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Chronic pain conditions are often linked with depression, a common chronic mental health disorder that severely impairs
quality of life. This association is particularly present in chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS). CP/CPPS is
a prevalent urological disorder characterized by pelvic pain accompanied by neuropsychiatric comorbidities such as depression,
for which underlying pathophysiological mechanisms remain unclear. Recently, anti-inflammatory and neuroprotective effects
of carbon monoxide-releasing molecules (CORMs) have been demonstrated. The aim of this study was to investigate whether CO
releaser, CORM-A1 could have beneficial effects on depressive-like behavior in an animal model of CP/CPPS. Adult male Wistar
albino rats were divided into four groups (Sham-PBS, Sham-CORM, CP/CPPS-PBS and CP/CPPS-CORM), receiving intraprostatic
injections of saline or A-carrageenan, followed by daily treatments with PBS or CORM-A1 for seven days. Pain thresholds were
measured by von Frey esthesiometer, while depression-like behaviors were assessed by the forced swimming test (FST). CP/CPPS
rats exhibited mechanical hyperalgesia which has been significantly diminished by CORM-A1 administration. CORM-A1 treatment
caused a significant decrease in floating time and a significant increase in swimming time in CP/CPPS rats compared to those
treated with vehicle (CP/CPPS-PBS group). Correlation analysis showed a significant link between pain threshold and FST floating
time as indicator of depressive-like behaviors. These findings suggest that CORM-A1 beneficially modulates pain perception and
depressive-like behaviors in CP/CPPS rats.
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INTRODUCTION

Depression is not just a simple mood disorder, but
a complex systemic disease affecting neuroendocrine,
immune, and neurochemical systems (Chand et al,,
2023). It presents chronic unhappiness, loss of interest,
sleep disturbances, and suicidal thoughts, severely im-
pacting quality of life (Liao et al., 2021; Tao et al., 2023).
Research highlights pathophysiological mechanisms
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like neuroinflammation, oxidative stress, monoamine
imbalances, and hypothalamic-pituitary-adrenal (HPA)
axis dysfunction in depression etiology (Hassamal,
2023; Sdlcudean et al., 2025). According to WHO (2023),
around 280 million people globally live with depression,
which affects both mental and physical health. When
combined with chronic somatic diseases, depression
tends to be more resistant to treatment and shows lower
response rates (Costa et al., 2019; McIntyre et al., 2023).
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Chronic prostatitis/chronic pelvic pain syndrome
(CP/CPPS) is an increasingly prevalent urological dis-
ease characterized by spontaneous pain in pelvic re-
gion, irritating obstructive urinary symptoms, sexual
dysfunction. All these treatment-resistant symptoms
trigger psychosomatic complaints and depression in
patients. This suggests that CP/CPPS is a systemic syn-
drome associated with not only somatic, but also psy-
chological effects. Namely, clinical and experimental
studies show that the prevalence of depression and
anxiety in individuals with CPPS is significantly higher
than in the general population (Kwon & Chang, 2013;
Evans-Durdn, 2022) which negatively affect quality of
life in these patients (Breser et al., 2017; Chen et al.,
2020). Moreover, pain catastrophizing has been identi-
fied as an important psychological factor that further
aggravates depressive symptoms by increasing the se-
verity and impact of pain in these patients (Stamatiou
et al., 2024).

Carbon monoxide-releasing molecules (CORM:s)
are novel compounds that provide controlled CO re-
lease. CO in low doses and under control conditions
(Stucki & Stahl, 2020; Li et al., 2025) could have neuro-
protective effects. Moreover, the effects of CO on the
HPA axis suggest that it can play an important role in
regulating the stress response (Mancuso et al., 2010),
inflammatory response (Lin et al., 2019), redox status
(Chaves et al., 2025). CORMs can suppress neuroin-
flammation by regulating cytokines production and
exhibit antidepressant-like effects (Tao et al., 2023).
These findings indicate that CORMs may be promis-
ing agents not only for neuroprotection, but also for
the treatment of depression (Li et al., 2020; Zhao et
al., 2024).

Current treatment options are largely inadequate
in CP/CPPS, especially in the treatment of mental dis-
orders associated with CP/CPPS. Therefore, there is
constant need for novel drug developments and thera-
peutic strategies through tests in animal models of CP/
CPPS. Reliable models of CP/CPPS could be developed
by % A-carrageenan administered intraprostatical-
ly (Mansour, 2024). It has been shown that it imitates
prostate inflammation and (neuro)behavioral chang-
es, including mechanical allodynia and depression-like
behaviors (Sutulovié et al., 2023). The role of CO-me-
diated signaling in development of depression in CP/
CPPS has not been investigated yet, to the best of our
knowledge. We hypothesized CORM-A1 could impact
depression-like behavior in CP/CPPS model by altering
pain perception.

Therefore, we opted herein to evaluate the effects
of CORM-A1 on pain sensitivity and depression-like be-
haviors in an animal model of CP/CPPS. In our study,
we measured scrotal pain threshold to determine me-
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chanical pain sensitivity, applied the forced swim test
(FST) to evaluate depression-like behaviors.

METHODS
Animals and Ethical Statement

Wistar Albino male rats weighing 250-300 g were
used in the study (n=24). The animals were housed
under standard laboratory conditions, including con-
stant temperature (22+2°C; relative air humidity 50+5%;
a 12-h light/dark cycle, light starting at 08:00 a.m.) and
free access to water and food.

All procedures conducted in this study received
approval from the relevant local authorities of Re-
public of Serbia and Ethics Committee of the Facul-
ty of Medicine, University of Belgrade (Permit No.
323-07-01339/2017-05/3) and were performed in accor-
dance with Directive 2010/63/Eu of the European Par-
liament.

Experimental Design

CP/CPPS has been surgically induced in rats by
intraprostatic injection of 3% A-carrageenan (form-
ing CP/CPPS groups), while corresponding Sham rats
received at the same time intraprostatic injection of
0.9% NaCl (forming Sham groups). Hereupon, rats from
each of these groups have been treated with CORM-A1
(2 mg/kg/day, i.p.) or phosphate- buffered saline (PBS,
0.1 mL/kg/day, i.p,) as the solvent during the period
of the seven days after surgery. Hence, i) Sham-PBS,
ii) Sham-CORM, iii) CP/CPPS-PBS, iv) CP/CPPS-CORM
groups were formed (n=6 per group). Rats were ran-
domly assigned to these groups.

Mechanical pain threshold was evaluated using the
an electronic von Frey (eVF) device two day before and
seven days upon the surgery (Fig. 1).

