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Intracellular Staphylococcus aureus (S. aureus) often causes clinical failure and relapse after antibiotic treatment. We previously
found that 20(S)-ginsenoside Rh2 [20(S)-Rh2] enhanced the therapeutic effect of quinolones in a mouse model of peritonitis, which
we attributed to the increased concentrations of quinolones within bacteria. In this study, we investigated the enhancing effect of
20(S)-Rh2 on levofloxacin (LVF) from a perspective of intracellular bacteria. In S. aureus 25923-infected mice, coadministration of LVF
(1.5 mg/kg, i.v.) and 20(S)-Rh2 (25, 50 mg/kg, i.g.) markedly increased the survival rate, and decreased intracellular bacteria counts
accompanied by increased accumulation of LVF in peritoneal macrophages. In addition, 20(S)-Rh2 (1, 5, 10 uM) dose-dependently
increased the uptake and accumulation of LVF in peritoneal macrophages from infected mice without drug treatment. In a model of
S. aureus 25923-infected THP-1 macrophages, we showed that 20(S)-Rh2 (1, 5, 10 uM) dose-dependently enhanced the intracellular
antibacterial activity of LVF. At the cellular level, 20(S)-Rh2 increased the intracellular accumulation of LVF by inhibiting P-gp and
BCRP. PK-PD modeling revealed that 20(S)-Rh2 altered the properties of the cell but not LVF. At the subcellular level, 20(S)-Rh2 did
not increase the distribution of LVF in lysosomes but exhibited a stronger sensitizing effect in acidic environments. Molecular
dynamics (MD) simulations showed that 20(S)-Rh2 improved the stability of the DNA gyrase-LVF complex in lysosome-like acidic
conditions. In conclusion, 20(S)-Rh2 promotes the cellular pharmacokinetics and intracellular antibacterial activities of LVF against S.
aureus through efflux transporter inhibition and subcellular stabilization, which is beneficial for infection treatment.
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INTRODUCTION

In 1916, Rous and Jones first proposed the concept that pathogenic
microorganisms in cells evade the host immune response [1]. The
“immune evasion” of bacteria into host cells is one of the main
pathogeneses of infectious diseases. Intracellular bacteria may be
protected from high concentrations of extracellular antibiotics,
which in turn enhances the risk of developing drug resistance [2, 31.
For example, S. aureus invades many phagocytic and nonphagocytic
cells, and intracellular S. aureus can be protected and proliferate in
cells, escaping the immune response and antibiotic effects [4, 5].
Such intracellular S. aureus residual in tissues is associated with
chronic or recurrent infections, including osteomyelitis [6], recurrent
rhinosinusitis [7], pulmonary infections [8], and endocarditis [8, 9].
However, most antibiotics often have poor antibacterial activity
against intracellular bacteria, leading to the formation of bacterial
resistance [10]. Therefore, there is a pressing need to overcome the
resistance of intracellular bacteria, and many reasonable strategies
such as combined drug therapy have been proposed.

Ginsenoside 20(S)-Rh2 is an extremely low-content protopanax-
adiol saponin extracted from red ginseng with various pharmaco-
logical activities and is extensively applied in the treatment of cancer
[11], diabetes [12], ulcerative colitis [13], allergic disorders [14], etc.
Our laboratory has studied ginsenoside 20(S)-Rh2 for a decade. Our
previous studies showed that 20(S)-Rh2 was a noncompetitive
inhibitor of P-gp, thereby increasing the intracellular concentrations
and antitumor effects of adriamycin [15, 16]. Furthermore, we
expanded the adjuvant therapy of 20(5)-Rh2 from tumor therapy to
infection therapy. Single or multiple administrations of 20(S)-Rh2
enhanced the therapeutic effect of quinolones in a mouse peritonitis
model, which was attributed to increased concentrations of
quinolones within bacteria [17]. However, not only free bacteria
but also intracellular bacteria are present in the peritonitis model,
and these intracellular bacteria cause long-lasting and recurrent
infections [18-20]. Therefore, we speculated that the significant
enhancing effect of 20(S)-Rh2 towards antibiotics might also include
actions towards intracellular bacteria.
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LVF is a second-generation quinolone with strong, broad-
spectrum antibacterial activity and can accumulate in cells, and
the intracellular concentration at equilibrium is approximately
twice that of the extracellular concentration [21]. Furthermore,
LVF is a substrate for various types of efflux transporters,
including P-gp, BCRP, and MRPs [10]. Therefore, this article
intends to investigate the enhancing effect of 20(S)-Rh2 on LVF in
a model of S. aureus 25923-infected THP-1 macrophages. The
intracellular efficacy and concentrations of LVF in the absence or
presence of 20(5)-Rh2 were compared, the main steps by which
20(S)-Rh2 participated and contributed to the enhancing effect
were revealed by a PK-PD model and the possible efflux
transporters involved were analyzed. Furthermore, the interac-
tions of 20(S)-Rh2 and LVF were assayed at the lysosome level
and interpreted by molecular dynamics (MD) simulations.

MATERIALS AND METHODS

Chemicals and reagents

Levofloxacin, gentamicin, MK571, sulfinpyrazone, KO143, querce-
tin, cyclosporine A, verapamil, and phorbol-12-myristate-13-
acetate (PMA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). 20(S)-Ginsenoside Rh2 (purity >98%) was purchased
from Jilin University (Changchun, China). Mueller-Hinton (MH)
broth and agar were obtained from Oxoid (Thermo Scientific,
USA). FITC-D-Lys was purchased from Xiamen Bioluminor Bio-
Technology Co. Ltd., (Xiamen, China). LysoTracker Red, acid
phosphatase assay kit, and Hoechst 33342 were purchased from
Beyotime Institute of Biotechnology (Haimen, China). Deionized
water was prepared by a Milli-Q system (Millipore, Milford, MA,
USA) and was used throughout.

