
Please cite the Published Version

Belboul, Amina, El Mohtadi, Mohamed, Fadel, Abdulmannan , Mcloughlin, Jessica, Mahmoud,
Ayman M , O’Malley, Caitlin and Ashworth, Jason (2025) Androgen Receptor Block-
ade Induces the Phagocytosis of MRSA and Pseudomonas aeruginosa by Monocyte-Derived
Macrophages In Vitro. Acta Microbiologica Hellenica, 70 (4). 38

DOI: https://doi.org/10.3390/amh70040038

Publisher: MDPI

Version: Published Version

Downloaded from: https://e-space.mmu.ac.uk/642145/

Usage rights: Creative Commons: Attribution 4.0

Additional Information: This is an open access article published in Acta Microbiologica Hel-
lenica, by MDPI.

Data Access Statement: The data presented in this paper mainly consist of flow cytometry his-
tograms and CFU counts, which are displayed on the figures. Additional supplementary data can
be accessed upon request from the corresponding author(s)

Enquiries:
If you have questions about this document, contact openresearch@mmu.ac.uk. Please in-
clude the URL of the record in e-space. If you believe that your, or a third party’s rights have
been compromised through this document please see our Take Down policy (available from
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines)

https://orcid.org/0000-0001-6042-8939
https://orcid.org/0000-0003-0279-6500
https://orcid.org/0009-0006-2074-2724
https://orcid.org/0000-0001-7045-7899
https://doi.org/10.3390/amh70040038
https://e-space.mmu.ac.uk/642145/
https://creativecommons.org/licenses/by/4.0/
mailto:openresearch@mmu.ac.uk
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines


Academic Editor: Athanasios Tsakris

Received: 29 April 2025

Revised: 13 July 2025

Accepted: 4 August 2025

Published: 26 September 2025

Citation: Belboul, A.; El Mohtadi, M.;

Fadel, A.; Mcloughlin, J.; Mahmoud,

A.; O’Malley, C.; Ashworth, J.

Androgen Receptor Blockade Induces

the Phagocytosis of MRSA and

Pseudomonas aeruginosa by Monocyte-

Derived Macrophages In Vitro. Acta

Microbiol. Hell. 2025, 70, 38. https://

doi.org/10.3390/amh70040038

Copyright: © 2025 by the authors.

Published by MDPI on behalf of the

Hellenic Society for Microbiology.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Androgen Receptor Blockade Induces the Phagocytosis of MRSA
and Pseudomonas aeruginosa by Monocyte-Derived
Macrophages In Vitro
Amina Belboul 1, Mohamed El Mohtadi 2,*, Abdulmannan Fadel 3 , Jessica Mcloughlin 2, Ayman Mahmoud 1 ,
Caitlin O’Malley 2 and Jason Ashworth 1,*

1 Department of Life Sciences, Manchester Metropolitan University, Chester Street, Manchester M1 5GD, UK;
a.belboul@mmu.ac.uk (A.B.); a.mahmoud@mmu.ac.uk (A.M.)

2 Department of Biology, Edge Hill University, Ormskirk, Lancashire L39 4QP, UK;
jessica.mcloughlin@edgehill.ac.uk (J.M.); 24165069@edgehill.ac.uk (C.O.)

3 Department of Nutrition and Health, United Arab Emirates University, Al Ain BOS15551,
United Arab Emirates; afadel@uaeu.ac.ae

* Correspondence: elmohtam@edgehill.ac.uk (M.E.M.); j.ashworth@mmu.ac.uk (J.A.)

Abstract

Age-related impaired wounds often become infected with bacteria, leading to substantial
mortality and morbidity in the elderly. The decline in androgen levels with increasing age is
believed to exacerbate inflammation during wound infections. Despite its well-documented
anti-inflammatory activities in wound repair, little is known about the effect of age-related
androgen deprivation on bacterial phagocytosis in impaired chronic wounds. The aim of
this study was to investigate the effect of age-related testosterone deprivation on the phago-
cytic functions of THP-1 monocyte-derived macrophages to eliminate Gram-positive and
Gram-negative bacteria in vitro. Host–pathogen interaction experiments were conducted
to quantify the macrophage-mediated clearance of two common wound-associated bacte-
ria, methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa, under
in vitro environments that model testosterone levels representative of those found in elderly
males, healthy young adults and testosterone replacement therapy (TRT). Testosterone
and its metabolite 5α-dihydrotestosterone (DHT) significantly dampened the macrophage-
mediated phagocytosis of both MRSA and P. aeruginosa in a dose-dependent manner
(p < 0.05). Blockade of the androgen receptor (AR) using enzalutamide confirmed that
testosterone mediates bacterial clearance through binding to the AR. Blocking the conver-
sion of testosterone to DHT through stimulation of macrophages with the 5-α-reductase
inhibitor finasteride reversed the testosterone-mediated effects on bacterial clearance, which
confirmed that testosterone could potentially dampen the innate phagocytic responses in
macrophages through conversion to DHT. Novel findings in this study suggest that the
selective manipulation of the AR and/or blockade of testosterone–DHT conversion may
provide effective therapeutic treatments to combat wound infections in the elderly.

