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The molecular mechanisms of prostate inflammation are unclear. We hypothesized that heme oxygenase
1 (HMOX1; HO-1), an enzyme responsible for degradation of heme to carbon monoxide, bilirubin, and
iron, is an important regulator of inflammation and epithelial responses in the prostate. Injection of
non-uropathogenic Escherichia coli (MG1655 strain) or phosphate-buffered saline into the urethra of
mice led to increased numbers of CD45þ leukocytes and mitotic markers (phosphorylated histone H3 and
phosphorylated ERK1/2) in the prostate glands. Leukocyte infiltration was elevated in the prostates
harvested from mice lacking HO-1 in myeloid compartment. Conversely, exogenous carbon monoxide
(250 ppm) increased IL-1b levels and suppressed cell proliferation in the prostates. Carbon monoxide
did not affect the number of infiltrating CD45þ cells in the prostates of E. colie or phosphate-buffered
salineetreated mice. Interestingly, immunomodulatory effects of HO-1 and/or carbon monoxide
correlated with early induction of the long-chain acyl-CoA synthetase 1 (ACSL1). ACSL1 levels were
elevated in response to E. coli treatment, and macrophage-expressed ACSL1 was in part required for
controlling of IL-1b expression and prostate cancer cell colony growth in soft agar. These results
suggest that HO-1 and/or carbon monoxide might play a distinctive role in modulating prostate
inflammation, cell proliferation, and IL-1b levels in part via an ACSL1-mediated pathway. (Am J Pathol
2020, 190: 830e843; https://doi.org/10.1016/j.ajpath.2019.12.008)
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Inflammation in the prostate is a common urogenital tract
condition in men that leads to pain.1,2 It has been postulated
that prostate inflammation also leads to an increased risk of
prostate cancer; however, studies have reached conflicting
results.3,4 Ninety-five percent of prostatitis cases involve
chronic prostatitis or chronic pelvic pain syndrome in which
bacteria cannot be detected but inflammatory cells are pre-
sent. In some cases, no inflammatory component can be
detected. Five percent of men with chronic bacterial pros-
tatitis present with no detectable bacteria in the prostate, and
50% lack leukocytosis in the prostate.5 Fecal Escherichia
coli, bacteria causing sexually transmitted diseases or uro-
pathogenic bacteria, are among the pathogens found to be
associated with urogenital tract infection and linked to
prostatitis. E. coli was previously detected in prostate
stigative Pathology. Published by Elsevier Inc
tissues6,7; however, these studies are limited by the number
of patients without comprehensive data confirming this
observation.
Inflammation in the prostate can be driven by activation

of residential macrophages and/or infiltration of leukocytes
in response to pathogen-associated molecular patterns or
danger-associated molecular patterns released from bacteria
or damaged cells, respectively.8 Chronic inflammation is
. All rights reserved.
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Heme Metabolism in Prostate Inflammation
propagated by continuous release of reactive oxygen species
and proinflammatory mediators from immune cells and may
lead to damage of the prostate tissue.9 Further, unresolved
inflammatory response is linked to gastric, colon, and
prostate cancer.10 Elkahwaji et al11 found that chronic
bacterial infection of the mouse prostate led to the devel-
opment of prostatic intraepithelial neoplasia lesions after
induction of prostatitis by intraurethral injection of E. coli
into C3H/HeOuJ mice. In this model, infiltration of leuko-
cytes into the prostate stroma was associated with increased
epithelial DNA damage and proliferation and lower
expression of the tumor suppressors, PTEN and p27Kip1.11

Furthermore, intraurethral injection of bacterial lipopoly-
saccharide led to hyperplasia, inflammation, and bleeding in
the prostate.12

Degradation of heme is catalyzed by heme oxygenase 1
(HO-1) and generates biliverdin, ferrous iron, and carbon
monoxide.13,14 HO-1 and CO have major immunomodula-
tory properties.15e17 Recently, we found that carbon mon-
oxide treatment after infection potentiates bacterial
clearance18 and amplifies proinflammatory responses in
macrophages in a mouse model of sepsis in part via Nalp3
inflammasomeedependent release of IL-1b.19 This mecha-
nism involves a direct effect of carbon monoxide on bacteria
facilitating active release of ATP from bacteria. Extracel-
lular ATP, acting as a danger-associated molecular pattern,
binds to the macrophage-expressed P2X7 receptor,19 acti-
vating the Nalp3 inflammasome via changes in intracellular
potassium levels to drive IL-1b expression.20e23 Monocyte-
derived IL-1b has antiproliferative properties in prostate
cancer cells and blocks androgen receptoredependent
expression ofeprostate-specific antigen.24 In contrast,
others found that IL-1b promotes bone marrow metastases
and neuroendocrine phenotype of prostate cancer cells.25 IL-
1 receptor 1 knockout mice have low expansion of c-
kitþ progenitors in the inflamed prostate linking abnormal
proliferation with IL-1 signaling.26 Previous data from our
group indicate a strong induction of HO-1 in macrophages
after infection with E. coli or Enterococcus faecalis and the
importance of HO-1 in the generation of IL-1b.19

Long-chain acyl-CoA synthetase 1 (ACSL1), one of five
isoforms of an enzyme family that activate fatty acids by
coupling them to coenzyme A, has been previously reported
to be upregulated in tumors27 and is induced during bacte-
rial infection via a toll-like receptor 4edependent mecha-
nism. ACSL1 mediates phospholipid turnover in
lipopolysaccharide-stimulated macrophages28 among other
effects.29 ACSL1 converts free long-chain fatty acids into
fatty acyl-CoA esters, thereby playing a key role in lipid
biosynthesis and b-oxidation. Conditional deletion of
ACSL1 in myeloid cells prevents macrophage accumulation
in the artery wall in diabetic mice, indicating a role for
ACSL1 in inflammatory responses.29

Because ACSL1 and HO-1 regulate metabolic stress and
immune responses, we hypothesized that HO-1 and/or car-
bon monoxide crosstalks with ACSL1 signaling in
The American Journal of Pathology - ajp.amjpathol.org
macrophages during inflammatory responses in the prostate.
We report here that ACSL1 is a potential target of the heme
degradation pathway in macrophages.