Animals

Healthy ICR (CD-1) mice (18-22g and 8-10 weeks, male and
female in equal numbers) were obtained from Shanghai SLAC
Laboratory Animal Co., Ltd. (Shanghai, China) and were kept eight
per cage at room temperature (22 + 1 °C) with 50%-60% relative
humidity and an automatic day-night rhythm (12-h-cycle) in a
clean-grade environment. Before each experiment, the animals
were fasted overnight (12 h) with free access to water. All animal
care and experimental procedures were conducted according to
the National Research Council’s Guidelines for the Care and Use of
Laboratory Animals and were approved by the Animal Laboratory
of China Pharmaceutical University (animal authorization refer-
ence number: SYXK2016-0011). Every effort was made to minimize
animal pain, suffering, and distress and to reduce the number of
animals used.

Survival assay and intracellular bacteria counting assay in mice

Since infection-caused mortality would lead to missing samples,
the present study was divided into two parts. In the first
experiment, 32 mice were used to establish the peritonitis
model as described previously to determine the antibacterial
effects in vivo [22]. In brief, S. aureus 25923 suspensions (2 x 10°
CFU/mL, 0.5 mL/mouse) were intraperitoneally injected into
each mouse for infection. Then, they were randomly divided
into four groups (eight mice per group): untreated group, LVF
(1.5 mg/kg, i.v.) treatment group, LVF (1.5 mg/kg, i.v.) plus 20(S)-
Rh2 (25 mg/kg, i.g.) treatment group, and LVF (1.5 mg/kg, i.v.)
plus 20(S)-Rh2 (50 mg/kg, i.g.) treatment group. After drug
administration, all the mice were monitored every 6 h for 24 h,
the survival number in each group was recorded based on the
observation of the natural death of the mice, and finally, a
Kaplan-Meier survival curve was plotted. For the second
experiment (intracellular bacteria counting assay), all conditions
were the same as those in the first experiment, except that the
concentration of bacteria inoculated into the mice was
decreased to 4 x 10® CFU/mL to avoid massive death of mice
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in the untreated group 24h postdrug administration, and
correspondingly the dosage of LVF was descreased to
0.75 mg/kg. Peritoneal macrophages were prepared as we
described previously [23], and intracellular bacteria counting
was performed as mentioned later.

Accumulations of LVF in peritoneal macrophages of infected mice
On the one hand, mice infected with S. aureus 25923
(2x10° CFU/mL, 0.5 mL/mouse) were treated with LVF (1.5 mg/
kg, i.v.) alone, or LVF plus 20(S)-Rh2 (50 mg/kg, i.g.) as described in
the above section, and peritoneal macrophages were collected
30 min after LVF administration for LVF determination. On the
other hand, peritoneal macrophages were firstly prepared from
infected mice without drug treatment, and then these cells were
grouped and treated with LVF (4 ug/mL) alone or LVF plus 20(S)-
Rh2 (1, 5, and 10uM) for 6 and 12h. Intracellular LVF
concentrations were assayed with LC-MS/MS method.

Cell culture

THP-1 human peripheral blood monocytes were obtained from
the American Type Culture Collection (Rockville, MD, USA) and
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (Invitrogen, Carlsbad, CA, USA) at 37 °C with 5%
CO,. The cell medium was changed every other day. To
differentiate the suspended monocytes into adherent macro-
phages, THP-1 cells were incubated with PMA (150 ng/mL) in a
complete medium for 48 h. All of the cells evaluated in this study
were used between passages 10 and 20 and were negative for
mycoplasma infection.

Bacterial strain and susceptibility testing

Staphylococcus aureus (S. aureus) strain ATCC 25923 was pur-
chased from the American Type Culture Collection (Rockville, MD,
USA). The bacteria were grown in MH broth at 37 °C with shaking
(40xg). Colony-forming units (CFU) were counted on MH agar
plates. S. aureus 25923 suspensions were loaded onto an
automatic microplate reader, and the optical density at 600 nm
(ODggo) was measured. Minimum inhibitory concentrations (MICs)
were determined by serial twofold microdilution according to the
US National Committee for Clinical Laboratory Standards. Mini-
mum bactericidal concentrations (MBCs) were defined as the
lowest concentration of a drug that did not permit any visible
growth (>99.9% reduction) on the plates after incubation at 37 °C
overnight.

Extracellular antibacterial assays in broth

Logarithmic-phase bacteria were suspended in MH broth at 10°
CFU/mL and exposed to various concentrations of LVF for a
designated time at 37°C. Then, the number of viable
bacteria was counted by MH agar plate assays with appropriate
dilution. For antibiotic-containing culture samples, sufficient
dilution was performed to minimize antibiotic carryover to the
MH agar plate.

Intracellular infection

Intracellular infection was performed as described previously with
minor modifications [24]. Briefly, PMA-induced adherent THP-1
cells were exposed to S. aureus 25923 at a multiplicity of infection
(MOI) of 100:1 in a volume of 1 mL per well for 1 h at 37°Cin a 5%
CO, incubator. Then, the bacteria-containing medium was
discarded, and the infected cells were washed with prewarmed
phosphate-buffered saline (PBS), followed by incubation with
gentamicin (50 pg/mL, at least six times higher than the MBC of
gentamicin in broth) for 1.5 h to eradicate extracellular bacteria.
Subsequently, the cells were washed again and incubated
continuously with gentamicin (2 ug/mL, the MIC of gentamicin
in broth), which provides adequate protection against the
extracellular growth of S. aureus 25923 up to 24 h.
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Morphological studies of intracellular bacteria

S. aureus 25923 was first labeled with FITC-D-Lys as described
previously [25] and then used to infect THP-1 cells. Before
observation, the nuclei and lysosomes of infected THP-1 cells were
dyed with Hoechst 33342 and LysoTracker Red, respectively. A
confocal laser scanning microscope (FV3000, Olympus, Japan) was
used to observe the location of S. aureus 25923 (green
fluorescence) within THP-1 cells (nuclei: blue fluorescence;
lysosomes: red fluorescence).

