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Streptococcus suis (S. suis) is a significant zoonotic pathogen. Owing to the
widespread use of antibiotics in agriculture and farming, multidrug-resistant S. suis
is proliferating, posing severe public health concern. The AI-2 quorum sensing (QS)
system is a ubiquitous intercellular communication mechanism in both Gram-positive
and Gram-negative bacteria, including S. suis, enabling it to coordinate fundamental
life processes, adapt to environmental changes, develop antibiotic tolerance, and
enhance virulence. In this study, SKQI demonstrated potent bacteriostatic and
bactericidal activity against S. suis, with a lower propensity for resistance
development. Mechanistic analyses indicate that this effect is likely achieved by
compromising the integrity and functionality of the cytoplasmic membrane.
Additionally, sub-inhibitory concentrations of SKQ1 significantly inhibited biofilm
formation and reduced the virulence of S. suis. Untargeted metabolomics revealed
that this effect may be mediated through disruption of the AI-2 QS system associated
with methionine metabolism. Further investigations demonstrated that SKQ1 reduced
the production of AI-2 signaling molecules, thereby diminishing biofilm formation
and virulence. Owing to its antimicrobial activity and interference with the AI-2 QS
system, SKQI1 exhibited robust therapeutic efficacy against diverse models of S. suis
infection, including human isolates, multidrug-resistant strains, and highly virulent
strains. This study offers novel insights into antibiotic strategies for managing porcine
streptococcal infections and addressing the drug resistance crisis in S. suis.
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INTRODUCTION

Streptococcus suis (S. suis) is a significant zoonotic
pathogen capable of causing meningitis, pneumonia, and
arthritis in both humans and pigs, which can result in fatal
outcomes in severe cases (Lun et al., 2007). S. suis is
prevalent in pig farms, with epidemiological studies
indicating that up to 95% of pigs may carry the pathogen,
leading to substantial economic losses in the pig industry
(Obradovic et al., 2021; Werinder et al., 2020). Moreover,
S. suis can be transmitted to humans via the slaughter of
live pigs or consumption of undercooked pork, posing
significant risks to public health and societal stability (Lun
et al., 2007). The first documented human cases of S. suis
infection occurred in Denmark in 1968, followed by

significant public health outbreaks in China in 1998 and
2005, resulting in hundreds of fatalities (Gao ef al., 2024a;
Lun et al., 2007).

Antibiotic resistance (AMR), particularly bacterial
AMR, has become a critical global health challenge,
jeopardizing the effectiveness of infection treatment and
prevention. The use of antibiotics in animal agriculture for
both prophylactic and therapeutic purposes is widespread
and has exceeded that in human medicine. In 2017, it was
estimated that approximately 73% of the total global
consumption of antimicrobials was attributed to animal
production (Van Boeckel et al., 2015). The frequent and
improper use of antibiotics in pig production has
accelerated resistance development in S. suis, particularly
against tetracyclines, macrolides, and lincosamides. This
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phenomenon may be attributed to the broad-spectrum
activity of tetracyclines and the widespread use of the
macrolide antibiotic tylosin as a growth promoter in pig
farming (Uruén et al., 2022). Alarmingly, the multidrug
resistance rate of S. suis has shown a significant upward
trend from 6% in 1999 to 23% in 2006, and multidrug
resistant S. suis has now been isolated from human patients
(Hoa et al., 2011).

The swift rise of antimicrobial resistance in S suis
highlights the pressing need for alternative therapeutic
approaches. Despite this urgency, the discovery and
development of new antibiotics remain highly
challenging. As a result, repurposing existing non-
antibiotic compounds—either used alone or in
conjunction with traditional antimicrobials—may
represent a promising strategy for controlling S. suis
infections. For example, diacerein, a drug commonly used
to treat degenerative joint diseases, has been shown to
exert antibacterial activity and inhibit biofilm formation
in various Gram-positive bacteria, including methicillin-
resistant S. aureus (MRSA) (Sun et al., 2025). Similarly,
5-fluorouracil, an anticancer drug, has demonstrated
antimicrobial potential against E. coli, S. aureus, and S.
suis (Sedlmayer et al., 2021; Zhang et al., 2024; Zuo et
al., 2024), and can act as a quorum-sensing quencher to
suppress biofilm formation in pathogenic bacteria
(Sedlmayer et al., 2021).

QS refers to the intercellular communication process
that occurs both within and between bacterial species.
Bacteria utilize QS to coordinate essential life processes,
enabling adaptation to their environment, resistance to
threats, and competition with other species (Fan et al.,
2022). Bacteria detect the composition and density of
microorganisms in complex environments through the
production and detection of signaling molecules, thereby
dynamically regulating their behavior (Abisado et al.,
2018; Fan et al., 2022). The AI-2 QS system serves as the
primary communication mechanism in S. suis and is a
widely distributed communication system across diverse
microorganisms. Given the extensive role of QS systems in
regulating bacterial life activities, QS inhibitors are
regarded as a promising antimicrobial strategy (Sedlmayer
etal.,2021).

SKQI1 (visomitin) is a plastoquinone derivative
featuring a hydrophobic C10 linker attached to a
triphenylphosphonium (TPP) cation. SKQI1 is primarily
employed as a mitochondria-targeted antioxidant to treat
ocular diseases linked to mitochondrial dysfunction,
including dry eye and retinal disorders (Novikova ef al.,
2014; Wei et al., 2019), and its antimicrobial effect has
only been sporadically reported (Dong et al., 2023;
Nazarov et al., 2023a; Wu et al., 2024).

This study demonstrated that SKQI1 exhibits potent
antibacterial activity against S. suis, primarily by disrupting
the cytoplasmic membrane, which ultimately results in
bacterial rupture and cell death. Additionally, sub-
inhibitory concentrations of SKQ1 interfere with the AI-2
QS system by disrupting methionine metabolism, thereby
inhibiting S. suis biofilm formation and reducing its
virulence. Leveraging its antimicrobial and QS inhibition
effects, SKQ1 demonstrated therapeutic efficacy in a
Galleria mellonella infection model of S. suis, including
multidrug-resistant strains. In summary, SKQ! represents

Pak Vet J, xxxx, xx(x): Xxx.

a promising drug candidate for the treatment of S. suis
infections.