Materials and Methods

Bacteria Culture

Nonuropathogenic Escherichia coli MG1655, originally
acquired from the Keio library, was provided by Bernard
Strauss (Massachusetts Institute of Technology, Cambridge,
MA). This E. coli strain has been described previously.19

This strain of bacteria was used in bacterial infection ex-
periments in vitro and in vivo. Bacteria were inoculated in
Luria broth medium from a frozen aliquot obtained from a
single colony. Fresh Luria broth was inoculated with a 1 mL
aliquot of the overnight culture and subcultured at 37�C
until bacteria suspensions reached an OD measured at 600
nm of 0.45. Cells were pelleted at 3220 � g (5 minutes) and
resuspended in sterile phosphate-buffered saline (PBS).
Serial dilutions of stock suspension (1:1000 to 1:109) were
plated in duplicates on Luria broth agar and incubated at
37�C in the o/n culture. Colony counts were averaged and
used to estimate the concentration of bacteria in the prepared
stock with OD measured at 600 nm of 0.45. Appropriate
volumes of the bacteria dilutions were used to prepare in-
jections for infection in vivo or for in vitro treatments.

Animals

C57BL/6 male mice (Jackson Laboratories, Bar Harbor,
ME) 7 to 10 weeks of age weighing 20 to 25 g were used
(after at least 3 days of acclimatization) for in vivo prostatitis
model, and both sexes of mice were used for bone marrow
isolation. Acsl1flfl:LysM-Cre and Acsl1wt/wt-Cre control
mice, also with the C57BL/6 background, were previously
described.29 To establish models of pathogen-induced and
sterile prostatitis, intraurethral instillation of E. coli
MG1655 (2 � 108 CFU per animal) or PBS (n Z 3 to 6 per
group) was performed. Injections were performed using a
30-gauge syringe connected to lubricated polyvinyl tubing
(0.8 mm across) inserted into the urinary bladder via the
urethra. The procedures were performed with the mice
under 3% isoflurane-induced anesthesia. After the proced-
ure, the mice were monitored for changes in behavior
associated with pain or distress, and body weight records
were kept. The animals were kept in ventilated cages (up to
five mice per cage) in a 12-hour light-dark cycle and were
provided water and food ad libitum at all times. The pro-
cedures were approved by the Institutional Animal Care and
Use Committees at Beth Israel Deaconess Medical Center.
Prostates (lateral or ventral lobes) and blood samples were
harvested from the different mouse groups at 2 hours, 6
hours, 24 hours, and 3 weeks after injection. The same time
points as indicated above were chosen for investigation of
the role of carbon monoxide in this model. Animals injected
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with E. coli or PBS as well as negative controls inhaled
carbon monoxide (250 ppm) for 1 hour, starting 1 hour after
injection. The role of myeloid-derived HO-1 in bacteria-
induced or sterile prostatitis was investigated by using
conditional knockout mice deficient in HO-1 in myeloid
cells. These animals were generated by crossing mice with
the Hmox1 gene flanked with LoxP sites (Hmoxfl/fl) as pre-
viously described,30 with transgenic mice expressing Cre
recombinase under control of the myeloid specific LysM
promoter (LysM-Cre) (Jackson Laboratories). LysM-
Cre:Hmox1fl/fl and Hmox1fl/fl homozygotes with the C57BL/
6 background were verified by PCR-based genotyping.31

Bacteria Stimulation and Carbon Monoxide Treatment
of BMDMs in Vitro

Bone marrow was isolated and prepared as previously
described.19 Bone marrowederived macrophages
(BMDMs) differentiated in the presence of macro-
phageecolony-stimulating factor (Prospec, Rehovot, Israel)
(20 ng/mL) for 5 days were scraped off the culture dishes
with cell lifters and suspended in fresh RPMI 1640 medium,
10% fetal bovine serum (FBS), and 1% penicillin-
streptomycin medium (Life Technologies, Carlsbad, CA).
The cells were counted and replated in 100-mm dishes
(3 � 106 cells per plate). Bacteria (E. coli MG1655) were
prepared as described above. Macrophages were washed
twice in PBS to remove residual antibiotics and were then
stimulated with bacteria (10 multiplicity of infection) for 1
to 2 hours in antibiotic-free culture media. Sterile PBS (pH
7.4) was added to control plates. Macrophages from stim-
ulated and control groups were treated with carbon mon-
oxide (250 ppm) for 1 hour. Bacteria were removed after 2
hours of stimulation, and medium with antibiotics (1 mL
medium per 170,000 cells) was added to the plates. Su-
pernatants from the BMDMs were harvested 24 hours after
stimulation, filtered, and stored at �20�C.

Cell Culture and Soft Agar Colony Assay

For soft agar colony assay, a base layer of 0.5% sterile agar
RPMI 1640 medium, 10% FBS, and 1% penicillin and
streptomycin (Life Technologies) was casted into six-well
plates, 1 mL per well, and left to solidify. PC3 and VCaP
prostate cancer cells, previously validated and/or authenti-
cated in Dr. Balk’s laboratory,32 were used for the study.
These cells were grown to 60% to 80% confluence in RPMI
1640 medium with 10% FBS, detached by trypsinization,
and diluted to the final concentration of 10,000 cells/mL in
RPMI 1640 medium, 20% FBS, and 2% penicillin and
streptomycin. These cell lines were not authenticated in our
laboratory but were previously described and character-
ized.32 Each suspension was mixed 1:1 with sterile soft agar
0.7% (37 to 39�C) at a final concentration of 0.35% agar and
10% FBS, applied to each well on top of the base layer, and
left to incubate in the o/n culture. The cells in the soft agar
832
were treated for 2 to 3 weeks with supernatants from
differentiated BMDMs treated with bacteria at 10 multi-
plicity of infection and carbon monoxide (Bacteria
Stimulation and Carbon Monoxide Treatment of BMDMs).
Medium was changed every third day (0.5 mL per well per
time). The RPMI 1640 medium with 10% FBS was used as
the negative control.

Measurements of Cell Viability and Proliferation

PNT1A, VCaP, DU145, and LNCaP cell lines were previ-
ously described.33 One thousand cells were seeded in 96-
well plate and treated with supernatants from BMDM
treated with E. coli as described above. Viability and pro-
liferation were assessed on day 2 of the culture by staining
with crystal violet. Stained and dry cells were dissolved in
10% acetic acid and processed for measurement of absor-
bance at 562 nm.

