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Abstract 

Aims: This study assessed the antibacterial, antibiofilm, and immunomodulatory activity of Lactobacillus acidophilus (strain Scav) postbiotic 
(LaP) in a mouse model of Pseudomonas aeruginosa wound infection and evaluated the bioactive components of the LaP. 
Methods and results: LaP was tested for Pseudomonas aeruginosa clearance and immunomodulatory activity during wound inf ection. W e 
show that LaP applied 1 h after infection reduced tissue bacterial burden within 24 h, and this reduction persisted for 5 da y s. Ciproflo xacin giv en 
once at the exact same time did not reduce bacteria load as compared to vehicle controls. LaP reduced plasma IL-6 and MCP-1 levels after 5 
da y s. Wound tissue IL-6 and MCP-1 le v els w ere increased in infected v ehicle mice at 5 da y s, but tissues from LaP-treated mice w ere similar 
to sham controls. LaP increased tissue IL-10 (antiinflammatory cytokine) le v els. Ciproflo xacin decreased plasma and tissue IL-6 compared to 
vehicle controls but did not aff ect MCP -1 or IL-10 le v els. To elucidate antibacterial and antibiofilm metabolite(s) in LaP, fractionation f ollo w ed b y 
Ps. aeruginosa ant agonistic activit y assa y s w ere perf ormed. T his w as f ollo w ed b y liquid chromatograph y coupled to mass spectrometry (LCMS) 
analysis. Our analyses identified a low molecular weight, polar molecule, which had both antibacterial and antibiofilm activity. 
Conclusions: Lactobacillus acidophilus secretes an antibacterial and antibiofilm metabolite that reduced pathogen burden and resolved systemic 
inflammation in a Pseudomonas aeruginosa wound infection model. 

Impact Statement 

These findings suggest that Lactobacillus acidophilus secretes an antibacterial and antibiofilm molecule that is a promising candidate for treat- 
ment of se v ere and virulent infections. 
Ke yw or ds: Lactobacillus acidophilus ; postbiotic; Pseudomonas aeruginosa ; antibiofilm; metabolite characterization; wound infection 
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Introduction 

Acute and chronic wound infections pose a healthcare chal- 
lenge with increasing morbidity and mortality rates (Sid- 
diqui and Bernstein 2010 , Pondei et al. 2013 , Falcone et 
al. 2021 ). Wound healing is a coordinated process that in- 
volves hemostasis, inflammation, proliferation, and remod- 
eling (Rodrigues et al. 2019 , Raziyeva et al. 2021 ). During 
normal wound healing, immune cells are recruited to the in- 
jury to clear tissue debris and prevent infection. Specifically,
proinflammatory mediators such as immune cell chemoattrac- 
tants, cytokines, reactive oxygen species, and prostaglandins 
are produced to promote wound healing. However, sustained 

inflammation may lead to lymphocyte death, reduced anti- 
gen presentation, and the inability of monocytes/macrophages 
to secrete inflammatory cytokines when stimulated (Hesketh 

et al. 2017 , Larouche et al. 2018 , Kim and Nair 2019 , Ro- 
drigues et al. 2019 , Joshi et al. 2020 , Wilkinson and Hard- 
man 2020 , Raziyeva et al. 2021 ). In this state of immunosup- 
pression, the infection may persist, and the host is susceptible 
t
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o infection. If the wound becomes infected, wound healing 
s disrupted (Wilkinson and Hardman 2020 ). Pseudomonas 
eruginosa a Gram-negative opportunistic pathogen respon- 
ible for hospital-acquired infections, such as in respiratory 
nd urinary tracts, readily forms biofilm and is associated with
igh mortality rates (Mulcahy et al. 2008 , Zhang et al. 2020 ).
mportantly, the bacterium has been isolated from wound in- 
ections (Gjodsbol et al. 2006 , Kirketerp-Moller et al. 2008 ,
ondei et al. 2013 , Lenzmeier et al. 2019 , Puca et al. 2021 ). 
Pseudomonas aeruginosa has several virulence factors that 

romote its survival and antibiotic resistance, including endo- 
oxin and pyocyanin release as well as biofilm formation (Liao
t al. 2022 ). Bacterial cells in the biofilm are encapsulated
ithin a matrix of extracellular polymeric substances (EPS),

iding antibiotic resistance (Zhou et al. 2021 , Fernández- 
illón et al. 2023 ). In particular, the EPS matrix consists of

ipids, proteins, nucleic acids, and polysaccharides that sup- 
ort the bacteria to have altered metabolic functions, possibly 
eading to persister cells (Peters et al. 2022 ). As a result, bac-
eria within the biofilm commonly resist antibiotic treatment 
d Microbiology International. This is an Open Access article distributed 
mons.org/ licenses/ by/ 4.0/ ), which permits unrestricted reuse, distribution, 
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hrough multiple mechanisms. First, antibiotic tolerance may
rise because bacteria within a biofilm undergo altered cell
ivision, a target of many antibiotics (Ronneau et al. 2021 ,
rmes et al. 2022 ). Another possibility is that biofilm bacteria
ave increased genetic transfer, where plasmids carrying resis-
ance genes can be transferred to other bacterial cells (Sharma
t al. 2017 ). Standard treatment modalities for biofilm aim to
ill the bacteria and/or inhibit biofilm formation (Verderosa
t al. 2019 ). Conventional antibiotics remain the most com-
on therapy, although alternative drug delivery systems such

s nanoparticles and photodynamic therapy have gained inter-
st (Ciarolla et al. 2022 , Mishra et al. 2023 ). With respect to
ound infections, topical dressings such as silver sulfadiazine
nd nanocrystalline silver remain common therapies (Chap-
ell and Nair 2020 ). Still, biofilm recalcitrance persists and
here is a great need for treatments that can target both plank-
onic cells within the biofilm and destroy the EPS. Alarmingly,
ntibiotics may lower bacterial activity and lead to a persister
ell phenotype within the biofilm, which is difficult to erad-
cate with antibiotics (Clinton and Carter 2015 , Ronneau et
l. 2021 , Peters et al. 2022 ). As such, there is a clear need for
ntibiotic alternatives that can penetrate biofilm to clear in-
ection and promote wound healing. 

Probiotics are known to have antiinflammatory, barrier
unction, and antimicrobial abilities (Latif et al. 2023 ). Specif-
cally, there are many reports documenting that probiotics
ad beneficial actions in rodent models of colitis, anaphy-
axis, burn wound infection, drug-resistant Ps. aeruginosa in-
ection, and sepsis (Chen et al. 2009 , Khailova et al. 2013 ,
i et al. 2013 , Machairas et al. 2015 , Argenta et al. 2016 ,
in et al. 2020 , Wang et al. 2020 ). In these studies, the ben-

ficial effects were observed after prophylactic probiotic ad-
inistration and, therefore, did not examine the therapeutic

alue of probiotics given after infection. Moreover, many of
hese studies focused on using whole cell suspensions of pro-
iotic bacteria, and typically suggest their role in preventing
isease. In particular, Mekky et al. ( 2022 ) reported that Lac-
obacillus plantarum inhibited the formation of multidrug-
esistant (MDR) Esc heric hia coli U12 when pretreated or co-
ultured. Similarly, Lact. casei and Lact. acidophilus prevented
s. aeruginosa biofilm formation but surprisingly did not
ave direct antibacterial activity against Ps. aeruginosa plank-
onic cells (Diaz et al. 2020 ). On the other hand, treatment
f macrophages with Lactobacillus spp. activated cytokine
roduction (Rocha-Ramirez et al. 2017 ), but cell-free Lacto-
acillus supernatant was antiinflammatory in LPS-activated
acrophages (De Marco et al. 2018 ). 
We have recently reported that Lact. acidophilus post-

iotic (LaP) had dose-dependent effects on monocyte and
acrophage NF–κB activity (Wilson et al. 2021 ). Interestingly,

n quiescent THP-1 monocytes, high concentration LaP stim-
lated NF–κB activity, while low concentration LaP downreg-
lated NF–κB activation in LPS-pretreated macrophages. To-
ether, these findings suggest that our preparation of LaP had
n immunomodulatory action on mononuclear cells. We also
howed that LaP was bactericidal against Ps. aeruginosa and
emoved established preformed Ps. aeruginosa biofilm (Wil-
on et al. 2021 ). The bioactive components of our LaP were
ot determined and are therefore investigated in the present
tudy. 