MATERIALS AND METHODS

Bacterial strains and cell lines: This study utilized S. suis
serotype 2 strains, including HA9801 and ZY05719
(human-derived isolates), P1/7 (a highly virulent strain),
and SLYFP25 (a multidrug-resistant clinical isolate). The
ALuxS strain, a LuxS gene deletion mutant based on
HA9801, was constructed in our previous work. Unless
otherwise specified, 50 uL of overnight S. suis culture was
inoculated into 5mL of fresh TSB medium in a 12mL
culture tube and incubated in a shaking incubator at 37 °C
and 180 rpm.

For experiments involving the Galleria mellonella
infection model, S. suis was grown in TSB supplemented
with 10% (v/v) fetal bovine serum (FBS) under identical
culture conditions.

The mammalian cell lines PK-15, RAW264.7, Hep-2,
and Marc-145 were maintained in DMEM medium (Gibco,
USA) supplemented with 10% FBS (Vazyme Biotech
Corp, Nanjing, China) at 37°C in a 5% CO: incubator.

SKQI1 was obtained from Aladdin, while the AI-2
precursor, DPD, was sourced from Omm Scientific, Inc.
Unless otherwise indicated, AI-2 was used at a final
concentration of 4 uM in all experiments.

Determination of MIC and MBC: The MIC and MBC
were determined using the broth microdilution method
based on the guidelines of the Clinical and Laboratory
Standards Institute (CLSI) (Koeth, DiFranco-Fisher, and
McCurdy, 2015).

Resistance Induction: Resistance induction experiments
were conducted for SKQI and four antibiotics (tylosin,
ampicillin, ciprofloxacin, and gentamicin) under identical
conditions. Overnight cultures of S. suis were inoculated into
TSB medium containing each drug at a concentration of 1/2
MIC. After 24 hours of incubation, the bacterial culture was
passaged into fresh TSB medium supplemented with the
same antibiotic, marking the end of the first generation of
induction. This process was repeated for 25 generations, with
MIC values reassessed every five generations.

Time-Kill curves: The S suis cultures were grown under
the aforementioned conditions for 8 hours until the late
exponential growth phase. The bacterial cultures were
diluted 1:100 into fresh 5 mL TSB medium and exposed to
SKQI at final concentrations of 1.25, 2.5, 5, and 10 ug/mL.
As a control, 0.1% DMSO was used. Incubation was
carried out at 37 °C with agitation at 180 rpm. At 0, 2, 4, 6,
and 8 hours, 200 pL aliquots were withdrawn for count.

The collected samples were centrifuged (6000 rpm, 5
minutes, 4°C), washed with sterile PBS to remove residual
drugs, serially diluted, and plated on TSA agar. Following
24 hours of incubation at 37°C, CFUs were counted to
determine viable bacterial numbers. All experiments were
conducted in triplicate.

Persister cells eradicating assay: Based on previous
studies, the proportion of persister cells in bacterial
populations increases significantly during the stationary



phase (Conlon et al, 2016; Willenborg et al., 2014).
Persister cells were enriched using an established method
(Tang et al., 2024) Briefly, S. suis were inoculated into
TSB medium at a 1:100 ratio and grown for 24 hours to
reach the late stationary phase. To eliminate non-persister
cells, the cultures were exposed to ciprofloxacin at a final
concentration of 60 pg/mL for a duration of 6 hours. The
cultures were then -centrifuged to remove residual
ciprofloxacin, and the bactericidal effect of SKQ1 on
persister cells was assessed using the method described in
the Time-Kill curves assay.

Assessment of antiphagocytic ability: The effect of
SKQ1 on the anti-phagocytic ability of S. suis was
evaluated according to previously reported methods (Yuan
et al., 2025).

Intracellular Kkilling assay: The intracellular killing assay
was performed similarly to the antiphagocytic ability test,
with the following modifications: after killing extracellular
S. suis with 0.1 mg/mL vancomycin and 5 pL of lysozyme,
the cells were washed with sterile PBS and incubated in
DMEM medium containing SKQI (5 pg/mL),
ciprofloxacin (100 pg/mL), or ampicillin (100 pg/mL) for
3 hours at 37°C.

Following drug treatment, the cells were washed with
PBS to remove residual drugs, lysed using an ice-water
mixture, and the lysates were serially diluted and plated on
TSA agar. CFUs were counted after 24 hours of incubation
at 37°C.

DNA leakage: DNA leakage was assessed with minor
modifications based on a previously reported protocol
(Tang et al., 2024). S suis were diluted 1:100 in TSB and
incubated for 8 hours. The resulting bacterial suspension
was centrifuged at 8000 rpm for 5 minutes, and the pellet
was washed with sterile PBS. After washing, the pellet was
resuspended in PBS and exposed to SKQI at
concentrations corresponding to 2%, 4%, and 8x the MIC.

At predetermined intervals (0, 2, 4, 6, and 8 hours),
500 uL aliquots were collected, passed through 0.22 pM
filters to remove bacterial cells, and the DNA released into
the filtrate was quantified by measuring absorbance at
260 nm using a micro-spectrophotometer.

Assessment of cell membrane permeability: Cell
membrane permeability was evaluated following an
established method (Li et al., 2024). Eight-hour cultures of
S. suis were centrifuged and resuspended in 0.01 mol/L
PBS to adjust the bacterial suspension to an OD600 of
approximately 0.5. Propidium iodide (PI) was added to the
suspension at a final concentration of 10 nM, and the
mixture was incubated in the dark at 37°C for 20 minutes.
SKQ1 was then added at concentrations of 2, 4, and
8xMIC. Following 6 hours of incubation, fluorescence
intensity was recorded using an excitation wavelength of
535 nm and an emission wavelength of 615 nm.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM): To observe morphological
changes in S. suis after SKQ1 treatment, overnight cultures
were diluted 1:100 in TSB medium and grown for 8 hours
to reach the late exponential growth phase. The bacterial
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suspension was incubated with SKQ1 at concentrations of
2x, 4x, and 8% MIC for 8 hours. After treatment, bacterial
cells were harvested by centrifugation, rinsed with PBS,
and fixed in 2.5% glutaraldehyde at 4 °C overnight.
Subsequently, the samples were washed with deionized
water and dehydrated through a graded ethanol series (10,
30, 50, 70, 90, and 100%), with each step lasting 10
minutes. The dehydrated specimens were air-dried at room
temperature and examined using a SEM.