For electron microscopy observation, S. aureus 25923 (unla-
beled)-infected THP-1 cells were collected and fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer at 4 °C. After washing,
the samples were fixed with 1% osmium tetroxide. Ultrathin
sections were stained with uranyl acetate and lead citrate. Finally,
the ultrastructures were observed under a transmission electron
microscope (JEM-1011, JEOL, Japan).

Intracellular antibacterial assays in THP-1 macrophages

Infected adherent THP-1 cells were incubated with various
concentrations of LVF at different times. After washing with PBS,
the cells were suspended in sterile water, followed by vigorous
shaking for 30 s to fully lyse the cells. Aliquots were then plated on
MH agar after appropriate dilution. The number of CFU was
counted after incubation at 37 °C for 24 h.

Intracellular accumulation and lysosome distribution studies

Intracellular accumulation studies were performed as we
described previously [24]. In brief, the cells were treated with
drugs at 37°C for the designated time. Then, the cells were
washed with ice-cold PBS and collected, followed by sonication to
achieve homogeneity. Aliquots were used to determine drug
concentrations. All experiments were conducted in triplicate.

For the lysosome distribution study, the lysosomes of THP-1
cells were isolated according to the literature, with minor
modifications [6-8]. Briefly, 10® cells were disrupted with a
Dounce glass homogenizer, followed by centrifugation at 800xg
for 10 min to remove the nuclei and cellular debris. Then, the
supernatants were collected and centrifuged at 20,000xg for
10 min to pellet lysosomes. The resulting pellet was loaded on
top of a discontinuous density gradient of Optiprep™ and
subjected to ultracentrifugation at 100,000xg for 1h, and the
top band of the tube was collected as the lysosome fractions.
The lysosomes were identified by acid phosphatase assay kit
(Beyotime Institute of Biotechnology, Haimen, China) for its
biomarker enzyme, and observed by confocal laser scanning
microscope for its staining with LysoTracker Red. Subsequently,
two schemes, namely, drug treatment first and then lysosome
collection or lysosome collection first and then drug treatment,
were performed. Then, the lysosomes were washed and
ultrasonically broken to determine the LVF concentration.
Protein calibration further ensured the accuracy of drug
concentration determination.

Efflux transporter membrane vesicle transport assay

Human BCRP and MRP2-expressing membrane vesicle transport
assays were performed according to the manufacturer’'s
instructions with minor modifications (GenoMembrane Co.,
Ltd, Japan). The test compound 20(S)-Rh2 and substrate probe
(10 uM Lucifer yellow for BCRP; 50 uM estradiol-17p-D-glucur-
onide for MRP2) were added to the transport medium and
preincubated at 37 °C for 5 min. Then, this solution was mixed
rapidly with a reaction mixture for another 5 min incubation.
Ice-cold wash buffer was added to stop the reactions. Lucifer
yellow was quantitated by an automatic microplate reader
(Synergy H1, BioTek, Vermont, USA) at excitation wavelength of
428 nm and emission wavelength of 536 nm. Estradiol-17(3-D-
glucuronide was determined by LC-MS/MS as we described
previously [26].
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Efflux transporter gene expression assay

THP-1 cells were incubated with 20(S)-Rh2 (1, 5, and 10 uM) for
24 h, and then, cells were collected and suspended in a High
Pure RNA Isolation Kit (RNAiso Plus, Takara Bio, Japan). Total RNA
was extracted. Then, the RNA was reverse-transcribed into cDNA
with a PrimeScript RT Regent Kit (Takara Bio, Japan). Quantita-
tive real-time PCR (qPCR) was performed in a real-time RT-PCR
detection system (CFX96, Bio-Rad, California, USA). The primers
for efflux transporters were the same as those described
previously [26].

Determination of drug concentrations

LVF was measured with a liquid chromatography (LC20A,
Shimadzu, Japan)-tandem mass spectrometry (Triple Quad 6500,
SCIEX, Massachusetts, USA) system. Briefly, samples were protein-
precipitated with two volumes of acetonitrile containing zolpidem
as an internal standard (IS). After centrifugation, the supernatant
was injected into the system and separated on a Waters XSelect
HSS T3 column (3.0 mm x 50 mm, 2.5 um, Waters, Massachusetts,
USA). The mobile phase consisted of water containing 0.1% formic
acid (A) and acetonitrile (B) with the following gradient: 0 min, 5%
B; 1.5 min, 5% B; 3.5 min, 40% B; 5.5 min, 40% B; 6.5 min, 90% B;
8 min, 90% B; 8.5 min, 5% B; and 10 min, 5% B. The flow rate was
0.3 mL/min. Mass spectrometer detection was performed in
positive electrospray ionization (ESI) mode. The declustering
potential was 60V for LVF and 70V for IS. The collision energy
was 25eV for LVF and 30eV for the IS. Quantification was
performed using multiple reaction monitoring modes: m/z
362.4—318.2 for LVF and m/z 308.2—235.2 for the IS.

Molecular dynamics (MD) simulation of LVF and DNA gyrase
Generally, the operation process was divided into two steps. First,
the complex of LVF and DNA gyrase (PDB ID: 2XCT) was prepared
by molecular docking using AutodockTools, with which LVF was
docked into the active sites (grid box size 45 A x 45 A x 45 A with
grid spacing 0.375A) of protonated DNA gyrase in different
environments. Docking was performed using the Lamarckian
genetic algorithm, of which the altered parameters were the
population size (150), the maximum number of evaluations
(25,000,000), and the maximum number of generations (27,000),
and all other parameters were kept as default. After the docking
simulation was complete, the lowest energy conformation output
was considered the initial conformation for the subsequent MD
studies.

MD simulation of the DNA gyrase and LVF complex in the
physiological environment system was carried out by Amber V16
with an amber99 force field. NaCl (0.9%) was added to the system,
and the pH value was adjusted to 5.2 or 7.2. Before free MD
simulation, the complex system was refined through 2000 steps of
the steepest descent method, followed by solvent MD simulation,
keeping the protein and LVF fixed for 100 ps. Then, MD simulation
was performed twice for 100 ps with the main chain or the Ca of
the protein and the ligand fixed. Finally, a 3ns MD simulation
without restriction was carried out at 1bar and 300K, with a
14nm cut-off for van der Waals interactions. An all-bond
constraint was used to keep the ligand from drifting during MD
simulation. The equation of motions was integrated with a 1fs
time step, and the atomic coordinates were recorded to the
trajectory file every 2.5 ps for later analysis.