Keywords: androgens; androgen receptor; phagocytosis; macrophages; bacteria;
host-pathogen interactions

1. Introduction
Cutaneous wound healing is a dynamic biological process consisting of four sequential

phases: hemostasis, inflammation, proliferation and remodeling [1]. The speed and quality
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of wound healing are influenced by numerous factors, including age [2]. Age-related
delayed wounds are marked with an excessive prolonged inflammatory phase, highlighted
by an overproduction of pro-inflammatory cytokines and chemokines, nitric oxide (NO)
and Reactive Oxygen Species (ROS) by innate immune cells, such as macrophages and
neutrophils [1,3]. While inflammatory responses become prolonged and ineffective during
ageing, the predisposition for wound infections rises in the elderly, in part due to the delay
in wound repair. Moreover, despite causing exaggerated pro-inflammatory environments,
ageing processes have been shown to dampen key immunological processes such as
phagocytosis, which leads to the development of wound infections and further contributes
to the delay in wound repair. Despite the pronounced inflammatory response, evidence
suggests that increasing age may result in an impaired ability of innate immune cells
to eliminate bacteria from infected wounds [1]. Furthermore, the age-related decline in
sex steroid hormones in both genders has been shown to be a key regulator of healing
processes. In particular, androgen deficiency with increasing age is a key contributor to the
development of impaired chronic wounds in both males and females [4–6]. It is suggested
that the excessive presence of macrophages in age-related impaired wounds leads to an
excessive matrix demolition due to the enhanced production of great amounts of NO and
ROS, which can further delay wound healing and cause damage to the wound site [7,8].

Elderly males have been reported to heal slower than elderly females. This observation
was associated with prolonged inflammatory responses and delayed matrix deposition and
tissue remodeling [4,9]. While estrogen has been shown to accelerate wound healing in both
humans and animals [10,11], androgens have been reported to dampen healing processes in
both genders [4–6]. Additionally, elevated systemic concentrations of testosterone and DHT
have been reported to reduce wound repair in human males [12,13]. Castrated mice were
also found to heal faster compared to negative control mice [6]. These observations were
associated with consistent enhanced inflammatory responses caused by reduced migration
of immune cells to the wound site [14].

Impaired wounds often become colonized with a variety of microbial species, such as
S. aureus and P. aeruginosa [15]. When the innate immune system functions appropriately,
the eradication of wound bacteria is generally successful without medical intervention [16].
However, age-related comorbidities can compromise the host immune system, reducing
the clearance of wound bacteria in the absence of effective treatments [17–19]. In partic-
ular, if wounds become heavily infected with Methicillin-resistant S. aureus, P. aeruginosa
or other hospital-acquired pathogens, treatment might require aggressive medication
with the last line of defense, antibacterial therapies [20,21]. Indeed, the treatment of
MRSA/P. aeruginosa-infected wounds currently represents a significant challenge for mod-
ern healthcare organizations [21,22].

Testosterone and DHT signal predominantly through binding to the nuclear andro-
gen receptor (AR) [6]. Despite being the most dominant androgen found in humans,
testosterone has a lower binding affinity to the AR compared to DHT as testosterone–AR
complexes are less stable compared to the DHT–AR complexes, which makes DHT the
most potent androgen compared to testosterone [23]. The role of AR manipulation in
wound repair has been well-documented. Stimulation of wound environments with the AR
inhibitors was shown to accelerate repair via depression of inflammatory responses [6,14].
However, the effect of androgens and role of AR in inflammatory responses such as bacterial
clearance during wound infection have gained little attention to date. Due to the presence
of ARs on monocytes and macrophages, testosterone and DHT are suggested to have a
direct effect on the innate immune functions of macrophages. Selective androgen receptor
modulators (SARMs) such as ostarine are classes of AR ligands that possess strong AR-
binding abilities to trigger androgenic effects in a tissue-specific manner. Selective androgen
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receptor degraders (SARDs) such as enzalutamide are AR-interacting molecules that have a
high binding affinity to the AR and act to block tissue-specific androgenic signaling [24,25].