For biofilm analysis, glass coverslips were placed in
6-well plates containing TSB supplemented with SKQ1 at
1/2, 1/4, and 1/8xMIC. S. suis was inoculated at a 1:100
ratio and incubated statically at 37°C for 36 hours.
Subsequent sample preparation for biofilm imaging
followed the same steps as described for SEM
observations.

To investigate intracellular alterations, overnight S.
suis cultures were diluted 1:100 into TSB supplemented
with SKQI at 1/2, 1/4, and 1/8x MIC and incubated for 16
hours. Bacterial cells were then harvested and fixed in 2.5%
glutaraldehyde at 4 °C overnight. The samples were
subsequently treated with 2% osmium tetroxide for 2 hours,
dehydrated using a graded ethanol series, embedded in
epoxy resin, and examined by TEM (H-7650; Hitachi,
Tokyo, Japan).

Galleria mellonella infection model: S. suis were grown
in TSB containing 10% (v/v) fetal bovine serum for 12
hours, centrifuged, and resuspended in PBS to
approximately 1x107 CFU/mL. 10 puL sample was injected
into the larvae between the second-to-last pair of legs. The
PBS group was injected with sterile PBS instead of the
bacterial suspension.

Thirty minutes post-injection, larvae were treated
with SKQ1 at 1.25, 2.5, and 5 mg/kg, using the same
injection method. The control group received 0.1%
DMSO, and the PBS group was re-injected with PBS to
assess the impact of the injection procedure on the larvae.
The larvae were then monitored for 72 hours, with
survival being recorded every 6 hours. Death was defined
as the absence of life activity after gentle prodding.
Photographs were taken 36 hours post-injection to avoid
decomposition of deceased larvae, and all carcasses were
disposed of responsibly.

To assess SKQ1's impact on S. suis virulence, bacteria
were cultured in TSB containing 10% (v/v) fetal bovine
serum and SKQI at 1/2, 1/4, and 1/8xMIC for 12 hours.
After centrifugation and resuspension in PBS (final
concentration ~1x107 CFU/mL), the larvae were injected
as described, and survival was recorded over 72 hours.

Extracellular polysaccharide (EPS) content: Overnight
S. suis cultures were inoculated into TSB medium and
grown for 24 hours. The supernatant was collected by
centrifugation (6000 rpm, 10 min)(Gao et al., 2024b).
Ethanol (three volumes) was added to the supernatant and
incubated at 4°C for 12 hours to precipitate EPS. The
precipitate was collected by centrifugation, resuspended in
1 mL ultrapure water, and mixed with phenol (6%) and
concentrated sulfuric acid in a ratio of 2:1:5. The mixture
was incubated in a water bath at 60°C for 20 minutes. The
0OD490 was measured, and EPS content was determined
using a standard curve equation (Li et al., 2022).



Capsular Polysaccharide (CPS) Content: S. suis was
cultured in TSB medium supplemented with SKQ1 at 1/2,
1/4, and 1/8x MIC. CPS was extracted according to
previously described methods (Yuan et al., 2025). CPS
levels were quantified using the sulfuric acid—phenol assay,
with absorbance measured at 490nm. The CPS
concentration was determined based on a previously
established standard curve (Gao et al., 2024a).

Biofilm quantification: Biofilm formation was assessed as
previously described (Gao et al., 2025).

Viable bacterial count in biofilm: Biofilm cultivation was
conducted as described above. After removing the
supernatant, the biofilm was washed with PBS to eliminate
planktonic bacteria. TSB medium containing SKQI1 at
concentrations of 2, 4, and 8xMIC was added to each well;
the control group contained 0.1% DMSO. Each well
received 200 pL of the respective solution. After incubation
at 37°C for 6 hours, the supernatant was discarded, and the
biofilm was resuspended and thoroughly mixed. The
suspension was serially diluted, plated on TSA agar, and
incubated for CFU counting.

Untargeted metabolomics: S. suis were transferred into
fresh TSB or TSB supplemented with SKQ1 at 1/8x MIC.
Following 10 hours of incubation, the optical density at
600 nm was adjusted to 0.6. The bacterial cultures were
then centrifuged, and the supernatant was discarded. The
resulting pellet was rapidly quenched with liquid nitrogen
and resuspended in 1 mL of pre-chilled extraction solution
(methanol:acetonitrile:water = 2:2:1, v/v/v). Cell lysis was
performed via sonication, followed by centrifugation, and
the supernatant was filtered through a 0.22 pM membrane
for subsequent analysis.

The LC-MS/MS conditions were based on previous
studies (Gao et al, 2024a). Data were processed and
visualized using MetaboAnalyst 6.0 (Pang et al., 2024).

Growth curve: Overnight S. suis cultures were transferred
to TSB medium containing SKQ1 at concentrations of 1/2,
1/4, and 1/8xMIC. Cultures grow under the above
conditions. Samples (2 mL) were collected at designated
time points (0, 2, 4, 6, 8, 10, and 12 hours), and OD600 was
measured using a spectrophotometer. Three independent
biological replicates were performed.

AI-2 signal molecule quantification: AI-2 quantification
was conducted following an established method (Han and
Lu, 2009). Overnight S. suis cultures were transferred to
TSB medium with or without SKQ1 (1/8xMIC) and and
grow normally for 10 hours. At designated time points, 1
mL samples were collected, centrifuged (10,000 rpm, 4°C,
10 minutes), and filtered through a 0.22 pM filter. The
negative control was prepared using supernatants collected
from E. coli DH5o cultures grown under identical
conditions (Surette and Bassler, 1998).

The Vibrio harveyi BB170 reporter strain was
cultured for 16 hours at 30°C with aeration (175 rpm), then
diluted 1:5000 in fresh AB medium. A mixture of 90 puL of
the diluted BB170 culture and 10 pL. of AI-2 supernatant
from the test group was incubated at 28°C in the dark for 6
hours. Bioluminescence was measured at 490 nm using a
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Promega Luminometer. The ratio of the experimental
group's bioluminescence to the negative control was
calculated to assess Al-2 activity.