Immunoblotting

Prostate tissue was sonicated in lysis buffer (50 mmol/L Tris
chloride, pH 7.0, 150 mmol/L sodium chloride, 0.5% NP-
40, 2 mmol/L EDTA, 25 mmol/L sodium fluoride, 0.1%
SDS, 1 tablet per 10-mL buffer Complete MiniProtease
Inhibitor Cocktail; Roche, Indianapolis, IN). The lysates
were centrifuged (Microfuge 18 Centrifuge, Beckman
Coulter, Bromma, Sweden) for 20 minutes at 18,000 � g,
and supernatants were transferred to clean Eppendorf tubes.
The centrifugation was repeated once more, and clear su-
pernatants were transferred to new Eppendorf tubes. The
protein concentrations in the samples were measured using
the Pierce BCA Protein Assay (Thermo Scientific, Waltham,
MA), according to the manufacturer’s instructions. The
samples were adjusted with distilled water to equal con-
centration. Samples were prepared for electrophoresis by
adding 4� sample buffer (Life Technologies) that contained
10% b-mercaptoethanol and boiled for 5 minutes. Samples
were loaded (20 to 25 mg per well) in NuPAGE Novex 4%
to 12% Bis-Tris Protein Gels (Life Technologies) using
Precision Plus Protein Kaleidoscope (Bio Rad, Hercules,
CA) as the size marker. Electrophoresis was performed in 2-
N-morpholino ethanesulfonic acid SDS running buffer (Life
Technologies) at 90 to 120 V. Separated proteins were
transferred to polyvinylidene difluoride membranes
(Amersham, Piscataway, NJ; Bio Rad) in transfer buffer (33
mmol/L Tris, 0.19 mol/L glycine, and 20% methanol) at 80
V for 1.5 hours. Membranes were blocked in 5% fat-free
milk in Tris-buffered saline (TBS) (50 mmol/L Tris hy-
drochloride, pH 7.0, 150 mmol/L sodium chloride) for 1
hour in the o/n culture at þ4�C followed by incubation with
the following primary antibodies: HO-1 1:1000 (ab13248,
Abcam, Cambridge, MA), ACSL1 1:1000 (D2H5) (catalog
number 9189; Cell Signaling, Beverly, MA), IL-1b 1:500
(ab1413, Millipore, Billerica, MA), phospho-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204) 1:1000 (catalog number 9101;
ajp.amjpathol.org - The American Journal of Pathology
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Cell Signaling), TLR4 1:1000 (ab13556; Abcam), and b-
actin (catalog number A5316; Sigma-Aldrich, St. Louis,
MO). After overnight incubation, membranes were washed
in 1� TBS for 2 � 10 minutes and then incubated with
horseradish peroxidaseeconjugated secondary antibodies
[anti-mouse IgG, horseradish peroxidaseelinked antibody
(catalog number 7076; Cell Signaling) or anti-rabbit IgG,
horseradish peroxidaseelinked antibody (catalog number
7074; Cell Signaling) at 1:5000 dilution for 1 hour at room
temperature on orbital shaker, followed by washing twice
for 15 minutes in TBS. Proteins were detected on radiofilm
after signal development with SuperSignal West Pico
Chemiluminescent Substrate and SuperSignal West Femto-
Chemiluminescent Substrate (Thermo Scientific). Before
reprobing with different antibodies, membranes were strip-
ped in ReBlot Plus Strong Antibody Stripping Solution
(MilliporeSigma, Burlington, MA) for 10 minutes. Mem-
branes were washed in TBS for 20 minutes and stored until
reprobed.

RNA Isolation and Real-Time PCR

Total RNA was isolated from prostate tissues according to
the manufacturer’s instructions using an RNeasy MiniRNA
Isolation Kit (Qiagen, Germantown, MD). cDNA was syn-
thesized with a iScript cDNA synthesis kit (Bio-Rad) using
1 mg isolated RNA following the manufacturer’s protocol:
25�C for 10 minutes, 37�C for 2 hours, and 85�C for 5
minutes. Gene expression levels were measured by real-time
PCR using SYBR-Green PCR Master Mix (Life Technol-
ogies and Applied Biosystems, Foster City, CA) using the
following primers: IL-1b, forward: 50-TGGGCCTCAAA-
GGAAAGA-30, reverse: 50-GGTGCTGATGTACCAGTT-
30; IL-10, forward: 50-CCAAGCCTTATCGGAAATGA-30,
reverse: 50-TTTTCACAGGGGAGAAATCG-30; ACSL1:
forward: 50-CTACTACGACCGATGTCAGAACCA-30,
reverse: 50-GGAAATCCACTCATAGGGCTGG-30; and
b-actin, forward: 50-TAGACTTCGAGCAGGAGATGGC-
30, reverse: 50-CCACAGGATTCCATACCCAAGA-30. The
following program was applied: 95�C for 10 minutes, 94�C
for 30 seconds, 58�C for 55 seconds, 72�C for 1 minute,
95�C for 1 minute, 55�C for 30 seconds, and 95�C for 30
seconds (step 2 to 4 for 40 cycles). Standard software of
Stratagen MxPro 3005P version 4.10 (Agilent Technolo-
gies, Santa Clara, CA) was used to measure relative changes
in mRNA levels and normalized to the b-actin levels.

Immunohistochemistry and Immunostaining

Tissue Fixation and Preparation of Sections
Prostate tissues were fixed in zinc fixative (0.1 mol/L Tris
hydrochloride, 0.5 g/L of calcium acetate, 5 g/L of zinc
chloride, and 5 g/L of zinc acetate dihydrate) for 48 hours,
dehydrated in a series of alcohols with increasing percent-
ages and treated with xylene, and then embedded in paraffin.
The paraffin blocks were cut in 5-mm sections using
The American Journal of Pathology - ajp.amjpathol.org
microtome and mounted on microscope glass slides
(Thermo Scientific). Deparaffinated and rehydrated sections
were washed in distilled water three times for 2.5 minutes
and placed in PBS (pH 7.4) for 5 minutes.

