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inhibition on lipopolysaccharide-induced prostatitis
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ABSTRACT Introduction and Objectives: Bacterial infections are the main cause of acute
prostatitis and are treated with appropriate antimicrobial therapy. However, approximately 5%
of patients continue to have inflammatory symptoms even after receiving antibacterial therapy,
leading to refractory conditions. Bacterial prostatitis requires additional therapy, focusing on
inflammatory changes. Indoleamine 2,3-dioxygenase 1 (IDO1) catalysis is the first rate-limiting
step of tryptophan metabolism. IDO1 is expressed in the prostate and plays a key role in the
immune response. As the first step in investigating the relationship between acute prostatitis
and IDO1, we investigated the preventive effect of IDO1 inhibition on lipopolysaccharide (LPS)-
induced prostatitis using IDO knockout (/do7~'") mice in this study.

Materials and Methods: The study used /do7~'~ and wild-type (/do7*"*) C57BL/6J male
mice aged 10-15 weeks. LPS Escherichia coli 026 (100 ug/PBS, 100 uL) was administered
transurethrally into the lower urinary tract to create a mouse model of LPS-induced prostatitis.
The prostates were removed 1, 3, 5, and 7 days after creating the model mice. Histological,
immunohistochemical, and biochemical analyses were used to compare the preventive effect in
/do?™'~ mice compared with that in Ido1

Results: HE staining showed suppression of ductal destruction following infiltration
of inflammatory cells in /do7™’~ mice compared with /do7*’* mice. The enzyme-linked

+/+

mice.

immunosorbent assay (ELISA) method was used for kynurenine pathway analysis, which
showed significantly maintained tryptophan levels and decreased L-kynurenine levels in /do7™’~

+/+ +/+

mice compared to /do7”"" mice. The IDO1 assay in /do7™"" mice showed significantly increased
levels during all observation periods after creating the model compared with that under normal
conditions. Immunofluorescent staining using five types of cytokines and chemokines (IL-2, IL-4,

IL-17, CCL2, and CCL3) related to the pathophysiology of acute prostatitis showed decreased
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expression of these cytokines and chemokines in /do7”" mice compared with /do7

+/+

mice.

Inflammation-related proteome assays showed decreased levels of IL-13, IL-4, IL-5, IL-6, IL-17,

CCL2, CCL3, CXCL1, CXCL11, and tissue inhibitor of matrix metalloproteinases (TIMP)-1 in

/do1~'~ mice compared with /do7~’~ mice during all observation periods after model creation.
Conclusions: IDO1 is involved in LPS-induced prostatitis through cytokines and chemokines.

IDO1 inhibition contributes to the prevention of LPS-induced prostatitis. IDO1 inhibition has the
potential to serve as an additional therapy for acute prostatitis.
doi:10.11482/KMJ-E202248141 (Accepted on October 13, 2022)
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INTRODUCTION AND OBJECTIVES

Prostatitis is a common syndrome characterized
by pain and voiding symptoms. It is often associated
with sexual dysfunctionl' ? Previous studies
showed that 35-50% of men have prostatitis-
suspected symptoms during their lifetime,
and approximately 10% of men experience
prostatitis 2 Bacterial infection is the main cause
of acute prostatitiszfm; however, less than 10% of
cases have proven bacterial infection” . Appropriate
antimicrobial therapy is needed for the treatment
of bacterial prostatitis, which is effective against
commonly associated pathogens such as Gram-
negative bacteria® . However, approximately 5%
of patients continue to experience inflammatory
symptoms even after receiving antibacterial therapy,
leading to refractory conditions”’. In addition,
general analgesics such as NSAIDs and Cox
inhibitors have inferior efficacy and specificity to
the prostate and may result in adverse events. For
the above reasons, additional therapy focused on
inflammatory changes and showing specificity to the
prostate is needed for bacterial prostatitis.