Testosterone is normally converted to its potent metabolite DHT by 5α-reductase,
an enzyme produced in abundance in the skin and peripheral tissues [23,26]. Blocking
the conversion of testosterone to DHT using 5α-reductase inhibitor has been shown to
accelerate wound closure in both genders. However, little is known about the effect of
5α-reductase inhibition on the clearance of bacteria during wound infection. To the authors’
knowledge, novel findings in this study confirm for the first time that the blockade of
the AR using enzalutamide and/or inhibition of 5α-reductase using finasteride reduce
the phagocytosis of the wound-associated bacteria MRSA and P. aeruginosa by monocyte-
derived macrophages. Our findings suggest that the selective inhibition of the AR and/or
blockade of DHT production could potentially lead to the development of novel therapeutic
strategies that combat wound infections in the elderly.

2. Materials and Methods
2.1. Cell Culture

THP-1 monocytes (ATCC, UK) were grown in RPMI-1640 medium containing 2%
penicillin streptomycin and 10% Fetal Bovine Serum (Lonza, Slough, UK). Cells were resus-
pended in fresh complete RPMI-1640 medium (CM) at a density of 0.5 × 106 cells/mL twice
a week. Cell viability was evaluated using 0.4% sterile-filtered trypan blue at a 1:1 ratio to
monocyte suspension. An ATC10 automated cell counter (Bio-Rad, Hercules, CA, USA) was
used to count the cells, with cell viability exceeding 90% for all experimental procedures.

2.2. Differentiation of Monocytes into Macrophages In Vitro

The THP-1 monocytes were incubated with 100 ng/mL phorbol 12-myristate
13-acetate (PMA) for 24 h at 37 ◦C and 5% CO2 in order to produce macrophage-like
cells in vitro (Sigma Aldrich, Gillingham, Dorset, UK). The PMA-treated cells were washed
twice with CM and allowed to settle in fresh PMA-free CM for an additional 48 h.

2.3. Flow Cytometry Analysis

The conversion of THP-1 monocytes into macrophage-like cells was demonstrated by
flow cytometry via measurement of the macrophage-specific cell surface marker CD11c.
The monocytes were seeded at 1 × 105 cells/mL and stimulated with PMA (100 ng/mL)
as described above. Negative control (NC) cells consisting of monocytes incubated with
fresh PMA-free CM were also seeded at a concentration of 1 × 105 cells/mL and incubated
at 37 ◦C and 5% CO2 for 24 h. Trypsin EDTA (Lonza, UK) was added to the adherent
PMA-treated cells prior to incubation for 5 min at 37 ◦C and 5% CO2. Detached cells
were transferred into sterile Eppendorf tubes and centrifuged at 500× g for 7 min before
resuspension in fresh PMA-free CM. The NC monocytes were also centrifuged at 500× g for
7 min and resuspended in fresh CM. Cells were fixed by incubation with 4% paraformalde-
hyde (Sigma-Aldrich, UK) for 20 min at room temperature (RT). Fixed cells were then
washed with PBS and centrifuged at 500× g for 7 min. All cells were subsequently fixed
with FITC-conjugated anti-human CD11c antibody diluted at 1:40 in 10% FBS for 30 min at
RT following the manufacturer’s instructions (BioLegend, London, Greenwood Place UK).
Stained NC and PMA-treated cells were washed twice with PBS prior to resuspension in
PBS. The expression of the macrophage-specific surface marker CD11c was assessed on
10,000 live individual cells using a BD Accuri C6F1 cytometer (BD Biosciences, Bedford,
MA, USA). The proportion of CD11c+ cells (%) and median fluorescence intensity (MFI)
relative to NC monocytes were calculated. Results were analyzed using the FlowJo software
(version 10.9.0).
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2.4. Preparation of MRSA and P. aeruginosa Cultures

MRSA (strain F-182) and P. aeruginosa (strain PAO1) (ATCC Teddington, UK) were
inoculated on nutrient agar (NA) plates at 37 ◦C for 18–24 h. Single bacterial colonies
were inoculated into nutrient broth (NB) on an orbital shaker at 37 ◦C on for 18–24 h. A
spectrophotometer was used to determine the concentration of MRSA and P. aeruginosa sus-
pensions by measuring the optical density (OD) at 600 nm. A density of 1 × 105 CFU/mL
of bacterial suspension was used for all experimental purposes.