Hemolytic activity assay: Fresh pig whole blood was
centrifuged (2000 rpm, 10 minutes), and the supernatant
was discarded. The red blood cells (RBCs) were washed
three times with sterile PBS to obtain a 5% RBC
suspension. Equal volumes of SKQIl at different
concentrations (as indicated in Fig. 7B) were added to the
suspension. After incubation at 37 °C for 1 hour, the
samples were centrifuged, and the supernatants were
transferred into 96-well plates. Absorbance at 570 nm was
then recorded.

Cytotoxicity detection by CCK-8: PK-15, RAW264.7,
Hep-2, and Marc-145 cell lines were cultured overnight.
After discarding the supernatants, DMEM containing
SKQ1 (0.0625-8 pg/mL) and 2% serum was added to the
cells. DMEM supplemented with 0.1% DMSO was used as
the negative control. Following 24 hours of incubation at
37°C, 10 uL of CCK-8 reagent was added to each well and
further incubated in the dark for 1 hour. Absorbance was
then measured at 450 nm using a microplate reader.

Chequerboard assay: A 96-well plate was prepared by
adding 100 pL of TSB to each well. SKQI1 at serially
decreasing concentrations was added along the rows, and
antibiotics at serially decreasing concentrations were added
along the columns, forming an 8§x8 matrix. Then, 100 pL
of S. suis suspension (107 CFU/mL) was added to each
well. The plate was incubated overnight at 37°C, and the
absorbance at 600 nm was measured using a microplate
reader.

Cell viabilities detection by Calcein-AM/PI staining:
RAW264.7 and Hep-2 cells were cultured overnight. After
discarding the supernatants, DMEM containing SKQ1 (2,
4, 8xMIC) and 2% serum was added. Cells were incubated
at 37°C with 5% CO: for 12 hours. Subsequently, the cells
were stained with 2 uM Calcein-AM and 10 uM propidium
iodide (PI) for 30 minutes in the dark. Fluorescence
microscopy was used to observe cell viability, with
excitation/emission wavelengths of 494/514 nm for
Calcein-AM and 493/636 nm for PI (Kennedy et al., 2019).

RESULTS

SKQ1 exhibits broad-spectrum efficacy against
various types of S. suis: SKQ1 [(10-(4,5-dimethyl-3,6-
dioxocyclohexa-1,4-dien-1-yl) decyl) triphenyl
phosphonium bromide], whose structure is depicted in
Fig. 1A, is widely used as a peroxide inhibitor. To
investigate the antibacterial activity of SKQI against S.
suis, we initially assessed its inhibitory effect on human
isolates using drug-sensitive paper discs, which revealed
dose-dependent growth inhibition of S. suis (Fig. 1B).
Subsequently, we determined the MIC of SKQI1 for
several S. suis strains. As illustrated in Fig. 1C, SKQI1
demonstrated strong inhibitory effects across a broad
range of S. suis strains, including human isolates,
multidrug-resistant strains, highly virulent strains, and
non-virulent strains, with MIC values ranging from 1.25
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Antibiotic susceptibility of SKQ1 against S. suis.
Strains Characteristic SOl Gstl)

MIC MBC
HAY9S01 Human infection 1.25 1.25
ZYo5719 Human infection 1.25 1.25
1149801 Aluxs - 1.25 25
Ly2216 Multidrue resistance 1.25 2.5
SLYIP25 Multidrue resistance 25 25
0D2209 TYL resistance 0.625 1.25
Pl/5 Non-virulent 0.625 1.25
T177 High-virulent 1.25 2.5
HAY9801-CIPR ClIP-induced 1.25 1.25
11A9801-TYIR TYL-induced 1.25 1.25
HA9801-GM* GM-induced 1.25 2:5
HA9801-AMPR AMP-induced 1.25 125

Fig. I: Inhibitory and bactericidal effects of SKQI against various S. suis strains. A: Chemical structure of SKQI. B: Inhibitory activity of SKQI against
S. suis, assessed using the drug-sensitive paper disc method. C: MIC and MBC of SKQI against different S. suis strains. D: Resistance development of S.
suis under varying drug exposure conditions. E: Bacteriostatic efficacy of SKQ| against laboratory-induced antibiotic-resistant S. suis strains.

to 2.5 ug/ml. We further broadened the scope of
pharmacological sensitivity testing. The results,
summarized in Table 1, confirmed that SKQ1 exhibited
potent bacteriostatic and bactericidal activity against
Gram-positive bacteria, such as S. suis and Streptococcus
agalactiae, but showed limited activity against Gram-
negative bacteria, including Klebsiella pneumoniae and
Escherichia coli. These findings suggest that SKQI
selectively targets Gram-positive bacteria. Considering
that S. suis is frequently exposed to therapeutic agents in
pig farms, assessing the rate of resistance development is
crucial for evaluating SKQ1’s potential as a therapeutic
option. We therefore investigated resistance development

by serially passaging S. suis with sub-inhibitory
concentrations of SKQI. Four clinically relevant
antibiotics (aminoglycosides, fluoroquinolones,

macrolides, and B-lactams) were included as controls for
resistance induction, enabling us to compare resistance
development in SKQ1 and evaluate potential cross-
resistance. The results indicated no significant increase in
S. suis resistance to SKQI1 over a 25-day resistance
induction period. In contrast, MIC values for the other
four antibiotics increased significantly, including an 8-
fold increase for ciprofloxacin, a 32-fold increase for
tylosin, a 16-fold increase for gentamicin, and a 2-fold
increase for ampicillin (Fig. 1D). Notably, SKQ1 retained
potent bacteriostatic activity against the antibiotic-
resistant strains induced during the study (Fig. 1E).
Collectively, these findings demonstrate that SKQI1 is
effective against S. suis infections, exhibits broad-
spectrum activity across diverse S. suis strains, and has no
cross-resistance to clinically relevant antibiotics.