Immunostaining
Sections were fixed on the slide and antigen retrieved
following the optimized protocol for each antibody as
specified below [see CD45, phosphorylated histone H3 (p-
HH3), and HO-1]. After antigen retrieval, sections were
washed twice for 5 minutes in PBS and then incubated with
7% horse serum diluted in PBS for 30 minutes to block
unspecific binding. Primary antibodies were applied on each
section for overnight incubation at þ4�C. The following day
slides were washed three times in PBS followed by 10
minutes of blocking in 0.5% hydrogen peroxide solution.
After an additional wash in PBS, biotinylated secondary
antibodies (Vector Laboratories, Burlingame, CA) were
diluted 1:300 in PBS and applied on each section and
incubated at room temperature for 1 hour. Slides were
washed twice for 5 minutes in 1� PBS. Avidin-biotin
peroxidase complexes were prepared from an ABC kit
(Vectastain, Vector Laboratories) (two drops of A and two
drops of B in 10 mL of PBS) and was let to stabilize at room
temperature for 30 minutes and then applied on the slides
and incubated at room temperature for 30 minutes. The
slides were washed twice for 5 minutes in 1� PBS before
the addition of 3, 30-diaminobenzidine [ImmPACT DAB
peroxidase (HRP) substrate; Vector Laboratories] to
develop the staining for 1 to 2 minutes. The color reaction
was blocked in distilled water for 5 minutes twice. Nuclei
were counterstained with hematoxylin, and the sections
were dehydrated in alcohol and xylene and covered in
mounting medium and coverslips. The slides were evaluated
microscopically (Nikon, Tokyo, Japan), and images were
taken at �10 and �40 magnification. These antibodies were
previously used and verified for specificity by applying IgG
negative controls.33 Information about staining procedures
with specific antibodies is provided below:

Cell Type Markers
Deparaffinized, rehydrated, and washed sections were
cooled in refrigerated PBS (4�C) for 3 minutes. Antigen
retrieval and fixation of tissue were performed by placing
the sections in cold acetone with 7% formalin for 2.5
minutes. The slides were washed in cold PBS for 4 to 5
minutes and then transferred to 1� PBS at room tem-
perature. The primary antibodies were anti-CD45 anti-
body (BD Pharmingen, San Diego, CA) 1:50 dilution in
PBS, anti-Gr1 (BD Biosciences) 1:50 dilution, anti-F4/80
(BioLegend, San Diego, CA) 1:50 dilution, anti-B220
(BioLegend) 1:50 dilution in PBS, and antieIL-6
(Abcam) 1:200 dilution. The secondary antibody was
biotinylated rabbit anti-rat IgG (Vector Laboratories)
1:300 dilution in PBS.
833
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pHH3
Deparaffinized, rehydrated, and washed sections were fixed
in 2% paraformaldehyde for 3 minutes and washed twice for
5 minutes in PBS. Sections were acidified in 0.1 mol/L so-
dium citrate (pH 6.0) for 5 minutes at room temperature and
then transferred to warm solution of 0.1 mol/L sodium citrate
(pH 6.0, þ93�C) for 25 minutes. The container with hot
citrate buffer and the slides were put in an ice water bath for
20 minutes to cool. After antigen retrieval, the slides were
placed into PBS at room temperature. The primary antibody
was rabbit anti-pHH3 (Ser10) (catalog number 9701; Cell
Signaling) 1:100. The secondary antibody was biotinylated
goat anti-rabbit IgG (BA-1000, Vector Laboratories).

HO-1
Fixation and antigen retrieval were performed as above for
pHH3 with the exception of warm sodium citrate being
applied for 15 minutes. The primary antibodies were rabbit
antieHO-1 (ab13248; Abcam) 1:100, rat anti-mouse CD45
antibody (catalog number 553076; BD Pharmingen), rabbit
anti-pHH3 (Ser10; catalog number 9701; Cell Signaling),
and rabbit antieHO-1 antibody (ab13248, Abcam). The
secondary antibody was biotinylated goat anti-rabbit IgG
(BA-1000; Vector Laboratories).

Immunofluorescence Staining

Sections were fixed with 2% paraformaldehyde for 10 mi-
nutes after washing with PBS three times and permeabiliza-
tion with 0.05% Triton X-100 in PBS for 5 minutes and then
washed twice for 5 minutes in 1� PBS. Horse serum (7%)
diluted in PBS was used for blocking for 30 minutes. The
following primary antibodies were applied on each section:
ACSL1 (D2H5) rabbit monoclonal antibody (catalog number
9189; Cell Signaling) 1:300 and rat anti-mouse CD45 anti-
body (catalog number 553076; BD Pharmingen) 1:50. Sec-
tions were incubated with primary antibodies overnight at
þ4�C. The following day the slides were placed in PBS twice
for 5 minutes and incubated at room temperature in darkness
for 1 hour with secondary antibodies diluted 1:300 (anti-rat
Alexa Fluor 488 and anti-rabbit Alexa Fluor 594, Life
Technologies). Slides were carefully washed with PBS and
air-dried followed by covering with Gelvatol (Sigma-
Aldrich). A Zeiss Apotome Axiovert Fluorescence Micro-
scope was used to evaluate the fluorescence staining.

Statistical Analysis

All values are expressed as means � SD. All experiments
were performed in duplicates or triplicates and were
repeated three times. There were three to six mice in each
group. Samples were analyzed using one-way analysis of
variance followed by Tukey’s multiple comparison test or
unpaired t-test (two-tailed) for comparison of the two
groups. A result was considered significant at P < 0.05.
Analyses were performed using SPPS software version 13.0
834
(IBM Corp., Armonk, NY) and/or Microsoft Office Excel
2007 (Microsoft Inc., Redmond, WA). All immunohisto-
chemical staining was analyzed in a blinded fashion with at
least two researchers (L.V.L., G.C, B.W.) performing image
acquisition and analysis.

