for 1 min, treated with eosin
solution for 15 s, and finally mounted with neutral resin.
The severity of inflammation is classified into four levels:
O0=no inflammation, 1=mild inflammation with evi-
dent mononuclear cell infiltration around blood vessels,
2 =moderate mononuclear cell infiltration around blood
vessels, 3 =vessels significantly curved, bleeding, and rich
mononuclear cell infiltration.

Immunohistochemistry (IHC) assay

The paraffin-embedded tissue sections were deparaffi-
nized and subjected to antigen retrieval, followed by
three washes. The sections were then immersed in a 3%
hydrogen peroxide solution and incubated in the dark
at room temperature for 25 min to block endogenous
peroxidase activity. After blocking with 3% BSA serum,
the primary antibody was applied at an appropriate dilu-
tion and incubated overnight at 4 °C. Following this, the
sections were washed three times with wash buffer. The
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sections were then incubated with the corresponding
HRP-labeled secondary antibody at room temperature
for 60 min. After washing, the sections were dried and
treated with DAB chromogenic solution. The reaction
was stopped by rinsing the sections under running water.
Counterstaining was performed with hematoxylin to
stain the cell nuclei. Finally, the sections were dehydrated,
sealed, and observed under a microscope.All primary
antibodies are listed in Table S1.

Immunofluorescence

After dewaxing the paraffin sections, antigen retrieval
is performed using EDTA buffer (pH 6.00), followed by
three washes to remove excess liquid and block anti-
gens. The sections are then incubated overnight at 4 °C
with the primary antibody prepared at a specific dilution.
Following this, the appropriate secondary antibody is
applied and incubated at room temperature in the dark
for 2 h. For nuclear staining, the sections are treated with
DAPI dye and incubated in the dark at room temperature
for 10 min. Finally, the sections are sealed with a fluores-
cence quenching reagent, and evaluation and imaging are
performed using a fluorescence microscope. All primary
antibody information is listed in Table S1.

Masson staining

The Masson staining kit was purchased from Servicebio
(Cat# G1006). Following dewaxing paraffin sections and
rehydration to water, immerse the sections in Masson A
solution overnight, rinse with tap water. Then immerse
the sections in a mixture of Masson B solution and Mas-
son C solution at a 1:1 ratio for 1 min, rinse with tap
water, differentiate in differentiation solution for several
seconds, rinse with tap water. Immerse the sections in
Masson D solution for 6 min, followed by immersion in
Masson E solution for 1 min. Without rinsing, remove
excess liquid and directly immerse the section in Masson
F solution for 20 s. Finally, rinse the sections with 1% ace-
tic acid for differentiation, dehydrate with ethanol, and
mount with a coverslip.

Sirius red staining

The Sirius Red staining solution was obtained from Ser-
vicebio (Cat# G1018). Begin by Dewax the paraffin sec-
tions and rehydrating them to water, stain with Sirius Red
staining solution: stain the sections in Sirius Red staining
solution for 8 min, dehydrate in absolute ethanol; mount
coverslips after dehydration.

RNA isolation and RT-qPCR

According to the reagent kit instructions, use ESsci-
ence RNA-quick purification technology to separate
RNA from total prostate tissue (Cat# RN002plus; YiShan
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Biotech) and cells (Cat# ES-RNO0OI; YiShan Biotech).
Then, measure the purity and concentration of RNA
using a NanoDrop 2000 spectrophotometer. Reverse
transcription is performed using the PrimeScript” RT
kit, and qPCR reactions are prepared using SYBR Green
Mix, with a final volume of 20pL. All primers are synthe-
sized by General Biology. The primer sequences used are
listed in Table S2. To elucidate the relative gene expres-
sion levels, the 2* —AACT method is employed, with
[-actin as the internal reference for data normalization.

Western Blotting (WB)

Use RIPA lysis buffer (Beyotime), supplemented with
PMSF and a complete mixture of phosphatase and pro-
tease inhibitors, to extract total cellular proteins. The
proteins are then separated by 12.5% SDS-PAGE gel elec-
trophoresis and transferred to a NC membrane (Bio-Rad,
Hercules). Block the membrane with 5% non-fat milk at
room temperature for 1 h, then incubate with the pri-
mary antibody overnight at 4 °C. After washing, incubate
with the secondary antibody for 2 h. f-actin is used as an
internal reference for normalizing total protein levels.

Co-culture

First, polarize the macrophages transfected with Sh NC
and Sh CXCR4 by inducing with LPS (100 ng/ml) for
24 h. The following day, discard the supernatant and gen-
tly tap the cells to detach them, then wash the cells three
times with PBS. Plate the 3T3 cells in the bottom layer
of a six-well co-culture plate (Cat# 3412, Corning), and
place the macrophages in the co-culture chamber. Con-
tinue to culture for an additional 24 h, then collect the
3T3 cells for the corresponding experimental tests.

RNA-seq

Following the the kit instructions, total RNA was
extracted using TRIzol reagent. The quantity and purity
of the RNA were assessed using a NanoDrop 2000 spec-
trophotometer, while RNA integrity was evaluated using
the Agilent 2100 Bioanalyzer. The construction of the
transcriptome library was performed using the VAHTS
Universal V5 RNA-seq Library Prep Kit. The library was
sequenced on the Illumina Novaseq 6000 platform. For
differential gene expression analysis, the DESeq2 package
was used, and genes with a q-value<0.05 and |logfc|>1
were defined as differentially expressed genes (DEGs).

Non- targeted metabolomics

Place 20 mg of prostate tissue into a 1.5 mL EP tube, add
2 small steel beads, and then add 400 pL of a methanol-
water solution (4:1) containing 4 pg/mL 1-2-chlorophe-
nylalanine. After cooling the mixture at -40 °C for 2 min,
grind the tissue thoroughly, perform ultrasonic extraction
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in an ice bath, and incubate the mixture at -40 °C for 2 h.
Centrifuge the sample for 10 min, collect 150 pL of the
supernatant, and filter it through a 0.22 pm organic phase
syringe filter. Transfer the filtered supernatant to an LC
injection vial and analyze it using a liquid chromatogra-
phy-tandem mass spectrometry system comprising an
ACQUITY UPLC I-Class plus and a QE high-resolution
mass spectrometer. Process the data with Progenesis QI
V2.3 software, using VIP >1.0 and p-value <0.05 to iden-
tify differential metabolites.