Bactericidal activity of SKQ1 against intracellular S.
suis and persister cells: We evaluated the bactericidal
activity of SKQ1 against S. suis using a time-kill curve
assay. The results demonstrated that at 4x MIC, SKQI1
effectively reduced the bacterial population to below the
detection limit within 8 hours, indicating robust
bactericidal efficacy (Fig. 2A). Persister cells, a

subpopulation of bacteria highly tolerant to antibiotics, can
survive treatment, proliferate after antibiotic removal, and
contribute to prolonged therapy and infection recurrence
(Yuan et al., 2024). Persister cells predominantly arise
during the stationary phase (Conlon et al., 2016), and in S.
suis, increased tolerance to multiple antibiotics during the
stationary phase compared to the exponential phase has
been observed (Willenborg et al., 2014). Enrichment of S.
suis persister cells was performed using established
protocols (Tang et al., 2024). Subsequent bactericidal
assays revealed that SKQ1 at 4x MIC reduced persister
cell populations by approximately four orders of
magnitude, reaching levels below the detection limit
within 8 hours (Fig. 2B). Additionally, intracellular
pathogens such as S. suis can evade antibiotics by
exploiting host cells as protective niches (Liu et al.,
2020b). Intracellular killing assays demonstrated that
SKQ1 effectively eliminated intracellular S. suis,
potentially due to its strong membrane permeability as a
mitochondria-targeted antioxidant (Fig. 2C). In contrast,
ampicillin and ciprofloxacin exhibited minimal activity
against intracellular S. suis, consistent with findings from
previous studies (Liu et al., 2020b) (Fig. 2C).

SKQ1 damages cell membranes to exert bactericidal
effects: To investigate the mechanism underlying SKQ1's
bactericidal effect on S. suis, we first observed the
morphology of S. suis under varying concentrations of
SKQ1 via scanning electron microscopy. The results
clearly showed that SKQI caused dose-dependent damage
to S. suis, characterized by indentations and perforations in
the bacterial cell surface. Following treatment with 8xMIC
SKQ1, S. suis cells lost their ellipsoidal morphology and
became flattened (Fig. 2D). These observations suggested
that SKQ1 induced cell membrane damage. To validate this
hypothesis, we assessed cell membrane integrity using
propidium iodide (PI), a dye that fluoresces red upon
binding to DNA but is excluded by intact cell membranes.
The fluorescence intensity indicated that SKQI caused
dose-dependent membrane damage in S. suis (Fig. 2E).
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Fig. 2: Bactericidal effect of SKQI on S. suis. A: Time-kill curves of S. suis of SKQI. B: Time-kill curves of S. suis persisters of SKQI. C: Bactericidal
effect of SKQI on intracellular S. suis. D: Scanning electron micrographs of S. suis treated with SKQI. E: Cell membrane permeability of S. suis upon
treatment with SKQI. F: DNA leakage assay of S. suis subjected to varying concentrations of SKQI. G: Therapeutic efficacy of SKQI in S. suis-infected

Galleria mellonella larvae.



Further confirmation was provided by measuring DNA
leakage from S. suis cells, which demonstrated time- and
dose-dependent DNA release after SKQI treatment (Fig.
2). Collectively, these findings indicated a strong
association between SKQI1's bactericidal mechanism and
cell membrane rupture in S. suis, consistent with reports of
SKQI’s effects on S. aureus (Wu et al., 2024).

We then evaluated the therapeutic efficacy of SKQI1
against S. suis infection in Galleria mellonella larvae.
Control Galleria mellonella larvae exposed to 0.1% DMSO

A — PBS — Control
— 1.25mg/kg = 2.5mg/kg = 5mg/kg
100 T T

01 I_I_I 1
60 _I

40
20 —I

c 1 1 1 1 1 ] 1 1 1 1 1 1
0 6 12 18 24 30 36 42 48 54 60 66 72

Time(h)

Survival (%)
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succumbed within 18 h. Treatment with 1.25 mg/kg and 2.5
mg/kg SKQI slightly delayed larval death but did not
reduce mortality at 72 h. However, treatment with 5 mg/kg
SKQ1 increased larval survival by 80% and visibly reduced
melanization (Fig. 2G). Additionally, we validated SKQ1's
efficacy against other S. suis strains, including ZY05719
(human isolate), SLYFP25 (multi-resistant strain), and P1/7
(highly virulent strain), using the Galleria mellonella
model. As expected, SKQI1 exhibited robust therapeutic
efficacy across all infection models (Fig. S1).
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Fig. S1: Therapeutic effects of SKQ|I across various S. suis infection models. A: Human isolate (ZY05719). B: Highly virulent strain (P1/7). C: Multidrug-

resistant strain (SLYFP25).



Table I: Antibiotic susceptibility of SKQ| against bacterial.
SKQI (pg/mL)

Strains Characteristic MIC MBC
S. aureus

ATCC25923 2.5 2.5
SA 43300 MASR 2.5 25
E. faecalis

EfSC8 5 10
EfSC-9 5 5
S. agalactiae

S.aSC-12 0.625 1.25
E. coli

0157:H7 Human infection 80 80
K. pneumoniae

KP SC-6 160

KP SC-7 160

B. bronchiseptica

B.b D55 80

B.b Y221 40

Salmonella

SM LY2031 160

SAT52 160

P. aeruginosa

PAOI > 160

S. pneumoniae

Spn4173 80

Sub-inhibitory concentrations of SKQ1 inhibit the
biofilm formation of S. suis: Bacterial biofilms consist of
microbial communities encased within a self-generated
matrix of extracellular polymeric substances (Flemming et
al., 2016). Biofilms impede the action of bactericidal
antibiotics and immune substances, shield bacteria from
adverse conditions (e.g., immune responses), and enhance
bacterial survival (Yin et al., 2019; Yuan et al., 2024). To
further explore the antibacterial potential of SKQI1, we
evaluated its effect on the biofilm-forming ability of S. suis.
Sub-inhibitory concentrations of SKQ1 markedly inhibited
biofilm formation by HA9801 (Fig. 3A). We broadened the
scope of strains to validate SKQ1's inhibitory effect on
biofilm formation. The results demonstrated that SKQ1
inhibited the biofilm-forming ability of multiple S. suis
strains (Fig. 3B, 3C, 3D). To confirm this finding, we used
scanning electron microscopy (SEM) to observe biofilm
formation under SKQI treatment. These observations
aligned with the crystal violet semi-quantitative assay
results, demonstrating that sub-inhibitory concentrations of
SKQ1 substantially impaired the biofilm-forming capacity
of HA9801 (Fig. 3E). Given that extracellular
polysaccharide (EPS) constitutes the primary component of
biofilms (Flemming et al., 2016), we quantified EPS
levels in S. suis following SKQ1 treatment. As expected,
SKQ1 lowered EPS levels in a concentration-dependent
manner (Fig. 3F). However, SKQ1 failed to eradicate
mature biofilms (Fig. 3G). Bacteria within biofilms are
highly resistant to various antibiotics, making infection
treatment extremely challenging. Subsequently, we tested
the bactericidal effect of SKQ1 on bacteria within biofilms.
The results revealed that bactericidal concentrations of
SKQ1 exhibited bactericidal activity against S. suis
embedded within biofilms (Fig. 3H).