Results

This study established a model of mild prostate inflammation
by injecting E. coli (nonuropathogenic MG1655 strain) or
PBS into the mouse urethra and a bladder via urethral catheter
as previously described.34 Increased numbers of CD45þ cells
and mitotic cells were found in the prostate after injection of
non-uropatogenic MG1655 strain into the mouse urethrea
(Figure 1). PBS instillation, which reflects physical injury
inflicted by catheterization, injection procedures, or urine
reflux, induces sterile inflammation in the prostate and leads
to a transient activation of inflammatory responses.6,34

Prostates from each group of experimental mice were har-
vested 2, 6, and 24 hours as well as 3 weeks after treatment
with a single dose of bacteria or PBS. Within 20 days after
infection, no apparent difference was observed in body
weights between the groups of mice injected with PBS versus
those treated with E. coli (Supplemental Figure S1, A and B).
Specifically, an increased number of CD45þ leukocytes

were found in the prostate tissue harvested at 6 hours after
instillation of PBS or E. coli, indicative of mild inflamma-
tory reaction in the prostate (Figure 1, A and B). However,
infiltration of CD45þ cells was significantly higher in the
prostates harvested from mice injected with E. coli
compared with the tissue from PBS-treated mice at 24
hours. The number of infiltrating CD45þ cells was elevated
in the prostates for up to 3 weeks after a single instillation of
E. coli. In this model, positive expression of IL-6, a proto-
typical inflammatory cytokine, was seen in epithelial and
stroma cells in the prostates, which was especially elevated
at 3 weeks after injection of E. coli (Supplemental
Figure S1C). Upon further analysis, the cell subtypes
within the prostates show that F4/80þ cells are the major
contributors to the CD45þ population. An increase in
number of F4/80þ cells in the prostates of mice at 6 hours
and 24 hours after PBS treatment as well as 24 hours and 3
weeks in mice injected with E. coli was detected
(Supplemental Figure S2). Interestingly, there was a Gr1þ

cell population localized within the vessels in the prostate
stroma in mice treated with E. coli for 24 hours
(Supplemental Figure S3) unlike in other treatment groups.
A minimal contribution of CD8þ T cells to the CD45þ

leukocytes was noted with slight but not significant infil-
tration into the prostates at 24 hours and 3 weeks
(Supplemental Figure S4). For all the above analyses, the
spleen was used as a control of positive staining for specific
immune cell populations (Supplemental Figures S2eS4).
Furthermore, we excluded a contribution of the B cells in
prostate inflammation by staining with antibodies against
the B220 surface marker (Supplemental Figure S5).
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 1 A model of pathogen-induced prostatitis by transurethral instillation of Escherichiascherichia coli in male wild-type mice. A: Immunohisto-
chemistry with antibodies against CD45 (leukocytes) was performed on the prostates harvested 6 hours, 24 hours, and 3 weeks after intraurethral injection of
phosphate-buffered saline (PBS) or E. coli [2 � 108 colony-forming units (CFU) per animal]. B: Representative images of CD45þ cells in prostate presented in
A. Insets are shown at higher magnification to better visualize the single cells. Number of CD45þ cells per field of view (FOV) in the prostates from mice
injected intraurethrally with PBS or E. coli (2 � 108 CFU per animal) at 6 hours, 24 hours, and 3 weeks. C and D: Representative images of phosphorylated
histone H3

þ (p-HH3þ) cells in prostate after 6 hours, 24 hours, and 3 weeks in mice treated as in A. Insets are shown at higher magnification to better visualize
the single cells. Number of p-HH3þ cells per FOV in prostate from mice as described in D. E and F: mRNA expression of cytokines interleukin 1 beta (IL1B) (E)
and interleukin 10 (IL10) (F) presented as a fold change in PBS or E. coli injected mice (2 � 108 CFU per animal) versus naive controls (value normalized to 2
hours after injection). G: Immunoblot of phospho-ERK1/2 and cMyc in prostate lysates from mice 6 hours and 24 hours after intraurethral injection of PBS or E.
coli (2 � 108 CFU per animal). Data are expressed as means � SD (B, D, E, and F). n Z 3 individuals per group (B); n Z 3 to 4 animals per group (E and F).
*P < 0.05, **P < 0.01; yP < 0.05, yyyP < 0.001 versus naive. Original magnification: �200 (A and C, main images); 400 (A and C, insets). N, naive.

Heme Metabolism in Prostate Inflammation
Next, proliferative responses in the prostates harvested
from control and bacteria-infected mice were evaluated. The
levels of p-HH3, an established marker of cell proliferation,
were mildly elevated in the prostates after E. coli instillation
as early as 6 hours after treatment and remained elevated at
24 hours and 3 weeks (Figure 1, C and D). Mice injected
with PBS also showed a significant increase in p-HH3
staining in the prostates at 24 hours after injection compared
The American Journal of Pathology - ajp.amjpathol.org
with naive mice; however, no difference between naive or
mice injected with PBS was detected at 6 hours or 3 weeks
(Figure 1, C and D). These data suggest a mild proliferative
and inflammatory response in the prostate upon intraurethral
instillation of bacteria or PBS.

In the groups of mice injected with E. coli, a marked
increase in IL1b mRNA levels in the prostate was
noticed (Figure 1E). In contrast, expression of IL10,
835
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an anti-inflammatory cytokine, was inhibited by instil-
lation of E. coli or PBS compared with naive mice
(Figure 1F).

Because increased p-HH3 was observed in our model, the
phosphorylation status of MAPK ERK1/2 and the level of
Figure 2 A role of myeloid-derived heme oxygenase 1(HMOX1; HO-1) in a
staining of HO-1 in prostate tissue harvested 3 weeks after induction of prost
Quantification and representative images of CD45þ cells in prostates from condi
with Hmox1fl/fl (wild-type) mice 3 weeks after phosphate-buffered saline (PBS) or
per animal]. Arrows indicate stained cells. Number of CD45þ cells per field of vie
Hmox1fl/fl versus LysM-Cre:Hmox1fl/fl mice are shown in B. D and E: Quantification
Hmox1fl/fl versus conditional LysM-Cre:Hmox1fl/fl mice treated as in B. Number of p-
p-HH3 staining in mice (E). Insets are shown at higher magnification to better vis
to 3 animals per group. *P < 0.05, **P < 0.01, and ***P < 0.001. Original ma
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c-myc were evaluated. It was found that induction of phos-
phorylated MAPK ERK1/2 and increased expression of
c-myc at 6 and 24 hours after injections of PBS or E. coli
(Figure 1G) were indicative of heighten proliferation status of
the cells in these prostates.
model of prostate inflammation. A: Representative immunohistochemical
atitis, performed as in Figure 1. Arrows indicate stained cells. B and C:
tional myeloid-specific HO-1 knockout mice (LysM-Cre:Hmox1fl/fl) compared
Escherichia coli intraurethral injection [2 � 108 colony-forming units (CFU)
w (FOV) in prostate 3 weeks after intraurethral injection of PBS or E. coli in
and representative images of phosphorylated -histone H3