Previous reports have shown that T -lymphocytes,
macrophages, and cytokines produced by these cells
play key roles in prostatitis pathophysiology (Fig.
1)10' ' Infection induces Toll-like receptor (TLRs)
expression following epithelial and stromal cell

10, 11)

damage . TLRs are a family of transmembrane

proteins that recognize pathogen-associated

molecular patterns and play key roles in the innate
immune systemm. TLRs are expressed on epithelial
cells, lymphocytes, and antigen-presenting cells
(mainly dendritic cells and macrophages), and ten
functional TLR membranes have been identified
1270 TLR ligands include lipoproteins
derived from Gram-positive bacteria (TLR1, TLRZ,
and TLR6), dsRNA (TLR3), LPS derived from
gram-negative bacteria (TLR4), flagellin (TLRD),
ssRNA derived from viral genomes (TLR7 and
TLRS), unmethylated CpG DNA derived from

bacterial or viral genomes (TLRY), and orphan
14, 15)

in humans

receptors in humans (TLR10)™ ™. TLR expression

activates T-lymphocytes and T-lymphocyte-
related cytokines and other cells (Fig. 1)10' W,
IFN-y is produced by Thl T-cells and activates
M1 macrophages (promotion type); IL-4, IL-5, and
IL-13 are produced by Th2 T-cells and cause M2
macrophage (suppression type) activation; and IL-
17 is produced by Th17 T-cells and induces CCL2
(MCP-1) production (Fig. 1) """, TLR expression
also activates macrophage-type change from M2
to M1 (Fig. 1)"*". M1 macrophages produce
cytokines including CCL3 (MIP-1 ), TNF-«,
IL-18, and IL-6 (Fig. 1)"* "V If this pathway can be
suppressed, a new treatment for prostatitis may be
identified.

Tryptophan is an essential amino acid, and
approximately 95% of tryptophan is degraded by

the kynurenine pathway to synthesize intermediate
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Fig. 1. Pathophysiology of prostatitis

Infection induces Toll-like receptor (TLR) expression following epithelial and stromal cell damage. TLR
expression activates T lymphocytes, macrophages, and cytokines, which are produced by these cells, and play

key roles in the pathophysiology of prostatitis.
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Fig. 2. Tryptophan metabolism

Tryptophan is an essential amino acid, and approximately 95% of tryptophan is degraded by the
kynurenine pathway to synthesize intermediate metabolites and nicotinamide adenine dinucleotide.
Approximately 1%-5% of tryptophan is degraded by the methoxyindole pathway to synthesize
melatonin via serotonin. IDO and tryptophan 2,3-dioxygenase (TDO) are rate-limiting enzymes
in the kynurenine pathway. AFMID, arylformamidase; KYNU, kynureninase; K3H, kynurenine
3-hydroxylase; KAT, kynurenine aminotransferase; 3-HAO,3-hydroxyamino oxidase.

metabolites and nicotinamide adenine dinucleotide synthesize melatonin via serotonin (Fig. 2)16719).

(Fig. 2)°". Approximately 1%-5% of tryptophan Indoleamine 2,3-dioxygenase 1 (IDO1), a

is degraded by the methoxyindole pathway to monomeric enzyme composed of 403 amino acids
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with a molecular weight of approximately 45 kDa,
and tryptophan 2,3-dioxygenase (TDO) catalyze
the first rate-limiting kynurenine pathway step
in tryptophan catabolism (Fig. 2)"°"?. IDO1 is
highly expressed in male reproductive organs such
as the prostate and epididymis of mammals® %,
IDO1 is also involved in immune response and is
induced several times in pathological conditions
such as infectious and inflammatory diseases, which

1.2, Reports have

activate the immune system
shown the anti-inflammatory effects of IDO1 on
systemic infections™ % . Although the role of IDO1
in the prostate is still unclear, we hypothesized that
IDO1 may be involved in inflammatory changes
in the prostate and that IDO1 inhibition may
suppress inflammatory changes in the prostate.
As the first step in investigating the relationship
between acute prostatitis and IDO1, we investigated
the preventive effect of IDO1 inhibition on
lipopolysaccharide (LPS)-induced prostatitis using
IDO knockout (Ido ™' ™) mice in this study.