Establishment of the Experimental CP/CPPS
Model and Surgical Operation

Experimental CP/CPPS in rats was established fol-
lowing previously described protocols (Radhakrishnan
& Nallu, 2009; Sutulovi¢ et al., 2019; 2021). Rats were
anesthetized via intraperitoneal injection of sodium
thiopental (40 mg/kg) and placed in the supine posi-
tion on a heating pad. The lower abdomen and scro-
tum were shaved and disinfected with 70% ethanol
applied three times, followed by a single application
of povidone-iodine solution (10%) under aseptic con-
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Fig. 1. Time course of experimental design. Rats (n=24) were randomly divided into: Sham-PBS (intraprostatic 0.9% NaCl injection and daily postoperative
PBS administration, 0.1 mL/kg; n=6); Sham-CORM (intraprostatic 0.9% NaCl injection and daily postoperative CORM-A1 administration, 2 mg/kg; n=6);
CP/CPPS-PBS (intraprostatic 3% A-carrageenan injection and daily postoperative PBS administration, 0.1 mL/kg; n=6); CP/CPPS-CORM (intraprostatic 3%
A-carrageenan injection and daily postoperative CORM-AT administration, 2 mg/kg; n=6). From the first to the seventh postoperative day, animals were
given PBS or CORM-A1 at a dose of 2 mg/kg/day by intraperitoneal injection (i.p.), and mechanical pain sensitivity in scrotal region was evaluated by the
eVF device two days before and seven days after surgery. Depression behaviors were assessed by the FST test.

ditions. To minimize postoperative pain, 2% lidocaine
was administered subcutaneously at the incision site.
A midsagittal incision of approximately 1-1.5 cm was
made in the lower abdominal wall to expose the ven-
tral lobes of the prostate, which were identified using
anatomical landmarks, including the bladder and sem-
inal vesicles.

In the CP/CPPS group, 25 uL of sterile 3% A-carra-
geenan solution was injected into each ventral lobe
using a 30-gauge Hamilton® syringe (total of 50 uL of
solution per rat prostate). Sham animals received an
equal volume of sterile 0.9% saline. The incision was
then closed using absorbable 4-0 Polysorb™ sutures in
a layered fashion. After recovery from anesthesia, an-
imals were returned to their cages and monitored for
signs of distress, bleeding, or infection.

Evaluation of Mechanical Pain Sensitivity:
Scrotal Pain Threshold

To evaluate the development of experimental CP/
CPPS and mechanical allodynia, scrotal pain thresh-
old was measured on the 2" days before intraprostatic
procedure and 7% days after. Measurements were made
with the eVF device. Animals were placed in Plexiglas
chambers for 15-20 min before measurement and
for 30 min during measurement. The eVF device was
placed perpendicular to the scrotal skin and pressure
gradually increased; maximum pressure was record-
ed when the withdrawal reflex was observed. At each
time point, three consecutive measurements were ob-
tained per animal, separated by at least 10 seconds,
and the mean value was used as the pain threshold.
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To minimize the risk of tissue injury, a cut-off force of
300 g was applied. Von Frey tests were conducted by
trained experimenter blinded to group allocation to
reduce bias.

Evaluation of Depression-Related Behaviors

Depression-related behaviors were assessed us-
ing the forced swimming test described by Porsolt et
al. (1979). In this test, cylinders (50 cm height, 25 cm
diameter) made of transparent Plexiglas (Elunit, Bel-
grade, Serbia) were used. The test was performed in-
dividually for each animal. The animals were carefully
placed in cylinders containing water (35 cm depth) at
22+1°C. The behavior of the animals was video recorded
for 5 min during the experiment (Logitech €210, Laus-
anne, Switzerland). Odor traces were removed with 70%
ethanol upon draining cylinders between each animal
test. After the test, the animals were dried appropriate-
ly and placed in their cages.

In the test, three behavioral categories were quan-
tified: Struggling - defined as animal’s climbing or
scratching movements on the water surface with
strong extremities and body movements; Swimming
- defined as the animal moving horizontally on the
water surface or dive with obvious extremities move-
ments and Floating - described as the animal remain-
ing immobile on the water surface, with nose above
the surface and no extreme movements. The duration
of each category was measured in seconds, and the
relative distribution was calculated for each animal.
To minimize bias, all video analyses were performed
by a single investigator blinded to the treatment
groups.

Chemicals

All chemicals (A-carrageenan, PBS, CORM-A1)
were purchased from Sigma Aldrich, St. Louis, MO,
USA and were of analytical grade. A-carrageenan was
dissolved in sterile 0.9% saline to prepare a 3% solu-
tion. The solution was mixed at room temperature
using a magnetic stirrer until being fully homoge-
nous. The pH was measured and adjusted to 7.2-7.4 to
match physiological conditions. Fresh solutions were
prepared immediately before use to ensure stability
and prevent degradation. CORM-A1 was dissolved in
PBS at room temperature, pH being 7.4 and adminis-
tered within 10 min of dissolution to prevent CO re-
lease from CORM-A1. Fresh solutions were prepared
immediately before use at each time point in the ex-
periment.
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Statistics

The Shapiro-Wilk test was used to assess a normal
distribution of data. Normally distributed data are pre-
sented as mean * standard deviation (SD). Differences
between groups in pain thresholds were assessed using
one-way ANOVA and Tukey-Kramer LSD post hoc test,
while intra-group comparisons were made using the
t test for repeated measurements. Results of the FST
were statistically assessed by one-way ANOVA test with
Tukey-Kramer post hoc testing. Pearson coefficient was
calculated to determine the association between pain
threshold and floating time in rats with CP/CPPS.

RESULTS
Effect of CORM-A 1 on Scrotal Pain Threshold

Scrotal pain thresholds of all groups (Sham-PBS,
Sham-CORM, CP/CPPS-PBS and CP/CPPS-CORM) were
measured both two days (-2") before and seven days (7t)
after surgery. There was no significant difference be-
tween the groups at baseline (F(; ,=0.27, p=0.84, Fig. 2).
In the Sham groups (PBS and CORM), the pain thresh-
old did not change before and after surgery (t(5)=0.94,
p=0.39 and t(5)=0.61, p=0.56, respectively). On the con-
trary, in the CP/CPPS groups (with 3% A-carrageenan
injection), the pain threshold decreased significantly
on the 7t day after surgery (for CP/CPPS-PBS -2 vs. 7t
day: t(5)=8.84, p<0.001 and for CP/CPPS-CORM -2" vs,
7% day: t(5)=4.48, p=0.003). When the CP/CPPS groups
were compared within themselves at 7" day, CORM-A1
administration significantly increased the pain thresh-
old in the CP/CPPS-CORM group and provided lower
pain levels than the CP/CPPS-PBS group (F(;,,)=109.3,
p<0.001, Fig. 2). This indicates that CORM-A1 has an an-
algesic effect. On the other hand, in the Sham groups,
CORM-A1 administration did not cause a significant
change in pain threshold (p=0.91, Fig. 2).