þ (p-HH3þ) cells in
HH3þ cells per FOV in mice prostates is shown (D). Representative images of
ualize the single cells. Data are expressed as means � SD (B and D). n Z 2
gnification, �200 (A, C, and E); �400 (insets).
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Figure 3 A role of carbon monoxide treatment on inflammation and proliferation in prostatitis. A: Immunoblot with antibodies against phosphorylated
ERK1/2 (p-ERK1/2) in prostate from wild-type mice injected intraurethrally with Escherichia coli [2 � 108 colony-forming units (CFU) per animal]. Mice treated
with carbon monoxide starting 1 hour after infection (250 ppm for 1 hour) were compared with controls kept in air 24 hours and 3 weeks after instillation of
bacteria. B and C: Number of phosphorylated histone H3

þ (p-HH3þ) cells in prostate 3 weeks after injection of phosphate-buffered saline (PBS) or E. coli
(2 � 108 CFU per animal) followed by carbon monoxide treatment as described in A. Representative images of p-HH3 staining presented in C. D: Immunoblot
of IL-1b (pro-form at 40 kDa) and toll-like receptor 4 (TLR4) in air versus carbon monoxide treated mice as described in A 6 hours after E. coli or PBS
intraurethral injection. E and F: Immunohistochemistry with antibodies against CD45. Quantification of CD45þ cells in prostate is shown in E. F: Representative
images or CD45þ cells shown in F. Arrows indicate cells positive for p-HH3 staining. Data are expressed as means � SD. *P < 0.05, ***P < 0.001. Original
magnification, �400 (C and F).

Heme Metabolism in Prostate Inflammation
HO-1 Is Induced by E. coli Treatment and Mitigates
Infiltration of Leukocytes into the Prostate

To dissect the role of the heme degradation pathway in the
chronic prostatitis model, HO-1 levels were first measured
in the prostates. An increased number of HO-1þ cells in the
stroma in the prostates of mice instilled with E. coli was
observed (Figure 2A). These HO-1þ cells likely correspond
to the inflammatory cells.19 To assess the role of HO-1 in
infiltrating myeloid cells, a conditional knockout mice
model lacking HO-1 in myeloid cells (LysM-Cre:Hmox1fl/fl)
was used. The frequency of CD45þ and p-HH3þ cells was
compared in the groups of LysM-Cre:Hmox1fl/fl and
Hmox1fl/fl littermate controls, 3 weeks after a challenge with
bacteria or PBS (Figure 2, BeE). Although the infiltration
of CD45þ cells was augmented in LysM-Cre:Hmox1fl/fl

mice, compared with Hmox1fl/fl mice in both PBS- and
E. coli-injected groups (Figure 2, B and C), the number of
The American Journal of Pathology - ajp.amjpathol.org
p-HH3þ cells was independent of the presence of HO-1 in
myeloid cells (Figure 2, D and E).

These results suggest that HO-1 expressed by myeloid
cells suppresses infiltration of CD45þ cells into the prostate
stroma after E. coli infection. These cells are likely to be
primarily myeloid cells.
CO Suppresses Mitosis in the Prostate and Modulates
Inflammatory Processes after Bacterial Infection
without Reducing the Number of Infiltrating
Leukocytes

Carbon monoxide is a product of HO-1 activity that mimics
many if not all effects of HO-1. Furthermore, exogenous
carbon monoxide increases macrophage functionality in
clearing bacteria by driving activation of the Nalp3
inflammasomeedependent IL-1b processing.19 In this
837
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Figure 4 Role of lipid metabolic enzyme long-chain acyl-CoA synthetase 1 (ACSL1) in carbon monoxideemediated effects during inflammation of the
prostate. A and B: Immunofluorescence co-staining of ACSL1 and CD45 in prostate from naive control (A) and from phosphate-buffered saline (PBS)e or
Escherichia colieinjected animals after 24 hours (B). Arrows and arrowheads indicate positive cells. C and D: Immunoblotting of ACSL1 in prostate lysates
from PBS- or E. colieinjected mice (2 � 108 CFU per animal) with or without carbon monoxide (1 hour, 250 ppm starting 1 hour after injection) harvested
directly after treatment at 2 or 24 hours. Lysates of bone marrowederived macrophages (BMDMs) from LysM-Cre:Acsl1flfl mice treated with E. coli were used as
an antibody specificity control for the Western blot. E: Real-time PCR using primers against Acsl1 in the samples of mRNA isolated from the prostates of mice
treated as in C and D. F: Immunoblotting of ACSL1 in prostate lysates from LysM-Cre:Hmox1flfl or Hmox1flfl (flfl) mice injected with PBS or E. coli (2 � 108 CFU
per animal) and harvested 3 weeks after injection. G: Immunoblotting with antibodies against ACSL1 in the lysates of BMDMs isolated from Hmox1flfl and LysM-
Cre:Hmox1flfl mice and treated with E. coli for 2 hours. After 2 hours of incubation of BMDMs with bacteria, media were changed, antibiotics were added, and
lysates were harvested 2 to 24 hours later. Data are expressed as means � SD (E). n Z 4 per group (C and D); n Z 3 to 4 per group (E); n Z 3 independent
experiments (G). **P < 0.01. Original magnification, �200 (A and B). N, naive wild-type control.