There has been a surge in studying the mechanisms of ac-
ion of probiotics, and several lines of evidence indicate that
he antibacterial properties are due to the secretion of metabo-
ites, including organic acids, short-chain fatty acids, and an-
imicrobial peptides (AMPs), including bacteriocins (Tan et al.
014 ,Peng and Biswas 2017 ). Nevertheless, most studies us-
ng bacteriocins have been conducted in vitro , and the safety,
fficacy, and bioavailability in vivo are not entirely understood
Benítez-Chao et al. 2021 ). For example, oral administration
nd topical application may not be ideal since the digestive
ract and skin present harsh environments (i.e. low pH and
nzymatic degradation). Similarly, it has been reported that
robiotic bacteria produce conjugated linoleic acid (CLA) and
onjugated linoleic acid isomers from free linoleic acid (LA)
n the gut that have both antibacterial and antiinflammatory
roperties (Bassaganya-Riera et al. 2012 ). 
In the present study, we hypothesized that direct topical ap-

lication of LaP can reduce wound bacteria load and modu-
ate systemic inflammatory response when given a full hour
fter infection in a Ps. aeruginosa model of wound infection.
n addition, we aimed to elucidate the identity of the an-
ibacterial and antibiofilm metabolite. Specifically, biochem-
cal and bioactivity assays were used in tandem to fractionate
he antibiofilm molecule. These are the first studies designed
o simultaneously investigate both the antimicrobial and im-
unomodulatory properties of LaP given after wound infec-

ion. 

aterials and methods 

actobacillus acidophilus cultivation and postbiotic 

ollection 

aP was collected from Lact. acidophilus ( ATCC 4356) as pre-
iously described with minor deviation (Wilson et al. 2021 ).
riefly, bacteria were cultivated in De Man, Rogosa, and
harpe (MRS) broth (Research Products International, Mt.
rospect, IL, USA) as recommended by ATCC, for 48 h at
7 

◦C, 5% CO 2 , and subcultured in 10 ml M63 minimal
edium supplemented with 0.2% glucose, 1 mM MgSO 4 ,

nd 0.5% casamino acids (Fisher BioReagents, Pittsburgh,
A, USA) for 6 h. Culture supernatants were passed through
.2 μm filters to collect LaP. To determine the number of
olony forming units (CFUs) within cultures prior to LaP col-
ection, serial dilutions were made in sterile saline (Molecular
iologicals International, Irvine, C A, US A) and spread onto
RS agar, incubated at 37 

◦C for 48 h, and colonies numer-
ted. In these studies, LaP was collected from 1 × 10 

6 CFU
l −1 (L LaP) and 1 × 10 

8 CFU ml −1 (LaP). For solid-phase ex-
raction (SPE) and semipreparative High Performance Liquid
hromatography (HPLC), Lact. acidophilus LaP was scaled-
p to 1 l. 

seudomonas aeruginosa preparation 

seudomonas aeruginosa was prepared as previously de-
cribed (Wilson et al. 2021 ). In brief, Ps. aeruginosa (ATCC
7853) was cultivated on tryptic soy agar (TSA; Ward’s Sci-
ntific, Rochester, NY, USA) overnight at 37 

◦C. Single colonies
ere inoculated in Luria–Bertani (LB) broth (Gibco, Gaithers-
urg, MD, USA) and incubated for 5 h with shaking. Cultures
ere pelleted, washed with M63 media, and diluted to OD 600 

etween 0.04 and 0.06 (1 × 10 

6 –5 × 10 

6 ml −1 ) using a BioTek
ynergy H1 plate reader (Biotek, Winooski, VT, USA). Here,
63 media was prepared to mimic the acidic condition of hu-
an skin by adjusting to pH 5.5 (Bullock et al. 2020 , Wilson

t al. 2021 ). 



Lactobacillus acidophilus postbiotic reduces infection 3 

 

 

 

 

 

r
a  

a  

a  

o  

c
s
S

B

A  

h
t  

p  

c
u
e
w  

S
o

I

M
s  

q  

M  

d
t

M

T
s  

s
(  

b  

C  

3  

d  

m  

a  

h
S
t
w
a  

o  

w
i  

m  

p

C

C  

m
(
a
1
f
l  

a  

i

Planktonic growth curves and CFU counts 

For antibacterial measurement against planktonic Ps. aerugi- 
nosa , 100 μl of LaP prepared in M63 was pipetted into the 
wells of 96-well plates inoculated with 100 μl Ps. aerugi- 
nosa in triplicate as previously described (Wilson et al. 2021 ).
Planktonic growth was measured every 10 min for 18 h in 

a plate reader (BioTek Synergy H1) set to 37 

◦C with or- 
bital shaking. Following growth curves, viable Ps. aeruginosa 
cell numbers were enumerated as previously reported (Wilson 

et al. 2021 ). In brief, cell cultures were recovered from the 
wells, serially diluted, spread onto TSA, incubated overnight 
at 37 

◦C, and colonies counted for n = 4 independent experi- 
ments. 

Antibiofilm activity assay 

The biofilm removal assay (Wilson et al. 2021 ) was adopted 

for testing the antibiofilm activity of crude LaP and LaP frac- 
tions (in duplicate) against 20 h Ps. aeruginosa established 

biofilm. Pseudomonas aeruginosa was propagated on TSA 

and incubated at 37 

◦C. Single colonies were inoculated in LB 

broth for 5 h with shaking. The cultures were washed and di- 
luted to 1 × 10 

8 CFU ml −1 in M63 minimal medium. 200 μl 
of Ps. aeruginosa culture was pipetted into a round-bottom 

96-well plate and incubated at 37 

◦C for 20 h. Planktonic 
cells were washed away using phosphate-buffered saline (PBS; 
GrowCells, Irvine, C A, US A) and 200 μl of indicated treat- 
ments in quintuplicate were added for 6 h. Biofilm biomass 
was quantified for three to four independent experiments by 
using crystal violet staining and OD 600 was measured on a 
BioTek H1 Synergy plate reader. Here, antibiofilm activity was 
used to determine the efficacy of crude LaP on various frac- 
tions for bioactivity to elucidate a bioactive metabolite. 

Wound infection surgery 

To examine the antibacterial effect and wound healing prop- 
erties of LaP in Ps. aeruginosa wound infection, male and fe- 
male C57BL/6 mice (20–30 g; Envigo, Somerset, NJ, USA) 
were used. As previously described (Wilson 2023 , Fig. 2 A),
animals were anesthetized with isoflurane ( + 3% O 2 ) and re- 
ceived subcutaneous injections of Buprenorphine XR (Ethiqa; 
3.25 mg kg −1 ) (Fidelis Animal Health Inc., North Brunswick,
NJ USA). Hair was removed, and a full thickness wound was 
created on the back using a disposable 6 mm biopsy punch (In- 
tegra Miltex, Mansfiled, MA, USA). 30 μl of Ps. aeruginosa in 

saline (1 × 10 

7 CFU; ATCC #27853) was applied directly on 

the wound and covered with Tegaderm transparent dressing 
(3 M Health Care, St. Paul, MN, USA). 1 h following surgery,
mice were anesthetized and received 30 μl of LaP (derived 

from 1 × 10 

8 CFU ml −1 ) treatment or M63 vehicle under the 
Tegaderm, directly on the wound. In some mice which were 
scheduled as 5 day infection animals, ciprofloxacin (250 mg 
kg −1 ) was injected once subcutaneously 1 h after wound in- 
fection surgery. We chose this regimen so that it was compa- 
rable to the single dose administration of the LaP. In sham 

controls, wounds were created but not inoculated with Ps.
aeruginosa . After 24 h or 5 days, mice were anesthetized with 

ketamine/xylazine (100/10 mg kg −1 , i.p.). Blood was drawn 

via intracardiac puncture into tubes containing 50 mmol l −1 

ethylenediaminetetraaceticacid (EDTA). Plasma was collected 

after centrifugation at 1000 × g for 10 min. The full thickness 
wounds were excised with underlying muscle and homoge- 
nized in PBS. Wound tissue samples were used for viable bacte- 
ial counts and enzyme-linked immunosorbent assay (ELISA) 
nalysis. For 24 h experiments, we used 5 sham, 14 vehicle,
nd 14 LaP. For 5 day studies, we used 5 sham, 13 veh, 11 LaP,
nd 5 ciprofloxacin mice. For each of the assays, the numbers
f mice in each group are stated in the figure legends. All pro-
edures were performed with protocols approved by the In- 
titutional Animal Care and Use Committee of Rowan-Virtua 
chool of Osteopathic Medicine. 