Effect of CORM-A 1 on Depression-Related Behavior

During the FST conducted on the 7t day after sur-
gery, the distribution of three types of behaviors was
observed: struggling, swimming and floating. Animals
inboth Sham groups (Sham-PBS and Sham-CORM) spent
significantly longer time struggling compared to time
during swimming and floating (F,,5=258.67, p<0.001 for
Sham-PBS and F,;,=287.12, p<0.001 for Sham-CORM,
Fig. 3). On the other hand, animals in both CPPS groups
(CP/CPPS-PBS and CP/CPPS-CORM) spent significantly
more time floating compared to swimming and strug-
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Fig. 2. Effect of CORM-A1 on scrotal pain threshold in animals with CP/
CPPS. Animals underwent scrotal pain threshold testing with an eVF
esthesiometer two days before and seven days after surgery. Groups
were defined as follow (n=6 per group): Sham-PBS (intraprostatic 0.9%
NaCl injection and daily postoperative PBS administration, 0.1 mL/kg);
Sham-CORM (intraprostatic 0.9% NaCl injection and daily postoperative
CORM-A1 administration, 2 mg/kg); CP/CPPS-PBS (intraprostatic 3%
A-carrageenan injection and daily postoperative PBS administration,
0.1 mL/kg); CP/CPPS-CORM (intraprostatic 3% A-carrageenan injection
and daily postoperative CORM-A1 administration, 2 mg/kg). Data are
presented as mean + standard deviation. Differences between groups
were assessed using one-way ANOVA and Tukey-Kramer LSD post hoc test
(&&&p<0.001 vs. Sham-PBS; +++p<0.001 vs. Sham-CORM; ###p<0.001 vs.
CP/CPPS-PBS). Intra-group comparisons were made using the t test for
repeated measurements (***p<0.001, vs. -1).

gling (F(;;5=1320.10, p<0.001 for CP/CPPS-PBS and
F(3.5=137.67, p<0.001 for CP/CPPS-CORM, Fig. 3). Nota-
bly, CORM-A1 treatment led to a significant increase in
struggling time (F;,,=188.93, p<0.001) and swimming
time (F; ,0=23.83, p<0.001) in the CP/CPPS-CORM group
compared to respected control. Moreover, CORM-Al
treatment significantly decreased floating time in the
CP/CPPS-CORM group (p<0.001) compared to the CP/
CPPS-PBS group (F; ,,=407.20, p<0.001, Fig. 3).

Pain and Depression Correlation in CP/CPPS
Correlation analysis between scrotal pain thresh-

old and floating time in the FST in rats with CP/CPPS
showed a significant negative correlation between
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Fig. 3. Effect of CORM-A1 on the distribution and duration of struggling,
swimming and floating during the forced swim test in animals with CP/
CPPS. Depression-related behaviors were assessed using the forced
swimming test on the 7" day upon surgery and model induction. Groups
were defined as follow (n=6 per group): Sham-PBS (intraprostatic 0.9%
NaCl injection and daily postoperative PBS administration, 0.1 mL/kg);
Sham-CORM (intraprostatic 0.9% NaCl injection and daily postoperative
CORM-A1 administration, 2 mg/kg); CP/CPPS-PBS (intraprostatic 3%
A\-carrageenan injection and daily postoperative PBS administration,
0.1 mL/kg); CP/CPPS-CORM (intraprostatic 3% A-carrageenan injection
and daily postoperative CORM-A1 administration, 2 mg/kg). Values are
expressed as mean * standard deviation. Within-group differences in the
distribution of struggling, swimming and floating were assessed using
a one-way ANOVA test with Tukey-Kramer post hoc testing (***p<0.001).
Statistical significance of differences in the distribution of struggling,
swimming and floating between groups was determined using the same
test (&&&p<0.001 vs. Sham-PBS; ++p<0.01, +++p<0.001 vs. Sham-CORM;
##p<0.01, ###p<0.001 vs. CPPS-PBS).

these indicators of pain perception and anxiety, re-
spectively (Fig. 4). This was evident among both CP/
CPPS-PBS group and CP/CPPS-CORM-A1 group.

DISCUSSION

Having in mind mechanisms, symptoms and comor-
bidities CP/CPPS is clearly a multidisciplinary disorder
that is result of complex interactions between chronic
inflammation on the periphery and the central nervous
system. While current treatment approaches general-
ly focus on relieving symptoms, the studies for novel
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Fig. 4. Correlation between scrotal pain threshold and floating time in the FST in rats with CP/CPPS. A significant negative correlation was observed
between scrotal pain threshold and floating time in both CP/CPPS-PBS and CP/CPPS-CORM groups, indicating that lower pain thresholds are associated
with increased anxiety-like behavior. Pearson coefficient was calculated to determine the association between pain threshold and floating time in rats
with CP/CPPS (CP/CPPS-PBS - intraprostatic 3% A-carrageenan injection and daily postoperative PBS administration, 0.1 mL/kg) and CP/CPPS-CORM -
intraprostatic 3% A-carrageenan injection and daily postoperative CORM-A1 administration, 2 mg/kg).

therapeutic strategies that simultaneously target both
peripheral and neuropsychiatric components of the
disease is still ongoing.

Measurements made with the eVF test in our study
revealed that the pain thresholds of the animals in
the CP/CPPS model were significantly reduced to me-
chanical stimuli, thus developing hypersensitivity to
pain. However, in rats treated with CORM-A1 in the CP/
CPPS model (CP/CPPS-CORM group), the mechanical
pain threshold in the scrotal region was significantly
increased compared to the CP/CPPS-PBS group on the
7t day.

The FST is considered an important tool for exam-
ining antidepressants efficacy, especially in preclinical
studies for the evaluation of behavioral hopelessness,
which is an indicator of depressive behaviors (Wang
et al., 2022). Active swimming or escape attempts by
the animal are generally considered to be indicative

of motivation and a hopeful mood (Yankelevitch-Ya-
hav et al., 2015). In the FST test, the primary indica-
tor of depression-like behavior is the period in which
the animal remains motionless, i.e., floating time. This
motionlessness suggests that the animal has given
up its attempts to escape and has entered a state of
despair. In our current study, rats from Sham groups
(Sham-PBS and Sham-CORM) exhibited longer strug-
gling behaviors compared to swimming and floating
activities. This result shows that these groups tend to
struggle more and spend less time on floating activi-
ties. On the contrary, it was observed that CP/CPPS and
CP/CPPS-CORM groups exhibited different patterns in
terms of swimming and struggling times compared to
Sham groups, indicating a significant increase in float-
ing activities of these groups. Also, floating times in
CP/CPPS groups were significantly higher compared
to floating times in corresponding Sham groups. These
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results, hence, validated the depression-related be-
haviors profile seen in CP/CPPS disorder reported in
the literature (Sutulovié et al., 2023). Contrary, in the
CP/CPPS-CORM group, it was observed that CORM-A1
treatment caused a significant decrease in floating
time and a significant increase in swimming time
compared to the CP/CPPS-PBS group. These findings
suggest that CORM-A1 treatment may influence be-
havioral patterns in the CP/CPPS model and that the
behavioral balance between struggling, swimming and
floating may be modulated.

These findings suggest that exogenous carbon mon-
oxide (CORM-A1) used in our study has shown to be
a promising agent offering dual effects in the treatment
of CP/CPPS by suppressing hyperalgesia (reducing ef-
fect on CP/CPPS-induced mechanical pain hypersensi-
tivity) and significantly improving depression-like be-
haviors as its major brain-related comorbidity.