Lilljebjörn et al
model of prostatitis, carbon monoxide decreases phosphor-
ylated MAPK ERK1/2 levels in the prostate lysates in the
group of mice treated with E. coli (Figure 3A). Moreover,
fewer mitotic cells (p-HH3) in the prostates isolated from
carbon monoxideetreated mice were detected at 3 weeks
after injection of PBS or E. coli (Figure 3, B and C). At
early time points, carbon monoxide upregulated IL-1b that
838
could explain early and effective resolution of inflammation,
leading to suppression of chronic proliferative responses
after carbon monoxide treatment (Figure 3D). Indeed, car-
bon monoxide treatment inhibited IL-1b expression at later
time points, suggesting suppression of chronic inflamma-
tion. Carbon monoxide treatment did not alter TLR4
expression levels (Figure 3D) or the number of infiltrating
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Role of long-chain acyl-CoA synthetase 1 (ACSL1) in macro-
phages during bacterial infection. A: Quantification of number of PC3
colonies in soft agar after treatment with supernatant from bone mar-
rowederived macrophages (BMDMs) treated with live Escherichia coli (10
multiplicity of infection for 2 hours) or 80 mL of sterile phosphate-buffered
saline (PBS). After 1 hour of incubation of BMDMs with bacteria, media
were changed, antibiotics were added, and supernatants were harvested 24
hours later. Supernatants were filtered and used to treat PC3 cells grown in
soft agar. Three weeks after treatment, colonies were counted. B and C:
Western blotting with antibodies against IL-1b in the lysates of BMDMs
from wild-type (B) or LysM-Cre control and LysM-Cre:Acsl1flfl (LysM-Cre) mice
(C) treated with live E. coli (10 multiplicity of infection for 2 hours). After 2
hours of incubation of BMDMs with bacteria, media were changed, anti-
biotics were added, and supernatants were harvested 24 hours later as in A.
D: PC3 cells were grown in the soft agar with medium from E. colietreated
BMDMs from LysM-Cre control or LysM-Cre:Acsl1flfl (LysM-Cre) mice as in A.
Data are expressed as means � SD (A and D). n Z 3 independent exper-
iments. **P < 0.01. C, control; SP�, supernatant from control macro-
phages; SPþ, supernatant from macrophages treated with E. coli.

Heme Metabolism in Prostate Inflammation
CD45þ cells in the prostate (Figure 3, E and F). These data
highlight the cellular activation status, which, as opposed to
the number of infiltrating cells, might explain the effects of
carbon monoxide.

The Fatty Acid Metabolic Enzyme ACSL1 Is Induced by
Inflammation and Regulated by HO-1 and/or Carbon
Monoxide in the Prostate

ACSL1 regulates immune responses of myeloid cells by
allowing acyl-CoA formation and phospholipid remodeling
after cellular activation by cytokines or lipopolysaccha-
ride.28,29 Interestingly, positive staining of ACSL1 was noted
in CD45þ leukocytes in the prostate and PBS- or
E. colietreated prostates (Figure 4, A and B). Indeed,
increased levels of ACSL1 were detected in the lysates of the
The American Journal of Pathology - ajp.amjpathol.org
prostates from mice treated with E. coli at 24 hours
(Supplemental Figure S6). Therefore, it was investigated
whether ACSL1 may crosstalk with the HO-1 pathway to
affect inflammatory responses during prostatitis. Early in-
duction of ACSL1 was observed at the protein level in the
prostates of mice treated with carbon monoxide and PBS or
E. coli at 2 hours (Figure 4C), which was no longer evident at
24 hours (Figure 4D). Acsl1 mRNA levels in the prostate did
not change significantly, but a slight induction of ACSL1was
observed after carbon monoxide treatment at 2 hours
(Figure 4E), corresponding to the protein level (Figure 4C).
Acsl1 mRNA levels increased significantly at 24 hours.

Also, HO-1 expressed in myeloid cells regulates ACSL1
expression in response to E. coli (Figure 4F). Lower protein
levels of ACSL1 in mice whose myeloid cells lack HO-1
were detected at the baseline level and after bacteria treat-
ment (Figure 4F). Higher expression levels of ACSL1 were
observed along with HO-1 induction in response to E. coli
treatment at 2 hours up to 24 hours in wild-type BMDMs
(Figure 4G). There was a significant delay in the induction
of ACSL1 in response to E. coli in BMDMs isolated from
HO-1edeficient mouse (Figure 4G). These data indicate a
possible regulation of ACSL1 via HO-1 and carbon mon-
oxide in myeloid cells in the prostate.

Myeloid CelleExpressed ACSL1 Regulates IL-1b
Production in Response to E. coli

To assess the role of ACSL1 in controlling macrophage
function in the prostate microenvironment, we used models
of prostate cancer and transformed prostate epithelial cell
lines cultured in the presence of supernatants derived from
macrophage cultures. Supernatants collected from macro-
phages treated with E. coli had higher efficacy to promote
anchor-independent growth of PC3 prostate cancer cells in
soft agar compared with supernatants collected from un-
challenged macrophages (Figure 5A). The same conditions
improved the survival of transformed prostate epithelial cell
line PNT1A (Supplemental Figure S7A) and prostate cancer
cell lines (DU145, PC3) (Supplemental Figure S7, B and C).
No difference was found in the viability or proliferation of
LNCaP or VCaP cell lines in the presence of supernatants
from macrophages treated with E. coli (Supplemental
Figure S7, D and E).

ACSL1 and IL-1b along with HO-1 were induced in
response to E. coli treatment in BMDMs (Figure 5, B and
C). Importantly, lack of ACSL1 in macrophages led to
lower IL-1b production in response to E. coli infection
in vitro (Figure 5C), indicating that ACSL1 expression in
macrophages in the prostate might be a critical mediator of
inflammatory responses. Furthermore, supernatants
collected from Acsl1-deficient macrophages treated with E.
coli had lower efficacy to induce PC3 colony growth in vitro
(Figure 5D). These data suggest that ACSL1 may play an
important role in controlling inflammation in the prostate as
a target of HO-1/carbon monoxide pathway.
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Figure 6 Scheme indicating the early and late
phase effects of heme oxygenase 1 (HMOX1; HO-1
and/or carbon monoxide on inflammatory re-
sponses in the bacteria-infected prostate. ACSL1,
long-chain acyl-CoA synthetase 1.

Lilljebjörn et al
Discussion

This study found that HO-1 and/or carbon monoxide mod-
ulates inflammation in the prostate in part via a novel
ACSL1eIL-1b pathway in myeloid cells (Figure 6). Uri-
nary tract infections are common in humans, leading to pain
and potentially an increased risk of prostate inflammation as
well as prostate cancer. Understanding the mechanisms of
sterile and pathogen-driven inflammatory responses in the
prostate may help to prevent long-term changes in the
prostate gland and carcinogenesis.