Dual-luciferase reporter assay

To investigate the c-MYC transcriptional regulation of
Pfkfb3, clone the Pfkfb3 promoter into the pGL3 vec-
tor to construct the reporter gene vector.Clone the tran-
scription factor into the pCDNA3.1 expression vector
to generate the target gene expression vector. Transfect
the experimental group with the reporter gene, target
gene expression vector, TK vector, and the control group
with the reporter gene, empty vector, TK vector into
HEK293T cells. After incubation, lyse the cells and meas-
ure the firefly and Renilla luciferase activities using a
spectrophotometer. Use Renilla luciferase activity as an
endogenous control for normalization.

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was carried out per the kit’s guide. For
immunoprecipitation, an anti-c-MYC antibody (Cat#
18,583; 1:100, CST) was used. Additionally, purified DNA
was analyzed by qPCR. Primer sequences: WT1 (F: GCC
ATTCTGTCAGCACTTGG, R: CAGACCTTGTTG
CCACTGAG), WT2 (F: GGAGAGAGGGAGGAAGGA
GA, R: CCCAGACACAACAGAAGAGG), and WT3
(F: CAAAGGCATTCACCCCAAGA, R: CTGCCCTGG
AACTCACTTT). The results of chromatin immunopre-
cipitation were analyzed using q-PCR and agarose gel
electrophoresis.

Seahorse XF assays

Macrophages were seeded in XFe96 plates at a density of
1.2 1074 cells per well. After allowing the cells to adhere
at room temperature for 1 h on a clean bench, they were
stimulated overnight with LPS (100 ng/ml). Concur-
rently, probe plates containing sterile water and calibra-
tion solution were placed in a 37 °C non-CO2 incubator
overnight. The next day, the sterile water was discarded
from the probe plates, and 200 uL of calibration solution
was added. The plates were then incubated in the 37 °C
non-CO2 incubator for 60 min.Mitochondrial stress test
solutions (1 mM pyruvate, 2 mM glutamine, and 10 mM
glucose) and glycolysis stress test solution (2 mM glu-
tamine) were prepared separately. The cells were washed
with the respective test solutions, and the cell culture
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plates were incubated in the 37 °C non-CO2 incubator
for 60 min.For the mitochondrial stress test, the follow-
ing drug concentrations were used: Oligomycin (1.5 uM),
Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP) (2 pM), and Rotenone/Antimycin A (0.5 pM),
which were added to the respective ports of the util-
ity plate. For the glycolysis stress test, the drugs used
were Glucose (10 mM), Oligomycin (1.0 uM), and 2-DG
(50 mM).First, run the probe plate on the Seahorse XF
Pro Analyzer (Agilent, Lexington, MA) for calibration.
After calibration, replace the hydration plate with the cell
culture plate and run the real-time Seahorse XFe96 ana-
lyzer using the Wave software to analyze the data.
Macrophages were seeded in XFe96 plates at a density
of 1.2x1074 cells/well. After incubating at room tem-
perature for 1 h on a clean bench until the cells adhered
to the wall, they were stimulated overnight with LPS
(100 ng/ml). At the same time, probe plates with ster-
ile water and calibration solution were placed in a 37 °C
non-CO, incubator overnight. The next day, the sterile
water in the probe plate was discarded, and 200 ul of cal-
ibration solution was added and placed in a 37 °C non-
CO, cell culture incubator for 60 min. Mitochondrial
stress test solutions (1 mM pyruvate, 2 mM glutamine,
and 10 mM glucose) and glycolysis stress test solution
(2 mM glutamine) were prepared separately. The cells
were washed with the test solutions as required. Then the
cell culture plates were placed in a 37 °C non-CO, cell
culture incubator for 60 min. According to the instruc-
tions, the drug concentrations in the mitochondrial stress
test were Oligomycin (1.5 pM), Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) (2 uM), and
Rotenone/antimycin A (0.5 pM), added to the respec-
tive ports of the utility plate for the standard MitoStress
test. The drug concentrations in the glycolysis stress test
were Glucose (10 mM), Oligomycin (1.0 uM), and 2-DG
(50 mM). First, run the probe plate on the Seahorse XF
Pro Analyzer (Agilent, Lexington, MA) for calibration.
After completion, replace the hydration plate with the
cell culture plate, and run the real-time Seahorse XFe96
analyzer using the Wave software to analyze the data.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of TNF-a, IL-6, and IL-1f in mouse
serum and macrophage culture supernatants were meas-
ured using ELISA kits (Cat#: E-EL-M3063, E-EL-M0044,
E-EL-MO0037, Elabscience) following the manufacturer’s
instructions.

Lactate assay, Nitric Oxide (NO) assay and ATP assay
According to the manufacturer’s instructions, all
detection of lysed cells will be normalized using BCA
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detection. Lactate assay kit (Cat# KTB1100, abbkine),
NO assay kit (Cat# S0023, beyotime), and ATP assay kit
(Cat# S0026B, beyotime).

2-NBDG, ROS (Reactive Oxygen Species), MitoSOX Red

and Mito-Tracker Deep Red

According to the manufacturer’s instructions, first treat
the macrophages accordingly for 24 h, then wash them
once with PBS. Add the diluted liquid prepared accord-
ing to the instructions into the culture plate, and incu-
bate it in the dark at 37 °C for the specified time. After
that, gently transfer the cells into a flow tube, wash them
twice with PBS, and use a flow cytometer for detection.
Calculate the average fluorescence intensity for statisti-
cal analysis. 2-NBDG (Cat# GC10289, glpbio) should
be incubated in the dark for 45 min, while ROS (Cat#
S0033S, beyotime), MitoSOX Red (Cat# GC68230, glp-
bio), and Mito-Tracker Deep Red (Cat# C1035, beyotime)
should all be incubated in the dark for thirty minutes.