PK-PD model

LVF uptake kinetics were modeled using a one-compartment
absorption model, and a sigmoid maximum effect (Ea) model
was introduced as a pharmacodynamic model. A brief schematic
presentation of this model is shown in Fig. 1, where X; and X, are
the amounts of LVF in the cell culture well and within the cell,
respectively, and k and F, are the uptake transport constant and
accumulation fraction of LVF across the cell membrane,
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Fig. 1 A brief schematic presentation of the cellular PK-PD model.
LVF uptake kinetics were modeled using a one-compartment
absorption model, and a sigmoid E,,x model was introduced as a
pharmacodynamic model. X; and X; are the amounts of LVF in the
cell culture well and within the cell, respectively. k and F, are the
uptake transport constant and accumulation fraction of LVF across
the cell membrane, respectively. E.x is the difference in effect
between the greatest amount of growth (as seen for the growth
control, Ey) and the greatest amount of killing. ECsy is the
concentration value producing a 50% reduction in intracellular
bacterial counts.

respectively. En.y is the difference in effect between the greatest
amount of growth (as seen for the growth control, Ey) and the
greatest amount of killing. ECs, is the concentration value
producing a 50% reduction in intracellular bacterial counts. An
integrated PK-PD model was constructed as differential functions
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Data analysis

The data are expressed as the mean + SEM. The statistical analyses
included two-tailed Student’s t-test and one-way ANOVA. The
difference was considered to be statistically significant if the
probability value was less than 0.05 (P < 0.05).

RESULTS

20(5)-Rh2 increased the survival rate and decreased intracellular
bacteria counts in S. aureus 25923-infected mice

The S. aureus 25923-induced model mice all died within 16 h
without drug treatment (Fig. 2a). Moreover, the model mice
treated with 1.5 mg/kg LVF achieved an ~25% survival rate. When
20(5)-Rh2 (50 mg/kg) was combined with LVF (1.5 mg/kg), the
survival rate was markedly extended to 50%, which was twice that
in the LVF group and significantly better than that in the
untreated group (P = 0.0252). Meanwhile, the intracellular bacteria
counts in peritoneal macrophages were significantly decreased in
the LVF plus 20(S)-Rh2 groups compared with the untreated group
(Fig. 2b).
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Fig. 2 20(S)-Rh2 increased the survival rate and decreased
intracellular bacteria counts in S. aureus 25923-infected mice
with increased intracellular LVF concentrations in peritoneal
macrophages. An S. aureus 25923 suspension was intraperitoneally
injected into each mouse for infection. Then, the mice were
randomly divided into four groups: untreated group, LVF treatment
group, LVF plus 20(S)-Rh2 (25 mg/kg, i.g.) treatment group, and LVF
plus 20(S)-Rh2 (50 mg/kg, i.g.) treatment group. a After drug
administration, all the mice were monitored every 6h for 24 h.
The survival number in each group was recorded based on the
observation of the natural death of the mice, and finally, a
Kaplan—-Meier survival curve was plotted. b Peritoneal macrophages
were collected and prepared 24h postdrug administration, and
intracellular bacteria were counted. ¢ Peritoneal macrophages were
collected and prepared 30 min postdrug administration, and
intracellular concentrations of LVF in peritoneal macrophages were
determined by LC-MS/MS. d Peritoneal macrophages of infected
mice without drug treatment were prepared and treated with LVF
(4 ng/mL) or LVF plus 20(S)-Rh2 (1, 5, and 10 pM), and intracellular
concentrations of LVF were determined by LC-MS/MS. The model
group (no drug treatment) was used as a control for (a) and (b), and
a single dose of LVF was used as a control for (c) and (d). The
significance is indicated by *P < 0.05, **P < 0.01 versus the control.
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Fig.3 Development of the model of S. aureus 25923-infected THP-1 macrophages. a Growth curve of S. aureus 25923. b Correlation of the
OD value and number of CFU of S. aureus 25923 from 3 to 8 h. ¢ Time-dependent bacteria/cell ratio. Cells were incubated for 0.5, 1, 2, and 3 h
with S. aureus 25923, and data were presented as the mean + SEM, n = 3. d Confocal laser scanning microscopy observation of S. aureus 25923-
infected THP-1 cells. S. aureus 25923 was labeled with FITC-D-Lys (green fluorescence) and then used to infect THP-1 cells, in which the nuclei
and lysosomes were dyed with Hoechst 33342 (blue fluorescence) and LysoTracker Red (red fluorescence), respectively. Yellow fluorescence
indicated the colocalization of green fluorescence and red fluorescence. e Transmission electron microscopy observation of infected THP-1
cells. Red circles: S. aureus 25923 was captured by phagocytic vesicles, fused with lysosomes, and finally located within lysosomes.

20(5)-Rh2 increased intracellular accumulations of LVF in
peritoneal macrophages

When infected mice were treated with LVF in the presence of
20(5)-Rh2, the accumulations of LVF in peritoneal macrophages
were significantly increased by twofold compared with those
treated with LVF alone (Fig. 2c). Furthermore, peritoneal macro-
phages of infected mice without drug treatment were prepared in
advance, and then the uptake and accumulation of LVF was also
increased by 20(S)-Rh2 in a concentration-dependent manner
(Fig. 2d).