Many studies have reported a strong and recipro-
cal relationship between pain, pain catastrophizing
thoughts, and depression in CP/CPPS patients (Tripp
et al., 2004; Nickel et al., 2008; Huang et al., 2020). The
“pain catastrophizing” way of thinking stands out as
a critical factor in the maintenance of chronic pain and
plays a critical role in shaping the clinical features of
CP/CPPS (Shoskes et al., 2010; Keogh et al., 2010; Krs-
manovic et al., 2014). This mental process includes
cognitive distortions such as constantly replaying ex-
perienced pain events in the mind, perceiving pain
as more severe than it actually is, and hopelessness
about impending pain (Sullivan et al., 2001). Tripp et
al. (2006) also demonstrated that such thoughts both
increase pain intensity and significantly reduce pa-
tients’ quality of life. Psychological stress levels in CP/
CPPS patients positively correlated with the severity
of symptoms (Bai et al., 2022). Also, age, urinary reten-
tion and brain-related comorbidities were associated
with pain severity in CP/CPPS patients (Chen et al.,
2020). Large cohort study showed that 5.34% of indi-
viduals diagnosed with CP/CPPS were diagnosed with
depression during the three-year follow-up, while this
rate was reported as 3.24% in the control group (Xia
et al., 2011). Our previous study has shown that CP/
CPPS can cause depression-like behaviors and learn-
ing-memory impairments in rat models. These effects
were related to be associated with neuroinflammatory
processes such as decreased hippocampal neurogene-
sis and astrocyte activation (Sutulovié et al., 2023).

CP/CPPS has effects not only at the level of urinary
system, but also at the central nervous system level
(zhang et al., 2025) and it could explain the coexistence
of hyperalgesia and depression-like behavior even in
herein used experimental model of CP/CPPS. Namely,
results of our correlation analysis showed that the level
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of hyperalgesia correlated with level of depressive-like
behavior in CP/CPPS groups, i.e., lower threshold cor-
related with higher floating time. CORM-A1 treatment
exhibited dual effect increased pain threshold and de-
creased floating time in CP/CPPS animals compared
to those treated with vehicle (PBS). Thus, CORM-A1l
as exogenous CO donor could potentially disrupt the
vicious cycle between pain and depression in this syn-
drome. Our results agree with recent study by Ge et
al. (2025) who demonstrated significant functional
changes in brain regions related to pain perception
and emotional regulation in CP/CPPS patients. A num-
ber of studies have shown that CO has therapeutic po-
tential in various neurological disorders such as spi-
nal cord injury, Alzheimer’s, Parkinson’s diseases, and
cerebral ischemia (Morroni et al., 2018; Zheng et al.,
2019) via improving neuronal differentiation, prevent
neuronal apoptosis, and stimulate endogenous neuro-
genesis (Choi et al., 2016; Almeida et al., 2016; Drey-
er-Andersen et al., 2018). Moreover, studies in animal
models using CORMs that carry controlled amounts of
CO reveal that they regulate mitochondrial function,
exhibit anti-inflammatory and antioxidant effects, and
protect against neurodegeneration (Qiao et al., 2017;
Wilson et al., 2017; Motterlini & Foresti, 2017).

Our findings are important for identifying novel
pharmacological targets in CP/CPPS, having in mind
that many studies have shown that traditional urolog-
ical treatments do not sufficiently alleviate CP/CPPS
symptoms (Anothaisintawee, et al., 2011; Polackwich &
Shoskes, 2016; Anderson et al., 2018; Qin et al., 2024).

Exogenous CO has several neuroprotective effects
via its involvement in redox status homeostasis and
neurotransmitters balance. Some of these mechanisms
could potentially explain herein observed antidepres-
sant effects of CORM-A1. Increased ROS production
and weakening of antioxidant defenses stand out as
important mechanisms in development of CP/CPPS
symptoms (Zhu et al., 2025). On the contrary, CORMs
molecules reduce oxidative stress by effectively break-
ing down ROS and scavenging free radicals (Parfenova
et al.,, 2018; Yuan et al., 2021). Also, the inducible HO-1
isoform responds to oxidative stress and inflammatory
stimuli (Wu & Hsieh, 2022). CORM-3’s suppression of
IL-1B-induced neuroinflammation by increasing HO-1
expression stands out as an important mechanism in
alleviating symptoms by contributing to the control
of inflammatory processes (Lin et al., 2017). Dopami-
nergic system plays a role in the pain processing in
chronic pain syndromes and the regulation of accom-
panying depressive and anxious symptoms (Zhao et al.,
2022). Exogenous CO is known to increase extracellular
dopamine levels and suppress dopamine reuptake (Ta-
skiran et al., 2003). All these mechanisms mentioned
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herein are hypothetically responsible for the observed
effects of CORM-A1 demonstrated in our current study.
To elucidate more clearly related mechanisms, further
studies are need.

Low-dose CO has been reported to have neuropro-
tective effects in Parkinson’s disease, where the dopa-
minergic system is impaired (Gomperts et al., 2023).
On the other hand, it has been demonstrated that do-
pamine stimulates HO-1 expression, and that removal
of endogenous CO leads to changes in dopamine re-
lease (Schmidt et al., 1999; Ueno et al., 2020). These
findings indicate that the HO/CO system may play
aregulatory role in neuropsychiatric symptoms. Espe-
cillay, the fact that CO influences dopamine levels and
circadian rhythms suggests the possible contribution
of the dopamine/HO/CO axis in these processes (Bau-
er et al., 2024). Having this in mind, it can be suggest-
ed that the HO-1/CO system has therapeutic potential
in reducing both pain and accompanying depression
in CP/CPPS patients. The reduction of depression-re-
lated behaviors in the CP/CPPS CORM group in our
current study corroborated these findings. The neuro-
modulator effects of CO may contribute to the allevi-
ation of mental disorders associated with CP/CPPS by
supporting dopamine balance at both peripheral and
central levels.

Our current study also has some limitations.
Dose-response studies and inactive CORM (iCORM) con-
trols would provide additional mechanistic insights.
CORM-A1 was originally characterized as a pharmaco-
logically active CO-releasing molecule with effective
in vivo activity (Motterlini et al., 2005). The 2 mg/kg
dose regimen used in our study is consistent with doses
widely applied in rodent literature, like those demon-
strating protective and modulatory effects in an ex-
perimental autoimmune uveoretinitis model in rats
(Fagone et al., 2015). Comprehensive review of CO-re-
leasing molecules confirms that =2 mg/kg lies within
the broadly accepted rodent range for in vivo CORM-A1
administration, while emphasizing that CO release is
condition-dependent and proper controls are neces-
sary (Yang et al., 2021). Therefore, the chosen dose of
2 mg/kg is within the widely accepted range of effec-
tive doses in rodent studies. The exact mechanisms of
herein observed CORM-A1 effects should be further
explored, having in mind its possible metabolic effects
(Bilska-Wilkosz et al., 2022).