Flow cytometry analysis

As previously reported, mouse spleens were separated
and single-cell suspensions were prepared [37-39]. After
the macrophages were treated, they were cleaned once
with PBS, gently blown down to the flow tube, cleaned
three times with PBS, and then disposed of with PBS.
100ul PBS was added, and 2ul Cd11b-APC (Cat# 101,212,
Biolegend), F4/80-FITC (Cat# 123,108, Biolegend), and
Cd86-PE (Cat# 105,008, Biolegend) were added to each
flow tube respectively.

Annexin V-FITC/Pl apoptosis assay

Apoptosis detection experiment (Cat# E-CK-A211, elab-
science) was conducted according to the instructions.
Cells were placed into a flow tube, centrifuged at 300X g
for 5 min, and the supernatant was discarded. The cells
were washed once with PBS, centrifuged, and the super-
natant was discarded. 100 pL of diluted 1XAnnexin V
Binding Buffer was added to resuspend the cells. Then,
2.5 uL of Annexin V-FITC Reagent and 2.5 uL of PI Rea-
gent were added to the cell suspension, and the mix-
ture was incubated at room temperature in the dark for
20 min. Subsequently, 400 pL of diluted 1X Annexin V
Binding Buffer was added before flow cytometry analysis.
Mitochondrial permeability transition pore assay
According to the manufacturer’s instructions (Cat#
KTA4002, abbkine), three types of detection solutions
should be prepared: Calcein AM staining solution and
Ionomycin control solution are only used for preliminary
experiments to verify the staining conditions. The Fluo-
rescence quenching solution working fluid is used in the
formal experiment to measure the detection solution of



Zhang et al. Cell Communication and Signaling (2024) 22:456

L1

*okk

CXCR4

>

Aok ok
- —_—

WhNON®

Relative mRNA
Expression

Relative mRNA expression

eaNubuaooooo
k o o
d
-
:
I
o oy oS SRR

%
(S
o
% 4, *
oﬂ
%

%,
%,

Ly

(&)

S
S

N D
< QQ'D‘ "%
X
g L F O _
Sy B
CcxCra @B @] 39KDa iNoS 130kDa &
=
‘ Argl [l == ] 35KkDa
“‘““""E 42KDa gy ctin [ ———] 42kDa

3
%X
L X

C&

Page 7 of 19

iNOS

o

Relative mRNA expression
IS

Relative mRNA expression
N IS

°
Relative mRNA expression

ROS
80

kK

= shNC

B3 Sh CXCR4

= ShNC+LPS

B3 Sh CXCR4+LPS

NO Concentraion(uM)
8
NO umol/g protein
N w

o

Fig. 1 Silencing CXCR4 alleviates M1 polarization of macrophages and reduces their inflammatory capacity. The efficiency of knocking

down CXCR4 in macrophages was detected by PCR A and WB B. Divide macrophages into ShNC, Sh CXCR4, Sh NC+LPS, and Sh CXCR4 +LPS

four groups. The mRNA expression levels of IL-16, IL-6, TNF-a, iNOS and Arg1 in CXCR4-knockdown macrophages were analyzed by PCR C and

in protein expression levels of INOS and Arg1 D. E The ROS levels in macrophages were detected by flow cytometry. F Detect the content of NO in
the supernatant and intracellular of four sets of macrophage culture medium. respectively. ns, Not Significant. ***p <0.001, **p <0.01, *p <0.05

MPTP. Follow the experimental procedures as required,
and calculate the average fluorescence intensity using a
flow cytometer for statistical analysis.

Statistical analysis

R-4.2.3 software, SPSS 26.0 software, image ] software
and GraphPad Prism 8.0 software were used for statistics.
Data were expressed as the mean value + SD. Student t
test and Wilcoxon rank sum test were used for statisti-
cal analysis. A p value<0.05 was considered statistically
significant.

Results

Silencing CXCR4 alleviates M1 polarization of macrophages
and reduces their inflammatory capacity

First, we verified the expression of CXCR4 in lentivirus-
silenced macrophages using PCR and WB (Fig. 1A and
B, Figure S1A). For M1 marker genes, we found that the
decreased expression of CXCR4 led to a reduction in
IL1B, IL6, TNF-a, and iNOS expression, while increas-
ing ARG1 expression (Fig. 1C). Therefore, we detected
that silencing CXCR4 under LPS stimulation can reduce
the secretion of inflammatory factors in the cell culture
medium (Figure S1B).This was further confirmed by
WB experiments (Fig. 1D and Figure S1C). Similar we
obtained consistent Western blot results by downregu-
lating CXCR4 with small interfering RNA in mouse bone
marrow-derived macrophages (Figure S1D and E).Since
the pro-inflammatory capacity of Ml-polarized mac-
rophages mainly depends on the flux of glucose to lac-
tate, the production of reactive oxygen species, and nitric
oxide [40]. So we tested the impact of CXCR4 on ROS

(Fig. 1E) and NO production (Fig. 1F) in macrophages.
Consistent with the above, whether macrophages were
induced to M1 polarization by LPS or not, both the con-
tent of NO in the cell culture medium and inside the cells
was decreased. However, ROS levels were abnormally
elevated, which seems to contradict the trend of M1 met-
abolic reprogramming, as for many years, reactive oxy-
gen species have been viewed as destructive molecules
and byproducts of cell stress. However, recent literature
research indicates the importance of ROS as impor-
tant endogenous signaling molecules [40—42]. The main
sources of ROS are NADPH oxidase (NOX) and mito-
chondria [43]. The main source of ROS in macrophages
is REDOX reaction resulting from electron transfer by
mitochondrial complex [44]. Therefore, next, we would
like to elaborate the effects of CXCR4 on mitochondria
and metabolic processes of macrophages.