2.5. Host–Pathogen Interaction Assays

The THP-1 monocyte-derived macrophages were seeded in CM at a concentration of
1 × 105 cells/mL in 12-well plates. The CM was discarded, and the cells were either treated
with different testosterone or DHT concentrations (1 × 10−8 M, 1 × 10−7 M, 1 × 10−6 M
and 1 × 10−5 M) in antibiotic-free RPMI-1640 medium for 24 h. NC macrophages consisting
of cells incubated in antibiotic-free RPMI-1640 medium were also prepared and incubated
for 24 h at 37 ◦C and 5% CO2. Supernatants were collected from all wells prior to incubating
the macrophages with 1 × 104 CFU of MRSA or P. aeruginosa for 2 h at 37 ◦C and 5% CO2

to allow macrophage–bacteria interactions to occur. Subsequent to the 2 h host–pathogen
interaction incubation, all macrophages were detached by incubation with trypsin EDTA
for 5 min at 37 ◦C and 5% CO2. The trypsin was then neutralized with RPMI-1640 medium
prior to inoculating the content of all wells into NA plates ensuring that macrophages are
mechanically lysed [27,28]. The NA plates were then incubated at 37 ◦C overnight prior to
counting the number of bacterial CFUs grown on the agar plates. The bacterial recovery in
all wells was calculated following the period of macrophage–bacteria interactions, taking
into account the following: (a) the number of bacterial cells that survived internalization
by macrophages, and (b) the number of internalized bacterial cells that survived killing
by macrophages.

2.6. Gentamicin Protection Assay

THP-1 monocytes were cultured inside a 48-well plate prior to differentiation into
macrophages as described above. The PMA-differentiated cells were treated with testos-
terone (1 × 10−8 M, 1 × 10−7 M, 1 × 10−6 M and 1 h × 10−5 M) prior to incubation with
MRSA or P. aeruginosa at a ratio of 10:1 (macrophage:bacteria) for 2 h as described above.
A gentamicin protection assay was conducted according to methodologies described by
Elsinghorst [29]. After the 2 h host–pathogen interactions, supernatants were collected
from all wells prior to treatment with 0.1% Triton X-100 (Lonza, UK) for 10 min at 37 ◦C
to detach the membrane-bound bacterial cells. The supernatants were collected, and the
cells were treated with 50 µg/mL gentamicin in antibiotic-free media (Sigma-Aldrich,
UK) for 30 min to eliminate extracellular and membrane-bound MRSA and P. aeruginosa
colonies. The supernatants were removed prior to washing the macrophages with PBS.
The wells were then incubated with Trypsin EDTA for 5 min at 37 ◦C and 5% CO2 to allow
macrophage detachment. The trypsin was neutralized using antibiotic-free medium prior
to cell collection. The macrophages and previously collected bacterial supernatants were plated
into NA plates and incubated at 37 ◦C for 18–24 h to measure the MRSA and P. aeruginosa
recovery (CFU/mL).

2.7. Androgen Receptor Stimulation/Blockade and 5α-Reductase Inhibition

THP-1 macrophages were grown at a density of 1 × 105 cells/mL prior to treat-
ment with testosterone (1 × 10−6 M), the AR receptor agonist ostarine (1 × 10−6 M) or
the AR antagonist enzalutamide (1 × 10−6 M) for 24 h as described above. Additional
replicate macrophages (n = 6) were pre-treated with testosterone (1 × 10−6 M) for 24 h
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prior to incubation with finasteride (1 × 10−6 M) for a further 24 h at 37 ◦C and 5% CO2.
The macrophages were subsequently infected by MRSA/P. aeruginosa for 2 h to allow
host–pathogen interactions to occur. The bacterial recovery (CFU/mL) was determined as
described above.

2.8. Statistical Analysis

Statistical analysis was conducted using IBM SPSS (Version 25). Statistical differences
between treatments were determined using one-way ANOVA for parametric data or
Mann–Whitney U tests for non-parametric data. A p value < 0.05 indicated significant
differences between treatment groups.

3. Results
3.1. PMA Induces the Differentiation of Monocytes into Macrophages In Vitro

Prior to investigating the effect of testosterone and DHT on the innate immune func-
tions of macrophages, it was important to produce a successful in vitro model of monocyte-
derived macrophages. The conversion of THP-1 monocytes into macrophages was eval-
uated by flow cytometry through the detection of the macrophage-specific cell surface
marker CD11c. The PMA-stimulated cells expressed elevated levels of CD11c (98.3%),
while the NC THP-1 monocytes expressed negligible levels of CD11c (0.56%). PMA stimu-
lation caused a significant increase in the MFI for CD11c in comparison with untreated NC
monocytes (p < 0.05). These results confirm that PMA effectively converted the monocytic
population into resting macrophages in vitro (Figure 1).