MATERIALS AND METHODS
Research approval and animals

This study was approved by the Safety Committee
for DNA Experiments (approval number 19-51) and
the Animal Research Committee (approval numbers
20-024 and 22-031) of Kawasaki Medical School
(Kurashiki, Japan), and was conducted according
to the Guidelines for Care and Use of Laboratory
Animals of Kawasaki Medical School. The study
used Idol ™'~ (Jackson Laboratory, ME, USA) and
wild (IdoI"") type (Jackson Laboratory, ME, USA)
of C57BL/6J male mice aged 10-15 weeks. Sedation
was achieved by the inhalation of sevoflurane
(Pfizer Japan Inc., Tokyo, Japan). LPS Escherichia
Coli 026 (Wako Pure Chemical Industries, Osaka,
Japan) 100 ug/PBS 100 #L was administered
transurethrally into the lower urinary tract using a
vascular catheter for mice (14213130, Braintree Co.

Ltd., Tokyo, Japan) with an outer diameter of 0.4

mm and inner diameter of 0.2 mm to create LPS-
induced acute prostatitis model mice. The validity of
the LPS-induced acute prostatitis mouse model was
determined using histological analysis to confirm
infiltration of inflammatory cells in the prostate, and
the success rate of model mice creation was 80%

(16/20) in a preliminary examination.

Histological analysis of the prostate
Prostate tissues resected from Idol ™'~ mice
at 1, 3, 5, and 7 days after creating model mice

4

were compared with those from Ido/™" mice. The
resected prostate tissues were fixed in Carnoy
fixative fluid (Wako Pure Chemical, Osaka, Japan)
for 3 h. The fixed tissues were dehydrated in an
ethanol series and, finally, in absolute ethanol. The
dehydrated tissues were embedded in paraffin, cut
into 5 4m sections, mounted on slides, and dried
for 45 min at 45°C . Tissue slides were dewaxed and
hydrated using graded ethanol solutions and water.
Histological analysis following hematoxylin-eosin
staining was performed using an Olympus BX-53

microscope (Olympus, Tokyo, Japan).

Analysis of the kynurenine pathway in the prostate

Changes in the kynurenine pathway in the prostate
were analyzed using a procedure similar to that
described above. Cell lysis buffer (Cell Signaling
Technology, CA, USA), PMS (1 mM, Cell
Signaling Technology), and tissue fragments were
removed after centrifugation (15,000 X g, 5 min, 5
C) and used to homogenize the excised prostates.
IDO1 (Biocompare, CA, USA), tryptophan
(Biocompare, CA, USA), and L-kynurenine
(Biocompare, CA, USA) assays using the enzyme-
linked immunosorbent assay (ELISA) method were
performed by setting the measurement wavelength
to 540 nm and measurement of absorbance with
Varioskan Flash (Thermo Fisher Scientific, MA,
USA).
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Immunohistochemical analysis of inflammatory
changes in the prostate

A procedure similar to that described above
was used to analyze the inflammatory changes in
the prostate. Immunohistochemical analysis was
performed using immunofluorescence staining
(ImmPRESS™-AP Reagent, Vector Laboratories,
CA, USA). Blocking was performed for 10 min
at room temperature with BLOXALL™ blocking
solution (Vector Laboratories) after dewaxing and
hydration. As shown in Fig. 1, primary antibodies
against indicators of Thl cell-related cytokine: 1L2,
Th2 cell-related cytokine IL-4, Th17 cell-related
cytokine IL-17, T-lymphocytes related cytokine
CCL2, and macrophage-related cytokine CCL3
were used, all diluted in 2.5% normal horse serum
(Vector Laboratories): anti-IL-2 antibody (ab180780,
Abcam ple, Cambridge, UK; diluted 200-fold);
IL-4 (NBP1-19772, Novus Biologicals, CO, USA;
diluted 200-fold), IL-17 (ab79056, Abcam plc,
Cambridge, UK; diluted 200-fold); CCL2 (ab25124,
Abcam ple, Cambridge, UK; diluted 200-fold);
and CCL3(sc-33203, Santa Cruz Biotechnology,
Santa Cruz, CA, USA; diluted 100-fold). Rabbit
IgG control antibody (Vector Laboratories; diluted
2000-fold) was used as the negative control (NC).
The primary antibody reaction was performed
overnight at 4 C. The secondary antibody reaction
was performed using an InmPRESS™-AP Reagent
Anti-Rabbit IgG Polymer Kit (Vector Laboratories)
for 30 min at room temperature. The immune
substrate was ImmPACT™ Vector Red Alkaline
Phosphatase (Vector Laboratories). Counterstaining
was performed using 4’, 6-diamidino-2-
phelylindole (DAPI, Vector Laboratories). After
encapsulation using the VectaMount™™ Permanent
Mounting Medium (Vector Laboratories),
immunohistochemical analysis was performed using
an Olympus BX-53 microscope (Olympus, Tokyo,
Japan).