acterial load quantification 

t 24 h and 5 days, full thickness wounds were excised and
omogenized as described above. To enumerate wound bac- 
erial colonization and clearance, tissues were diluted in PBS,
lated on TSA, incubated overnight at 37 

◦C, and colonies
ounted. Tissue sample protein concentration was quantified 

sing Coomassie Plus Protein Assay Reagent (Thermo Sci- 
ntific, Rockford, IL, USA). Bacterial CFUs in wound tissue 
ere standardized to CFU mg −1 protein (Buyk et al. 2015 ).
imilarly, blood was saline diluted, spread on TSA, incubated 

vernight, and colonies counted. 

nflammatory mediator analysis 

CP-1, IL-6, and IL-10 levels in frozen homogenized tissue 
amples as well as MCP-1 and IL-6 in plasma samples were
uantified using ELISA (Thermo Fisher Scientific, Waltham,
A, USA). Protein levels in wound tissue was determined as

escribed above, and tissue MCP-1, IL-6, and IL-10 concen- 
rations were normalized to pg mg −1 total protein. 

onocyte adherence assay 

HP-1 (ATCC TIB-202™) monocytes were maintained as de- 
cribed in detail in Wilson et al. 2021 . Monocyte adherence as-
ay was conducted by blocking laminin-coated 24-well plates 
Corning, Manassas, VA, USA) with 0.1% bovine serum al-
umin (BioVision, Milpitas, C A, US A) for 1 h at 37 

◦C, 5%
O 2 and washed with PBS. THP-1 monocytes were seeded at
 × 10 

5 cells per well in serum- and pen/strep-free RPMI (re-
uced RPMI) in triplicate. To elucidate the effect of LaP on
onocyte adherence, monocytes were exposed to 50 μl Lact.

cidophilus LaP (derived from 1 × 10 

8 CFU ml −1 ), M63 ve-
icle, or 100 ng ml −1 phorbol 12-myristate 13-acetate (PMA; 
igma-Aldrich, St. Louis, MO, USA). Following 1 h incuba- 
ion, nonadherent cells were removed and plates were washed 

ith saline. Monocytes were replenished with reduced RPMI 
nd stained with 10 μl of CellBrite Blue Cytoplasmic stain (Bi-
tium, Fremont, C A, US A) for 20 min. The plates were washed
ith saline and RPMI was replenished. Adherent cells were 

maged using a Keyence BZ-X7010 and the number of cells
m 

−2 was quantified using ImageJ software for n = 3 inde-
endent experiments. 

rude LaP SPE 

rude LaP (derived from 1 × 10 

8 CFU ml −1 ) or M63 mini-
al medium control were loaded on C18 cartridge columns 

Sep-Pak, Waters) conditioned with 100% acetonitrile (ACN) 
nd equilibrated with water. LaP was eluted using a 10%–
00% ACN gradient and flow through was collected. Each 

raction was lyophilized using a Virtis Freezemobile 24. The 
yophilized fractions were resuspended in 100 μl sterile water
nd diluted in M63 media. The diluted samples were exam-
ned for planktonic growth inhibition and antibiofilm activity 
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s described above. In initial studies, the LaP was scaled-up
y subculturing in 1 l M63 minimal media instead of 10 ml.
o confirm that scaling-up did not hinder activity, the scaled-
p crude LaP was tested for biofilm removal activity. As ex-
ected, the scaling-up of the LaP did not affect the antibiofilm
ctivity ( Fig. S2 A). Therefore, the scaled-up LaP was frac-
ionated using SPE over the 10%–100% ACN gradient. The
ractions were lyophilized, resuspended in water, and subse-
uently diluted 1:10 and 1:100 in M63 minimal medium.
ere, lyophilization was essential to remove ACN, as it has

een shown to have broad-spectrum antibacterial properties
Ghanem and El-Magly 2008 , Dulay et al. 2017 ). In addition,

63 minimal media (vehicle control) was fractionated and
ested in the established biofilm assay to investigate the im-
act of media components on Ps. aeruginosa biofilm. After
ropagation, Lact. acidophilus and Ps. aeruginosa were re-
uspended and cultured in M63 minimal medium at pH 5.5
o recapitulate the acidic conditions of human skin, where Ps.
eruginosa commonly colonizes and forms biofilm (Percival
t al. 2012 , Bullock et al. 2020 ). However, there are several
eports demonstrating the inhibitory effect of low pH on Ps.
eruginosa biofilm formation (Harjai et al. 2005 , Hostacka
nd Stefkovicova 2010 et al. 2010 ). Therefore, we tested the
ffect of this fractionated acidic medium on Ps. aeruginosa
iofilm removal. Here, no biofilm removal properties from
ny fraction were observed ( Fig. S2 B). These data validate the
xperimental workflow and use of M63 minimal medium in
s. aeruginosa biofilm formation and subculturing and collec-

ion of Lact. acidophilus LaP. 

ntibiofilm metabolite purification 

ollowing SPE, antibiofilm activity assays were performed
sing all different fractions as described above. Fraction 5
as determined to contain an antibiofilm molecule (Fig. 6 C).
o elucidate the characteristics and identity of the bioac-
ive metabolite, SPE fraction 5 was subjected to subsequent
ractionation using semipreparative HPLC. Specifically, the
olecules within fraction 5 were loaded onto Phenomenex
una Omega 5 μmol l −1 polar C18 250 × 12 mm column
nd separated using a Varian Prostar semipreparative RPH-
LC system (Prostar 210 pumps, Prostar 420 autosampler,
rostar 335 diode array detector, and Prostar fraction collec-
or). Crude LaP was purified using a 95/5 to 70/30 water/ACN
ontaining 0.1% v/v formic acid (at 10 ml min 

−1 ) gradient.
ollowing separation, the fractions were lyophilized, resus-
ended in sterile water, diluted in M63 minimal media, and
nvestigated for planktonic growth inhibition and antibiofilm
ctivity. 

iquid chromatography coupled to mass 

pectrometry analysis 

rom semipreparative HPLC fractionation, fractions 23, 24,
nd 25 were selected for liquid chromatography coupled to
ass spectrometry (LCMS) analysis because these fractions
ad the most antibiofilm activity [described in Wilson ( 2023 )
nd adapted from Majer et al. ( 2021 )]. In brief, the selected
ractions were analyzed on a Waters Acquity I-Class UPLC
ystem coupled to a Synapt G2Si HDMS mass spectrometer
n positive ion mode with heated electrospray ionization (ESI)
ource in a Z-spray configuration. LC separation was per-
ormed on a Waters Acquity UPLC BEH C18 1.7 μm 2.1 ×
00 mm column equipped with a Vanguard guard column, us-
ng an 0.6 ml min 

−1 gradient of 95/5 to 15/85 eluents A/B over
he course of 4 min. Eluent A was 105 0.1% v/v formic acid in
ater and B was 0.1% v/v formic acid in ACN. Separately, a
olar isocratic (95/5 for 4 min) was used for separation. After
eparation, the column was washed and reconditioned. The
ass spectrometer conditions were as follows: capillary volt-

ge 0.5 kV, sampling cone 40 V, source offset 80 V, source
20 

◦C, cone gas 0 l h 

−1 , desolvation gas 1000 l h 

−1 , and neb-
lizer 6.5 bar. Low energy data, between 100 and 1500 Da,
as collected with the analyzer in resolution mode and a 0.2 s

can time. MSe data was collected using a 20–40 V ramp
rap collision energy. Masses were extracted from the Time-
f Flight Mass Spectrometry Total Ion Chromatograms (TOF
S TICs) using a 0.005 Da abs width. MassLynx software