Figure 1. PMA induces the differentiation of THP-1 monocytes into macrophage-like cells in vitro.
The PMA-treated cells expressed high levels of CD11c (98.3%) compared to untreated NC monocytes
(A). The MFI for CD11c was significantly elevated in PMA-treated monocytes in comparison with
undifferentiated NC cells (B). Results are presented as the average of n = 4 experiments. * Designates
significant differences in MFI of CD11b+ macrophages compared to CD11b+ monocytes. Error bars
represent the standard error of the mean (StEM).
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3.2. Testosterone Reduces the Uptake of MRSA and P. aeruginosa by THP-1 Macrophages In Vitro

The monocyte-derived macrophages were treated with testosterone at concentrations
representative of testosterone deprivation (1 × 10−8 M), physiological levels found in
healthy men (1 × 10−7 M), testosterone levels found in youth (1 × 10−6 M) and testos-
terone replacement therapy (TRT) levels (1 × 10−5 M) [30–32]. NC samples consisted
of macrophages treated with 0 M testosterone. Cells were incubated with MRSA or
P. aeruginosa for 2 h to allow host–pathogen interactions to happen. The bacterial recovery
was measured by calculating the quantity of bacteria that survived the encounter with
macrophages. This includes (a) bacterial cells that survived engulfment by macrophages
and (b) bacterial cells that were engulfed by macrophages but survived intracellular killing.

Testosterone deprivation did not have any significant effect on the internalization of
both MRSA and P. aeruginosa by macrophages compared to untreated NC cells. However,
increasing testosterone concentrations resulted in a significant dose-dependent increase in
the recovery of both MRSA and P. aeruginosa in comparison with NC samples (Figure 2).

Figure 2. Testosterone reduces the internalization of MRSA and P. aeruginosa by THP-1 monocyte-
derived macrophages. NC macrophages and testosterone-treated macrophages were incubated with
MRSA or P. aeruginosa for 2 h prior to growing the content of wells on NA plates. The number
of recovered bacterial colonies was measured in all treatment groups. Testosterone significantly
increased the recovery of MRSA (A) and P. aeruginosa (B) colonies in a concentration-dependent
manner compared to untreated NC macrophages. Data are presented as the average of n = 6
experiments. * Indicates significant differences (p < 0.05) in bacterial recovery between treatments.
Error bars represent the StEM.

3.3. Testosterone Dampens the Killing of MRSA and P. aeruginosa by Monocyte-Derived
Macrophages In Vitro

A gentamicin protection assay was conducted to assess the effect of testosterone on
the killing of MRSA and P. aeruginosa by monocyte-derived macrophages. Gentamicin was
used to eliminate bacterial cells that were not internalized by macrophages (i.e., extracel-
lular and membrane-bound bacteria) after the 2 h period of host–pathogen interactions.
Macrophages were subsequently lysed to recover internalized bacteria. Gentamicin is
unable to pass across the host cell membrane, so only bacteria that were successfully inter-
nalized but remained viable within phagocytes at the end of the host–pathogen interaction
were recovered [29,33–35].

Although testosterone deprivation (1 × 10−8 M) had no significant impact on the
killing of internalized MRSA and P. aeruginosa by macrophages (p > 0.05), physiological
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and supraphysiological testosterone levels significantly increased the number of viable
internalized MRSA and P. aeruginosa by macrophages in a concentration-dependent manner
compared to untreated NC macrophages (p < 0.05). These results confirm that testos-
terone not only reduced the internalization of MRSA and P. aeruginosa but diminished the
phagocytic ability of macrophages to kill both bacterial species (Figure 3).

Figure 3. Testosterone dampens the killing of MRSA and P. aeruginosa by THP-1 monocyte-derived
macrophages. NC macrophages and testosterone-treated macrophages were incubated with MRSA
or P. aeruginosa for 2 h prior to treating cells with gentamicin to eradicate extracellular and membrane-
bound bacterial cells. The content of wells in all treatment groups was plated into NA plates
prior to measuring the MRSA and P. aeruginosa recovery. Physiological and supraphysiological
testosterone levels significantly reduced the phagocytosis of MRSA (A) and P. aeruginosa (B) colonies
in a concentration-dependent manner compared to untreated NC macrophages. Data are presented
as the average of n = 6 experiments. * Indicates significant differences (p < 0.05) in bacterial recovery
between treatments. Error bars represent the StEM.

3.4. Inhibition of the Androgen Receptor Reverses the Testosterone-Mediated Decline in the
Phagocytic Functions of Macrophages

The precise role of the AR on the testosterone-mediated reduction in bacterial phago-
cytosis by macrophages was elucidated in this study. To investigate the potential effect
of AR stimulation/blockade on the phagocytosis of MRSA and P. aeruginosa, different
sets of monocyte-derived macrophages were pre-treated with either supraphysiological
testosterone (1 × 10−5 M), the AR modulator ostarine (1 × 10−6 M) or the AR inhibitor
enzalutamide (1 × 10−6 M) for 24 h prior to incubation with MRSA or P. aeruginosa for 2 h
at 37 ◦C and 5% CO2. Bacterial survival was measured after the host–pathogen interaction
assays as described above.