Sub-inhibitory concentrations of SKQ1 inhibit the
virulence of S. suis: To further explore the antibacterial
potential of SKQI, we evaluated the effect of SKQI on the
virulence of S. suis using the Galleria mellonella model. As
shown in Fig. 4A, the entire control group of larvae
succumbed within 18 hours. Treatment with 1/2 MIC of

Pak Vet J, xxxx, xx(x): Xxx.

SKQI improved larval survival rates by 50% within 72 hours,
while 1/4 and 1/8 MIC of SKQI increased survival rates by
10% during the same period. Similar inhibitory effects of
SKQI on the virulence were observed in other S. suis strains
(Fig. S3). Given SKQI1's known inhibitory effects on EPS
production, we hypothesized that it might reduce the
production of capsular polysaccharides (CPS) in S. suis,
which are key virulence factors involved in immune evasion
(Gao et al., 2024a, 2024c). Quantitative measurements
confirmed our hypothesis, showing that sub-inhibitory
concentrations of SKQI1 significantly lowered CPS
production in S. suis (Fig. 4B). Transmission electron
microscopy further supported this finding, revealing that
SKQ1 reduced CPS production in a dose-dependent manner
(Fig. 4D). We next examined how SKQI affected the
immune evasion capabilities of S. suis. The results indicated
that SKQ1 reduced S. suis' capacity to evade phagocytosis by
RAW264.7 macrophages (Fig. 4C). These findings suggest
that the altered immune evasion ability associated with CPS
production may be a key mechanism by which sub-inhibitory
concentrations of SKQ1 influence the virulence of S. suis.

Untargeted metabolomics reveals that sub-inhibitory
concentrations of SKQ1 disrupt methionine metabolism
in S. suis: To investigate the underlying reasons for the
reduced biofilm formation, virulence, EPS, and CPS
production in S. suis grown under sub-inhibitory
concentrations of SKQI, untargeted metabolomics was
performed to investigate metabolic disruptions induced by
SKQ1 treatment. he PCA score plot revealed distinct
clustering patterns and good reproducibility within each
group (Fig. 5A), with a clear separation between the SKQ1-
treated group and the control group, emphasizing the impact
of SKQI on the metabolism of S. suis. Similarly, the
heatmap revealed notable global metabolic differences
between the SKQI1-treated and control groups (Fig. 5C). A
total of 893 metabolites were detected and analyzed for
metabolic changes. Using a significance threshold of P <
0.01, 176 metabolites were significantly downregulated, 83
were significantly upregulated, and 633 remained unchanged
in the SKQI-treated group (Fig. 5B). The differential
metabolites were primarily enriched in pathways related to
methionine metabolism, glycine and serine metabolism,
glutamate metabolism, and purine metabolism (Figs. 5D and
SE). Notably, the overview of pathway enrichment for
differentially detected metabolites revealed that the
methionine metabolism pathway was the most significantly
affected in S. suis following SKQ1 treatment (Fig. 5E). The
primary methionine metabolism pathway in S. suis,
including the AI-2 QS system, is depicted in Fig. SF.

The AI-2 QS is a widely conserved intercellular
communication mechanism in both Gram-positive and
Gram-negative bacteria. The AI-2 signaling molecule is
regulated by LuxS (S-ribosylhomocysteine lyase), a key
enzyme within the methionine metabolism pathway (Fig.
5F). Numerous studies have demonstrated that the AI-2 QS
system plays a central role in the life activities of S. suis,
regulating various behaviors such as biofilm formation and
virulence (Gao et al., 2024a, 2024b). Based on the
metabolomics results, we hypothesize that SKQ1 disrupts
methionine metabolism, potentially altering the AI-2 QS
system and its downstream regulatory processes, including
biofilm formation and virulence.
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SKQI treatment. G: Effects of SKQI on the disruption of mature S. suis biofilms. H: Bactericidal activity of SKQI against S. suis within biofilms.
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Fig. 4: Sub-inhibitory concentrations of SKQI inhibit CPS -associated virulence of S. suis. A: Lethality of S. suis to Galleria mellonella larvae following
treatment with SKQI. B: Impact of sub-inhibitory concentrations of SKQI on CPS production in S. suis. C: Effect of sub-inhibitory concentrations of
SKQI on the anti-phagocytic ability of S. suis. D: TEM images showing changes in S. suis morphology and CPS layers after treatment with SKQI.

SKQ1 inhibits the production of AI-2 QS signaling
molecules, thereby regulating biofilm formation and
virulence: To validate our hypothesis, we measured the
Al-2 signaling molecule levels in S. suis after SKQI
treatment. However, it was first necessary to rule out the
possibility that the decrease in AI-2 production was due to
SKQI's inhibitory effect on bacterial growth. Therefore,
we assessed the growth curves of S. suis in the presence of
SKQ1. The results showed that SKQI at 1/2 and 1/4 MIC
concentrations inhibited the growth of S. suis, while 1/8
MIC had no significant effect on bacterial growth (Fig.
6A). Thus, we selected the 1/8 MIC concentration for
subsequent experiments. Using previously established
methods, we measured Al-2 signaling molecule levels in S.
suis with and without SKQI treatment. Consistent with our
hypothesis, SKQI1 inhibited the production of AI-2
signaling molecules (Fig. 6B). To validate that SKQI1
affects biofilm formation and virulence through
interference with the AI-2 QS system, we conducted
experiments using a LuxS deletion strain (ALuxS) and
exogenous supplementation of AI-2. As shown in the
Galleria mellonella infection model (Fig. 6C), the
virulence of ALuxS was significantly reduced compared to
the wild-type strain. Exogenous AI-2 supplementation

restored ALuxS virulence nearly to the wild-type level. In
S. suis grown in 1/8 MIC SKQI-treated media, larval
mortality was significantly reduced. However, when
exogenous Al-2 was added, virulence significantly
increased but did not fully recover to WT level (Fig. 6C).
This incomplete recovery may result from SKQI1's broad
effects on multiple metabolic pathways in S. suis (Fig. 5SE),
causing partial virulence attenuation. Biofilm formation
results were consistent with the virulence findings. Biofilm
formation was significantly reduced in the A/uxS mutant
compared to the WT, which was partially restored with
exogenous Al-2 supplementation (Fig. 6D). Similarly,
SKQ1 at 1/8 MIC inhibited biofilm formation, but this
inhibitory effect was partially counteracted by exogenous
AI-2 supplementation (Fig. 6D). These results demonstrate
that SKQI primarily interferes with the AI-2 QS system,
reducing Al-2 production, thereby affecting S. suis biofilm
formation and virulence.