Inhibiting CXCR4 does not decrease macrophage
mitochondrial function, but enhances mitochondrial
metabolism

We used MitoSOX reagent to observe the distribution
of mitochondrial ROS, which was consistent with the
previous findings that the reduction of CXCR4 led to an
increase in mitochondrial ROS (Fig. 2A). We hypoth-
esized whether this was due to an increase in mitochon-
drial function and metabolism, or due to mitochondrial
dysfunction (respiratory chain dysfunction, inner mem-
brane damage, changes in membrane permeability) lead-
ing to increased ROS. The Mito-Tracker Red CMXRos
probe can specifically detect bioactive mitochon-
dria and monitor mitochondrial membrane potential.
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of oligomycin (0), FCCP, and Rot/AA. I Data from (H) was used to calculate basal respiratory capacity, ATP production, and maximum respiratory
capacity of mitochondria. ns, Not Significant. ***p < 0.001, **p <0.01, *p < 0.05

Experimental data showed that CXCR4 did not decrease
mitochondrial membrane potential and, under LPS-
induced conditions, to some extent, protected mitochon-
drial function (Fig. 2B). The concentration of intracellular
calcium ions affects mitochondrial function, including
the transport of tricarboxylic acid cycle proteins, mem-
brane permeability, and apoptosis. Experimental data
showed that although calcium ion levels increased
(Fig. 2C), there was also a decrease in the opening of
mitochondrial permeability transition pores (Fig. 2D).
Typically, a decrease in ATP levels indicates impaired
or decreased mitochondrial function. In apoptosis, a
decrease in ATP levels usually occurs simultaneously
with a decrease in mitochondrial membrane potential. In
this experiment, CXCR4 did not reduce intracellular ATP
content (Fig. 2E). Moreover, the impact of CXCR4 defi-
ciency on macrophage mitochondrial function was evi-
dent in our in vitro studies using bone marrow-derived
macrophages, with results consistent with our expec-
tations (Figure S1 E-G). Mitochondria act as "signal

amplifiers" for cell apoptosis, influencing apoptosis by
regulating the oxidative state within the cell and inter-
acting with the endoplasmic reticulum to jointly modu-
late this process [45, 46]. Based on this, we explored the
apoptotic state of cells, and CXCR4 was found to allevi-
ate LPS-induced apoptosis (Fig. 2F and G). Finally, using
the Seahorse XF96 extracellular flux analyzer, we meas-
ured the OCR (oxygen consumption rate, representing
OXPHOS) levels of macrophages. Under LPS-induced
polarization conditions, CXCR4 still played a protective
role in mitochondrial function (Fig. 2H). ATP produc-
tion, mitochondrial basal metabolism, and maximum
metabolism levels also increased with the silencing of
CXCR4 (Fig. 2I). Importantly, the significant reduction of
CXCR4 enhanced the OCR of maximum and basal res-
piration weakened by LPS, indicating a protective role of
CXCR4 in mitochondria. As for the changes in intracellu-
lar calcium ion concentrations, we speculate that CXCR4
itself affects the activation of calcium ion channels or the
intracellular calcium ion homeostasis.
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Inhibit CXCR4 and reduce macrophage glycolytic
metabolism

During the polarization process of M1 macrophages,
glycolysis metabolism plays a dominant role [47,
48]. Decreasing CXCR4 can enhance the mitochon-
drial metabolism of macrophages. Based on this, we

speculate that CXCR4 can alter macrophage polariza-
tion status through glycolysis metabolism. Cellular lac-
tate levels (Fig. 3A) and glucose uptake experiments
(Fig. 3B) indicated that inhibition of CXCR4 was asso-
ciated with a suppression of glycolytic flux in mac-
rophages. Consistent with expectations, Seahorse
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Fig. 4 CXCR4 affects c-Myc transcription regulation through the PI3K/AKT/mTOR pathway. A Immunofluorescence staining showed changes in AKT
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and content of c-Myc. PCR E and WB F analysis of Pfkfb3 changes after using c-Myc (10,058-F4). To verify the transcriptional regulation of c-Myc

on Pfkfb3. G ChIP-gPCR detection of the binding status of c-Myc to three sites on the Pfkfb3 promoter. H Agarose gel electrophoresis results of PCR
products further elucidated the transcriptional binding of c-Myc to Pfkfb3. I Plasmid transfection in 293 T cells, dual-luciferase assay to clarify

the interaction of the transcription factor c-Myc with the target gene Pfkfb3. ns, Not Significant. ***p <0.001, **p <0.01, *p < 0.05

glycolytic stress tests revealed that LPS stimulation
for 24 h shifted macrophages towards anaerobic gly-
colysis, and inhibition of CXCR4 led to a decrease in
ECAR in the presence of glucose (Fig. 3C). Similarly,
conversely, silencing CXCR4 reduced baseline glyco-
lysis and significantly impaired the ability of glycolysis
to increase after mitochondrial inhibition (Fig. 3D).
Figure 3E shows the changes in several key enzymes of
glycolysis after reducing CXCR4 expression, with only
Pfkfb3 being downregulated. We validated the changes
of Pfkfb3 at the protein level (Fig. 3F and Figure S2A).
PFKFB3 is also inhibited in BMDM cells with CXCR4
inhibition (Figure S1E).Immunofluorescence staining
showed that the expression of Pfkfb3 in macrophages,
whether polarized or not, was influenced by CXCR4
(Fig. 3G). Figure 3H shows the main enzymes involved
in the glycolysis process and regulatory enzymes. Phos-
phofructokinase-1 is the most important enzyme in
regulating glycolytic rate, and its most potent allosteric
activator is fructose-2,6-bisphosphate, which is formed

by catalyzing fructose-6-phosphate-C2 phosphoryla-
tion by phosphofructokinase-2 [49]. We used the gly-
colytic inhibitor 2-deoxy-D-glucose (2-DG) to block
glucose supply and found that in macrophages with
inhibited CXCR4 expression, the expression of IL-1p,
IL-6, TNF-a, and iNOS decreased while arginase-1
increased (Fig. 3I). These results indicate that CXCR4
can alter macrophage polarization by affecting glyco-
lytic metabolism processes.