Similar to the previously reported results, testosterone significantly increased MRSA
and P. aeruginosa recovery compared to NC cells. The selective activation of the AR
with ostarine mirrored the effects of testosterone on bacterial clearance by significantly
increasing the recovery of MRSA and P. aeruginosa in comparison with the untreated NC
macrophages (p < 0.05). Intriguingly, the selective AR antagonist enzalutamide reversed
the testosterone-mediated decline in the phagocytosis of both MRSA and P. aeruginosa
by macrophages, causing a significant reduction (p > 0.05) in the number of recovered
MRSA and P. aeruginosa colonies compared to untreated NC macrophages or macrophages
treated with testosterone/ostarine (p < 0.05). These findings confirm for the first time that
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AR inhibition enhances the phagocytosis of major wound-associated bacteria by in vitro
macrophages (Figure 4).

Figure 4. Blockade of the AR enhances the phagocytosis of MRSA and P. aeruginosa by in vitro
macrophages. Stimulation of cells with ostarine mirrored the testosterone-mediated effects on the
phagocytic functions of macrophages by significantly increasing the recovery of MRSA (A) and
P. aeruginosa (B) colonies compared to untreated NC cells. In contrast, blockade of the AR with
enzalutamide significantly reduced the recovery of MRSA (A) and P. aeruginosa (B) compared to
estrogen/astarine-treated cells. Data are presented as an average of six independent experiments
(n = 6). * Indicates significant differences (p < 0.05) in MRSA (A) and P. aeruginosa (B) recovery
between treatments. Error bars represent the StEM.

3.5. The 5-α-Reductase Inhibitor Finasteride Enhances the Phagocytic Functions of Macrophages
In Vitro

5α-dihydrotestosterone (DHT), the most potent androgen, signals though binding
to the nuclear AR. DHT strongly binds to the AR as DHT-AR complexes are known
to be more stable compared to testosterone–AR complexes. Therefore, it is suggested
that the testosterone-mediated reduction in wound-healing processes is associated with
its conversion to DHT. Finasteride is a well-documented 5-α-reductase inhibitor that
blocks the conversion of testosterone to its most potent metabolite DHT [36]. In order
to better understand the mechanism by which testosterone inhibits the innate immune
responses in macrophages, host–pathogen interaction experiments were repeated using
testosterone/DHT-treated and finasteride-treated cells prior to measuring bacterial survival
as described above.

As expected, treating cells with testosterone or DHT significantly reduced the phagocy-
tosis of both MRSA and P. aeruginosa in comparison with untreated NC cells. This was illus-
trated in the significant increase in bacterial recovery observed with both treatments com-
pared to untreated NC samples. Intriguingly, finasteride reversed the testosterone/DHT-
mediated effect on the clearance of bacteria by significantly reducing the recovery of MRSA
and P. aeruginosa compared to testosterone/DHT-treated cells (p < 0.05) (Figure 5). All
together, these novel findings suggest that testosterone dampens the innate phagocytic
functions of macrophages through binding to the AR and metabolic conversion to DHT.
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Figure 5. Inhibition of 5-α-reductase improves the clearance of MRSA and P. aeruginosa by monocyte-
derived macrophages. Blocking the conversion of testosterone to DHT through stimulation of
macrophages with finasteride significantly reduced the recovery of MRSA (A) and P. aeruginosa
(B) compared to testosterone/DHT-treated cells. Data are presented as an average of four indepen-
dent experiments (n = 4). * Indicates significant differences (p < 0.05) between treatment groups. Error
bars represent the StEM.

4. Discussion
Sex steroid hormones play a key modulatory role in wound healing. The age-related

decline in circulating and peripheral androgen and estrogen levels is linked with dysreg-
ulated wound repair in the elderly [1]. While estrogens have been reported to accelerate
wound healing in humans and animals, androgens such as testosterone and DHT have
been shown to dampen wound repair in mice [6,37,38]. A study conducted by Gilliver,
Ashworth [14] reported that castration of healthy male mice resulted in better healing
outcomes compared with non-castrated controls. This observation was associated with
reduced inflammatory responses in impaired wounds [14].

Testosterone and DHT have been shown to modulate inflammation, the major physio-
logical process that contributes to the development of chronic wounds [6]. Both androgens
have also been shown to boost the later stages of wound repair, including proliferation
and collagen production [6]. Despite their well-documented influence on the inflamma-
tory phase of wound repair, the effect of testosterone and DHT on the phagocytosis of
bacteria by innate immune cells during wound infection has not been fully elucidated to
date. Moreover, it is unclear if the age-related decline in androgen levels contributes to the
development and/or exacerbation of wound infections.