Cytotoxicity of SKQ1: The cytotoxicity of SKQ1 was
evaluated in vitro using the CCK-8 assay and a hemolysis
test on porcine red blood cells. Results indicated that
SKQ1 exhibited inhibitory effects on the viability of
various mammalian cell lines, including PK-15,



RAW264.7, Hep-2, and Marc-145. However, the half-
maximal inhibitory concentration (IC50) values for all
tested cell lines were significantly higher than the effective
bactericidal concentration (4xXMIC, 5 pg/mL) (Fig. 7A).
Furthermore, SKQ1 displayed hemolytic activity on
porcine red blood cells at concentrations of 32 pug/mL,
whereas no hemolysis was observed at concentrations of
16 pg/mL or lower (Fig. 7B). Additional analysis focused
on RAW264.7 macrophages and Hep-2 human cells,
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assessing Cell viabilities using Calcein-AM and PI
staining. The results revealed that SKQ1, at concentrations
of 8xMIC or lower, did not induce significant cell death in
Hep-2 cells. However, treatment with 8xMIC SKQI1
increased the number of dead RAW264.7 cells (Fig. 7C).
These findings suggest that while SKQ1 exhibits certain
cytotoxic effects, it remains non-cytotoxic at effective
antimicrobial concentrations, providing a promising
therapeutic window.
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Fig. 5: Untargeted metabolomics analysis of the effects of SKQI on S. suis. A: PCA score plot of HA9801 and HA9801 + SKQI groups. B: Volcano plot
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The combined effects of SKQ1 and commonly used
antibiotics: Antibiotic adjuvant strategies have gained
increasing attention due to their potential to reduce both
time and economic costs compared to the development of
new antibiotics. Given the unique Dbactericidal
mechanism of SKQI, we sought to evaluate its
combinatory effects with other antibiotics that possess
distinct mechanisms of action. We selected four
antibiotic classes, each represented by two drugs:
tobramycin and  gentamicin  (aminoglycosides);
levofloxacin and ciprofloxacin (fluoroquinolones);
tylosin and tilmicosin (macrolides); and ampicillin and
cefotaxime (B-lactams). The checkerboard assay was
employed to assess their combinatory effects with SKQ1
(Fig. S3). No synergistic effects were observed
(fractional inhibitory concentration index [FICI] > 0.5);
however, SKQI1 exhibited additive effects with the
macrolides tylosin and tilmicosin (0.5<FICI<1),
suggesting its potential to reduce the required dosage of
these antibiotics (Fig. S3; Table S1).

Table S1: Antimicrobial effects of SKQI in combination with different
classes of antibiotics against S. suis.

Antibiotic MIC(ug/mL)  MIC with SKQI (ug/mL)* FICI®
Tobramycin 10 5 |
Gentamicin 10 5 [
Levofloxacin 0.625 0.625 1.25
Ciprofloxacin 10 5 |
Tylosin 5 1.25 0.75
Tilmicosin 1.25 0.625 0.75
Ampicillin 0.0625 0.0625 2
Cefotaxime 0.125 .0.125 2

*MIC in the presence of 0.625pg/mL of SKQI. “Effects are defined as follows:
synergy, FICI < 0.5; additive, 0.5 <FICI < [; indifferent, | < FICI <4.

DISCUSSION

Antibiotic resistance is a major global health threat,
accounting for approximately 9% of deaths worldwide
(Bmbs, 2025). The excessive and improper use of
antibiotics in agriculture and animal husbandry has
accelerated the evolution of resistance in zoonotic
pathogens, exacerbating the risk of infections (Bmbs, 2025;



Uruén et al., 2022). Among these pathogens, S. suis is an
emerging zoonotic bacterium that causes meningitis, toxic
shock syndrome, and septicemia, with a mortality rate of
approximately 12.8% (Huong et al., 2014; Tang et al.,
2006). Alarmingly, the multidrug resistance (MDR) rate of
S. suis has been rising rapidly in recent years, underscoring
the urgent need for new antimicrobial strategies. However,
the development of novel antibiotics faces significant
challenges. Repurposing FDA-approved drugs with
established safety profiles offers a time- and cost-efficient
alternative. In this study, we identified SKQI, a drug
initially approved for treating dry eye syndrome, and
evaluated its antibacterial activity against S. suis. SKQ1
exhibited strong inhibitory and bactericidal activities
against multiple S. suis strains, including human isolates,
hypervirulent strains, and MDR strains (Fig. 1C). In
addition, SKQ1 showed pronounced antibacterial efficacy
against Gram-positive species, including Staphylococcus
aureus and Streptococcus agalactiae, while its activity
against Gram-negative bacteria, such as Sa/monella and E.
coli, was comparatively limited (Table 1). This suggests
that SKQ1 has a specific bactericidal effect on Gram-
positive bacteria, likely due to its ability to penetrate the
relatively simple and porous peptidoglycan layer of Gram-
positive cell walls. In contrast, the outer membrane of
Gram-negative bacteria, which contains
lipopolysaccharides, acts as a barrier that limits the entry of
many small molecules. Given that SKQ1 carries a positive
charge, we hypothesized that it interacts with bacterial
membranes via electrostatic forces, disrupting the
cytoplasmic membrane and ultimately causing bacterial
death. Scanning electron microscopy confirmed this
hypothesis, showing that SKQ1 disrupted S. suis cell
membranes in a dose-dependent manner, with higher
concentration destroying bacterial morphology (Fig. 2D).
Membrane permeability and nucleic acid leakage assays
further supported this bactericidal mechanism (Fig. 2E, F).
These findings align with previous studies on S. aureus
(Wu et al, 2024). However, SKQI appears to have
multiple mechanisms of action. For instance, research by
Dong et al 2023. demonstrated that SKQI kills
Mycobacterium tuberculosis by targeting ribosomes and
disrupting protein synthesis (Dong et al., 2023) , while
Nazarov et al 2023. showed that SKQ1 reduces membrane
potential, impairing bacterial bioenergetics (Nazarov et al.,
2023a).