V4.1; Waters Corporation) was used to acquire and process
CMS chromatograms and spectra. 

aP metabolite analysis 

he Lact. acidophilus ATCC 4356 whole genome
as accessed using NCBI GenBank (accession number

RUT01000000) and mined for secondary metabolite gene
lusters using antiSMASH 7.0 with strictness set to “loose”
nd features KnownClusterBlast, Minimum Information
bout a Biosynthetic Gene Cluster (MIBiG) comparison
MIBiG) Comparison, ClusterBlast, Cluster Pfam, and Sub-
lusterBlast (Majer et al. 2021 ). In addition, the Human
icrobial Metabolome Database (MiMeDB, V 1.0) was

sed to screen for potential metabolites that have similar
iochemical characteristics to the identified bioactive hit.
iMeDB platform was used to search for spectroscopic data

y uploading the LCMS parameters and 295.1369 m/z hit. 

tatistical analyses 

ll data analyses and plots were performed using Graph-
ad Prism (San Diego, C A, US A). Biofilm removal data were
ubjected to one-way ANOVA and Tukey’s multiple com-
arisons test. For all other in vitro studies, data were ana-
yzed using one-way ANOVA and Dunnett’s post hoc test was
sed to compare treatments against controls. In vivo bacte-
ial load studies were analyzed using Mann–Whitney U test.
or all other in vivo studies, differences between sham con-
rols, vehicle controls, and LaP-treated groups were analyzed
y one-way ANOVA and differences between groups were
hen determined using Sidak’s test. All data are presented as
ean ± SEM. In all statistical analyses, P < .05 was regarded

s significant. 

esults 

actobacillus acidophilus LaP has direct 
actericidal and antibiofilm activity 

seudomonas aeruginosa or 20 h Ps. aeruginosa biofilm were
hallenged with low concentration LaP (L LaP; derived from
0 

6 CFU ml −1 ) or LaP (derived from 10 

8 CFU ml −1 ) and eval-
ated for the ability to reduce growth, kill planktonic bac-
eria, and remove established biofilm. LaP completely inhib-
ted Ps. aeruginosa planktonic growth while L LaP had no
ffect on growth measured by absorbance compared to media
nly control (Fig. 1 A). We then measured viable Ps. aerugi-
osa CFUs and found that LaP caused a 5.98-log 10 reduction
n CFU counts compared to media only control (Fig. 1 B). Bac-
ericidal activity ( > 99.9% inhibition) is defined as a > 3-log 10 

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxaf061#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxaf061#supplementary-data
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Figure 1. Lactobacillus acidophilus postbiotic (LaP) was bactericidal against planktonic Ps. aeruginosa and removes established biofilm in vitro. (A) 
Pseudomonas aer uginosa cult ured with LaP derived from 1 × 10 8 CFU ml −1 completely inhibited gro wth o v er 16 h, while LaP deriv ed from 1 × 10 6 CFU 

ml −1 (L LaP) had no effect ( n = 4 independent experiments). (B) At the end of planktonic growth studies, Ps. aeruginosa cultures were spread onto TSA 

and colonies counted. LaP sho w ed > 5-log 10 reduction in Ps. aeruginosa bacteria, while L LaP did not ha v e a significant effect. (C) Pseudomonas 
aeruginosa biofilm was grown for 20 h before LaP and L LaP was added for 6 h. LaP and L LaP removed established biofilm by 74% and 26%, 
respectively ( n = 4 independent experiments). Data are mean ± SEM % change from control. ∗∗∗P < .001, ∗∗P < .01. 
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reduction (Mascio et al. 2007 , Keepers et al. 2014 , Wookey et 
al. 2004 ). L LaP treatment resulted in only a 0.22-log 10 reduc- 
tion in Ps. aeruginosa (Fig. 1 B). Post hoc analysis (Dunnett’s 
test) revealed a significant difference between LaP and media 
control ( P < .0001) but not between L LaP and the media 
control ( P = .331). As such, our data suggests that LaP is bac- 
tericidal against Ps. aeruginosa , and while L LaP may inhibit 
Ps. aeruginosa growth, it is not bactericidal. Moreover, LaP 

removed established Ps. aeruginosa biofilm ( P = .0002), and 

L LaP was less effective ( P = .005) (Fig. 1 C). Therefore, only 
LaP (derived from 10 

8 CFU ml −1 ) was tested in subsequent 
studies to investigate properties of LaP in vivo, and for bio- 
chemical analyses. 

In these initial studies, we determined if Lact. acidophilus 
LaP prepared in M63 minimal media versus LB media had dif- 
ferent activity against Ps. aeruginosa biofilm activity, as both 

these media are commonly used in the growth of Ps. aerugi- 
nosa . Here, we demonstrate that LaP subcultured for 6 h in 

LB media instead of M63 minimal media did not have simi- 
lar bactericidal or antibiofilm effects ( Fig. S1 A–C) suggesting 
that LaP prepared in M63 has specific antibacterial, immunos- 
timulatory, and antibiofilm activity which is not found in LaP 

prepared in LB media. 

LaP treatment reduced pathogen burden in 24 h 

and 5 day wound infection 

In wound tissue samples from sham, there was no measurable 
bacteria load (results not shown). LaP (derived from 10 

8 CFU 

ml −1 ) treatment significantly reduced bacteria load by 6.7 fold 

in 24 h wound infection (Veh control: 5.5 × 10 

5 versus LaP: 
8.2 × 10 

4 CFU mg −1 protein) and by 48-fold in 5 day wound 

infection (Veh control: 3.1 × 10 

5 versus LaP: 6.4 × 10 

3 CFU 

mg −1 protein) compared to vehicle control (Fig. 2 B and C,
respectively). Unlike the single dose of LaP, the single dose of 
ciprofloxacin did not reduce wound bacteria load after 5 days 
(3 × 10 

5 CFU mg −1 protein; Fig. 2 C). 

LaP did not alter wound tissue proinflammatory 

mediator levels but increased IL-10 secretion 

We examined the effects of LaP on wound tissue levels of 
IL-6, a proinflammatory cytokine, MCP-1, a proinflamma- 
tory chemokine responsible for the migration of monocytes 
nd macrophages, and IL-10, an antiinflammatory cytokine 
hat modulates hyperinflammation (Short et al. 2022 ). Af- 
er 24 h wound infection, there were no significant differ-
nce in tissue MCP-1, IL-6, and IL-10 levels between sham
ontrols, infected vehicle, or LaP-treated mice, although there 
as a tendency for tissue cytokine levels to be higher in LaP-

reated animals (Fig. 2 D). After 5 days of wound infection,
here was a significant increase in MCP-1 levels in infected
ehicle controls compared to sham controls (Fig. 2 E). How-
ver, there was no significant difference in MCP-1 in LaP-
reated tissue compared to sham controls or infected vehi- 
le controls (Fig. 2 E). At 5 days, there was no significant
ifference between sham controls, vehicle-, and LaP-treated 

roups (Fig. 2 E). Overall, LaP treatment had little impact on
CP-1 or IL-6 levels in 24 h or 5 day infected wound tis-

ue. On the other hand, LaP-treated mice showed an ∼3-
old increase in tissue IL-10 production (751.6 ± 147.8 pg 
g −1 protein) following 5 day wound infection compared 

o vehicle controls (243 ± 59 pg mg −1 protein) and sham
295 ± 61.7 pg mg −1 protein) (Fig. 2 E). Compared to ve-
icle control, ciprofloxacin did not alter tissue MCP-1 or 
L-10 after 5 days (Fig. 2 C). Interestingly, ciprofloxacin ad-
inistration reduced tissue IL-6 levels 5 days after wound 

nfection. 