Development of the S. aureus 25923-infected THP-1 macrophage
model

Under our culture conditions, the growth of S. aureus 25923
reached logarithmic phase after 4 h of incubation (Fig. 3a), and the
linearity between the OD value and number of CFU was quite
good during 3 to 8 h of culture time, with R>=0.9875 (Fig. 3b).
Then, MOI values of 10:1, 20:1, and 100:1 were tested in PMA-
induced adherent THP-1 cells, of which the intracellular S. aureus
25923 counts were ~0.08, 1, and 11 CFU/cell, respectively (Table 1),
and finally, an MOI of 100:1 was chosen. Subsequently, the
infection time of 1h was selected because the intracellular S.
aureus 25923 concentration was saturated after 1h (Fig. 3c). As
shown in Fig. 3d, when S. aureus 25923 was introduced, its green

SPRINGERNATURE

Table 1. Intracellular bacteria/cell ratio of different MOI.
MOl 10:1 20:1 100:1
Intracellular bacteria/cell 0.08 1 11

fluorescence could be found not only outside cells as free bacteria
(far from the blue fluorescence of nuclei) but also colocalized with
the red fluorescence of lysosomes within cells and merged as
yellow fluorescence. Furthermore, S. aureus 25923 was also
observed being captured by phagocytic vesicles, fused with
lysosomes, and finally located within lysosomes by transmission
electron microscopy, which was pointed out by the red circles in
Fig. 3e.

Decreased susceptibility of intracellular S. aureus 25923 to LVF

As shown in Fig. 4a, 0.5, 1, 2, 4, and 8 ug/mL LVF appreciably
inhibited the growth of S. qureus 25923 in broth in a
concentration-dependent manner. At a concentration of 8 uyg/mL
for 5h, LVF decreased S. aureus 25923 in broth by 3ALog,.
However, when S. aureus 25923 invaded the THP-1 macrophages,
they became resistant to LVF, as even 16 ug/mL LVF exhibited a
weak inhibitory effect (only 0.7ALog,, decrease) against S. aureus

Acta Pharmacologica Sinica (2021) 42:1930-1941
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Fig. 4 Differences in the extracellular and intracellular antibac-
terial effects of LVF. a Extracellular curve of LVF against S. aureus
25923. Logarithmic-phase bacteria were suspended in MH broth at
10° CFU/mL and exposed to various concentrations of LVF for the
designated time at 37 °C. Then, the number of viable bacteria was
counted by MH agar plate assays with appropriate dilution. b The
intracellular killing curve of LVF against S. aureus 25923. Infected
adherent THP-1 cells were incubated with various concentrations of
LVF at different times. After washing with PBS, the cells were
suspended in sterile water, followed by vigorous shaking to fully lyse
the cells. Aliquots were then plated on MH agar after appropriate
dilution. The number of CFU was counted after incubation at 37 °C
for 24 h.

25923 after 6 h of incubation (Fig. 4b). The MIC and MBC of LVF
against S. aureus 25923 in broth and infected THP-1 macrophages
were also determined, and the MBC of LVF against intracellular S.
aureus 25923 increased markedly, far beyond 256 pg/mL.

20(S)-Rh2 enhanced both intracellular antibacterial effects and
intracellular accumulation of LVF by efflux transporter inhibition
As shown in Fig. 5a, compared to LVF treatment alone (three
concentration levels), the combination of 20(S)-Rh2 and LVF
significantly reduced the number of live bacteria in THP-1
macrophages in a concentration-dependent manner. In particular,
10 uM 20(S)-Rh2 combined with 4 ug/mL LVF sharply reduced the
number of intracellular residual viable S. aureus 25923 cells to 0.48-
fold that with LVF single treatment. Regarding the time-
dependent kinetics, 20(S)-Rh2 (10 uM) began to enhance the
intracellular antibacterial effects of LVF at 3 h after drug treatment,
and 5 uM 20(S)-Rh2 also exhibited an enhancing effect after 6 h of
treatment together with LVF (Fig. 5b). However, 20(S)-Rh2 itself
had no significant bactericidal effect when compared with the
control group (Fig. 5¢). Moreover, 20(S)-Rh2 was observed to
significantly increase the accumulation of LVF in THP-1 macro-
phages in a concentration- and time-dependent manner, and
10 uM 20(S)-Rh2 increased LVF accumulation up to 2.86-fold after
6 h of combination treatment (Fig. 5d). At 37 °C, the uptake of LVF
in THP-1 macrophages reached 14.88 ng/mg protein. When the
incubation was set to 4 °C, the uptake of LVF notably increased to
41.96 ng/mg protein. Furthermore, the addition of 20(S)-Rh2
markedly increased the uptake of LVF by THP-1 macrophages at
37°C in a concentration-dependent manner, while there was no
significant change in the presence of 20(5)-Rh2 at 4°C (Fig. 5e).
Subsequently, various types of efflux transporter inhibitors all
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significantly increased the accumulation of LVF in THP-1 macro-
phages (Fig. 5f). As shown in Fig. 5g, 20(5)-Rh2 exhibited a
moderate inhibitory effect on human BCRP, with an ICs, of
20.32 uM. However, 20(S)-Rh2 did not obviously inhibit MRP2
(Fig. 5h). Furthermore, there was no significant change in BCRP,
MRP2, and P-gp expression in THP-1 cells after 20(S)-Rh2
treatment for 24 h (Fig. 5i).

Elevated accumulation fraction of LVF in THP-1 macrophages
contributed mainly to the enhanced intracellular antibacterial
effect of LVF by 20(S)-Rh2

As shown in Fig. 6, the fitting results matched reasonably well with
the measured values. When LVF treatment was combined with
20(5)-Rh2, the accumulation fraction (F,) was significantly increased
by approximately twofold (Table 2). However, 20(5)-Rh2 did not
influence the uptake transport constant k of LVF across the cell
membrane or the efficacy of LVF itself (Eax and ECsp).