Antibiotic treatment failures often arise not only from
resistance mutations but also from other mechanisms, such
as persister formation (Gollan et al., 2019) or bacterial
evasion of antibiotics by residing within host cells (Liu et
al., 2020b). Notably, SKQ1 displayed potent bactericidal
activity against both S. suis persisters and intracellular S.
suis (Fig. 2B, C). Persisters are characterized by a dormant
state with low metabolic activity, making them less
susceptible to antibiotics targeting biosynthetic processes,
such as DNA or protein synthesis (Conlon et al., 2016; Ea
et al., 2019; Stokes et al., 2019). SKQI, however, disrupts
the bacterial cytoplasmic membrane, a mechanism
independent of metabolic state, which may explain its
efficacy against persisters. Additionally, SKQ1's ability to
penetrate mammalian cell membranes enables it to kill
intracellular S. suis. These findings highlight SKQ1 as a
promising candidate for treating S. suis infections,
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including those involving persisters or intracellular
bacteria. It should be noted that although the immune
system of G. mellonella shares considerable similarity with
that of mammals (Tsai, Loh, and Proft, 2016), direct
evidence regarding the pharmacokinetics and therapeutic
efficacy of SKQI1 in mammals is still lacking. Future
studies using mammalian models such as mice or piglets
are needed to further validate its in vivo potential.

It is well-established that the AI-2 QS system plays a
pivotal role in regulating the biological activities of S. suis,
including monosaccharide metabolism, biofilm formation,
antibiotic resistance, and virulence (Gao et al., 2024a,
2024b; Liu et al., 2020a; Wang et al., 2018, 2019). In this
study, we found that subinhibitory concentrations of SKQ1
significantly suppressed the biofilm formation capacity and
capsule polysaccharide-associated virulence of S. suis (Fig.
3A, 4A). This inhibitory effect was observed across
multiple S. suis strains (Fig. S2). Untargeted metabolomics
revealed that these effects of SKQ1 may be mediated
through interference with methionine metabolism, which
subsequently affects AI-2 production. This mechanism is
similar to that of the widely studied QS inhibitor 5-FU
(Sedlmayer et al, 2021; Zuo et al., 2024). Further
experiments measuring AI-2 production after SKQI
treatment supported the predictions from metabolomics
data. At concentrations that did not affect S. suis growth,
SKQ1 significantly inhibited AI-2 production (Fig. 6B).
Advances in the in vitro synthesis of 4,5-dihydroxy-2,3-
pentanedione (DPD), the precursor of AlI-2, have enabled
the production of bioactive synthetic AI-2. The ability of
synthetic AI-2 to rescue the phenotypes of ALuxS mutants
further validates the regulatory role of AI-2 in S. suis. In
this study, exogenous supplementation with synthetic AI-2
partially reversed the inhibitory effects of SKQ1 on biofilm
formation and virulence in S. suis, further confirming its
suppression of AI-2 production (Fig. 6C, 6D).
Interestingly, SKQI1 has also been reported to inhibit S.
aureus  biofilm  formation and hemolysis by
downregulating the expression of genes related to the agr
QS system (Wu et al., 2024). These results suggest that
SKQ1 may target multiple QS systems. The dual
antibacterial and anti-QS activities of SKQ1 against both S.
aureus and S. suis highlight its potential for treating mixed
infections. However, further studies are necessary to
explore this potential and to elucidate the precise
mechanisms underlying its QS inhibitory effects.

Although SKQI1 exhibited remarkable antibacterial
and QS inhibitory activities, it is important to note that
SKQI also demonstrated a certain degree of cytotoxicity
(Fig. 7). SKQ1 and its structurally related derivatives are
generally considered cytotoxic, as studies have shown that
treatment with SKQ1 at concentrations above 1 puM
reduces cellular viability and metabolic activity (Fernandes
et al., 2021). However, the extent of SKQ1’s cytotoxicity
may have been overestimated. Recent studies revealed that
at concentrations below 5 uM, SKQI1 primarily inhibits
cellular metabolism, whereas the cytotoxicity observed at
concentrations above 5 pM may be attributed to its effects
on cellular adhesion capacity (Nazarov et al., 2023b). A
more detailed toxicological analysis can be found in
Nazarov et al., 2023b. This aligns with our findings:
compared to Hep-2 cells, SKQ1 exhibited higher toxicity
toward RAW264.7 cells, potentially due to the lower
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Fig. S2: Inhibitory effects of SKQI on the virulence of S. suis strains with different characteristics. A: Effect of SKQI on the virulence of ZY05719. B:
Effect of SKQI on the virulence of P1/7. C: Effect of SKQI on the virulence of SLYFP25.

adhesion capacity of RAW264.7 cells (Fig. 7C). Importantly,
in vivo, a reduction in cellular adhesion capacity may not
necessarily result in significant tissue damage. Supporting
this, SKQI1 has been shown to promote health and extend the
lifespan of mice at concentrations exhibiting antimicrobial
effects (Shabalina et al., 2017). In our study, while SKQ1 was
found to inhibit cellular activity, it did not exhibit significant
cytotoxic effects on mammalian cells within its effective
bactericidal concentration range (Fig. 7).

Conclusions: In summary, SKQ1 exerts its antibacterial
effects against S. suis through dual mechanisms. At high
concentrations, SKQ1 disrupts the bacterial cytoplasmic
membrane, leading to cell death. At sub-inhibitory
concentrations, SKQI interferes with methionine
metabolism, thereby suppressing the AI-2 QS system and
inhibiting S. suis biofilm formation and virulence. These
findings provide valuable insights into the antibacterial
mechanisms of SKQI1 and suggest its potential as a



therapeutic agent for S. suis infections or as a basis for
developing novel QS inhibitors.
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