CXCR4 affects c-Myc transcription regulation

through the PI3K/AKT/mTOR pathway

AKT pathway and c-Myc are major transcription fac-
tors deeply involved in glycolytic metabolism [50-52],
We want to explore whether CXCR4 downstream
affects the expression of AKT and c¢-Myc. Immunofluo-
rescence staining shows that CXCR4 reduction in mac-
rophages leads to decreased AKT pathway activation
(Fig. 4A). Figure 4B and Figure S2B indicates changes
in the activation of the PI3K/AKT/mTOR pathway and
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c-myc protein expression. CXCR4 expression affects
mRNA c-Myc expression (Fig. 4C). c-Myc is distrib-
uted less in the cytoplasm and nucleus of macrophages
with silenced CXCR4 (Fig. 4D). We used a c-Myc
inhibitor (10,058-F4) and found that Pfkfb3 expres-
sion is reduced (Fig. 4E and F and Figure S2C). Firstly,
through ChIP experiments, we verified the predicted
binding sites 1 and 2, where c-Myc as a transcrip-
tion factor can bind to the promoter region of Pfkfb3,
as shown by q-PCR (Fig. 4H) and gel electrophoresis
(Fig. 4G). Subsequently, we designed plasmids targeting
three sites for dual-luciferase experiments to demon-
strate that c-Myc can regulate the expression of Pfkfb3
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(Fig. 5I). To further elucidate the function of Pfkfb3, we
silenced Pfkfb3 and subsequently examined the polari-
zation levels and glycolytic capacity of macrophages.
The results aligned with our previous data (Figure S2D-
Q). All these results confirm that CXCR4 induction of
Pfkfb3 is crucial for M1 polarization, glycolysis, and
inflammation.

M1 cells expressing CXCR4 + are highly expressed

in prostatitis tissues

We collected human surgical specimens of prostate
hyperplasia and divided them into inflammatory group
and non-inflammatory group based on whether there
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Fig.5 M1 cells expressing CXCR4 +are highly expressed in prostatitis tissues. We divided the collected human prostate tissues into inflammatory
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gene changes involved in glycolytic metabolism in RNA-seq. E The heatmap displays the mRNA levels of key glycolytic enzymes in each sample.

F GO enrichment analysis of differentially expressed genes pathways. G GSEA enrichment analysis of different pathways. H The volcano plot
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was a large amount of inflammatory cell infiltration in
the pathology. Immunofluorescence co-staining of CD68
and iNOS indicated that prostate inflammation had more
M1 cell infiltration (Fig. 5A). Immunofluorescence locali-
zation of CD68 with CXCR4 and PFKFB3 showed that
the expression of CXCR4 and PFKFB3 in prostate mac-
rophages with inflammation was higher (Fig. 5B and C).
We also found that tissues exhibiting more severe inflam-
mation in humans showed higher expression of CXCL12
(Figure S3A). Therefore, we reasonably speculated that
CXCR4-driven M1 macrophages in prostate inflamma-
tion may influence the pathological process to a certain
extent. In order to explore possible mechanisms, we con-
structed a mouse model of experimental autoimmune
prostatitis (EAP) and continuously intraperitoneally
injected AMD3100 (CXCR4 inhibitor) at a dose of 5 mg/
kg/day for two weeks, while the control group received
an equal amount of PBS intraperitoneally. After sacri-
ficing the mice, we took half of the prostate tissue from
each group for RNA-seq and untargeted metabolomics
sequencing. Figure 5D displayed the distribution of
genes involved in glycolytic metabolism with |LogFc|>1
and p<0.05 as the criteria through a volcano plot, indi-
cating that most key genes involved in glycolysis were
upregulated or unchanged, while Pfkfb3 was downregu-
lated. The heatmap showed the expression levels of key
glycolytic metabolism enzymes in each group (Fig. 5E).
GO enrichment analysis revealed differences in terms
of myofibril and calcium ion pathways (Fig. 5F). In the
GSEA analysis, the collagen binding pathway was signifi-
cantly inhibited after the use of AMD3100 (Fig. 5G). The
sequencing results of the transcriptome indicated that
CXCR4 might affect the process of prostate fibrosis. As
for untargeted metabolomics, we focused on changes in
carbohydrate metabolism products. We first showed the
differences in related metabolites (Fig. 5H). Then, in the
order of glycolytic metabolism process, we sequentially
displayed the levels of products through a heatmap. We
could clearly see that, including fructose-6-phosphate,
the increase in glycolytic products in inflammation could
not be changed by the use of AMD3100 (Fig. 5I). The
change occurred in the process from fructose-6-phos-
phate to fructose-1,6-diphosphate, a step catalyzed by the
key enzyme Pfk-1. The expression of Pfkm was increased
in the transcriptome (Fig. 5E), but the expression of
Pfkfb3 was decreased. Pfkfb3 catalyzes fructose-2,6-di-
phosphate, the most important regulator of Pfk-1, deeply
affecting the flux of sugar metabolism [49]. The ratio of
Fructose 6-phosphate to Fructose 1,6-bisphosphate is
used to demonstrate the activity of the Pfk-1 enzyme. It
is evident that Pfk-1 activity significantly decreases after
the use of AMD3100 (Fig. 5J). As expected, KEGG analy-
sis of the final metabolism pathway shows differences in
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glycolysis metabolism pathway after the use of AMD3100
(Fig. 5K).

Inhibiting CXCR4 expression alleviates the severity

of chronic prostatitis in mice and reduces macrophage
infiltration

We first constructed an adenovirus-related virus knock-
down CXCR4 mouse model, and then constructed
an EAP model. HE staining and immunohistochemi-
cal staining of CD45 showed that mouse inflamma-
tion decreased with the decrease of CXCR4, as well as a
reduction in the infiltration of inflammatory cells in the
stroma (Fig. 6A). The inflammatory scores from the HE
staining (Fig. 6B) and the mouse pelvic pain test (Fig. 6C)
also indicated relief of inflammation. Figure 6D and Fig-
ure S3B illustrates the decrease in CXCR4. The mRNA
levels of inflammatory factors including IL-1f, IL-6,
and TNF-a in prostate tissue decreased with the inhibi-
tion of CXCR4 (Fig. 6E). The protein content of inflam-
matory factors in the mouse serum is consistent (Figure
S$3C). Immunofluorescence staining demonstrated the
impact of CXCR4 on macrophage infiltration in prosta-
titis (Fig. 6F). The proportion of M1 cells in mice with
prostatitis detected by flow cytometry in vivo, we found
that the proportion of M1 cells increased when inflam-
mation occurred and decreased with the reduction of
CXCRA4(Fig. 6G). The results of IHC showed that Pfkfb3
decreases in prostatitis with the decrease of CXCR4
(Fig. 6H), which was also validated by WB experiments
(Fig. 61 and Figure S 3D).