aP-modulated systemic inflammatory response in 

s. aeruginosa wound infection 

e measured the effect of LaP on plasma cytokine levels af-
er 24 h and 5 days to investigate if LaP affected systemic in-
ammatory response to Ps. aeruginosa wound infection. After 
4 h, plasma MCP-1 levels of infected vehicle were similar to
hat of sham controls but LaP treatment significantly stimu- 
ated production of MCP-1 (Fig. 3 A). Similarly, 24 h after in-
ection, plasma IL-6 levels of infected vehicle were higher than
ham controls (Fig. 3 A). Plasma from LaP-treated animals had
reater IL-6 levels than both sham- and vehicle-treated mice.
t 5 days postinfection, however, plasma MCP-1 levels in in-

ected vehicle (187.2 ± 38 pg ml −1 ) were increased by > 3-
old compared to sham controls (35 ± 8.6 pg ml −1 ) (Fig. 3 B).
aP treatment completely abolished this increase and plasma 
CP-1 levels (42.5 ± 17.4 pg ml −1 ) were similar to sham con-

rols. After 5 days of wound infection, plasma IL-6 of infected
ontrol (40 ± 7.1 pg ml −1 ) was > 4-fold greater than that of

art/lxaf061_f1.eps
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Figure 2. LaP reduces Ps. aeruginosa burden and modulates inflammation in vivo. (A) Schematic representation of mouse wound infection model. Full 
thickness e x cisional w ounds w ere made on the backs of C57BL/6 mice. Wounds w ere infected with Ps. aeruginosa (10 7 CFU) and secured with 
Tegaderm. 1 h later, M63 vehicle or LaP was injected into the wound and Ciprofloxacin (Cipro) was given s.c. (B) After 24 h, LaP significantly decreased 
Ps. aeruginosa burden compared to Veh (M63) control ( n = 14 in each group). (C) LaP reduced Ps. aeruginosa bacterial load in 5 day wound infection 
( n = 8 Veh, n = 12 LaP, and n = 5 Cipro). (D) LaP treatment did not affect local tissue MCP-1, IL-6, or IL-10 le v els f ollo wing 24 h w ound infection ( n = 5 
sham, n = 7 veh, and n = 8 LaP). (E) After 5 d, tissue MCP-1 and IL-6 levels were elevated in infected vehicle mice, but LaP treatment had no significant 
impact on either proinflammatory mediator production. On the other hand, IL-10 le v els w ere increased b y LaP treatment in the infected w ound tissue 
( n = 5 sham, n = 6 veh, n = 9 LaP, and n = 5 Cipro). Data are mean ± SEM. ∗∗∗P < .001, ∗∗P < .01, and ∗P < .05. 
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ham controls (7.2 ± 2.8 pg ml −1 ); Fig. 3 B). LaP treatment
educed plasma IL-6 levels (10.9 ± 3.8 pg ml −1 ) to that of
ham controls. These findings suggest that the LaP may first
timulate and then resolve inflammation in vivo . Compared to
ehicle controls, ciprofloxacin treatment did not alter plasma
CP-1 levels but reduced plasma IL-6 levels to that of sham

ontrols. 

aP-stimulated adherence of THP-1 monocytes 

s monocyte migration and adherence are early steps to dif-
erentiation into macrophages, which are essential in tissue
epair, we examined the possibility that LaP could activate
onocytes to increase adherence. In these experiments, we in-
ubated LaP with THP-1 monocytes for 1 h and measured ad-
erence to laminin-coated plates. We show that monocytes do
ot adhere to the plate wells after only 1 h incubation with the
ehicle control (Fig. 4 A), but there was an ∼300-fold increase
n monocyte adherence after LaP treatment (Fig. 4 B). Interest-
ngly, this increase was significantly greater than the positive
ontrol PMA treatment (Fig. 4 C and D). These data demon-
trate the stimulatory activity of the LaP to increase monocyte
dherence. 

PE fraction 5 possesses antibiofilm activity 

ollowing fractionation, lyophilization, and resuspension, the
ractionated LaP was tested for antibacterial and antibiofilm
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Figure 3. LaP increased plasma inflammatory mediator le v els after 24 h but resolved systemic inflammation, 5 days after Ps. aeruginosa wound 
infection. (A) After 24 h, LaP treatment raised plasma MCP-1 and IL-6 le v els compared to sham and infected vehicle controls ( n = 5 animals for sham, 
n = 4 veh, and n = 3 LaP). (B) Following 5 day wound infection, infected mice treated with vehicle had increased MCP-1 and IL-6 le v els compared to 
sham while LaP treatment decreased inflammation compared to infected vehicle ( n = 3 for sham, n = 6 for veh, n = 5 for LaP, and n = 5 for Cipro). Data 
are mean ± SEM. ∗∗∗P < .001, ∗∗P < .01, and ∗P < .05. 

Figure 4. Lactobacillus acidophilus LaP increased THP-1 monocyte adherence. THP-1 monocytes were seeded in laminin-coated well plates. Either 
vehicle (M63; 5% v/v), LaP (5% v/v), or PMA (100 ng ml −1 ) was added for 1 h. At the end of incubation period, wells were washed and cells were 
stained with Cell-Brite blue and imaged for quantification by fluorescence microscopy and ImageJ analysis. (A) THP-1 monocytes treated with M63 
vehicle. (B) THP-1 monocytes adhered to the well after LaP treatment. (C) PMA control also promoted monocyte adherence. (D) ImageJ quantification of 
monocyte adherence. LaP treatment significantly increased monocyte adherence compared to vehicle and to PMA controls. ∗∗∗P < .001 and ∗∗P < .01; 
n = 3 independent experiments. 
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activity. Fraction 5 completely inhibited Ps. aeruginosa plank- 
tonic growth (Fig. 5 A) and was the only fraction that was 
completely bactericidal (Fig. 5 B). It should be pointed out that 
some fractions (6, 7, 8, and 9) actually increased the number 
of CFU. Similarly, fraction 5 removed a significant amount 
of Ps. aeruginosa established biofilm ( P < .001) (Fig. 5 C).
This activity was comparable to crude LaP (Fig. 5 C), sug- 
gesting that the bioactive molecule is in fraction 5. Subse- 
uent studies purified fraction 5 to elucidate the antibiofilm 

etabolite. 

PLC fraction 24 removes established Ps. 
eruginosa biofilm 

he SPE fraction 5 showed antibacterial and antibiofilm activ- 
ty similar to crude LaP and was subjected to further fraction-
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art/lxaf061_f4.eps


8 Wilson et al. 

Figure 5. Planktonic growth and biofilm antagonistic performance of LaP SPE fractions. (A) Pseudomonas aeruginosa planktonic growth when incubated 
with LaP fractions for 16 h. Fraction 5 (F5) completely inhibited Ps. aeruginosa growth similar to crude LaP (dashed line). (B) Associated Ps. aeruginosa 
CFUs f ollo wing 16 h gro wth curv e study. Fraction 5 w as the only fraction that had bactericidal activity ( > 5 log reduction in bacteria gro wth). (C) 
Pseudomonas aeruginosa biofilm remaining f ollo wing LaP fractions incubation for 6 h. Shaded bars indicate crude LaP and active fraction (F5). ∗∗∗
P < .001, n = 3 independent experiments. 