Biochemical analysis of inflammatory changes in
the prostate

A procedure similar to that described above was
used to analyze the inflammatory changes in the
prostate. A proteome assay using 40 inflammation-
related proteome types (Mouse Cytokine Antibody
Array Panel A"; R&D Systems, Minneapolis, MN,
USA) was performed for inflammatory analysis.
The protein concentration in each sample was 300
(g/mL. An image analyzer (Image Quant LAS4000
mini, GE Healthcare Japan, Tokyo, Japan) and
image analysis software (Image Quant TL, GE
Healthcare Japan) were used to calculate pixel
density (PD). The calculated PD was corrected
using an endogenous control, while the negative
and positive controls were set at PD 0 and 100,

respectively.

Statistical analysis

Excel Statistics (Microsoft, WA, USA) was used
for statistical analysis. Differences between the
Idol™"™ mice and the Ido!"" mice, after creating the
model and under normal conditions, were analyzed
using the Welch test, with p < 0.05 considered to
indicate a significant difference. The PD range was
defined as 0 (negative control) to 100 (positive

control).

RESULTS
IDOI1 inhibition suppressed the infiltration of
inflammatory cells in the prostate

Histological analysis showed infiltration of
inflammatory cells in Idol™"" mice but not in
Idol™~ mice during all observation periods after
creating the model (Fig. 3). Inflammatory cells were
mainly observed in interstitial tissues. Destruction
of ductal structures was observed in Idol™" mice
but not in /do! ™'~ mice at days 3, 5, and 7 (Fig. 3).
Consequently, Idol™"™ mice, but not Idol"" mice,
showed suppression of ductal destruction following

infiltration of inflammatory cells.
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Fig. 3. Histological analysis in LPS-induced prostatitis model

HE staining revealed infiltration of inflammatory cells (arrow) in Idol"" mice but not in Ido/™'~ mice during all observation
periods after creating the model. Inflammatory cells were mainly observed in the interstitial tissues. Destruction of the

ductal structure (arrowhead) was observed in Ido!™"

mice but not in /do/ ~'~ mice at days 3, 5, and 7. Idol ™'~ mice showed

suppression of ductal destruction following infiltration of inflammatory cells compared with /do!"" mice. Scale bar: 200 tm.

Magnification: 200 X .
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Fig. 4. IDOI assay in LPS-induced prostatitis model

ELISA in /doI™ mice showed significantly increased levels of IDO1 at all observation periods
after creating the model compared with the normal condition. /do/ ™'~ mice did not show
IDO1 expression during all observation periods. Data show the mean and standard error (SE).
Differences between model and normal conditions in /dol”" mice were analyzed by the Welch

test. n = 5 for each week.