CONCLUSION

Results of our study shows that CORM-A1 signifi-
cantly reduces depression-like behavior and allevi-
ates hyperalgesia. Slow-releasing CO donor, CORM-A1,
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should be considered a promising candidate for the al-
leviation and treatment of chronic prostatitis and its
associated neuropsychiatric comorbidities.

REFERENCES

Almeida, A. S., Sonnewald, U., Alves, P. M., & Vieira, H. L. (2016). Carbon
monoxide improves neuronal differentiation and yield by increasing
the functioning and number of mitochondria. Journal of Neurochemistry,
138(3), 423-435. https://doi.org/10.1111/jnc.13653

Anderson, R. U., Wise, D., & Nathanson, B. H. (2018). Chronic prostatitis and/
or chronic pelvic pain as a psychoneuromuscular disorder meta-analy-
sis. Urology, 120, 23-29. https://doi.org/10.1016/j.urology.2018.07.022

Anothaisintawee, T., Attia, J., Nickel, J. C, Thammakraisorn, S., Numthavaj, P.,
McEvoy, M., Thakkinstian, A. (2011) Management of chronic prostatitis/
chronic pelvic pain syndrome: a systematic review and network me-
ta-analysis. JAMA, 305(1): 78-86. doi: 10.1001/jama.2010.1913.

Bai, J., Gu, L., Chen, Y., Liu, X,, Yang, ], Li, M., Dong, X, Yang, S., Huang, B.,
Wang, T., Jin, L., Liu, J., & Wang, S. (2022). Evaluation of psychological
stress, cortisol awakening response, and heart rate variability in pa-
tients with chronic prostatitis/chronic pelvic pain syndrome complicat-
ed by lower urinary tract symptoms and erectile dysfunction. Frontiers in
psychology, 13, 903250. https://doi.org/10.3389/fpsyg.2022.903250

Bauer, N., Liu, D., Nguyen, T., & Wang, B. (2024). Unraveling the interplay
of dopamine, carbon monoxide, and heme oxygenase in neuromodu-
lation and cognition. ACS Chemical Neuroscience, 15(3), 400-407. https://
doi.org/10.1021/acschemneuro.3c00742

Bilska-Wilkosz, A., Gérny, M., & Iciek, M. (2022). Biological and pharmaco-
logical properties of carbon monoxide: A general overview. Oxygen, 2(2),
130-151. https://doi.org/10.3390/0xygen2020012

Breser, M. L., Salazar, F. C., Rivero, V. E., & Motrich, R. D. (2017). Immuno-
logical mechanisms underlying chronic pelvic pain and prostate inflam-
mation in chronic pelvic pain syndrome. Frontiers in Immunology, 8, 898.
https://doi.org/10.3389/fimmu.2017.00898

Chand, S. P., Arif, H., & Kutlenios, R. M. (2023). Depression (nursing). In Stat-
Pearls [Internet]. StatPearls Publishing. https://www.ncbi.nim.nih.gov/
books/NBK568733/

Chaves, A. S., Ventura, R. D., Pacini, M. F., Magalhdes, N. S., Silva, P. M. R. E.,
Martins, M. A., Pérez, A. R., & Carvalho, V. F. (2025). Activation of the
Nrf2/HO-1 pathway restores N-acetylcysteine-induced impairment of
the hypothalamus-pituitary-adrenal axis negative feedback by up-reg-
ulating GRa expression and down-regulating GRB expression into pi-
tuitary glands. Frontiers in endocrinology, 16, 1500630. https://doi.org/
10.3389/fend0.2025.1500630

Chen, J., Zhang, H., Niu, D., Li, H., Wei, K., Zhang, L., Yin, S., Liu, L., Zhang, X.,
Zhang, M., &Liang, C.(2020). Therisk factors related to the severity of pain
in patients with Chronic Prostatitis/Chronic Pelvic Pain Syndrome. BMC
urology, 20(1), 154. https://doi.org/10.1186/512894-020-00729-9

Choi, Y. K., Maki, T., Mandeville, E. T., Koh, S. H., Hayakawa, K., Arai, K., et al.
(2016). Dual effects of carbon monoxide on pericytes and neurogenesis
in traumatic brain injury. Nature Medicine, 22(12), 1335-1341. https://
doi.org/10.1038/nm.4188

Costa, J., Pinto-Gouveia, J., & Maréco, J. (2016). Chronic pain experience
on depression and physical disability: The importance of acceptance
and mindfulness-based processes in a sample with rheumatoid ar-
thritis. Journal of Health Psychology, 24(2), 153-165. https://doi.org/
10.1177/1359105316649785

Dreyer-Andersen, N., Almeida, A. S., Jensen, P., Kamand, M., Okarmus, J.,
Rosenberg, T., & et al. (2018). Intermittent, low dose carbon monoxide
exposure enhances survival and dopaminergic differentiation of hu-
man neural stem cells. PLoS One, 13, e0191207. https://doi.org/10.1371/
journal.pone.0191207


https://doi.org/10.1111/jnc.13653
https://doi.org/10.1016/j.urology.2018.07.022
https://doi.org/10.1021/acschemneuro.3c00742
https://doi.org/10.1021/acschemneuro.3c00742
https://doi.org/10.3390/oxygen2020012
https://doi.org/10.3389/fimmu.2017.00898
https://www.ncbi.nlm.nih.gov/books/NBK568733/
https://www.ncbi.nlm.nih.gov/books/NBK568733/
https://doi.org/10.1038/nm.4188
https://doi.org/10.1038/nm.4188
https://doi.org/10.1177/1359105316649785
https://doi.org/10.1177/1359105316649785
https://doi.org/10.1371/journal.pone.0191207
https://doi.org/10.1371/journal.pone.0191207

Acta Neurobiol Exp 2026, 86

Evans-Duran, B., Tripp, D. A., Campbell, J., Doiron, R. C., & Nickel, J. C.
(2022). Chronic prostatitis/chronic pelvic pain syndrome-related pain
symptoms and their impact on sexual functioning. Canadian Urological
Association Journal, 16(6), 222-227. https://doi.org/10.5489/cuaj.7607

Fagone, P., Mangano, K., Mammana, S. Cavalli E., Di Marco, R,
Barcellona, M. L., Salvatorelli, L., Magro, G., & Nicoletti, F. (2015). Carbon
monoxide-releasing molecule-A1 (CORM-A1) improves clinical signs of
experimental autoimmune uveoretinitis (EAU) in rats. Clinical Imnmunolo-
8y, 157(2), 198-204. https://doi.org/10.1016/j.clim.2015.02.002

Ge, S,, Xiang, Y., Hua, X., Wang, Z., Hu, Q., Guo, Y., Huang, J., Zhao, C., Wu, J.,
Wang, X., & Sun, C. (2025). The characteristics of brain function alter-
ations in patients with chronic prostatitis/chronic pelvic pain syndrome
across varying symptom severities evaluated by NIH-CPSI. Frontiers in
neuroscience, 19, 1511654. https://doi.org/10.3389/fnins.2025.1511654