Monocytes are the main reservoir of myeloid precursors for the generation of tis-
sue macrophages and dendritic cells [39]. An in vitro model of THP-1 monocyte-derived
macrophages was generated in this study. PMA is a well-documented chemical agent
that is commonly used to stimulate the differentiation of monocytes into macrophages
in vitro [40]. Flow cytometry data in this study demonstrate that PMA at a concentration of
100 ng/mL triggers the conversion of THP-1 monocytes into macrophages. The significantly
higher expression of the macrophage-specific cell surface marker, CD11c, in PMA-treated
cells compared to untreated monocytes confirmed the phenotypic differentiation of mono-
cytes into macrophages. These results are supported by several studies reporting that
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PMA-stimulated monocytic cell lines express elevated levels of CD11c, CD11b and pro-
tein kinase-C (PKC) enzymes [41,42]. In addition, PMA-treated monocytes were reported
to upregulate the levels of cell adhesion molecules such as the beta-2integrins (CD18,
CD11a, CD11b and CD11c), which increase the adherence capabilities of cells in vitro [41].
PMA has also been reported to trigger phospholipid- and calcium-dependent isoforms of
PKC and encourage cyclic AMP metabolism, which initiates the maturation of monocytes
into macrophages [43].

Despite its well-documented influence on the inflammatory phase in wound repair, the
effect of testosterone on the phagocytosis of wound-associated pathogens during wound
infection remains unclear. Sex steroid hormones, particularly androgens, at the tested
concentrations in this study, have been shown to have no significant influence on bacterial
growth [27,44]. Results in this study demonstrated that testosterone and DHT reduce the
ability of macrophages to engulf MRSA and P. aeruginosa in a dose-dependent manner
compared with untreated controls. To further assess the effect of testosterone on bacterial
killing, a gentamycin protection assay was conducted. Gentamicin is commonly used
in host–pathogen interaction studies due to its ability to eradicate extracellular bacteria
without affecting intracellular bacteria. This is mainly due to gentamicin’s poor capability
to penetrate the cell membrane of macrophages and neutrophils [29]. Intriguingly, stim-
ulating macrophages with increasing physiological and supraphysiological testosterone
concentrations significantly reduced the number of engulfed viable intracellular MRSA and
P. aeruginosa colonies compared to untreated NC cells. This demonstrates that testosterone
reduces the clearance of internalized bacteria, not just their engulfment by macrophages.

Our findings are supported by several research studies highlighting the influence
of androgens on innate immunity. Gomez et al. [39] studied the effect of four distinct
androgens on the expression of FcγR in splenic mice macrophages. Both testosterone and
DHT were shown to impair the clearance of IgG-sensitized macrophages by reducing the
expression of FcγR1 and FcγR2 in splenic macrophages. Interestingly, DHT was more
effective than testosterone [45]. Results in the present study also report that DHT mimics
the actions of testosterone on the phagocytosis of bacteria by in vitro macrophages. It is
well-established that androgens and estrogens are key regulators of wound-repair processes,
including phagocytosis during infection [46]. While males commonly display weaker innate
immune responses than females following infection, it is now well-accepted that males
exhibit a higher susceptibility to microbial sepsis than their female counterparts [47,48].
Testosterone has also been shown to possess immunosuppressive effects on innate and
adaptive immune responses, thus increasing susceptibility to S. aureus infection, which
further supports our findings [49].

Males are reported to heal slower than females. They are also more predisposed to
developing sepsis and multiple-organ failure subsequent to skin and soft tissue hemor-
rhagic damage, in part due to defective immune responses via abnormal activation of
neutrophils [4,50,51]. Testosterone’s immunosuppressive effects on innate immune func-
tions have also been observed in parasitic infections where elevated testosterone levels
were reported to dampen immune responses and increased parasitic loads in men [52–54].
Furthermore, it is commonly accepted that females have a lower risk of developing bac-
terial, parasitic and viral infections compared to males [55–58]. However, the underlying
mechanisms responsible for these gender-differentiated immune responses remain unclear.
Testosterone and DHT were shown to reduce the production of pro-inflammatory cytokines,
including TNF-α in murine monocytes and macrophages. Lai et al. [59] demonstrated that
LPS induced the release of TNF-α by phagocytic macrophages and that this effect was
reversed in AR-KO macrophages [59]. Similar observations were reported by D’agostino
et al., [60] where testosterone was shown to reduce the expression of TNF-α in the murine
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macrophage cell line J774 [60]. Testosterone was also reported to decrease the LPS-induced
NO levels in RAW 264.7 macrophages [61]. Several research studies also reported that
testosterone had no beneficial impact on the migration of human monocytes and their
phagocytic functions [62–65].