IDO1 inhibition suppressed the kynurenine pathway
in the prostate

IDO1 assay in Idol™" mice showed significantly
increased IDO1 levels during all observation

periods after creating the model compared with

that under normal conditions (Fig. 4). Idol ™'~
mice did not show IDO1 expression throughout the
observation period after creating the model (Fig. 4).
The tryptophan assay showed significantly increased

tryptophan levels in Idol/ ™'~ mice compared with
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Fig. 5. Tryptophan assay in LPS-induced prostatitis model

ELISA showed maintained levels of tryptophan in /dol ™'~ mice compared with /do/™ mice at days 1, 3, and 5 after
creating the model. Data show the mean and standard error (SE). Differences between Idol ™'~ mice and Idol™" mice were

analyzed by the Welch test. n =5 for each week.
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Fig. 6. L-kynurenine assay in LPS-induced prostatitis model
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ELISA showed significantly decreased levels of L-kynurenine in Ido/ '~ mice compared with Ido!"" mice during all
observation periods after creating the model. Data show the mean and standard error (SE). Differences between Idol '~

H

mice and Ido!

Ido1™'"" mice at days 1, 3, and 5 (Fig. 5). The
L-kynurenine assay showed significantly decreased
L-kynurenine levels in Idol ™'~ mice compared with
Idol™~ mice during all observation periods after

creating the model (Fig. 6).

mice were analyzed by the Welch test. n =5 for each week.

IDOI inhibition suppressed inflammation-related
cytokines and chemokines in the prostate
Immunofluorescent staining showed decreased
expression of five types of cytokines and
chemokines (IL-2, IL-4, IL-17, CCLZ2, and CCL3)



148 Kawasaki Medical Journal

= Ido1+*/* type mice
2000

p=0.0016

1500

1000

50

o

p=0.5648

, Hm

Normal

L-kynurenine: pg / mL (mean-SE)

Day1

B Idol-/- type mice

p=0.0113

p=0.0022

p=0.0027

Day5

Day3 Day7

Fig. 7. Immunohistochemical analysis in LPS-induced prostatitis model

Immunofluorescent staining showed decreased expression of IL-2, IL-4, IL-17, CCL2, and CCL3 in Idol “'" mice compared
with Ido!™" mice. The expression of these cytokines in /doI™* mice was mainly observed in interstitial tissues with
infiltration of inflammatory cells. NC, negative control; Rabbit IgG, control antibody. Scale bar: 200 um. Magnification:

200 x.

related to the pathophysiology of acute prostatitis
(Fig. 1) in Idol~'~ mice compared with Idol™"
mice (Fig. 7). The expression of these cytokines in
Idol+/+ mice was mainly observed in interstitial
tissues with infiltration of inflammatory cells
(Fig. 7). The inflammation-related proteome assay
showed significant differences (p < 0.05, Welch
test) in the levels of 10 types of cytokines and
chemokines (IL-1 3, IL-4, IL-5, IL-6, IL-17, CCL2,
CCL3 CXCLI1, CXCL11, and tissue inhibitor of
matrix metalloproteinases (TIMP)-1), including
five types of cytokines and chemokines, which
were investigated by immunofluorescent staining,
in Idol™'~ mice compared with Idol"" mice at all
observation periods (Fig. 8). IL-1 8, IL-5, IL-17,
and CXCL11 levels in Idol™" mice increased in the
early stages, and then leveled off or decreased (Fig.
8). IL-4, IL-6, CCL2, CCL3, CXCLI1, and TIPM-1
levels in /dol"" mice increased over time (Fig. 8).
Ten cytokines and chemokines were significantly
decreased levels in Ido! '~ mice compared to those
in Ido!"" mice (Fig. 8).

DISCUSSION
Summary and novelty of this study

Our study is the first to investigate the relationship
between acute prostatitis and IDO1. As the first step
to establish this relationship, we investigated the
preventive effect of IDO1 inhibition in LPS-induced
prostatitis using /dol ™'~ mice. Our results showed
a relationship between LPS-induced inflammatory
changes and IDO1 expression in the prostate. In
addition, our results showed the preventive effect
of IDO inhibition on LPS-induced prostatitis. IDO1
inhibition suppressed tissue destruction following
infiltration of inflammatory cells and induction
of cytokines and chemokines related to the
pathophysiology of acute prostatitis before the onset

of prostatitis.