Gomperts, S., Rose, K., Musab, Z., Xue, X, Cai, W,, Lin, S., Lee, H.,
Gomperts, E., Schwarzschild, M., & Chen, X. (2023). Low dose car-
bon monoxide is neuroprotective in models of Parkinson's disease
(S42.008). Neurology, 100(17 Suppl. 2), 3833. https://doi.org/10.1212/
WNL.0000000000203557

Hassamal, S. (2023). Chronic stress, neuroinflammation, and depression:
An overview of pathophysiological mechanisms and emerging an-
ti-inflammatories. Frontiers in Psychiatry, 14, 1130989. https://doi.org/
10.3389/fpsyt.2023.1130989

Huang, X., Qin, Z., Cui, H., Chen, J., Liu, T., Zhu, Y., & Yuan, S. (2020). Psy-
chological factors and pain catastrophizing in men with chronic pros-
tatitis/chronic pelvic pain syndrome (CP/CPPS): a meta-analysis. Trans-
lational andrology and urology, 9(2), 485-493. https://doi.org/10.21037/
tau.2020.01.25

Keogh, E., Book, K., Thomas, J., Giddins, G., & Eccleston, C. (2010). Predict-
ing pain and disability in patients with hand fractures: comparing pain
anxiety, anxiety sensitivity and pain catastrophizing. European jour-
nal of pain (London, England), 14(4), 446-451. https://doi.org/10.1016/
j-ejpain.2009.08.001

Krsmanovic, A., Tripp, D. A., Nickel, J. C., Shoskes, D. A., Pontari, M.,
Litwin, M. S., & McNaughton-Collins, M. F. (2014). Psychosocial mecha-
nisms of the pain and quality of life relationship for chronic prostatitis/
chronic pelvic pain syndrome (CP/CPPS). Canadian Urological Association
journal, 8(11-12), 403-408. https://doi.org/10.5489/cuaj.2179

Kwon, J. K., & Chang, I. H. (2013). Pain, catastrophizing, and depression
in chronic prostatitis/chronic pelvic pain syndrome. International Neu-
rourology Journal, 17(2), 48-54. https://doi.org/10.5213/inj.2013.17.2.48

Li, M., Cheng, J., He, R., Chen, K., Zhang, ., Liu, X., Hu, J., & Lu, Y. (2025).
Red light-induced localized release of carbon monoxide for alleviating
postoperative cognitive dysfunction. Biomaterials, 312, 122744. https://
doi.org/10.1016/j.biomaterials.2024.122744

Li, Y., Zhang, L. M., Zhang, D. X., Zheng, W. C, Bai, Y., Bai, ], Wang, X. P.
(2020). CORM-3 ameliorates neurodegeneration in the amygdala and
improves depression- and anxiety-like behavior in a rat model of com-
bined traumatic brain injury and hemorrhagic shock. Neurochem Int,
140: 104842. https://doi.org/10.1016/j.neuint.2020.104842

Liao, W., Luo, Z., Dong, X., Wu, X., Mei, Y., Cui, N., & Wang, C. (2021). As-
sociations between depressive symptoms, anxiety symptoms, their
comorbidity and health-related quality of life: A large-scale cross-sec-
tional study. BMC Public Health, 21, 1911. https://doi.org/10.1186/
$12889-021-11969-1

Lin, C. C,, Hsiao, L. D., Cho, R. L., & Yang, C. M. (2019). Carbon Monoxide
Releasing Molecule-2-Upregulated ROS-Dependent Heme Oxygenase-1
Axis Suppresses Lipopolysaccharide-Induced Airway Inflammation. /n-
ternational journal of molecular sciences, 20(13), 3157. https://doi.org/
10.3390/ijms20133157

Lin, C. C,, Yang, C. C., Hsiao, L. D., Chen, S. Y., & Yang, C. M. (2017). Heme
oxygenase-1 induction by carbon monoxide releasing molecule-3 sup-
presses interleukin-1B-mediated neuroinflammation. Frontiers in Molec-
ular Neuroscience, 10, 387. https://doi.org/10.3389/fnmol.2017.00387

CO ameliorates depression in rat CP/CPPS

Mancuso, C., Navarra, P., & Preziosi, P. (2010). Roles of nitric oxide, car-
bon monoxide, and hydrogen sulfide in the regulation of the hypotha-
lamic-pituitary-adrenal axis. Journal of neurochemistry, 113(3), 563-575.
https://doi.org/10.1111/j.1471-4159.2010.06606.x

Mansour, A. M., Khaled, R. M., Ferraro, G., Shehab, O. R., & Merlino, A.
(2024). Metal-based carbon monoxide releasing molecules with prom-
ising cytotoxic properties. Dalton transactions (Cambridge, England:
2003), 53(23), 9612-9656. https://doi.org/10.1039/d4dt00087k

Mcintyre, R. S., Alsuwaidan, M., Baune, B. T., Berk, M., Demyttenaere, K.,
Goldberg, J. F., & Maj, M. (2023). Treatment-resistant depression: Defi-
nition, prevalence, detection, management, and investigational inter-
ventions. World Psychiatry, 22(3), 394-412. https://doi.org/10.1002/
wps.21120

Morroni, F., Sita, G., Graziosi, A., Turrini, E., Fimognari, C., Tarozzi, A., &
Hrelia, P. (2018). Neuroprotective effect of caffeic acid phenethyl ester
in @ mouse model of Alzheimer's disease involves Nrf2/HO-1 pathway.
Aging and Disease, 9(4), 605-622. https://doi.org/10.14336/AD.2017.0903

Motterlini, R., Sawle, P.,, Hammad, J., Bains, S., Alberto, R., Foresti, R., & Green,
C. J. (2005). CORM-A1: A new pharmacologically active carbon monox-
ide-releasing molecule. FASEB Journal, 19(2), 284-286. https://doi.org/
10.1096/fj.04-2169fje

Motterlini, R., & Foresti, R. (2017). Biological signaling by carbon monox-
ide and carbon monoxide-releasing molecules. American journal of
Physiology-Cell Physiology, 312(3), C302-C313. https://doi.org/10.1152/
ajpcell.00360.2016

Nickel, J. C., Tripp, D. A., Chuai, S., Litwin, M. S., McNaughton-Collins, M.,
Landis, J. R., Alexander, R. B., Schaeffer, A.J., O'Leary, M. P., Pontari, M. A.,
White, P., Mullins, C., Nyberg, L., Kusek, J., & NIH-CPCRN Study Group
(2008). Psychosocial variables affect the quality of life of men diagnosed
with chronic prostatitis/chronic pelvic pain syndrome. BJU internation-
al, 101(1), 59-64. https://doi.org/10.1111/j.1464-410X.2007.07196.x

Parfenova, H., Pourcyrous, M., Fedinec, A. L., Liu, J., Basuroy, S., & Leffler,
C. W. (2018). Astrocyte-produced carbon monoxide and the carbon
monoxide donor CORM-A1 protect against cerebrovascular dysfunction
caused by prolonged neonatal asphyxia. American Journal of Physiolo-
gy-Heart and Circulatory Physiology, 315(4), H978-H988. https://doi.org/
10.1152/ajpheart.00140.2018