Figure 6. Pseudomonas aeruginosa planktonic growth with HPLC fractions of SPE fraction 5. Since fraction 5 collected from SPE significantly removed 
20 h Ps. aeruginosa biofilm, fraction 5 was further fractionated to elucidate the potential antibacterial molecule using HPLC. (A–D) Planktonic Ps. 
aeruginosa growth with HPLC fractions for 16 h. Fractions 23, 24, 25, and 29 demonstrated the most reduction ( > 5 log reduction) in Ps. aeruginosa 
growth. (E–H) Associated CFUs measured af ter1 6 h growth curve studies. Data are mean ± SEM. n = 3 independent experiments. 
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tion using semipreparative HPLC over a 95/5 to 70/30 wa-
er/ACN containing 0.1% v/v formic acid gradient. Here, 168
ractions were collected, lyophilized, and resuspended in wa-
er and diluted in M63 minimal medium. Several fractions dis-
layed Ps. aeruginosa planktonic growth inhibition (Fig. 6 A–
) and were able to destroy 20 h established biofilm (Fig. 6 A–
). Fractions 23, 24, and 25 possessed activity comparable to

rude LaP (Fig 7 ). These fractions did not have peaks with
ong retention times indicating that these fractions had polar
olecules This data is consistent with our previous findings

hat Lact. acidophilus secretes an antibiofilm molecule (Wil-
on et al. 2021 ). As such, we selected these three fractions (23,
4, and 25) for additional analysis using LCMS. 

haracterization of antibiofilm molecule found in 

PLC fraction 24 

n an effort to shed light on the bioactive metabolites within
he LaP, we developed a fractionation and activity screening
pproach to investigate the metabolite profile of LaP fractions
3, 24, and 25 using LCMS. Other fractions collected from
PLC were also analyzed using LCMS to compare against
ctive fractions and validate our approach. Since fractions 23,
4, and 25 possessed similar antibiofilm activity and chro-
atograms (data not shown), with fraction 24 demonstrating

he highest biofilm removal ability, we reasoned that we could
ompare peak intensities across these three fractions and iden-
ify a peak with higher intensity in fraction 24. Interestingly,
sing this approach, only one hit with a higher intensity in
raction 24 compared to 23 and 25 was identified with a re-
ention time of 0.43 min and a m/z of 295.1369 (data not
hown). 

We screened the MiMeDB database for metabolites with
imilar m/z to elucidate potential molecule classes and identi-
ies. Interestingly, the top 10 hits were hydroxy fatty acids,
ranched fatty acids and carboxylic acids, pteridines and
erivatives, amino acid derivatives, phytoalexins, and terpene

actones (Table 1 ). These results suggest that fatty acids pro-
uced by Lact. acidophilus may be the bioactive molecules
esponsible for the antibacterial activity of the LaP. 

The whole genome of Lact. acidophilus ATCC 4356 has
een sequenced and determined to be 1 956 699 bp in length
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Figure 7. Antibiofilm activity of HPLC fractions. (A–H) Pseudomonas aeruginosa 20 h biofilm was subjected to 6 h treatment with HPLC fractions of 
Sep-Pak fraction 5 compared to crude LaP (indicated by horizontal dashed lined). HPLC fraction 24 showed similar biofilm removal activity to crude LaP. 
Se v eral fractions increased the amount of biofilm formed compared to controls ( > 100%). Data are mean ± SEM. ∗P < .05, ∗∗∗P < 0.001, and n = 4 
independent experiments. 

Table 1. MiMeDB results for metabolites with similar m/z. 

Name 
Chemical 
formula m/z 

Monoisotopic 
mass (Da) Class 

2,3-Dihydroxy-3-methylpentanoate C 6 H 11 O 4 295.1387 147.0657 Hydroxy fatty acids 
(R)-mevalonate C 6 H 11 O 4 295.1387 147.0657 Hydroxy fatty acids 
Tetrahydropteridine C 6 H 8 N 4 295.139 136.0749 Pteridines and derivatives 
N -methyl- l -dopa C 10 H 13 NO 4 295.1396 211.0845 Tyrosine and derivatives 
N -methyl- d -dopa C 10 H 13 NO 4 295.1396 211.0845 Tyrosine and derivatives 
3-Indoleacetonitrile C 10 H 8 N 2 295.1343 156.0687 Phytoalexins 
Hericenone A C 19 H 22 O 5 295.1340 330.1467 Terpene lactones 
Gibberellin A7 C 19 H 22 O 5 295.1340 330.1467 C19-gibberellin 6-carboxylic acids 
(R)-Pantoate C 6 H 11 O 4 295.1398 147.0663 Branched fatty acids 
PGP(18:1(9Z)/14:0(3-OH)) C 38 H 74 O 14 P 2 295.1410 816.4554 Phosphatidylglycerophosphates 

Table 2. List and size of associated bacteriocins and similarity to query 
sequence using MIBiG comparison. 

Bacteriocin Organism 

Similarity 
score Size (kDa) 

Ubericin K Streptococcus uberis 0.39 6.3 
Lactococcin MN Lactococcus cremoris 0.33 < 10 
Coagulin Bacillus coagulans 0.32 8.6 
Gassericin T Lactobacillus gasseri 0.24 5.4 
Gassericin E Lactobacillus gasseri 0.24 5.0 
Carnobacteriocin XY Carnobacterium 

maltaromaticum 

0.22 3.6 

Lactococcin G Lactococcus lactis 0.20 4.1 
Salivaricin CRL1328 α Lactobacillus 

salivarius 
0.19 4.3 

Sublancin 168 Bacillus subtilis 
subsp. subtilis 

0.16 3.9 
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and contain 1977 coding sequences (Palomino et al. 2015 ,
Dean et al. 2017 ). antiSMASH, a server designed to mine 
bacterial, fungal, and plant genomes for biosynthetic gene 
clusters (BGCs) that encode secondary metabolites can be 
used to compare across related species. Using antiSMASH,
2 distinct secondary metabolite genomic regions encoding 
or “ribosomally encoded and posttranslational modified pep- 
ides” (RiPPs), fatty acids, and saccharides were identified.
mong these, 10 BGCs, including regulatory, transport, and 

ore biosynthetic genes, were identified to produce saccha- 
ides. On the other hand, only two BGCs were observed for
iPP-like and fatty acid synthesis (results not shown). In par-
llel, MIBiG comparison (protocluster to region) associated 

0 bacteriocins with the query sequence (Table 2 ). However,
he associated bacteriocins had low similarity scores ( < 40%)
Table 2 ). 

iscussion 

he search for antibiotic alternatives in combating AMR has 
ncreased within the past decade (Kumar et al. 2021 ). As a
esult, probiotics, prebiotics, and postbiotics have gained at- 
ention as prophylactic supplements, topical treatments, and 

ral or injectable therapies for a wide array of diseases and
nfections (Silva et al. 2020 , Habteweld and Asfaw 2023 , Ra-
etafika et al. 2023 ). Nonetheless, the mechanism of action,
afety, and efficacy for pathogen control by probiotics is not
ompletely established. Previously, we have shown that Lact.
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cidophilus postbiotic was bactericidal for Ps. aeruginosa , in-
ibited biofilm formation, and abolished 20 and 48 h estab-
ished biofilm (Wilson et al. 2021 ). In addition, our lab (Wil-
on et al. 2021 ) and others (Rocha-Ramirez et al. 2017 , De

arco et al. 2018 ) have demonstrated in vitro immunomod-
latory properties of probiotic whole cell suspensions and
ell-free supernatants. As such, the goal of this study was to
xamine the antibacterial and immunomodulatory effects in
 mouse wound infection model and elucidate the bioactive
etabolite(s) that possess such activities. To study this, we

pplied topical LaP, 1 h following Ps. aeruginosa wound in-
ection and measured bacterial clearance, local tissue inflam-
atory mediator secretion, and systemic inflammation. Addi-

ionally, we used biochemical separation techniques and anal-
ses to elucidate the identification of the antibacterial and an-
ibiofilm metabolite. We found that LaP treatment reduced
athogen load in a mouse model of wound infection. LaP
dministration altered tissue and systemic inflammation. LaP
lso upregulated monocyte adherence showing that it may
lay a role in wound healing. We found that Lact. acidophilus
ecretes a low molecular weight molecule (m/z 295.1369) that
s bactericidal against Ps. aeruginosa and removes 20 h es-
ablished biofilm. For this reason, Lact. acidophilus postbiotic
ay be a promising antibiotic alternative that has bactericidal

ctivity against Ps. aeruginosa , can destroy mature biofilm and
odulate the inflammatory response in vivo . 
In almost all reported in vivo studies, probiotics or postbi-

tics were administered prophylactically, before or at the time
f infection, and therefore may not be therapeutically rele-
ant (Chen et al. 2009 , Khailova et al. 2013 , Machairas et al.
015 , Argenta et al. 2016 , Wang et al. 2020 ). Additionally,
ll studies focused almost completely on the antibacterial and
urvival effects of the probiotic or postbiotic with little atten-
ion to systemic inflammatory effects. Here, we showed that
aP treatment decreased Ps. aeruginosa bacterial burden by
8-fold in 24 h wound infection and reduced bacterial load
y ∼10-fold, 5 days after wound infection. This result sug-
ests that the antibacterial mechanisms of LaP started early
nd continued over 5 days. 