20(S)-Rh2 exhibited a stronger sensitizing effect towards LVF
under lysosome-like acidic conditions

The prepared lysosomes were identified with extremely high acid
phosphatase activity which is a biomarker enzyme of lysosomes
(Fig. 7a). Meanwhile, the prepared lysosomes were also labeled
with LysoTracker Red and observed as a cluster form with a
confocal laser scanning microscope (Fig. 7b). When THP-1
macrophages were incubated with LVF in the presence or
absence of 20(S)-Rh2 for 2 h, lysosomes were isolated, and there
was no change in LVF accumulation in lysosomes between the
two groups (Fig. 7c). Moreover, lysosomes of THP-1 macrophages
were isolated beforehand and directly incubated with LVF plus or
minus 20(S)-Rh2, and there was no significant change (Fig. 7d). As
a matter of fact, the susceptibilities of S. aureus 25923 to LVF
varied with the alteration in pH values (Table 3). Under lysosome-
like acidic conditions (pH 5.2), both the MIC and MBC were higher
than those under neutral conditions (pH 7.2). When 20(S)-Rh2 was
added together with LVF under both pH 5.2 and pH 7.2 incubation
conditions, the susceptibilities of S. aureus 25923 to LVF were all
markedly increased. In particular, 20(5)-Rh2 together with LVF
inhibited S. aureus 25923 more significantly at pH 5.2 than at pH
7.2 and restored the susceptibility of S. aureus 25923 at pH 5.2 to
that observed at pH 7.2 (Fig. 7e).

20(S5)-Rh2 strengthened the MD stability of LVF under acidic
conditions

As shown in Fig. 8a, the root-mean-square deviation (RMSD)
curves of the DNA gyrase-LVF complex fluctuated markedly at
the initial stage of MD simulation until 1500 ps, which was due to
the self-adjustment and self-adaptation of the DNA gyrase
structure caused by the solvation effect of the complex. After
equilibrium, the RMSD curves of the DNA gyrase-LVF complex in
different pH environments were markedly distinguished. The
RMSD value was below 3.5 A at pH 7.2, while it was above 4.5 A at
pH 5.2 (Fig. 8a). Moreover, DNA gyrase exhibited a much lower
electrostatic energy at pH 7.2 than at pH 5.2 (Fig. 8c). When 20(S)-
Rh2 was added to the pH 5.2 environment, it significantly lowered
the RMSD value from 4.5 to 3.5A (Fig. 8b) and decreased the
energy from —3.8 x 10° kJ/mol to —4.1 x 10° kJ/mol (Fig. 8d).

DISCUSSION

S. aureus is one of the main leading causes of bacterial infections in
humans worldwide and represents a major health problem in
hospital and community settings [27-29]. S. aureus can easily
adhere to and invade phagocytic or nonphagocytic cells [21, 30]. In
phagocytic cells, S. aureus often survives in vacuolar compartments
in a semidormant state and escapes phagocytic cells to establish
infections [31, 32]. This form of cell presence causes recurrent
episodes of the well-known S. aureus infectious disease and leads
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Fig. 5 20(S)-Rh2 enhanced the intracellular antibacterial effects and accumulation of LVF by efflux transporter inhibition in vitro. a
Number of intracellular S. aureus 25923 after 6 h of incubation with 20(S)-Rh2 and LVF. Infected cells were preincubated with 20(S)-Rh2 for 0.5 h
followed by further incubation for 6 h in the presence of 4, 8, and 16 pg/mL LVF. b Number of intracellular S. aureus 25923 after incubation with
20(5)-Rh2 and LVF. Infected cells were preincubated with 20(S)-Rh2 for 0.5 h followed by further incubation for 0.5, 1, 3, and 6 h in the presence
of 4 uyg/mL LVF. ¢ Number of intracellular S. aureus 25923 in infected cells after incubation with 20(5)-Rh2 alone (10 uM) for 6 h. d Effects of 20
(5)-Rh2 on the accumulation of LVF in THP-1 macrophages. Cells were preincubated with 20(S)-Rh2 for 0.5 h followed by further incubation for
0.25, 0.5, 1, 3, and 6 h in the presence of 4 ug/mL LVF. e Cellular accumulation of LVF in THP-1 macrophages under different temperature
conditions (37 and 4 °C) with or without 20(S)-Rh2. Cells were preincubated with 20(S)-Rh2 for 0.5 h under different temperature conditions
followed by further incubation for 3 h in the presence of 4 ug/mL LVF. f Effects of P-gp, BCRP, and MRP2 inhibitors on the cellular accumulation
of LVF in THP-1 macrophages. Cells were preincubated with cyclosporin A (20 uM), verapamil (50 uM), MK571 (5 uM), sulfinpyrazone (500 uM),
Ko143 (2 uM), and quercetin (10 pM) for 0.5 h followed by a further 3-h incubation in the presence of 4 ug/mL LVF. g, h Inhibitory effect of 20
(5)-Rh2 on the activity of human BCRP and MRP2. 20(S)-Rh2 and substrate probe (10 pM Lucifer yellow for BCRP; 50 uM estradiol-17p-D-
glucuronide for MRP2) were added to the corresponding membrane vesicles and preincubated at 37 °C for 5 min, followed by rapid mixing
with the reaction mixture for another 5 min incubation. i Effects of 20(S)-Rh2 on the expression of efflux transporters in THP-1 cells. THP-1 cells
were incubated with 20(5)-Rh2 (1, 5, and 10 uM) for 24 h and then collected for quantitative real-time PCR assay. The data were presented as
the mean x+ SEM, n = 3. A single dose of LVF was used as a control for (a), (b), (d), (e), and (f), and the no drug treatment group was used as a
control for (c), and (i). The significance is indicated by *P < 0.05, **P < 0.01, ***P < 0.001 versus the control.

to the failure of common antibiotic treatment [33, 34]. Therefore,
only if antibiotics at a sufficient amount and efficacy can penetrate
and reside within S. aureus-infected cells can intracellular bacteria
be cleared out. Intracellular drug concentration and efficacy have
become important parameters and focuses for new drug candidate
evaluations and drug therapy designs [35-37].