Polackwich, A. S., & Shoskes, D. A. (2016). Chronic prostatitis/chronic pelvic
pain syndrome: a review of evaluation and therapy. Prostate cancer and
prostatic diseases, 19(2), 132-138. https://doi.org/10.1038/pcan.2016.8

Porsolt, R. D., Le Pichon, M., & Jalfre, M. (1977). Depression: a new ani-
mal model sensitive to antidepressant treatments. Nature, 266(5604),
730-732. https://doi.org/10.1038/266730a0

Qin, Z., Zhang, C., Wei, X., Cui,J., Yu, Y., Pang, R., Li, X., Kwong, J. S. W., Doiron,
R. C., Nickel, J. C., & Wu, J. (2024). Comparative efficacy of non-pharma-
cological management for chronic prostatitis/chronic pelvic pain syn-
drome: A systematic review and network meta-analysis protocol. BM/
Open, 14(12), e088848. https://doi.org/10.1136/bmjopen-2024-088848

Qiao, L., Zhang, N., Huang, J. L., & Yang, X. Q. (2017). Carbon monoxide as
a promising molecule to promote nerve regeneration after traumatic
brain injury. Medical Gas Research, 7(1), 45-47.

Radhakrishnan, R., & Nallu, R. S. (2009). Development and characterisation
of a novel animal model of prostate inflammation-induced chronic pel-
vic pain. Inflammopharmacology, 17(1), 23-28. https://doi.org/10.1007/
s10787-008-8051-6

Salcudean, A., Popovici, R. A, Pitic, D. E., Sarbu, D., Boroghina, A., Jomaa, M.,
& Enatescu, V. R. (2025). Unraveling the complex interplay between
neuroinflammation and depression: A comprehensive review. Interna-
tional Journal of Molecular Sciences, 26(4), 1645. https://doi.org/10.3390/
ijms26041645

Schmidt, J., Mertz, K., & Morgan, J. I. (1999). Regulation of heme oxygen-
ase-1 expression by dopamine in cultured C6 glioma and primary astro-
cytes. Brain Research. Molecular Brain Research, 73(1-2), 50-59. https://
doi.org/10.1016/50169-328X(99)00231-4


https://doi.org/10.5489/cuaj.7607
https://doi.org/10.1016/j.clim.2015.02.002
https://doi.org/10.1212/WNL.0000000000203557
https://doi.org/10.1212/WNL.0000000000203557
https://doi.org/10.3389/fpsyt.2023.1130989
https://doi.org/10.3389/fpsyt.2023.1130989
https://doi.org/10.5213/inj.2013.17.2.48
https://doi.org/10.1186/s12889-021-11969-1
https://doi.org/10.1186/s12889-021-11969-1
https://doi.org/10.3389/fnmol.2017.00387
https://doi.org/10.1002/wps.21120
https://doi.org/10.1002/wps.21120
https://doi.org/10.14336/AD.2017.0903
https://doi.org/10.1096/fj.04-2169fje
https://doi.org/10.1096/fj.04-2169fje
https://doi.org/10.1152/ajpcell.00360.2016
https://doi.org/10.1152/ajpcell.00360.2016
https://doi.org/10.1152/ajpheart.00140.2018
https://doi.org/10.1152/ajpheart.00140.2018
https://doi.org/10.1136/bmjopen-2024-088848
https://doi.org/10.3390/ijms26041645
https://doi.org/10.3390/ijms26041645
https://doi.org/10.1016/S0169-328X(99)00231-4
https://doi.org/10.1016/S0169-328X(99)00231-4

Sutulovi¢ et al.

Shoskes, D. A., Nickel, J. C., & Kattan, M. W. (2010). Phenotypically direct-
ed multimodal therapy for chronic prostatitis/chronic pelvic pain syn-
drome: a prospective study using UPOINT. Urology, 75(6), 1249-1253.
https://doi.org/10.1016/j.urology.2010.01.021

Stamatiou, K., Magri, V., Trinchieri, M., Trinchieri, A., & Perletti, G. (2024).
Psychological and sexological assessment of patients with chronic pros-
tatitis. Archivio italiano di urologia, andrologia : organo ufficiale [di] Societa
italiana di ecografia urologica e nefrologica, 96(1), 12452. https://doi.org/
10.4081/aiua.2024.12452

Stucki, D., & Stahl, W. (2020). Carbon monoxide - beyond toxicity?. Toxi-
cology letters, 333, 251-260. https://doi.org/10.1016/j.toxlet.2020.08.010

Sutulovi¢, N., Veskovi¢, M., Pugkas, N., Zubeli¢, A., Jeroti¢, D., Suvakov, S.,
Despotovi¢, S., Grubag, Z., Mladenovi¢, D., Macut, D., Ragi¢-Markovi¢, A.,
Simi¢, T., Stanojlovi¢, O., & Hrnci¢, D. (2023). Chronic Prostatitis/Chron-
ic Pelvic Pain Syndrome Induces Depression-Like Behavior and Learn-
ing-Memory Impairment: A Possible Link with Decreased Hippocampal
Neurogenesis and Astrocyte Activation. Oxidative medicine and cellular
longevity, 2023, 3199988. https://doi.org/10.1155/2023/3199988

Sutulovi¢, N., Grubag, Z., Suvakov, S., Jeroti¢, D., Puskas, N., Macut, D.,
Rasi¢-Markovi¢, A., Simi¢, T., Stanojlovi¢, O., Hrnci¢, D. (2021). Experi-
mental chronic prostatitis/chronic pelvic pain syndrome increases anx-
iety-like behavior: The role of brain oxidative stress, serum corticoste-
rone, and hippocampal parvalbumin-positive interneurons. Oxid Med
Cell Longev, 2021: 6687493. https://doi.org/10.1155/2021/6687493

Sutulovi¢, N., Grubat, Z., Suvakov, S., Jovanovi¢, D., Puska, N., Macut, D.,
Markovi¢, A. R., Simi¢, T., Stanojlovi¢, O., & Hrn¢i¢, D. (2019). Chron-
ic prostatitis/chronic pelvic pain syndrome increases susceptibility to
seizures in rats and alters brain levels of IL-1B and IL-6. Epilepsy re-
search, 153, 19-27. https://doi.org/10.1016/j.eplepsyres.2019.03.014

Sullivan, M. J., Thorn, B., Haythornthwaite, J. A., Keefe, F., Martin, M.,
Bradley, L. A, & Lefebvre, ). C. (2001). Theoretical perspectives on
the relation between catastrophizing and pain. The Clinical journal of
pain, 17(1), 52-64. https://doi.org/10.1097/00002508-200103000-00008

Tao, X,, Zhu, X,, Liu, Y., Wang, L., Wang, D., Sun, L., ... & Chen, F. (2023). Gas
therapy strategies for depression and schizophrenia: A review. Medicine,
102(46), e36156. https://doi.org/10.1097/MD.0000000000036156