The effect of AR manipulations on inflammatory responses, such as bacterial clearance
during wound infection, have gained little attention to date. AR agonists are AR-interacting
molecules that have the ability to bind to the AR and achieve optimum androgen-signaling
mechanisms to function as agonists of androgen in a tissue-specific manner [66,67]. AR
antagonists also known as anti-androgens are molecules that have anti-androgenic af-
fects in castrated animals [68]. Ostarine and enzalutamide are compounds commonly
used to treat several AR-mediated diseases (e.g., prostate cancer) due to their tissue-
specific responses [69]. Ostarine was used in this study to investigate the role of AR in the
testosterone-mediated stimulation of bacterial clearance by monocyte-derived macrophages.
The selective agonism of the AR with ostarine significantly reduced the bacterial clearance
of both MRSA and P. aeruginosa in comparison with the untreated macrophages. Enzalu-
tamide was used to block the binding of testosterone and/or DHT to the AR with an aim
to investigate the effects of AR suppression in the testosterone/DHT-mediated phagocy-
tosis of bacteria [69]. The selective antagonism of the AR using enzalutamide reversed
the testosterone/ostarine-mediated deterioration in bacterial clearance by macrophages.
Together, these results confirm that testosterone diminishes the phagocytic functions of
macrophages through binding to the AR. To further elucidate the mechanistic pathways
involved in the enzalutamide-mediated increase in phagocytosis, further experiments are
warranted to examine the synergistic effect of testosterone–enzalutamide on the phago-
cytosis of MRSA and P. aeruginosa by in vitro and ex vivo macrophages. AR blockade in
human macrophages has been shown to enhance the inflammasome-mediated phagocy-
tosis of cancer cells in advanced prostate cancer [70]. siRNA knock down of AR was also
shown to diminish chemotaxis of THP-1 monocytes in mice [71]. Although AR-KO mice
were shown to express lower neutrophil counts compared to their wildtype counterparts,
the cellular phagocytic abilities and respiratory burst reactions in mice remained intact
post-AR knockdown [72].

In peripheral tissues, testosterone is converted to DHT through the action of 5α-
reductase. Hindering the testosterone–DHT conversion using 5α-reductase was shown
to enhance wound repair in mice [23,26]. However, little is known about the role of this
metabolic conversion on innate immune responses during wound infection. Finasteride was
utilized in this study to block the conversion of testosterone to its potent metabolite DHT
in order to assess the potential impact of this enzymatic conversion on the phagocytosis of
bacteria by macrophages.

Results in this study demonstrated that finasteride significantly enhanced the
macrophage-mediated phagocytosis of both MRSA and P. aeruginosa in comparison with NC
macrophages or testosterone/DHT-treated macrophages. This suggests that testosterone
dampens the innate phagocytic functions of macrophages through metabolic conversion
to DHT. Several mice gonadectomy studies have investigated the impact of androgens in
microbial infections. Castration of male mice resulted in the production of higher levels of
pro-inflammatory cytokines, including IL-12, IL-17, TNF-α, IFN γ and iNOS compared to
non-castrated controls during tuberculosis infection [73]. In contrast, ovariectomized fe-
males did not display any differences in innate immune defenses during lung infection [74].
This suggests that androgens, particularly testosterone, could contribute to increased male
vulnerability to lung infections such as tuberculosis.

DHT has been shown to enhance the alternative activations of macrophages, resulting
in the production of anti-inflammatory M2 macrophages through binding to the AR [75].



Acta Microbiol. Hell. 2025, 70, 38 12 of 15

Our results support these reports as we speculate that the testosterone/DHT-mediated
decline in the phagocytosis of bacteria could be attributed to a possible androgen-mediated
switch of macrophages to an M2 phenotype that is known to be less phagocytic and more
regenerative. Further research studies investigating the precise effect of androgens on the
polarization of macrophages are warranted.

The selective inhibition of AR with molecules such as enzalutamide and/or specific
blockade of the testosterone–DHT conversion in phagocytes boosts their phagocytic innate
immune functions, which may potentially lead to the development of effective thera-
peutic options to treat wound infections in the elderly with less reliance on antibiotics.
Further studies are warranted to elucidate the precise molecular pathways involved in
promoting the AR-mediated phagocytosis of bacteria during wound infections. Future
in vivo experiments are also required to demonstrate the effects of AR manipulation and
testosterone–DHT conversion on infected, impaired wounds.
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