Reducing CXCR4 can inhibit chronic prostatitis fibrosis

Figure 7A shows that the degree of prostate fibrosis
in EAP 4+ shCXCR4 mice is significantly lower than in
EAP +shNC mice, as demonstrated by Masson, Sirius
Red, and a-smooth muscle actin (a-SMA) staining. On
the day of sacrificing the mice, we measured the body
weight and prostate weight, and calculated the prostate
fibrosis index as prostate weight/body weight ratio. The
fibrosis index of the prostate in the EAP+shCXCR4
mouse group decreased compared to the control
group (Fig. 7B). Immunofluorescence staining showed
a decrease in collagen I (Fig. 7C) in the prostate tis-
sue of EAP +shCXCR4 mice. Furthermore, the mRNA
expression of a-SMA, Collal, and Timp1 in the pros-
tate tissue of EAP+shCXCR4 mice was significantly
lower than in the control group (Fig. 7D). Western
blot analysis further showed that CXCR4 deficiency
reduced the expression of type I collagen, a-SMA,
and Timpl in fibrotic prostate tissue compared to the
control group (Fig. 7E and Figure S4 A). To clarify the
impact of macrophages on fibroblasts, we conducted
a co-culture experiment following the process shown
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Fig. 6 Inhibiting CXCR4 expression alleviates the severity of chronic prostatitis in mice and reduces macrophage infiltration. First inject adenovirus
into the tail vein of the mice to construct the EAP mouse model, divided into four groups: control, EAP, EAP +Sh NC, and EAP +Sh CXCR4. A

Show the inflammation status of the four groups of mice through HE staining and immunohistochemistry of CD45. B Quantify the degree

of inflammation in mice through HE inflammatory scoring. C Pelvic pain stimulation experiment, indicating that inhibiting CXCR4 can alleviate
pelvic pain symptoms in EAP mice. D WB analysis of the content of CXCR4 protein in mouse prostate. E PCR analysis of the expression of IL-13, IL-6,
and TNF-a mRNA in mouse prostate tissue. F Immunofluorescence staining analysis of macrophage infiltration in the prostate. G Flow cytometry
results of splenic macrophages from each group of mice. H Immunohistochemistry staining of Pfkfb3 expression and distribution in the prostate. |
W8 analysis of the expression of Pfkfb3 in mouse prostate. ns, Not Significant. ***p <0.001, **p <0.01, *p < 0.05

in Fig. 7F. Macrophages were polarized by LPS induc-
tion in vitro, and then the polarized macrophages were
used to activate fibroblasts. PCR results showed that
M1 macrophages with reduced CXCR4 had decreased

levels of three fibrosis markers («-SMA, Collal, and
Timpl) compared to M1 macrophages in the control
Sh NC group (Fig. 7G). Immunofluorescence staining
showed a significant reduction in the distribution of
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Fig. 7 Reducing CXCR4 can inhibit chronic prostatitis fibrosis. The mouse prostate fibrosis is divided into four groups: control, EAP, EAP 4+ Sh NC,
and EAP +Sh CXCR4. A Masson staining, Sirius Red staining, and immunohistochemistry a-SMA staining were performed to clarify the situation

of prostate fibrosis. B The ratio of mouse prostate weight/body weight was used to assess prostate fibrosis. C Immunofluorescence staining
analyzed the changes of collagen 1 in the prostate. D PCR analysis of changes in a-SMA, Col1a1, and Timp1 mRNA in fibrotic mouse prostate. EWB
analysis of changes in a-SMA, collagen 1, and Timp1 in fibrotic mouse prostate. F Schematic diagram of the co-culture process of macrophages
and fibroblasts to clarify the effect of knocking down CXCR4 on M1 macrophage activation of fibroblasts. G Changes in a-SMA, Col1a1, and Timp1
mRNA in fibroblasts. H Immunofluorescence staining analyzed the changes of a-SMA in fibroblasts. I WB analysis of changes in a-SMA, Collagen 1,
and Timp1 in fibroblasts. ns, Not Significant. ***p <0.001, **p <0.01, *p < 0.05

a-smooth muscle actin, a major substance in fibrosis, in  and reduced the expression of type I collagen, a-SMA,
the knockdown CXCR4 group (Fig. 7H). Western blot  and Timpl (Fig. 7I and Figure S4 B). In addition, after
analysis further indicated that CXCR4 deficiency weak-  treating EAP mice with 3PO, a PFKFB3 inhibitor, we
ened the activation of macrophages into fibroblasts observed a significant reduction in fibrosis within the
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Fig. 8 CXCR4 deficiency alleviates M1 polarization and PI3K/AKT/mTOR pathway activation in fibrotic prostate. The mouse prostate fibrosis

is divided into four groups: control, EAP, EAP 4+ Sh NC, and EAP +Sh CXCR4. A Immunofluorescence co-staining analysis of the co-expression

of F4/80/iNOS in prostate tissue. PCR (B) and WB (C) were used to detect the mRNA expression of INOS and Arg1 in prostate tissue. D WB

was employed to detect the phosphorylation activation of the PI3K/AKT/mTOR pathway and changes in the c-Myc protein level in prostate tissue.
E Immunofluorescence staining analysis of the co-localization of F4/80/Pfkfb3 in prostate tissue. F Schematic diagram illustrating how CXCR4
influences c-Myc transcriptional regulation of Pfkfb3, leading to metabolic changes in macrophages and affecting the process of prostate fibrosis.

ns, Not Significant. **p <0.001, **p <0.01, *p < 0.05

prostate tissue (Figure S4C). Fibrotic markers were
assessed at both the mRNA (Figure S4D) and protein
(Figure S4E) levels in the prostate tissue of EAP mice
treated with 3PO. The results indicated that PFKFB3
inhibition alleviates fibrosis in the prostate tissue of
these mice. Our study results suggest that the lack of
CXCR4 can reduce fibroblast activation and alleviate
prostatic fibrosis in mice.