Taskiran, D., Kutay, F. Z., & Pogun, S. (2003). Effect of carbon monoxide
on dopamine and glutamate uptake and cGMP levels in rat brain.
Neuropsychopharmacology, 28(6), 1176-1181. https://doi.org/10.1038/
sj.npp.1300132

Tripp, D. A., Nickel, J. C., Wang, Y., Litwin, M. S., McNaughton-Collins, M.,
Landis, J. R., Alexander, R. B., Schaeffer, A.]., O'Leary, M. P., Pontari, M. A,,
Fowler, J. E., Jr, Nyberg, L. M., Kusek, J. W., & National Institutes of
Health-Chronic Prostatitis Collaborative Research Network (NIH-CPCRN)
Study Group (2006). Catastrophizing and pain-contingent rest predict
patient adjustment in men with chronic prostatitis/chronic pelvic pain
syndrome. The journal of pain, 7(10), 697-708. https://doi.org/10.1016/
j.jpain.2006.03.006

Tripp, D. A,, Curtis Nickel, J., Landis, J. R., Wang, Y. L., Knauss, J. S., & CPCRN
Study Group (2004). Predictors of quality of life and pain in chronic pros-
tatitis/chronic pelvic pain syndrome: findings from the National Insti-
tutes of Health Chronic Prostatitis Cohort Study. BJU international, 94(9),
1279-1282. https://doi.org/10.1111/j.1464-410X.2004.05157.x

Acta Neurobiol Exp 2026, 86

Ueno, K., Morstein, ., Ofusa, K., Naganos, S., Suzuki-Sawano, E., Minegishi, S.,
Rezgui, S. P., Kitagishi, H., Michel, B. W., Chang, C. J., Horiuchi, J., &
Saitoe, M. (2020). Carbon monoxide, a retrograde messenger generated
in postsynaptic mushroom body neurons, evokes noncanonical dopa-
mine release. Journal of Neuroscience, 40(18), 3533-3548. https://doi.org/
10.1523/JNEUROSCI.2378-19.2020

Wang, G., An, T, Lei, C,, Zhu, X, Yang, L., Zhang, L., & Zhang, R. (2022).
Antidepressant-like effect of ginsenoside Rb1 on potentiating synaptic
plasticity via the miR-134-mediated BDNF signaling pathway in a mouse
model of chronic stress-induced depression. fournal of ginseng re-
search, 46(3), 376-386. https://doi.org/10.1016/j.jgr.2021.03.005

Wilson, J. L., Bouillaud, F., Almeida, A. S., Vieira, H. L., Ouidja, M. O.,
Dubois-Randé, J. L., & Motterlini, R. (2017). Carbon monoxide reverses
the metabolic adaptation of microglia cells to an inflammatory stimulus.
Free Radical Biology and Medicine, 104, 311-323. https://doi.org/10.1016/
j.freeradbiomed.2017.01.022

Wu, Y. H., & Hsieh, H. L. (2022). Roles of heme oxygenase-1 in neuroin-
flammation and brain disorders. Antioxidants, 11(5), 923. https://doi.org/
10.3390/antiox11050923

Xia, D., Wang, P., Chen, J., Wang, S., & Jiang, H. (2011). Fluoxetine amelio-
rates symptoms of refractory chronic prostatitis/chronic pelvic pain syn-
drome. Chinese medical journal, 124(14), 2158-2161.

Yankelevitch-Yahav, R., Franko, M., Huly, A., & Doron, R. (2015). The forced
swim test as a model of depressive-like behavior. journal of visualized
experiments : JoVE, (97), 52587. https://doi.org/10.3791/52587

Yang, X., Lu, W., Wang, M., Tan, C., & Wang, B. (2021). “CO in a pill": To-
wards oral delivery of carbon monoxide for therapeutic applications.
Journal of Controlled Release, 338, 593-609. https://doi.org/10.1016/
j.jconrel.2021.08.059

Yuan, Z., Yang, X., & Wang, B. (2021). Redox and catalase-like activities of
four widely used carbon monoxide releasing molecules (CO-RMs). Chem-
ical Science, 12(39), 13013-13020. https://doi.org/10.1039/D1SC03832)

Zhang, F. X., Chen, X., Niu, D. C., Cheng, L., Huang, C. S., Liao, M., Xue, Y.,
Shi, X. L., & Mo, Z. N. (2025). Chronic prostatitis/chronic pelvic pain syn-
drome induces metabolomic changes in expressed prostatic secretions
and plasma. Asian journal of andrology, 27(1), 101-112. https://doi.org/
10.4103/aja202434

Zhao Y, Yao Z, Lu L, Xu S, SunJ, Zhu Y, Wu Y, Yu Z. (2024). Carbon mon-
oxide-releasing molecule-3 exerts neuroprotection effects after cardiac
arrest in mice: A randomized controlled study. Resuscitation Plus, 19:
100703. https://doi.org/10.1016/j.resplu.2024.100703

Zhao, Y., Lin, J., Dong, Y., Tian, Z,, Ye, Y., Ma, Z., & Zhang, P. (2022). Neu-
roimaging studies of chronic prostatitis/chronic pelvic pain syndrome.
Pain Research and Management, 2022, Article 9448620. https://doi.org/
10.1155/2022/9448620

Zheng, G., Zhan, Y., Wang, H., Luo, Z., Zheng, F., Zhou, Y., & et al. (2019). Car-
bon monoxide releasing molecule-3 alleviates neuron death after spinal
cord injury via inflammasome regulation. EBioMedicine, 40, 643-654.
https://doi.org/10.1016/j.ebiom.2018.12.059

Zhu, D., Pham, Q. M., Wang, C., Colonnello, E., Yannas, D., Nguyen, B. H.,
Zhang, Y., Jannini, E. A., & Sansone, A. (2025). Erectile dysfunction and
oxidative stress: A narrative review. International Journal of Molecular Sci-
ences, 26(7), 3073. https://doi.org/10.3390/ijms26073073


https://doi.org/10.1155/2021/6687493
https://doi.org/10.1097/MD.0000000000036156
https://doi.org/10.1038/sj.npp.1300132
https://doi.org/10.1038/sj.npp.1300132
https://doi.org/10.1523/JNEUROSCI.2378-19.2020
https://doi.org/10.1523/JNEUROSCI.2378-19.2020
https://doi.org/10.1016/j.freeradbiomed.2017.01.022
https://doi.org/10.1016/j.freeradbiomed.2017.01.022
https://doi.org/10.3390/antiox11050923
https://doi.org/10.3390/antiox11050923
https://doi.org/10.1016/j.jconrel.2021.08.059
https://doi.org/10.1016/j.jconrel.2021.08.059
https://doi.org/10.1039/D1SC03832J
https://doi.org/10.1155/2022/9448620
https://doi.org/10.1155/2022/9448620
https://doi.org/10.1016/j.ebiom.2018.12.059
https://doi.org/10.3390/ijms26073073

	_Hlk199488847
	_Hlk199331602
	_Hlk199332336
	_Hlk199332804
	_Hlk199335468
	_Hlk199491410
	_Hlk199335741
	_Hlk199331991
	_Hlk199491291
	_Hlk199491481