It was observed that the acute inflammatory processes
caused by bacteria may lead to long-lasting changes in
prostate proliferation and inflammation. Our model using a
non-uropathogenic strain of E. coli led to mild inflammation
with an increase primarily in myeloid cells. Mice injected
with PBS also showed signs of inflammation in the pros-
tates; however, the immune response was transient and was
not significantly different from that of naive controls at 3
weeks time point. In contrast, in E. colietreated mice, the
number of CD45þ cells remained elevated at 3 weeks after
treament. The transient inflammatory response to PBS in-
jection is in agreement with the observation of Kwon et al,34

where intraurethral injection of PBS led to a physical injury
as a result of urine reflux and increased pressure in the
prostate. Recent data suggest that urine reflux to the prostate
causes sterile prostatitis.35 This, however, may be short-
lasting and resolved, unless it is accompanied by bacteria
infection. Our data clearly indicate that chronic inflamma-
tion is primarily induced by pathogen infection to the
prostate.

Heighten meta-inflammation is correlated with low levels
of HO-1 in patients with metabolic syndrome and in patients
with moderate to severe lower urinary tract symptoms sec-
ondary to benign prostatic hyperplasia.36 HO-1 and the
products of heme degradation have anti-inflammatory or
proinflammatory effects, depending on the time of their
induction or administration.37e40 In this study, HO-
840
1epositive myeloid cells show immunosuppressive pheno-
type and are likely to contribute to the anti-inflammatory
responses in the prostate. Previous work has demonstrated
that HO-1 deficiency leads to poorer expansion and differ-
entiation of myeloid cells toward macrophages, including a
pool of F4/80 macrophages.30 Therefore, macrophages
lacking HO-1 in the prostate might be less mature and
inefficient in removal of bacteria and/or cellular debris.
Indeed, it was previously shown that HO-1 in macrophages
supports a better bacteria clearance.19

Akin to HO-1, carbon monoxide promotes cell prolifer-
ation and regeneration of injured tissues.41,42 Carbon mon-
oxide treatment inhibited cellular proliferation but did not
affect the number of CD45þ cells after intraurethral bacteria
or PBS instillation in the mouse prostate. The differential
effect of HO-1 and/or carbon monoxide might be due to the
generation of heme degradation products other than carbon
monoxide, such as biliverdin, bilirubin, or iron, and their
contribution to the effects seen in the prostate. Moreover,
these data indicate that modulation of inflammatory cell
infiltration and cell proliferation in the prostate might be two
independent processes. The role of carbon monoxide might
be to restore homeostasis through suppressing proliferation
and therefore to prevent development of hyperplasia and
sequential prostatic intraepithelial neoplasia lesions. Indeed,
carbon monoxide blocked prostatic intraepithelial neoplasia
development and inhibited the growth of prostate cancer in a
spontaneous model of prostate cancer (TRAMP mice).33

Interestingly, exogenous carbon monoxide induced early
release of the proinflammatory cytokine IL-1b. It was pre-
viously reported that carbon monoxide acts directly on
bacteria to release ATP and activate Nalp3
inflammasomeemediated IL-1b secretion from macro-
phages infected with bacteria.19 At later time points, sup-
pression of IL-1b is likely a consequence of the faster
removal of bacteria or anti-inflammatory effect of carbon
monoxide. A decrease in IL-1b levels in response to carbon
monoxide may impact its effects on cell proliferation in the
ajp.amjpathol.org - The American Journal of Pathology
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prostate. Similar observations were made in IL-1R knockout
mice.26 In the infammed prostate, proliferation of c-kitþ
progenitor cells was suppressed in IL-1R knockout mice.26

Interestingly, unchanged numbers of infiltrating leukocyte
into the inflamed prostate were seen in the same IL-1R
knockout mice, akin to that observed after carbon monox-
ide treatment.

ACSL1 regulates macrophage function and controls
inflammation in diabetic mice29 and in prostate cancer.27

Another ACSL isoform, ACSL3, has been implicated in
regulation of prostate cancer progression via control of ste-
roidogenesis.43 In normal, non-inflamed tissue, ACSL1 was
almost specifically expressed in CD45þ leukocytes, indicating
a potential role of this enzyme in residential tissue macro-
phages. Carbon monoxide treatment led to increased protein
expression of ACSL1 in the prostates collected from mice
challenged in PBS- or E. colieinduced prostatitis models at
early time points. The later decrease in the expression of
ACSL1 in the presence of carbon monoxide was similar to the
IL-1b regulation and is likely due to modulation of myeloid
cell phenotype. This finding indicates that carbon monoxide
might regulate inflammatory responses, at least in part, through
ACSL1.We speculate thatHO-1 and/or carbonmonoxidemay
promote fatty acid synthesis and lipid metabolism, which are
deployed for diverse anabolic processes in macrophages and
epithelial cells in response to bacterial infection or sterile
inflammation. It was previously found that carbon monoxide
targets glucose metabolism in cancer cells to suppress their
proliferation.33

Remarkably, supernatants from macrophage cultures
treated with bacteria promoted viability of cancer cell lines
(PC3 and DU145) as well as transformed epithelial cells
PNT1A. Interestingly, two androgen-sensitive cell lines,
VCaP and LNCaP, did not respond to the same stimuli,
suggesting a possible specificity between the inflammatory
stimuli and the androgen receptor signaling.44e47 Dimin-
ished PC3 prostate cancer growth was observed in soft agar
in response to supernatant collected from E. colietreated
macrophages with deletion of ACSL1, suggesting that
ACSL1-driven soluble factors are likely responsible for cell
proliferation. These factors secreted from bacteria-
stimulated macrophages will be a focus of our future
work. Similar effects were previously noted in a model of
pancreatic cancer in which proinflammatory macrophages
potently induced epithelial to mesenchymal transition in
cancer cells.48 It is possible that switches in heme and lipid
metabolism in immune cells influence inflammation and
cytokine release that are known to promote cellular trans-
formation in the prostate.34

In summary, our results suggest that HO-1 and/or CO has
a regulatory function in a model of bacterial infection and/or
sterile inflammation in the prostate. Additional studies
warrant investigation on the role of HO-1 in specific cell
types and, its impact on inflammatory mediators and pro-
liferative responses in epithelial cells in the inflamed pros-
tate. Furthermore, it would be of interest to assess the role of
The American Journal of Pathology - ajp.amjpathol.org
HO-1 and/or CO in a uropathogenic model of bacteria
infection in the prostate or other models of prostatitis. We
provide the first evidence that carbon monoxide treatment
might have beneficial effects by blocking inflammation and
proliferation in the prostate acting in part via a novel
ACSL1eIL-1b signaling pathway.
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