Human THP-1 monocytes have been widely used for
intracellular antibacterial assays [38-40] and were selected to
establish an S. aureus 25923-infected cell model in our research.
During the logarithmic growth phase of S. aureus 25923, the
linearity was good between the number of CFU and OD values,

[41, 42]. Among these proteins, it has been suggested that
anchored collagen adhesin plays important role in S. aureus
25923 host adherence [43]. However, it is not always “the more,
the better”. When too much S. aureus 25923 actively proliferates
in cells, the cells would be dissolved and die. Hence, the
appropriate time, bacterial dose, and temperature are crucial for
this infection. After several trials, when the MOI was 100:1 and
the infection time was 1h, an average of 11 CFU of bacteria
invaded each THP-1 cell. To eliminate uninfected excessive
bacteria, 50 pg/mL gentamicin for 1.5h was used to remove
extracellular bacteria, and 2 pug/mL gentamicin was used to

which made it easy to use the OD value to control bacterial
density throughout the experiments. How can bacteria be
efficiently introduced into THP-1 cells? For full internalization,
most pathogens including S. aureus 25923 produce a wall-
associated protein called adhesin, which can interact with the
host receptor, utilize and induce the host's signaling pathway,
and directly cause rearrangement of the host's cytoskeleton
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maintain this status for 24 h [44, 45]. As shown in Fig. 3d, e, S.
aureus 25923 was captured into phagocytic vesicles, fused with
lysosomes, and finally located within lysosomes. This observa-
tion indicated that S. aureus 25923 could survive in the cell and
could grow and reproduce [5, 46, 47], which contributed to the
persistence and recurrence of infection [30, 48]. This finding was
further demonstrated by subsequent experiments.
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The MBCs of LVF on extracellular and intracellular S. aureus
25923 were largely different [49]. Even if the concentration of LVF
was greater than 256 pg/mL, LVF could not completely kill
intracellular bacteria. In contrast, only 4 pg/mL LVF was necessary
to kill extracellular bacteria in broth. This phenomenon has also
been observed for some other antibacterial drugs against
intracellular infections [50]. Further detailed analysis of the
bactericidal capacity of LVF was performed to map the time-
sterilization curves of extracellular (Fig. 4a) and intracellular
(Fig. 4b) bacteria, and the results suggested that the time and
efficiency of intracellular killing of LVF was much lower than that
of extracellular bacteria. Why did there exist so sharp a difference
in the efficacy of LVF? The bacteria just resided in different
environments [21]. Extracellular bacteria might be exposed to
sufficient LVF in the plasma directly. For intracellular bacteria,
however, the cell membrane seems to be a wall that weakens the
attack of LVF in terms of action time and strength. Therefore,
targeting the wall and allowing more LVF to accumulate within
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Fig. 6 The increased absorption fraction of LVF in THP-1
macrophages contributed mainly to the enhanced intracellular
antibacterial effect of LVF by 20(S)-Rh2. The PK-PD model
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the cells might be a strategy to enhance the intracellular
antibacterial efficacy [39]. Many drugs have been found to
facilitate the entry of antibiotics into infected cells. For example,
Seral et al. confirmed that the P-gp inhibitor verapamil enhanced
the killing effect of azithromycin against Listeria and Staphylo-
coccus aureus in murine J774 cells [5].

A nontoxic dose of 20(S)-Rh2 can increase the efficacy of
antitumor drugs when combined with some common antitumor
drugs including anthracyclines through inhibition of P-gp
[15, 16, 51, 52]. Many antibiotics are actively effluxed by efflux
transporters [4, 5, 53]. Therefore, it has been speculated that
inhibition of the corresponding efflux transporter can increase the
intracellular content of the drug, thereby enhancing the intracellular
activity of the drug [53, 54]. In the treatment of intracellular
infections, the intracellular enhancing effect of 20(S)-Rh2 on
antibacterial drugs has not been reported. In our experiment,
20(S)-Rh2 plus LVF increased the survival rate of S. aureus 25923-
infected mice in vivo, with decreased intracellular bacterial counts
and increased intracellular LVF concentrations in peritoneal macro-
phages (Fig. 2). Furthermore, 20(5)-Rh2 increased the intracellular
bactericidal activity of LVF in a concentration- and time-dependent
manner in vitro (Fig. 5a, b). However, in the model of S. aureus
25923-infected THP-1 macrophages, a single dose of 20(5)-
Rh2 showed no significant intracellular bactericidal effect. Therefore,
20(S5)-Rh2 has a sensitizing mechanism to LVF in killing intracellular
bacteria. LVF uptake experiments showed that 20(S)-Rh2 increased
the accumulation of LVF in THP-1 cells in a concentration- and time-
dependent manner (Fig. 5d). This result suggested that the
sensitizing mechanism of 20(S)-Rh2 towards LVF intracellular activity
was related to an increase in intracellular LVF accumulation.

Next, the mechanism by which 20(S)-Rh2 changed LVF uptake
properties at the cellular level was explored. The uptake of LVF at
4°C was significantly higher than that at 37 °C, which indicated
that energy-dependent efflux transporters were involved [55].
Moreover, the uptake of LVF by THP-1 macrophages at 37 °C was
significantly increased by 20(S)-Rh2, while there was no significant
effect at 4 °C (Fig. 5e). These data together suggested that 20(S)-
Rh2 likely increased the intracellular accumulation of LVF by
inhibiting an efflux transporter in the cell.

Three major multidrug-resistant efflux transporters are abun-
dantly expressed on THP-1 macrophages and mediate the
transport of many quinolones [56-58]. For example, upregulation
of MRP2 expression levels caused pharmacokinetic changes in the
quinolone antibiotic norfloxacin, including downregulation of
accumulation speed and degree parameters (AUC, k, and Cax)
[59]. Verapamil and cyclosporin A mainly inhibit P-gp. Ko143 and
quercetin mainly inhibit BCRP. MK571 and sulfinpyrazone are
recognized as inhibitors of MRP2. As shown in Fig. 5f, LVF is a
substrate for all three major efflux transporters. Does 20(S)-Rh2
interact with these three transporters or only some of them? Since
we previously demonstrated 20(S)-Rh2 to be a noncompetitive P-
gp inhibitor, only BCRP- and MRP2-specific membrane vesicles
were used for 20(S)-Rh2 inhibition assays. The results showed that
20(S)-Rh2 exhibited a moderate inhibitory effect on BCRP but had