CXCR4 deficiency alleviates M1 polarization and PI3K/AKT/
mTOR pathway activation in fibrotic prostate

As mentioned above, the lack of CXCR4 can alleviate
liver inflammation, and CXCR4 may promote M1 polari-
zation. We first immunofluorescence quantified M1, and
the results showed that the iNOS + F4/80 + macrophages
observed in EAP + Sh CXCR4 mice were fewer than those
in EAP + Sh NC mice (Fig. 8A). In addition, in EAP mice
with reduced CXCR4, the expression of inducible nitric
oxide synthase (iNOS) mRNA was downregulated, while
Argl was upregulated in the fibrotic prostate (Fig. 8B).
WB analysis showed that in fibrotic prostates lacking
CXCR4, the expression of iNOS and Argl was reduced
compared to the control prostates (Fig. 8C and Figure
S5A). There are numerous literature studies indicating

that the PISK/AKT/mTOR pathway in macrophages
mediates the progression of many inflammatory dis-
eases [53-55], and WB analysis in fibrotic prostates
also showed significant inhibition of the AKT pathway
by inhibiting CXCR4(Fig. 8D and Figure S5B). Finally,
our immunofluorescence staining localization showed a
decrease in the expression of Pfkfb3 in macrophages in
fibrotic prostatitis (Fig. 8E). These results indicate that
CXCR4 through the PIBK/AKT/mTOR pathway is a
distinct regulatory pathway for macrophage-mediated
chronic prostatitis.

Discussion

Chronic prostatitis is a complex multifactorial disease
characterized by infiltration of various immune cells [12].
Derived from the bone marrow and infiltrating tissues,
macrophages are a branch of mononuclear phagocytes
that play a crucial role in maintaining the balance of tis-
sue inflammation and immune attacks. When stimulated
by tissue damage, macrophages are activated and polar-
ized, secreting a large amount of pro-inflammatory and
pro-fibrotic cytokines, and producing ECM components
and other harmful molecules [19, 56, 57]. In this study,
we identified CXCR4 as a pro-polarization molecule for
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macrophages, which affects macrophages’ impact on
the fibrotic pathological process by regulating glucose
metabolism. Furthermore, we elucidated the transcrip-
tional activation of Pfkfb3 by c-MYC, thereby influencing
the infiltration and polarization status of macrophages in
the prostate. Our findings suggest for the first time that
CXCR4 can alter macrophage metabolism processes and
that macrophages are one of the main sources promoting
prostate fibrosis in chronic prostatitis.

Our previous research aimed to explore potential
genes influencing the occurrence and development of
chronic prostatitis. During the sequencing of prostate
tissues, we found abnormally elevated expression of
CXCRA4. Subsequent experiments confirmed that inhibit-
ing CXCR4 with AMD3100 and silencing CXCL12 could
significantly alleviate inflammation in vivo. However,
the specific mechanism of action of CXCR4 in chronic
prostatitis has not been fully discussed and studied
[58].CXCR4 was originally isolated and purified from a
human blood mononuclear cell gene library using gene
probes, and it is highly expressed in mononuclear cells
[59]. The research on CXCR4 related to macrophages has
previously included studies on how CXCR4 affects the
autophagy process in coronary heart disease [60], Liver
damage affects macrophage apoptosis through CXCR4
[61] and macrophages in gastric cancer rely on CXCR4
to promote tumor metastasis [62] etc. Research on mac-
rophages in chronic prostatitis has yielded clear results
[38, 63]. In this study, we first clarified the influence of
CXCR4 on the polarization state of macrophages. In the
process of reducing the expression of CXCR4, we found
that inflammatory factors, the proportion of M1 cells and
the content of NO were decreased, but ROS was slightly
increased. ROS mainly comes from mitochondria, and
the rise of ROS is generally considered to be the destruc-
tion of mitochondrial function and electron leakage [64].
Based on this, we speculate that it is not the destruction
of mitochondria, but the enhancement of oxidative phos-
phorylation that leads to the increase in ROS.

The PI3K/AKT signaling pathway is widely involved in
cell growth, metabolism, apoptosis, and migration, and
is closely related to the occurrence and development of
inflammation [65, 66]. Activation of mTOR may promote
the production of pro-inflammatory cytokines and dys-
regulate lipid and glucose metabolism [67]. Research has
shown that under the regulation of multiple upstream
factors, targeting the PI3K/AKT signaling pathway can
effectively inhibit the M1 polarization of macrophages,
thereby alleviating diseases such as osteoarthritis [68],
gout [68], autoimmune hepatitis [69], and atherosclero-
sis [70] etc. However, the mechanism by which CXCR4
regulates macrophages to participate in the regulation of
CNP through the PIBK/AKT signaling pathway remains
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unclear. In this study, the loss of CXCR4 inhibited the
PI3K/AKT/mTOR pathway, thereby reducing the M1
polarization level in macrophages. In this process, AKT
plays an important role by regulating glycolytic metabo-
lism. In conclusion, these results suggest that CXCR4-
mediated AKT activation may play a critical role in
macrophage polarization and EAP fibrosis pathways.

The transition of macrophages from M1 to M2 status
is characterized by a shift from glycolysis to oxidative
phosphorylation [71]. This study provides compelling
evidence that silencing CXCR4 does not impair mito-
chondrial function. Our data clearly show that while
mitochondrial ROS levels increase, mitochondrial func-
tion remains intact. Glucose uptake experiments, lactate
measurements, and Seahorse energy metabolism assays
demonstrate that downregulation of CXCR4 is associ-
ated with inhibition of glycolysis and enhancement of
mitochondrial function, which indirectly confirms that
CXCR4 influences the polarization of macrophages
towards the M1 state.As a key regulatory factor of glycol-
ysis [72], The rate of glycolysis flux is determined by three
key enzymes regulated under various conditions. Among
them, the most crucial one is phosphofructokinase-1
(PFK-1), and its most important and potent allosteric
regulator is fructose-2,6-bisphosphate, which negates
the inhibitory effects of ATP and citrate [49]. In mac-
rophages, the typical types are LPS-induced M1 mac-
rophages and IL-4 and IL-13-induced M2 macrophages.
Metabolic changes similar to the Warburg effect occur in
the context of inflammation induction. Recent studies on
¢-MYC have identified it as a key factor in tumor metabo-
lism immunity and a major regulator of metabolic repro-
gramming, stimulating glycolysis, nucleotide metabolism,
and glutamine metabolism [51, 73].Although some stud-
ies have indicated that silencing CXCR4 in T-cell acute
lymphoblastic leukemia can inhibit the expression of myc
[74]. However, we first demonstrated the transcriptional
regulation of Pfkfb3 by MYC in macrophages. But in the
process of knocking down CXCR4, only Ptkfb3 among
the key enzymes of glucose metabolism decreased. As
the gene identified as the first in macrophages, the exact
reason behind this difference is not yet clear, but it sug-
gests that Pfkfb3 plays a critical role in metabolism dur-
ing macrophage M1 polarization.