Interestingly, ciprofloxacin given once at 1 h after the
ound infection did not significantly reduce tissue bacterial
urden after 5 days. The results are probably due to the
act that ciprofloxacin efficacy is dependent on multiple doses
Laulund et al. 2022 ) In the studies of Laulund et al. ( 2022 ),
iprofloxacin was administered at ∼1 mg per day per mouse
.c. against Ps. aeruginosa biofilm for 8 days. This regimen
educed bacteria load by 2 orders of magnitude. We used a
ingle dose of ∼6.25 mg per mouse and sacrificed the mice
 days later, so the total dose of ciprofloxacin in our study
over 5 days) was equivalent to that of Laulund et al. ( 2022 ).
hus, it is possible that the inability for ciprofloxacin to kill
ignificant bacteria numbers may be due to the need for mul-
iple doses. Another possible cause is due to ciprofloxacin re-
istance. It has been reported that the Ps. aeruginosa strain
TCC #27853 used here, can acquire ciprofloxacin resistance
uite rapidly after a single dose (Sihotang et al. 2022 ) Our re-
ults therefore suggest that a single dose of LaP applied at the
ame time as ciprofloxacin was given, was more efficacious in
educing Ps. aeruginosa wound infection. This provides proof
f principle that topical LaP is an efficacious antibacterial in
ivo . 

In the early stages of wound infection, inflammation is nec-
ssary to clear pathogens and promote wound healing. How-
ver, overzealous inflammation can result in delayed wound
ealing and potential tissue damage. This highlights the need
or inflammation resolution. In our studies, wound tissue

CP-1, IL-6, and IL-10 levels were not significantly altered
fter 24 h of infection and LaP treatment tended to increase
issue IL-6 levels. At 5 days, MCP-1 tissue levels were upregu-
ated in vehicle controls, while wound tissue from LaP animals
ere similar to sham controls, although not significant, in-

ected vehicle controls had a tendency to have higher tissue IL-
 and LaP tended to reduce tissue levels of this inflammatory
ytokine. Furthermore, IL-10 (antiinflammatory cytokine) lev-
ls were elevated in LaP-treated mice after 5 days. Our results
uggest that in infected vehicle controls, there was increased
issue inflammation consistent with the established hyperin-
ammation infection paradigm (Rello et al. 2017 ). Our re-
ults also indicate that LaP may first have immunostimulatory
roperties to clear infection and later resolves inflammation.
t should be noted that IL-10 is a key cytokine responsible for
pithelial and mucosal repair (Quiros et al. 2017 , Saraiva et
l. 2020 ) providing evidence that the LaP may promote tissue
epair mechanisms. 

In our studies, LaP treatment stimulated MCP-1 and IL-6
roduction in plasma after 24 h wound infection. This data
onfirms a previous report demonstrating that L. plantarum
reatment increased serum IL-6 levels after 24 h S. aureus
ound infection in rats (Ong et al. 2020 ). These results are

ompletely consistent with our previous in vitro studies, which
howed that LaP-simulated TNF- α release in LPS-stimulated
HP-1 monocytes (Wilson et al. 2021 ). In these in vitro stud-

es, we showed that LaP increased activity of the transcription
actor, NF–κB activity in THP-1 monocytes, strongly suggest-
ng that the mechanism for the increased TNF- α release was
hrough the activation of NF–κB. This result provides support
hat the mechanism by which Lact. acidophilus LaP stimulates
ystemic inflammatory cytokine and chemokine production is
y upregulating NF–κB activity. After 5 days, plasma MCP-1
nd IL-6 levels were significantly increased in infected vehicle
ice compared to sham controls. At this time point, LaP treat-
ent attenuated plasma MCP-1 and IL-6 levels compared to

nfected vehicle mice and were similar to sham controls. Once
gain, this result is consistent with our in vitro study, which
howed that lower concentration LaP reduced NF–κB activ-
ty and TNF- α production in LPS-stimulated THP-1-derived
acrophages (Wilson et al. 2021 ). We postulate that LaP mod-
lates the host response by initially stimulating the immune
esponse to clear infection, but over time, in the highly stimu-
ated cells, the now diluted and lowered concentration of LaP
esolves and reduces the inflammatory response. The effect of
aP treatment on upstream regulators of NF–κB activation,
uch as toll-like receptor (TLR)-4 and TLR2 should be inves-
igated to determine the direct immunomodulatory effects on
ost monocytes and macrophages. 
Interestingly, ciprofloxacin significantly decreased tissue

nd plasma IL-6 levels but did not alter MCP-1(tissue and
lasma) or tissue IL-10 levels. MCP-1 is a chemotactic cy-
okine (Singh et al. 2021 ), and therefore increased MCP-1
evels would be associated with the high bacteria load ob-
erved with ciprofloxacin administration. IL-6, however, is a
roinflammatory cytokine produced after infection or injury.
iprofloxacin mediated reduction in IL-6 levels may be due

o direct inhibition of cellular production of cytokines such as
L-6 (Silva Lagos et al. 2022 ). In addition, there are reports
hat MCP-1 can be elevated without significant increase in
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other cytokines such as Il-6 in various situations such as S AR S 
CoV-2 infection of septic patients (Eichhorn et al. 2023 ) and 

chronic fatigue syndrome (Groven et al. 2020 ). These reports 
coupled with our results, suggest that ciprofloxacin was able 
to reduce IL-6 levels without affecting cellular ability to pro- 
duce MCP-1. 

Monocyte migration and subsequent differentiation into 

macrophages is a critical process in the inflammatory stage 
of the wound healing process (Raziyeva et al. 2021 ). In our 
studies, we show that LaP increased monocyte adherence in 

vitro . As monocyte adherence is a well-established early step in 

monocyte differentiation into macrophages (Yang et al. 2014 ,
DiPietro et al. 2021 ), it is plausible that a mechanism by which 

LaP may increase tissue repair is by activating monocytes. As 
a result, this activation may lead to IL-10 production and en- 
hanced wound healing. A limitation to our study is we were 
unable to examine the effects of LaP on tissue and/or cellu- 
lar changes such as monocyte, fibroblast, keratinocyte, or col- 
lagen deposition within the wound through histology. This 
was because we were using tissue samples for bacteria and 

cytokine measurements. 
There are several potential bioactive compounds and mech- 

anisms, which may be implicated in the antibacterial proper- 
ties of probiotics. Importantly, Lact. acidophilus utilizes quo- 
rum sensing, specifically the LuxS/AI-2 system to promote 
survival in acidic conditions, including the stomach, as well 
as producing antimicrobial compounds (Meng et al. 2022 ).
There are currently no studies demonstrating that laboratory 
culture conditions directly impacted Lact. acidophilus bacteri- 
ocin or acid production. However, we have evidence that min- 
imal media conditions, such as M63 minimal media, induces 
Lact. acidophilus to secrete bioactive molecules. In the present 
study, LaP preparation was optimized to collect metabolites 
that had antibacterial properties against Ps. aeruginosa . In our 
studies, Lact. acidophilus was cultured in MRS broth for 48 h 

as recommended (Besser et al. 2019 , Han et al. 2019 , Magh- 
sood et al. 2020 ), and the cells were washed, resuspended,
before being subcultured for 6 h in M63 minimal medium 