Table 2. PK-PD model parameters.
LVF (4 ug/mL) LVF-+ Rh2 (1 pM) LVF+ Rh2 (5 pM) LVF+ Rh2 (10 pM)
Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)
k 0.086 36 0.077 45 0.085 38 0.071 4
F. (x1073) 10.5 21 14.3 25 17.6* 31 21.4%* 28
ECso 10.6 32 124 42 9.4 33 11.8 37
Emnax 310 24 301 35 321 31 305 25

The significance is indicated by *P < 0.05, **P < 0.01, versus LVF single treatment group.
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Fig. 7 20(S)-Rh2 had a stronger sensitizing effect towards LVF under lysosome-like acidic conditions. The prepared lysosomes were a
identified by an acid phosphatase assay kit for its biomarker enzyme and b observed by a confocal laser scanning microscope for its staining
with LysoTracker Red. c Cells were preincubated with 20(S)-Rh2 for 0.5 h followed by a further 2-h incubation in the presence of 16 ug/mL LVF,
and then, lysosomes were separated, and the amount of LVF in lysosomes was determined. d Separated lysosomes were incubated in the
presence of 20(S)-Rh2 and 8 pg/mL LVF for 20 min, and the amount of LVF in lysosomes was determined. e Effects of 20(5)-Rh2 on the
bacteriostatic potency of LVF (0.0625 and 0.125 pg/mL) toward S. aureus 25923 under different pH conditions. The data were the mean + SEM,
n = 3. The significance is indicated by *P < 0.05, **P < 0.01 versus the control.

Based on the data above, a PK-PD model was developed with

Table 3. MIC and MBC of LVF to S. aureus 25923 in different pH. the purpose of quantitative|y revea"ng the enhancing role of

20(5)-Rh2 in sensitizing LVF from a kinetics perspective. The
pH MIC (pg/mL) MBC (ug/mL) parameters indicated that 20(5)-Rh2 did not change the inherent
72 05 5 properties of LVF, as neither the uptake transport constant k of
5 1 4 LVF across the cell membrane nor the efficacy of LVF itself (Enax

and ECs) was altered significantly. Instead, 20(S)-Rh2 changed the
F, properties of the cell.

no effect on MRP2 (Fig. 5g, h). Furthermore, 20(5)-Rh2 did not Since S. aureus 25923 ultimately accumulates in lysosomes after
influence the expression of BCRP, MRP2, or P-gp after treatment entering cells, lysosomes are an important site for the intracellular
for 24h (Fig. 5i). Taken together, the increased intracellular action of LVF [60, 61]. Hence, our research further moved to the
accumulation of LVF was attributed to the functional inhibition of ~ subcellular level. It was found that 20(S)-Rh2 did not specifically
P-gp and BCRP by 20(S)-Rh2. increase the accumulation of LVF in lysosomes (Fig. 7c, d),
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Fig. 8 20(S)-Rh2 enhanced the subcellular stability of LVF based on molecular dynamics simulation. RMSD change of the system during
kinetic simulation: a different pH values, b presence or absence of 20(S)-Rh2 at pH 5.2. Energy change of the system during kinetic simulation:

c different pH values, d presence or absence of 20(S)-Rh2 at pH 5.2.

suggesting that the sensitization of 20(S)-Rh2 towards LVF was not
mediated by increasing the accumulation of LVF in lysosomes.
Since the lysosome is an acidic compartment in the cell (pH 5.2),
the bactericidal ability of LVF in an acidic environment, which
simulates the lysosomal environment, was investigated. The
bactericidal ability of LVF under acidic conditions was significantly
weakened (Table 3), suggesting that the low pH in lysosomes
might cause the poor intracellular efficacy of LVF [62]. Quinolone
might bind to components such as intracellular proteins and lipids
in a lysosomal acidic environment, and exposure of S. aureus
25923 to acidic pH modifies the expression level of ~400 genes in
a similar way to heat shock or behavior in biofilms [63].
Moreover, the interactions of 20(5)-Rh2 with LVF at different pH
values showed that the enhancing effect of 20(5)-Rh2 on LVF was
much more significant in the simulated lysosomal environment
(pH 5.2) (Fig. 7e). Therefore, a molecular simulation of LVF and
DNA gyrase was performed. The inhibition of DNA synthesis by
quinolones is due to the stabilization of the quinolone-DNA
gyrase-DNA complex which normally transient breaks, and thus
kills bacteria [64, 65]. MD simulations of DNA gyrase and ligand
complex models in different pH environments were carried out by
Amber V16 MD simulation software. The RMSD change and the
energy change of the system showed that the DNA gyrase-LVF
complex was much more unstable (had higher energy) at pH 5.2
than at pH 7.2 (Fig. 8a, c). When 20(S)-Rh2 was added to the
system at pH 5.2, the energy decreased, and the complex changed
from unstable to much more stable (Fig. 8b, d), which was similar
to the situation at pH 7.2. These results revealed that 20(S)-Rh2
could not increase the accumulation of LVF in lysosomes but
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rather improved the stability of the DNA gyrase-LVF complex in
an acidic environment in lysosomes. This phenomenon might
contribute to the enhancing effect of 20(S)-Rh2 on LVF at the
subcellular level.

CONCLUSION

In summary, this study elucidated the mechanisms by which 20(S)-
Rh2 sensitizes LVF intracellular bactericidal activity from the
perspective of cellular pharmacokinetics. As 20(S)-Rh2 itself
exhibited no significant intracellular bactericidal effect, it sensi-
tized LVF intracellular activity: on the one hand, 20(5)-Rh2
inhibited efflux transporters on the cells, increased the intracel-
lular accumulation of LVF, and thus made the intracellular bacteria
surrounded by adequate amounts of the drug; on the other hand,
20(S)-Rh2 improved the stability of the DNA gyrase-LVF complex
in acidic environments and promoted the efficacy of LVF in
lysosomes. Our research might provide scientific evidence for
20(S)-Rh2 and quinolone combination usage in the treatment of
infection.
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