Fibrosis issues associated with chronic prostatitis have
gradually been noticed. [2, 4, 6, 7]. It is worth noting that
there is a certain association between the infiltration of
inflammatory cells (such as macrophages) and prostatic
fibrosis. However, it remains to be verified whether the
effects produced by activated macrophages are necessary
for the occurrence and development of prostatic fibrosis.
Based on this, the experimental data demonstrate that
reducing CXCR4 expression in EAP mice significantly
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reduces the degree of inflammation infiltration and
fibrosis. Co-culture studies in vitro also confirmed that
silencing CXCR4 in macrophages reduces their role in
promoting proliferation and activation of stromal fibro-
blasts. These results clearly indicate the important role of
CXCR4 in promoting macrophages in prostatic fibrosis.

Excessive smooth muscle contraction may contrib-
ute to the development of lower urinary tract symptoms
(LUTS) in men, either as a primary factor or in conjunc-
tion with other pathological processes [75, 76]. Given
the critical role of abnormal smooth muscle contraction
in the development of LUTS, drugs that target smooth
muscle contraction, such as 5a-reductase inhibitors and
al-adrenergic receptor antagonists, are commonly used
in clinical practice [77]. ECM deposition and fibrosis are
prominent characteristics of periurethral prostate tissue
in men with LUTS [21]. The prostatic stroma is primar-
ily composed of smooth muscle cells along with their
associated connective tissue, blood vessels, and nerves
[78]. Relaxation of smooth muscle cells may disrupt the
mechanical dynamics of the extracellular matrix com-
ponents in the prostatic stroma, potentially promot-
ing fibrosis through the TGF-B1 signaling pathway [79].
Therefore, understanding the molecular mechanisms
that link abnormal contraction of smooth muscle cells
around the prostate with prostate fibrosis could enhance
the treatment response for chronic pelvic pain syndrome
(CP/CPPS).In conclusion, we show here that CXCR4,
by affecting glucose metabolism, mediates macrophage
polarization. Blocking the expression of CXCR4 can
inhibit the activation of fibroblasts, improve the fibrotic
lesions of chronic prostatitis. Although this experiment
still has limitations and further research is needed, we
have demonstrated the important role of metabolic
reprogramming of macrophage polarization in the state
of fibroblasts. These studies also provide new perspec-
tives on the close relationship between chronic prostatitis
and prostatic fibrosis, as well as new targets for clinical
treatment.
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Supplementary Material 3: Figure S1. Silencing CXCR4 alleviates polariza-
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(A) Quantitative analysis of Fig. 1B protein. (B) After silencing CXCR4 to
induce M1 polarization in iIBMDM and culturing for 24 h, the content of
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macrophages was detected by PCR. (E) WB detection of CXCR4, iNOS,
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Argland Pfkfb3 expression. (F) Glucose uptake experiment. (G) Mito-
chondrial function detection experiment. ns, Not Significant. ***p <0.001,
**p<0.01,*p<0.05.

Supplementary Material 4: Figure S2. Quantitative analysis of relevant pro-
teins and silencing PFKFB3 can alleviate M1 polarization of macrophages.
(A) Quantitative analysis of Fig. 3F protein. (B) Quantitative analysis of

Fig. 4B protein. (C) Quantitative analysis of Fig. 4C protein. After silencing
PFKFB3 in iBMDM macrophages, LPS (100 ng/ml, 24 h) induces M1 polari-
zation. (D) The efficiency of knocking down Pfkfb3 in macrophages was
detected by PCR. (E) WB detection of iNOS, Arg1 and Pfkfb3 expression. (F)
Glucose uptake experiment. (G) Mitochondrial function detection experi-
ment. ns, Not Significant. ***p <0.001, **p <0.01, *p <0.05.

Supplementary Material 5: Figure S3. Detection of CXCL12 expression in
human prostate tissue, quantification of inflammatory cytokines in mouse
serum, and related protein analysis. (A) According to the H&E and patho-
logical results, the human prostate hyperplasia tissues are divided into the
inflammation group and the non-inflammation group, and the WB detects
the protein content of CXCL12. (B)Quantitative analysis of Fig. 6 D protein.
(C) The ELISA assay detected changes in the levels of inflammatory fac-
tors, including IL1, IL6, and TNF-q, in the serum of four groups of mice:
Control, EAP, EAP 4+ Sh NC, and EAP + Sh CXCR4. (D) Quantitative analysis of
Fig. 6l protein. ns, Not Significant. ***p <0.001, **p < 0.01, *p<0.05.

Supplementary Material 6: Figure S4. Quantitative analysis of related
proteins and inhibition of Pfkfb3 help alleviate the degree of prostatic
fibrosis in EAP(A) Quantitative analysis of Fig. 7E protein. (B) Quantitative
analysis of Fig. 7I protein. We injected 3PO (PFKFB3 inhibitor, 30 mg/kg/d,
every other day, for three consecutive weeks) or vehicle into the perito-
neal cavity of EAP mice. (C) Masson staining and IHC were used to detect
the degree of fibrosis in EAP mouse prostate tissues. (D) mRNA levels of
a-SMA, Col1al, and Timp1 were examined in mouse prostate tissues. (E)
Protein levels of a-SMA, Collagen |, and Timp1 were detected in mouse
prostate tissues. ns, Not Significant. ***p <0.001, **p < 0.01, *p < 0.05.

Supplementary Material 7: Figure S5. (A) Quantitative analysis of Fig. 8C
protein. (B) Quantitative analysis of Fig. 8D protein. ns, Not Significant.
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