Relationship between infectious disease and
kynurenine pathway changes

Takikawa®” reported that IDO1 overinduction
in systemic infections activates the kynurenine

pathway and leads to tryptophan depletion in
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Fig. 8. Inflammatory analysis in LPS-induced prostatitis model

The inflammation-related proteome assay showed significantly decreased levels of IL-1 8, 1L-4, IL-5, IL-6, IL-17, CCL2,
CCL3, CXCL1, CXCL11, and tissue inhibitor of matrix metalloproteinases (TIMP)-1 in Idol ™'~ mice compared with Idol ™'~
mice during all observation periods after model creation. The PD range was defined as 0 (negative control) to 100 (positive
control). Data are shown as mean with standard error (SE). Differences between the Idol ™'~ mice and the Idol™" mice were
analyzed by the Welch test, with p <0.05 considered to indicate a significant difference. n =5 for each week.

LPS-induced sepsis model mice. Overinduction may be involved in these mechanisms. Additional
of IDO1 promotes catabolism and the return of studies on tryptophan replacement or metabolite
tryptophan levels to the normal range as a protective inhibition are required to clarify these mechanisms.
responsew. The promotion of catabolism changes

colloid osmotic pressure and leads to critical Anti-inflammatory mechanism of IDOI inhibition in
conditions in vivo®. Jung et al. reported that IDO1 LPS-induced prostatitis

inhibition using /do! ™'~ mice and 1-methyl-D- Reports have shown that IDO1 regulates mRNA
tryptophan treatment (IDO1 inhibitor) suppressed expression through activin A, a member of the
proinflammatory cytokines, such as TNF- a, IL-6, TGF- 8 family”" *. IDO1, which is regulated by
and IL-12, and reduced septic shock deaths in LPS- activin A, activates TLR expression in immune
induced sepsis model mice®. It is assumed that cells”. LPS-induced IDOI activates TLR4 and

there is a relationship between IDO1 induction and TLR9 expressiongm , and TLR4 is expressed in the

inflammatory changes from the above reportsm' 25), prostateSD. Damage to stromal and epithelial cells
and our previous study showed a relationship caused by prostatitis induces TLR expression in
between LPS-induced inflammatory changes and the prostatem' . Reports suggest that IDO1 may
IDO1 in local organs such as the prostate and be involved in LPS-induced prostatitis mediated
epididymis%). However, the mechanism by which by TLRO ™73 __TLR expression activates T
IDO exacerbates inflammatory changes remains lymphocytes, macrophages, and related cytokines
unclear. Our results suggest that a decrease in and chemokines” . Our histological analysis

tryptophan and / or an increase in its metabolites showed that destruction of the ductal structure
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following infiltration of inflammatory cells in /dol""

mice mainly originated from the interstitial tissues.
This damage may induce TLR expression and
activate T-lymphocytes, macrophages, and related
cytokines and chemokines. Our results also showed
a suppressive effect on tissue destruction following
infiltration of inflammatory cells and decreased
levels of cytokines and chemokines in /do/ ™'~ mice.
These results suggest that IDO inhibition suppresses
inflammatory changes in the upstream pathway
(including TLR expression level) in prostatitis, and
has the potential to be an add-on treatment when
antibiotics do not show sufficient anti-inflammatory

effects in clinical practice.

Limitations of the study

Although our study showed a preventive effect
of IDOI1 inhibition in LPS-induced prostatitis,
the therapeutic effect of IDO1 inhibition has not
been demonstrated. Additional research is needed
to investigate the therapeutic effects of IDO1
inhibition using IDO1 inhibitors. In addition, our
study showed the possibility of IDOI inhibition
that did not lead to refractory conditions during our
observation periods; however, long-term changes
have not been confirmed. Additional research is
needed to investigate prostatic changes over a

longer period.

CONCLUSIONS

IDO1 is involved in LPS-induced prostatitis
via cytokines and chemokines. IDO1 inhibition
contributed to the prevention of LPS-induced
prostatitis. IDO1 inhibition has the potential to serve

as an additional therapy for acute prostatitis.
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