(Wilson et al. 2021 ). Interestingly, most investigators using 
lactobacilli or lactobacilli cell-free supernatants to study its 
antibacterial activity made their preparations with MRS me- 
dia (Kim et al. 2021 , Raheem et al. 2021 ). This is a specific 
media, which allows Lactobacillus spp. to grow abundantly 
(Dave and Shah 1996 , Oleksy-Sobczak and Klewicka 2020 ) 
and possibly out compete other microorganisms. We previ- 
ously reported that MRS media alone can reduce Ps. aerugi- 
nosa biofilm formation (Wilson et al. 2021 ). Interestingly, sub- 
culturing Lact. acidophilus in LB broth did not result in sig- 
nificant Ps. aeruginosa killing or biofilm removal while sub- 
culturing in M63 minimal media showed bactericidal activ- 
ity, biofilm formation inhibition, and eradication of mature 
biofilm (Fig. 1 ). Interestingly, there are reports documenting 
that culture conditions can impact the growth and metabolic 
activity of Lact. acidophilus (Corcoran et al. 2005 ). In our 
previous study, we showed that HCl, which had been acidified 

to a similar pH as the LaP (pH = 4) did not have significant 
antibiofilm or antibacterial effects (Wilson et al. 2021 ). There- 
fore, pH per se or alone cannot account for the activity of the 
LaP. However, it is possible that the pH of the LaP plays a 
role in its activity. The pH of the LB was ∼6.8 suggesting that 
acidity of the media may be an important factor in its activity.
It is thus plausible that subculturing Lact. acidophilus in M63 
inimal medium may lead to increased bioactive metabolite 
roduction, or allow certain low pH bioactive metabolites to 

xist. 
Bioinformatic analysis using antiSMASH identified a BGC 

ncoding for fatty acids and screening the MIBeB database for
olecules with similar m/z (Table 2 ) provided support that

he antibiofilm metabolite may be a fatty acid. Conjugated 

atty acids and hydroxy fatty acids are known to be modi-
ed by probiotic bacteria through fermentation and biohydro- 
enation (Manzo et al. 2015 , Kuhl and Lindner 2016 , Peng
t al. 2018 , Zhou et al. 2018 , Lashkari et al. 2020 ). How-
ver, there is little evidence showing that probiotic bacteria 
ake and secrete polyunsaturated fatty acids (PUFAs). Most 
rganisms, including humans, cannot synthesize long chain 

UFAs (Jovanovic et al. 2021 , Shah et al. 2022 ). Intriguingly,
ome groups of bacteria produce PUFAs, such as docosahex- 
enoic acid (DHA), arachidonic acid, and eicosapentaenoic 
cid (EPA) through anaerobic de novo synthesis using polyke- 
ide synthases or PUFA synthases (Metz et al. 2001 , Yoshida
t al. 2016 , Moi et al. 2018 ). 

Peng et al. ( 2018 ) engineered L. casei to enhance CLA pro-
uction and observed reduced Salmonella enterica serovar Ty- 
himurium and enterohaemorrhagic E. coli biofilm forma- 
ion. In addition, 5 week pretreatment with a PUFA mixture
DHA/EPA) prior to Ps. aeruginosa pulmonary infection in 

ice decreased mortality and Ps. aeruginosa bacterial load 

Caron et al. 2015 ). LA, CLA, and other PUFAs may exert
ntibacterial properties by inhibiting pathogen DNA replica- 
ion, efflux pumps, metabolism, bacterial cell wall biosynthe- 
is, quorum sensing, or by disrupting the cell membrane (Sun
t al. 2016 , Le and Desbois 2017 , Casillas-Vargas et al. 2021 ).
ur studies did not directly measure CLA and other PUFA
resence within LaP, however, bioinformatic analyses indi- 
ated that several hydroxy fatty acids have m/z similar to our
ntibiofilm metabolite. Moreover, in our experiments, Lact.
cidophilus was subcultured and LaP collected in M63 mini- 
al medium supplemented with 1 mM MgSO4, 0.2% glucose,

nd 0.5% casamino acids, and we postulate that these culture
onditions alter Lact. acidophilus metabolism, and therefore 
ay provide substrates for PUFA de novo synthesis. 
Probiotic bacteria, including Lact. acidophilus are known 

o produce lactic acid, short-chain fatty acids such as bu-
yrate and acetate, and AMPs, namely bacteriocins (Indira et 
l. 2019 ). Short-chain fatty acids are carboxylic acids with
ewer than six carbon atoms that are produced by micro-
iota through the fermentation of dietary fibers and carbo- 
ydrates (Usta-Gorgun and Yilmaz-Ersan 2020 ). Recently,
t has been reported that acetic acid caused over 19% Ps.
eruginosa -induced cell shrinkage and disruption of biofilm 

atrix (Tawre et al. 2021 ). In contrast, we have shown that
cetic acid alone removed 20 h established Ps. aeruginosa 
iofilm, but not to the same extent as LaP (Wilson et al. 2021 ),
uggesting that acetate produced by Lact. acidophilus is not 
olely responsible for antibacterial effects. 

AMPs are small peptides that may be promising alterna- 
ives to antibiotics and have been reported to have activity
gainst MDR bacteria, including Ps. aeruginosa , and some 
ay also promote wound healing, angiogenesis, and modu- 

ate the immune response (Zhang et al. 2021 ). AMPs function
s antimicrobials by targeting pathogen cell membranes while 
reserving host cells (Enoki et al. 2018 , Zhang et al. 2021 ).
mong the many documented AMPs, bacteriocins in partic- 
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lar are known to be produced by various probiotics, such
s Lactobacillus spp. For example, Lact. gasseri LA327 has
een reported to produce gassericin T and gassericin S, two
acteriocins that have antibacterial activity against Bacillus
ereus and Ps. fluorescens (Arakawa et al. 2009 , Kasuga et
l. 2019 ). Importantly, bacteriocins tolerate a wide pH range,
2.0–11.0) (Kasuga et al. 2019 , Darbandi et al. 2022 ) and
herefore could withstand the acidic conditions of LaP (pH
.0–5.0). In contrast, most bacteriocins do not tolerate pro-
eolysis (Elayaraja et al. 2014 , Kasuga et al. 2019 , Darbandi
t al. 2022 ), although some have been reported to be protease
esistant (Singh et al. 2014 , Ansari et al. 2018 ). Our previous
ata showed that LaP treated with Proteinase K did not signifi-
antly impact the biofilm removal ability (Wilson et al. 2021 ).
oreover, using antiSMASH in our bioinformatic analyses,
e identified the top 10 similar BCGs encoding for bacte-

iocins, including ubericin K and gassericin T, gassericin S,
nd the similarity was low ( < 35% similarity). This low score
eans that only one-third of genes are matching with BGCs
f known RiPPs. Regardless, antismash identifies RiPP BGCs.
t may not be unexpected that RiPP BGCs show low similar-
ty because they encode for many modifying enzymes that are
ifferent between BGCs. We think it is highly unlikely that the
bserved activity stems from a bacteriocin however, since we
id not observe any obvious mass spectrometry signal for a
arger (3–10 kDa) molecule and peptidic molecule. We used
SI with a very low cone voltage and temperature (soft ion-

zation), causing very minimal fragmentation (if at all). A typ-
cal bacteriocin is in the range of 3–10 kDa. For these kinds
f peptidic molecules, we should observe a typical mass-to-
harge ratio profile in which the molecule is multiply charged
Maky et al. 2021 ). In addition, fragmentation by MS/MS
ould show peptide bond cleavage. We did not observe any of

hese characteristic hallmarks of bacteriocin mass spectrome-
ry. Taken together, our findings with proteinase K coupled
ith our LCMS and bioinformatics work suggest that the
iofilm removal metabolite within the LaP is unlikely to be a
acteriocin. 
In summary, our studies suggest that LaP topically applied

 full hour after bacterial infection reduced pathogen load and
odulated the inflammatory response in a mouse wound in-

ection model. The mechanism by which LaP may exert its
eneficial effects is by a direct antibacterial action as well
s through modulating monocyte/macrophage function. Cou-
led with our previous and current in vitro studies, the poten-
ial bioactive molecule is likely a low molecular weight, polar
etabolite that has a m/z of 295.1369. However, further iso-

ation and MS/MS studies are needed to purify the metabo-
ite, elucidate the identity, and confirm its activity in vitro and
n vivo . These findings provide support for the potential use
f Lact. acidophilus postbiotic as an antibacterial alternative
uring wound infection. 
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